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Preface

It is almost a decade since the second edition of the Handbook of Drug Metabolism was published. Since 
its inception, the goal of the Handbook was to provide a comprehensive text to serve as a graduate course 
in Drug Metabolism, a useful reference for academic and industrial drug metabolism scientists, but 
also as an important reference tool for those pursuing a career in drug discovery and development. The 
third edition of the Handbook of Drug Metabolism has been markedly updated to capture a decade of 
advances in our understanding of factors that impact the pharmacokinetics and metabolism of therapeu-
tic agents in humans. Moreover, we have sought to include new chapters that reflect significant advances 
that have occurred in major areas viz., the role transporters in drug disposition, active metabolites in 
drug development, predicting clinical pharmacokinetics, nonP450 biotransformation reactions, pharma-
cogenetics in drug metabolism and toxicity, drug interactions, and antibody drug conjugates.

The third edition of the Handbook of Drug Metabolism is organized into four sections. The first 
three sections capture scientific and experimental concepts around drug metabolism. Section I reviews 
fundamental aspects of drug metabolism, including a history of drug metabolism, a review of oxidative 
and non-oxidative biotransformation mechanisms, a review of liver structure, and function and phar-
macokinetics of drugs metabolites. Section II details factors that impact drug metabolism, including 
pharmacogenetics, drug-drug interactions, and the role of extra-hepatic organs in drug biotransforma-
tion. Section III provides in depth insights into analytical technologies and methodologies to study drug 
metabolism at the molecular, subcellular, and cellular levels, and considerations of factors, viz. enzyme 
inhibition and induction that influence drug metabolism and therapeutic response. Section IV has been 
expanded substantially from the second edition to illustrate the highly integrated role of drug metabolism 
in drug discovery and drug development. In this regard, Section IV focuses on clinical and preclinical 
drug metabolism studies, safety considerations for drug metabolites (chemically-reactive and non-reac-
tive metabolites) in the selection and development of promising therapeutic candidates and highlights the 
increased focus of regulatory agencies on safety considerations of drug metabolites.

The discipline of drug metabolism is now a highly integrated component of contemporary drug dis-
covery and development programs—the results of these efforts have lead to only a small number of 
clinical development candidates that fail in clinical development for unacceptable pharmacokinetic and 
drug metabolism properties.

This book is dedicated to two groups of exceptional individuals. First, we thank the distinguished aca-
demic and industrial leaders (many of whom have contributed to this book) who have trained a genera-
tion, or more, of exceptional drug metabolism scientists. Second, we thank the many graduate students, 
post-doctoral fellows, and industrial colleagues who have challenged us and enriched our lives over 
the last two decades. We thank all of you for advancing the field of drug metabolism; your efforts have 
enabled our discipline to advance promising therapeutic agents with increased probability of success in 
finding medicines to treat serious illness.

Lastly, it has been a privilege to interact with this collection of expert authors, and we would like to 
express our sincere gratitude to them for their contributions to the third edition to the Handbook of Drug 
Metabolism.

Paul G. Pearson
Larry C. Wienkers
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3

1
The Evolution of Drug Metabolism Research

Patrick J. Murphy

Introduction

Drug metabolism research has grown from a desire to understand the workings of the human body in 
chemical terms to a major force in the effort to develop drugs tailored to the individual. This essay will 
trace the beginnings of what are now major branches of drug metabolism to provide some background to 
the current state of the art represented in the many chapters of this book.

Chemistry—Major Metabolic Routes

In 1828, the laboratory of Friedrich Woehler was abuzz with the synthesis of urea, the first “organic” 
synthetic achievement. Woehler then turned his attention to potential chemical transformations in the 
body. He had been interested in compounds found in urine since his undergraduate days, and when 
Liebig identified hippuric acid as a normal urinary product, Woehler suggested that it might be formed 
from benzoic acid and glycine in the body. His initial experiments in dogs, however, were inconclusive 
[1]. Alexander Ure, a physician seeking a cure for gout, heard about Woehler’s idea and reasoned that if 
Woehler was correct then administration of benzoic acid to humans might lead to a diminished excretion 
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of urea due to the use of nitrogen in the glycine conjugate. Ure took benzoic acid and isolated hippuric 
acid from his urine [2]. Woehler had his associate, Keller, repeat the experiment and confirmed that 
ingested benzoic acid was indeed excreted in the urine as hippuric acid [3].

These studies initiated a period lasting to the end of the nineteenth century when scientists and their 
collaborators subjected themselves to interesting molecules to “see what would happen.” Many of the 
studies followed logical extensions of the earlier work.

Erdmann and Marchand administered cinnamic acid to volunteers and isolated a product tentatively 
identified as hippuric acid [4,5]. They proposed that the cinnamic acid was oxidized to benzoic acid and 
then conjugated with glycine. Woehler and Friederick Frerichs confirmed this transformation in dogs [6]. 
They also showed that benzaldehyde was converted to hippuric acid in dogs and rabbits.

The oxidation of benzene to phenol was discovered by the clinician, Bernhard Naunyn, during the 
course of experimental treatment of stomach “fermentation” with benzene. He was surprised to find 
that phenol was excreted following the administration of benzene. Naunyn then collaborated with the 
chemist, Schultzen, to study the fate of a number of hydrocarbons, including toluene, xylene, and larger 
molecules [7]. Aromatic hydroxylation, which had proven difficult for the chemists of the day, was read-
ily accomplished in humans.

Studies on aromatic hydroxylation led Stadeler to discover conjugated phenols in human and 
animal urine [8]. Munk, after ingesting varying amounts of benzene, monitored the excretion of 
a “ phenol-forming substance” in his urine by hydrolyzing the urine with acid and measuring the 
released phenol [9].

Baumann, using the color of indigo as his guide, purified an indigo-forming substance from urine and 
showed that upon hydrolysis both indigo and sulfate were released [10]. Baumann made many pioneer-
ing studies on sulfates formed from a variety of compounds, including catechol, bromobenzene, indole, 
and aniline.

The surprising ability of the body to methylate compounds was discovered by His in 1887 when he 
was able to isolate and identify N-methyl pyridinium hydroxide from the urine of dogs dosed with pyri-
dine [11]. Over 60 years later, MacLagan and Wilkinson discovered the more significant O-methylation 
pathway using the phenol butyl-4-hydroxy 3,5-diiodobenzoate [12]. This is the pathway that led Axelrod 
to his Nobel Prize related to the methylation of catecholamines.

N-Acetylation was first described by Cohn in his studies on the fate of m-nitrobenzaldehyde. The 
oxidized, reduced compound is acetylated and conjugated with glycine to yield the hippurate of N-acetyl-
m-aminobenzoic as a major metabolite [13].

Mercapturic acids were initially isolated in the laboratories of Baumann and Preuss studying the fate 
of bromobenzene and by Jaffe looking at chloro and iodobenzene [14,15]. The actual structure of these 
acetylcysteine conjugates was determined by Baumann in 1884 [16]. The nature of the cofactors in the 
conjugation reactions would not be known until the twentieth century.

A unique, primarily human, conjugation of glutamine with aryl acetic acids was discovered by 
Thierfelder and Sherwin in 1914 [17].

Active Metabolites

By the early part of the twentieth century, the major drug-metabolizing reactions had been identified. 
A unifying theory on the role of metabolism was developed by John Paxson Sherwin. Sherwin was one 
of the most prominent Americans in the field of metabolism [18]. A native of Bristol, Indiana, he was 
educated in Indiana and Illinois and then spent two years in Tubingen, Germany, before returning to the 
Midwest. He formulated the “chemical defense” theory elaborated in his reviews on drug metabolism in 
1922, 1933, and 1935 [19–21]. The latter two reviews carried the title “Detoxication Mechanisms.” This 
same title was used by R.T. Williams in his groundbreaking summaries of drug metabolism in 1947 and 
1959 [22]. Although Williams was troubled with the general classification of all metabolic reactions 
as “detoxication,” he accepted it as the most practical appellation. A mind-set that metabolism led to 
detoxication was so logical and had so many examples that when a compound was actually made more 
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active, it engendered disbelief. But, even at this early stage of drug development, the examples of activa-
tion began to accumulate.

The world’s first major drug, arsphenamine (Figure 1.1), an arsenical used for the treatment of syphilis, 
was ineffective in vitro [23]. Twelve years after its launch, studies showing that the drug worked through 
an oxidation product were published by Voegtlin and coworkers [24]. This compound, which evolved 
from the “magic bullet” concept of Ehrlich, set the stage for future worldwide “blockbusters.” 

A more dramatic impact of metabolism occurred with the launch of prontosil (Figure 1.1), the first 
major antibacterial agent. Prontosil was discovered in the early 1930s in the laboratories of I.G. Farben, 

FIGURE 1.1 Examples of drug activation.
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the world’s largest chemical company. G. Domagk and coworkers used Ehrlich’s concept, wherein com-
pounds that could be shown to bind to tissues may lead to specific antagonists of infectious agents. The 
early work, therefore, concentrated on derivatives of azo dyes. After numerous failures, they came across 
the compound prontosil, an azo dye containing a sulfonamide moiety [25]. This molecule had striking 
activity and was an instant success. Launched initially in Europe, it quickly stormed the United States 
when President Roosevelt’s son was cured by its administration [26]. Domagk was awarded the Nobel 
Prize in 1939 for his work.

But, like arsphenamine, prontosil had very low activity in vitro. This puzzled workers in the labo-
ratories of Trefouel in France. They proceeded to test both prontosil and the sulfonamide breakdown 
product and came to the conclusion that it was the metabolite formed by the azo reduction that was the 
true antibacterial [27]. This was confirmed by studies in England that showed the presence of amino-
benzenesulfonamide in the plasma and urine of patients treated with prontosil [28]. Once it became clear 
that any derivative that would release the active sulfonamide in vivo could represent effective therapy, 
chemical companies around the world began making variations that would spawn the birth of the mod-
ern pharmaceutical industry.

Acetanilide (Figure 1.1) provides a bridge from active to toxic metabolites. Brodie and Axelrod found 
that acetanilide was converted to aniline, which explained the methemoglobinemia, which had been 
observed at high doses, and to acetaminophen, a superior analgesic [29]. This study launched the illustri-
ous career of Julius Axelrod in the field of metabolism.

There are numerous examples of prodrugs, either by fortune or design, that must be activated for full 
pharmacological effect. Esters such as enalapril or clofibrate have to be hydrolyzed for activity. Methyldopa  
is decarboxylated and hydroxylated for activation, and cyclophosphamide is hydroxylated for activation.

There are also many other examples where the metabolites have some or all of the activity desig-
nated for the parent. One of the most striking and significant of these is the antihistamine terfenadine 
(Figure 1.1). The parent is oxidized to the active carboxylic acid and other metabolites by cytochrome 
P450 enzymes. When the P450s are inhibited, parent terfenadine reaches higher than normal levels 
[30,31]. This interaction led to cardiovascular problems in patients taking terfenadine and ketoconazole 
or erythromycin. Because of this interaction, terfenadine was taken off the market and new regulatory 
guidelines were put in place by the Food and Drug Administration (FDA) to alert drug developers of the 
need for interaction studies before approval.

Toxic and Reactive Metabolites

The products of metabolism are determined by the reaction mechanism of the enzymes involved and by 
the chemical structure of the reactant. Whether a metabolic product is more or less active is independent 
of these two interacting forces. Humans have evolved over the years, whereby we have a certain capacity 
to handle whatever the environment and our diets present. We learn to avoid certain toxins, which cannot 
be handled metabolically. The time frame of evolution does not permit the type of adaptation necessary 
to dispose of every new compound in a safe and beneficial manner. It is impossible to estimate what per-
centage of new molecular entities are converted to active or toxic metabolites, but it is clear that it has to 
be a higher percentage than we see just looking at marketed drugs. The fact is that if a toxic metabolite 
is produced during drug development, the candidate is usually eliminated from consideration. Therefore, 
the number of compounds actually activated by metabolism is necessarily higher than the overall docu-
mented occurrences. With any new compound, there is a significant chance that metabolism will yield 
pharmacologically active derivatives.

Reactive Intermediates

The formation of reactive intermediates is of particular concern in the development of new agents. 
Guroff and coworkers found that during the course of aromatic hydroxylation the hydrogen on the posi-
tion to be hydroxylated could shift to the adjacent position [32]. This was termed the “NIH” shift and 
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was subsequently explained by the formation of a reactive epoxide intermediate. The formation of “green 
pigments” during administration of 2-allyl-2-isopropylacetamide was shown by de Matteis to be due to 
destruction of P450 [33]. Ethylene and other olefins had similar destructive properties [34]. The most sig-
nificant chemical moieties giving rise to reactive molecules and/or P450 inhibition have been reviewed 
[35]. Many of these compounds will react with glutathione in an inactivation step. Excretion of mercap-
turic acids is often taken as a sign of the formation of the reactive species. In the absence of adequate 
levels of glutathione or when the kinetics are favorable for protein binding, the formation of chemical-
protein conjugates can lead to systemic toxicity.

The prototypical reactive intermediate is the quinone-imine formed from metabolism of acetamino-
phen. In a classic series of papers, Brodie and coworkers revealed the metabolic fate of acetaminophen 
and its potential tissue-binding metabolite [36–39]. While this compound is known to be hepatotoxic 
and readily binds to protein in vitro, it nonetheless remains a best-selling analgesic. Generally, at recom-
mended doses, acetaminophen is efficiently removed by conjugation or, after oxidation, by glucuronida-
tion and/or reaction with glutathione. At elevated doses or in conjunction with CYP2E1 induction, high 
levels of quinone-imine can lead to tissue damage [40].

Bioanalytical

The progress in drug metabolism is paralleled by, indeed dependent on, the advances in bioanalyti-
cal techniques. For most of the first century of drug metabolism research, identification of metabolites 
involved isolation, purification, and chemical manipulation leading to characterization. At the end of 
World War II, new technology developed during the war came into use in metabolism research. A study 
on the distribution of radioactivity in the mouse after administration of 14C-dibenzanthracene set new 
standards for metabolic research [41]. The use of high-speed centrifuges to separate cellular compo-
nents was another legacy of the Manhattan Project. The development of liquid-liquid partition chro-
matography by Martin and Synge [42] heralded the addition of new separation tools, including paper, 
thin layer, and gas chromatography. Spectrometry in biological media became routine with the Cary 14 
spectrophotometer.

Mass spectrometry moved from the hands of specialists to the analytical laboratory with the launch of 
the LKB 9000 GC/MS. A crucial development for the eventual linking of mass spectrometry and liquid 
chromatography was the discovery of electrospray ionization by Fenn in 1980 [43]. LC/MS instruments 
from Sciex and Finnegan revolutionized the bioanalytical laboratories leading to increasingly more rapid 
and more efficient delineation of metabolic pathways. Newer analytical techniques permit the analysis of 
the chemical bound to protein and the characterization of the proteins involved. For example, Shin and 
coworkers recently identified binding of electrophiles to 263 proteins in human microsomal incubations 
[44]. Doss and Baillie [45] have suggested that drug developers use in vitro binding ability as a screen 
for potential reactive intermediates.

Enzymology—Mechanisms of Metabolism

Conjugation

The discovery of cofactor structures started with acetyl coA. This important cofactor, vital for inter-
mediary metabolism, was identified using the acetylation of sulfanilamide as an assay. Lippman and 
coworkers painstakingly isolated and identified coenzyme A as the energy-containing component 
driving acetylation [46]. The principle of active cofactors led researchers to solving the structures of 
3ʹ-phosphoadenosine-5ʹ-phosphosulfate (PAPS) [47], uridinediphosphoglucuronic acid (UDPGA) 
[48], and S-adenosylmethionine (SAM) [49]. Defining mercapturic acid formation took slightly longer 
because of the fact that the actual conjugating moiety was altered before elimination. The actual struc-
ture of mercapturic acids was solved when Baumann correctly identified the acetyl cysteine moiety 
[16]. Glutathione, originally isolated by M.J. de Rey Pailhade [50], was fully characterized by Hopkins 
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in 1929 [51]. But it was not until 1959 when the relationship between glutathione conjugation and the 
formation of mercapturic acids was elucidated by Barnes and associates [52]. In 1961, Booth, Boyland, 
and Sims published data on the enzymatic formation of glutathione conjugates [53]. As a variation in the 
theme, it became clear that conjugation with amino acids such as glycine or glutamine involved initial 
activation of the substrate rather than the linking agent. The unique ability of humans and Old World 
monkeys to conjugate with glutamine was found to be due to the specificity of acyl transferase enzymes 
found in the mitochondria [54].

The structures of most of the human conjugating enzymes have now been elucidated, and in many 
cases, the enzymes have been cloned. Crystal structures have been slow to emerge for glucuro-
nyl transferases because of the membrane-bound nature of these enzymes. There are 13 human 
sulfotransferases [55], 16 glucuronyl-transferases [56], multiple N-, O-, and S-methyl transferases, 
2 N-acetyl transferases [57], and 24 glutathione transferases [58]. The multiplicity of isozymes and 
overlapping specificities require extensive evaluation to understand which enzymes may be critical 
for a given drug.

Reduction

Some of the earliest in vitro experiments in metabolism dealt with enzymatic reduction. The importance 
of the azo derivatives of sulfanilamide led to initial experiments using neoprontosil as a model substrate. 
Bernheim reported the reduction of neoprontosil by liver homogenates [59]. Mueller and Miller studied 
the metabolism of the carcinogen dimethylaminoazobenzene (DAB) and found that in rat liver homog-
enates DAB was hydroxylated and demethylated and the azo linkage was reduced [60]. The reducing 
enzyme was shown to require reduced nicotinamide adenine dinucleotide phosphate (NADPH) and to 
reside in the particulate portion of the fragmented cells [61].

Oxidation

The incorporation of oxygen into drugs and endogenous molecules was found to occur directly from 
molecular oxygen using isotopically labeled oxygen [62,63]. This led to the definition of a new category 
of oxidases termed “monooxygenases” by Hayaishi and “mixed-function oxidases” by Mason. These 
oxidases required oxygen and a reductant, usually NADPH.

In Vitro Methodology/Enzymology

The unraveling of the secrets of the cell began with the development of the techniques of gently breaking 
the cell developed by Potter and Elvejham and then fractionating the fragments and components of the cell 
by differential centrifugation [64]. The first drug to be studied using these techniques was amphetamine. 
Axelrod examined the deamination of amphetamine and showed the activity to be dependent on oxygen 
and NADPH and to reside in the microsomal fraction of the cell [65]. Brodie’s laboratory quickly exam-
ined a number of drug substrates and found them to be metabolized by the same microsomal system [66].

Further examination of microsomes by Klingenberg and Garfinkel revealed the presence of a pig-
ment that had some of the properties of a cytochrome and a peak absorbance after reduction in the 
presence of CO at 450 nm [67,68]. The pigment was shown by Omura and Sato to be a cytochrome 
[69]. Estabrook Cooper and Rosenthal used light activation of the CO-inhibited system to prove that 
cytochrome P450 was the terminal oxidase in the oxidation of many classes of drug substrates [70]. The 
use of microsomes became standard practice in drug metabolism studies. However, the enzymes defied 
purification because of the fact that they were embedded in the membrane and solubilization inevitably 
led to denaturation.

Lu and Coon solved the problem of releasing the enzyme from the membrane using sodium deoxy-
cholate in the presence of dithiothreitol and glycerol, rapidly expanding our knowledge of multiple 
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P450s [71]. Coon’s laboratory, Wayne Levin and associates, and Fred Guengerich were among the 
pioneers in the separation and purification of P450s [72]. Nebert and coworkers developed a unifying 
nomenclature on the basis of the degree of similarity of the P450s, and the field began to blossom [73]. 
The culmination of the efforts to define human P450s came with the sequencing of the human genome. 
At that point, it was clear that there were 57 variants of human P450. The major ones involved in drug 
metabolism have been well characterized, while there are still some isozymes whose function is yet to 
be defined [72].

The physical characteristics of the enzymes are rapidly being defined. The first P450 to be crystal-
lized and the first structure determined were from a pseudomonad, Pseudomonas putida [74]. This 
provided a blueprint for all the structures to come. Human P450s resisted crystallization until they were 
modified by shortening the amino terminus. It is this portion of the protein that binds the membrane, 
and by removing the amino terminal segment, it was possible to obtain a soluble, active P450 that could 
be crystallized and analyzed. The crystal structures of all of the major drug-metabolizing P450s now 
have been determined [75]. The knowledge of the crystal structures has helped in our understanding of 
the broad specificity of this class of enzymes, helped to determine the necessary properties of potential 
substrates, and led to the development of computer programs to predict whether a compound will be a 
substrate or not [76].

While the P450s have been the stars of drug metabolism, there are many other oxidative enzymes that 
can play a role, sometimes dominant, in the fate of new molecules. The flavin monooxygenases (FMOs), 
which are often involved in the metabolism of heterocyclic amines, sulfur, or phosphorous-containing 
compounds, have been characterized and five forms identified [77]. Aldehyde oxidase, a molybdenum-
containing enzyme oxidizes nitrogen heterocycles and aldehydes [78], xanthine oxidase and xanthine 
dehydrogenase mainly involved in the production of uric acid [79], aldehyde dehydrogenase (3 classes, at 
least 17 genes [80], and alcohol dehydrogenase [23 distinct human forms]) [81] are among the enzymes 
most prominent in drug metabolism.

Genetic Characteristics of Drug-Metabolizing Enzymes

The drug-metabolizing enzymes showed early indications of genetic polymorphism on the basis of the 
individual variations in therapeutic effectiveness. The discovery of the utility of isoniazid in the treat-
ment of tuberculosis was quickly followed by the realization that a significant portion of the patient 
population had elevated levels of isoniazid in the plasma. This was traced to a genetically determined 
deficiency in the N-acetyl transferase responsible for the inactivation of isoniazid [82]. Similarly, genetic 
variations in serum cholinesterase led to altered susceptibility to the effects of the muscle-relaxant suc-
cinyl choline [83]. A major breakthrough in the enzymes involved with drug oxidation came with the 
studies of Smith and coworkers on debrisoquine metabolism [84] and the work of Eichelbaum and 
coworkers on sparteine metabolism [85]. These discoveries led to a broad range of population studies 
on debrisoquine hydroxylase, later to be identified as CYP450 2D6. The variation in blood levels of 
these agents could be traced to whether patients had diminished levels of CYP2D6 or, in some cases, 
enhanced levels of CYP2D6.

As we learned more about the role of the isozymes of P450, genetic variations became a major 
topic of study. Significant polymorphic variations in CYP2C9, CYP 2C19, CYP2A6, and CYP2B6 
must be taken into account for substrates of these enzymes [86]. Other oxidizing enzymes such 
as FMOs [87] and dihydropyrimidine dehydrogenase [88] also show genetic variation leading to 
drug toxicity. Conjugating enzymes such as thiopurine methyl transferase, N-acetyl transferase, and 
glucuronyl transferase have variants that have been shown to be important in altered response to 
drugs [89].

The message for drug development is clear. It is vital to know the enzymes involved in the breakdown 
of the administered drug. If a specific isozyme is responsible for either the majority of the inactivation 
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or for the activation of an agent, then appropriate studies are required to determine the efficacy and/or 
toxicity of the drug over a spectrum of the population, including the genetic variants.

Induction-Control Mechanisms

One of the most striking features of drug-metabolizing enzymes is their ability to adapt to the substrate 
load. Early studies showed that ethanol administration to rats increased the ability of the kidney to 
metabolize ethanol [90], while borneol administration to dogs or menthol administration to mice led 
to increased β-glucuronidase activity in these species [91]. Conney et al. discovered enzyme induction 
by aromatic hydrocarbons [92], while Remmer and Merker reported phenobarbital induction of smooth 
endoplasmic reticulum in rabbits, rats, and dogs [93]. Studies on the induction phenomenon eventually 
led to discovery of the Ah receptor [94]. The mechanism of transcriptional regulation has been eluci-
dated and forms the basis for our understanding of this superfamily of regulators [95]. Other receptors 
integral to the initiation of induction include peroxisome proliferator activated receptor (PPAR) [96], 
constitutive androstane receptor (CAR), and pregnane X receptor (PXR). Interactions between CAR and 
PXR have recently been reviewed [97]. The crystal structure of the human PXR ligand-binding domain 
in the presence and absence of ligands has been reported [98,99].

Inhibitors

Compounds that had broad specificity as inhibitors of P450 played a major role in the understanding of 
this class of enzymes. The discovery of SKF525a in the laboratories of SKF and its expanded use by 
Brodie and coworkers defined the microsomal oxidases before the discovery of P450 [100,101]. That 
one inhibitor could decrease the metabolism of so many diverse compounds argued for an enzyme 
with broad specificity or multiple enzymes with a common site of inhibition. Other inhibitors such as 
metyrapone, ketoconazole, and AIA were similarly employed. Attention was drawn to the role of inhi-
bition in drug interactions when cimetidine, a popular proton pump inhibitor, was found to be a weak 
inhibitor of P450-catalyzed reactions [102]. The observation that grapefruit juice had inhibitory prop-
erties stimulated the studies of endogenous and environmental inhibitors resulting in adverse drug 
reactions [103]. Once the multiplicity of P450s was clear, specific inhibitors of individual isozymes 
were used to define activity [35]. These inhibitors included antibodies with unique specificities [104]. 
The field of specific inhibitors for targeted therapy is rapidly developing, as the roles of all 57 P450s 
are unraveled [105,106].

Transporters

The discovery of P-glycoprotein (P-gp or mdr1) in 1976 created an enhanced appreciation of the role 
of transporters in drug disposition [107). In addition to playing an important role in drug penetration 
through the intestine, pgp plays a significant role in controlling the penetration of many drugs into the 
brain [108]. Umbenhauer and coworkers showed that a genetic deficiency in pgp correlated with the pen-
etration of avermectin into the brain in mice [109,110]. Later studies showed a wide range of compounds 
controlled in a similar fashion. There are many other transporters that have yet to be characterized with 
regard to drug disposition. A total of 770 transporter proteins were predicted from analysis of the human 
genome. The ABC family, which contains pgp, consists of 47 members. The latest information and 
structural details on transporters can be found in the transporter protein analysis database [111]. The first 
crystal structure of an S. aureus ABC transporter was reported in 2007 [112]. In the drug development 
process, knowledge as to whether the candidate compounds are substrates for transporters is crucial to 
predicting bioavailability.
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Drug Metabolism Research in Drug Development

The overall progression of drug metabolism from the determination of metabolic pathways to the cur-
rent position in metabolic profiling is shown in Figure 1.2. The evolution of drug metabolism research 
has changed the role of the drug metabolism scientist in a most dramatic fashion. The modern day 
metabolism scientist must understand and evaluate not just the chemistry of metabolism but also the 
enzymatic, genetic, environmental, mechanistic, and interactive aspects of any new agent. The metabo-
lism scientist must be able to develop a compound profile detailing all the nuances involved in proposed 
therapy. This profile, or metafile (Figure 1.3), must encompass a breadth of understanding enabling the 
design of clinical studies that facilitates the tailoring of the new agent to the most appropriate patient 
population.  

FIGURE 1.2 The evolution of drug metabolism research from the earliest days of discovery to the current broad-ranging 
research effort. Abbreviations: Peroxisome proliferator activated receptor, PPAR; constitutive androstane receptor, CAR; 
pregnane X receptor, PXR.
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Introduction

Drug metabolites and their disposition in vivo are well recognized by scientists, clinicians, and regula-
tory agencies to be important when evaluating a new drug entity. In the past several decades, increased 
attention has been placed on drug metabolism for several reasons. Firstly, the number of drugs with 
active metabolites, by design (i.e., prodrugs) or by chance, has increased (1–3). This is exemplified by 
the transition from terfenadine to its active metabolite fexofenadine (3) and interest in the contributions 
of morphine-6-glucuronide (M6G) toward the analgesic activity of the age-old drug, morphine, and 
potential development of this active metabolite (4). In addition, with the advent of methods to establish 
the metabolic genotype and characterize the phenotype of individual patients (5,6) and the identification 
of specific isoforms of enzymes of metabolism, there is an increased appreciation of how elimination of 
a drug by metabolism can influence drug bioavailability and clearance, and ultimately affect its efficacy 
and toxicity. These rapidly evolving methods can be translated to permit cost-effective individual opti-
mization of drug therapy on the basis of a subject’s metabolic capability (5,6), just as renal creatinine 
clearance has been used for years to assess renal function and permits individualized dose adjustment 
for drugs cleared by the kidney (7). Finally, the well accepted, though still poorly understood role of bio-
activation in the potential toxicity of drugs and other xenobiotics (8,9) requires that metabolites continue 
to be evaluated and scrutinized for possible contributions to adverse effects observed in vivo. Though the 
importance of drug metabolism is seldom questioned, the interpretation and use of pharmacokinetic data 
on the disposition of metabolites is not well understood or fully implemented by some investigators. The 
objective of this chapter is to provide a basis for the interpretation and use of metabolite pharmacokinetic 
data from preclinical and clinical investigations.

A number of previous authors have reviewed methods and theory for the analysis of metabolite phar-
macokinetics, with literature based upon simple models, as early as 1963 by Cummings and Martin 
(10). Thorough theoretical analyses and reviews have been published, notably by Houston (11,12), Pang 
(13), and Weiss (14). The topic of metabolite kinetics is not found in commonly employed textbooks on 
pharmacokinetics (15), though the topic is usually not presented or taught in an introductory course on 
pharmacokinetics. This chapter is not intended to present all aspects of basic pharmacokinetics that may 
be necessary for a thorough understanding of metabolite kinetics, and for this reason, motivated readers 
are recommended to consult other sources (15–19) if an introduction to basic pharmacokinetic principles 
is needed. This review will also not attempt to present or discuss all possible permutations of metabolite 
pharmacokinetics but will try to present and distinguish what can be assessed in humans and animals 
in vivo given commonly available experimental methods, which, in some cases, may be augmented by 
in vitro studies.

Metabolite Kinetics Following a Single Intravenous Dose of Parent Drug

General Considerations in Metabolite Disposition

Much of the theory presented here will be based upon primary metabolites, as shown in Scheme 2.1, 
which are formed directly from the parent drug or xenobiotic whose initial dose is known. In contrast, 
secondary or sequential metabolites, as indicated in Scheme 2.2, are formed from one or more primary 
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metabolites. The theory and resultant equations for the analysis of sequential metabolite kinetics are 
often more complex (see section “Sequential Metabolism”) (13). Since most metabolites of interest 
are often primary metabolites, this review will focus on these, unless otherwise noted. Scheme 2.1 is the 
simplest model for one metabolite that can be measured in vivo, with other elimination pathways for the 
parent drug, either by metabolism or excretion (e.g., biliary or renal), represented as a combined first-
order elimination term, kother. Pharmacokinetic models will be presented here for conceptual reasons, 
but in the instances where model-independent or “non-compartmental” methods are appropriate, their 
applications will be discussed.  

Here, A is the amount of drug or xenobiotic administered and A(m) is the amount of a particular 
metabolite present in the body with time. When sequential metabolism is occurring, metabolites 
are distinguished with a subscript; A(m1) is the amount of primary metabolite present with time and 
A(m2) is the amount of secondary, or sequential, metabolite formed with time. A(m)elim is the amount 
of the primary metabolite of interest that is excreted (e.g., biliary or renal) and/or further metabo-
lized. It is assumed that once metabolite is excreted in the urine or bile, it is not subject to reabsorp-
tion or cycling. The parameter kf is the first-order formation rate constant for the metabolite and kother 
represent a first-order rate constant for the sum of formation of other metabolites and elimination 
via other pathways. The constant k(m) is the elimination rate constant for the metabolite, whereas 
the sum of kf and kother is k, the total first-order rate constant for the overall elimination of the parent 
drug. With this simple model, and derivations from this, the following assumptions will be employed 
unless otherwise noted:

 1. The elimination and distribution processes are first order and thus linear; that is, they are not 
influenced by the concentration of drug or metabolite in the body. For example, saturation of 
enzyme and transport systems, co-substrate depletion, saturable plasma protein, or tissue bind-
ing does not occur.

 2. All drug metabolism represents irreversible elimination of the parent drug; thus, there is no 
reversible metabolism, enterohepatic recycling, or bladder resorption.

 3. For simplicity, a one-compartment model will be used, which assumes rapid distribution of 
parent drug and metabolite within the body.

 4. There is no metabolism that results in metabolite being eliminated without first being presented 
to the systemic circulation.

From Scheme 2.1, the following equation is used to describe the rate of change in the amount of metabo-
lite in the body at any time, which is equal to the rate of formation less the rate of elimination,

 
dA

dt
k A k A

(m)
(m) (m)= ⋅ − ⋅f  (2.1)

SCHEME 2.1 Drug metabolism to a primary metabolite followed by urinary or biliary excretion with parallel elimination 
pathways. The arrows indicate irreversible processes.

SCHEME 2.2 Sequential metabolism to a secondary metabolite, m2, from a primary metabolite, m1.
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This rate of input (i.e., formation) and output (i.e., elimination) is analogous to the form of the equation for 
first-order drug absorption and elimination (17). The amount of metabolite and parent drug present in the 
body upon initial intravenous bolus dosing of the drug is zero and the administered dose (D), respectively. 
The disposition of the parent drug can be described with an exponential term, as shown in Eq. 2.2,

 A D e k t= ⋅ − ⋅  (2.2)

Substitution of A into Eq. 2.1 permits solving for A(m) as a function of time (17),

 A
k D

k k
e ek t k t(m)

(m)
(m)= ⋅

−
− 

− ⋅ − ⋅f  (2.3)

Since the amount of metabolite is often unknown, metabolite concentration, C(m), is measured in plasma, 
which can be expressed by dividing both sides of Eq. 2.3 by the volume of distribution of the metabolite, 
V(m), as follows,

 C
k D

V k k
e ek t k t(m)

(m) ( (m) )
(m)= ⋅

⋅ −
− 

− ⋅ − ⋅f  (2.4)

Equations 2.3 and 2.4 describe the amount and concentration, respectively, of a primary metabolite in 
the body over time after an intravenous bolus dose of the parent drug. Immediately after dosing there is 
no metabolite present, and the amount of metabolite will then reach a maximum when the rate of forma-
tion equals the rate of elimination of the metabolite. This peak occurs when tm,peak = ln[k/k(m)]/[k – k(m)] 
(17). Here, k and k(m) determine the shape of the drug and metabolite concentration versus time profiles, 
whereas kf influences the fraction of the dose that is metabolized; thus, affecting the magnitude of the 
metabolite concentration. It is apparent that the relative magnitude or ratio of the two rate constants for 
the elimination of the parent drug and metabolite determines the overall profile of the metabolite relative 
to that of the parent drug, with two limiting cases described below.

Formation Rate-Limited Metabolism

In the first case, if k(m) ≫ k, then the metabolite is eliminated by either excretion or further sequential metabo-
lism much more rapidly than the rate at which the parent drug is eliminated. Since k = kf + kother, it also follows 
that k(m) ≫ kf. Under this condition, defined as formation rate-limited (FRL) metabolism, the exponential 
term describing metabolite elimination in Eqs. 2.3 and 2.4, e–k(m)·t, declines rapidly to zero relative to the expo-
nential term describing parent drug elimination, e–k·t, and the term in the denominator, [k(m) – k], approaches 
the value k(m). Thus, shortly after an intravenous bolus dose of the parent drug, Eq. 2.3 simplifies to, 

 A
k D
k

e k t(m)
(m)

[ ]= ⋅ − ⋅f  (2.5)

Equation 2.4 can be simplified similarly, and, if one takes the natural log (ln) of both sides of Eq. 2.5, 
then the amount of metabolite in the body can be described by a linear relationship with respect to time,

 ln (m) ln
(m)

A
k D
k

k t= ⋅







 − ⋅f  (2.6)

A similar relationship to Eq. 2.6 can be derived from Eq. 2.4 using concentrations rather than amounts 
when FRL metabolism applies. This log-linear relationship, common to first-order systems, indicates 
that when k(m) k, the terminal half-life is measured for the metabolite amount or concentration ver-
sus time curves represent that of the parent drug, not that of the metabolite. This is shown below in 
Figures 2.1a and 2.2. Moreover, as k(m) increases, the tm,peak for the metabolite approaches zero. In this 
case, the metabolite will reach peak concentrations very quickly after a bolus dose of the parent drug.  
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FIGURE 2.1 Drug and metabolite profiles simulated for the two common cases from Scheme 2.1. (a) Formation rate- 
limited metabolism where k(m) > k [kf, kother, and k(m) are 0.2, 0, and 2, respectively]. (b) Elimination rate-limited metabolism 
where k(m) < k [kf, kother, and k(m) are 2, 0, and 0.2, respectively]. Shown are amounts expressed as percentage of the dose; 
if converted to concentrations of parent drug and metabolite, the relative ratios of the curves may change as determined 
by V and V(m), respectively. (From Rowland, M. and Tozer T.N., Clinical Pharmacokinetics, Lea and Febiger, Baltimore, 
MD, 1995.)

FIGURE 2.2 Plasma levels of NLA (⦁) and propranolol (o) (mean ± SEM) after single intravenous doses of propranolol 
in normal human subjects. NLA exhibits FRL metabolism with parallel half-lives and rapid attainment of peak levels. The 
higher ratios of NLA/propranolol at equilibrium are due to a much lower ratio of CL(m)/CL; however, V(m)/V must be 
lower still (see Eq. 2.15) to provide k(m)/k > 1, characteristic of FRL metabolism. Abbreviations: NLA, naphthoxylacetic 
acid; FRL, formation rate limited. (From Walle, T. et al., Clin. Pharmacol. Ther., 26, 548–554, 1979.)
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Equation 2.5 can also be rearranged to indicate that the rate of elimination of metabolite, k(m) · A(m), 
approximates its rate of formation from the parent drug, kf · D · [e−k·t] = kf · A, where A is the amount of 
parent drug in the body at any time after the dose, 

 k A k D e k t(m) (m)⋅ = ⋅ ⋅ − ⋅
f  (2.7)

Thus, with FRL metabolism, an apparent equilibrium exists between the formation and elimination of 
metabolite such that the ratio of metabolite to parent drug is approximately constant soon after a dose of 
the parent drug. Since the term “D · e−k · t” describes the amount of parent drug in the body at any time, 
shortly after an intravenous bolus dose of the parent drug, the ratio of amount of metabolite to drug is, 

 A
k

k
A(m)

(m)
= ⋅f  (2.8)

Since the volume of distributions of parent drug (V) and metabolite [V(m)] are assumed constant, Eq. 2.8 
can be rewritten by multiplying by volume terms to provide concentrations and clearance terms, where 
CLf = kf V and CL(m) = k(m) V(m) and the units of clearance are volume/time, 

 C
k V

k V
C

C
(m)

(m) (m)
= ⋅

⋅
⋅ = ⋅f fCL

CL(m)
 (2.9)

Though the metabolite concentration in the body, C(m), at any time after a dose of parent drug can be 
determined by assay of plasma samples, in this case where k(m) ≫ k, it is not possible to estimate k(m) 
unambiguously. An estimate of k(m) can only be determined by obtaining metabolite plasma concentra-
tion versus time data following an intravenous dose of the metabolite itself. These relationships do, how-
ever, indicate that the concentration ratio of metabolite versus parent drug will essentially be constant 
over time (Figure 2.1a). This ratio will be useful when relationships of concentration and clearance are 
discussed below.

With FRL metabolism, the observed apparent half-life of metabolite from concentration versus time 
curves is related to a first-order elimination rate constant of the parent drug, t1/2 = ln 2/k, and the elimi-
nation half-life of the parent drug is longer than that of the metabolite if the metabolite were dosed 
independently. Since the metabolite is eliminated much faster than it is formed, its true half-life is not 
apparent, and the concentration versus time profile of the metabolite follows that of the parent drug as 
shown in Figures 2.1a and 2.2, where the log of the amount or plasma concentration are plotted on the 
ordinate. For naphthoxylacetic acid, a metabolite of propranolol (Figure 2.2), its plasma profile paral-
lels that of propranolol whether the parent drug is given intravenously or orally (20). Even if the parent 
drug displayed more complex disposition characteristics with an initial distribution phase noted after 
an IV bolus dose (i.e., a two-compartment model) or perhaps secondary absorption peaks because of 
enterohepatic recycling, one would still expect to see a parallel profile for a metabolite subject to FRL 
metabolism. The observation of parallel metabolite and parent drug profiles after dosing the parent 
drug can also occur in cases of reversible metabolism; thus, this possibility should also be considered 
(see  section “Reversible Metabolism”).

Elimination Rate-Limited Metabolism

The second limiting case is when k(m) ≪ k; that is, the elimination half-life of the metabolite is much lon-
ger than that of the parent drug. Here, the metabolite is eliminated by either excretion or sequential metab-
olism with a first-order rate constant that is much smaller than the rate constant for elimination of the 
parent drug (k = kf + kother), and this situation is defined as “elimination rate-limited” (ERL) metabolism. 
There is no requirement for the relative magnitude of k(m) and kf. Because of the differences between k(m) 
and k, the exponential term e−k·t in Eqs. 2.3 and 2.4 declines rapidly relative to the exponential term e−k(m)·t, 
and the term in the denominator, [k(m) – k], approaches the value of –k. Thus, when  k(m) ≪ k, after most 
of the parent drug has been eliminated, Eq. 2.3, which describes an IV bolus of parent drug, simplifies to 
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 A
k D

k
e k t(m) [ ](m)= ⋅ −f  (2.10)

With ERL metabolism, Eq. 2.4 also simplifies to express metabolite concentration versus time after an 
intravenous dose of the parent drug. This simplification indicates that with ERL metabolism, a log-linear 
plot of amount or concentration of metabolite versus time would have a terminal slope reflecting the true 
elimination half-life for the metabolite, i.e., t1/2 = ln 2/k(m). This is shown in Figure 2.1b, and an example of 
this type of metabolite profile is exemplified by the disposition of N-desalkylhalazepam, a metabolite 
of halazepam shown in Figure 2.3 (21). Under the condition of ERL metabolism, the elimination half-life of 
the metabolite is unambiguously and clearly resolved from that of the parent drug. Prodrugs are gener-
ally designed to follow ERL metabolism where the prodrug is rapidly metabolized to the active moiety 
that persists in the body for a much longer time than the parent prodrug, e.g., aspirin forming salicylate or 
mycophenolate mofetil forming mycophenolic acid. Considerations of possible accumulation of metabo-
lite under ERL metabolism after the chronic dosing of the parent drug will be addressed below. 

Rates of Metabolite Elimination Approximately Equal 
to Rates of Elimination of the Parent Drug

The above conditions of FRL and ERL metabolism permit simplification of the equations describing the 
disposition of the metabolite. However, in cases where k(m) is close to the value of k, log-linear plots of 
metabolite concentration versus time do not, in theory, become apparently linear in the terminal phase 
of a concentration versus time profile because neither exponential term of Eq. 2.3 nor of Eq. 2.4 will 

FIGURE 2.3 Plasma levels (ng/mL) of halazepam (☉) and N-desalkylhalazepam (⋄) after 40 mg halazepam every 8 hours 
for 14 days showing characteristics of elimination rate-limited metabolism. The estimated elimination half-lives for halaz-
epam and N-desalkylhalazepam are 35 and 58 hours, respectively. Notable for the longer half-lives of the metabolite are a 
longer time to achieve steady-state than the parent drug, and smaller fluctuations between doses as seen in the simulated fit 
of the data. (From Chung, J.M. et al., Clin. Pharmacol. Ther., 35, 838–842, 1984.)
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become negligible and drop out as time progresses. Error in the analysis of plasma concentrations will 
also contribute to inability to discern a value for k(m) from such a plot. Under these conditions, the use 
of log-linear plots to estimate k(m), and subsequently the elimination half-life of the metabolite, will 
lead to an underestimation of k(m) (12). Therefore, caution should be used when interpreting metabolite 
elimination rates and half-life data when clear distinction of k(m) from k cannot be made. In practice, 
when k(m) ≅ k, it is possible that noise in the data may make the terminal phase of the log concentration 
versus time plots appear reasonably log linear. A discussion of how to analyze data in instances where it 
appears that k(m) ≅ k is presented in the earlier review by Houston (12).

Clearance and Volume of Distribution for Metabolites

Most of the above discussion dealt with the amounts of drug and metabolite in the body and methods to 
simply distinguish FRL and ERL metabolism as well as to estimate k(m) and half-life for a metabolite 
with ERL metabolism. However, in most instances, amounts are not known since concentrations of 
metabolite are determined in plasma or blood over time after dosing the parent drug. Since metabolites 
are seldom administered to humans (as an investigational new drug [IND] for the metabolite would 
require significant effort and expense), volume of distribution of the metabolite cannot be determined. 
Therefore, it is difficult for unambiguous conversion of observed metabolite concentrations to amount of 
metabolite in the body. It may be possible, given the availability of metabolite(s), to administer metabo-
lite to animals to determine relevant pharmacokinetic parameters; however, extrapolation of pharma-
cokinetic values from animals to humans is complex and problematic. In general, volume terms more 
often extrapolate between species when scaling than do clearance estimates. If the preformed metabolite 
can be administered to humans, relevant pharmacokinetic parameters can be determined as commonly 
employed for the parent drug (16–19). However, one needs to consider the possibility that preformed 
metabolite dosed exogenously into the systemic circulation may behave differently than metabolite 
formed within specific tissues of the body, such as the liver or kidney, as summarized by Smith and 
Obach (9) and Prueksaritanont and Lin in this book (Chapter 25). Although a position paper addressing 
metabolites and drug safety stated that radiolabeled ADME (absorption, distribution, metabolism, and 
excretion) studies were adequate to address metabolite exposures (22), the Food and Drug Administration 
(FDA) issued a guidance on “major metabolites” that suggest to conduct animal studies of exogenously 
administered metabolites (23). Thus, there will likely be considerable information on metabolite distri-
bution and pharmacokinetics in animals in the future. Much of the discussion here will focus on basic 
clearance of concepts that are applicable to metabolites, given limited knowledge of their disposition in 
humans, and may provide insight into the disposition of the metabolite if some assumptions are made.

The mass balance relationship in Eq. 2.1 can be modified by multiplying k(m) by V(m) and then 
dividing A(m) by V(m), which provide the values of metabolite clearance CL(m) and C(m), respectively. 
Similarly, multiplying and dividing the other terms in Eq. 2.1 by the volume of distribution of the par-
ent drug V provides CLf (kf · V) and C, respectively, where CLf is the fractional clearance of the parent 
drug to form the metabolite and C is the concentration of the parent drug. CLf can also be expressed as 
the product, fm·CL, where fm is the fraction ( fm = kf / k = CLf/CL) of a systemically available dose of the 
parent drug that is converted irreversibly to the metabolite of interest. For the purpose of the discussion 
here, it will be assumed that any metabolite formed is systemically available and not subject to sequential 
metabolism or excretion without being presented to the systemic circulation. With this assumption and 
the above substitutions, Eq. 2.1 can be rewritten as 

 
dA

dt
C C

(m)
(m) (m)= ⋅ − ⋅CL CLf  (2.11)

It is useful to consider the integration of Eq. 2.11 with respect to time from zero to infinity after an intra-
venous bolus of the parent drug. Since metabolite amounts in the body at times zero and infinity are zero 
and the terms of CLf and CL(m) are assumed to be constant, the integral of concentration versus time is 
the area under the concentration versus time curve (AUC). The following relationship is obtained, 
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 CLf ⋅ = ⋅AUC CL(m) AUC(m) (2.12)

where AUC(m) and AUC are the area under the plasma concentration versus time curve for the metabo-
lite and parent drug, respectively. Since the product of a clearance and an AUC term is an amount, CLf, 
AUC equals the amount of metabolite formed from the parent drug that reaches the systemic circulation, 
which for an intravenous dose equals fm. The value of CLf or fm is usually not unambiguously known 
but may be estimated in some cases with some assumptions; for example, no sequential metabolism and 
all metabolite formed is excreted in the urine, or both urine and bile are collected in an animal model. 
Since CLf is defined above as fm·CL, this can be substituted into Eq. 2.12 and then rearranged to provide,

 
fm CL
CL(m)

AUC
AUC

⋅ = (m)
 (2.13)

This relationship indicates that the relative AUCs of the metabolite versus parent drug will be dictated 
by the elimination clearances of metabolite and parent drug and the magnitude of the fraction of the 
dose that is directed toward the particular metabolite. For example, the AUC of morphine-3-glucuronide 
(M3G) is much greater than the AUC of morphine (ratio, ~7.8). Since the value of fm cannot exceed unity, 
and a collection of urine long enough to estimate total recovery indicated that M3G averages 44% of the 
IV dose, it is apparent that the ratio of CL/CL(m) must be much greater than 1 (~17). It was reported that 
the half-lives of M3G and morphine were 3.9 and 1.7 hours (24), respectively; thus, M3G follows ERL 
metabolism, which is consistent with the much lower clearance of the metabolite contributing to its slow 
rate of elimination. With relative measures of clearance available from Eq. 2.13, one can also estimate 
the relative magnitude of the volume of distribution between metabolite and parent drug. Morphine, 
being basic, has a fairly large volume of distribution estimated to be 4 L/kg (24,25). In the case of ERL 
metabolism, where the relative values of k and k(m) can be determined, one can substitute the relation-
ship, CL = k · V into Eq. 2.13 and rearrange the equation to estimate relative values for the volumes of 
distribution, 

 
V

V f
k

k(m)
(m) (m)= ⋅ ⋅

⋅
1

m

AUC
AUC

 (2.14)

Using the data presented in Figure 2.4 and associated data (20), Eq. 2.14 provides an estimate of V(m) for 
M3G of about 0.5 L/kg, which is roughly one-seventh the value for V of morphine in adults. M3G has not 
been administered to humans, however, following an infusion of a diamorphine (a prodrug of morphine) 
to infants, the V(m) of M3G was estimated to be 0.55 L/kg. Also, when its active analgetic isomer, M6G, 
was given to humans, it was determined to have a small volume of distribution of only 0.3 L/kg (26). 

This example shows that the much larger AUC for M3G relative to morphine is due to a smaller clear-
ance for the metabolite. The high peak M3G concentration is likely due to the rapid formation of the 
metabolite, which has a smaller volume of distribution because of its lower partitioning into tissues rela-
tive to the much more lipophilic parent drug, morphine.

The elimination rate constant, which is a parameter dependent on clearance and inversely dependent 
on the volume of distribution (i.e., k = CL/V), is lower for M3G because of CL(m) being substantially 
smaller than CL. This relationship is summarized by the following equation,

 
k

k
V

V
(m) (m)

(m)
= ⋅

⋅
CL
CL

 (2.15)

In cases where metabolism is FRL, the value of k(m) cannot be estimated; thus, the relative volumes of 
distribution cannot be determined using Eq. 2.14, even when fm is known. However, Eq. 2.13 is quite use-
ful in estimating the important parameter, CL(m), which can be used to predict average concentrations of 
the metabolite upon chronic administration, as will be discussed below. From Eq. 2.13 and the example 
of naphthoxylacetic acid/propranolol shown in Figure 2.2, where AUC(m)/AUC is much greater than 1, 
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it is apparent that the clearance of naphthoxylacetic acid is much smaller than that of its parent drug 
[CL(m)/CL ≪ 1]; since the value of fm cannot exceed unity, propranolol forms other known metabolites, 
and only 14% of the dose was excreted in urine as naphthoxylacetic acid. When Eq. 2.15 is considered 
and since k(m)/k must exceed the value of 1 for FRL metabolism, it is apparent that the ratio of V/V(m) 
must be large to compensate for the small ratio of CL(m)/CL for naphthoxylacetic acid/propranolol. 
Thus, V(m) must be much smaller than V, which is also confirmed by the high concentrations of naph-
thoxyacetic acid relative to that of propranol shown in Figure 2.2 soon after the dose.

Consideration of the two primary pharmacokinetic parameters, clearance and volume, in Eq. 2.15 also 
provides an understanding of why FRL is more common than ERL metabolism, i.e., k(m)/k is greater 
than 1 for a majority of metabolites. Most metabolites are more polar than the parent drug because of 
oxidation, hydrolysis, or conjugation; thus, they often distribute less extensively in the body [V(m) < V]. 
Exceptions to this may be metabolic products due to methylation or acetylation, which may be similar or 
more lipophilic than the respective parent drug. Most metabolites also have higher clearances than the 
parent drug, because of susceptibility to further phase II metabolism, enhanced biliary or renal secretion 
once a polar or charged functional group is added by biotransformation (e.g., oxidation to a carboxylic 
acid and conjugation with glucuronic acid, glycine, glutathione, or sulfate), or reduced protein binding, 
which may increase renal filtration clearance and increase clearance of metabolites with low extrac-
tion ratios. Together, these effects of a smaller volume and higher clearance, being the most commonly 
observed behavior for metabolites, result in FRL metabolism.

In the case of ERL metabolism, volume of distribution of a metabolite can be estimated using Eq. 2.14 
if the parent drug can be administered as an intravenous dose to humans. As mentioned above, with FRL 

FIGURE 2.4 Plasma levels (mean ± SEM) for morphine, M6G and M3G in humans after a 5-mg intravenous bolus. The 
plot and associated data indicate that M3G has FRL metabolism, as its average half-life is more than twofold longer than 
that of morphine. Abbreviations: M6G, morphine-6-glucuronide; M3G, morphine-3-glucuronide; FRL, formation rate 
limited. (From Osborne, S. et al. Clin. Pharmacol. Ther. 47, 12–19, 1990.)
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metabolism, k(m) cannot often be unambiguously determined from plasma metabolite concentration 
versus time data in humans; therefore, V(m) cannot be easily determined. However, volume of distribu-
tion for a metabolite in humans may be extrapolated from the values of V(m) obtained in animals after 
intravenous dosing of the metabolite, if such data are available. Because volume is a parameter that is 
to a great extent dependent upon physicochemical properties of a compound and binding to tissues, 
this parameter, when corrected for differences in plasma, protein binding tends to be more amenable to 
interspecies scaling than is clearance (27–29). With a prediction of V(m) in humans based on interspecies 
scaling, Eq. 2.15 may be used to estimate k(m) for cases of FRL metabolism if fm or CL(m) is known.

Volume of distribution for a metabolite at steady-state [V(m)ss] can also be estimated from mean resi-
dence time (MRT) measurements as discussed below.

Mean Residence Time for Metabolites After an Intravenous Dose of the Parent Drug

MRT in the body is a measure of an average time that a molecule spends in the body after a dose and is a 
pharmacokinetic parameter that can be employed to describe metabolite disposition. MRT is considered 
a non-compartmental parameter on the basis of statistical moment theory (30); however, its use does 
assume that processes of metabolite formation and clearance are first order and linear (i.e., not dose or 
time dependent, the metabolite is formed irreversibly), and the metabolite is only eliminated from the 
sampling compartment (i.e., no peripheral tissues eliminate the metabolite by excretion or further metab-
olism). Hepatic and renal clearance are generally considered as part of the sampling compartment. There 
are more complex methods to estimate MRT that may accommodate reversible metabolism (31), though 
they are seldom employed or reported. MRT(m) is a time-average parameter, which is dependent on the 
disposition of the metabolite once formed. Thus, MRT(m) is of value in evaluating whether elimination 
and distribution of the metabolite have changed when the shape of the plasma metabolite concentration 
versus time curve is altered in response to changes in the disposition of the parent drug. Also, the rela-
tionship, V(m)ss = CL(m) · MRT(m)m,iv, is useful to determine V(m)ss, if CL(m) can be determined (32).

When an intravenous bolus dose of preformed metabolite is administered, the MRT(m)m,iv is calcu-
lated as, 

 MRT
AUMC(m)
AUC

m,iv(m)
(m)

m,iv
m,iv

=  (2.16)

where AUMC is the area under the first moment of the concentration versus time curve from the time 
of dosing, then estimated to infinity (17,30–33). The subscripts indicate the compound and route admin-
istered. A similar relationship describes the MRT of the parent drug if given as an intravenous bolus. 
MRT(m)m,iv measured after a rapid intravenous bolus of the metabolite reflects a mean time in the body 
for elimination and distribution of the metabolite. Measures of AUMC can be subject to substantially 
more error than AUC, primarily because of the need to extrapolate a larger portion of the first moment 
from the last sampling time to infinity (17,30).

When the metabolite is formed after intravenous dosing of the parent drug, the measured mean resi-
dence time reflects not only the mean time of metabolite in the body but also the time required for its 
formation from the parent drug. Therefore, the MRT(m) is corrected for this contribution by subtracting 
the MRT of the parent drug,

 MRT
AUMC(m)

AUC

AUMC

AUC
p,iv p,iv

p,iv

(m)
(m)

m,iv
p,iv

= −  (2.17)

Here, the ratio AUMC(m)p,iv/AUC(m)p,iv is sometimes referred to as the mean body residence time for 
the metabolite, MBRT(m), which reflects formation, distribution, and elimination processes, whereas 
the MRT(m)m,iv may be referred to as the mean disposition residence time, MDRT(m), reflecting only 
elimination and distribution (32). From Eq. 2.17, MRT(m)m,iv can be determined unambiguously from 
the plasma concentration versus time profiles of metabolite and parent drug after an intravenous dose 
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of the parent drug, without the need for an intravenous dose of the metabolite (32,33). In a later section, 
MRT(m)m,iv will be derived following extravascular dosing of the parent drug.

Metabolite Kinetics After a Single Extravascular Dose of the Parent Drug

When a drug is not administered by an intravenous route, the rate of drug absorption from the site of extra-
vascular administration, e.g., the gastrointestinal (GI) tract for peroral or the muscle for intramuscular, adds 
additional complexity to understanding the disposition of the metabolite. There are several confounding 
factors to be considered, the most obvious being both the extent of availability, F, of the parent drug and 
its rate of absorption, ka, as defined by a rate constant. Here, for simplicity, a first-order rate of absorption 
will be employed, though drug inputs that approximate a zero-order process are also commonly found, 
especially with sustained or controlled release dosage forms. Additional considerations when extravascular 
administration is employed is estimating the fraction of the dose transformed into metabolite during absorp-
tion, which is referred to as “first-pass metabolite formation,” and the fraction of metabolite that is formed 
during the absorption process reaching the plasma sampling site. These issues will be discussed later. It is 
instructive to first consider Scheme 2.3, which represents drugs with little or no first-pass metabolite forma-
tion, as commonly found for drugs with high oral availability. Again, for simplicity, it will be assumed that 
all metabolite formed after absorption of the parent compound reaches the systemic circulation prior to 
irreversible elimination, i.e., the availability of metabolite when formed in vivo, F(m), is complete. 

Metabolite Disposition After Extravascular Drug Administration 
with Limited Metabolite Formation During Absorption

Scheme 2.3 represents a drug where negligible metabolite forms during the absorption process. This 
scenario may be expected for drugs with high oral availability and low hepatic and gut wall metabolic 
clearance or drug administered by other extravascular administration routes where little or negligible 
metabolite may be formed during absorption, e.g., intramuscular administration. However, this scheme 
does not necessarily require high availability for the drug, but does assume that drug not reaching the 
systemic circulation is not because of biotransformation to the metabolite of interest, e.g., low availabil-
ity may be due to poor dissolution, low GI membrane permeability, degradation at the site of absorption, 
or the formation of other metabolites. In this case, F = fa, if no other first-pass metabolites are formed. 
Scheme 2.3 contains an absorption step, which was not present in Scheme 2.1. This catenary process 
with rate (ka), drug elimination (k), and metabolite elimination [k(m)] in series will influence metabolite 
disposition depending on the step that is rate-limiting.

For a drug with first-order absorption and elimination, the following bi-exponential equation describes 
the disposition of the parent drug (17),

 C
k F D

V k k
e ek t k t= ⋅ ⋅

⋅ −
− 

− ⋅ − ⋅a

a

a

( )
 (2.18)

This equation is mathematically analogous to Eqs. 2.3 and 2.4 (above) and, if multiplied by V, provides 
amounts rather than concentrations. If Eq. 2.18 is substituted into Eq. 2.1 and solved for the concentration 

SCHEME 2.3 Absorption of drug and its metabolism to a primary metabolite, with no first-pass metabolism to the pri-
mary metabolite and parallel elimination pathways. Primary metabolite is eliminated by excretion or further metabolism.
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of metabolite over time, one obtains a relationship with three exponentials, since there are two steps prior 
to the metabolite reaching the systemic circulation and one step influencing its elimination

 C e C e C ek t k t k t(m) (m)= ⋅ + + ⋅− ⋅ − ⋅ − ⋅C1 2 3
a  (2.19)

Here, the constants C1, C2, and C3 are complex terms derived from the model in Scheme 2.3, which 
include the bioavailability of the parent drug, F, and dose, D, in their respective numerators, as well as the 
volume of distribution of the metabolite in the denominator. The values for these constants in Eq. 2.19 
may be estimated by computer fitting of experimental data. Though the values of these constants have 
limited inherent utility themselves, the fitting process does provide a description of the time-dependent 
metabolite profile. Through the application of the superposition principle (17), the descriptive equa-
tion may be employed to estimate metabolite profiles at steady-state after chronic dosing or following 
irregular multiple dosing regimens of the parent drug.

Since Scheme 2.3 does not have any reversible processes, it is a catenary chain with simple con-
stants for each exponential term in Eq. 2.19, which are easily conceptualized from the schematic model. 
These exponential terms indicate that any one of the processes of absorption, parent drug elimination, 
or metabolite elimination may be rate determining. The rate constant associated with the rate-limiting 
step (i.e., the slowest step) corresponds to the slope observed for the log-linear concentration versus time 
curve of the metabolite in plasma, assuming that one of the three rate constants is distinctly smaller. For 
drugs with FRL metabolism, either k or ka will correspond to the terminal slope (and subsequently the 
observed half-life) and knowledge of the rates of absorption and elimination of the parent drug may be 
employed to discern which process or step may control the apparent terminal half-life of the metabolite 
concentration in plasma. For ERL metabolism, the elimination half-life of the metabolite is by definition 
longer than the elimination half-life of the parent drug. Therefore, if absorption is rate limiting, then the 
absorption rate may not only govern the observed terminal half-life of the parent drug but may also dic-
tate the observed apparent terminal half-life of the metabolite. This is shown in Figure 2.5 where the rate 
of absorption of morphine is decreased after administration of a slow release buccal formulation such 
that the elimination rate for morphine cannot be distinguished from that of its metabolites (24). Without 
administration of an intravenous dose or an immediate release tablet of morphine (Figure 2.4), one could 
not discern from Figure 2.5 whether M3G follows ERL or FRL metabolism or whether the terminal half-
life of Figure 2.5 is due to absorption. 

FIGURE 2.5 Comparison of immediate release oral (11.7 mg) versus slow-release buccal (14.2 mg) administration of 
morphine in humans on the profile of morphine, M6G and M3G. The common terminal half-life observed for parent 
drug and both metabolites shown for the slow-release buccal formulation are longer than obtained after the immediate 
release dosage form, suggestive of absorption being rate limiting. Abbreviations: M6G, morphine-6-glucuronide; M3G, 
morphine-3-glucuronide. (From Osborne, S. et al., Clin. Pharmacol. Ther., 47, 12–19, 1990.)



30 Handbook of Drug Metabolism

Metabolite Disposition After Extravascular Drug Administration 
with Metabolite Formation During the Absorption Process

In numerous cases, as occurs for drugs with significant first-pass hepatic or gut wall metabolism, 
metabolite formed during absorption must be considered in characterizing the disposition of metabolite. 
Scheme 2.4 presents a model with one primary metabolite and other elimination pathways for the parent 
drug after absorption. Also introduced here is consideration of the availability of the metabolite once 
formed in vivo [F(m)]. 

Here the availability term, F, is the product of the fraction of dose of parent drug absorbed, fa, and the 
fraction of dose reaching the liver that escapes biotransformation to metabolites (first-pass metabolism 
via the liver and/or GI tract) during first-pass absorption, FH. As mentioned above, the term “fa” includes 
drug not reaching the systemic circulation because of poor solubility, degradation, or low GI membrane 
permeability, and is often estimated by application of a mass balance approach after administration of 
radiolabeled drug. For example, if there is little radioactivity recovered in feces after an intravenous 
dose, then summation of the fraction of radiolabel in urine, tissues and expired breath after an oral 
dose of radiolabeled material would provide an estimate of fa. The term “1–FH” represents the fraction 
of drug absorbed that forms metabolites during the first-pass, which is also commonly defined as the 
extraction ratio across the organ, E. Also introduced here, is consideration of the availability of the 
metabolite, F(m), which is the fraction of metabolite formed that is subsequently systemically available, 
e.g., not subject to sequential metabolism, intestinal efflux, or biliary excretion. In practice, F(m) can 
only be determined unambiguously (assuming preformed metabolite behaves as does in situ generation 
of metabolite) after administration of the preformed metabolite by both the IV and extravascular routes, 
which is seldom possible in humans though may be feasible in animals (9). If other metabolites are also 
formed during absorption, then a fraction of the extraction ratio will represent the primary metabolite of 
interest (14). First-pass formation of metabolite via the gut wall is not considered separately here since 
the source of metabolite measured in the systemic circulation (either from the liver or GI wall) cannot be 
distinguished easily in human studies.

Assuming that there is no gut wall metabolism and that the fraction of metabolite formed during the first 
pass of drug through the liver is the same as subsequent passes (i.e., no saturable first-pass metabolism), 
then the amount of metabolite formed and presented to the systemic circulation is equal to the product of 
the AUC(m) and CL(m) (12),

 f f F Da m po p,poCL(m) AUC(m)⋅ ⋅ ⋅ = ⋅(m)  (2.20)

where fm is the fraction of dose that is converted to the metabolite of interest and the subscripts indicate 
that the parent drug was administered orally. A similar relationship exists for an intravenous dose of par-
ent drug; however, fa would be equal to unity. When the relationship of Eq. 2.20 is applied to both oral 
and intravenous doses of the parent drug (equal doses are used here; thus, doses cancel), the fraction of 
an oral dose of parent drug that is absorbed, fa, can be estimated by measuring the metabolite exposure, 
AUC(m) (12), 
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p,po

p,iv

AUC(m)

AUC(m)
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(2.21)

SCHEME 2.4 Absorption of drug and metabolism to a primary metabolite with first-pass formation of metabolite fol-
lowed by excretion or metabolism.
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With the assumption that first-pass loss of absorbed drug is only due to hepatic elimination, FH can be 
estimated from the relationship, F = fa FH, where F = AUCpo/ AUCiv if doses of parent drug are equal 
by both oral and intravenous routes. If the value of fa as determined with Eq. 2.21 is greater than 1, this 
would suggest that GI wall metabolism is occurring. When the data of naphthoxylacetic acid/propranolol 
in Figure 2.2 is analyzed in this manner, fa was estimated to be 0.98, which indicates that the absorption 
of propranolol is essentially complete and much of the formation of this metabolite is hepatic.

Estimating Fraction of Metabolite Formed and Formation Clearance

Commonly, values for fm are reported for drugs administered to humans on the basis of collection of 
metabolite in urine after a dose of the parent drug. This, of course, assumes that all metabolite formed 
reaches the systemic circulation [i.e., F(m) = 1] and is then excreted into urine or that identification 
of sequential metabolites is accurate, and they are also efficiently excreted in urine. If metabolite can 
be administered independently, then additional calculations of fm can be employed. Dosing preformed 
metabolite intravenously provides AUC(m)m,iv, which can be compared to metabolite exposure from an 
intravenous dose of parent drug (34), 
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where M and D are molar doses of metabolite and parent drug, respectively. This relationship assumes that 
systemic clearance of the metabolite is independent of whether metabolite was dosed exogenously or formed 
from the parent drug in vivo. The term “F(m)” is present in Eq. 2.22 because availability of metabolite formed 
from intravenous parent drug may be less than complete. If the preformed metabolite was instead adminis-
tered orally where it must also pass the liver before reaching the systemic circulation, then F(m) cancels (12), 
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The experimental approach of dosing the metabolite orally may be more easily performed, since it avoids 
the preparation and administration of an intravenous dose. However, use of Eq. 2.23 must now assume 
that the metabolite is well absorbed from the intestine, i.e., fa(m) is unity.

Once fm is estimated, CLf is simply the product of fm and the total clearance of the parent drug, CLf = fm CL. 
An alternative approach to determine rate of metabolite formation and cumulative extent of formation is 
by the application of deconvolution analysis (35,36). With data from an intravenous dose of the metabo-
lite, i.e., with a known input of the metabolite, the subsequent rate and extent of metabolite formation 
can be obtained by deconvolution (36) after any known input dose of the parent drug. This approach was 
applied to determine both metabolite formation rates and fm for M6G after intravenous bolus and infu-
sion doses of morphine, as shown in Figure 2.6 (26). The values of fm when estimated by use of Eq. 2.22 
[assuming F(m) = 1] and by deconvolution were 12 ± 2 (mean ± SD) and 9 ± 1% of the morphine dose, 
respectively, which is within anticipated experimental error (26). The advantage of the deconvolution 
approach is that it provides metabolite formation rates over time, which may be helpful in analyzing the 
system, and it has few assumptions for its application. A disadvantage of the method is that it requires 
an exogenous dose of the preformed metabolite and assumes that metabolite formed in vivo behaves 
similarly to that dosed as preformed metabolite. 

MRT for Metabolite After an Extravascular Administration of Parent Drug

The MRT(m)m,iv can also be determined after an extravascular dose of the parent drug as long as the 
assumptions stated above in section “Mean Residence Time for Metabolites after an Intravenous Dose 
of Parent Drug” apply. The ability to obtain MRT(m)m,iv without an intravenous dose of the metabolite 
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when there is no first-pass metabolism has been presented by several authors (32,33,37), and modifica-
tions to accommodate first-pass metabolite formation have been considered (38,39).

If there is no first-pass formation of metabolite during the absorption process, then MRT(m)m,iv can be 
determined by correction of the MRT of metabolite in the body for contributions from the parent drug, 
which now include its absorption as well as distribution and elimination that were accounted for in Eq. 2.17, 

 MRT(m)
AUMC(m)

AUC(m)
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= −  (2.24)

The ratio AUMCp,po/AUCp,po is defined as the MRTpo of the parent drug when given orally (or any other 
extravascular route) and is the sum of the MRTiv and the mean absorption time (MAT) of the parent drug. 
Since the MRTpo is simply a ratio determined from observed plasma concentration profile of the parent 
drug after oral administration, MRT(m)m,iv can be estimated without intravenous administration of either 
parent drug or metabolite. As mentioned above in section “Mean Residence Time for Metabolites after 
an Intravenous Dose of Parent Drug,” MRT(m)m,iv provides a parameter for the assessment of disposition 
(distribution and elimination) of the metabolite without consideration of its rate or time course of formation.

If there is first-pass formation of metabolite, then Eq. 2.24 may introduce significant error in determin-
ing MRT(m)m,iv (38,39). To correct this error, the contribution of first-pass metabolism from an intrave-
nous dose of the parent drug (MRTp,iv = AUMC/AUC) and the fraction of the absorbed dose that escapes 
first-pass metabolism (FH) need to be considered. Assuming that all metabolite formed from the first 
pass is due to a single metabolite, 
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FIGURE 2.6 Deconvolution analysis of M6G/morphine to determine the rates of M6G formation (left ordinate, descend-
ing lines) and fraction of dose metabolized to M6G (right ordinate, ascending lines) after intravenous doses of morphine. 
Solid lines are data from a 0.13 mg/kg bolus followed by 0.005 mg/kg/hr infusion for 8 hours. Dotted lines are data from a 
0.24 mg/kg bolus followed by 0.0069 mg/kg/hr infusion for 4 hours. Abbreviation: M6G, morphine-6-glucuronide. (From 
Lotsch, J. et al., Clin. Pharmacol. Ther. 60, 316–325, 1996.)
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It is apparent that when first-pass metabolism is minimal, i.e., FH is unity, then Eq. 2.25 collapses to 
Eq. 2.24. In addition, when MRTp,iv is small relative to the other terms as occurs with transient prodrugs 
such as aspirin, then the last term of Eq. 2.25 is again insignificant. However, when there is substantial 
first-pass metabolism, then use of Eq. 2.24 would provide a value that underestimates MRT(m)m,iv. In 
practice, Eq. 2.24 may provide a value that is negative, indicating that there must be some first-pass 
metabolism occurring (39).

Metabolite Disposition After Chronic Administration of Parent Drug

Chronic administration of drugs by extravascular routes, multiple infusions, or continuous infusions 
is commonly employed in ambulatory and hospital settings. In these cases, active metabolites, toxic 
metabolites, or the impact of the metabolite on the disposition of the parent drug should be considered. 
Here, one needs to consider the accumulation of both the parent drug and metabolite to steady-state 
concentrations and the relationship between the steady-state characteristics of the parent drug relative to 
that of the metabolite, since these characteristics may differ from those observed after only a single dose 
of drug. The critical pharmacokinetic descriptors for the disposition of the metabolite on chronic drug 
administration are the time to achieve steady-state, peak, trough, and average concentrations at steady-
state, the accumulation at steady-state relative to a single dose of parent drug, and metabolite clearance. 
Volume of distribution is a parameter that has little contribution in achieving steady-state levels but does 
impact the swings from peak to trough concentrations at steady-state because of its contribution in deter-
mining the half-life of parent drug and metabolite.

Time to Achieve Steady-State for a Metabolite

Following chronic extravascular administration or intravenous infusion for a sufficiently long 
time,  parent drug and metabolite will eventually achieve steady-state concentrations where the 
input of the parent drug and metabolite (i.e., formation) into the systemic circulation on average 
equal their respective rates of elimination. The time to achieve such a steady-state is dependent 
on the half-life of the parent drug or metabolite and, if first-order elimination processes occur, 
generally it takes about 3.3 half-lives to reach 90% of the ultimate steady-state level, and after 
5 half-lives, a compound would achieve about 97% of the theoretical steady-state level. In the case 
of a primary metabolite formed from the parent drug, it will be the slowest, rate-limiting process 
that governs when a metabolite reaches steady-state levels in the body. Therefore, for metabolites 
with FRL metabolism, the elimination half-life of the parent compound will control the time to 
achieve steady-state levels of the metabolite, whereas for ERL metabolism, the longer half-life of 
the metabolite will dictate the time needed for the metabolite to reach steady-state levels. ERL 
metabolism is shown in Figure 2.7, where the two metabolites of morphine take as much as 30 hours 
to accumulate to steady-state concentrations after bolus injection and continuous intravenous infu-
sion of diamorphine (a prodrug of morphine) to infants, even though morphine rapidly attained 
steady-state (25). In this example, the mean elimination half-lives of the metabolites in 19 infants 
were estimated by the rate of attainment to steady-state (17) to be 11.1 and 18.2 hours for M3G and 
M6G, respectively (25), whereas these metabolites have reported half-lives estimated to be only 
several hours in adults (24,26). 

On discontinuation of chronic or repetitive parent drug administration, the rate of decline in metabolite 
concentration will again be dependent upon whether FRL or ERL metabolism is operative. In the case of 
FRL metabolism, the rate of decline for the concentrations of the metabolite will simply follow that of the 
parent drug. In contrast, for ERL metabolism, metabolite levels will persist on the basis of their longer 
half-life as shown in Figure 2.8 for the metabolites of nitroglycerin (40). 
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FIGURE 2.7 Disposition of morphine (▴), with the formation of M3G (▪) and M6G (⦁), in a representative infant receiv-
ing diamorphine (prodrug of morphine) intravenous bolus followed by an infusion for 72 hours. The rate of attainment of 
steady-state for the metabolites is determined by the slowest rate constant, which provides estimated half-lives of 11 and 
18 hours for M3G and M6G, respectively. Abbreviations: M6G, morphine-6-glucuronide; M3G, morphine-3-glucuronide. 
(From Barret, D.A. et al., Br. J. Clin. Pharmacol., 41, 531–537, 1996.)

FIGURE 2.8 Plasma levels of GTN(▪), 1,2-GDN (Δ), and 1,3-GDN (▫) following an intravenous infusion of 0.070 mg/min 
GTN to a dog. The half-lives of the metabolites were much longer than the apparent half-life of approximately four 
minutes for GTN after the end of the infusion, and data suggest that the prolonged activity of GTN may be due to the 
 metabolites. The prolonged residual GTN at very low concentrations is not understood nor is its slower than anticipated rise 
to steady-state. Abbreviations: GTN, glyceral trinitrate; GDN, glyceral dinitrate. (From Lee, F.W. et al., J. Pharmacokinet. 
Biopharm., 21, 533–550, 1993.)
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Metabolite Concentrations at Steady-State After Continuous Administration 
of Parent Drug

As mentioned above, at steady-state for the metabolite, the rate of formation equals the rate of elimina-
tion of the metabolite, i.e., ΔA(m)/Δt = 0. Considering the fraction of metabolite formed from the parent 
drug, fm, and the systemic bioavailability of the metabolite once formed, F(m), from Eq. 2.11, the fol-
lowing relationship is defined at steady-state where the left term is the formation rate of metabolite that 
reaches the systemic circulation and the right term is its rate of elimination (11), 

 f F C Cm ssCL CL(m)⋅ ⋅ ⋅ = ⋅(m) (m)ss (2.26)

Since at steady-state for the parent drug, CL Css is equal to the rate of infusion, Ro, this can be substituted 
into Eq. 2.26, which upon rearrangement provides the average concentration of metabolite at steady-
state, C(m)ss,ave. 

 C
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This equation  describes that C(m)ss,ave will be proportional to the infusion rate of the parent drug. 
However, the difficulties in obtaining estimates of the other terms of the equation without dosing of the 
metabolite limits the utility of Eq. 2.27. Alternatively, indirect approaches to estimate C(m)ss,ave from 
AUC data obtained after a single dose of the parent drug will be addressed below.

If, instead of intravenous infusions, drug input is via regular and repetitive extravascular administra-
tion, the rate of input Ro in Eq. 2.27 is modified to reflect an average drug administered at each dosing 
interval, D/τ. There is also a correction for the fraction of extravascular dose absorbed, fa (11), 
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Here, the average rate of drug input is fa·D/τ. The value of C(m)ss,ave obtained reflects the average 
level at steady-state but gives no information of relative fluctuations from peak to trough metabolite 
concentrations, C(m)ss,max/C(m)ss,min, at steady-state. The extent of this fluctuation for the metabolite 
levels will depend on whether FRL or ERL metabolism occurs. Assuming that absorption is not 
the rate-limiting process, for FRL metabolism, the metabolite rapidly equilibrates with the parent 
drug; thus, the peak to trough metabolite concentration ratio, C(m)ss,max/C(m)ss,min, will be similar 
to Css,max/Css,min obtained for the parent drug. In contrast, for ERL metabolism, the longer elim-
ination half-life of the metabolite will dampen its concentration swings at steady-state such that 
C(m)s,max/C(m)ss,min < Css,max/Css,min.

Estimating Metabolite Levels at Steady-State from a Single Dose

Superposition Principle to Estimate Metabolite Levels at Steady-State

When the metabolite and parent drug follow linear processes that are independent of dose and concen-
trations, i.e., no saturable processes occur, then prediction of metabolite concentrations after multiple 
doses or with a change of dose can be estimated if the route of drug administration does not change. 
Under these conditions, the time course of the metabolites as well as their average concentrations can be 
estimated by the principle of superposition (17). However, if the route of drug administration is different 
between the single dose administration and the chronic dosing without a change in bioavailability (e.g., 
single dose is an intravenous bolus, whereas the chronic administration is an intravenous infusion), the 
average concentration of the metabolite at steady-state can be predicted on the basis of relationships of 
clearance and AUC, as described below.
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Superposition simply takes the plasma concentration versus time profile after a single dose and 
assumes that each successive dose would behave similarly, though the magnitude of concentration will 
vary proportionally with the dose administered. Thus, both the parent drug and metabolite profile 
can be summed over time. This can be done either by fitting the single dose data to appropriate math-
ematical functions as a sum of exponentials or polynomials and then summing this to infinity if the 
dosing regimen has a constant dosing interval (17). Alternatively, a more simple method, which is 
easily applied to even irregular dosing intervals, is to use a spreadsheet to sum the concentrations of 
metabolite from successive doses of the parent drug (15), making certain to have values or extrapo-
lated metabolite concentrations for at least five elimination half-lives of metabolite or parent drug, 
whichever is longest.

Single Dose AUC Values to Predict Average Metabolite Levels at Steady-State

If an estimate of the average concentration of metabolite at steady-state is desired, then AUC(m) after a 
single dose can be employed effectively as shown by Lane and Levy (41).

This approach can also be used when the formulation of parent drug changed between single and 
chronic administration without altering availability of parent drug or fraction of metabolite formed (e.g., 
single dose is an oral suspension, whereas chronic administration is a sustained release capsule). From 
the relationship that the average rate of formation of metabolite is equal to its average rate of elimination 
at steady-state, as provided in Eq. 2.26 above, these authors then used the relationships of AUC and CL 
in Eq. 2.12 to derive the following from AUC data collected after a single dose of the parent drug,
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This relationship assumes linearity (i.e., constant clearance) for the parent drug and metabolite with 
respect to changes in dose and time. Eq. 2.29 is applicable to any route of administration but does 
require that the route used for the single dose measurements of AUC be the same as that to be employed 
for steady-state measurements of concentrations. This requirement usually ensures that availabilities of 
the parent drug and metabolite formed are the same between single and chronic doses. This provides a 
means to estimate the average metabolite concentrations at steady-state from AUC(m)/AUC ratios from 
a single dose and knowledge of an estimated Css,ave for the parent drug. Though initially derived from a 
one-compartment model, Eq. 2.29 was later extended with fewer restrictions by Weiss (14) using a non-
compartmental approach.

When the route of administration changes, which may alter availability of the parent drug, the relation-
ship of Eq. 2.29 must consider this change. If the initial single dose data were obtained from an intrave-
nous dose, then the ratio of metabolite to parent drug concentrations at steady-state after oral dosing will 
be affected by fraction of parent drug systemically available (12,14). With an assumption that availability 
of the metabolite did not change with a change in the route of parent drug administration and there is no 
significant GI wall metabolism, the following relationship can be used,
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With regular doses and dosing intervals, τ, the AUC is equal to Css,ave·τ ; therefore, Eq. 2.29 can be rear-
ranged and written more simply as, 

 C(m)ss,ave = AUC(m)
τ

 (2.31)

where AUC(m) is determined after a single dose of parent drug. Under these conditions of regular dosing 
to steady-state, data on the disposition of the parent drug are not necessarily required when estimating 
C(m)ss,ave, though most often the parent drug data are available.
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In cases where a single intravenous bolus dose of parent drug was used to obtain measurement of 
AUC(m), but then a continuous infusion of rate, Ro, is later employed, one can also derive C(m)ss,ave 
without complete knowledge of the disposition of parent drug. Since for continuous infusion, Css,ave = 
Ro/CL, and for a single IV bolus dose of parent drug, AUC = D/CL, substitution of these well-known 
relationships into Eq. 2.29 and rearrangement provides (41), 

 C
R

D
(m)ss = ⋅o AUC(m)

 (2.32)

This relationship provides an actual level, since it is from an infusion where metabolite reaches a steady-
state level. Only knowledge of the dose of drug employed for the single intravenous dose, D, and the 
resultant AUC(m) is needed.

Sequential Metabolism

A common scheme in drug metabolism is the concept of sequential metabolism where a parent drug 
is converted to one or more primary metabolites, which are then further converted to a secondary 
metabolite (Scheme 2.2, above). This process leads to two metabolites as shown in Figure 2.9, where 

FIGURE 2.9 Disposition of propranol (o), its 4-OH metabolite (⦁), and sequential formation of its 4-OH-glucuronide 
metabolite (▪) in humans after a single 80-mg oral dose. Data are mean ± SEM, N = 6. The initial rapid increase in 4-OH 
propranolol is followed by a later peak concentration of 4-OH-glucuronide due to sequential metabolism. The nonlinear-
ity of the 4-OH metabolite immediately following its peak is likely due to significant formation of this metabolite during 
absorption, which takes time to distribute to tissues prior to equilibration with formation of the glucuronide. On the basis of 
urinary excretion data, most of the 4-OH propranolol is converted to propranolol glucuronide, and when Eq. 2.21 is applied 
to these two metabolites, the values of fa are substantially greater than 1, suggestive of GI wall metabolism. (From Walle, T. 
et al., Clin. Pharmacol. Ther., 27, 22–31, 1980.)
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propranolol is first oxidized to 4-hydroxy propranolol, which then undergoes sequential metabo-
lism to 4-hydroxy propranolol glucuronide (42). Indeed, sequential metabolism formed the basis for 
the common nomenclature of phase I and phase II metabolism, coined by Williams (43). Another 
commonly observed sequence is that of parallel metabolism leading to a common metabolite as 
exemplified by the metabolism of dextromethorphan via CYP2D6 and CYP3A4 (44), as shown in 
Scheme 2.5.  

For either of the two examples presented above, given that first-order processes apply, the equation that 
describes the disposition of the secondary metabolite would be complex polyexponential functions with 
the number of terms determined by the number of first-order processes leading to the penultimate metab-
olite of interest. Such processes may also include an absorption step (not shown in Scheme 2.5) if the 
parent compound is administered extravascularly. These processes can be dealt with by fitting the data 
with a polyexponential function or using other appropriate equations as presented by Eq. 2.19. A math-
ematical analysis of parallel and sequential systems has recently been developed (45). In the more simple, 
catenary chain represented by Scheme 2.2, the terminal apparent half-life of the secondary metabolite 
will be determined by the rate-limiting step, i.e., the step with the smallest rate constant among all steps 
describing the disposition of the metabolite. It is also possible in cases of sequential metabolism, depend-
ing on relative rates and competing pathways, that the primary metabolite (m1 in Scheme 2.2) may not be 
observed at all, either in plasma or in urine.

Sequential metabolism is one of the primary reasons that the systemic availability F(m), of a pri-
mary metabolite once formed may be less than complete (46,47), as exemplified by 4-OH propranolol, 
which forms the glucuronide in vivo (Figure 2.9). Other factors impacting the systemic availability of a 
metabolite may include biliary and renal excretion of metabolites once formed in the liver and kidney, 
respectively, without access to the systemic circulation. Further complications arise when one considers 
the impact of sequential metabolism, intracellular access, and systemic availability of metabolites for 
evaluating the disposition of metabolite formed in vivo with that of preformed metabolite administered 
directly into the systemic circulation (41). To estimate actual pharmacokinetic parameters of metabolite, 
it is usually necessary to administer preformed metabolite, preferably by the intravenous route. However, 
inherent assumptions with such experiments are that the above-mentioned factors are independent of the 
route of metabolite administration.

SCHEME 2.5 Parallel metabolic pathways of dextromethorphan to a common metabolite (44).
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Renal Clearance of Metabolites

Many metabolites are eliminated to a significant extent or almost exclusively into the urine. Collection 
and analysis of urine samples have some advantages—the primary one is that they are less invasive than 
blood sampling. Since urine production volume in a day, or during a dosing interval, is limited and usu-
ally a much smaller volume than V or V(m), urine concentrations of metabolite or parent drug are often a 
great deal higher than those seen in plasma and thus more easily measured. Urine can also be collected 
incrementally, usually in intervals of one or more hours from humans, though this is often more dif-
ficult for small children, infants, and the elderly. For larger animals, catheterization can be performed 
to obtain continuous urine samples, but for smaller animals such as the rat, this becomes an invasive 
procedure that may alter renal function. When incremental urine samples cannot be collected, complete 
collections over four to five half-lives after a single dose or during one dosing interval at steady-state 
can be performed. Unfortunately, even though urine collection is noninvasive, urinary excretion data 
are all too often not included in clinical protocols, since these are considered as a secondary measure to 
plasma drug profiles. However, urinary metabolite excretion data can offer valuable information on the 
disposition of metabolites, especially when interpreting drug-drug interactions or the basis for altered 
pharmacokinetics in patient populations.

There are some assumptions that will be made in discussing renal clearance of metabolites that need 
to be considered. The first is that renal drug metabolism is not occurring, i.e., metabolite measured in 
plasma is what is filtered or transported into the renal tubule from the plasma, and parent drug does not 
convert to metabolite in the kidney. If renal drug metabolism does occur, the estimated renal clearance 
would be considered as an “apparent clearance,” which is similar to estimating biliary clearance in a can-
nulated animal when hepatic metabolism of drug occurs without the metabolite being presented to the 
systemic circulation. Though the concept of drug metabolism in the liver prior to arrival of metabolite 
in the bile is well accepted, there appears to be a common, erroneous assumption that drug metabolism 
is unlikely to occur in the kidney. Another concern that is more easily tested is whether the metabolites 
are stable once excreted in the urine, since metabolites often reside in the bladder for periods of many 
hours prior to voiding. An example of this is the hydrolysis and acyl migration of ester glucuronides, 
which can be quite variable since it is a pH-dependent process (48,49). Finally, it is generally assumed 
that once a drug or metabolite arrives in the urinary bladder, it is irreversibly removed from the systemic 
circulation. However, studies have shown that resorption from the urinary bladder back into the systemic 
circulation can be significant for some compounds, and this phenomenon should be considered (50). For 
the purpose of discussion in this section, it will be assumed that these complicating factors are negligible, 
or if they are occurring, they are reproducible and permit calculations that provide estimates of apparent 
pharmacokinetic parameters.

Determination of Renal Clearance for Metabolites

Renal clearance is one pharmacokinetic parameter that can be determined for most metabolites as well 
as the parent drug regardless of the route of administration, dosing regimens, formulations, or avail-
ability. The data needed are urinary excretion rates and plasma concentrations. The following general 
equation applies to calculate renal clearance (CLR) during a urine collection interval and is expressed 
for a metabolite (17), 

 CLR(m)
(m) /
(m)

e

ave

= ∆ ∆A t
C

 (2.33)

Here, ΔA(m)e is the amount of metabolite excreted into the urine during the collection interval, Δt is 
the collection interval, and C(m)ave is the average plasma metabolite concentration over the interval. 
Intervals are typically at least two or several hours long for studies in humans due to the difficulty in 
voiding more frequently. If frequent, short incremental collections of urine are desired, it is common 
practice to  provide oral fluids so that adequate (but not excessive) urine production rates are maintained. 
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The necessary collection interval makes the use of incremental renal clearance calculations difficult and 
less valuable for drugs with very short half-lives, such as less than an hour. The average plasma concen-
tration is usually measured as the concentration at the midpoint of the collection interval or an average 
of the plasma concentrations at the beginning and end of a collection period.

An alternative calculation for incremental renal clearance is to rearrange Eq. 2.33, realizing that the 
product of the average plasma metabolite concentration and the time interval is the incremental AUC(m) 
for that collection period, i.e., ΔAUC(m) = C(m)ave. Δt; thus, 

 CL
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R
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∆

A
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Either of the above incremental renal clearance calculations can be applied to any collection interval, 
without consideration for the method of drug administration. These can also be applied to chronic mul-
tiple dose regimens where it is common to measure total urinary output over the dosing interval τ.

Incremental renal clearance calculations should result in values that are approximately constant if 
CLR(m) is constant across the periods collected, i.e., linear or concentration-independent pharmacokinetics 
(15,17–19). If they are not similar, a useful approach is to examine a plot of excretion rate, ΔA(m)e/Δ t, as a 
function of metabolite plasma concentration, C(m)ave. The slope of such a plot is CL R(m), and any nonlineari-
ties may become apparent if renal clearance increases or decreases as concentrations of metabolite change 
over time or parent drug competes for active renal clearance process, i.e., active secretion or reabsorption.

Measuring incremental renal clearance is not routinely performed as it requires multiple urine collection 
over several intervals, which adds expense due to processing and analysis costs, or it may not be feasible for 
studies with children, small animals, or drugs with very short half-lives. Alternatively, a measure of average 
renal clearance can be determined following a single dose of parent drug using the following equation (17), 
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where Ae(m) is the amount of metabolite excreted from initial time of dosing (time zero) to a later time, 
usually when almost all of the drug and metabolite have been eliminated from the body—4 or 5 elimina-
tion half-lives of parent or metabolite (whichever is rate limiting). AUC(m) is the area under the metabo-
lite plasma concentration versus time curve for the same interval. For studies conducted with multiple 
doses to steady-state, the interval for collection of urine and measurement of AUC should be the dosing 
interval τ.

Use of Metabolite Excretion to Assess Disposition of Drug and Metabolite

Use of Metabolite Excretion Rate to Assess the Profile of Metabolite in Plasma

As mentioned above, metabolite concentrations are often more easily measured in urine than in plasma 
where concentrations may be below detection limits of the available assay. Assuming CLR(m) is constant, 
the excretion rate into urine should then parallel plasma concentrations of the metabolite as described 
by Eq. 2.33 (17). Since a fraction of the total systemic clearance of the metabolite, CL(m), may be due to 
renal excretion, fe(m) = CLR(m)/CL(m), the rate of excretion can be expressed as, 
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Here, C(m)ave describes the average time course of plasma metabolite concentrations over time, whereas fe(m) 
and CL(m) are constant. Thus, urinary excretion data of metabolite when plotted versus time can characterize 
the profile of metabolite in plasma even when plasma concentrations of metabolite cannot be measured. This 
profile can be used to estimate the rates of initial increase in metabolite concentrations, the approximate time-
to-peak metabolite levels in plasma, and the apparent elimination half-life of the metabolite.
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Use of Metabolite Excretion Rates to Assess the Profile of the Parent Drug

For drugs exhibiting FRL metabolism, which is the most common situation, urinary excretion rates or 
fraction of dose excreted in the urine may be used to estimate the plasma profile of the parent drug. With 
FRL metabolism, the plasma profile of metabolite parallels that of the parent drug as shown in Eq. 2.9, 
which when substituted into Eq. 2.36 provides,
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where Cave is the average plasma concentration of parent drug over time. Thus, urinary excretion rate 
of the metabolite is directly proportional to the concentration of parent drug, which is expected under 
the conditions of FRL metabolism. Thus, a plot of metabolite excretion rates versus time provides a 
description of the parent drug profile and can be used to estimate the duration of the absorption phase, 
approximate time to peak concentration, and elimination half-life of the parent drug without the need 
to assay parent drug in plasma or urine. Also evident from Eq. 2.37 is that with FRL metabolism when 
values of fe(m) and F(m) are both unity, then the excretion rate of metabolite equals its rate of formation 
from the parent drug.

Use of Metabolite Excretion Rates to Assess Formation Clearance of the Metabolite

Where drug concentrations can be measured in plasma, and fe is known, under FRL metabolism, Eq. 2.38 
can be rearranged to estimate formation clearance of the metabolite CLf, 
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where Cave is the average concentration of drug during the period of urine collection. The use of Eq. 2.38 
assumes that F(m) of the metabolite is unity, i.e., all metabolite formed reaches the systemic circulation, 
though it does not require fe to be equal to unity, though in practice this relationship has been applied to 
metabolites that are primarily excreted in the urine.

Alternatively, one could use amounts of metabolite and drug rather than concentrations using the same 
assumptions,
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A classic example of the use of this approach is in Levy’s studies of salicylate metabolism, which did not 
even require measurement of plasma salicylate concentrations (51). Salicylate has four major metabolites 
that are rapidly excreted in urine, so plasma concentrations of these metabolites were difficult to measure 
prior to the advent of modern liquid chromatography. Given that levels of metabolite in plasma were very 
low and urinary metabolites accounted for almost all of the salicylate dose, Levy estimated the amount 
of salicylate remaining in the body by using a mass balance approach where the amount remaining to be 
excreted at a given time interval represented Aave. By evaluating urinary excretion rates versus Aave, using 
a linear transformation of the Michaelis–Menton equation, the formation of the salicyluric acid and the 
phenol glucuronide metabolites were found to be saturable, and Michaelis–Menton constants, Km and 
Vm, were determined, while the metabolism to gentisic acid and the acyl glucuronide were nonsaturable 
with constant kf values over a large range of amounts of salicylate in the body.

When incremental collections of urine are not obtained, but the urine collection is for a sufficient 
number of elimination half-lives to approximate a complete collection of metabolite in the urine, then 
Eq. 2.37 can be rearranged and the integral of Cave · Δt is the AUC for the parent drug, 
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The use of Eq. 2.40 is not dependent on rapid elimination of metabolite upon formation; thus, it is appli-
cable to both conditions of FRL and ERL metabolism as long as urine is collected for a sufficient dura-
tion to account for all the metabolite formed after a single dose. The relationship is also applicable for 
the analysis of excretion data after chronic dosing to steady-state where amount of metabolite in urine 
and AUC is measured over the dosing interval τ. This equation, as written, does assume that F(m) of the 
metabolite is unity for the CLf value to be accurate, though use of an apparent CLf may be adequate for 
comparative experiments if F(m) is constant between experiments.

Assessment of Renal Metabolism

Using pharmacokinetic analysis to assess or quantify the extent of renal metabolism in vivo is dif-
ficult and not often employed. Renal and biliary clearance calculations employ the same equations 
and are both subject to errors if formation of metabolite occurs in the organ with subsequent excretion 
of metabolite without presentation of all metabolite to the systemic circulation. Biliary clearances of 
a metabolite can be determined by collection of bile in animals, but rarely in humans, and then are 
often referred to as apparent clearances because of the understanding that hepatic metabolism is likely 
occurring. In contrast, seldom are renal clearances of metabolites reported as apparent clearances; 
thus, there is an inherent assumption that none of the metabolite excreted in the urine is formed by 
the kidney and immediately excreted in the urine. Though there is little information to determine how 
often this assumption is valid, given the lower metabolic capability of the kidney relative to the liver 
for most substrates that have been examined, this assumption is usually accepted for renal clearance 
calculations. In contrast, such an assumption would probably be challenged if made for calculating bili-
ary clearance of a metabolite.

If Eqs. 2.33 through 2.35 (above) are applied to metabolite excreted in the urine and the value of 
renal clearance based upon blood concentrations was very high, exceeding renal blood flow, then one 
may suspect that renal metabolism is occurring. This requires the use of clearance values on the basis 
of blood concentrations, which can be calculated from clearance in plasma and measurement of the 
blood/plasma concentration ratio, by the relationship, CL C = CLB CB, where the subscript B refers to 
blood. Therefore, ratios of metabolite concentration in blood relative to plasma need to be obtained and 
are easily determined in vitro. This phenomenon was reviewed by Vree et al. (52) in human studies. 
It is easy to conceptualize this phenomenon if one obtains extensive excretion of metabolite in urine 
when a very sensitive assay cannot even measure the metabolite in plasma. If the plasma concentration 
of metabolite is assigned a value of zero, then CLR(m) from the above equations is infinity, an unlikely 
event; therefore, renal metabolism should be considered. It would be more appropriate to conservatively 
assign the concentration of metabolite in plasma to a value just below the assay quantification limit 
rather than zero and then compare the clearance value on the basis of blood concentration to known 
renal blood flow.

An alternative, though more complex and invasive approach to assess renal metabolism was pro-
posed and evaluated by Riegelman and coworkers (53,54), where parent drug and radiolabeled metabo-
lite were infused simultaneously to estimate the renal clearance of the metabolite and formation rates. 
Contributions of hepatic metabolism to metabolite excreted in urine were determined with the assumption 
that the metabolism was FRL and F(m) of metabolite formed in the liver was unity, i.e., these metabo-
lites were not excreted in the bile or subject to sequential metabolism. The labeled dose of metabolite 
provides information supporting renal metabolism because the ratio of labeled to unlabeled metabolite in 
plasma versus urine will be different if parent drug is converted to metabolite when passing through the 
kidney. This approach revealed that 60%–70% of salicyluric acid metabolite produced from salicylate in 
a human subject was formed in the kidney (54). With the current availability of liquid chromatography-
mass spectrometry, this method could be adapted to use stable isotope tracers of metabolites rather than 
radiolabeled material.
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Biliary Clearance and Enterohepatic Recycling of Metabolites

Biliary clearance is an excretory route of elimination, in many ways similar to renal clearance discussed 
above. For some drugs, xenobiotics and metabolites, excretion into the bile can represent the major route 
for elimination. The mechanisms of bile formation, hepatobiliary transport, and excretion processes 
have been reviewed (55–57). Drugs can be eliminated in the bile by direct excretion without biotransfor-
mation; however, many drugs are excreted after metabolism to more polar, charged metabolites, often 
by conjugation with sulfate, glucuronic acid, or glutathione. Excretion via the bile can be an irreversible 
route of elimination for a drug if its metabolites have poor permeability (e.g., glucuronide or sulfate 
conjugates), the drug molecule is poorly absorbed, or the drug is subject to degradation or complexation 
in the intestinal contents. In contrast, there are numerous examples of conjugated (phase II) metabolites, 
which are excreted in the bile, cleaved to yield the parent drug, and then the parent drug is reabsorbed 
into the systemic circulation, i.e., enterohepatic recycling (EHC). The factors influencing EHC can be 
quite complex and have been reviewed (58).

Measurement of Biliary Clearance

Bile collection can occasionally be obtained from humans, such as in patients treated for biliary obstruction 
or post–liver transplant. Animal studies of biliary excretion are quite common, often conducted to provide 
insight into mechanistic processes of drug and metabolite disposition. When bile is collected after admin-
istration of the parent drug, apparent biliary clearance of metabolite can be determined using Eqs. 2.33 
through 2.35 above, where the excretion rate of bile is substituted for that of urine. The term “apparent” 
is usually used because it is often the case that drug entering the hepatocyte is first metabolized and then 
the metabolite is excreted in the bile without subsequent access to the systemic circulation. If a preformed 
metabolite is administered directly, the same equations can be applied but may provide many different 
values for biliary clearance of the metabolite than the values determined when the parent drug is adminis-
tered, since the metabolite need not be formed in the hepatocyte prior to excretion in the bile. Because of 
the potential rate-limiting steps involving active uptake or diffusion into the hepatocyte, metabolism in the 
hepatocyte and active transport from the hepatocyte into the bile, which may vary when parent drug versus 
metabolite is administered, the absolute value for metabolite biliary clearance using Eqs. 2.33 through 2.35 
may not be that informative when preformed metabolite is administered directly.

More commonly employed when metabolite is formed in the hepatocyte and subsequently excreted 
in bile with negligible plasma levels is the measurement of the excretion rate of metabolite and/or par-
ent drug in the bile as a function of parent drug concentration in plasma, which provides a measure of 
apparent biliary clearance,

 ∆ ∆ = ⋅A t Cbile bile aveCL/  (2.41)

where ΔAbile can include both parent drug and metabolite, though often metabolite(s) is (are) dominant, 
and Cave refers to average plasma concentrations of the parent drug during the collection interval. If only 
metabolite is present in bile, but no metabolite is measurable in plasma, and metabolite once formed in 
the hepatocyte is not released into the systemic circulation, the term “CLbile” represents an apparent for-
mation clearance (CLf,bile) for the metabolite in the liver. This relationship can be rewritten in terms of an 
AUC, either during an interval or until all the drug is eliminated after a single dose, where the subscript 
bc refers to the AUC obtained with an exteriorized bile cannula, 

 ∆ = ⋅∆Abile bile bcCL AUC  (2.42)

Enterohepatic Recycling

EHC recycling via metabolites is considered a “futile cycle” because of the inefficiency of the metabolic 
process. The existence of EHC can be proven on the basis of several criteria as summarized by Duggan 
and Kwan (59). It can be proven unequivocally in animal studies by (i) linked experiments where the bile 
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from a donor animal is infused into a recipient, (ii) a gradual establishment of a portal:systemic plasma 
concentration gradient after intravenous dosing of parent drug, and (iii) an increase in systemic clearance 
when there is irreversible bile diversion. In contrast, in most human studies, only suggestive evidence 
of EHC can be obtained. These include observations such as the presence of secondary peaks in plasma 
concentration versus time curves, often coincident with gallbladder discharge in response to a meal, or 
the presence of drug-derived material in the feces after administration via routes other than oral or rec-
tal. It should be noted that secondary peaks due to EHC seen in humans would not initially be expected 
in the rat, which lacks a gallbladder. However, if reabsorption in the intestine is delayed because of 
regional distributions of b-glucuronidase or sulfatase, time-dependent hydrolysis of conjugates or site-
specific permeability, secondary peaks may also be seen in the rat. Thus, secondary peaks in humans 
may be due to reasons other than EHC, such as delayed or irregular oral absorption.

When bile is diverted in animals, the AUC in plasma of parent drug will decrease relative to that 
obtained without diversion when enterohepatic recycling is operative. CLbile determined with bile diver-
sion using Eq. 2.43 can then be employed to estimate total biliary exposure or the total amount of drug/
metabolite subject to EHC when cycling is operative without bile diversion (59), 

 ∑ = ⋅Abile bileCL AUC (2.43)

where AUC is the exposure to parent drug in plasma in an animal without biliary diversion and ΣAbile 
is the estimated sum of all parent drug and metabolite that may be excreted in bile when EHC is opera-
tive, i.e., it is the cumulative drug exposure to the intestine. This measure of cumulative drug/metabolite 
exposure to the intestine due to EHC can result in an amount exceeding the intravenous dose when EHC 
is very extensive and efficient. For example, as shown in Table 2.1, indomethacin exposure in bile of the 
dog had an estimated 362% of the dose cycled, and the extent of cycling was inversely correlated with 
observed toxic doses across the species (59). 

EHC can be very efficient, resulting in futile cycling. When this occurs, the metabolite formed and 
excreted in the bile does not represent an irreversible loss, instead the EHC process represents a distri-
bution process with bile/intestine as a peripheral distribution compartment (58). One measure of the 
efficiency of EHC was provided by Tse et al. (60). From two experiments, conducted with and with-
out bile collection, and AUC for the parent drug in plasma, which is measured in each treatment after 
a single intravenous dose, one can calculate the fraction of drug dose excreted in the bile as parent 

TABLE 2.1

Species Differences in Indomethacin Biliary Exposure and Toxicity

Species

Clearance (mL/min/kg) Area (µg·mL)
Plasma 

Gradient, 
C Cp

port
p
ven

dt

Total 
Exposure,

 
bile

%∑  

Minimum 
Toxic Dosage 
(mg/kg/day)

Plasma, 
V cl p

⋅

,

Urine, 
V cl r

⋅

,

Bile, 
V cl b

⋅

,

Venous, 

o
C dtp

ven∞∞

∫
Portal, 

o
C dtp

port∞∞

∫
Dog 8.2 <0.1 13.3 122 310a 2.54a 362 0.5

Rat 0.32 0.01 0.39 3074 3535 1.15 134 0.75

Monkey 8.3 3.0 2.2 121 121 1.0 26 1.0

Guinea pig 6.25 1.85 1.20 158 181 1.15 21 6.0

Rabbit 3.62 1.09 0.40 278 334 1.20 13 20.0

Man 1.79 0.22 0.16b 592 592 1.0c 9.5

Source: Duggan, D.E. and Kwan, K.C., Drug Metab. Rev., 9, 21–41, 1979.
Portal/venous concentration ratios greatly exceeded 1 in the dog, and there was a strong inverse correlation between total biliary 
exposure and minimum toxic dosage.
Note: All disposition data for single intravenous dosage of 1 mg/kg, except man, for whom 25-mg total dosage normalized 

to 1 mg/kg.
a Based on complete 0- to 2-hr portal and systemic plasma profiles; for all other species, mean of more than five measure-

ments at interval specified in text.
b Calculated from fbile = 0.09 (H. B. Hucker, unpublished).
c Assumed.
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drug and metabolites that are subject to possible cycling, Fb. From this information, and the definition 
that the amount of drug that is reabsorbed from the first cycle is Fa · Fb · D, together with the assumption 
that this fraction is constant with all subsequent cycles, the following relationship can be derived (60), 

 F Fa bc bAUC AUC= − 1 / /  (2.44)

where AUCbc for the parent drug is measured with bile cannulation and drainage. The value of Fa 
obtained is a measure of the fraction of the sum of drug and metabolite excreted in the bile, which is 
then reabsorbed. When using this relationship, only metabolites that could be recycled (i.e., they are 
reversible to parent drug in the GI tract) would be included when estimating Fb. When Fb is a significant 
part of the dose, but AUCbc is equivalent to AUC, it is apparent that bile diversion did not influence the 
amount of drug reaching the systemic circulation, and thus Fa is zero. In contrast, when a significant part 
of the dose is excreted in bile and AUCbc is much less than AUC, then recycling is significant, and Fa can 
approach a value of 1.

Reversible Metabolism

Reversible metabolism occurs when a metabolite or biotransformation product and the parent drug 
undergo interconversion in both directions, as shown in Scheme 2.6. The scheme can also be written 
in terms of concentrations and clearance terms rather than amounts and rate constants, respectively, 
as shown in Scheme 2.6B using the common convention in the literature where the drug is considered 
in compartment 1 and the metabolite in compartment 2. These compartments are not to be confused 
with physiological spaces. Here, the “metabolite” may be the pharmacologically active species in the 
case of administration of a prodrug, an active metabolite, or an inactive metabolite. Generally, enzyme-
catalyzed chiral inversion reactions are not reversible, such as the R to S conversion of ibuprofen (61,62), 
and these are not considered here. In contrast, chemical catalysis of the chiral inversion of thalidomide 
(63) would be expected to behave similarly to reversible metabolism, and the pharmacokinetic modeling 
would be the same. 

Though reversible metabolism is less often addressed in reviews of drug metabolite kinetics (12), there 
are numerous examples occurring across a wide variety of compounds as noted in a recent review by 
Cheng and Jusko (64). These include phase I metabolic pathways for amines such as imipramine, alco-
hols such as corticosteroids and estradiol, lactones, and sulfides/sulfoxides such as captopril and sulin-
dac. Examples for phase II metabolic pathways include carboxylic acids to their glucuronides, as in the 
case of ibuprofen, sulfation of phenols such as estrone, and acetylation of amines such as procainamide 
(64). Pharmacokinetic methods for the analysis of reversible metabolism are well described (64–67). 
More recently, considerations of statistical moment analysis as applied to reversible systems have also 
been addressed by Cheng (68,69).

SCHEME 2.6 (a and b) Reversible conversion between metabolite and drug with parallel elimination pathways for the 
parent drug and metabolite.
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Reversible metabolism is often ignored when analyzing the pharmacokinetic data of compounds that 
undergo metabolite interconversion. The pharmacokinetic parameter estimates obtained using methods 
or approaches that do not consider the reversible nature of the system are not true estimates of pharma-
cokinetic parameters and should be considered apparent parameter values. Indeed, regulatory agencies 
may not require rigorous evaluation of the true reversible metabolic parameters because the critical 
parameters of clearance, volume of distribution, and bioavailability can only be unambiguously obtained 
after direct administration of the preformed metabolite, which is usually not feasible in humans because 
of the need to secure an IND for the intravenous administration of the metabolite. Moreover, in many 
cases of reversible metabolism, the metabolite may only achieve low concentrations relative to the parent 
drug or is inactive; thus, a great deal of effort to fully elucidate its pharmacokinetics may be difficult 
or not justified on the basis of the considerable costs and efforts. There are, however, a number of com-
mon disease states, such as renal or hepatic impairment, which may dramatically alter the disposition 
of the metabolite; thus, significantly influencing the disposition of the parent drug, and these should be 
addressed. When a metabolite is active or of toxicological relevance, or when altered disposition of the 
metabolite substantially modifies the pharmacokinetic profile of the parent drug, efforts to more fully 
investigate reversible metabolism are warranted.

Determination of Primary Pharmacokinetic Parameters 
for Reversible Metabolic Systems

The primary pharmacokinetic parameters of clearance, volume, and availability, as well as commonly 
employed secondary parameters of half-life and MRT will be discussed here. Discussion of less com-
monly employed parameters can be found in other literature (64–69). However, difficulties in estimating 
parameters involving reversible metabolism, due to either the need to dose the metabolite directly or 
inherent errors in the complex equations employed, generally limit the utility of estimating some param-
eters. Other parameters unique to reversible metabolic systems are descriptors of the reversibility of the 
process that include the recycling numbers, recycled fraction, and exposure enhancement, which will be 
discussed below.

Half-Life in Reversible Metabolism Systems

As shown in Figure 2.10 for the interconversion of methylprednisone and methylprednisolone, which 
undergo the reversible metabolism of ketone/alcohol common with steroids, after the parent drug and 
metabolite reach equilibrium, the two compounds decline in parallel when either is administered intra-
venously (70). Because the terminal half-life reflects a hybrid of the clearance terms for the overall 
reversible system and the volumes of distribution of parent drug and metabolite, estimating changes in 
the half-life in response to an altered clearance or volume term is difficult. Although the use of “sojourn 
times” have been proposed as a measure of time a drug or metabolite is in the body before being elimi-
nated or transformed in reversible systems (57), in practice, most often an apparent half-life is reported 
with the understanding that it may be subject to change in response to alterations of the disposition of 
parent drug or metabolite. 

The fact that the terminal half-life of parent drug and metabolite are parallel when parent drug is 
administered could lead to an erroneous assumption that FRL metabolism is operative when in fact 
reversible metabolism is occurring. Confirmation of reversibility can be made by identifying formation 
of the parent drug after administration of the metabolite; however, such an experiment may not be fea-
sible in humans. Therefore, in vitro studies with human tissues or animal studies may be necessary to 
infer reversible metabolism in humans.

Clearance Parameters in Reversible Metabolism Systems

For a reversible system as shown in Scheme 2.6B, the following relationships can be derived (64,65) 
for determining clearance values after collection of AUC data from an intravenous bolus dose of parent 
drug or metabolite on two separate occasions. These relationships assume that clearance and distribution 
processes are linear for both parent drug and metabolite, i.e., independent of concentration.
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Here, the superscript indicates the dose administered as being from the parent drug or metabolite, 
whereas the subscript refers to the compound that is measured in plasma. AUC is the total area under the 
plasma concentration versus time curve extrapolated to infinity. Similar equations can be derived when 
the compounds are infused to steady-state (67) where the values needed are infusion rates and steady-
state concentrations. These relationships are not unique, as the model has also been applied to other two 
compartment pharmacokinetic systems with elimination occurring from each compartment, such as the 
reversible distribution and elimination from the maternal-fetal unit (71).

If apparent clearance terms are used for parent drug or metabolite, these will overestimate the 
true values for CL10 and CL20, respectively. The magnitude of the error is a complex relationship 
of all the clearance terms as discussed by Ebling and Jusko (65) and is shown here for CLapp of the 
parent drug, 

FIGURE 2.10 The reversible metabolism of methylprednisolone (▪) and methylprednisone (⦁) when each is given on 
separate occasions as a 1.25 mg/kg intravenous bolus to a rabbit. The parallel profiles, constant concentration ratios at 
equilibrium, and formation of both compounds when either is administered, are characteristics of reversible metabolism. 
(From Ebling, W.F. et al., Drug Metab. Dispos., 13, 296–301, 1985.)
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Ebling and Jusko (65) defined the term “CL20/(CL21 + CL20)” as an efficiency parameter because it is a 
fraction that defines the extent of drug clearance by metabolite formation (CL12), resulting in metabolite 
that does not return or interconvert back to the parent drug, i.e., an irreversible loss. Similar relationships 
have been determined for CL(m)app; however, if the metabolite cannot be administered, then only the 
term “CLapp” will usually be reported.

It is also evident from Eq. 2.49 that CLapp will underestimate the total elimination capacity for the par-
ent drug, i.e., CL10 + CL12, where CL12 is a measure of metabolite formation clearance, CLf. Therefore, 
estimating the formation clearance of a metabolite from in vivo studies using CLf + CLapp – CL10 (where 
CL10 is determined from the other clearance pathways) may grossly underestimate total metabolic capa-
bility for the particular metabolic pathway in vivo.

Volume of Distribution in Reversible Metabolism Systems

Volume of distribution at steady-state for parent drug and metabolite in reversible metabolic systems are 
independent, but the equations to calculate the values necessitate consideration of the disposition of both 
parent drug and metabolite. Indeed, given the structural changes from parent drug to metabolites, as well 
as potential differences in protein binding and lipophilicity between the parent drug and metabolites, it 
is reasonable to expect that distribution in the body could be quite different, as previously mentioned for 
morphine and M6G. In the absence of interconversion, volume of distribution at steady-state [V(m)ss,app] 
is calculated with the following equation for the metabolite, 

 V
M
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where AUMC(m) is the first moment of the plasma concentration versus time curve for the metabolite 
(17). This equation for apparent Vss is in error if applied to reversible metabolism systems, since V(m)ss,app 
will overestimate the real V(m)ss because the parent drug reverts to the metabolite (65). Moreover, 
V(m)ss,app is not independent of clearance processes as is the true V(m)ss; thus, changes in clearance 
terms of either parent drug or metabolite will modify the value of V(m)ss,app in reversible metabolism 
systems.

The relationship between the apparent and real parameter is described for the metabolite as 
 follows (65),
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The complexities of these relationships for volume and clearance combine, such that the following equa-
tion for V(m)ss is dependent on dose of metabolite and measured AUC and AUMC data (65), 
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Measures of AUMC used for Eqs. 2.50 and 2.52 are often criticized for the potential error that may be 
introduced when extrapolating the first-moment curve to infinity. Alternative equations derived for appli-
cation of data obtained from infusions of metabolite and parent drug to steady-state may reduce some of 
the errors (67). Given the limited ability to dose preformed metabolite to humans and the potential error 
in determining Vss for parent drug or metabolite within reversible systems, true values for the pharma-
cokinetic parameters in reversible metabolism systems have been determined in humans for very few 
compounds. Instead, it is more common to report Vss,app values, with an understanding that such values 
are inaccurate and subject to change if clearance is altered.

Bioavailability in Reversible Metabolism Systems

Interconversion of parent drug and metabolite also complicates the measures of bioavailability and con-
sideration of this has led to the development of equations that assess absorption processes independent of 
clearance (64,72). However, the increased complexity of the relationships and the need to dose metabolite 
independently to assess the values have restricted their application. Thus, apparent bioavailability is 
often employed ignoring the contributions of reversible metabolism.

Measures of Reversibility in Drug Metabolism

Unique to reversible systems are measures defined as recycled fraction (RF), number of recyclings 
through the reversible process (RI), as well as other terms (64,65). RF is a measure of the likelihood of a 
molecule going back and forth through the reversible system, i.e., being converted in both directions, and 
is a value between 0 and 1 determined from the relative values of clearance, 

 RF
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11 22
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where CL11 = CL10 + CL12 and CL22 = CL20 + CL21.
The number of recyclings, RI, can exceed 1 and provides a measure of how exposure to parent or 

metabolite is enhanced by the interconversion process, 
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Influence of Altered Metabolite Clearances on the Disposition of Parent Drug

Because metabolite and parent drug can interconvert, altered irreversible clearance of the metabo-
lite (CL20) can influence the disposition of the parent drug, causing changes in CLapp, i.e., Eq. 2.49. 
Examples of this include the non-steroidal anti-inflammatory drugs where renal clearance of labile 
ester glucuronide metabolite is reduced by renal dysfunction (73). For example, though diflunisal 
and other carboxylic acid-containing drugs are eliminated almost entirely by metabolism, simula-
tion results shown in Table 2.2 show that when clearances that directly affect acyl glucuronides are 
altered, the AUC of both parent drug and metabolite can in some cases be significantly and seem-
ingly unpredictably modified (74). This has potential clinical significance, since hepatobiliary or 
renal disease may alter clearance pathways of the metabolite and cause unanticipated alterations in 
the disposition of the parent drug, even though the parent drug itself is not eliminated directly into 
bile or into the urine. 
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Nonlinear Processes and Metabolite Disposition

Metabolite disposition is subject to the same sources of nonlinearity that can occur with the parent drug 
(17). These may include saturable enzymic metabolism, co-substrate depletion in phase II metabolism, 
saturable transport for biliary or renal excretion, saturable active uptake into hepatocytes, or saturable 
protein binding. In summary, metabolite disposition can be affected by nonlinearities involving both the 
rate of input (i.e., formation), rate of output (i.e., elimination), and distribution. Any nonlinearity in dis-
position of the parent drug, which is the precursor for the metabolite, will lead to increased complexities 
in predicting metabolite disposition; thus, the correlation between exposure to parent drug and exposure 
to the metabolite will not be predictable as dose is varied or may vary with time when dosing chronically. 
In this section, the most common source of nonlinearity will be considered and discussed, assuming that 
only one clearance parameter is nonlinear at a given time. However, one should realize that multiple 
nonlinearities may occur simultaneously, especially in animal toxicology studies where drug doses are 
intentionally pushed to levels much greater than those employed later in humans.

TABLE 2.2

Relative Values of AUC for Acidic Drugs and Their Acyl Glucuronide Metabolites in Animals Obtained by 
Simulation Using the Model Shown When Individual Clearance Terms in the Scheme for Reversible 
Metabolism are Reduced to 10% of Their Initial Value

Percentage of Normal AUC for Parent Compound (%)

Clearance Terms Altered DF S-ET R-ET VPA S Z

Cl10 241 380 242 477 791 850

Cl12 146 119 146 112 103 102

Cl20 144 117 141 111 103 102

Cl21 75 99 99 96 83 100

Cl23 93 89 79 96 100 94

Percentage of Normal AUC for Acyl Glucuronide (%)

Clearance Terms Altered DFG S-ETG R-ETG VPAG SG ZG

Cl10 241 380 242 477 791 850

Cl12 15 12 15 11 10 10

Cl20 186 202 248 181 104 103

Cl21 147 106 102 130 664 116

Cl23 114 152 139 129 101 386

Source: Liu, J.H. and Smith, P.C., Curr. Drug Metab., 7, 147–163, 2006.
The clearance terms are defined in the figure. Baseline value is 100. Data were obtained by Monte Carlo simulation using 
initial values obtained in animals.
Abbreviation: AUC, area under the curve. 
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Michaelis–Menton Formation vs. Elimination of the Metabolite

The assumption that metabolite formation and elimination occur as first-order processes with constant 
CLf and CL(m) generally holds true for typical enzyme or active transport systems when concentrations 
of drug or metabolite, respectively, are below their Km (Michaelis–Menton constant where the rate is half 
of the maximum velocity, Vm) (17) values. In cases where Michaelis–Menton kinetics apply for metabo-
lite formation and elimination, with only a single pathway formation and elimination of metabolite, 
Eq. 2.11 can be rewritten as, 
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It is apparent that CL(m) and k(m) are now functions of Km(m) and Vm(m),
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and similar relationships exist for CLf and kf. When C ≪ Km and C(m) ≪ Km(m), then both right-hand 
terms of Eq. 2.55 simplify, yielding first-order processes, since clearance of formation and the rate con-
stant of elimination of the metabolite are essentially constant. However, if the elimination of the metabo-
lite is saturable, i.e., when C(m)>Km(m), both CL(m) and k(m) become variable with CL(m) and k(m) 
decreasing as C(m) increases; thus, the apparent half-life of the metabolite increases as C(m) increases. 
When saturation of CL(m) occurs, and CLf is constant (i.e., formation of metabolite is not saturable in the 
concentration range of drug), then C(m)/C and AUC(m)/AUC will increase as the drug dose increases. 
Typically, plots of metabolite levels normalized to the drug dose should be superimposable, but with 
saturable elimination, the dose-normalized metabolite concentrations will increase with dose level. 
Even under conditions of FRL metabolism, saturation of metabolite elimination will increase these 
ratios as dose increases, though the metabolite concentration profile may still appear to be parallel 
to that of the parent drug profile. However, because the formation clearance (CLf) of the metabo-
lite did not change with dose, fm would remain constant. Thus, for a metabolite that is primarily 
excreted in the urine, the percentage of the dose recovered in the urine as metabolite would be 
independent of dose.

For metabolites subject to ERL metabolism, saturable metabolite elimination may be noticeable from 
a profile of metabolite concentration versus time when parent drug is rapidly administered or absorbed. 
A semilog plot of metabolite concentrations versus time profile may show the classical concave shape at 
higher concentrations and then become loglinear at lower concentrations (15).

In contrast, if the metabolite formation clearance (CLf) is saturable, while the elimination of 
metabolite is not, then C(m)/C and AUC(m)/AUC will decrease as drug dose increases. In this case, 
fm will decline as the dose increases, assuming that there are other parallel pathways for drug elimi-
nation besides formation of the metabolite of interest. With FRL metabolism, the apparent half-life 
of the metabolite will increase if the saturable pathway of metabolism is a significant fraction of the 
overall elimination of parent drug, since the half-life of parent drug will increase. For ERL metabo-
lism [k(m) ≪ k], the profile of the metabolite after escalating single doses of parent drug may not 
be altered significantly, unless the elimination half-life of the parent drug increased significantly at 
higher doses such that value of k decreases to the extent that it approaches that of k(m). In this case 
of saturable metabolite formation clearance, plotting metabolite concentration versus time profiles 
normalized to dose would show a decline in the AUC of the profiles as dose increased.
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MRT concepts can also be applied to metabolites subject to Michaelis–Menton metabolism (31,69,75). 
Though there has been some debate about using MRT in nonlinear systems, a review addressed these 
concerns and with simulations showed that the values of MRT, Vss, Vm, and Km could be determined 
accurately (76). A potential advantage of MRT concepts for evaluating nonlinear systems is that they 
do not require multiple trials of various compartmental models normally employed when determining 
Michaelis–Menton parameters (76).

Conclusions

Even if some of the commonly employed mathematical relationships for performing pharmacokinetic 
analysis of the parent drug are also applicable to metabolites, because metabolites are formed in vivo, 
there are some unique methods applicable to describing metabolite disposition and an effort was made in 
this chapter to identify those methods. Many of the difficulties in analyzing metabolite pharmacokinet-
ics stem from limited information about the rate and extent of their formation in the body, i.e., the input 
into the body is usually not known. Thus, many of the relationships described in this review are based 
upon derivations that do not require knowledge of the rate of metabolite input, but often make informed 
estimates of the extent of metabolite formation from the parent drug or assume that the extent of forma-
tion is constant between treatments or linear with dose. In many instances, especially when estimating 
levels after chronic administration of the parent drug, the extent of metabolite formed is more important 
than the rate at which it was formed. When possible, exogenous administration of preformed metabolite 
by a known input rate circumvents these limitations. However, due to the potential different behavior of 
preformed metabolite and that formed at tissue sites within the body (9,46,47), new assumptions arise 
that may be difficult to validate. One of the primary advantages of MRT approaches for describing 
metabolite pharmacokinetics is the fewer assumptions made for their application, but a lack of thorough 
understanding of their theory has limited their use by some investigators. Whatever approach is used, 
there is much to be gained from a better understanding of the pharmacokinetics of metabolites. Although 
data obtained in animals by administration of preformed metabolites will have to be interpreted with 
caution (9), the FDA guidance suggesting toxicology studies in animals with “major metabolites” (23) 
will in the future lead to substantially more data reported on metabolite disposition. Careful analysis of 
these data from exogenously administered metabolites relative to metabolites generated in situ from the 
parent drug should provide insight into whether such extraordinary efforts and cost can provide valuable 
information beyond that presently obtained by radiolabeled tracer studies.

This chapter did not present extensive derivations of some of the mathematical relationships provided. 
Earlier reviews on the pharmacokinetics of metabolites (12,14) or the primary literature cited should be 
consulted together with this chapter for further insight and understanding of the derivations and assump-
tions of the equations presented. In addition, some basic concepts in pharmacokinetics are needed for 
the full implementation of some of the relationships provided, and these can be found in textbooks on 
the topic (15–19). The pharmacokinetics and rates of metabolism are not necessarily limited by the meta-
bolic step, and considerations of uptake and efflux transporters need to be considered when interpreting 
in vivo data. Topics such as reversible metabolism and MRT concepts are now better understood because 
of more recent work, and original literature should be consulted where appropriate. This review should 
provide a foundation for understanding how the complexities of metabolite formation and elimination 
may be analyzed. In conjunction with the other chapters in this text, this should assist scientists in the 
design of in vitro experiments, in vivo animal studies, and clinical trials to characterize the metabolism 
of drugs and other xenobiotics such that optimal information can be obtained about the disposition of 
metabolites in the body with as few assumptions as possible.
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3
The Cytochrome P450 Oxidative System

Paul R. Ortiz de Montellano

Introduction to the Cytochrome P450 System

The cytochrome P450 (P450) enzymes are critically involved in the biosynthesis of sterols, eicosanoids, 
and other physiologically important substances. Conversely, they are also essential for the metabolism of 
endogenous lipophilic substrates, such as fatty acids, as well as most drugs and xenobiotics. Cytochrome 
P450 catalysis is uniquely suited to the introduction of hydroxyl groups and other polar functionalities 
into compounds as difficult to oxidize as saturated hydrocarbons. The introduction of such functionality 
is particularly critical for the metabolism and elimination of lipophilic compounds lacking functional 
groups suitable for conjugation reactions. On the dark side, the oxidative power of cytochrome P450 
enzymes not infrequently transforms innocuous substrates into chemically reactive, toxic metabolites.

The P450 enzymes primarily involved in xenobiotic metabolism are widely distributed, with par-
ticularly high concentrations in the endoplasmic reticulum of the liver, kidney, lung, nasal passages, 
and gut, and significant concentrations in most other tissues.1 In contrast, the sterol biosynthetic 
enzymes are concentrated in steroidogenic tissues such as the adrenals and testes. All the mamma-
lian P450 enzymes are membrane bound, and the solubilization, purification, and reconstitution of the 
pure enzymes is technically challenging. However, all of the relevant enzymes can now be heterolo-
gously expressed in Escherichia coli, Saccharomyces cerevisiae, or in a baculovirus/insect cell system. 
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Each of these expression systems has advantages and disadvantages, but the bacterial and baculovirus 
systems are routinely used for the commercial production of mammalian P450 enzymes.

Cytochrome P450 Gene Family

Analysis of the human genome has identified a total of 57 human P450 enzymes, including many that 
were previously unknown and some of which have not yet been fully characterized (Table 3.1). The 
sequences of thousands of cytochrome P450 enzymes are now available and the number of additional 
sequences, particularly those of bacterial, insect, and plant origin, increases monthly (http://drnelson.
utmem.edu/CytochromeP450.html). This flood of sequence information has led to a rational nomencla-
ture based on the premise that the extent of sequence and functional identity decreases as a function of 
evolutionary distance from an ancestral precursor. In consequence, P450 enzymes are grouped in this 
nomenclature according to probable structural and functional similarity rather than, as in earlier days, 
on the basis of properties such as electrophoretic mobility, absorption spectrum, or substrate specific-
ity. Although the cutoff lines are somewhat arbitrary, enzymes with more than 40% sequence identity 
are considered members of the same family and those with more than 55% identity are assigned to the 
same subfamily.2,3 Thus, P450 enzymes are identified by a number denoting the family, a letter denoting 
the subfamily, and a number (and sometimes subsequent letters) identifying the specific member of the 
subfamily (Table 3.1). The identifying numbers can be associated with the term P450, as in P450 3A4, or 
more formally with the term CYP, as in CYP3A4. Thus, cytochrome P450 1A2 (CYP1A2) is the second 
member of subfamily A of family 1, and P450 3A4 is the fourth member of subfamily A of family 3. 
The trivial names of some substrate-specific enzymes continue to be used (e.g., aromatase for CYP19), 
but the P450 enzymes primarily involved in drug metabolism are now known by their systematic names.

Differences exist in the concentrations reported of the various drug metabolizing cytochrome P450 
enzymes in human liver, but CYP3A4 is one of the most abundant isoforms (Figure 3.1). Other rela-
tively abundant isoforms are CYP1A2, CYP2A6, CYP2C8, CYP2C9, CYP2D6, and CYP2E1.1,4–6 

TABLE 3.1

The Human Complement of Cytochrome P450 Enzymes Grouped According to the Substrate Class that they 
Primarily Oxidize

Sterols Xenobiotics Fatty Acids Eicosanoids Vitamins Unknown

1B1 1A1 2J2 4F2 2R1 2A7
7A1 1A2 2U1 4F3 24A1 2S1
7B1 2A6 4A11 4F8 26A1 2W1a

8B1 2A13 4B1 5A1 26B1 4A22
11A1 2B6 4F11 8A1 26C1 4F22
11B1 2C8 4F12 27B1 4X1

11B2 2C9 4V2 27C1 4Z1

17A1 2C18 20A1

19A1 2C19

21A2 2D6

27A1 2E1

39A1 2F1

46A1 3A4

51A1 3A5

3A7

3A43

Source: Guengerich, F.P., Human cytochrome P450 enzymes, in Ortiz de Montellano P.R., ed. Cytochrome P450: Structure, 
Mechanism, and Biochemistry, 4th ed., Springer, New York, 523–786, 2015.

a CYP2W1 has been shown to readily oxidize retinol and retinoic acid.7 These compounds may be its natural substrates, but 
this remains to be clearly established.

http://drnelson.utmem.edu/
http://drnelson.utmem.edu/
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The cytochrome P450-dependent metabolism of drugs and xenobiotics in humans is primarily mediated 
by enzymes of the CYP1, CYP2, and CYP3 families (Figure 3.2). The importance of the individual 
enzymes in drug metabolism depends on their abundance, their tissue localization, and the extent to 
which their substrate specificity coincides with the spectrum of drugs and xenobiotics to which the 
individual is exposed. CYP3A4, CYP2D6, and the CYP2C enzymes are responsible for the bulk of drug 
and xenobiotic metabolism, but other isoforms can be critical for the metabolism of specific substrates. 
In practice, CYP3A4/3A5 are thought to account for something between 20% and 30% of all P450-
dependent drug metabolism, CYP2C9 and CYP2D6 for approximately 10% each, and the remaining 
enzymes, notably CYP2E1, CYP2C19, CYP2C8, CYP2B6, CYP2A6, CYP1B1, CYP1A2, and CYP1A1 
for smaller percentages of the remaining total.5,6 Furthermore, the relative importance of the different 
enzymes depends on the genetics of the individual and on the history of exposure to environmental fac-
tors, such as alcohol or drugs. Certain P450 enzymes, notably CYP2C19 and CYP2D6, are polymorphi-
cally distributed in the human population.1,8 Thus, CYP2D6 levels are low in approximately 7% of the 
Caucasian population, and the ability of this subgroup to metabolize substrates such as debrisoquine is 
partially compromised.9 CYP2C19 is in low titer in only 4% of the Caucasian population, but is low in 
20% of the Asian population, as reflected by the relatively low ability of the latter subgroup to metabolize 

FIGURE 3.2 Extent to which individual human P450 enzymes contribute to the metabolism of drugs. A modestly differ-
ent isoform distribution is observed for the metabolism of xenobiotics in general. (From Rendic, S. and Guengerich, F.P., 
Chem. Res. Toxicol., 28, 38–42, 2015.)

FIGURE 3.1 (a) The median amount of protein content for each P450 is shown as a percentage of the total median P450 
protein content. (b) The median P450 mRNA expression level for each P450 is expressed as a percentage of the total median 
P450 mRNA expression. (From Zhang, H.-F. et al., J. Pharmacol. Exp. Therap., 358, 83–93, 2016.)
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substrates such as mephenytoin.9,10 A number of criteria are required to unambiguously determine the 
role of a given P450 enzyme in the in vivo metabolism of a given agent. These include (a) demonstration 
that the purified enzyme has the required activity, (b) correlation of the activity in question in liver sam-
ples with the activities of the same samples toward substrates considered to be markers for the individual 
P450 enzymes, and (c) inhibition of the activity by isoform-selective or specific inhibitors, antibodies or, 
in vivo, by siRNA or gene silencing techniques (Table 3.2).

Structure of the Mammalian P450 Enzymes

The initial work on cytochrome P450 enzyme structure was carried out with the bacterial enzymes 
because they are generally soluble and relatively amenable to crystallization. Among the scores of 
bacterial P450 structures now available, are those of P450cam (CYP101),11 P450BM-3 (CYP102),12 
P450eryF (CYP107A1),13 and CYP119,14 the structures on which much of our current understanding of 
P450 structure and mechanism is based. In contrast, the structures of the membrane-bound human 
P450 enzymes have only become available over the past decade. The first mammalian P450 struc-
ture, reported in 2000, was that of rabbit CYP2C5.15 Since then, many human P450 structures have 
been determined in the presence and absence of ligands, including those of CYP1A1,16 CYP1A2,17 
CYP1B1,18 CYP2A6,19,20 CYP2A13,21,22 CYP2B4,23 CYP2B6,24 CYP2C8,25,26 CYP2C9,27,28 
CYP2C19,29 CYP2D6,30,31 CYP2E1,32 CYP2R1,33 and CYP3A4.34–36 The structures of several bio-
synthetic human P450 enzymes, including those of CYP7A1,37 CYP11A1,38 CYP17A1,39 CYP21A2,40 
CYP24A1,41 CYP46A1,42 and CYP5143 have also been determined. The human P450 structures 

TABLE 3.2

Selected List of the Substrates for the Primary Drug Metabolizing forms of Human Cytochrome P450

Enzyme Substrates Enzyme Substrates

CYP1A1 Benzo[a]pyrene CYP2E1 Caffeine

Acetylaminofluorene Chlorzoxazone

CYP1A2 Caffeine N-nitrosodimethylamine

Ethoxyresorufin Acetaminophen

2-acetylaminofluorene Aflatoxin

Acetaminophen Aniline

Phenacetin CYP2F1 Naphthylamine

Aflatoxin B1 CYP3A4 Aldrin

CYP2A6 Coumarin Quinidine

N-nitrosodiethylamine Cyclosporin A

CYP2B6 7-ethoxycoumarin Warfarin

CYP2C9 Benzphetamine Erythromycin

Aminopyrene 17b-estradiol

Tienilic acid Lidocaine

Hexobarbital Dapsone

Tolbutamide Sterigmatocystin

CYP2C19 Mephenytoin Cortisol

CYP2D6 Bufuralol Taxol

Debrisoquine Nifedipine

Desipramine Alfentanil

Sparteine Diltiazem

Propranolol Ethynylestradiol

Dextromethorphan CYP4A11 Arachidonic acid

Source: Guengerich, F.P., Human cytochrome P450 enzymes, in Ortiz de Montellano P.R., ed. Cytochrome P450: Structure, 
Mechanism, and Biochemistry, 4th ed., Springer, New York, 523–786, 2015.
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generally confirm the mechanistic conclusions derived from the bacterial P450 enzymes but are natu-
rally of much greater utility in helping to understand the substrate specificity and catalytic regiospeci-
ficity of the human P450 enzymes.

The cytochrome P450 enzymes are roughly triangular prisms in which 12 helical segments account for 
a large proportion of the amino acid residues.15–43 The heme prosthetic group is generally anchored by at 
least three interactions: (a) the pincer action of two protein helices on the heme, (b) hydrogen bonds to 
the heme propionic acid groups, and (c) coordination of a cysteine thiolate ligand to the iron. A cysteine 
thiolate (Cys-S−), rather than a protonated thiol (Cys-SH), is the proximal iron ligand in all active P450 
enzymes. The active site cavity is generally lined with hydrophobic residues, as might be expected of 
an enzyme designed for the metabolism of lipophilic substrates. A few residues on the distal (substrate-
binding) side of the heme are highly, but not universally, conserved throughout the P450 family. The most 
important of these is a catalytic threonine, Thr252 in P450cam, which helps to stabilize the ferrous dioxy 
(FeII-OO−) complex and to promote heterolysis of the dioxygen bond in the subsequent ferric peroxide 
(FeIII-OOH) intermediate. The threonine is conserved in all the human P450 enzymes, but it is not abso-
lutely essential because it is absent, for example, in the bacterial P450eryF.13 Nevertheless, it is important 
because its replacement by non-hydrogen bonding residues alters catalysis. Thus, mutation of Thr252 in 
P450cam greatly increases the degree of uncoupled turnover,44,45 and mutation of the corresponding residue 
(Thr319) to an alanine in CYP1A2 suppresses the ability of the enzyme to oxidize benzphetamine but 
not 7-ethoxycoumarin.46 In P450eryF, the hydrogen-bonding role of the threonine is satisfied by a hydroxyl 
group on the substrate itself.13

Before mammalian P450 crystal structures were available, six domains of the primary sequences of 
P450 enzymes, known as Sequence Recognition Sequences (SRS), were proposed to be particularly 
important in determining substrate specificity.47 These SRS were based on sequence alignments of the 
mammalian proteins with the sequences in the P450cam structure that interact with the substrate. The 
broad range of mammalian P450 crystal structures now available makes it possible to more precisely 
address the substrate specificity, hydroxylation regiochemistry and allosteric effects of cytochrome P450 
enzymes. Extensive efforts to employ computational docking of potential ligands into P450 active sites 
to predict which compounds will be substrates for individual enzymes48–53 have been undertaken in the 
hope of developing an in silico screen for potential drug-drug interactions. Such a screen would be highly 
useful if it could be applied at an early stage in the drug discovery process. Initially, these computational 
efforts were carried out with sequence-based homology models constructed by aligning the sequences 
of the human enzymes with those of crystallized bacterial P450 enzymes. However, these models are 
not sufficiently accurate for the analysis of substrate specificity. Furthermore, crystallographic, NMR, 
and other studies indicate that P450 enzymes undergo both minor and major conformational adjust-
ments to accommodate the binding of specific ligands. For example, the crystal structure of CYP2C9 
with warfarin bound in the active site places the substrate more than 10 Å away from the heme iron 
atom, whereas the structure of this enzyme with flurbiprofen positions the substrate close to the iron 
atom.27,28 Substantial active site conformational differences are observed in the two crystal structures. 
A  comparable conformational mobility has been found in the bacterial enzymes. For example, the bind-
ing of imidazole and 4-phenylimidazole to CYP119 causes a major internal rearrangement of an active 
site peptide.14 NMR and crystallographic data show that addition of a 4-para-chloro substituent to the 
phenyl of 4-phenyimidazole engenders a third conformation.54 The widespread observation of substrate-
dependent active site conformational adjustments greatly complicates efforts to predict substrate speci-
ficity by computational docking.

As found originally for P450cam,11 the heme group and the substrate in P450 enzymes are buried 
deep within the protein. In the case of P450cam, the camphor substrate is positioned ~4 Å above the 
heme iron atom by a hydrogen bond between the camphor ketone oxygen and a tyrosine residue 
(Tyr-96), as well as by contacts with a variety of other active site residues. A weakening of the 
interactions that position the substrate, either by mutation of the active site residues or alteration 
of the substrate itself, decreases the regiospecificity of the hydroxylation reaction and increases the 
extent to which catalytic turnover is coupled to camphor metabolite formation.44,45 The binding of 
a substrate requires transient opening of a channel into the P450 active site. Indeed, DEER and 
crystallographic evidence indicates that the P450cam channel is open when the protein is in solution, 
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but closes upon substrate binding.55,56 NMR and crystallographic data suggest that CYP119 also has 
an open conformation in solution that closes upon the binding of some, but not all, ligands.54 A crys-
tal structure of the structure of unligated CYP2B4 reveals an open state of the entrance channel.23 On 
complexation with 4-(4-chlorophenyl)imidazole, the protein closes by movement of a protein domain 
with intact secondary structure (i.e., essentially like a lid) to give a structure similar to that of the 
closed state of other P450 enzymes.57 The structures of other complexes of this protein reveal a range 
of conformational states.58–60 Analogous conformational changes have been observed in the crystal 
structures of several of the human P450 enzymes, including CYP2C8,26 CYP2E1,22 and CYP3A4.61 
Biophysical techniques, such as pressure perturbation EPR and FRET,62,63 confirm the existence of 
multiple CYP3A4 conformational states in solution.

Spectroscopic Properties of Cytochrome P450 Enzymes

The cytochrome P450 chromophore provides information on the nature of the iron ligands, the iron 
oxidation state, and the nature of the heme environment.64,65 The defining P450 spectrum is that of 
the ferrous-CO complex, which has an absorption maximum at 447–452 nm indicative of a thiolate-
ligated hemoprotein. The thiolate ligand actually gives rise to a split Soret absorption with maxima at 
approximately 450 and 370 nm. Denaturation of the enzyme is associated with a shift of the absorption 
maximum of the ferrous-CO complex to ~420 nm, a value similar to that for the ferrous-CO complex of 
imidazole-ligated proteins such as myoglobin.65 The enzyme with the 420 nm ferrous-CO absorbance 
maximum is inactive and formation of this 420  nm species is one of the earliest indicators of P450 
denaturation.

The absorption spectrum of ferric cytochrome P450 depends on the ligation state of the iron.64,65 
The ferric low-spin state associated with the presence of two strong axial iron ligands has an absorp-
tion maximum at approximately 416–419 nm. The high-spin state in which one of the two coordi-
nation sites of the iron is either unoccupied or occupied by a weak ligand exhibits an absorption 
maximum at 390–416 nm. Cytochrome P450 enzymes commonly exist as an equilibrium mixture 
of the high- and low-spin states. In the P450 enzymes for which crystal structures are available, 
including the membrane-bound human enzymes, the ligand opposite to the cysteine thiolate, if one 
is present, is a water molecule.11–43 The binding of a non-coordinating substrate, as illustrated by the 
binding of camphor to cytochrome P450cam, is accompanied by extrusion of water from the active 
site, loss of the distal water ligand, and a general decrease in the active site polarity.11 The loss of 
the distal ligand causes a shift from the hexacoordinated to a pentacoordinated iron state, which in 
turn results in a shift from the low- to the high-spin state. This transition is evidenced by a shift in 
the absorption maximum from 419 to 390 nm. The spectroscopic shift is usually determined from 
a difference spectrum in which the absorption of a solution containing everything except the com-
pound of interest is subtracted from a similar sample that does contain the compound.64 The binding 
of non-coordinating substrates to the ferric enzyme gives rise to what is known as a Type I differ-
ence spectrum with a maximum at 385–390 nm and a trough at approximately 420 nm. However, 
if the substrate can coordinate strongly to the iron atom, a Type II difference spectrum is observed 
with a maximum at approximately 425–435 nm and a trough at 390–405 nm. If the substrate only 
coordinates weakly to the iron, a variant of the Type II spectrum with a maximum at 420 nm and a 
trough at 388–390 nm is obtained. This latter spectrum is known as a Type III difference spectrum. 
Thus, substrate and inhibitor binding to P450 enzymes can be monitored spectroscopically. Some 
caution is required, however, because a Type II spectrum can be obtained with water as the distal 
iron ligand if it becomes a stronger ligand due to hydrogen bonding interactions with the substrate.66 
Furthermore, compounds are known that bind without significantly perturbing the spin state equi-
librium and, therefore, do not give rise to a difference spectrum. An example of this is the binding 
of 2-isopropyl-4-pentenamide to microsomes from phenobarbital pretreated rats,67 or the binding 
of non-coordinating ligands to CYP1A2, which unusually does not have a water coordinated to the 
heme iron in the ligand-free state.17
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Cytochrome P450 Reductase and Cytochrome b5

The catalytic turnover of most bacterial P450 enzymes and some human enzymes is supported by elec-
trons provided by the coordinated action of a flavoprotein and an iron-sulfur protein. However, the 
electrons required for catalytic turnover of all the human xenobiotic-metabolizing cytochrome P450 
enzymes are provided by NADPH-cytochrome P450 reductase (Figure 3.3).68 This reductase is a 78 kDa 
protein that is anchored to the membrane by an N-terminal hydrophobic domain. Cytochrome P450 
reductase binds one FMN and one FAD as prosthetic groups and is reduced by NADPH. NADPH trans-
fers a hydride to the FAD group, which in turn uncouples the two associated electrons and transfers them 
to the heme via the FMN group. The reductase can be reduced by up to four electrons but under normal 
turnover conditions it cycles between the one- and three-electron reduced forms, both of which can 
transfer electrons to cytochrome P450. Limited tryptic digestion of liver microsomes releases a 72 kDa 
cytosolic reductase domain that binds NADPH and reduces cytochrome c but is no longer able to reduce 
cytochrome P450. The structure of the heterologously expressed cytochrome P450 reductase without the 
membrane-binding domain has been determined.69,70

In some instances, the catalytic turnover of mammalian cytochrome P450 enzymes can be syner-
gistically increased or modified by cytochrome b5.71,72 Cytochrome b5, which can be reduced by either 
NADH and cytochrome b5 reductase or NADPH-cytochrome P450 reductase, with few exceptions is able 
to deliver the second but not the first electron required for catalytic turnover of cytochrome P450. The 
synergistic effect of cytochrome b5 is due, at least in part, to an increase in the coupling of reduced pyri-
dine nucleotide and oxygen utilization to product formation (i.e., to a decrease in uncoupled reduction of 
oxygen to give H2O2 or water rather than substrate oxidation). However, in some situations, cytochrome 
b5 alters P450 catalysis by allosteric mechanisms independent of its ability to donate electrons. One 
example of this is the demonstration that apo cytochrome b5 can stimulate the nifedipine oxidation and 
testosterone 6b-hydroxylation activities of CYP3A4.71,73 Cytochrome b5 also modulates the activities of 
steroid biosynthetic forms of cytochrome P450.74

Catalytic Cycle of Cytochrome P450

The catalytic cycle of cytochrome P450 has been most thoroughly defined for the bacterial cytochrome 
P450cam,75 but extensive work with the mammalian enzymes confirms that the same catalytic cycle, 
occasionally with minor variations, is in force (Figure 3.4). In P450cam, the spin state change triggered by 
the binding of a non-coordinating substrate alters the redox potential of the heme and makes it possible 
for the electron-donor partner to transfer an electron to the iron. The redox potential shift from −300 to 
−170 mV on binding of camphor to P450cam enables its reduction by the iron-sulfur protein putidaredoxin 
(E1/2 = −196 mV).76 Catalytic turnover of the protein is thus initiated by substrate binding, a strategy that 

FIGURE 3.3 Cytochrome P450 reductase (CPR) transfers electrons from NADPH to cytochrome P450 enzymes in the 
mammalian endoplastic reticulum.
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helps to minimize uncoupled turnover of the protein. Although studies of the mammalian enzymes in 
detergent and artificial lipid mixtures suggested that a similar spin-state-redox potential correlation did 
not hold with those proteins,77 a study using a nanodisc environment that more closely resembles that in 
normal membranes has demonstrated that a similar correlation exists for at least CYP3A4.78

Reduction of the iron is followed by binding of oxygen to give the ferrous dioxy P450 complex, an inter-
mediate that is unstable but has been observed under a variety of conditions. A further one-electron reduc-
tion of the ferrous dioxy complex produces the highly unstable ferric hydroperoxide (FeIII-OOH) complex 
that has only been observed in cryogenic studies.79 The formation of this intermediate is consistent with 
the finding that one of the products of uncoupled turnover of P450 is H2O2. It is also consistent with the 
fact that catalytic turnover of many P450 enzymes can be supported to some extent by exogenous H2O2 
in the absence of cytochrome P450 reductase and NADPH. Heterolytic cleavage of the dioxygen bond 
in the ferric hydroperoxide complex concomitant with the uptake of two protons and the loss of a mol-
ecule of water produces the ferryl intermediate that is thought to be directly responsible for the oxidation 
most substrates.75,80 The ferryl intermediate is two oxidation states above the ferric heme and is formally 
FeV = O, but it is more appropriately represented by an FeIV = O coupled to a porphyrin radical cation. The 
ferryl species is the most transient of the catalytic intermediates, but it has been detected and characterized 
in the reactions of P450 enzymes with peroxides.79–82 In most, but not all, instances the ferryl oxygen is 
transferred to the substrate to give an oxygenated metabolite. If the substrate is resistant to oxidation, the 
ferryl species can be reduced to a water molecule by further electrons from cytochrome P450 reductase 
or cytochrome b5. To the extent that superoxide, H2O2, and water are produced at the expense of substrate 
oxidation during the catalytic turnover of cytochrome P450 the reaction is said to be uncoupled.

The possibility that substrate oxidation is mediated by intermediates in the oxygen activation cycle 
prior to the ferryl species has been explored. It is generally accepted that the ferric peroxy anion 
(FeIII-OO−) can add as a nucleophile to some carbonyl groups (and perhaps other highly electrophilic 
groups), resulting after homolytic cleavage of the dioxygen bond in carbon-carbon bond cleavage at 
the carbonyl carbon atom.80 This reaction is thought to underlie the action of the biosynthetic P450 
enzymes that catalyze lanosterol 14α-demethylation (CYP51) and removal of the progesterone side-
chain to produce androstenedione (CYP17).83 A similar mechanism has been widely accepted for the 
19- demethylation and aromatization of testosterone that yields estradiol (CYP19), but recent work 
suggests that this reaction may be mediated by the normal ferryl intermediate.84 More controversial is 
the proposal that the ferric hydroperoxide intermediate (FeIII-OOH) can itself insert into CH bonds.85 
The evidence for this type of reactivity in normal P450 turnover is not compelling. If the ferric 
hydroperoxide plays any direct role in substrate oxidation, it is likely to be limited to the oxidation of 
electron-rich sulfur or nitrogen functionalities.

FIGURE 3.4 The cytochrome P450 catalytic cycle. The iron in brackets represent a cytochrome P450 prosthetic heme 
group and RH a substrate with an oxidizable C-H bond. The first electron is provided by CPR and the second by CPR or 
cytochrome b5. The sites at which the catalytic cycle can be uncoupled to produce O2.-, H2O2, or H2O rather than oxidized 
substrate (ROH) are indicated.
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Cytochrome P450-Catalyzed Reactions

Cytochrome P450-catalyzed reactions produce a diversity of metabolites, many of which are formed by 
secondary, non-enzymatic decomposition of the initial products formed by the P450 reaction. Although 
the large list of reactions catalyzed by cytochrome P450 continues to expand, most of the reactions 
involve (a) insertion of an oxygen atom into the bond between a hydrogen and a carbon or other heavy 
atom (hydroxylation), (b) addition of an oxygen atom to a π-bond (epoxidation), or (c) addition of an 
oxygen atom to the electron pair on a heteroatom (heteroatom oxidation).80 All three of these reactions 
are illustrated in the metabolism of strychnine (Figure  3.5).86 Cytochrome P450 enzymes also cata-
lyze reductive reactions under conditions of low oxygen tension. The oxidative catalytic process can be 
viewed as consisting of two stages: activation of molecular oxygen to the reactive (ferryl) oxidizing spe-
cies followed by its reaction with the substrate. The cytochrome P450 catalytic machinery is primarily 
required for the first phase of this two-stage process. In contrast, the enzyme appears to contribute little 
to the reaction of the activated oxygen with the substrate beyond providing an appropriate environment 
for the reaction and, by only binding the substrate in certain orientations, limiting the sites on the sub-
strate exposed to the activated oxygen. Therefore, the outcome of the catalytic process is largely deter-
mined by the position of the substrate within the active site, its mobility, and the relative reactivities of 
the functionalities on the substrate accessible to the activated oxygen in the enzyme-substrate complex.

Hydroxylation

Carbon Hydroxylation

The regio- and stereoselective hydroxylation of unactivated hydrocarbon functionalities is one of 
the most common but most difficult reactions catalyzed by cytochrome P450 enzymes. Isotope effects 
provide direct evidence that the reaction outcome depends on the reactivity of the accessible C-H bonds. 
Thus, hydroxylation of the undeuterated carbon is strongly favored in the oxidation of [1,1-2H2]-1,3-
diphenylpropane (i.e., C6H5CH2CD2C6H5), a symmetric molecule in which the hydrogens are replaced by 
deuteriums on one of the two otherwise identical methylene groups. A large isotope effect (kH/kD = 11) is 
observed in the intramolecular preference for hydroxylation of the undeuterated methylene even though 
only a small kinetic isotope effect is observed on the overall rate of hydroxylated product formation.87 
The large intramolecular isotope effect indicates that the enzyme is sensitive to the different energies 
required to break C-H and C-D bonds, and is able to select between the two competing sites. Often only 
a relatively small kinetic isotope effect is observed on the rate of substrate consumption because the 

FIGURE 3.5 Hydroxylation, π-bond oxidation, and heteroatom oxidation, the three fundamental cytochrome P450-
catalyzed reactions, are illustrated in the metabolism of strychnine. (From Oguri, K. et al., Xenobiotica, 19, 171–178, 1989.)
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overall rate is determined by steps other than insertion of the oxygen into the C-H bond. However, the 
product distribution can be greatly altered by this “metabolic switching” process.88,89

The relationship between bond strength and susceptibility to oxidation is confirmed by the finding 
that the ease of P450-catalyzed insertion of an oxygen into hydrocarbon C-H bonds decreases in the 
order tertiary > secondary > primary,90,91 a preference confirmed by computational studies.49,92,93 The 
intrinsic higher reactivity of weaker C-H bonds can be masked by steric effects or by the protein-imposed 
orientation of the substrate with respect to the activated ferryl species. If these factors are minimized, 
then the intrinsic reactivity of the C-H bonds becomes evident, as illustrated by the hydroxylation of 
small hydrocarbons whose movement within the P450 active site is less restricted. Thus, the microsomal 
oxidation of tert-butane [CH(CH3)3] yields 95% tert-butanol [HOC(CH3)3] and only 5% 2- methylpropanol 
[CH3CH(CH3)CH2OH].90 The sterically-hindered, but weaker, tertiary C-H bond is oxidized in preference 
to the nine relatively unhindered but primary C-H bonds. The bond strengths of C-H bonds (Table 3.3) 
provide a good first approximation of the intrinsic reactivity of a C-H bond in a substrate molecule. 
Current efforts to predict substrate oxidation involve not only computational docking to crystallographic 
active sites, but also integration of this information with predictions of the relative reactivity of the various 
reaction sites on the substrate molecule.91,94

The relationship of bond-strength to enzymatic hydroxylation indicates that reactivity is related to the 
homolytic C-H bond scission energy, an inference consistent with a nonconcerted “oxygen-rebound” 
mechanism in which hydrogen abstraction by the activated oxygen is followed by recombination of the 
resulting radical species to give the hydroxylated product80:

 [FeV = O] + R3C-H → [FeIV-OH] + R3C· → [FeIII] + R3C-OH

As already noted, the FeV = O in the above reaction sequence is likely to be an FeIV = O coupled to a 
porphyrin radical cation. If a substrate radical is formed as a transient species, it should be possible to 
detect it in substrates in which the radical can undergo a sufficiently rapid rearrangement prior to recom-
bination to give the hydroxylated product. Indeed, the hydroxylation of exo-tetradeuterated norbornane 
yields, among other products, the endo-deuterated alcohol metabolite.95 This inversion of the deuterium 
stereochemistry requires the formation of either a radical or cationic intermediate in which the geom-
etry of the tetrahedral carbon can be inverted. Numerous other examples are known of reactions that 
proceed with loss of stereo- or regiochemistry, including the allylic rearrangement that accompanies the 
CYP3A4-catalyzed hydroxylation of exemestane (Figure 3.6).96

Radical clock substrates have also been used to demonstrate the intervention of a substrate radi-
cal in hydrocarbon hydroxylation. A radical clock is a structure, commonly a cyclopropyl methylene 
group, which undergoes a radical rearrangement at a known rate. Despite some controversy,97,98 the 
results confirm the radical nature of the reaction. Thus, b-thujone, a two-zone clock because the radi-
cal can be revealed by both a methyl group inversion and opening of the cyclopropyl ring (Figure 3.7), 
gives metabolites consistent with a radical intermediate.99 Computation suggests that discrepancies 
in the results with radical clock substrates may be related to the existence of the ferryl species in 
multiple spin states.93

The cytochrome P450-catalyzed hydroxylation of hydrocarbon chains preferentially occurs at the 
carbon adjacent to the terminal (ω) carbon, i.e., at the ω-1 carbon, but hydroxylation can also occur 

TABLE 3.3

Bond Strengths of Selected C-H Bonds

Bond kcal/mol Bond kcal/mol

CH3-H 104 HC=CCH2-H 88

Me2CH-H 95 HOCH2-H 94

Me3C-H 92 H2NCH2-H 89

CH2=CH2CH2-H 89 CH2=CH-H 108

C6H5CH2-H 85
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at the terminal carbon or at more internal sites in the hydrocarbon chain. ω-Hydroxylation is disfa-
vored with respect to ω-1 hydroxylation by the higher strength of a primary than a secondary C-H 
bond (Table 3.3). Except for the CYP4 family of enzymes, which have evolved as specific fatty acid 
ω-hydroxylases, P450 enzymes preferentially catalyze the ω-1 hydroxylation of hydrocarbon chains. 
Of course, this reaction must compete with other favored reactions, such as allylic or benzylic 
hydroxylation. The hydroxylation of C-H bonds that are stronger than those of a terminal methyl 
group is essentially not observed. Thus, the direct oxidation of vinylic, acetylenic, or aromatic C-H 
bonds is negligible, although the π-bonds themselves are readily oxidized (see next section).

Carbon Hydroxylation Followed by Heteroatom Elimination

Hydroxylation adjacent to a heteroatom or a π-bond is highly favored by the weaker bond strength 
of C-H bonds adjacent to conjugating functionalities. In the case of sulfur, and particularly nitrogen, 
the availability of alternative mechanisms that lead to the same reaction outcome also enhances the 
reactivity at those positions. Allylic or benzylic hydroxylation normally produces a stable alcohol 
product, but hydroxylation adjacent to a heteroatom yields a product that readily eliminates the het-
eroatom to give two fragments, one containing a carbonyl group and the other retaining the hetero-
atom (Figure 3.8). Thus, oxidation adjacent to an oxygen normally results in O-dealkylation, adjacent 
to a nitrogen in N-dealkylation, adjacent to a sulfur in S-dealkylation, and adjacent to a halogen in 
oxidative dehalogenation (Figure 3.9).

FIGURE 3.6 Rearrangement of the double bond accompanying the CYP3A4-catalyzed oxidation of exemestane. (From 
Kamdem, L.K. et al., Drug Metab. Disp., 39, 98–105, 2011.)

FIGURE 3.7 P450 oxidation of the radical clock substrates α- and b-thujone produces a C4 radical in which the methyl-
substituted ring carbon can undergo both stereochemical inversion and cyclopropyl ring opening, two independent indica-
tors of a radical intermediate. (From Jiang, Y. et al., Biochemistry, 45, 533–542, 2006.)
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Heteroatom Hydroxylation

The mechanism of cytochrome P450-catalyzed nitrogen hydroxylation is ambiguous because the reac-
tion can proceed via insertion of an oxygen into the N-H bond or oxidation of the nitrogen to a nitroxide, 
followed by proton tautomerization to give the hydroxylamine. A similar ambiguity exists in the hydrox-
ylation of sulfhydryl groups. N-hydroxylation via insertion into the N-H bond, as illustrated by the 
hydroxylation of p-chloroacetanilide, is favored in situations where the nitrogen electron pair is highly 
delocalized and, therefore, reacts poorly as an electron donor (Figure 3.10).100

FIGURE 3.9 Hydroxylation adjacent to a halogen followed by elimination (oxidative dehalogenation), as illustrated by the 
oxidation of chloramphenicol. The acyl chloride produced from the dihalogenated carbon by the P450 reaction can react 
with water, as shown, or with other cellular nucleophiles.

FIGURE 3.8 The oxidation of metoprolol illustrates (a) benzylic hydroxylation, (b) hydroxylation adjacent to an oxygen fol-
lowed by elimination (O-dealkylation), and (c) hydroxylation adjacent to a nitrogen followed by elimination (N-dealkylation).
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π-Bond Oxidation

Oxidation of Aliphatic π-Bonds

Cytochrome P450 enzymes normally oxidize double bonds to the corresponding epoxides (Figure 3.11). 
Retention of the olefin stereochemistry, as illustrated by the oxidation of cis-1-deuterated styrene 
(i.e., cis C6H5CH=CHD) to the epoxide without loss of stereochemistry,101 suggests that the two 
carbon-oxygen bonds of the epoxide are formed without a discrete intermediate that allows rotation 
about the carbon-carbon bond. This strongly implies that both bonds are formed simultaneously, if not 
necessarily at the same rate. In general, the epoxidation of electron-rich double bonds is favored over 
that of electron-deficient double bonds because the ferryl P450 species is electron deficient. Although 
epoxides are usually the sole or dominant product of double bond oxidation, carbonyl products formed 
by migration of a hydrogen or halide from the carbon to which the oxygen is added to the adja-
cent carbon of the double bond are occasionally obtained. Two examples of this are the formation 
of trichloroacetaldehyde (CCl3CHO) from 1,1,2-trichloroethylene (CHCl=CCl2)103 and the CYP7A1-
catalyzed conversion of 7-dehydrocholesterol to 7-ketocholesterol (Figure 3.12).104 The 1,2-migration 
of a hydrogen or halide indicates that a positive charge develops at the carbon towards which the 

FIGURE 3.12 Oxidation of 7-dehydrocholesterol to 7-ketocholesterol by CYP7A1 does not involve formation of an epoxide 
intermediate.

FIGURE 3.10 The “hydroxylation” of a nitrogen bearing a hydrogen atom can involve direct insertion into the N-H bond 
or transfer of the oxygen to the nitrogen followed by proton tautomerization. Insertion into the N-H bond is favored in 
amides. The hydroxylation of p-chloroacetanilide is shown as an example.

FIGURE 3.11 The cytochrome P450-catalyzed epoxidation of secobarbital. (From Harvey, D.J. et  al., Drug Metab. 
Dispos., 5, 527–546, 1977.)
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migration occurs. Thus, carbonyl products result from π-bond oxidations in which the two carbon-
oxygen bonds are not simultaneously formed. Although this is a negligible reaction pathway for most 
olefinic substrates, it is an important reaction when the π-bond is part of an aromatic ring (see next 
section). Formation of epoxides by concerted oxygen insertion but carbonyl products by non-concerted 
oxygen transfer implies either that there are two independent reaction pathways or a single reaction 
manifold with a branchpoint leading to concerted (epoxide) versus non-concerted (carbonyl) products. 
Computational studies support the existence of a single pathway with a branchpoint determined by the 
spin state of the reactive species.93

The oxidation of terminal, unconjugated olefins results not only in olefin epoxidation but also 
frequently in inactivation of the cytochrome P450 enzyme.105,106 In some instances, inactivation 
results from reaction of the epoxide metabolite with the protein, but in others inactivation involves 
alkylation of a nitrogen of the prosthetic heme group by a catalytically-activated form of the olefin 
(Figure  3.13). Characterization of the heme adducts shows that alkylation is initiated by oxygen 
transfer from the enzyme to the double bond but is not due to reaction with the actual epoxide 
metabolite. Thus, heme alkylation involves an asymmetric, non-concerted olefin oxidation pathway 
that may be part of the same manifold of reactions that produces the epoxide and carbonyl metabo-
lites. In these heme alkylation reactions, the oxygen is added to the internal carbon of the double 
bond and the terminal carbon to the pyrrole nitrogen atom. Terminal acetylenes can participate in an 
analogous reaction in which ferryl oxygen transfer to the terminal carbon of the triple bond produces 
a ketene, which may react with the protein, whereas addition of the oxygen to the internal carbon 
leads to alkylation of a nitrogen of the heme.106

The reaction manifold that leads to the formation of epoxides, carbonyl products, and heme alkyla-
tion has not been definitively elucidated. It is likely that an initial complex involving some degree of 
charge-transfer between the ferryl oxygen and the π-bond decomposes by what appears to be (a) a con-
certed pathway leading to epoxide formation, (b) a free radical pathway that can lead to heme alkylation, 
and (c) a cationic pathway that leads to the observed 1,2-shifts of the olefin substituents (Figure 3.14). 
The computational studies suggest that the initial complex exists in different spin states, and that these 
states determine which pathway is followed in the reaction.93

Oxidation of Aromatic Rings

The cytochrome P450-catalyzed processing of aromatic systems is a special case of π-bond oxida-
tion. In its simplest form, the oxidation is analogous to the oxidation of an isolated double bond and 
gives the same product, i.e., the epoxide. However, the epoxides derived from aromatic systems are 
unstable and readily rearrange to give phenols. The steps in this reaction are (a) heterolytic scission 
of one of the strained epoxide carbon-oxygen bonds, (b) migration of the hydrogen (or rarely some 
other substituent) on the carbon that retains the epoxide oxygen to the adjacent carbocation to give a 
ketone, and (c) proton tautomerization to rearomatize the structure, giving the phenol metabolite. The 
oxidation of fenbendazole provides an example of this reaction (Figure 3.15).107 The net result is oxi-
dation of an aromatic ring via an epoxide to the hydroxylated product that would formally result from 
insertion of oxygen into one of the aromatic C-H bonds. This aromatic “hydroxylation” mechanism 

FIGURE 3.13 N-alkylation of the cytochrome P450 prosthetic heme group during terminal olefin oxidation. The P450 
heme is represented by the square of nitrogen atoms surrounding an iron atom. The heme is shown in the proposed hyper-
valent activated state.
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is known as the NIH shift because it was discovered at the National Institutes of Health.108 The NIH 
shift of an epoxide can yield two different phenolic products, depending on which of the two epoxide 
carbon-oxygen bonds is broken. If the cation formed by breaking one of the bonds is significantly 
more stable than that obtained by breaking the other, the phenol produced by the lower energy path-
way predominates. Substitution of an electron-donating group (e.g., alkoxy) promotes formation of 
the ortho- or para-hydroxy metabolite, whereas a strong electron withdrawing substituent (e.g., nitro) 
favors formation of the meta-hydroxy metabolite.

Aromatic π-bond oxidation is subject to mechanistic ambiguities comparable to those for the oxida-
tion of simple olefins. Although the epoxides of some aromatic substrates have been isolated and shown 
to undergo the NIH shift, in other instances the epoxide is not a true intermediate in the reaction trajec-
tory that produces the NIH shift. Asymmetric transfer of the ferryl oxygen to the aromatic π-bond may 
directly give a cation similar to that expected from cleavage of one of the epoxide carbon-oxygen bonds. 

FIGURE 3.14 Reaction manifold in the cytochrome P450-catalyzed oxidation of olefins. Formation of a charge 
transfer complex may be followed by (a) apparently concerted epoxide formation, (b) non-concerted oxygen transfer 
to give a radical, or (c) non-concerted oxygen transfer to give a cation. The radical intermediate could give rise to 
both the epoxide and cation metabolites, but the retention of stereochemistry indicates it would have to be a very 
short-lived radical.

FIGURE 3.15 Cytochrome P450-catalyzed oxidation of fenbendazole illustrating the NIH shift mechanism for aromatic 
“hydroxylation”. (From Barker, S.A. et al., Biomed. Environ. Mass Spectrom., 14, 161–165, 1987.)
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This  intermediate then flows directly into the NIH shift (Figure  3.16). The  reaction manifold can be 
diverted towards other reaction outcomes. An example of this is the oxidation of pentafluorophenol to 
2,3,5,6- tetrafluoroquinone.109 It appears that one-electron abstraction from the polyfluorinated phenol 
produces a phenoxy radical that combines with the ferryl oxygen at the carbon para to the oxygen. 
The resulting para-hydroxylated intermediate eliminates fluoride to give the quinone (Figure 3.17). As 
always, the reaction with the lowest energy barrier predominates!

Heteroatom Oxidation

The cytochrome P450 ferryl species is electron deficient and, therefore, has a propensity to react 
with the electron pairs on nitrogen and sulfur atoms. A similar reaction is not observed with oxygen 
electron pairs due to the much higher electronegativity of this atom. Halogen atoms, like oxygen, 
are highly electronegative and difficult to oxidize, but their oxidation can occur in special cir-
cumstances. One example is the oxidation of the chloride atom in 12-chlorododecanoic acid [i.e., 
ClCH2(CH2)10CO2H] by CYP4A1, an enzyme that normally oxidizes the terminal (ω) atom of a fatty 
acid chain.110

FIGURE 3.17 Proposed mechanism for the oxidation of pentafluorophenol resulting in fluoride elimination to give tetra-
fluoro p-quinone without the formation of an epoxide intermediate.

FIGURE 3.16 Hydroxylation of aromatic rings may occur without the formation of an epoxide intermediate. The putative 
cytochrome P450 heme reactive species is abbreviated as before.
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Nitrogen Oxidation

Tertiary amines can be oxidized to the corresponding N-oxides by both the cytochrome P450 enzymes 
and the flavin monooxygenases (Figure 3.18). In general, but not always,111 cytochrome P450 enzymes 
preferentially catalyze the N-dealkylation of alkyl amines rather than formation of the N-oxide. The 
flavin monooxygenases only form the N-oxide. It is not possible to attribute the formation of an N-oxide 
to either the P450 or flavoprotein monooxygenase system without evidence that specifically implicates 
one or the other of these two enzyme systems.

The dealkylation of alkyl amines, ethers, thioethers, and other alkyl-substituted heteroatoms is 
catalyzed by cytochrome P450 but not by the flavin monooxygenase. As already described, this reac-
tion can be viewed as proceeding via introduction of a hydroxyl group adjacent to the heteroatom 
followed by intramolecular elimination of the heteroatom (Figure 3.8). Therefore, the final products 
are an aldehyde or ketone and a heteroatom-containing substrate fragment. This conventional carbon 
hydroxylation mechanism operates in the case of ethers and halides. However, the lower electronega-
tivity of nitrogen makes possible an alternative mechanism triggered by initial electron abstraction 
from the nitrogen atom by the ferryl species (Figure 3.18). Subsequent removal of a proton from the 
adjacent carbon by the partially reduced ferryl species, followed by recombination of the iron-bound 
hydroxyl group with the resulting radical, completes an indirect route to hydroxylation of the carbon 
adjacent to the nitrogen. Evidence is available for both reaction pathways and the pathway may be 
substrate-dependent.80,112

Sulfur Oxidation

The oxidation of thioethers to sulfoxides and the dealkylation of alkyl thioethers are subject to the 
same considerations as the metabolism of alkylamines. Sulfoxidation, as illustrated by the oxidation 
of ML3403 (Figure 3.19),113 can be catalyzed by both the P450 enzymes and flavin monooxygenases. 
A thioether can be oxidized twice, first to the sulfoxide and then to the sulfone. The second oxida-
tion is more difficult as the sulfur is more electron deficient after the first oxidation. S-dealkylation, 
like N- and O-dealkylations (Figure  3.8), is really a carbon hydroxylation reaction mediated by 
cytochrome P450 in which hydroxylation on the carbon adjacent to the sulfur is followed by extru-
sion of the heteroatom.

The P450-catalyzed oxidation of thiocarbonyl groups, as represented by the oxidation of thiopental 
(Figure 3.19) is unusual in that it leads to elimination of the sulfur to yield a simple carbonyl moiety. 
Transfer of the ferryl oxygen to the sulfur of the thiocarbonyl group produces an unsaturated sulfoxide 
that decomposes to the carbonyl product. The sulfur is eliminated, probably as HSOH, via a hydrolytic 
mechanism that may be assisted by glutathione.114

FIGURE 3.18 Cytochrome P450 can either oxidize a trisubstituted nitrogen to an N-oxide or introduce a hydroxyl adja-
cent to the nitrogen. The latter reaction can involve insertion of the oxygen into the adjacent C-H bond or a reaction initiated 
by abstraction of an electron from the nitrogen followed by loss of a proton. [FeIII-OH] represents the heme of P450 with a 
hydroxyl group on the ferric iron.
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Unusual Oxidative Reactions

The range of reactions catalyzed by cytochrome P450 continues to grow, although some of the more 
novel reactions only occur in low yields, in special circumstances, or in substrate-specific plant or 
microbial P450 enzymes. One of these P450-catalyzed reactions is the desaturation of hydrocarbon 
functionalities. The most extensively characterized of these reactions is the desaturation of val-
proic acid to give the terminal olefin (Figure 3.20).115 Isotope effect studies indicate that this reac-
tion is initiated by hydrogen abstraction from the ω-1 position. This abstraction is followed either 

FIGURE 3.20 Cytochrome P450-catalyzed desaturation of valproic acid (above) and lovostatin (below). Isotope effects 
suggest that a radical intermediate, as shown for valproic acid, is involved in the reaction.

FIGURE 3.19 The P450-catalyzed oxidation of thioethers and thiocarbonyl groups as illustrated by the oxidations of 
ML3404 and thiopental. (From Kammerer, B. et al., Drug Metab. Dispos., 35, 875–883, 2007.)
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by recombination to give the 4-hydroxy metabolite or, alternatively, by a second hydrogen atom 
abstraction from the terminal carbon to give the olefin. Other examples of desaturation reactions 
catalyzed by mammalian cytochrome P450 enzymes are the ∆6,7-desaturation of testosterone and 
the desaturation of lovastatin.116,117

The reaction of aldehydes with cytochrome P450 can follow one of two divergent pathways (Figure 3.21). 
The more common reaction is oxidation of the aldehyde to give a carboxylic acid, as illustrated by the 
metabolism of losartan (Figure 3.21).118 The alternative pathway is a process that results in elimination 
of the aldehyde group as formic acid.119 The carbon-carbon bond cleavage reaction finds strong prec-
edent in the reactions catalyzed by biosynthetic P450 enzymes such as lanosterol demethylase. Cleavage 
of a carbon-carbon bond in the reaction catalyzed by this enzyme appears to involve the reaction of 
an aldehyde group on the substrate with the cytochrome P450 ferrous dioxy intermediate.120 A similar 
mechanism is proposed for the reactions of some simple aldehydes with hepatic P450 enzymes, with the 
difference that the carbon-carbon bond cleavage process is the major or exclusive reaction in the biosyn-
thetic enzymes but is often a minor reaction in the metabolism of xenobiotic aldehydes. Carbon-carbon 
bond cleavage reactions can also be observed with ketone substrates, particularly α-hydroxy ketones. 
The C17,20-lyase reaction catalyzed by CYP17A1 is a classical example,83 but a similar process occurs in 
the CYP1A2-catalyzed oxidation of the prodrug nabumetone to its truncated active form (Figure 3.22).121 
This reaction sequence also requires oxidation of the aldehyde intermediate that is first formed to the 
acid, the active drug.

FIGURE 3.21 Aldehydes are generally oxidized by cytochrome P450 to the corresponding acids, but in some instances 
reaction of the aldehyde with the [FeIII-OO-] intermediate results in loss of the aldehyde group as formic acid and formation 
of an unsaturated hydrocarbon.
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Reductive Reactions

In addition to oxidative reactions, cytochrome P450 is known to catalyze reductive reactions.122 
These reductive reactions are particularly relevant under anaerobic conditions but, under some 
aerobic conditions, can compete with oxidative reactions. A major reductive reaction catalyzed 
by cytochrome P450 is the dehalogenation of alkyl halides. Cytochrome P450, and sometimes 
cytochrome P450 reductase by itself, are also involved in reactions such as the reduction of azo 
and nitro compounds. Two examples of these reactions are the bioactivation of the anticancer 
prodrug AQ4N to the topoisomerase II inhibitor AQ4 by cytochrome P450,123 and the bioactiva-
tion of the anticancer drug tirapazamine by electron transfer from cytochrome P450 reductase 
(Figure 3.23).124 The important catalytic species in the P450-dependent reaction is presumably the 
ferrous deoxy intermediate in which the reduced iron has an open coordination position. Thus, 
reductive reactions compete with the binding and activation of oxygen, a fact that explains the 
oxygen sensitivity of the pathway.
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FIGURE 3.22 Oxidation of the prodrug nabumetone to the aldehyde via a C-C bond cleaving reaction, followed by oxida-
tion of the aldehyde to the acid to give the active drug.

FIGURE 3.23 Reductive activation of the anticancer agents AQ4N and tirapazamine, the former by cytochrome P450 and 
the latter primarily by electron transfer from cytochrome P450 reductase.
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Aldehyde Oxidases an Emerging Group of 
Enzymes Involved in Xenobiotic Metabolism: 
Evolution, Structure, and Function

Enrico Garattini and Mineko Terao

Introduction

It is well established that phase I metabolism of clinically useful drugs is generally carried out by the 
family of cytochrome P450 mono-oxygenases (CYP450). These enzymes reside in the endoplasmic 
reticulum of the hepatocyte and oxidize various types of chemical functionalities with particular refer-
ence to aromatic rings, which are often the main structural components of different drugs. In spite of 
this, there is growing evidence for the involvement of a distinct enzyme, i.e. human aldehyde oxidase 
1 (AOX1), in phase I metabolism (Garattini and Terao, 2011, 2012, 2013; Pryde et al., 2010). Human 
AOX1 (EC 1.2.3.1) is a cytosolic enzyme belonging to the family of molybdo-flavoproteins along 
with other mammalian AOX isoenzymes and the structurally related xanthine oxidoreductase (XOR) 
protein. AOXs and XOR are distributed throughout the animal kingdom and have been character-
ized in eukaryotic and prokaryotic organisms (Garattini et al., 2003; Hesberg et al., 2004; Mendel, 
2007; Pritsos, 2000; Zhang and Gladyshev, 2008). While a single XOR form is known, up to four 
different AOXs have been described in insects (Marelja et al., 2014), plants (Kurosaki et al., 2013), 
and vertebrates (AOX1, AOX2; AOX3; AOX4) (Garattini et al., 2003, 2008; Kurosaki et al., 2013). 
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Mammalian XOR is the key enzyme in the catabolism of purines, catalyzing the oxidation of hypo-
xanthine into xanthine as well as xanthine into uric acid, whereas the physiological function of mam-
malian AOXs is still largely obscure.

The “aldehyde oxidase” denomination is due to the ability of these enzymes to oxidize aldehyde 
functionalities into the corresponding carboxylic acids. However, it must be stressed that the term is 
misleading, as aromatic and aliphatic aldehydes are not the major substrates of AOXs. In fact, aza-
heterocycles and oxo-heterocycles are a much larger group of substrates that can be efficiently oxidized 
by AOXs. In the field of drug metabolism, this is the most relevant sub-group of substrates, as aza- and 
oxo- heterocycles are often present in the backbone of registered drugs and drug candidates. The broad 
substrate specificity of AOXs is at the basis of the recognized role played by these enzymes in phase I 
xenobiotic metabolism (Garattini et al., 2008, 2009; Garattini and Terao, 2011, 2012, 2013).

From a general point of view, AOXs are Mo-containing enzymes in which the molybdenum atom 
is coordinated to a molybdopterin cofactor (Hille, 1996) (Figure 4.1a). Enzymes dependent on this 
cofactor (Moco) are grouped into: (a) the xanthine oxidase family, (b) the dimethylsulfoxide (DMSO) 
reductase family, and (c) the sulfite oxidase family (Hille, 1996; Romao et  al., 1997). Mammalian 
AOXs belong to the xanthine oxidase family of molybdoenzymes along with XOR. The primary struc-
ture of AOXs and XOR is very similar, and the catalytically active form of both types of enzymes is a 
homodimer consisting of two 150 kDa subunits (Figure 4.1a). The monomeric subunit of both AOXs 
and XDHs is divided into three distinct regions: an amino-terminal 25 kDa domain containing two 
non-identical 2Fe/2S redox centers, a central 40 kDa domain where the FAD-binding site is located, 
and a carboxy-terminal 85 kDa domain consisting of the Moco-binding site and the substrate pocket. 
In mammalian AOXs and XOR, the molybdenum atom is coordinated to one pyranopterin via two ene-
dithiolate ligands, whereas, in the DMSO and sulfite oxidase families, the metal is coordinated into two 
pyranopterin molecules or one pyranopterin and a cysteine residue, respectively (Romao et al., 1997). 
The presence of Moco is fundamental for the catalytic activity of AOXs and XOR. Moco is not a 
dietary component and it is synthesized de novo by the living organism (Figure  4.2). Moco syn-
thesis and assembly into AOX and XOR apo-proteins is a complex process, which is controlled by 
different enzymes. The first step of Moco bio-synthesis is radical-mediated cyclization of GTP to 
(8S)-3′,8‐cyclo-7,8-dihydroguanosine 5′-triphosphate (3′,8-cH2GTP), which is carried out by Moco 
Synthesis protein 1A (MOCS1A) in humans (Reiss et al., 1998, 1999). 3′,8-cH2GTP is subsequently 
biotransformed into cyclic pyranopterin monophosphate (cPMP) by MOCS1B (Hover et  al., 2013, 
2015a, 2015b). This is followed by the conversion of cPMP into molybdopterin (MPT) by MOCS2, 
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FIGURE 4.1 Structure and catalytic activity of mammalian AOXs. (a) All mammalian AOXs consist of two identical 
subunits divided in three distinct regions. The N-terminal domain containing the two iron-sulfur centers is connected to 
the FAD-containing intermediate domain via an unstructured and poorly conserved hinge region (black line). A second 
hinge region (black line) links the intermediate domain with the C-terminal Moco domain, which also contains the sub-
strate pocket. (b) The catalytic cycle of AOXs is schematically represented. A generic type of substrate, RH, is oxidized 
into the corresponding product, ROH with concomitant reduction of MoVI to MoIV. Subsequently, the generated electrons 
are transferred to FAD with the production of FADH2 and molecular O2 that is the final electron acceptor producing H2O2.
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a heterodimeric protein consisting of MOCS2A, MOCS2B (Hahnewald et al., 2006; Reiss et al., 1999), 
and the adenylyltransferase, MOCS3 (Matthies et al., 2005). Finally, gephyrin catalyzes the insertion 
of molybdate into MPT to generate Moco (Stallmeyer et al., 1999). Given the complexity of the Moco 
biosynthetic pathway and the number of enzymes involved, it must be emphasized that expression 
of the AOX genes and corresponding apo-proteins in any given cell type does not guarantee syn-
thesis of the catalytically active holoenzymes. In fact, assembly of the AOX holoezymes requires 
production of a sufficient amount of MoCo by the complex synthetic machinery, which is not nec-
essarily present in every cell type.

As for the mechanisms of catalysis, XOR can use both NAD+ and molecular oxygen as the final 
acceptors of the reducing equivalents generated during substrate oxidation depending on the enzyme 
being under the dehydrogenase (XDH) or oxidase (XO) form. Indeed, the enzyme can be reversibly or 
irreversibly converted from XDH to XO, which uses solely molecular oxygen as the electron acceptor. 
In contrast, the classic reactions catalyzed by AOXs produce electrons, which reduce only molecular 
oxygen and generate superoxide anions or hydrogen peroxide. The reactions catalyzed by AOXs gener-
ate reducing equivalents that lead to the concomitant reduction of molecular oxygen (O2). O2 reduction 
results in the generation of reactive oxygen species (ROS), like hydrogen peroxide and superoxide anions. 
A  typical AOX catalytic cycle is represented in Figure 4.1b. The generic substrate, RH, is oxidized into 
its product, ROH, at the molybdenum center. The reducing equivalents generated biotransform FAD into 
FADH2. Subsequently, FADH2 is re-oxidized into FAD by molecular oxygen. The two 2Fe/2S redox 
centers present in the 25 kDa amino terminal region of AOXs mediate the transfer of electrons between 
Moco and FAD/FADH2. Hence, they serve as electron sinks for the storage of the reducing equivalents 
generated during the catalytic cycle.

The objective of the book chapter is to provide an overview of the current knowledge on mammalian 
AOXs. We will provide information on the structure, evolution, and mechanisms of catalysis of mamma-
lian AOXs. This will be followed by a discussion on the hypotheses regarding the physiological functions 
of mammalian AOXs. The emerging importance of human AOX1 and mammalian AOXs in xenobiotic 
metabolism will be covered in the last section, where emphasis will be given to the problems associated 
with the study of AOX-dependent drug and xenobiotic metabolism.

FIGURE 4.2 Moco biosynthesis. The figure illustrates the Moco bio-synthetic pathway in humans. GTP = guanosine 
triphosphate; cPMP = cyclic pyranopterin monophosphate; MPT = molybdopterin; Moco = moybdenum cofactor. The 
enzymes involved in the biosynthetic pathway are indicated: MOCS1A = molybdenum cofactor synthetase synthesis 1A; 
MOCS1B = molybdenum cofactor synthetase synthesis 1B; MOCS2A = molybdenum cofactor synthetase synthesis 2A; 
MOCS2B = molybdenum cofactor synthesis 2B; MOCS3 = molybdenum cofactor synthetase 3.
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The Evolution, Structure, and Mechanisms of Catalysis of Mammalian AOXs

The data available provide a rather detailed picture of the evolution and structure of AOXs, although the physi-
ological functions of this class of enzymes is still obscure. Sequencing of prokaryotic and eukaryotic genomes 
has uncovered the primary structure of many AOX proteins and corresponding genes, allowing the generation 
of a first model describing AOXs evolution (Kurosaki et al., 2013). In addition, crystallization of the first mam-
malian AOX protein, i.e., mouse AOX3 (Coelho et al., 2012; Mahro et al., 2011) and human AOX1 (Coelho 
et al., 2015), has allowed the generation of models recapitulating the tridimensional structure of AOXs.

The Evolution of Mammalian AOXs: Gene Duplication and Inactivation Events

AOXs are present throughout evolution and their appearance is deemed to have resulted from a primordial 
gene-duplication event involving an ancestral XOR-coding gene (XDH) (Kurosaki et al., 2013). The evolu-
tionary history of mammalian AOXs can be reconstructed from the genomic sequencing data available for 
these proteins and the structurally related XOR enzyme in different plant and animal species (Figure 4.3) 
(Kurosaki et al., 2013). In vertebrates, a single XDH gene is present in practically all species, while the situ-
ation for the AOX genes is much more complex. Indeed, vertebrate genomes contain one or more AOX loci 
each coding for a distinct AOX isoenzyme, depending on the species considered. In particular, mammals 
present with a maximum of four AOX genes and the two extremes are represented by humans, which are 
characterized by a single active gene (AOX1), and rodents whose genomes contain four AOX loci coding for 
an equivalent number of proteins (AOX1; AOX2, also known as AOX3l1; AOX3; AOX4) (Figure 4.4). The 
AOX loci are structured in small gene clusters mapping to short regions of the same chromosome, namely 
Chromosome 1 in the case of mice (Kurosaki et al., 2013). The four mouse genes are located in close prox-
imity in a head-to-tail configuration, according to the following order, Aox1, Aox3, Aox4, and Aox2.

Vertebrate AOXs and XORs are characterized not only by high levels of similarity in terms of their 
amino acid sequence, but also as far as the structure of the corresponding genes is concerned. In fact, the 
AOX and XDH genes consist of 35 and 36 exons, respectively, and the position of the 35 exon-intron junc-
tions are highly conserved (Garattini et al., 2008; Kurosaki et al., 2013). These data support the idea that 
AOXs and XOR have the same evolutionary origin. We propose that the complement of vertebrate AOX 
loci results from independent gene-duplication and gene-deletion/inactivation events, which occurred 
during evolution (Garattini et al., 2008; Kurosaki et al., 2013; Rodriguez-Trelles et al., 2003; Terao et al., 
2006). Prokaryotic AOXs are likely to have originated from a primordial gene-duplication event involv-
ing an ancestral XDH gene (Kurosaki et al., 2013). This was followed by the evolution of two distinct 
lines of AOXs, as indicated by the position by the two AOX clusters in the evolutionary dendrogram of 
Figure 4.3. On one hand, bacteria, algae, plant, and insects are characterized by a similar set of AOXs 
that are located on the right side of the tree whose central portion is occupied by XORs. On the other 
hand, vertebrate AOXs gather on the left side of the dendrogram, which is consistent with the idea that 
plant/insect and vertebrate AOX genes originated from distinct XDH gene-duplication events. Vertebrate 
AOXs evolution is characterized by a first phase consisting of a species-specific increase in the number 
of iso-enzymatic forms, which may reflect the necessity to acquire new physiological functions. The 
genome of the lamprey, the most ancient vertebrate for which sequencing data are available, is apparently 
devoid of AOX loci, although it contains a typical XDH gene. Ray-finned fishes are the first vertebrates 
endowed with AOX genes, as their genome is characterized by the presence of two such loci, i.e. AOXα 
and AOXβ (Garattini et al., 2008). AOXα is proposed to be the product of a first gene-duplication event 
from vertebrate XDH, while AOXβ must be the result of an independent and more recent duplication 
involving AOXα (Garattini et al., 2008; Kurosaki et al., 2013). The subsequent evolution of vertebrate 
AOX genes consists of at least two other duplication events, which must have occurred before the appear-
ance of rodents. In mammals, a second evolutionary phase involving a progressive and species-specific 
deletion or pseudogenization of one or more AOX loci followed. In higher primates and humans, this pro-
cess has resulted in the maintenance of a single active AOX gene, i.e. AOX1. In fact, human chromosome 
2 presents with the vestiges of the mouse AOX3 and AOX2 orthologous genes, which underwent a process 
of pseudogenization and inactivation with the loss of several exons. No trace of sequences corresponding 
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to the mouse AOX4 ortholog are evident on chromosome 2 or in any other part of the human genome. In 
contrast, an active AOX4 gene can be predicted in Rhesus monkeys, which is consistent with an AOX4 
deletion event during evolution from primates to humans. It is interesting to notice that the only active 
AOX gene is AOX1, which codes for the most ancient AOX isoform. The observation supports a non-
redundant and common functional role of AOX1 in vertebrates.

Insights into the Structure of Mammalian AOXs from the 
Crystallization of Mouse AOX3 and Human AOX1

The first insights in the structural characteristics of mammalian AOXs derive from the data obtained 
after mouse liver AOX3 crystallization (Coelho et al., 2012; Mahro et al., 2011). Further information 
was gathered after crystallization of human AOX1, in its substrate-free form and complexed with the 

FIGURE 4.3 Unrooted phylogenetic tree of AOXs and XDHs. Phylogenesis of AOX isoenzymes and XOR (XDH) pro-
teins in eukaryotes and prokaryotes. The phylogenetic tree is constructed aligning a large number of publicly available 
sequences using the CLUSTAL omega algorithm.
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phthalazine substrate as well as the thioridazine inhibitor (Coelho et  al., 2015). The resulting struc-
tural data have far-reaching implications for drug metabolism and development, given the importance of 
human AOX1 and mouse AOX3 in these fields of research.

Human AOX1 and mouse AOX3 are homodimeric proteins, and each monomer consists of three dif-
ferent domains: (a) an N-terminal domain I (25 kDa) containing the two 2Fe/2S clusters; (b) the FAD-
binding domain II (40 kDa); (c) the large C-terminal domain III (85 kDa) harboring the MoCo- and 
substrate-interacting regions (Figure 4.5). These distinct domains are separated by two linker regions. 
The overall structures of human AOX1 and mouse AOX3 are very similar, although remarkable differ-
ences are observed in the FAD-binding region, the MoCo-binding site, and the substrate funnel. In both 

FIGURE 4.4 AOX genes in humans and selected experimental animals. A schematic representation of AOX genes 
and pseudogenes in humans and selected primates or mammals used for studies on drug and xenobiotic metabolism. 
Orthologous AOX genes and pseudogenes are marked with the same shade of grey. Pseudogenes are crossed and marked 
with an asterisk. When determined, the chromosomal location is indicated on the right: CHR = chromosome.

FIGURE 4.5 Structure the human AOX1 protein. Ribbon representation of the human AOX1 crystal structure. Monomer 
A is in gray on left of image and monomer B shows the three different protein domains on right of image: domain I = black 
(right center); domain II = dark gray (lower right); domain III = light gray (upper right). Domain III is separated from the FAD 
domain by linker 2. The protein cofactors (Moco, FeSI, FeSII and FAD) are indicated. Pht = phthalazine; Thi = thioridazine.
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AOXs and XOR proteins, substrate access to the catalytic site is controlled by a wide and deep funnel. In 
human AOX1, many of the residues mapping to the entrance of the funnel are mobile and are part of two 
flexible loops influencing substrates entrance and products release. Thioridazine is an antipsychotic drug 
that inhibits liver AOX activity (Obach and Walsky, 2005; Rani Basu et al., 2005). Generation of human 
AOX1 crystals containing both phthalazine and thioridazine demonstrates the presence of distinct bind-
ing sites for the substrate and the inhibitor that are located at a remarkable distance from each other. 
The thioridazine-binding site is structurally conserved in other members of the molybdo-flavoprotein 
family, such as mouse AOXs and bovine XOR. Steady-state kinetic measurements show non-competitive 
inhibition of human AOX1 and mouse AOX3 by thioridazine, while bovine XOR is characterized by a 
mixed inhibition pattern. Finally, crystallization of the human AOX1 phthalazine/thioridazine complex 
provides information as to the modifications in the active site afforded by  substrate/inhibitor binding 
(Terao et al., 2016).

Computational studies based on the crystal structure of human AOX1 and mouse AOX3 have resulted 
in the definition of some of the structural determinants modulating the substrate specificity and activity 
of the other mouse AOX isoforms, i.e. AOX1, AOX2, and AOX4 (Cerqueira et al., 2015). Major differ-
ences among mouse AOX1, AOX2, AOX3, and AOX4 are observed in the substrate-binding region. This 
is the basis of the differences in the catalytic activity and substrate/inhibitor specificities described for the 
different mouse AOX isoforms (Vila et al., 2004). Indeed, the substrate binding site is likely to consist of 
two different regions. The first region is common to all AOX isoforms and includes the active site consist-
ing of a series of conserved amino acids (in mouse AOX3: Gln-772, Ala-807, Phe-909, and Phe-1014) as 
well as Lys-889 and Glu-1266, which are involved in the catalytic activity of these enzymes (Table 4.1, 
Figures 4.5 and 4.6). The second one is isoform-specific, and it is in the distal half of the catalytic tun-
nel. The conserved region is likely to control the correct alignment of the substrates into the active site of 
AOXs, while the variable and isoform-specific region may select the structure of the ligands specifically 
recognized by AOX1, AOX2, AOX3, and AOX4. Based on the available computational data, it is pos-
sible to predict that mouse AOX1 has an isoform-specific region that can accept substrates with variable 
shape, size, and nature. By converse, mouse AOX4 is predicted to bind only small and very hydrophobic 
substrates.

The Catalytic Activity of Mammalian AOXs

The development of efficient systems for the production and isolation of catalytically active mamma-
lian AOX proteins is of fundamental importance to the study of the substrate specificity of this class of 
enzymes (Alfaro et al., 2009; Hartmann et al., 2012; Mahro et al., 2011). From a practical point of view, 
the availability of these tools would be of great help in the context of drug-development programs for 
identifying molecules that can be metabolized by AOXs.

Efficient expression of native and site-directed mutants of human and mouse AOX1 as well as mouse 
AOX3 in E. coli has provided new insights into the amino acid residues (Table  4.1) critical for the 

TABLE 4.1

Comparison of the Relevant Amino Acid Residues of Human AOX1, Mouse AOX1, Mouse AOX2, Mouse 
AOX3, Mouse AOX4 and Bovine XOR

Human AOX1 Mouse AOX1 Mouse AOX2 Mouse AOX3 Mouse AOX4 Bovine XOR

Gln-776 Gln-771 Gln-782 Gln-772 Gln-774 Gln-767

Val-811 Val-806 Val-817 Ala-807 Val-809 Glu-802

Met-889 Met-884 Phe-895 Tyr-885 Phe-887 Arg-880

Lys-893 Lys-888 Lys-899 Lys-889 Lys-891 His-884

Phe-923 Phe-918 Phe-929 Phe-919 Phe-921 Phe-914

Leu-1018 Leu-1013 Phe-1024 Phe-1014 Val-1016 Phe-1009

Glu-1270 Glu-1265 Glu-1276 Glu-1266 Glu-1267 Glu-1261
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FIGURE 4.6 Sequence alignment of human AOX1, mouse AOXs and bovine XDH. The bovine XDH (bXDH) sequence 
is shown as a reference to highlight the sequence similarities between mammalian AOXs and XDH. The dark gray line 
above the sequences indicates the 25 kDa domain I containing the two 2Fe/2S redox centers whose eight cystein residues 
chelating the iron atoms are indicated by dark gray hexagon. The medium gray line indicates the 40 kDa domain II which 
contains the FAD binding site. The light gray line indicates the 85 kDa domain III which contains with the Moco binding 
site (Moco domain) and the substrate pocket as indicated. The Glu residue playing a fundamental role in the mechanisms 
of catalysis is marked by a light gray hexagon.
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enzymatic activity of these proteins (Hartmann et al., 2012; Mahro et al., 2011; Schumann et al., 2009). 
As already observed in the case of XOR, the Glu residue present in the active site of AOXs (human 
AOX1 = Glu-1270; mouse AOX1 = Glu-1265; mouse AOX3 = Glu-1266) is essential for the catalytic 
activity of these enzymes. In fact, substitution of the amino acid with a Gln residue in mouse and human 
AOX1 inactivate the two enzymes (Mahro et al., 2013; Schumann et al., 2009). The situation is more 
complicated in the case of mouse AOX3, as the Glu-1266-Gln mutant maintains enzymatic activity with 
certain types of substrates, such as benzaldehyde, while it is inactive when challenged with N-heterocyclic 
compounds (Mahro et al., 2013).

The presence of highly conserved residues at the catalytic center (human AOX1: Glu-1270, Phe-923, 
Gln-776) (Table 4.1), suggests that the reaction mechanism of AOXs and XOR is similar, although the two 
types of enzymes have different substrate specificities (Cerqueira et al., 2015; Coelho et al., 2012; Mahro 
et al., 2013). One major difference between AOXs and XOR is represented by the Lys-893 residue (human 
AOX1 numbering). In fact, Lys-893 is a strictly conserved amino acid in AOXs, while it is substituted 
by an equally conserved His residue in XOR (bovine XOR: His-884). Lys-893 is located at a distance 
of approximately 10Å from the Mo center and 6Å from Glu-1270. Substrate docking into the active site 
causes the corresponding Lys residue of mouse AOX3 (Lys-889) to move from its original position, as indi-
cated by molecular dynamics simulations (Coelho et al., 2012). The movement establishes new interac-
tions with the mouse AOX3 residue equivalent to human Glu-1270 (Glu-1266) and/or the substrate itself.

The bovine XOR amino acids deemed to be involved in substrate binding, i.e. Glu-802 and Arg-880, 
are substituted by Val and Met, respectively, in human AOX1, as well as Ala and Tyr in mouse AOX3 
(Schumann et al., 2009) (Table 4.1). In human XOR, substitution of these Glu and Arg residues with Val 
and Met, respectively, results in loss of activity towards purines as substrates and gain of activity towards 
aldehydes (Schumann et al., 2009; Yamaguchi et al., 2007). This indicates that the two residues contrib-
ute to substrate binding and determine substrate specificity. Specular substitutions of Val-806 with Glu 
and Met-884 with Arg in mouse AOX1 abolish catalytic activity when both purines and aldehydes are 
used as substrates (Schumann et al., 2009).

The influence exerted by two conserved residues (Ala-807 and Tyr-885) involved in substrate binding 
on the catalytic activity of mouse AOX3 has been investigated (Mahro et al., 2011). Mutation of Ala-807 
into Val does not alter the kinetic constants when AOX3 is exposed to small substrates, like benzalde-
hyde or phthalazine. By converse, a slight decrease in the affinity for bulky substrates, such as phenan-
thridine, and a slight increase in catalytic efficiency are observed. As for the substitution of Tyr-885 with 
Met, the kinetic constants are also largely unaffected by small hydrophobic substrates, like benzalde-
hyde and phthalazine. In contrast, the Tyr-885-Met mutant converts bulkier substrates (phenanthridine) 
and charged substrates, such as N1-methylnicotinamide, more efficiently. Presumably, this is due to the 
greater flexibility of the Met side chain that facilitates binding of these substrates. All these effects are 
more evident if the double site-directed mutants of mouse AOX3 are considered.

Tissue Distribution, Regulation Endogenous Substrates, 
and Physiological Function of Mammalian AOXs

Although the role exerted by mammalian AOXs in drug and xenobiotic metabolism is ascertained, the 
physiological function(s) as well as the substrates and products of these enzymes are either unknown or 
just hypothesized. Another unclear aspect of AOX physiological function(s) is the reason as to why cer-
tain species of mammals are characterized multiple AOX isoenzymes, while the majority of primates as 
well as humans present with a single AOX protein. Since the decrease in the number of AOX isoenzymes 
from rodents to humans is the consequence of an evolutionary process involving the progressive deletion/ 
inactivation of the relative genes, it can be hypothesized that the lost enzymes are not necessary for the 
homeostasis of the human organism. It can be also envisaged that the functional roles played by rodent 
AOX1, AOX2, AOX3, and AOX4 are concentrated in human AOX1. Indeed, it is possible that the evolution-
ary changes in the structure of human AOX1 broadened the range of substrates recognized by this enzyme to 
molecules originally specific to AOX2, AOX3, and AOX4. It can be equally hypothesized that mouse AOX2, 
AOX3, and AOX4 exert specialized functions in organs that have become dispensable in humans.
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Tissue- and Cell-Specific Expression Profiles of Human AOX1 and Mouse AOXs

Comparison of the tissue- and cell distribution of human AOX1 and mouse AOX1, AOX2, AOX3, and 
AOX4 provides clues as to the role played by AOXs in physiological processes other than xenobiotic 
metabolism. In addition, the distribution data in humans and mouse gives hints on the relevance of 
mouse as a pre-clinical model to study the metabolism of drugs and xenobiotics, which are proved AOX 
substrates. A comparison between humans and mice is warranted because the mouse is a popular experi-
mental animal and it is endowed with the maximum number of AOX isoenzymes observed in mammals.

The UNIGENE (UniGene Hs.406238) profile of human AOX1 mRNA tissue-specific expression 
(Figure 4.7) indicates that the transcript is detectable in various tissues. High levels of AOX1 mRNA 
are available in the adrenal gland, adipose tissue, and liver, followed by trachea, bone, kidney, and con-
nective tissue. This is consistent with many of the results obtained at the protein level (Moriwaki et al., 
2001). According to these last data, the richest source of human AOX1 is the liver, although significant 
amounts of the protein are present also in the respiratory, digestive, urogenital, and endocrine organs. 
High levels of the AOX1 protein are available in the tracheal and bronchial epithelium as well as the 
lung alveolar cells. Similarly, the epithelial component of the small and large intestine contains detect-
able amounts of human AOX1. Kidney tubules are endowed with significant levels of AOX1, while the 
glomeruli do not stain positive for the protein. The glandular epithelium of the prostate is also enriched 
in AOX1 protein. The large amounts of AOX1 protein present in the adrenal gland cortex are in line with 
role of the enzyme in steroid hormone synthesis. There is a single published study (Berger et al., 1995) 
on the expression of human AOX1 mRNA in the central nervous system (CNS) that demonstrates the 
presence of the transcript in the glial cells of the spinal cord.

Relative to human AOX1, the UNIGENE data indicate that the tissue-specific expression profile of 
the mouse orthologous mRNA (UNIGENE Mm.26787) is restricted (Figure 4.7). The richest sources of 
mouse AOX1 mRNA are the inner ear and the seminal vesicles followed by the liver and lung. Mouse 
AOX1 mRNA is also detectable in the CNS with particular reference to specific neuronal cells in the 
brain and the motoneuronal population of the spinal cord (Bendotti et al., 1997). This last observation is 
consistent with what reported for the human orthologue (Berger et al., 1995). Nevertheless, the highest 
levels of AOX1 mRNA are located in the epithelial layer of the choroid plexus, where the corresponding 
protein may be involved in cerebrospinal fluid absorption/secretion. It is worthwhile noting that the main 
sources of human and mouse AOX1 are not the same, with the exception of liver. The tissue-specific 
expression of mouse AOX3 mRNA (UNIGENE Mm.20108) is also restricted, being limited to the ovi-
duct, liver, lung, and testis. Thus, mouse AOX3 and AOX1 seem to be co-expressed only in liver and 
lung. The tissue-distribution data for mouse AOX1 and AOX3 mRNAs levels are fully confirmed if the 
corresponding proteins are taken into consideration (Kurosaki et al., 1999; Terao et al., 2000). In situ 
hybridization experiments indicate that liver AOX1 and AOX3 mRNAs are synthesized by the hepato-
cyte, although it is unclear whether the same hepatocytic population is responsible for AOX1 and AOX3 
synthesis. From a functional point of view, it would be important to understand why mouse and rat livers 
are endowed with AOX3 and AOX1, while the same organs in humans and other mammalian species 
contain only AOX1 (Vila et al., 2004). This is of particular interest in consideration of the fact that the 
mouse liver contains much higher levels of AOX3 than AOX1.

Large amounts of mouse AOX4 mRNA (UNIGENE Mm.244525) are observed in the fertilized ovum, the 
inner ear, and tongue (Figure 4.7). In the tongue, the AOX4 transcript is mainly expressed in the keratin-rich 
epithelial cells of the taste papillae (Terao et al., 2001). In the first part of the gastrointestinal tract, AOX4 
mRNA expression extends to the keratinized epithelium lining the esophagus and the upper section of the 
stomach. Specific expression of the AOX4 mRNA and protein in keratinized epithelia is supported by the 
results obtained in the epidermal layer of the skin (Terao et al., 2009). However, the richest source of AOX4 is 
an organ present in most vertebrates, but not in humans and the majority of primates, i.e. the Harderian gland. 
The Harderian gland is an exocrine gland of the orbital cavity that secretes a lipid-rich fluid, which lubricates 
the eye surface and the fur (Buzzell, 1996; Hardeland et al., 2006; Payne, 1994). In furred animals, the fluid is 
a thermal isolator and contributes to the regulation of body temperature. Interestingly, skin sebaceous glands, 
which are related to and are also involved in fur lubrication and thermoregulation, are characterized by the 
same developmental origin as the Harderian gland and the same high levels of AOX4 (Terao et al., 2009).
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FIGURE 4.7 Expression profiles of human AOX1 and mouse AOX1-AOX4. The bar graphs indicate the normalized mRNA 
content of the indicated AOXs in the tissues considered. The results are based on the data contained in the UNIGENE sec-
tion of the NCBI site: hAOX1 = human AOX1 (UniGene Hs.406238); mAOX1 = mouse AOX1 (UNIGENE Mm.26787); 
mAOX2 = mouse AOX2 (UNIGENE Mm.414292); mAOX3 = mouse AOX3 (UNIGENE Mm.20108); mAOX4 = mouse 
AOX4 (UNIGENE Mm.244525).
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The mouse AOX2 mRNA (UNIGENE Mm.414292) is detectable only in the nasal cavity (Figure 4.7). 
In this site, high levels of AOX2 mRNA and protein are observed in the Bowman’s gland, the major exo-
crine structure of the sub-mucosal layer (Terao et al., 2000). The Bowman’s gland secretes the mucous 
fluid bathing the nasal cavity. AOX2 is also detectable in sustentacular cells of the nasal neuroepithe-
lium, which are characterized by the same embryonal origin as the Bowman’s gland (Huard et al., 1998). 
On the basis of these data, it can be hypothesized that AOX2 is involved in olfaction. The olfactory 
function is significantly more developed in rodents than humans, which may be the reason as to why the 
human AOX2 gene underwent a process of pseudogenization and inactivation.

Regulation of Mammalian AOXs by Intrinsic and Extrinsic Factors

The number of studies on the factors and mechanisms regulating the expression of human AOX1 and 
other mammalian AOXs is limited. However, a discussion of the available data is of relevance for the role 
played by human AOX1 and other mammalian AOXs in drug metabolism. In addition, it may provide 
further hints as to the potential physiological functions of these enzymes.

Development and age control AOXs expression. Data on the influence exerted by the two factors on 
AOXs levels are available in humans and rodents. As for humans, young children (13 days to 4 months 
after birth) are known to express low levels of hepatic AOX1 enzymatic activity and protein. AOX1 
activity and protein augment significantly in children after four months of age and reach adult levels by 
approximately two years of age (Tayama et al., 2012). These results are consistent with the data avail-
able on a larger cohort of children who were obtained with a non-invasive method based on the deter-
mination of the AOX1-dependent N(1)-methylnicotinamide metabolic product, pyridine, in the urine 
(Tayama et al., 2007a). As for rodents, limited data on the age-dependent expression of rat and mouse 
AOXs are available. In rat liver, AOX activity is barely detectable before 15 days from birth. From the 
second week of age, a rapid increase in AOX activity, which reaches a plateau at four weeks, is evident 
(Tayama et  al., 2007b). However, these data do not take into account the fact that the AOX activity 
measured in rat liver is the sum of the enzymatic activities corresponding to AOX1 and AOX3. Thus, 
it would be important to know the developmental profile of expression of each single AOX isoenzyme. 
In fact, it is likely that the age-related expression profiles of liver AOX1 and AOX3 are distinct, as indi-
cated by the data obtained in mice. In this rodent, liver AOX3 appears more precociously than the AOX1 
isoenzyme (Terao et al., 2000). Mouse embryos are devoid of AOX3 and AOX1 mRNAs or proteins. The 
AOX3 protein is detectable in newborn animals and its levels plateau at five days. In contrast, the AOX1 
 counterpart is measurable only in adult animals. Currently, the effects exerted by aging on rodent liver 
AOX1 and AOX3 are unknown. By the same token, data on the developmental profiles of AOX2 and 
AOX4 in the tissues that express the two isozymes are not available.

A second factor influencing AOX expression is sex, which seems to control mouse liver AOX 
activity via the corresponding steroid hormones (Holmes, 1979; Ventura and Dachtler, 1980, 1981; 
Yoshihara and Tatsumi, 1997). In mice, liver AOX activity is higher in males than females. Castration 
of male mice or estrogen administration reduces liver AOX activity and administration of testosterone 
in castrated animals compensates this reduction. By converse, testosterone administration to female 
animals stimulates liver AOX activity. The results suggest that the androgen/estrogen ratio influences 
liver AOX enzymatic activity. The effects exerted by sex hormones on liver AOX activity are due to 
modulation of liver AOX1 and AOX3 mRNA as well as protein levels. In fact, the challenge of female 
animals with testosterone up-regulates AOX1 and AOX3 mRNAs, which results in a corresponding 
up-regulation of the encoded proteins and enzymatic activities (Kurosaki et al., 1999; Terao et al., 
2000). The stimulating action of testosterone is not limited to mouse AOX1 and AOX3, as it extends 
to AOX4. In the Harderian gland, the levels of AOX4 are generally similar in adult male and female 
animals, although there is a restricted time-window in which the enzyme shows sexual dimorphism. 
At nine weeks of age, female Harderian glands contain significantly higher levels of AOX4 than the 
male counterparts (Terao et al., 2009). This is due to the suppressive action exerted by circulating 
testosterone on AOX4 expression. Thus, testosterone triggers an opposite effect on Harderian gland 
AOX4 and liver AOX1/AOX3 expression. In humans, the role played by gender and sex hormones 
on AOX1 expression is unclear, as a single study on the topic is available. In this study, the levels of 
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AOX1 protein were determined in the liver of few human donors using a mass-spectrometry assay. No 
significant difference was observed in female and male individuals (Fu et al., 2013).

Another intrinsic factor involved in the control of mammalian AOXs expression is circadian rhythm, 
as originally observed in guinea pig liver. In this animal, diurnal variations in AOX activity seem to be 
consequent to circadian variations in circulating melatonin (Beedham et al., 1989). Indeed, liver AOX 
enzymatic activity is increased by exposure to melatonin via undefined mechanisms. In mice, diurnal 
variations in liver AOX enzymatic activity are due to circadian oscillations in the levels of AOX1 and 
AOX3, which tend to be higher during the dark phase of the diurnal cycle (Terao et al., 2016). In this 
animal species, circadian variations in the expression levels are not a characteristic of AOX1 and AOX3, 
as they are observed also in the case of Harderian gland AOX4.

Knowledge on the extrinsic factors controlling AOX activity is of relevance to avoid toxic effects or a 
decrease in the therapeutic efficacy of drugs known to be metabolized by human AOX1. Specific com-
ponents of the diet are among the extrinsic factors controlling AOXs activity and/or levels in humans 
and other mammals. Relative to appropriate control animals, diabetic rats show increased levels of AOX 
enzymatic activity in different tissues. In rats characterized by a streptozotocin-induced diabetic state, 
oral administration of vitamin E or sodium selenite reduces AOX activity in the liver, while it has no 
effect on the kidney or heart counterpart (Ghaffari et al., 2012). Consistent with this, selenium-deficient 
rats show an increase in the levels of liver AOX1 protein (Itoh et al., 2009). Tea consumption may also 
cause a decrease in AOX activity. In fact, exposure of human and rat liver cytosolic preparations to 
epicatechin or epicatechin gallate, two components of green tea, cause a significant inhibition of AOX 
enzymatic activity (Tayama et al., 2011).

Some environmental pollutants, toxic agents, and drugs modulate AOX levels or activity and may influ-
ence the therapeutic effects or toxicity of drugs that are AOX substrates. Phthalazine or 1-hydroxyphthala-
zine increases the enzymatic activity of rabbit liver AOX (Johnson et  al., 1984), which is similar to 
what is observed in rats exposed to the alkylating agents, N-methyl-Nʹ-nitro-N-nitrosoguanidine, 
N-methyl-N-nitrosourea, and methylmethansulfonate (Ohkubo et al., 1983a). Mouse AOX1 expression 
is induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin (dioxin) in the Hepa-1 hepatoma cell line and mouse 
liver because of the transcriptional effect triggered by the aryl-hydrocarbon-receptor (AHR) (Rivera 
et al., 2005). A transcriptional mechanism is also involved in the induction of mouse liver AOX1 mRNA 
following exposure to the chemopreventive agent, phenethyl isothiocyanate (Hu et  al., 2006). In this 
case, the transcription factor that mediates AOX1 induction is NRF2, which seems to be a direct regu-
lator of the corresponding gene. The rat and human AOX1 orthologous genes are also direct targets of 
NRF2 (Maeda et al., 2012).

Predicted and Identified Endogenous Substrates of Mammalian AOXs

Clues as to the potential physiological function of human AOX1 and other mammalian AOXs may be 
gathered by the identification of endogenous substrates and products. Although direct evidence is not 
available, the KEGG database (http.//www.kegg.jp) implicates mammalian AOXs in several metabolic 
pathways. The involvement of AOXs in these pathways is generally speculative and based on indirect 
evidence indicating that selected endogenous molecules can be metabolized by AOX preparations of 
different origins. It must be emphasized that KEGG annotations are often based on the assumption 
that aliphatic or aromatic aldehydes are the sole substrates of AOXs, while AOXs hydroxylate many 
heterocyclic structures that are devoid of aldehyde functionalities. In addition, there is no in vivo 
evidence supporting the role of AOXs in any of the metabolic steps present in the KEGG database, 
with the exception of the few data obtained in the Aox4 knock-out mouse (Terao et al., 2009). Finally, 
there is a virtual absence of data on the specificity of the proposed endogenous substrates for AOX1, 
AOX2, AOX3, or AOX4, which is a further problem for the mammalian species characterized by mul-
tiple AOX isoenzymatic forms. Despite these problems and biases, AOXs, including human AOX1, 
are deemed to be implicated in the following metabolic pathways: (a) ec00280: Valine, leucine and 
isoleucine degradation; (b) ec00350: Tyrosine metabolism; (c) ec00380: Tryptophan metabolism; (d) 
ec00750: vitamin B6 metabolism; (e) ec00760: nicotinate and nicotinamide metabolism; (f) ec00830: 
retinol metabolism.

http://www.kegg.jp
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In ec00280, human AOX1 is suggested to be involved into the oxidation of the L-valine catabolic 
product, (S)-methylmalonate semialdehyde, which results in the production of methylmalonate. In 
ec00350, the predicted AOX substrate is gentisate aldehyde that is transformed into gentisate. In the 
KEGG database, AOXs are predicted to be involved in tryptophan metabolism (ec00380), as they have 
the potential to oxidize 5-hydroxy indolacetaldehyde, a serotonin catabolite, into 5-hydroxy-indolacetic 
acid. Interestingly, recent metabolomics data obtained in the Aox4 knock-out animal demonstrate that 
tryptophan and 5-hydroxy-indolacetic acid levels are much higher in the Harderian gland of these geneti-
cally engineered mice than in their wild-type counterparts (Terao et al., 2016). Further data generated 
with purified AOX4 and AOX3 proteins indicate that tryptophan and 5-hydroxy-indolacetic acid are also 
substrates of the two enzymes (Terao et al., 2016).

The inclusion of AOXs in the ec00750 pathway is due to the fact that pyridoxal (vitamin B6) is 
a well-known AOX substrate (Schwartz and Kjeldgaard, 1951). AOXs metabolize pyridoxal into 
4-pyridoxate, and the metabolic step is of physiological significance in insects (Cypher et al., 1982; 
Stanulovic and Chaykin, 1971). Interestingly, the isolated mouse AOX1 and AOX3 proteins recognize 
pyridoxal as a substrate, while the compound is not recognized by AOX4. Consistent with this, the phe-
notypes described in Aox4 knock-out mice are not reconducible to alterations of vitamin B6 catabolism 
(Terao et al., 2009).

As for the role played in the ec00760 pathway, human (Sugihara et  al., 1997), monkey (Sugihara 
et al., 1997), rat (Ohkubo et al., 1983b), rabbit (Stoddart and Levine, 1992), and guinea pig (Yoshihara 
and Tatsumi, 1985) liver AOX(s) is capable of oxidizing N1-methyl-nicotinamide, a nicotinamide cata-
bolic product, into N1-methyl-2-pyridone-5-carboxamide and N1-methyl-4-pyridone-5-carboxamide. 
N1-methyl-nicotinamide is the sole example of non-aldehydic AOX substrate included in the KEGG data-
base. Human AOX1 is also hypothesized to oxidize nicotinamide riboside to 4-pyridone-3-carboxamide-
1-b-d-ribonucleoside (PYR) (Pelikant-Malecka et al., 2015). Noticeably, PYR is an endothelial toxin that 
contributes to kidney insufficiency in uremic patients (Pelikant-Malecka et al., 2015).

The final KEGG pathway characterized by an AOX annotation is ec00830, which centers on 
 vitamin  A metabolism. Indeed, AOXs are implicated in the oxidation of 9-cis and all-trans retinal 
(RAL) to retinoic acid. All-trans retinoic acid (ATRA) is the active metabolite of vitamin A and it is a 
physiologically relevant molecule in the developing and adult organisms. Currently, RAL is the AOX 
candidate substrate for which the greatest amount of supporting evidence is available. Endogenous 
ATRA synthesis is a two-step process, involving a first step characterized by retinol oxidation into 
RAL via a reversible reaction catalyzed by various alcohol dehydrogenases (Molotkov et al., 2002). 
This is followed by an irreversible oxidative step resulting in the biotransformation of RAL into ATRA, 
which is purported to be predominantly carried out by the NAD-dependent aldehyde dehydrogenases, 
ALDH1A1, ALDH1A2, and ALDH1A3 (Niederreither et al., 1999). In mice and other mammals, AOXs 
are likely to catalyze the same metabolic step as ALDH1As. In fact, semi-purified rabbit liver AOX 
preparations are capable of oxidizing RAL into ATRA in a NAD-independent fashion (Huang and 
Ichikawa, 1994; Tomita et al., 1993; Tsujita et al., 1994). In addition, purified mouse AOX1 (Huang et al., 
1999; Vila et al., 2004), AOX3 (Terao et al., 2001), AOX4 (Terao et al., 2009), and AOX2 (Kurosaki 
et al., 2004) recognize RAL as a substrate. AOXs are unlikely to oxidize RAL in mammalian embryos, 
as AOX enzymatic activity is detectable only after birth, at least in rodents. In adult mouse liver, AOX1 
and AOX3 are equally unlikely to play a major role in ATRA synthesis given the low affinity of RAL 
for the two AOXs, the high levels of ALDH1A1, and cytosolic NAD-dependent RAL oxidizing activity 
(Terao et al., 2009). The same may be true for other mouse tissues characterized by co-expression of 
AOXs with ALDH1As. In contrast, mouse organs expressing AOX4, like the Harderian gland, tongue 
and skin, may represent rich sources of AOX-dependent ATRA synthesis (Terao et al., 2009). Indeed, 
Aox4 knock-out mice show much lower levels of ATRA in the Harderian gland and skin relative to 
wild-type animals (Terao et al., 2009).

Clues on the Potential Physiological Function(s) of Mammalian AOXs

Although the number of relevant studies using direct approaches is very limited, the data available 
indicate that AOXs are involved in a varied array of physiological processes carried out by different 
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tissues and cell types. In lung cells, human AOX1 contributes to the maintenance of the epithelial bar-
rier integrity. In the 16HBE bronchial epithelial cell line, dexamethasone causes a marked increase in 
AOX1 expression, which is associated with a corresponding decrease in inter-cellular permeability. 
This recapitulates what is observed in asthmatic patients, where treatment with inhaled corticosteroids 
enhances the airway epithelial barrier integrity. In the same cell line, AOX1 knock-down blocks the 
decrease in inter-cellular permeability triggered by dexamethasone, suggesting a role for AOX1 in the 
control of cell-to-cell junctions (Shintani et al., 2015). Mouse AOX1 is implicated in the differentiation 
of myocytes along the myotube pathway, as the process is associated with AOX1 up-regulation and 
myotube fusion is blocked by AOX1 silencing (Kamli et al., 2014). Noticeably, myotube fusion involves 
an increase in inter-cellular contacts, which suggests that mouse and human AOX1 play a similar role 
in bronchial epithelial cells and developing myocytes, i.e. control of cell-cell interactions. The action 
exerted by AOX1 in bronchial and muscular cells may involve the production of H2O2 by the enzyme 
(Kamli et al., 2014).

Adipogenesis and liver fat storage are two other highly related processes mammalian AOXs contrib-
ute to. In pre-adipocytic mouse 3T3L1 cells, AOX1 is up-regulated in concomitance with adipocyte 
differentiation. In addition, fenofibrate, a hypocholesterolemic agent, down-regulates AOX1 in dif-
ferentiated cells. AOX1 knock-down in preadipocytes, suppresses the storage of lipids and the secre-
tion of adiponectin (a protein hormone stimulating fatty acid oxidation) subsequently activated in the 
differentiated adipocytes (Weigert et al., 2008). A role for AOXs in adipogenesis is further suggested 
by the high levels of AOX1 detected in human adipocytes (Weigert et al., 2008). As already alluded to, 
AOXs exert an action on lipid homeostasis not only in the adipose tissue, but also in the liver. In fact, 
AOX1 activity is increased during the process of steatosis triggered in rat liver by exposure to high-
fat diets and administration of adiponectin or fenofibrate reduces the levels of hepatic AOX activity 
(Neumeier et al., 2006). The action of AOX1 on lipid homeostasis may be independent of its enzymatic 
activity. In contrast, it may be related to the interaction of AOX1 with the ABCA-1 lipid transporter, 
which is involved in the control of lipid efflux from the cell (Graessler and Fischer, 2007; Sigruener 
et al., 2007). AOX1 is not the only AOX isoenzyme involved in lipid homeostasis, as AOX4 seems to 
play a similar role in the process. Consistent with this, AOX4 knock-out mice show resistance to obesity 
as well as hepatic steatosis upon exposure to high-fat diets. The two phenomena are accompanied by 
decreased fat deposition in visceral adipose tissue (Terao et al., 2016). The involvement of AOX4 in fat 
accumulation at the level of adipose tissue and liver is likely to be mediated by a systemic action of the 
enzyme. In fact, mouse adipocytes and hepatocytes do not synthesize detectable amounts of the AOX4 
protein or mRNA. Interestingly, a similar resistance to obesity has been described in Aldh1a1 knock-
out mice exposed to high-fat diets (Ziouzenkova et al., 2007). Since both AOX4 and ALDH1a1 control 
the oxidation of RAL into ATRA, it is possible that the two retinoids are involved in fat deposition and 
resistance to obesity.

A last biological process for which there is direct evidence regarding the involvement of AOXs is 
nitric oxide synthesis, a process controlling local blood flow as well as the homeostasis of endothelial 
and other cell types under hypoxic conditions. During hypoxia, mammalian AOXs can reduce nitrite 
into nitric oxide (Li et  al., 2008), and this enzymatic reaction has been shown to be  particularly 
 efficient in hepatocytes and human mammary epithelial cells grown under low oxygen tension 
(Maia et al., 2015).

The Role of Mammalian AOXs in Xenobiotic Metabolism

The role of human AOX1 in phase I metabolism of xenobiotics is well established, and the interest in 
this enzyme and other members of the AOX family is increasing given their emerging significance in 
drug-development programs (Garattini and Terao, 2011, 2012, 2013). In this last context, a major prob-
lem is represented by the animal models used during the preclinical phases of drug development aimed 
at evaluating the metabolism, pharmacokinetics, and pharmacodynamics of new therapeutic agents. 
Unlike humans, some of the most popular animal models are characterized by expression of other AOXs 
besides AOX1, as discussed in previous sections of the book chapter.
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The Emerging Relevance of Mammalian AOXs in the Metabolism of Drugs

Mammalian AOXs are characterized by broad substrate specificity and recognize a variety of organic 
molecules regardless of the presence of an aldehyde function. These enzymes hydroxylate various aza-, 
oxo-, and sulfo-heterocycles and oxidize iminium functions to cyclic lactames. In certain conditions, 
such as hypoxia, AOXs act also as reductases, reducing N-oxides, sufoxides, nitro-compounds, and 
heterocycles (Dick et al., 2006; Kitamura and Tatsumi, 1984a, 1984b). All this along with the high levels 
of human AOX1 and mammalian AOX1 and/or AOX3 in liver is the basis for the role played by the two 
types of enzymes in drug and xenobiotic metabolism (Coelho et al., 2012; Sanoh et al., 2015; Zientek and 
Youdim, 2015). Indeed, the main function of AOXs and cytochrome P450 mono-oxygenases (CYP450s) 
in hepatic cells seems to be overlapping, as both types of enzymes are involved in the biotransformation/
inactivation of therapeutic agents and toxicants. While CYP450s are in the endoplasmic reticulum, the 
sub-cellular localization of AOX1 and AOX3 is the cytosol. Occasionally, AOXs and CYP450s act in 
concert, as exemplified by the SSRI (selective serotonin reuptake inhibitors), citalopram, whose tertiary 
amino group is oxidized to an aldehyde by CYP450 (Figure 4.8). Subsequently, AOX1 and/or AOX3 
biotransform the aldehyde into the corresponding carboxylic acid. A variety of drugs are metabolized 
by AOXs, including anti-tumor, immunosuppressive, anti-malarial, and anti-viral agents as well as 
molecules acting in the central nervous system. As for the anti-tumor and immunosuppressive agents 
metabolized by AOXs, methotrexate and 6-mercaptopurine are two prominent examples. Methotrexate 
is oxidized into 7-hydroxy-methotrexate (Figure 4.8) by human AOX1 as well as rabbit, rat, mouse, and 
hamster AOXs (Chladek et al., 1997; Kitamura et al., 1999). AOX-dependent hydroxylation is funda-
mental for the pharmacokinetics and side effects of methotrexate, as 7-hydroxy-metotrexate is cytotoxic. 
In humans, methotrexate oxidation into 7-hydroxy-methotrexate is subject to inter-individual variability, 
and the biotransformation step is correlated to the levels of AOX1 enzymatic activity (Kitamura et al., 
1999). 6-mercaptopurine, a major metabolite of the other immunosuppressant, azathioprine, is also a 
long-known AOX substrate (Beedham et al., 1987; Ding and Benet, 1979; Rooseboom et al., 2004). The 
imidazole ring of 6-mercaptopurine undergoes two successive hydroxylation steps, which are catalyzed 
by XOR and AOXs, respectively (Figure 4.8). AOX-dependent hydroxylation leads to metabolic inacti-
vation and contributes to the pharmacokinetic profile of 6-mercaptopurine in humans and experimental 
animals. A last example of an immunosuppressant for which some of the toxic metabolites are generated 
by AOX1 is thiopurine (Chouchana et al., 2012).

Other well-known drugs for which there is evidence of AOX-dependent metabolism are certain anti-
malarial and anti-viral agents. For instance, the anti-malarial cryptolepine (Figure 4.8) is oxidized to 
cryptolepine-11-one by rabbit liver AOX activity (Stell et  al., 2012). Quinine is a further example of 
anti-malarial drug whose bio-disposition is dependent on AOX activity, which generates the 2-quinone 
derivative (Beedham et al., 1992). Dog and rat livers contain undetectable and low levels of cytosolic 
quinine oxidase activity, respectively. The first observation is consistent with the absence of AOX1 and 
AOX3 proteins (Terao et al., 2006) in dog liver due to pseudogenization/inactivation of the correspond-
ing genes (Kurosaki et al., 2013). In contrast, the observation made in rats suggests that quinine is a much 
better substrate of AOX3 than AOX1. The hypothesis is supported by the results obtained in baboon 
liver, which contains high levels of quinine oxidizing activity despite pseudogenization/inactivation of 
the AOX3 gene (Kurosaki et al., 2013). Further support is provided by the observation that guinea pig 
and marmoset livers, which are also characterized by deletion and pseudogenization of the AOX3 gene 
(Kurosaki et al., 2013), oxidize quinine into 2-quinone at the same extent as the human counterpart.

There are at least three issues that should be considered in discussing the role played by human AOX1 
and other mammalian AOXs in drug metabolism. First, AOX-dependent metabolic inactivation of drugs 
does not simply involve oxidation, as these AOXs are also capable of reducing appropriate substrates, as 
already mentioned. With respect to this, a relevant example is ziprasidone, which is used for the treatment 
of different psychiatric disorders. In humans, ziprasidone is reduced by AOX1 and subsequently methyl-
ated by thiol-methyl-transferase (Obach et al., 2012). Second, AOX-dependent oxidation of drugs does not 
necessarily cause metabolic inactivation. In fact, metabolic activation of prodrugs by human AOX1 has 
been exploited to avoid pharmacokinetic problems. A relevant example of this strategy is represented by 
the clinical development of the 5-iodo-2-deoxyuridine precursor, 5-iodo-2-pyrimidinone-2-deoxyribose 
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(Kinsella et al., 1994, 1998, 2000). In the near future, human AOX1-dependent activation of prodrugs 
may represent a viable approach to augment the therapeutic index of anti-tumor agents via an increase in 
tumor selectivity. Indeed, different tumor types express detectable amounts of human AOX1, as observed 
in the case of glioblastoma, esophageal, and gastric cancer (Garattini and Terao, 2011). A last point to be 
mentioned relates to the fact that AOX-dependent drug metabolism may be relevant in organs other than 
the liver. For example, human skin explants can metabolize the two AOX substrates, carbarazepan and 
zoniporide (Manevski et al., 2014). The presence of AOX1 (Terao et al., 2016) and AOX4 (Terao et al., 
2009) in human and mouse skin, respectively, may represent a problem for the topical administration of 
drugs and cosmetics.

The importance of AOXs in drug development has increased over the course of the last few years with 
the synthesis of an ever-increasing number of organic molecules specifically designed to avoid CYP450-
dependent metabolism. In fact, this has resulted in a significant enrichment in chemical structures likely 
to be metabolized by human AOX1 (Barr et al., 2014; Fratelli et al., 2013; Hutzler et al., 2013). The 
problem has led to new medicinal chemistry approaches aimed at avoiding AOX-dependent metabolism 
(Pryde et al., 2012). In addition, the enrichment in potential AOX substrates underscores the importance 
of the availability of appropriate in vitro screening assays to validate AOX-dependent metabolism. Such 
assays are likely to become fundamental tools in any drug development program (Garattini and Terao, 
2011, 2013). A further problematic issue in drug development is represented by the selection of the most 
appropriate in vivo model to study the pharmacokinetics and pharmacodynamics of drug candidates 
with the potential to be metabolized by human AOX1, given the already discussed differences between 
humans and many mammalian species in the complement of active AOX genes (Figures 4.4 and 4.7).

AOX Substrates of Toxicological Interest

AOXs metabolize not only drugs, but also various molecules of toxicological interest, such as phthala-
zines, which are environmental pollutants and are typical AOX substrates. Different mammalian AOXs 
oxidize phthalazine into 1-hydroxy-phthalazine, which, subsequently, undergoes irreversible isomeriza-
tion into 1-phthalazinone (Beedham et al., 1990; Coelho et al., 2015; Stubley et al., 1979). Phthalazine 
administration increases rabbit liver AOX activity, demonstrating that the compound is not only a sub-
strate, but it is also an AOX inducer (Johnson et al., 1984). Another example of AOX substrate of toxi-
cological significance is caffeine, which is rapidly metabolized to an oxo-derivative by AOXs (Castro 
et al., 2001) (Figure 4.8). Vanillin, a sweetener, is an aromatic aldehyde of nutritional interest that is 
oxidized into a carboxylic acid by mammalian AOXs (Figure 4.8). A last toxicant that is thought to be an 
AOX substrate is acetaldehyde, the primary ethanol metabolite. Based on this observation, AOXs have 
been implicated in the liver toxicity associated with alcohol consumption. The hypothesized mechanism 
underlying AOX-dependent liver toxicity is the production of reactive oxygen species during acetalde-
hyde oxidation (Shaw and Jayatilleke, 1990). However, the results obtained in the liver of AOX deficient 
DBA/2 and AOX proficient CD1 mice are not consistent with the hypothesis. In fact, CD1 and DBA/2 
mice, whose livers contain undetectable levels of AOX3 and markedly lower amounts of AOX1 relative 
to CD1 animals, show the same amounts of liver acetaldehyde after ethanol administration (Vila et al., 
2004). This supports the concept that neither liver AOX1 nor AOX3 contributes to acetaldehyde metabo-
lism in mice. The finding is also in line with the fact that acetaldehyde is a bad substrate for both AOX1 
and AOX3.

Another class of toxic agents that has the potential to be metabolized by mammalian AOXs consists 
of nitro compounds. Molecules containing a nitro functionality exemplify the ability of AOXs to act not 
only as oxidases, but also as reductases in the presence of electron donors, such as 2- hydroxypyrimidine 
(Tatsumi et  al., 1986; Ueda et  al., 2003, 2005). In fact, AOXs can carry out the nitro-reduction of 
the widespread pollutants, 2-nitrofluorene, 1-nitro-pyrene, and 4-nitrobiphenyl into the corresponding 
amines. Interestingly, AOX-dependent nitro-reduction is observed not only in the liver (Tatsumi et al., 
1986), but also in the skin of experimental animals, like mice (Ueda et al., 2003, 2005). As mouse 
liver expresses AOX1 and AOX3, while the main enzyme expressed in mouse skin is AOX4, nitro-
reduction may not be a characteristic of a specific AOX isoenzyme. The ability of mammalian AOX1 
to carry out nitro-reduction and the presence of AOXs in the skin has far-reaching implications for 
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the human situation. In fact, human skin contains AOX1 enzymatic activity (Manevski et al., 2014), 
and AOX-dependent reduction of environmental nitro-compounds may represent a defense reaction 
in man and various other mammalian species. A further example of AOX-dependent nitro-reductive 
metabolism is represented by the neonicotinoid, imidacloprid. Neonicotinoids are insecticides whose 
nitroimino functionality is reduced by AOXs in vitro. The relative contribution of liver AOXs and 
CYP450s in the metabolism of the neonicotinoid, imidacloprid, was recently assessed in vivo (Swenson 
and Casida, 2013). Addition of the AOX inhibitors, tungsten or hydralazine, in the drinking water 
of C57BL/6J mice causes a selective reduction in the levels of liver AOX activity and no change in 
CYP450 activity. In tungsten and hydralazine treated mice, CYP450-dependent imidacloprid metabo-
lism is unaffected, whereas the AOX-generated nitrosoguanidine metabolite is significantly decreased. 
The study provides direct in vivo evidence that mouse liver AOX1 and AOX3 play a major role in the 
reduction of imidacloprid.

Single Nucleotide Polymorphisms Affecting Human AOX1 Activity

The ever-increasing significance of human AOX1 in drug and xenobiotic metabolism has spurred interest 
in the identification of single nucleotide polymorphisms (SNPs), which may affect the expression or the 
catalytic activity of the enzyme. Identification of this type of SNPs in the human population is likely to 
allow the definition of fast and slow metabolizers as for known or predicted AOX1 substrates. Indeed, 
SNPs mapping to the coding region of the human AOX1 gene are likely to represent a major source of 
inter-individual variability as to AOX1 activity. Various AOX1 SNPs are listed in the NCBI database 
(http://www.ncbi.nlm.nih.gov/snp). The allelic frequency of some of these SNPs was determined in 180 
Northern Italian volunteers (Hartmann et al., 2012), which led to the identification of one non-sense, one 
synonymous, and five non-synonymous polymorphisms. R1297K is the most frequent non-synonymous 
polymorphism followed by the L1271S and N1135S AOX1 variants. The amino acid substitutions, R802C 
and R921H are characterized by a much lower frequency. The recombinant R802C and R921H AOX1 
proteins have reduced catalytic activity upon challenge with a number of classic substrates, while the 
N1135S and H1297R variants are endowed with increased enzymatic activity. Thus, individuals charac-
terized by the presence of the R802C or R921H and the N1135S or H1297R variants, respectively, are 
predicted to be poor and extensive metabolizers of drugs biotransformed by human AOX1. A similar 
situation is observed in certain strains of rats, where non-synonymous polymorphisms affect the cata-
lytic activity of certain AOXs (Adachi et al., 2007; Hartmann et al., 2012).

Conclusion

Thanks to the recent crystallization of mouse AOX3 (Coelho et al., 2012; Mahro et al., 2011) and human 
AOX1 (Coelho et al., 2015), fundamental insights into the tridimensional structure of mammalian AOXs 
are now available. In addition, the development of efficient methods for the purification of recombinant 
mammalian AOXs has provided an ever-increasing amount of data on the mechanisms underlying the 
catalytic activity of these enzymes. Despite this, we are still far away from the solution of a fundamental 
problem in mammalian AOXs biology. In fact, it remains to be established why a single AOX isoform is 
present in humans, while multiple enzyme isoforms have been described in other mammalian species. 
An answer to this specific issue may come from the identification of common and specific substrates for 
human AOX1 and the other mouse AOX isoforms.

The sequencing data available for a series of prokaryotic and eukaryotic genomes has allowed 
the determination of the primary structure of many AOX proteins (Kurosaki et al., 2013) as well 
as the prediction of the complement of active and inactive AOX genes in a significant number of 
vertebrate species. This type of information is of major interest from a basic and an applied point 
of view. At the basic level, it has permitted the reconstruction of AOXs evolution. At the applied 
level, with particular reference to the realms of pharmacology and toxicology, the data available 
have permitted the identification of the AOX isoforms expressed in animal models used for the 
pre-clinical studies of new drug candidates.

http://www.ncbi.nlm.nih.gov/
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In the drug-development field, AOX-dependent metabolism is becoming a serious problem (Garattini 
and Terao, 2012, 2013). In fact, an ever-increasing number of new drug candidates are based on 
chemical structures, which are designed to avoid CYP450-dependent metabolism and inactivation. 
Unfortunately, this organic synthesis strategy has resulted in an enrichment for chemical structures 
recognized by human AOX1 (Pryde et al., 2012). As common models, like mice and rats, do not reca-
pitulate the human situation in terms of AOX-dependent metabolism, pre-clinical pharmacokinetics 
and pharmacodynamics studies performed in these animal species on potential AOX-substrates are 
unlikely to provide clinically useful results. This has been proposed as the basis of the possible failures 
of drugs metabolized by human AOX1 in clinical trials (Choughule et al., 2013, 2015; Dalvie et al., 
2013; Diamond et al., 2010). The available genomic data indicate that the best animal models for the 
study of drugs predicted to be human AOX1 targets are the chimpanzee, followed by the guinea pig and 
the pig, since the corresponding livers express only the human AOX1 orthologous protein (Figure 4.4). 
However, it should be noted that guinea pigs and pigs are likely to express AOX2 and AOX4 in tissues 
other than the liver, which may represent a serious confounding factor. The problem represented by a 
good and cost-effective experimental model may be solved with the development of a genetically engi-
neered animal expressing human AOX1 in the context of an AOX-null mouse or rat. Another important 
issue in the fields of drug development and environmental toxicology, which has been touched upon 
in this chapter, is the development of simple in vitro paradigms to be used for the prediction of human 
AOX1-dependent metabolism. Cellular models genetically engineered for the efficient expression of 
human AOX1 and the availability of an E. coli system for the production of the human AOX1 recombi-
nant protein are likely to address this issue.

A last point that should be stressed in the current discussion on mammalian AOXs is the primary 
physiological role of this class of enzymes, which is unlikely to be xenobiotic metabolism. In fact, mul-
tiple human tissues, some of which are characterized by very specialized functions, express significant 
amounts AOX1. In addition, the expression of rodent AOX1, AOX2, AOX3, and AOX4 is tissue-specific. 
The data obtained on the Aox4 knock-out mouse demonstrate an involvement of AOX4 in the systemic 
control of circadian rhythms, locomotor activity, and adipogenesis (Terao et  al., 2016). In particular, 
AOX4 inactivation causes resistance to obesity due to reduced fat deposition in the adipose tissue. With 
respect to this, it is interesting to notice that human AOX1 is likely to exert a similar action in the adi-
pocyte (Sigruener et al., 2007; Weigert et al., 2008). This finding is of potential interest in the field of 
medicinal chemistry, since human AOX1 may represent a new and viable target for the development of 
specific inhibitors as potential anti-obesity drugs.
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Introduction

The uridine diphosphate glucuronosyltransferases (UGTs) represent a super-family of Phase II 
membrane-bound drug metabolizing enzymes (MW = 50–60 kDa) that are responsible for the transfer of 
glucuronic acid from the cofactor uridine diphosphoglucuronic acid (UDPGA), to a nucleophilic acceptor 
substrate (Dutton 1980, 1997, Mackenzie et al. 1997, King et al. 2000, Tephly and Green 2000, Tukey 
and Strassburg 2000, Rowland et al. 2013). The resulting glucuronide conjugates are more water soluble 
than the parent drug molecule (aglycone), thus rendering them subject to facile excretion. UGT-catalyzed 
glucuronidation is generally accepted to be the second most prevalent metabolic pathway, with only cyto-
chrome P450 oxidation contributing to a greater percentage of drugs cleared by metabolism (Williams 
et al. 2004). To date, more than 20 individual UGT isoforms have been identified in humans, with the 
majority of xenobiotic metabolism being catalyzed by isoforms in the UGT1A and UGT2B subfamilies. 
UGTs are also capable of catalyzing the addition of other sugar moieties such as glucose or xylose to an 
aglycone acceptor molecule (Mackenzie et al. 2008, 2011, Meech et al. 2015). Well-documented struc-
tural moieties that can serve as nucleophilic acceptors for glucuronidation, include alcohols (aromatic or 
aliphatic), carboxylic acids (resulting in the formation of acyl glucuronides), thiols, amines, and nucleo-
philic carbon atoms (Figure 5.1) (Richter et al. 1975, Sorich et al. 2006). This chapter will cover basic 
UGT enzymology, as well as the important role that UGTs play in drug metabolism, drug interactions and 
drug efficacy, and safety. UGT ontogeny, in vitro-in vivo extrapolation (IVIVE) for UGT substrates, ana-
lytical challenges with glucuronide metabolites and general experimental considerations with the UGTs 
will also be reviewed.

General Enzymology, Reaction Mechanism, and Atypical Kinetics

UGT enzymes are widely expressed throughout the body with the liver having the highest expression 
levels of the enzymes (Tukey and Strassburg 2000, Nakamura et al. 2008, Izukawa et al. 2009, Ohno 
and Nakajin 2009, Court et al. 2012, Vildhede et al. 2015). Additional sites of expression include 
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the intestine, kidneys, colon, lungs, testis, ovaries, rectum, and prostate (Radominska-Pandya et al. 
1998, Turgeon et al. 2001, Nakamura et al. 2008, Margaillan et al. 2015, Wijayakumara et al. 2015, 
Asher et al. 2016). Many of the UGT isoforms display tissue-dependent expression patterns, such as 
UGT1A8 and UGT1A10, which are primarily expressed in the intestine, or UGT2B17, which is has 
its highest expression levels in prostate (Cheng et al. 1998, Mojarrabi and Mackenzie 1998, Barbier 
et  al. 2000b, Mizuma 2009). Within cells, UGTs are transmembrane proteins that are primarily 
found in the smooth endoplasmic reticulum (Radominska-Pandya et al. 1999, Bock and Kohle 2009, 
Magdalou et al. 2010). A hypothetical structure of UGTs is illustrated in Figure 5.2. The substrate 
binding domain is located on the luminal side of the membrane, a fact that often renders the use 
of pore-forming reagents, such as alamethicin, necessary when conducting glucuronidation reac-
tions in vitro (Fisher et al. 2000). As such, it has been demonstrated that the N-terminal domain, 
which resides on the luminal side of the membrane, plays a key role in the substrate recognition 
properties of the enzymes (Radominska-Pandya et al. 1999, 2005, Coffman et al. 2001, 2003, Lewis 
et  al. 2007, Kerdpin et  al. 2009, Dong et  al. 2012). Conversely, the cofactor binding domain is ori-
ented near the C-terminus of the protein, which is also located on the luminal side of the endoplas-
mic  reticulum (ER) membrane (Radominska-Pandya et  al. 1999, 2005, 2010, Banerjee et  al. 2008, 
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Xiong  et  al.  2008, Meech  et  al.  2012, Nair et  al. 2015). Because of the charged nature of sugars 
such as UDP-glucuronic acid and the resulting glucuronic acid metabolites, active transporters have 
been postulated to facilitate the transfer of these molecules across the membrane of the endoplasmic 
reticulum in vivo (Bossuyt and Blanckaert 1997, Meech and Mackenzie 1997a, Radominska-Pandya 
et al. 1999, Kobayashi et al. 2006, Rowland et al. 2015).

Pharmacogenetics

Over 20 human UGT isoforms have been identified and are divided into the UGT1, UGT2, UGT3 
and UGT4 subfamilies based on protein and substrate similarity (Table 5.1, Figure 5.3). Many of the 
UGT genes have been widely studied for polymorphic variants, with UGT1A1 being the most well 

(Continued)

TABLE 5.1

A Simplified Snapshot of Genes from UGT Superfamily

UGT Gene
(nomenclature 
shown for 
human genes) Species

Tissue Based Expression of 
Products Comments

UGT1A1 Mouse, rat, cat, human Liver, intestine, bile duct, 
stomach, colon, mammary gland

Disease states implication: 
defective gene – Crigler-Najjar 
syndrome and reduced expression 
in Gilbert’s syndrome.

UGT1A2 Mouse, rat, cat, monkey Pseudogene in humans (UGT1A2P)
UGT1A3 Rat, monkey, human Liver, intestine, testes, prostate, 

bile duct, stomach, colon
Pseudogene in mice (ugt1a3-ps) 
and mRNA undetectable in rat

UGT1A4 Rabbit, human Liver, bile duct, colon Pseudogene in mouse and rat 
(ugt1a4-ps)

UGT1A5 Mouse, rat, human
UGT1A6 Mouse, rat, dog, monkey, 

human, rabbit, cow, 
sheep, ferret

Liver, kidney, intestine, brain, 
ovary, testes, bile duct, spleen, 
skin

Pseudogene in cat, leopard 
(UGT1A6P)

UGT1A7 Mouse, rat, human, rabbit, 
sheep, guinea pig

Stomach (gastric epithelium),
esophagus

Two other pseudogenes in mouse 
(ugt1a7a-ps and ugt1a7b-ps)

UGT1A8 Monkey, human Esophagus, intestine
UGT1A9 Mouse, rat, monkey, 

human
Liver, kidney ovary, testes, spleen, 
skin, esophagus

Pseudogene in rat (ugt1a9-ps)

UGT1A10 Mouse, rat, human Intestine, lung, stomach, 
esophagus, bile duct

UGT1A11 Pseudogene in mouse (ugt1a11-ps) 
and human (UGT1A11P)

UGT1A12 Pseudogene in human (UGT1A12P)
UGT1A13 Pseudogene in human (UGT1A13P)
UGT2A1 Mouse, rat, human Olfactory epithelium, brain, fetal 

lung
UGT2A2 Mouse, rat, rabbit, human Olfactory epithelium Rabbit UGT2C1 renamed as 

UGT2A2
UGT2A3 Mouse, rat, guinea pig, 

human
Olfactory epithelium

UGT2B1 Mouse, rat Liver, kidney, intestine, testes

UGT2B2 Rat Liver
UGT2B3 Rat
UGT2B4 Human Liver
UGT2B5 Mouse
UGT2B6 Rat
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TABLE 5.1 (Continued)

A Simplified Snapshot of Genes from UGT Superfamily

UGT Gene
(nomenclature 
shown for 
human genes) Species

Tissue Based Expression of 
Products Comments

UGT2B7 Human Liver, kidney, esophagus, 
intestine, brain, kidney, pancreas

UGT2B8 Rat Liver
UGT2B9 Monkey Liver
UGT2B10 Human Liver, adrenals, prostate, 

mammary gland, esophagus
UGT2B11 Human Liver, kidney, mammary gland, 

prostate, skin, adipose, adrenal 
gland, lung, and adipose

UGT2B12 Rat Liver, kidney, intestine
UGT2B13 Rabbit Liver (adult)
UGT2B14 Rabbit Liver (adult)
UGT2B15 Human Liver, prostate, testes, esophagus
UGT2B16 Rabbit
UGT2B17 Human Liver, kidney, prostate, testes, 

uterus, placenta, mammary 
glands, adrenals, skin

UGT2B18 Monkey
UGT2B19 Monkey
UGT2B20 Monkey
UGT2B21 Guinea pig
UGT2B22 Guinea pig
UGT2B23 Monkey
UGT2B24 Pseudogene in human (UGT1B24P)
UGT2B25 Pseudogene in human (UGT1B25P)
UGT2B26 Pseudogene in human (UGT1B26P)
UGT2B27 Pseudogene in human (UGT1B27P)
UGT2B28 Human
UGT2B29 Pseudogene in human (UGT1B29P)
UGT2B30 Monkey
UGT2B31 Dog, pig
UGT2B32 Guinea pig
UGT2B33 Monkey
UGT2B34 Mouse, rat
UGT2B35 Mouse
UGT2B36 Mouse
UGT2B37 Mouse
UGT2B38 Mouse
UGT3A1 Mouse, human
UGT3A2 Mouse, human
UGT8A1 Mouse, rat, monkey, 

human, cow

The genes in human and other mammalian species are exemplified. The genes are denoted in all caps (as opposed to denoting 
rodent genes in uncapitalized letters) for simplicity. Additional information can be obtained at https://www.flinders.edu.au/
medicine/sites/clinical-pharmacology/current-nomenclature.cfm (date accessed September 15, 2016). Site maintained by 
Karli Goodwin. Last modified date: September 15, 2016.

https://www.flinders.edu.au/
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characterized. A number of  comprehensive compilations of UGT pharmacogenetics (Guillemette 2003) 
and their relevance to cancer (Nagar and Remmel 2006b) along with the tools to evaluate UGT polymor-
phisms can be found in the literature (Argikar et al. 2008). Further, a detailed discussion on the allelic 
variants, their resulting protein product and the effect on functional activity from a drug interaction per-
spective can be found in a book chapter on UGTs by Remmel and coworkers (Remmel et al. 2008). The 
section below attempts to summarize some of the key findings to date with a focus on UGT pharmaco-
genetics and disease states.

UGT1A1

UGT1A1 gene polymorphisms have been comprehensively studied. These manifest in a rare inborn error 
of bilirubin metabolism, resulting in Crigler-Najjar syndrome (Types I and II). Type I Crigler-Najjar 
syndrome requires liver transplantation, whereas Type II is treatable with UGT1A1 inducers such as 
phenobarbital. Decreased expression of UGT1A1 is observed in Gilbert’s patients (asymptomatic uncon-
jugated hyperbilirubinemia), which has been linked to the presence of a seventh (TA) repeat in addition 
to generally observed six (TA) repeats (UGT1A1*28) (Monaghan et al. 1996, Guillemette 2003), resulting 
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in approximately a 70% decrease in UGT1A1 enzyme expression in the liver of homozygous subjects. 
UGT1A1*6 and other mutations in the UGT1A1 gene besides the (TA)7TAA genotype also contribute to 
unconjugated hyperbilirubinemia (Akaba et al. 1998, Urawa et al. 2006). A mutation in phenobarbital-
response element, resulting in a regulatory defect is also linked with Gilbert’s syndrome, and is shown 
to be in linkage disequilibrium with UGT1A1*28 (Guillemette 2003, Kitagawa et al. 2005, Costa 2006, 
Ferraris et al. 2006).

The HIV protease inhibitors atazanavir and indinavir are known to increase unconjugated biliru-
bin levels by inhibiting UGT1A1, especially in patients with Gilbert’s syndrome (Rotger et al. 2005, 
Lankisch et al. 2006). The role of the UGT1A1*28 polymorphism in toxicity of the anticancer prodrug 
irinotecan has been well documented (Ando et al. 1998, Iyer et al. 1998, Innocenti and Ratain 2006). 
Irinotecan is rapidly converted by esterases to an active phenolic compound, SN-38, which is metaboli-
cally inactivated by UGT1A1 via glucuronidation. Patients with the UGT1A1*28 allele are at a signifi-
cantly higher risk for neutropenia; therefore, FDA has recommended that patients should be genotyped 
prior to use of irinotecan.

UGT1A3 and UGT1A4

UGT1A3 and UGT1A4 are often implicated in the formation of quaternary ammonium glucuronide 
metabolites, as well as being capable of glucuronidating other substrates. Iwai et  al. identified four 
non-synonymous single nucleotide polymorphisms (SNPs) in the UGT1A3 sequence (Iwai et al. 2004). 
The presence of the UGT1A3*2 allele resulted in an altered protein sequence (W11R, V47A) that showed 
an increase in the efficiency of estrone glucuronidation. The variants also showed increased activity 
toward glucuronidation of a variety of flavonoids in general (Chen et al. 2006), but the R45W variant 
resulted in decreased estrone glucuronidation (Iwai et al. 2004). Two variants in the UGT1A4 gene have 
also been identified, but the effect on activity appears to vary depending upon the substrate. The P24T 
SNP resulting from UGT1A4*2 variant showed decreased intrinsic clearance for the anticonvulsant drug 
lamotrigine, a probe substrate documented to show a fivefold variation in intrinsic clearance values 
across human liver microsomal bank (Argikar and Remmel 2009b). The L48V mutant resulting from 
UGT1A4*3 has been shown to either not retain catalytic activity toward dihydrotestosterone glucuroni-
dation (Ehmer et al. 2004) or, in contrast, has shown higher activity (Zhou et al. 2011). It has also been 
shown to be more efficient for 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) (Wiener et  al. 
2004) and clozapine (Mori et al. 2005) or less efficient for substrates such as trans-Androsterone and 
lamotrigine (Mori et al. 2005, Zhou et al. 2011). In vitro findings for lamotrigine were validated in vivo 
in a clinical study (Gulcebi et al. 2011).

UGT1A6

UGT1A6 plays a primary role in the metabolism of analgesic drugs such as acetaminophen, as well 
as the neurotransmitters serotonin and 5-hydroxytryptophol. Krishnaswamy and coworkers identified 
several variants of the UGT1A6 gene, with polymorphisms in the regulatory region as well as exon 1 
(Krishnaswamy et  al. 2005a). The UGT1A6*2 variant resulted in a protein that showed altered Km 
values for numerous substrates, including serotonin (Krishnaswamy et al. 2005b). Interestingly, beta- 
thalassemia/hemoglobin E patients with an UGT1A6*2 variant and no UGT1A1*28 polymorphism 
showed a remarkably lower AUC of acetaminophen (substrate UGTs 1A1, 1A6 and 1A9) and its metabo-
lites (Tankanitlert et al. 2007).

UGT1A8 and UGT1A10

UGT1A8 and UGT1A10 are extrahepatic UGT isoforms with broad substrate specificity. One silent 
mutation and three other variants have been detected for UGT1A8. The proteins resulting from 
UGT1A8*1 and UGT1A8*2 did not show any change in in vitro activity toward numerous substrates; 
however, the protein from the UGT1A8*3 variant showed little to no activity toward any substrate 
studied (Huang et al. 2002b, Thibaudeau et al. 2006). Variants in UGT1A10 gene that result in lower 
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catalytic activity have been reported. One variant, UGT1A10*2, results in a corresponding protein 
that has significantly lower activity for phenolic compounds (Elahi et al. 2003). Polymorphic enzymes 
resulting from coding region SNPs showed reduced catalytic efficiency toward estradiol glucuronida-
tion (Saeki et al. 2002, Jinno, Saeki, Tanaka-Kagawa et al. 2003).

UGT1A9

UGT1A9 is primarily expressed in the kidneys and is often associated with the metabolism of the anes-
thetic propofol. UGT1A9 coding region mutants are observed at low allele frequencies, whereas regula-
tory region mutations are more common and may result in increased expression of UGT1A9. Girard and 
coworkers showed that the functionally expressed UGT1A9.3 enzyme, resulting from a coding region 
mutation, had reduced SN-38 glucuronidation (Girard et al. 2004). Jinno and coworkers reported similar 
findings for a genetic variant 766G>A, resulting in a non-synonymous mutation of D256N, a protein with 
20-fold lower intrinsic clearance as compared to the wild-type (Jinno, Saeki, Saito et al. 2003). While 
moderate to no change has been reported in the oral clearance of mycophenolic acid, a linkage disequi-
librium between the two regulatory mutations of UGT1A9 and mutation of UGT1A1 has been reported 
(Innocenti et al. 2005). The UGT1A9*22 mutation possesses an AT10AT repeat instead of the more com-
mon AT9AT repeat (Yamanaka et al. 2004), possibly resulting in higher expression levels of UGT1A9.22 
(Innocenti et al. 2005).

UGT2B4 and UGT2B7

UGT2B4 and UGT2B7 are primarily hepatic isoforms and are capable of metabolizing many of the same 
substrates such as codeine and various bile acids. UGT2B4*2 has been identified as a polymorphic vari-
ant of UGT2B4 (Lampe et al. 2000, Saeki et al. 2004). A common variant of UGT2B7 observed across 
a diverse population, namely UGT2B7*2, has been shown to produce an enzyme with altered activity 
towards select substrates (Bhasker et al. 2000, Court et al. 2003, Girard et al. 2004) and can result in 
activity toward substrates not typically glucuronidated by the wild type enzyme (Coffman et al. 1998). 
UGT2B7*2 was identified to be present in linkage disequilibrium with a regulatory region mutation 
of UGT2B7, possibly explaining the lower glucuronidation of morphine in subjects with UGT2B7*2 
(Holthe et al. 2002, Sawyer et al. 2003).

UGT2B15 and UGTB17

UGT2B15 and UGT2B17 are major UGTs in human prostate and are responsible for inactivation of 
androgens by glucuronidation (Belanger et al. 2003, Court et al. 2004, Chouinard et al. 2007). Court 
and coworkers showed that UGT2B15*2 results in approximately 50% lower activity for S-oxazepam 
but increased activity for androgens in genotyped microsomes (Court et al. 2004). The UGT2B15.2 vari-
ant (D85Y) was observed to a greater extent in Asian population than Caucasians (Lampe et al. 2000). 
UGT2B15.4 variant enzyme showed no change in activity, whereas a rare variant, UGT2B15.6, showed 
increased enzymatic activity. UGT2B15*1 homozygous subjects have been shown to be at increased risk 
of prostate cancer (Park et al. 2004).

A deletion of an approximately 170kB stretch of DNA encompassing the entire UGT2B17 locus has 
been reported by Wilson and coworkers, resulting in UGT2B17*2 (Wilson et al. 2004). Intrinsic clear-
ance for dihydroexemestane glucuronidation in microsomes that were genotyped as UGT2B17*2/*2 
was dramatically lower as compared to wild-type (Sun et al. 2010). Similarly, urinary ratios of testoster-
one glucuronide to epitestosterone glucuronide are widely used for testing of testosterone abuse, espe-
cially in athletes. Ratios greater than 4 are normally considered to be indicative of testosterone overuse. 
Interestingly, Schulze and coworkers reported that administration of testosterone to persons with the 
UGT2B17 deletion genotype, results in the majority of the ratios being 20-fold lower on average, sug-
gesting that such individuals may not test positive for testosterone if evaluated using the ratio test, even 
during testosterone abuse (Schulze et al. 2008, 2011).
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Ontogeny

Understanding the ontogeny of drug metabolizing enzymes is critical to ensuring the safe adminis-
tration of drugs across pediatric, adult, and geriatric populations. The developmental aspects of UGT 
expression came to light in the mid-twentieth century with the attribution of grey baby syndrome due to 
the lack of UGT-catalyzed chloramphenicol metabolism (Sutherland 1959, Weiss et al. 1960, Laferriere 
and Marks 1982, Pineiro-Carrero and Pineiro 2004). Further, the onset of jaundice in newborns was 
shown to be due to low activity of UGT1A1 and the resulting inability of the newborn to metabolize 
and eliminate  bilirubin (Maruo et al. 1999, Huang et al. 2002a, Bartlett and Gourley 2011, Zaja et al. 
2014). Subsequently, many in vitro and in vivo studies evaluating the mRNA or protein expression, 
enzyme activity or in vivo hepatic clearance have been undertaken to understand the expression levels 
and activity of UGT isoforms from the developing fetus to pediatric subjects and on through adult-
hood. Though the quantitation of UGT protein levels has been hampered by the availability of selective 
antibodies, recent advancements in mass spectrometry-based proteomics may shed new light on expres-
sion levels for individual isoforms at various life stages (Fallon et al. 2013a, 2013b). The propensity for 
UGTs to undergo post-translational modifications or interact with other proteins in order to achieve their 
active states has further complicated ontogeny studies with this family of enzymes (Barbier et al. 2000a, 
Luquita et al. 2001, Riches and Collier 2015).

In general, it appears that fetal expression of UGTs is low relative to adults, with the majority of fetal 
UGT expression being comprised of UGT2B isoforms as shown by the example in Figure 5.4 (de Wildt 
et al. 1999, Strassburg et al. 2002, Krekels et al. 2012, Coughtrie 2015). After birth, a rapid increase in 
expression levels is observed, with UGT expression reaching adult levels during childhood development, 
though the exact maturation period can be isoform dependent. UGT1A1, for example, has been reported 
to reach adult expression levels between 4 and 24 months of age, while UGT2B7 expression achieves 
adult expressions levels at approximately 7–24 months or 12–17 years, depending on the study (Onishi 
et al. 1979, Strassburg et al. 2002, Zaya et al. 2006, Miyagi and Collier 2011). In vitro studies with the 
non-selective UGT substrate 4-methylumbelliferone suggest maximal aggregate UGT activity is reached 
at between 8 and 20 months post-birth (Miyagi and Collier 2011).

The ontogeny of UGT enzyme expression and activity may also differ from the observed ability of the 
enzymes to contribute to the hepatic clearance of a drug. The hepatic clearance capacities of UGT1A1 
and UGT1A6, for example, are comparable to adult capacities at approximately 2 years post birth, while 
UGT1A9 clearance does not reach maturity until approximately 18 years post birth (Miyagi and Collier 
2011, Miyagi et al. 2012). Similarly, allometric scaling techniques suggest the intrinsic hepatic clearance 

FIGURE 5.4 UGT ontogeny as exemplified by the increase in UGT2B7 protein expression observed from birth through 
adulthood. (Reproduced with permission from Zaya, M.J. et al., Drug Metab. Dispos., 34, 2097–2101, 2006.)
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of trifluoperazine, a UGT1A4 substrate, reaches adult levels between 18 and 20 years of age, though the 
isoform is thought to reach adult levels of expression and activity in early childhood (Miyagi and Collier 
2007). Adult levels of hepatic clearance for UGT2B7 have been reported to be achieved within the first 
3 months to 2.5 years post-birth, using glucuronidation of morphine as a selective in vivo marker of 
UGT2B7 activity (McRorie et al. 1992, Lynn et al. 1998, 2000, Bouwmeester et al. 2004). Increases in 
observed UGT activity have also been shown to be dependent upon overall gestation period, with the 
time needed to reach adult levels of UGT clearance being shorter for those infants carried to full term, as 
opposed to those born prematurely (Mirochnick et al. 1999, Knibbe et al. 2009).

Reaction Mechanism

The transfer of glucuronic acid from UDPGA to the aglycone involves an acid-base mechanism that 
begins with a deprotonation of the aglycone by a conserved histidine or proline residue in the UGT active 
site (Figure 5.5). The protonated histidine is rendered stable through interactions with a neighboring 

FIGURE 5.5 UGT reaction mechanism.
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aspartic acid residue, which is also thought to be conserved across the UGTs (Li et al. 2007, Miley 
et al. 2007). Subsequently, the putative glucuronide metabolite is formed through an SN2 nucleophilic 
attack by the aglycone at the C1-carbon of UDPGA, with the C1-carbon undergoing an inversion in ste-
reochemistry from the b-configuration in UDPGA to the b-configuration in the glucuronide metabolite 
(Johnson and Fenselau 1978). The proposed SN2 reaction mechanism has been supported by seminal 
work demonstrating that increasing the nucleophilicity of the aglycone directly increases the rate of 
the glucuronidation reaction (Figure 5.6), while further mechanistic evaluations have made use of the 
unique properties of the anomeric proton present on the C1-carbon atom (Yin et al. 1994, Walker et al. 
2007, Malik and Black 2012). In addition to the nucleophilicity of the aglycone, the lipophilicity of a 
molecule has also been shown to be a key factor in determining its susceptibility to glucuronidation, 
with a log P of approximately 2 appearing to favor binding within the active sites of UGTs (Kim 1991, 
Smith et al. 2003).

Remarkably, literature reports document that infrequently, glucuronides are also formed 
upon N-carbamoylation of primary and secondary amines, at carbon atoms, and at selenium 
atoms. In  addition to mono-glucuronides, two types of diglucuronide conjugates have also been 
documented. These can be classified into two distinct types: “discrete diglucuronides,” which are 
formed when glucuronidation occurs at two different functional groups on the same aglycone; 
and “linked diglucuronides,” which are formed whenever the second glucuronidation occurs on a 
hydroxyl group of the first glucuronide’s sugar moiety (glycone) rather than directly on the parent 
molecule (Argikar 2012).

Atypical Kinetics

The bi-substrate SN2 glucuronidation reaction can be described by multiple kinetic models, including 
Michaelis-Menten, sigmoidal (activation), bi-phasic, and substrate or product inhibition (Figure 5.7) 
(Zhou and Miners 2014). The mechanism itself has been reported to be a compulsory-ordered bi bi 
mechanism, whereby UDP-glucuronic acid binds first followed by binding of the aglycone, though 
other mechanisms have been proposed (Potrepka and Spratt 1972, Vessey and Zakim 1972, Sanchez 
and Tephly 1975, Rao et  al. 1976, Koster and Noordhoek 1983, Falany et  al. 1987, Yin et  al. 1994, 
Luukkanen et al. 2005). In general, under saturating concentrations of UDP-glucuronic acid (>> Km), 
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FIGURE 5.6 Effect of substituents on maximal rate of phenol glucuronidation as evidence that glucuronidation occurs 
via an SN2 mechanism (Reproduced with permission from Yin, H. et al., Chem. Biol. Interact., 90, 47–58, 1994.)
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the observed kinetics will appear to be Michaelis-Menten and are often defined as such. However, more 
mechanistic evaluations of glucuronidation kinetics have revealed the ability of UGTs to bind multiple 
aglycones, either simultaneously or sequentially, resulting in the aforementioned atypical kinetic pro-
files (Rios and Tephly 2002, Stone et al. 2003, Iwuchukwu and Nagar 2008, Uchaipichat et al. 2008, 
Zhou et al. 2010).

Substrates and Inhibitors

The pursuit of selective substrates and inhibitors for UGT isoforms remains a key area of research 
owing to the overlap of ligand pharmacophores among the various UGTs. Similar to many of the known 
probe substrates of the cytochrome P450 enzymes, probe substrates for UGTs can be useful in reaction 
phenotyping and in vitro drug interaction studies, as well as in more mechanistic experiments. Both 
endogenous and xenobiotic compounds have been evaluated and suggested as useful probe substrates 
or inhibitors of UGTs and a comprehensive table is shown in Table 5.2. Well-characterized endogenous 
substrates include bilirubin and estradiol (UGT1A1), serotonin (UGT1A6), testosterone (UGT2B15 and 
UGT2B17), and other estrogens, androgens, or arachidonic acid metabolites (multiple UGTs). Many 
xenobiotics have been characterized in regard to UGT specificity, with compounds such as trifluopera-
zine (UGT1A4), propofol (UGT1A9), morphine (UGT2B7), and S-oxazepam (UGT2B15), in addition 
to others, being proposed as selective substrates (Oda et al. 2015). It is important to note that in certain 
cases, the selectivity of a substrate is also dependent upon the organ-specific expression patterns of a 
given UGT isoform, as is the case with propofol, which is glucuronidated solely by UGT1A9 in the liver 
but is also a substrate of multiple extrahepatic UGTs (Court 2005). Selective UGT inhibitors include 
atazanavir and erlotinib (UGT1A1), hecogenin (UGT1A4), fluconazole (UGT2B7), and S-nicotine 
(UGT2B10).

Sigmoidal

Substrate Concentration

V
el

oc
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Estradiol
1-Naphthol

Buprenorphine

Substrate or Product Inhibition

Substrate Concentration
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Propofol
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Substrate Concentration
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FIGURE 5.7 Examples of atypical kinetic profiles often demonstrated by UGT substrates.
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UGT Drug and Protein Interactions

Traditionally, the potential for clinically relevant drug interactions involving the UGTs to occur was 
considered to be low based on the relatively low affinities of UGT substrates and inhibitors as well as 
the overlapping specificities of most UGT ligands (Williams et al. 2004). In vitro studies have shown 
the UGTs to be susceptible to both inhibition and induction, though the observed alteration of enzymatic 
activity does not necessarily translate into the clinic (Goon et al. 2016). Further, cases where clinically 
relevant UGT drug interactions appear to be occurring can be complicated by concomitant interac-
tions with transporters or pharmacodynamic targets (Burckhardt and Burckhardt 2003). Specific topics 
related to UGT drug interactions are discussed below, and have been covered in full detail in previous 
chapters on UGTs (Remmel et al. 2008).

Acyl Glucuronides

Formation of acyl glucuronides, their subsequent chemical and biochemical reactivity, and hepatic 
disposition have been extensively documented and have been the subject matter of many reviews over 
multiple decades (Faed 1984, Sallustio et al. 2000, Bailey and Dickinson 2003, Skonberg et al. 2008, Regan 
et al. 2010, Dickinson 2011, Stachulski 2011). All glucuronides that are formed are beta-glucuronides due 
to the nature of the biochemical reaction described earlier. Acyl glucuronides can be quickly confirmed 
by a quick derivatization reaction with 55% hydroxyl amine solution to their corresponding hydroxamic 
acids (Vaz et al. 2010). Once the acyl 1-beta-glucuronides are formed, the glucuronides may undergo 
acyl migration, a phenomenon where the acyl group of the drug migrates to the 2-, 3-, or 4- beta isomers. 
These 2-, 3-, and 4-beta forms may undergo anomerization to the corresponding 2,3,4 alpha isomers, 
respectively. Once formed, the alpha isomers cannot be cleaved by physiological beta-glucuronidases 
that are present in blood and tissues. Anomerization has been documented to be predominant at lower 
pHs, whereas transacylation is shown to be promoted at higher pHs. It should be noted that Amadori 
rearrangement can only occur with 3-beta and 4-beta positional isomers and possibly by 3-alpha and 
4-alpha anomers (Hodge 1955). The reaction is driven by the open form aldose intermediate, which reacts 
with the nucleophilic amino groups of a protein or peptide. The molecular rearrangement is driven by 
formation of a stable 1-amino-1-deoxy-2-ketose form, and as such, the 1-beta isomer cannot form the 
aldose intermediate and 2-positional isomers cannot undergo Amadori rearrangement. Acyl-SG pathways 
are thought to be bioactivation pathways eventually promoting protein adducts similar to transacylation 
(Boelsterli 2002, Grillo 2011) and can be reasoned to occur with any and all reactive positional isomers 
of acyl glucuronides. From a chemical reactivity stand point, thio-acyl GSH conjugates are more reactive 
than acyl glucuronides, as was demonstrated by reaction of diclofenac acyl glucuronide and diclofenac-
S-acyl GSH respectively with N-acetyl cysteine (Grillo 2011). Reactive drug-acyl glucuronides as well as 
drug-thio-acyl GSH conjugates are thought to play a substantial role in the toxicokinetics of non-steroidal 
anti-inflammatory drugs but not via biochemical reactivity. Acyl glucuronides are actively taken up in the 
gut and cleaved intracellularly via beta-glucuronidases or due to higher pH to release the aglycone. This 
is thought to result in high local concentrations of the parent drug, potentially leading to damaging effects 
(Boelsterli 2011). Figure 5.8 illustrates general reactivity of acyl glucuronides.

Due to the potential risk of acyl glucuronide reactivity, many experiments have been designed over 
the years with the aim of potentially screening out reactive/toxic acyl glucuronides in early discovery or 
with the objective of characterizing the risk assessment of potential clinical candidates in development. 
Stability of acyl glucuronides has been studied in buffers, plasma, and human serum albumin solutions, 
with buffer at pH 7.4 showing potential for categorization of potential compounds into “safe,” “with-
drawn,” or “warning” categories (Sawamura et al. 2010). Similarly, reaction with peptides is acknowl-
edged as a reasonable surrogate for biochemical reactivity of acyl glucuronides (Wang et  al. 2004). 
Walker et  al. have reported an NMR-based methodology to evaluate reactivity of acyl glucuronides 
(Walker et al. 2007). This method relies on the disappearance of the anomeric resonance of 1-beta-acyl 
glucuronide as a marker of degradation or rearrangement kinetics and ultimately the stability of acyl 
glucuronides. Some of the assays employed for risk assessment in the industry are of a “reconstitution” 
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nature, where the need for synthesis of an acyl glucuronide has been eliminated by utilizing lyophilized 
extracts from an in vitro incubation as a surrogate (Zhong et al. 2015). Finally, a recent experimental 
report by Iwamura and coworkers, points toward two additional dimensions in the reactivity of acyl gluc-
uronides. The authors describe immunostimulation in human peripheral blood mononuclear cells by acyl 
glucuronides of withdrawn drugs, such as zomepirac acyl glucuronide, and also point toward induction 
of mRNA of five genes assessed via DNA microarrays (Iwamura et al. 2015). An in silico approach for 
predicting the reactivity of acyl glucuronides that can be readily applied in early discovery without need-
ing to synthesize glucuronide compounds or carry out kinetic assays is proposed by Potter and coworkers 
(Potter et al. 2011). For six commercially available NSAIDS, the authors correlated hydrolysis of methyl 
esters of acyl chemicals with predicted 13C-NMR chemical shifts of the carbonyl carbons along with 
steric descriptors in a partial least square model.

Cytochrome P450—Glucuronide Interactions

The inhibition of drug metabolizing enzymes by metabolites is a well-recognized occurrence and can 
result in the inhibition of the enzyme involved in the formation of the metabolite (product inhibition) or 
in the inhibition of other drug metabolizing enzymes. Glucuronide metabolites are no exception to this 
rule, with multiple examples of inhibition of UGT or cytochrome P450 (CYP) enzymes by glucuronides 
having been described in recent years (Backman et al. 2016, Sane et al. 2016, Tornio et al. 2016). Perhaps 
one of the most studied examples involves the inhibition of CYP2C8 by the glucuronide metabolite of 
gemfibrozil. While gemfibrozil is an inhibitor of CYP2C9 in vitro, its glucuronide metabolite is a potent 
and mechanism-based inactivator of CYP2C8, both in vitro and in vivo (Sallustio and Foster 1995, 
Wen et al. 2001, Wang et al. 2002, Shitara et al. 2004). Interestingly, though glucuronidation of gemfi-
brozil by UGT2B7 results in the formation of an acyl glucuronide, rearrangement of the acyl glucuronide 
is not the mechanism of CYP2C8 inactivation by gemfibrozil glucuronide. Rather, NADPH-dependent 
 oxidation of the dimethylphenoxy moiety by CYP2C8 results in the formation of a radical  intermediate 
and subsequent alkylation of the heme prosthetic group (Figure  5.9, top panel) (Ogilvie et  al. 2006, 
Baer et al. 2009).

The metabolism of glucuronide conjugates by cytochrome P450 enzymes has been described 
for other glucuronides as well. For example, CYP2C8 has been shown to catalyze the formation of 
2-hydroxyestradiol-17b-glucuronide from estradiol 17b-glucuronide and of 4-hydroxydiclofenac acyl 
glucuronide from diclofenac acyl glucuronide (Kumar et al. 2002, Delaforge et al. 2005). More recently, 
the respective roles of CYP2C8 and UGT2B10 in the formation of 3-hydroxydesloratadine were evalu-
ated. The proposed reaction mechanism involves the glucuronidation of desloratadine by UGT2B10 
followed by oxidation at the 3-position of the pyridine ring and subsequent deconjugation to form 
3-hydroxydesloratadine (Kazmi et al. 2015). No oxidation at the 3-position was detected in the absence 
of glucuronidation, suggesting that an initial conjugation step was a requirement for subsequent oxida-
tion by CYP2C8 (Figure 5.9, bottom panel). CYP2C8 has also been implicated in the dealkylation of 
the anti-diabetic agent sipoglitazar through a glucuronide intermediate, with no direct dealkylation of 
sipoglitazar being observed (Nishihara et al. 2012).

UGT Protein Interactions

Beginning with research on rat UGT isoforms in the early 1980s, the formation of UGT homo- and 
hetero-oligomers and the resulting impact on UGT activity has been the focus of many mechanistic 
studies and reviews (Ikushiro et al. 1997, Taura et al. 2000, Kurkela et al. 2003, Fremont et al. 2005, 
Ishii et al. 2005, 2010, Takeda et al. 2005, Iyanagi 2007, Nakajima et al. 2007, Operana and Tukey 2007, 
Finel and Kurkela 2008, Bock and Kohle 2009, Lewis et al. 2011, Konopnicki et al. 2013). The oligomers 
exist as either dimers or tetramers, as have been observed in the formation of diglucuronide metabolites 
(Peters and Jansen 1986, Gschaidmeier et al. 1995). The mechanism of UGT oligomer formation has 
been attributed to multiple protein domains that govern the protein interactions, many of which also 
confer the membrane binding properties of the UGTs (Ghosh et al. 2001, Lewis et al. 2011, Rouleau et al. 
2013). Most studies have implicated the N-terminal domain of UGT isoforms as the primary contributor 
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to oligomerization, though a role for the C-terminal domain has also been suggested, and the poten-
tial for disulfide bond formation between UGTs remains a possibility (Meech and Mackenzie 1997b, 
Ghosh et al. 2001, Kurkela et al. 2007, Olson et al. 2009, Yuan et al. 2015). Based on the formation of 
UGT1A dimers after co-expression in Sf9 cells and the lack thereof after the simple mixing of lysates, 
the oligomerization of UGTs most likely requires regulated cellular synthesis as opposed to simple bind-
ing interactions (Operana and Tukey 2007, Yuan et al. 2015, Liu et al. 2016). The resulting oligomers 
affect both the activity and conformation of UGTs, and it has been suggested that protein interactions 
may also affect the thermal stability of UGT isoforms (Fujiwara et al. 2007, 2010, Fujiwara and Itoh 
2014). The occurrence of protein oligomers is not limited to interactions among the UGTs, but has been 
observed between UGTs and cytochrome P450 isozymes as well (Fremont et al. 2005, Ishii et al. 2010).

Common techniques that have been used to characterize UGT protein interactions include 
 co-immunoprecipitation, fluorescence resonance energy transfer (FRET), and two-hybrid screening 
protocols in transfected cell lines (Ghosh et al. 2001, Kurkela et al. 2003, Operana and Tukey 2007, 
Liu et  al. 2016). Without exception, all of the aforementioned techniques have successfully identi-
fied oligomerizations between UGT isoforms as well as between UGT and other drug metabolizing 
enzymes such as the cytochrome P450s. Specific examples include interactions between a soluble form 
of UGT1A9 and UGT1A4, resulting in changes to the glucuronidation rates of entacapone and scoleptin, 

FIGURE 5.9 Examples of P450—glucuronide interactions as represented by the heme alkylation and subsequent inactiva-
tion of CYP2C8 by gemfibrozil 1-O-b-glucuronide (top panel) and the required formation of desloratadine N-glucuronide 
in the CYP2C8-catalyzed formation of 3-hydroxydesloratadine (bottom panel). (Reproduced with permission from Baer, 
B.R. et al., Chem. Res. Toxicol., 22, 1298–1309, 2009 and Kazmi, F. et al., Drug Metab. Dispos., 43, 1294–1302, 2015.)
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as well as interactions between UGT2B7 and CYP3A4, which affected both the kinetics as well as 
the regioselectivity of UGT2B7-mediated morphine glucuronidation (Kurkela et al. 2004, Takeda et al. 
2005, 2009). Elegant studies using a FRET-based approach and fluorescently-labeled UGT1A isoforms 
 further  confirmed that the formation of homo-and hetero-dimers occurs readily among UGT1A family 
 members, albeit in an isoform-dependent manner (Operana and Tukey 2007).

More recently, studies conducted in more physiologically relevant in vitro systems, such as human 
hepatocytes, have utilized siRNA down-regulation of UGT expression to study potential protein inter-
actions (Konopnicki et al. 2013). Upon selective down regulation of UGT2B7, a decrease in UGT1A9 
activity was also observed, confirming earlier observations made in doubly-transfected HEK293 cells 
and implying functional protein interactions between UGT1A9 and UGT2B7 (Fujiwara et  al. 2010, 
Konopnicki et al. 2013). The results further emphasize the importance in the choice of in vitro systems 
when evaluating glucuronidation reactions, given the potential (or lack thereof) for protein interactions 
to occur within a given system, depending on the enzymes present.

Pharmacodynamic and Toxicological Role of UGTs

In addition to their role as prominent drug metabolizing enzymes, the UGTs can play a role in the 
observed pharmacodynamics, efficacy, and safety profile of a given drug, often through bioactivation 
or detoxification (Olson et al. 1992, Spahn-Langguth and Benet 1992, Ritter 2000). Research has also 
shown that the metabolic function of UGTs can be altered in various disease states (Wells et al. 2004). 
Perhaps one of the most studied examples of UGT-catalyzed bioactivation is the conversion of morphine 
to morphine-6-glucuronide. The pharmacodynamic effects of the glucuronide metabolite have been 
shown to be orders of magnitude more potent than the parent drug morphine, depending on the route 
of administration and contribute to the clinical pharmacology of morphine (Osborne et al. 1988, 1992, 
Paul et al. 1989, Portenoy et al. 1991, Loser et al. 1996). In an analogous fashion, the glucuronides of 
some retinoids, such as retinyl glucuronide, are also more pharmacologically active than their parental 
aglycones (Prabhala et al. 1989). Similarly, the glucuronides of gemfibrozil, buprenorphine or norbu-
prenorphine, and clofibric acid are also known to possess pharmacological activity (Sallustio et al. 1997, 
Brown et al. 2011).

UGT-catalyzed glucuronidation pathways can also negatively impact the pharmacological profile of 
a drug through rapid elimination of the drug or through the onset of drug resistance (Mazerska et al. 
2016). Lamotrigine (epilepsy; UGT1A4), efavirenz (HIV; UGT1A1/2B7) and telmisartan (hyperten-
sion; UGT1A3) are all examples where increased UGT activity due to either polymorphic expression or 
enzyme induction have been shown or suggested to decrease the effectiveness of the drugs in patients 
(Kwara et al. 2009, Habtewold et al. 2011, Ieiri et al. 2011, Yamada et al. 2011, Ghosh et al. 2013, Chang 
et al. 2014, Metzger et al. 2014). UGT-mediated drug resistance has also received attention in oncology 
settings where alterations to UGT expression levels in tumors can affect the therapeutic outcome. For 
example, UGT expression has been shown to be lower in tumor-derived tissue from breast cancer patients 
as opposed to healthy tissue, while in biopsies from colon, pancreatic, or stomach tumors, a higher 
level of UGT activity relative to healthy tissue was reported (Starlard-Davenport et al. 2008, Jones and 
Lazarus 2014, Cengiz et al. 2015, Dates et al. 2015, Lu et al. 2015, Yilmaz et al. 2015). As such, drugs 
such as tamoxifen, belinostat, and etoposide are all subject to changes in their pharmacodynamics based 
upon the UGT expression levels in patients and, more specifically, in the tumor tissue itself (Poon et al. 
1993, Watanabe et al. 2003, Zheng et al. 2007, Ahern et al. 2011, Wang et al. 2013, Goey and Figg 2016). 
Regarding safety profiles, the impact of glucuronidation on irinotecan-mediated toxicity has been well 
characterized, with intestinal glucuronidation thought to play a key role in diminishing the toxicological 
effects of irinotecan (Takahashi et al. 1997, Iyer et al. 2002, Han et al. 2006, Nagar and Blanchard 2006a, 
Toffoli et al. 2006, Tallman et al. 2007, Fujita and Sparreboom 2010, Di Paolo et al. 2011, Chen et al. 
2013, Wang et al. 2014, Etienne-Grimaldi et al. 2015).

Alterations of UGT expression or activity can also affect the metabolism of endogenous compounds 
and result in the onset of various disease states. Bilirubin, formed by the breakdown of erythrocytic heme 
and other heme containing enzymes, undergoes multifaceted disposition. Primarily formed in blood, 



133UDP-Glucuronosyltransferases

unconjugated bilirubin is transported to the liver by binding to albumin, where it’s taken up by OATP1B1 
and OATP1B3 into hepatocytes. Bilirubin undergoes glucuronidation to mono- and di-glucuronides, a 
reaction catalyzed only by UGT1A1. MPR2 is responsible for the active efflux of bilirubin to its con-
jugated form into bile, where it may be unconjugated or reduced by gut bacteria to form urobilinogen 
and excreted. Inhibition of the uptake transporters or UGT1A1 may lead to unconjugated hyperbiliru-
binemia. Similarly, polymorphic variants of UGT1A1 can result in individuals with reduced expression 
or dysfunctional enzyme who cannot metabolize bilirubin efficiently and display unconjugated hyper-
bilirubinemia. Deconvoluting hyperbilirubinemia is extremely challenging due the complex interplay of 
glucuronidation and transport mechanisms, and a couple case examples that show case methodologies 
and caveats are recommended for further reading (Templeton et al. 2014).

Estimation of In Vivo Glucuronidation Parameters

There are numerous in vitro and in vivo challenges associated with UGTs and glucuronidation. As pre-
viously mentioned, glucuronidation as a metabolic pathway is dependent on a substrate’s entry into the 
cell and may be rate limiting to a substrate’s exit out of the cell. Thus, kinetics in microsomes may not 
always translate to hepatocytes. Furthermore, the active site of UGTs faces the inner lumen of the ER 
membrane and, therefore, faces inward in microsomes. In vitro incubations need to utilize pore-forming 
agents in appropriate amounts for reproducible kinetics. IVIVE is further complicated when the UGT 
substrate is also a substrate for one or more uptake and efflux transporters. Many of these difficulties 
result in inaccurate clearance prediction of UGT substrates, even when glucuronidation is the major 
route of elimination. In addition, challenges related to in vitro kinetic models and in vivo preclinical 
studies are an added complicating aspect and are discussed herein. Broadly these can be classified into 
the categories below.

Sources of Variability in UGT-Catalyzed Reactions

A number of sources of variability exist when assessing glucuronidation reactions in vitro, many of 
which stem from the propensity of the UGTs to be involved in protein-protein interactions as well as from 
the localization of the UGT active sites on the luminal side of the ER membrane. As such, the choice of 
in vitro systems (i.e., recombinantly expressed single enzyme systems, sub-cellular fractions, or hepato-
cytes) can quantitatively and qualitatively impact the observed results, and caveats exist when using any 
in vitro approach (Radominska-Pandya et al. 1999). For example, single enzymes systems such as trans-
fected cell lines or recombinantly expressed UGTs have the advantage of being able to mechanistically 
assess the contributions of an individual isoform to a glucuronidation reaction, though are limited in 
that oligomerization with other drug metabolizing enzymes is unable to occur (Konopnicki et al. 2013). 
UGT enzymes are often over-expressed in recombinant systems, and as such, the observed kinetics in 
recombinant systems cannot be directly translated to microsomes or hepatocytes. Elucidation of atypi-
cal kinetics in recombinant systems is also difficult. For example, a general UGT substrate, 4-methyl 
umbelliferone, shows Michaelis-Menten kinetics in HLM; however, atypical kinetics are observed in 
recombinant enzyme systems: hyperbolic kinetics are observed with UGT1A1, substrate inhibition is 
observed with UGT1A3, and homotropic cooperativity is seen in incubations with UGT2B7 (Miners 
et al. 2004, Argikar et al. 2011).

Sub-cellular fractions such as microsomes or S9 fractions are preferred from the standpoint of protein-
protein interactions as well as in the flexibility to separate glucuronidation reactions from their oxidative 
counterparts through the addition (or omission) of individual cofactors such as NADPH or UDPGA 
(Fisher et al. 2002, Kilford et al. 2009). A caveat to the use of subcellular fractions is the need to over-
come the UGT-latency often observed in these systems through the means of artificial pore-forming 
approaches such as alamethicin, detergents, or sonication (Lueders and Kuff 1967, Little et al. 1997, 
Fisher et al. 2000, Kurkela et al. 2003, Soars et al. 2003, Mazur et al. 2010, Walsky et al. 2012, Ladd 
et  al. 2016). Finally, from the standpoint of physiological relevance, assessing glucuronidation reac-
tions in hepatocytes represents the in vitro approach most likely to correlate with in vivo results, though 
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the contributions of oxidation, conjugation, hydrolysis, and transport to the metabolic fate of the agly-
cone can make interpreting the overall role of glucuronidation somewhat complex (Miners et al. 2006, 
Naritomi et al. 2015).

Beyond the choice of in vitro systems, additional factors can affect glucuronidation reactions and can 
often have a significant impact on the translatability of in vitro results to their clinical outcomes. For 
example, numerous studies have shown that, in general, an under-prediction of in vivo clearance occurs 
when using intrinsic clearance values obtained from liver microsomal systems (Boase and Miners 2002, 
Soars et al. 2002, Engtrakul et al. 2005, Miners et al. 2010, Naritomi et al. 2015). A key factor histori-
cally implicated in the under-prediction has been the effect of endogenous fatty acids on UGT activ-
ity in vitro. Microsomal fatty acids are released during in vitro incubations in various concentrations. 
Fatty acids from caprylic acid (C8) to nervonic acid (C24) have been reported to be liberated from rat, 
monkey, and human liver microsomes during incubations in a time-dependent manner. The concentra-
tions of the acids are also known to be varied across liver microsomes from rat, monkey, and human 
in a species-dependent fashion (Bushee et al. 2014). Careful consideration needs to be given to which 
of these fatty acids are important depending on the species of interest and the substrate/inhibitor under 
investigation, while performing detailed kinetic studies. The fatty acids outcompete the substrates; thus, 
yielding artificially high Km values (high μM to low mM). The competitive inhibition of various UGT 
isoforms by unsaturated fatty acids is well documented, with the addition of albumin (generally bovine 
serum albumin, fatty acid-free human serum albumin, or intestinal fatty acid binding protein) having 
been shown to bind endogenous fatty acids; thus, improving the IVIVE by attenuating the observed 
UGT inhibition (Rowland et  al. 2007, 2008, Manevski et  al. 2011, Gill et  al. 2012, Sekimoto et  al. 
2016). Although these have been shown to help the IVIVE of UGT1A9 and UGT2B7 substrates, Km 
parameters remain unaltered for substrates of UGTs 1A4, 1A1, and 1A6 (low μM) (Tsoutsikos et al. 
2004, Rowland et al. 2007, 2008).

The type of buffer system and other reagents used for in vitro glucuronidation reactions can also affect 
the resulting kinetics, as has been shown for cytochrome P450 catalyzed reactions. For example, altera-
tions to the observed UGT kinetics for 3ʹ-azido-3ʹ-deoxythymidine were noted when carbonate buffer 
was used as opposed to the more commonly used potassium phosphate or Tris buffer systems (Engtrakul 
et al. 2005). Similarly, in HLM, UGT1A4, and UGT1A9 showed up to 2× higher activity in Tris-HCl 
buffer, than phosphate buffer. The use of b-glucuronidase inhibitors is a further source of variation among 
in vitro UGT protocols. The enzyme is readily expressed in most mammalian tissues including the major 
organs involved in drug metabolism and is responsible for the hydrolysis of glucuronide metabolites 
back to their respective aglycones (Marsh et  al. 1952, Levvy and Marsh 1959). While the inclusion 
of b-glucuronidase inhibitors such as D-saccharic acid 1,4-lactone may have limited physiological rel-
evance, their inclusion in in vitro assays has been shown to improve IVIVE from microsomal data and 
may provide additional mechanistic insights into a given glucuronidation pathway (Oleson and Court 
2008, Walsky et al. 2012). It is believed that increased glucuronidation activity in the presence of saccha-
rolactone may actually be due to a decrease in pH and not necessarily inhibition of beta-glucuronidases.

Further differences in incubation conditions can arise from pore forming reagents, choice and concentra-
tion of organic solvent, and methods of glucuronide quantitation, all of which can lead to variations in Km 
and Vmax across laboratories. In general, alamethicin is recommended over surfactants such as Triton-X 
and Brij58. It has been reported optimal concentrations of the pore forming reagent are 50 μg alamethicin / 
mg of protein (if the protein concentration is greater than 0.17 mg/mL) or 10 μg alamethicin / mL of incuba-
tion (Fisher et al. 2000, Soars et al. 2003, Walsky et al. 2012). Organic solvents utilized in incubations also 
lead to observable differences in enzyme kinetics for a given substrate. In general, organic solvents are rec-
ommended to be less than 1% in an in vitro incubation. It should be noted that UGT1A9 and UGT2B17 are 
not as well tolerant of DMSO as other UGTs (Chauret et al. 1998, Uchaipichat et al. 2004). Finally, accurate 
kinetic studies for formation of glucuronides are performed by either using a synthetic reference standard 
for the glucuronide or by the use of 14C-UDPGA to form the glucuronide. Neither technique is time and cost 
effective. Synthesis of glucuronides as reference standards is demanding, and formation kinetics of gluc-
uronides is resource intensive. Thus, there exists a general dependency on substrate depletion kinetics even 
in the presence of competing metabolic pathways. Absolute quantification of the glucuronide metabolite in 
circulation is challenging due to this and other analytical challenges.
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Effect of Enterohepatic Recirculation

Due to constant recycling of the parent drug and or its glucuronide metabolite, this phenomenon presents 
a remarkable challenge in estimating the fraction of the drug (dose) that is metabolized via glucuronida-
tion. Enterohepatic recirculation of glucuronides begins with the uptake of the glucuronide metabolite 
from the blood compartment into hepatocytes, subsequent biliary excretion, and reabsorption in the 
intestine (Vasilyeva et  al. 2015). Interconversion between the glucuronide metabolite and the parent 
offers an additional complicating factor. The molecular weight, chemical structure, and polarity of the 
glucuronide in conjunction with co-administered medications, disease state, age, and gender can all 
affect the rate and extent of enterohepatic recirculation (Malik et al. 2016). Recirculation has been noted 
for glucuronides of drugs such as sorafenib, retigabine, lorazepam and acetaminophen. While informa-
tion on entero-hepatic recirculation of a new chemical entity may not be readily available in early discov-
ery, it is recommended that preclinical models in drug-development phases undergo iterative refinement 
as additional details on entero-hepatic recirculation are revealed.

Species-Dependent Glucuronidation

Expression of UGT isoforms in preclinical species and human is different, often leading to a poor trans-
lation of the rate or extent of glucuronidation from preclinical models to human. Species differences in 
expression of UGTs are known, but are not well understood. Moreover, the expression of UGT isoforms 
is tissue-specific in preclinical species and human. Further, a role for extrahepatic glucuronidation as a 
metabolic component has recently been gaining attention in more complex attempts to accurately esti-
mate glucuronidation clearance. Species differences in extra-hepatic expression and function of UGTs 
are even less well-understood, and genetic polymorphisms and disease states are a further complicating 
factor (Cappiello et al. 1991, Burchell et al. 1998, Tukey and Strassburg 2000, Burchell 2003, Mackenzie 
et al. 2005).

Analytical Challenges with Glucuronide Metabolites

Advancements in mass spectrometry have resulted in highly sensitive instruments with softer ioniza-
tion techniques and robust precursor and fragment ion detection (Bushee and Argikar 2011). This has 
resulted in qualitative and quantitative assessments of metabolites that were previously below limits 
of quantification or detection by HPLC-UV methods. Despite this, glucuronides as metabolites can 
be complicated to quantify by modern day analytical techniques. Some of the difficulties with respect 
to sample preparation and analysis are discussed below. Active tissue beta glucuronidases will cleave 
the glucuronides to form the parent drug. Similarly, some acyl glucuronides may be unstable at high 
or low pHs, as is the case with clopidogrel acyl glucuronide at pH values below 5.5. Where acidifica-
tion is a commonly utilized strategy to prevent rearrangement when quantifying acyl glucuronides and 
use of 0.1% formic acid is generally a default mobile phase, a pH dependent sample work-up should be 
used with caution for glucuronides of new chemical entities. Extra precaution is recommended where 
re-analysis, incurred sample analysis, or multiple freeze thaw cycles of samples are involved. Concerns 
connected with acyl glucuronide reactivity are discussed separately in this chapter. In general, chro-
matographic separation of glucuronides and their parent compounds is a must to avoid over-estimation 
of the parent molecule by in-source fragmentation of the glucuronide. Most glucuronides elute very 
close to the solvent front in reverse-phase HPLC conditions, but due attention is needed while running 
shorter gradients, especially LC methods that run over a few minutes, or high-throughput, high capac-
ity non-LC-based MS techniques. Further, glucuronides such as valproic acid glucuronide are unstable 
at high temperatures (Argikar and Remmel 2009a). In general, inaccurate estimation of glucuronides 
or parent molecules leads to overestimation of PK, TK and skewed PK-PD relationships. Unusual gluc-
uronides need to be accounted for during metabolite identification studies. These glucuronides may not 
add up to the usual m/z values or neutral losses in a mass list. Finally, the importance of an authentic, 
pure reference standard for quantification cannot be stressed more and has been discussed in a separate 
section in this chapter.
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In Vivo Estimation of Glucuronidation Kinetics from In Vitro Data

The above challenges can all translate to poor IVIVE, and glucuronidation rates, in general, tend to be 
underpredicted (Miners et al. 2006, Gill et al. 2012, Naritomi et al. 2015). A few valuable approaches 
exist that may be utilized in research and early development to aid IVIVE of UGT substrates (Argikar 
et al. 2016). These are listed below along with their strengths and weaknesses.

Quantitative IVIVE: Prediction of Human In Vivo Hepatic 
Clearance Using Human Liver Microsomes or Hepatocytes

This is a widely utilized, simple technique for the extrapolation of microsomal or hepatocellular in vitro 
data to predict in vivo hepatic clearance (Soars et al. 2002, Miners et al. 2006, Naritomi et al. 2015). It 
calculates intrinsic clearance from either substrate disappearance or product formation assays in micro-
somes or hepatocytes. This value is then corrected for fraction unbound, and the scaled in vivo hepatic 
CL is calculated using the well-stirred equations shown below based on whether the data was generated 
in microsomes (top equation) or hepatocytes (bottom equation).
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Hepatocytes have been shown to result in more accurate predictions of in vivo clearance parameters for 
UGT substrates, as discussed earlier. A few of the major limitations of this method are that it discounts 
extrahepatic metabolism and hepatocellular assay cannot be reliably applied to compounds with poor 
passive permeability and little to no active uptake.

Use of Relative Activity Factors (RAFs)

This approach works very well when authentic glucuronide reference standards are available for esti-
mation of intrinsic clearance or when glucuronidation is the predominant pathway, ideally with one 
glucuronide metabolite (Gibson et al. 2013). RAFs are calculated by measuring the intrinsic clearance 
of a specific UGT substrate in microsomes and purified, recombinant enzyme as depicted in the equa-
tion below. This is semi-mechanistic in nature and can be a powerful tool when cross-checked with 
UGT protein concentrations. It can also be applied when interspecies differences in rate and/or extent 
of glucuronidation are observed. In addition, it can be applied to other organs to estimate clearance, 
when extra-hepatic glucuronidation is observed. A benefit is that large animal PK data are not needed, 
but UGT phenotyping data are required. A potential drawback is that some UGTs such as UGT1A9 and 
UGT2B7 are shown to work better in the presence of BSA. The absence of specific UGT substrates for 
calculation of RAFs is an additional complicating factor (i.e., estimation of relative activities may include 
contribution of other hepatic UGTs as well). For example, estradiol, which is used for UGT1A1, is also 
a UGT1A3 substrate; chenodeoxy cholic acid can be used for UGT1A3 RAF estimation but is also a 
UGT1A1 and UGT2B7 substrate; AZT, although historically used for calculation of RAF for UGT2B7, 
is metabolized by UGT2B4 and UGT2B17 (Court et al. 2003).
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CL Delta: fmCYP and fmUGT Approach

This method is another semi-mechanistic approach, which is applicable when interspecies differ-
ences in rate and/or extent of glucuronidation are observed (Cubitt et al. 2009, 2011, Kilford et al. 
2009, Gill et  al. 2012). It relies on calculating metabolic contributions by CYPs and UGTs to a 
given compounds overall metabolism. fmCYP and fmUGT are calculated from incubations containing 
UDPGA, NADPH, and both cofactors, as per the equations below. Like the RAF approach, it can 
be applied to other organs for clearance estimation (e.g. kidney [UGT1A9], intestine [UGT1A8, 
UGT1A10]). While neither UGT phenotyping nor large animal PK data are necessary, this method is 
laborious, especially if fraction unbound (fu), and intrinsic CL with and without BSA are estimated. 
This is a useful tool to utilize in vitro high-throughput ADME/metabolism data from human liver 
microsomes, but sequential and concurrent metabolism in hepatocytes can act as limiting factors for 
broader application.
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As mentioned previously, some UGTs are extrahepatic and are known to be expressed in either a 
tissue-specific or tissue predominant manner (Burchell et  al. 1998, Tukey and Strassburg 2000). 
Intestine (Radominska-Pandya et al. 1998, Strassburg et al. 1999), kidney (McGurk et al. 1998), pla-
centa (Collier et  al. 2002, 2015), lung, eye, spleen, and others, have been shown to express UGTs 
(Table 5.1), and glucuronidation pathways of several endobiotics and xenobiotics have been character-
ized in drug metabolism models derived from these organs. Therefore, inclusion of a glucuronidation 
component from such organs in clearance estimations, especially intestine and kidney, has enabled 
improved prediction of total clearance for substrates of such UGTs (Cubitt et al. 2009, 2011, Gill et al. 
2012, Naritomi et al. 2015). In many similar instances, whole body physiologically-based pharma-
cokinetic (PBPK) modeling approaches may be worth investigating and may be a more appropriate 
method than static modeling, due to the model’s ability to integrate individual organ contributions to 
clearance (Galetin 2014).

Allometry-Based Approaches to Predicting In Vivo Glucuronidation: 
Single-Species Scaling Based on Monkey Pharmacokinetics

Single-species scaling of human pharmacokinetics from monkey pharmacokinetics have been 
described in much detail (Deguchi et al. 2011, Lombardo et al. 2013a, 2013b). This approach is by far 
the simplest scaling approach based on in vivo data and has been shown to be reliable for a large data 
set of compounds. Neither extensive modeling and data generation nor a synthetic reference standard 
of the glucuronide metabolite are needed, and the methodology can be applied for a broad range of 
UGT substrates regardless of their chemical properties. As with all allometric approaches, it is non-
mechanistic in nature and agnostic to potential differences between species at the enzyme level. The 
foundation of this approach is based on relative differences in physiological attributes underlying drug 
disposition between monkey and human (e.g., liver weight, hepatic blood flow, glomerular filtration 
rate). Coefficients derived for each species represent an undefined amalgam of such constants and are 
represented in the equation below:

 CLhuman = CLmonkey x (Wthuman/Wtmonkey)0.75

where CL represents clearance, Wt represents body weight in the respective species, and 0.75 is a fixed 
exponent.
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Special Considerations with Regard to Glucuronidation Reactions

The following key points detailing known intricacies with regard to conducting glucuronidation studies 
and using the data to extrapolate to humans are worthy of careful consideration while investigating UGT-
catalyzed metabolic pathways.

 1. Uridine diphosphate (UDP) has not been shown to be a reliable pan-inhibitor of glucuronida-
tion reactions. Inhibition by UDP has been documented for UGTs 1A1 and 1A4 in liver micro-
somes, but the same data was not substantiated in recombinantly expressed single enzyme 
systems. Similarly, while this method was successfully applied to UGT1A9 in sf9 cell lysate 
supernatants, these findings were not confirmed in either recombinant systems or microsomes 
(Fujiwara et al. 2008, Manevski et al. 2011). Thus, to date, there is no confirmation that this is 
a valid method of inhibiting hepatic and/or extra-hepatic UGTs in any of the commonly used 
cellular or subcellular models of drug metabolism. Furthermore, different in vitro systems 
inherently bring in additional complications such as differences in protein expression, lipid 
compositions, and functional activity. Although based on the sequential bi bi nature of the 
glucuronidation reactions, one may be tempted to apply UDP inhibition to estimate UGT activ-
ity, especially in the absence of specific inhibitors, and many more experiments are needed 
before this method can be considered a general or reliable approach to determine contribution 
of glucuronidation towards clearance.

 2. Whenever fatty acid quenching proteins such as BSA, has, or IFABP are utilized in UGT incu-
bations for UGTs, such as UGT2B7, it is imperative to use unbound substrate concentrations 
and not total substrate concentrations. This is discussed in detail in the earlier section on clear-
ance prediction. Unbound fraction determinations should be made under the same experimen-
tal conditions used in the in vitro clearance assay.

 3. Michealis-Menten kinetics are not to be assumed for any glucuronidation reaction and the dataset 
needs to be carefully examined for presence of atypical kinetics such as homotropic/ heterotropic 
activation. This is discussed in detail in the earlier section on UGT reaction mechanisms.

 4. Estimation of kinetic rates (i.e., Vmax) without an authentic reference standard of the glucuro-
nide is incorrect and should not be undertaken in any event (Argikar and Nagar 2014). Firstly, 
such an approach assumes that ionization of the parent and the glucuronide metabolite are 
equivalent in the mass spectrometer (MS), but this assumption is fundamentally wrong. It is 
well established that ionization of parent and the metabolite by MS is dramatically different 
(Dahal et al. 2011). The scenario is even worse when one compares metabolites like glucuro-
nides or sulfates, because addition of polar bulky groups like glucuronic acid dramatically 
impacts MS ionization due to changes in the liquid gas phase properties for LC-MS/MS analy-
ses (Figure 5.10). Furthermore, the MS responses are a function of the constituents and pH 
of the mobile phase, the flow rates and the MS source parameters. Many techniques such as 
low flow or calculation of ionization properties tend to negate the variability in MS response, 
but these techniques are far from generating equimolar responses for analytes such as parent 
and glucuronide metabolites. Secondly, calculation of metabolite formation kinetics on rela-
tive peak areas in the absence of a reference standard is also incorrect. It is understood that 
Michaelis-Menten kinetics describe a process at steady-state. As we know, Km represents the 
substrate concentration at half-maximal velocity, i.e., concentration at Vmax/2 and has units 
of concentration. As we know, Vmax is a rate, and therefore, it has units of concentration per 
unit time (normalized to concentration of enzyme used in the experiment). To obtain Vmax, 
reaction velocity (v) is plotted versus substrate concentration [S] (Seibert and Tracy 2014). 
A true Vmax cannot be obtained by plotting relative peak areas of metabolites to parent. 
Saturation (Vmax type effect) observed in such a plot can be an artifact due to MS detector 
saturation, i.e., a plateau in detector response when the analyte concentration is beyond the 
detector’s dynamic range. Therefore, the MS measurements and the subsequent kinetic analy-
sis are fundamentally incorrect.
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Future Directions and Technologies

Though the study of UGTs and glucuronidation mechanisms is a decades old endeavor, the technologies 
available to aid in these enzymatic studies continue to evolve. As mentioned previously, hepatocytes rep-
resent one of the most physiologically relevant in vitro systems in which to study drug metabolism, espe-
cially in regard to phase II drug metabolism and transporter-mediated processes. However, under many 
typical in vitro protocols, hepatocyte incubations can have challenges in maintaining their morphology 
and viability over prolonged periods of time or when being used to assess the metabolism of low clear-
ance compounds (Di et al. 2012, 2013, Ramaiahgari et al. 2014, Vivares et al. 2015). To this end, there 
has been an increased interest in evaluating in vitro systems, such as bioreactors, microfluidic platforms, 
spheroids, and other three-dimensional cellular models, which allow for a more robust determination of 
the drug metabolism and toxicology properties of a given compound (Novik et al. 2010, Nakamura et al. 
2011, Fey and Wrzesinski 2012, LeCluyse et al. 2012, Godoy et al. 2013, Gomez-Lechon et al. 2014, Esch 
et al. 2015). Assessments of UGT activity in these systems have been promising, with UGT substrates 
such as hydrocortisone, morphine, lamotrigine, and diclofenac, in addition to others, being profiled to 
support the utility of these systems in evaluating conjugative metabolism (Wang et al. 2010, Kampe et al. 
2014, Ohkura et al. 2014, Sarkar et al. 2015).

Beyond in vitro technologies, the use of in silico approaches to predict and characterize UGT-mediated 
reactions also remains a current area of research. Owing to the general lack of UGT crystal structures 
and related structural knowledge of the substrate binding domain of many UGT isoforms, mechanistic 
studies to study UGT substrate binding remain challenging. To indirectly begin to explore substrate bind-
ing interactions and UGT substrate specificity, multiple computational approaches have been described, 
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FIGURE 5.10 Mass spectrometric responses observed for compounds and their corresponding glucuronides after an 
equal volume injection at 1 μM in Orbitrap-XL in either ESI positive ionization in acidic mobile phase or ESI negative 
ionization in neutral mobile phase at a flow rate of 250 μL/min. The mass spectrometric responses for metabolites are 
shown as a percentage of their respective parent drug’s response. The data illustrates that mass spectrometric responses 
are multifactorial even at equimolar concentrations and peak areas of glucuronide metabolites are not recommended to be 
utilized as a reliable estimate for quantification in the absence of an authentic reference standard.
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including quantitative structure activity relationships (QSAR), homology modeling, and in silico site 
of metabolism predictions (Sorich et al. 2008, Dong et al. 2012, Tripathi et al. 2013, Peng et al. 2014, 
Nair et al. 2015). Homology models have been described for UGT1A1, UGT1A9, and UGT2B7, with 
structural insights into substrate or cofactor binding being gained from each (Locuson and Tracy 2007, 
Laakkonen and Finel 2010, Takaoka et al. 2010, Lewis et al. 2011, Wu et al. 2011, Tripathi et al. 2013). 
Other computational approaches such as comparative molecular field analysis (CoMFA), comparative 
molecular similarity indices (CoMSIA), pharmacophore modeling, and VolSurf have been recently used 
to study key determinants of UGT kinetics (Sorich et al. 2002, Wu et al. 2011, 2015, Ako et al. 2012, 
Dong and Wu 2012). Until additional crystal structures are solved for UGT isoforms, and more specifi-
cally, their substrate binding domains, such computational techniques will continue to be key in support-
ing orthogonal approaches such as site-directed mutagenesis in regard to understanding UGT protein 
structure.

As an orthogonal approach to the characterization of the UGT protein structures, there have been 
a number of publications on in silico methods to predict the site of glucuronidation, the contribution 
of glucuronidation as a clearance pathway, or the reactivity of acyl glucuronides. Peng and coworkers 
applied a bioinformatics approach with the help of local and global molecular descriptors that defined 
physicochemical properties, such as chemical reactivity, bond strength, and molecular volume, for a 
training set of 300+ compounds. Their predictions for sites of glucuronidation correlated to experimen-
tal data with 84% success rate using a test set of over 50 molecules (Peng et al. 2014). Non-training set 
based models such as Metasite® depend on molecular interaction fields to predict a site of metabolism. 
A limitation of such models is that, in general, they assume a given molecule to be a substrate and the 
model itself is unable to differentiate between substrates, non-substrates, and inhibitors. Furthermore, 
the model cannot distinguish between various types of binding modes or types of kinetic reactions 
such as atypical kinetics versus Michealis-Menten kinetics. Most importantly, such models cannot pro-
vide a distinction between multiple possible sites of conjugative metabolism for substrates with mul-
tiple unmasked nucleophilic groups (polyfunctional substrates), and use of these models to estimate 
the contribution of glucuronidation to the overall clearance of a molecule should be approached with 
caution. Conversely, the application of predictive models toward in silico UGT reaction phenotyping and 
estimation of kinetic parameters may provide an alternative to predict the role of glucuronidation in the 
clearance of a drug. Varying degrees of success with UGTs 1A1 and 1A4 based on 2D- and 3D-QSAR 
approaches and QSMR data have been reported for a set of compounds (Miners et al. 2004), but routine 
use of these models toward a new chemical entity will require additional research efforts.

A number of in vivo models have been developed with the aim of studying induction, regulation, and 
polymorphisms of UGTs in preclinical species (Chen et al. 2005). Such models with knocked-out mouse 
gene(s) in conjunction with knocked-in human genes have been instrumental in deciphering the role 
of specific nuclear receptors, such as CAR, PXR, and PPARs, signaling pathways such as nrf2-keap1, 
in the regulation of UGT isoforms, and their effect on UGT substrates (Verreault et al. 2006, Bonzo 
et al. 2007, Senekeo-Effenberger et al. 2007, Yueh and Tukey 2007, Argikar et al. 2009). These models 
employ mouse nuclear receptor elements, unless the knock-in/knock-out sequence has been performed 
for a specific nuclear receptor. An alternative animal model, such as the chimeric mice, where greater 
than 70% of the mouse hepatocytes have been replaced by human hepatocytes, constitute a method to 
test human-specific nuclear receptors UGTs in mice (Strom et al. 2010, Nishimura et al. 2013, Bateman 
et al. 2014, Sanoh and Ohta 2014).

Finally, focused research efforts into identifying additional selective substrates and inhibitors for 
UGT isoforms, the enzymology of UGTs in preclinical species, and the role of UGT pharmacoge-
netics in personalized medicine will most likely continue to be of interest in the near future. While 
UGTs are known to share overlapping substrate specificities, recent efforts have begun to identify iso-
form  selective substrates and inhibitors, tools that will continue to expand the UGT drug interaction 
and  reaction phenotyping resources (Miners et  al. 2010, Fedejko-Kap et  al. 2012, Lee et  al. 2015, 
Pattanawongsa et al. 2016). Towards the role of glucuronidation in preclinical species, the knowledge 
surrounding the enzymology of UGTs in these species lags behind that of the cytochromes P450, with 
recent efforts seeking to expand that knowledge base in species commonly used in safety studies, such 
as dogs and rodents (Soars et al. 2001, Kaivosaari et al. 2011, Furukawa et al. 2014, Troberg et al. 2015). 
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Similarly, building on the well documented role of UGT polymorphisms in determine absorption, dis-
tribution, metabolism, excretion and toxicity (ADMET) properties, efforts are underway to identify 
more rapid and precise screening methods to characterize UGT polymorphisms within individuals with 
a focus on ensuring optimal safety and efficacy in each patient (Minucci et al. 2014, Gammal et al. 2016, 
Shahandeh et al. 2016).

Conclusions

The aim of this chapter was to provide a basic overview of UGT enzymology, pharmacogenetics, ontog-
eny, drug interactions, and in vivo predictions. Detailed information is available in the many excep-
tional reviews, book chapters, and research papers referenced herein, which have been published on 
UGT-related topics over the years. While much of the enzymatic phenomena surrounding UGTs has 
been investigated in detail through highly mechanistic studies, a great deal of research remains, with 
areas such as UGT protein structure, isoform-specific inhibitors, protein-protein interactions, engineered 
in vitro systems and in silico models still receiving a great deal of interest. Transgenic and humanized 
models can serve as an important translational tools of tissue specific human UGT enzymes. Modulation 
of function and capacity of UGTs in disease states is an exciting avenue, and developments in this arena 
will serve as a foundation for personalized medicine. As our UGT knowledge base continues to expand, 
so will our ability to rapidly and confidently provide pharmacokinetic, safety, and efficacy data for UGT 
substrates across the discovery and development continuum.

ABBREVIATIONS
UGT UDP-Glucuronosyltransferase

UDPGA uridine diphosphoglucuronic acid UDP, uridine diphosphate

IVIVE in vitro–in vivo extrapolation

RAF relative activity factor

MS mass spectrometer
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Introduction

Metabolism is the major elimination pathway of a drug from the body initiated by drug metabolizing 
enzymes (DMEs). DMEs are present mainly in the liver, intestine, and blood and facilitate the excretion of 
xenobiotics from the body by converting lipophilic drugs into hydrophilic compounds. Cytochrome P450 
enzymes (CYPs) are responsible for the clearance of a majority of drugs on the market, and, accordingly, 
much emphasis has been placed on understanding the role of CYPs in metabolism, clearance, drug-drug 
interactions, and oral bioavailability [1].

The widespread use of metabolic stability screening using microsomal fractions or hepatocytes for oxi-
dative and glucuronic acid conjugative metabolism at the early discovery stage has greatly increased the 
number of drug candidates with a high level of metabolic stability. This screening strategy, however, has 
forced new chemical entities (NCEs) into chemical spaces that rely on non-CYP enzymes for clearance, 
and therefore, the importance of non-CYP enzymes in the elimination of drugs has been increasingly 
recognized in drug discovery and development [2–4]. In a recent survey of a set of 125 small molecule 
drugs approved by the United States Food and Drug Administration (FDA) from 2006 to 2015, approxi-
mately 30% of the metabolism of these drugs is carried out by non-CYP enzymes [5]. These non-CYP 
enzymes can also modulate efficacy, contribute to detoxification, or produce therapeutically active or 
reactive/toxic metabolites [6,7]. Here, we discuss the non-CYP enzymes involved in drug metabolism 
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reactions (except for enzymes discussed in Chapters 4 and 5) and their subcellular locations, organ dis-
tributions, mechanisms of reactions, and typical substrates and inhibitors.

Flavin-Containing Monooxygenases

The flavin-containing monooxygenase (FMO) (EC 1.14.13.8) enzymes are NADPH-dependent, mem-
brane bound to the endoplasmic reticulum (ER), and have molecular weights of approximately 60 kDa. 
FMOs metabolize a wide range of substrates by oxidizing nitrogen, sulfur, phosphorous, and selenium 
atoms. The source of the added oxygen atom is molecular O2.

The role of FMO is often underestimated in the calculation of total clearance because several of the 
reactions they carry out are similar to those mediated by CYPs. In addition, CYPs use the same cofactor 
and are also located on the ER [8]. FMO-mediated reactions can be distinguished from those mediated 
by CYPs by the following observations:

 1. FMO activity is optimal at a pH of >9 while CYP activity is optimal at a pH of 7.4.

 2. All FMOs, except for FMO2, are thermally unstable when pre-incubated in the absence of 
NADPH.

 3. 1-Aminobenzotriazole (ABT) inactivates CYP enzymes in a time-dependent manner but does 
not inhibit FMOs.

 4. Inhibitory antibodies to cytochrome P450 reductase will impact CYP-dependent processes, but 
not those that are FMO-dependent.

 5. Detergents (such as Triton-X 100) inhibit CYP enzymes but have little effect on FMO activity.

 6. Recombinant enzymes can be used to distinguish between FMO- and CYP-catalyzed reactions.

 7. FMOs are rarely induced, but many CYPs are inducible.

Subcellular Location and Organ Distribution

FMOs are distributed differently in organs throughout the body depending on the isoform (Table 6.1) [9]. 
In humans, the five functional forms of FMO (FMO1 through FMO5) share 50%–55% sequence identity. 
Even though FMO1 is the major form in many animals, in humans, this isoform is found only in fetal 
livers and is absent in adults [9]. FMO1 has a shallow substrate binding channel and, therefore, broad 
substrate specificity. The highest concentration of FMO2 is in lung tissue, followed by the kidney 
where the concentration is 7-fold less. FMO3 is the major isoform in human liver at a concentration of 
46 pmol/mg [10] but is present at much lower amounts in the lung and kidney (<5%). FMO3 has a deep 
substrate binding channel (8–10 Å) and, therefore, a narrower substrate specificity than FMO1. FMO4 
and FMO5 play minor roles in drug metabolism.

In humans, trimethylamine, a foul-smelling chemical derived from dietary sources, such as choline 
and carnitine, is metabolized by FMO3 to an odorless N-oxide metabolite. FMO3 deficiency leads to 
trimethylaminuria (“fish-like odor syndrome”) [11].

TABLE 6.1

FMO Distribution in Different Species

Form Mouse Rat Monkey Human

FMO1 Kidney Liver, kidney Kidney Kidney >> lung, small intestine >> liver

FMO2 Lung Lung Lung Lung >> kidney > liver, small intestine

FMO3 Liver, kidney Kidney Liver, kidney Liver >> lung > kidney >> small intestine
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Multiplicity and Species Differences

Pronounced differences in FMO expression exist amongst preclinical species [12–13]. The flavin adenine 
dinucleotide (FAD) and NADPH binding domains, with 4–32 and 186–213 residues, respectively, are the 
conserved regions across species.

Young female mice have very high expressions of FMO3 and FMO5, which most closely resembles 
FMO expression in the adult human liver. The FMO3 activity in young female rats is 5–10 fold higher 
than that in male rats. Adult rats have relatively low FMO3 and FMO5 expressions and a similar FMO1 
expression to humans.

Catalytic Mechanism

The overall reaction of FMO-mediated metabolism involves the use of FAD as a prosthetic group to initi-
ate a two-electron oxidation (Figure 6.1). The steps of this reaction are described below:

 1. At resting state, the enzyme is present as a 4α-hydroperoxyflavin (FAD-OOH). The distal 
oxygen is electrophilic.

 2. A nucleophilic substrate (X:) attacks the distal oxygen of FAD-OOH and results in formation 
of an oxygenated product (O-X) and 4α-hydroxyflavin (FAD-OH).

 3. The metabolite is released, and FAD-OH losses a water molecule to form FAD. This is thought 
to be the rate-limiting step of the reaction.

 4. FAD receives an electron from NADPH to form FADH2 (not shown). This is further oxidized 
by O2 to form FAD-OOH. This step returns FMO to its resting state.
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Substrates and Inhibitors

FMOs catalyze the N-oxidation of substrates that contain a nitrogen atom with sp3 centers (Figure 6.2). 
Such substrates include benzydamine, chlorpromazine, clozapine, cyclobenzaprine, ephedrine, imipramine 
(FMO1 isoform), itopride, N-methylamphetamine, nicotine (FMO3 isoform), norcocaine, phenothiazine, 
and trimethylamine. FMOs can also mediate the S-oxidation of thioethers to sulfoxides, and rarely, the 
further oxidation of these sulfoxides to sulfones. Examples are cimetidine, sulindac, and tazarotenic acid.

Methimazole, n-octylamine, and thiourea are FMO inhibitors. Note that n-octylamine is also an inac-
tivator of FMO. Caution needs to be taken when using methimazole since the compound also inhibits 
several CYP isoforms. No inhibitory antibodies are commercially available, but antibodies are available 
for Western blot studies.

Reactions and Relevance to Human Drug Metabolism

FMOs contribute to the clearance of several drugs through N- or S-oxidation. For example, FMO1 in 
renal tissue is involved in the oxidative metabolism of lorcaserin at the nitrogen atom [14]. In addition to 
the oxidation of heteroatoms, FMOs have been implicated in several less common, yet important, reac-
tions (Figure 6.3). These include Cope-type elimination driven by the loss of a side chain after N-oxide 
formation. Oxime formation can also occur following consecutive oxidation by FMOs. Finally, even 
though carbon oxidation by FMOs is uncommon, it can occur, as is the case with 4-fluoroaniline.

Monoamine Oxidases

Monoamine oxidase (MAO) (EC 1.4.3.4) enzymes are bound to the outer membrane of mitochondria, and 
although they are widely distributed in many tissues, their activity in the brain has been a focus of thera-
peutic research. MAOs oxidize primary, secondary, and tertiary amines to aldehydes, while the endog-
enous substrates of MAOs are primary amines, such as histamine. The key feature of MAO substrates is 
that the amine is neighboring a carbon with a hydrogen atom.

Subcellular Location and Organ Distribution

MAOs are expressed in most tissues and are present in two isoforms, MAO-A and MAO-B, which share 
a 70% sequence identity. Most tissues express both isoforms in the same cell, with the exception of 

N

N N

N

S

N

Cl

N

N

Substrates

Imipramine Cyclobenzaprine

NicotineChlorpromazine

Inhibitor

N

H
N

S

Methimazole

HN
N

S

HN
NH

N
NC

Cimetidine

FIGURE 6.2 Examples of substrates and inhibitors of flavin-containing monooxygenase.



168 Handbook of Drug Metabolism

platelets that express only MAO-B. The highest expression of MAOs is in the liver and placenta while 
the lowest concentration is in the spleen. In the brain, MAO-A is distributed mainly in dopaminergic 
neurons versus MAO-B, which is localized in serotonergic neurons.

Catalytic Mechanism

The prosthetic group in MAO is FAD. Multiple mechanisms have been proposed for MAO-catalyzed 
metabolism, but one of the most accepted involves a single electron transfer to form radical intermediates. 
In the first step, FAD abstracts a single electron from the nitrogen atom (amine) to form an amine radical 
cation (Step 1). The nitrogen radical cation then facilitates the abstraction of a hydrogen atom from 
the neighboring carbon atom (Step 2). An imine is formed by loss of a second electron, while FAD is 
reduced to FADH2 (Step 3). FADH2 oxidizes molecular O2, leading to formation of the resting state of 
the enzyme (FAD) and hydrogen peroxide (Step 4), while the imine is converted into an aldehyde and 
ammonia (Step 5).

 1. FAD + RCH2NH2 (substrate) → FAD−  +  RCH2(H2)N.+

 2. RCH2(H2)N.+ → R(H)C.+(H2)N:
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 3. FAD− + R(H)C.+(H2)N: → FADH2 + RCH=NH

 4. FADH2 + O2 → FAD + H2O2

 5. RCH=NH + H2O → RCH=O + NH3

The aldehyde product is often further oxidized to an acid or reduced to an alcohol by other enzymes.

Substrates and Inhibitors

Dopamine and tryptamine are metabolized by both MAO isoforms. Substrates of MAO-A include 
almotriptan, biogenic amines, 5-hydroxytryptamine (5-HT or serotonin), melatonin, norepinephrine 
(catechol-containing), rizatriptan, sumatriptan, tyramine, and zolmitriptan (Figure 6.4). The substrates 
of MAO-B include 2-phenylethylamine (PEA), benzylamine (non-catechol-containing), and tertiary 
amines.

Pargyline is a mechanism-based inactivator of both MAO isoforms, and it binds to N5 of FAD 
(Figure 6.4). Selective inhibitors of MAO-A, such as clorgyline and moclobemide, are typically used in 
the treatment of depression [15]. MAO-B inhibitors, such as (R)-deprenyl (selegiline; irreversible inhibi-
tion) and desmethoxyyangonin (reversible inhibition), are typically used in the treatment of Parkinson’s 
disease [16].

Reactions and Relevance to Human Drug Metabolism

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin that causes permanent brain 
damage and Parkinsonism. The mechanism of toxicity is conversion to MPP+ by MAO-B in glial cells 
in the brain (Figure 6.5). This metabolite kills dopamine-producing neurons in the substantia nigra and, 
hence, induces the effects of Parkinson’s disease [17].
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Alcohol Dehydrogenases

Alcohol dehydrogenases (ADHs) (EC 1.1.1.1) are a group of zinc-containing enzymes that facilitate the 
inter-conversion between alcohols and aldehydes or ketones by converting the cofactor nicotinamide 
adenine dinucleotide (NAD+) to its reduced form (NADH). The overall reaction is:

 R-CH2-OH + NAD+ → R-CHO + NADH + H+

ADHs comprise a complex enzyme system that are grouped into six classes (ADH1 to ADH6), of 
which the first five have been identified in humans [18]. The major human ADHs are ADH1 and ADH5, 
both of which are dimeric proteins consisting of two 40 kDa subunits.

Subcellular Location and Organ Distribution

ADHs are located almost exclusively in cytosol and blood. They are widely distributed in various 
organs [19]. ADH1 is abundant in the liver, with lower levels in the gastrointestinal tract, kidneys, and 
lungs. ADH2 is found only in the liver. ADH3 exists in most tissues. ADH4 is expressed mainly in the 
stomach and esophagus, although it is also present in much lower levels in liver, skin, and cornea. ADH5 
is found in gastric epithelium, and ADH6 is expressed principally in the liver of rats.

Multiplicity and Species Differences

Humans have three ADH1(ADH1A, ADH1B and ADH1C) genes, while mouse and rat have only one. 
ADH5 is present only in humans and ADH6 is present only in rats.

ADH enzymes show marked genetic variation. Allelic variants occur at ADH1B to give ADH1B1, 
−2 and −3, and at ADH1C to give ADH1C1 and −2. All these polymorphic subunits can  combine to form 
homodimers or heterodimers, leading to extensive multiplicity [6].

Catalytic Mechanism

In the oxidation mechanism (Figure 6.6), ADH uses zinc to position the hydroxyl group of the alcohol 
in a conformation that allows for oxidation to occur. NAD+ acts as a co-substrate and performs the 
oxidation. While the enzyme attaches to the two substrates (NAD+ and alcohol), the hydrogen is for-
mally transferred from the alcohol to NAD+, resulting in the products NADH and a ketone or aldehyde.

Substrates, Inhibitors, and Inducers

Human ADH1 is primarily involved in the metabolism of ethanol and other small aliphatic alcohols. 
ADH2 shows a high Km value for ethanol and preferentially oxidizes aromatic or medium to long chain 
alkyl aliphatic alcohols. ADH3 is relatively inactive towards ethanol oxidation, and its major activity is 
as a glutathione-dependent formaldehyde dehydrogenase. ADH4 is highly active towards alcohol and 
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retinoids. ADH5 is a fetal alcohol dehydrogenase, which has been less studied and, therefore, little is 
known about its substrates and characteristics.

Pyrazole and its 4-alkyl-substituted derivatives (e.g., 4-methylpyrazole) are potent, although not selec-
tive, inhibitors for ADH1s. ADH enzymes are also inducible. Induction of ADH in mouse and/or rat by 
androgen (e.g., testosterone) and estradiol has been demonstrated (Figure 6.7) [20–21].

Reactions and Relevance to Human Drug Metabolism

ADH is involved in the metabolism of a number of drugs (Figure 6.8). Hydroxyzine is a first-gen-
eration antihistamine for the treatment of allergic conditions and is extensively metabolized in 
the liver to cetirizine through oxidation of the alcohol moiety to a carboxylic acid mediated by 
ADH. It is also involved in the metabolism of celecoxib, a selective cyclooxygenase-2 inhibitor. 
Following methyl hydroxylation by CYP2C9, ADH1, and ADH2 subsequently oxidizes the alcohol 
to carboxycelecoxib [22].

Abacavir is a reverse transcriptase inhibitor approved for treatment of HIV/AIDS as a single agent 
or as part of a two-drug or three-drug pill combination. Abacavir is a prodrug that is converted to 
the active metabolite, carbovir triphosphate, which is responsible for the inhibition of viral replication. 
In humans, abacavir is extensively metabolized in the liver to form an inactive glucuronide metabolite 
and a carboxylic acid metabolite catalyzed by ADH1A [23].

ADH might be also involved in the metabolic pathway of felbamate that leads to its toxicity. Felbamate 
is a broad-spectrum antiepileptic drug for the treatment of several forms of epilepsy. After its introduction, 
cases of aplastic anemia and hepatotoxicity associated with its use were reported. The observed toxicity 
might be related to the formation of a reactive atropaldehyde metabolite by ADH-mediated oxidation of the 
felbamate monocarbamate metabolite, followed by spontaneous loses of carbon dioxide and ammonia [24].
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Aldehyde Dehydrogenases

Aldehyde dehydrogenases (ALDHs) (EC 1.2.1.3) are a group of enzymes that irreversibly catalyze the 
oxidation of aldehydes to carboxylic acids.

 RCHO + NAD+ + H2O→RCOOH + NADH + H+

Some ALDH enzymes also show esterase activity.
The human genome contains 19 genes that are members of the ALDH superfamily [25], which are 

classified as class (1) (low Km, cytosolic), class (2) (low Km, mitochondrial), and class (3) (high Km) 
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based on their kinetic properties and sequence similarities. The ALDH enzymes differ in their primary 
amino acid sequences and in the quaternary structures. For example, ALDH3 is a dimer of two 85 kDa 
subunits, whereas ALDH1 and ALDH2 are homo-tetramers of 54 kDa subunits. ALDH enzymes consist 
of three domains: a substrate-binding (catalytic) domain, a cofactor (NAD(P)+) binding domain, and a 
dimerization/tetramerization domain.

Subcellular Location and Organ Distribution

ALDHs are found in all subcellular regions including the cytosol, mitochondria, endoplasmic reticulum, 
and nucleus. Most ALDHs have a wide tissue distribution, with the highest level in the liver, followed 
by kidney, uterus, and brain. The name, subcellular location, tissue distribution, and major substrate for 
each ALDH enzyme are summarized in Table 6.2 [25].

TABLE 6.2

Human ALDH Enzymes and Their Location, Tissue Distribution, and Substrates

ALDH Isoform Subcellular Location Tissue Distribution Major Substrate

ALDH1A1 Cytosol Testis, brain, eye lens, liver, kidney, 
lung, and retina

Retinal

ALDH1A2 Cytosol Intestine, testis, liver, kidney, lung, 
brain, and retina

Retinal

ALDH1A3 Cytosol Salivary gland, stomach, breast, 
kidney, and fetal nasal mucosa

Retinal

ALDH1B1 Mitochondria Liver, testis, kidney, skeletal, muscle, 
heart, placenta, brain, and lung

Acetaldehyde

ALDH1L1 Cytosol Liver, kidney, pancreas, lung, 
prostate, brain, skeletal muscle, 
heart, ovary, thymus, and testis

10-Formyltetrahydrofolate

ALDH1L2 Unknown Spleen and corpus callosum Unknown

ALDH2 Mitochondria Liver, kidney, lung, heart, and brain Acetaldehyde

ALDH3A1 Cytosol, nucleus Cornea, stomach, esophagus, and 
lung

Aromatic, aliphatic 
aldehyde

ALDH3A2 Microsomes, peroxisomes Liver, kidney, intestine, stomach, 
skeletal, muscles, skin, lung, 
pancreas, placenta, heart, and brain

Fatty aldehydes

ALDH3B1 Cytosol Kidney, liver, lung, and brain Unknown

ALDH3B2 Unknown Salivary gland Unknown

ALDH4A1 Mitochondria Liver, skeletal muscle and kidney Glutamate γ-semialdehyde

ALDH5A1 Mitochondria Liver. kidney, skeletal muscle, and 
brain

Succinate semialdehyde

ALDH6A1 Mitochondria Liver, kidney, heart, muscle, and 
brain

Malonate semialdehyde

ALDH7A1 Cytosol, nucleus, mitochondria Cochlea, eye, ovary, heart, kidney, 
liver, spleen, muscle, lung, and 
brain

α-Aminoadipic 
semialdehyde

ALDH8A1 Cytosol liver, kidney, brain, spinal cord, 
mammary gland, thymus, adrenal, 
testis, prostate, and 
gastrointestinal tract

Retinal

ALDH9A1 Cytosol Liver, skeletal muscle, kidney, and 
brain

γ-Aminobutyraldehyde

ALDH16A1 Unknown Bone marrow, heart, kidney, and lung Unknown

ALDH18A1 Mitochondria Pancreas, ovary, testis, and kidney Unknown
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Multiplicity and Species Differences

The genetic polymorphism of ALDH2 occurs in about 50% of the Asian population. The alcohol flushing 
syndrome observed in this population is caused by acetaldehyde accumulation as a result of reduced 
ALDH2 activity associated with the expression of ALDH2 * 2 in this population. Mutation and genetic 
deficiencies in other ALDHs impair the metabolism of other aldehydes, which is the underlying cause of 
certain types of diseases. ALDH4A1 deficiency disturbs proline metabolism, resulting in type II hyperp-
rolinemia. Genetic polymorphism that results in diminished activity of the fatty aldehyde dehydrogenase 
gene (ALDH3A2) is associated with Sjogren-Larsson syndrome.

Catalytic Mechanism

ALDH enzymes share a number of highly conserved residues necessary for catalysis and cofactor 
binding. Catalysis occurs in six steps (Figure 6.9) [26]: (i) activation of the catalytic Cys243 (numbering 
based on the mature human ALDH3 protein) via a water-mediated proton abstraction by Glu333 and con-
sequent nucleophilic attack on the electrophilic aldehyde by the thiolate group of Cys243, (ii) formation 
of a tetrahedral thiohemiacetal intermediate with concomitant hydride transfer to the pyridine ring of 
NAD+, (iii) formation of a thioester intermediate, (iv) formation of a second tetrahedral intermediate, 
(v) formation of the product acid, which may re-protonate the thiolate, and (vi) dissociation of the reduced 
cofactor and subsequent regeneration of the enzyme by NAD+ binding.

Substrates, Inhibitors, and Inducers

The ALDH enzymes catalyze oxidation reaction of a wide range of endogenous and exogenous aldehyde 
substrates. Even though ALDHs display distinct substrate specificities [27], they also show an over-
lapping spectrum of substrates. The ALDH1A subfamily enzymes, comprising ALDH 1A1, 1A2, and 
1A3, synthesize retinoic acid from retinal and have a high substrate affinity (Km in the low μM range). 
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ALDH2 has a high substrate affinity and is predominantly associated with acetaldehyde oxidation in the 
second step of alcohol metabolism (Km < 5 μM). Major substrates for other ALDH enzymes are listed 
in Table 6.2.

Pharmacological inhibitors have been developed for only 3 of the 19 ALDH isozymes: ALDH2, 
ALDH1A1, and ALDH3A1 [28]. Daidzin and its structural analog (CVT-10216, Figure 6.10) are among 
the very few highly potent inhibitors of the ALDH2 isozyme (IC50, 80 and 29 nM, respectively). Alda-1 
and Alda-89 are small-molecule inducers of ALDH. Alda-1 increases acetaldehyde metabolism of 
ALDH2 by 2-fold with an EC50 of about 6 μM. Alda-89 increases acetaldehyde metabolism of ALDH3A1 
by 5-fold with an EC50 of about 20 μM [29].

Reactions and Relevance to Human Drug Metabolism

ALDHs play a pivotal role in the metabolism of endogenous and exogenous aldehydes. Generally con-
sidered to be detoxification enzymes, ALDHs serve to protect cells by eliminating the reactive aldehydes 
derived from lipid peroxidation by oxidizing them to their respective carboxylic acids. This is evident 
from several studies in which an ALDH has been shown to protect against aldehyde-induced cytotoxicity.

Cyclophosphamide is an alkylation agent of the nitrogen mustard type used for the treatment of can-
cers, autoimmune diseases and amyloid light-chain amyloidosis. It is a prodrug that requires activation 
by CYP to convert it to 4-hydroxycyclophosphamide, which exists in equilibrium with the ring-opened 
aldophosphamide. Under anaerobic conditions in tumor cells, aldophosphamide undergoes b-elimination 
to produce acrolein and phosphoramide mustard, the active metabolite that ultimately forms DNA cross-
links resulting cell apoptosis. ALDH plays a pivotal role in the detoxification of cyclophosphamide. 
Aldophosphamide is oxidized to an inactive metabolite, carboxyphosphamide, in target and healthy 
cells by ALDH1 or tumor-specific ALDH3 (Figure 6.11). On the other hand, elevated levels of ALDH in 
tumor cells can lead to an acquired resistance to cyclophosphamide.

Peroxidases

Peroxidases (EC 1.11.1.X) are enzymes that catalyze the oxidation of substrates via peroxide. Peroxidases 
are widely distributed in almost all living organisms in nature. In humans, peroxidases play an important 
role in the metabolism of a variety of endogenous substances, xenobiotics, and drugs [30]. The major 
peroxidases in humans include glutathione peroxidase (GPx), catalase (CAT), myeloperoxidase (MPO), 
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eosinophil peroxidase (EPO), lactoperoxidase (LPO), thyroid peroxidase (TPO), and prostaglandin-
endoperoxide synthases (PTGSs) [31]. GPx is a family of non-heme peroxidases with an oxidizable 
selenocysteine residue in the active center, and their function is to eliminate hydrogen peroxide and lipid 
hydroperoxides from the human body using endogenous glutathione as the electron donor [32]. All the 
other major peroxidases listed here are heme peroxidases. The information regarding the distribution, 
subcellular location, molecular weight, gene locus, substrates, and inhibitors of the major human heme 
peroxidases are summarized in Table 6.3.

Catalytic Mechanism

In most of the human heme peroxidases that are relevant to drug metabolism, the heme Fe(III) is bound 
to four pyrrole nitrogen atoms of ferriprotoporphyrin IX. The Fe(III) is also coordinated by an axial his-
tidyl imidazole, leaving the other side of heme vacant and available for substrate binding. The catalyzing 
cycle of peroxidase can be described by the following Equations 6.1 through 6.3:

 Peroxidase + ROOH→Compound I + ROH  (6.1)

 Compound I + AH2→Compound II + AH•  (6.2)

 Compound II + AH2→Peroxidase + AH• + H2O  (6.3)

or

 Compound II + AH•→Peroxidase + A + H2O  (6.3)
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where Compound I is a highly reactive intermediate comprising Fe(IV) = O coupled with a porphyrin 
or tyrosyl radical cation in the active center, and compound II is a Fe(IV) = O species following one 
electron transfer from the substrate [30–31]. Thus, the overall reaction cycle catalyzed by peroxidases 
can be summarized as:

 AH2 + ROOH→A + H2O + ROH or 2AH2 + ROOH→2AH• + H2O + ROH (6.4)

Peroxidases can use peroxide to oxidize electron-rich substrates and generate either stable or reactive 
metabolites.

Reactions and Relevance to Human Drug Metabolism

Peroxidases can participate in the metabolism of a number of drugs, although in most cases they are 
not considered to be the major drug metabolizing enzymes. However, the reactive drug metabolites 
generated by peroxidases can be of interest because they may be involved in the adverse effects and 
metabolism-induced toxicities of drugs [7]. For example, the use of the antipsychotic agent clozapine 
in patients is associated with a high incidence of agranulocytosis. Clozapine and its stable metabo-
lites generated by CYPs do not lead to this adverse effect; however, MPO mediates the oxidation of 
clozapine in activated neutrophils to form a reactive nitrenium ion. This reactive intermediate can 
irreversibly bind to neutrophils, increasing the level of intracellular oxidative stress and the potential 
of agranulocytosis (Figure 6.12a) [7,33]. The anti-seizure agent phenytoin can be oxidized by PTGS, 
TPO, or MPO to produce multiple highly reactive metabolites that covalently bind to proteins and 
neutrophils, leading to idiosyncratic drug reactions (Figure 6.12b) [7,30]. Sometimes, oxidation by per-
oxidase helps to convert an inactive prodrug to the active species and, thus, enhances drug efficacy. For 
example, the antineoplastic agent ellipticine can be oxidized by PTGS or other peroxidases in cancer 
cells to form a carbon radical that can alkylate DNA, which leads to its anti-tumor activities in animal 
models (Figure 6.12c) [7,34].

Stable drug metabolites can also be generated from the reactions catalyzed by peroxidases. 
1,4-Dihydropyridine calcium channel blockers (e.g., felodipine and nifedipine) are a class of antihyper-
tensive drugs that undergo oxidation by PTGS peroxidase. The peroxidase catalyzes the transformation of 
the 1,4-dihydropyridine moiety of felodipine to an aromatic pyridine (Figure 6.12d) [7,35].

Aldo-keto Reductases

Aldo-keto reductases (AKRs) are a superfamily of proteins that catalyze the NAD(P)H-dependent 
reduction of carbonyl-containing compounds to their respective alcohol metabolites [41]. They may 
also mediate the corresponding reverse oxidative reactions. AKRs are generally monomeric proteins 
comprised of approximately 320 amino acids and are found in mammals, amphibians, plants, yeast, 
protozoa, and bacteria.

The general AKR protein structure is an (α/b)8 barrel with eight repeated units of alpha helixes 
and beta sheets, with the beta sheets forming the sides of the barrel that lead to a conserved active 
site for catalysis [42,43]. The nomenclature system for this superfamily distinguishes between protein 
isoforms on the basis of unique amino acid sequences. The designation “AKR” identifies the protein 
as a member of the superfamily; a numeric figure designates family, defined by 40% shared sequence 
identity; a letter designates subfamily, defined by 60% shared sequence identity; and another numeric 
figure designates a unique protein sequence. Proteins that share 95% or greater sequence identity must 
demonstrate distinct functions to be considered unique; otherwise, they are considered to be variant 
alleles of a single isoform.

Currently, 115 members of the AKR superfamily have been identified and are grouped into 15 fam-
ilies (http://www.med.upenn.edu/akr/). In humans, 13 AKR proteins have been identified, belonging 
to the AKR1, 6, and 7 subfamilies. The AKR1 proteins are the human homologs of reductases that 
are expressed across many species and include aldose reductases, aldehyde reductase, hydroxysteroid 

http://www.med.upenn.edu/
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reductases, and steroid 5′-reductase. The AKR6 and AKR7 proteins have vastly different functions and 
are human homologs of potassium channel subunits and aflatoxin aldehyde reductase, respectively.

Subcellular Location and Organ Distribution

AKRs are widely expressed throughout the human body, and the distributions differ for various isoforms. 
A summary of the expression patterns of human AKRs is presented in Table 6.4 [44–46].

High expression levels of AKRs have been associated with some cancer cell lines and tumor types, 
suggesting a possible link to carcinogenesis. In addition, AKRs can have protective (e.g., by reducing 
acute toxic effects of polycyclic aromatic hydrocarbon metabolites) or procarcinogenic (e.g., by dysregu-
lation of regulators of cell migration or proliferation) roles.
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Multiplicity and Species Differences

AKR proteins are expressed through the spectrum of species from protozoa to mammals. Despite vast 
species differences, many AKRs retain a high level of sequence identity and the ability to reduce com-
mon substrates such as 4-nitrobenzaldehyde. However, in other cases, a select AKR can display distinct 
substrate specificities. For example, different AKR isoforms exhibit a high level of selectivity for steroid 
or sugar substrates. The common properties of AKRs across species might be indicative of a common 
multifunctional ancestor protein that diverged over time, leading to substrate specificity [43].

An example of species differences in AKR expression and function is AKR1C2 (human 
3α-hydroxysteroid dehydrogenase type 3). The single gene in humans corresponds to five or six genes in 
mice and rats that encode structurally related proteins [47].

Catalytic Mechanism

In the reduction of carbonyl to its corresponding secondary alcohol, the AKR-mediated reaction transfers 
a hydride from the cofactor (i.e., NADH or, sometimes preferentially, NADPH) to the carbonyl carbon 
and a proton to the carbonyl oxygen. This general mechanism likely applies across the family  [42]. 
A tetrad of residues, namely tyrosine-55, lysine-84, histidine-117, and aspartic acid-50 (numbering based 
on rat AKR1C9), form the active site and is highly conserved across the family. Tyrosine acts as a gen-
eral acid in 3-ketosteroid reduction and provides the proton that is added to the carbonyl oxygen. Lysine 
facilitates this proton transfer to substrates by lowering the pKa of the tyrosine residue through proton 
donation. Both residues are critical to protein function. The histidine and aspartic acid participate in 
proton donation or removal by the essential tyrosine.

Substrates and Inhibitors

AKRs catalyze reduction reactions of highly diverse endogenous and xenobiotic substrates. These 
enzymes are involved in the biotransformation of aldehydes resulting from lipid peroxidation, pros-
taglandins, steroids, neurotransmitters, and sugars, suggesting that AKRs act as regulators of key bio-
logical processes. Xenobiotics such as aflatoxin B1, the tobacco product nicotine-derived nitrosamine 
ketone (NNK), and a wide range of pharmaceuticals (e.g., NSAIDs, anthracyclines, naloxone) are also 
substrates for AKRs (Figure 6.13).

Chemical inhibition of AKRs has been investigated as a possible therapeutic strategy for cancer 
treatment, with AKR1B10 and AKR1C3 currently considered plausible targets [48,49]. A challenge 
in in vitro drug metabolism studies has been to identify and validate AKR isoform-selective chemical 
inhibitors. This is further complicated by the often incomplete inhibition of reductase activities, as 

TABLE 6.4

The Expression Patterns of Human AKRs

AKR Expression

AKR1A1 Ubiquitous

AKR1B1 Ubiquitous

AKR1B10 Liver, colon, small intestine, thymus, and adrenal gland

AKR1C1 Liver, kidney, and testis

AKR1C2 Liver, prostate, and mammary gland

AKR1C3 Liver, brain, kidney, placenta, and testis

AKR1C4 Liver

AKR1D1 Liver, colon, brain, and testis

AKR6A3, A5, A9 Heart and brain

AKR7A2 Ubiquitous

AKR7A3 Liver, kidney, colon, pancreas, stomach, endometrium, and adenocarcinoma
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well as the overlapping inhibitor sensitivities of closely related enzymes such as alcohol dehydroge-
nases, short chain dehydrogenases/reductases (i.e., carbonyl reductases (CBRs) and 11b-hydroxysteroid 
dehydrogenase), and quinone reductases. Chemical inhibitors that have demonstrated some selectivity 
for AKRs are menadione, ethacrynic acid, mefenamic acid, phenolphthalein, flufenamic acid, and 
medroxyprogesterone.

Reactions and Relevance to Human Drug Metabolism

Warfarin is a highly effective anticoagulant normally used to prevent the formation of blood clots 
in blood vessels. It was first approved for use as a medication in 1954 and remains an important 
medicine; it is the most widely prescribed oral anticoagulant drug in North America. The reduction 
product, (SR)-warfarin alcohol, is the major human metabolite. Since warfarin is administered as 
a racemic mixture and reduction at the side chain carbonyl group to its corresponding secondary 
alcohol creates a second stereocenter, four warfarin alcohol enantiomers may be formed. Malatkova 
et al. characterized the cytosolic enzymes that mediate warfarin reduction in humans [50]. By use of 
recombinant and purified reductases (AKR1A1, 1B1, 1B10, 1C1, 1C2, 1C3, 1C4, and CBR1 and 3), 
AKR1C3 showed the greatest reductive activities for warfarin with a Vmax of 19 nmol/mg protein/
min, which was more than 100-fold higher than the next most active reductase, CBR1. The observed 
affinities (Km) were 288 and 183 μM for AKR1C3 and CBR1, respectively. AKR1C3 showed stere-
oselective reduction forming predominantly the (RS/SR) warfarin-alcohol(s), whereas CBR1 formed 
a mixture of (RS/SR) and (RR/SS)-warfarin alcohols. Assuming comparable expression for AKR1C3 
and CBR1, these results indicate that AKR1C3 is the primary reductase that forms the major human 
warfarin metabolite.
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Tofacitinib is a drug of the janus kinase inhibitor class that has been approved for the treatment of rheu-
matoid arthritis. In humans, tofacitinib is mainly metabolized by CYP-mediated oxidation (CYP3A4, 
and to a lesser extent CYP2C19) and glucuronidation [51]. Investigations by Le et al. indicate the involve-
ment of AKR to convert the decyanation product of tofactinib [52]. The CYP3A4-mediated decyanation 
generated an aldehyde intermediate that was readily hydrated to a diol metabolite (MX). This diol then 
underwent reductive or oxidative conversion to its corresponding alcohol or carboxylic acid, respectively. 
The reductive reaction was investigated with human liver cytosolic fractions and commercially obtained, 
individually expressed AKR proteins (AKR1C1, 1C3, 1C4, 1B10) in the presence or absence of chemi-
cal inhibitors (flufenamic acid and phenolphthalein) (Figure 6.14). Depletion of the diol upon addition of 
AKR1C1 was observed, as was the effective inhibition of the AKR1C1-mediated reaction, confirming 
the role of AKR in the metabolism of tofactinib.

Boceprevir is a non-structural protein 3 serine protease inhibitor used to treat hepatitis caused by 
the hepatitis C virus (HCV) genotype 1. In human plasma, two major metabolites, M28 and M31, with 
molecular masses 2 Da higher than boceprevir were formed by reductive biotransformation. These two 
metabolites were formed in AKR1C2- and AKR1C3-expressing cell lines, and these AKRs showed 
stereoselectivity for boceprevir or its diastereomer to preferentially form the corresponding alcohol 
metabolite (Figure 6.14). The results of this inhibition experiment support the involvement of AKRs in 
the formation of boceprevir reduction products [53].
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Epoxide Hydrolases

Epoxide hydrolases (EC 3.3.2.9) are a ubiquitous and important class of enzymes that play a prominent 
role in the detoxification of xenobiotics as well as in the control of physiological signaling molecules. Five 
distinct forms of epoxide hydrolase are present in mammals: cholesterol epoxide hydrolase, hepoxilin 
hydrolase, leukotriene A4 hydrolase, soluble epoxide hydrolase (sEH), microsomal epoxide hydrolase 
(mEH). The latter two enzymes, sEH and mEH, are involved in xenobiotic biotransformations.

Epoxide hydrolases are members of the α/b-hydrolase superfamily. The epoxide hydrolase shares the 
α/b-hydrolase fold domain with a number of other hydrolytic enzymes of widely differing phylogenetic 
origins and catalytic functions such as esterases, lipases, and hydrolases.

As the name suggests, epoxide hydrolases catalyze the hydrolysis of an epoxide by the addition 
of H2O. Simple epoxides are hydrated to their corresponding vicinal dihydrodiols, and arene oxides are 
converted to a trans-dihydrodiol [54]. Epoxide hydrolases have broad substrate specificity and display 
a surprisingly high apparent affinity to structurally divergent substrates. While the hydrolysis of these 
substrates to the corresponding dihydrodiol usually results in termination of chemical reactivity, the 
dihydrodiol product can be a precursor to reactive metabolites of genotoxic potential. One well known 
example of this involves the bay region dihydrodiol epoxides of polycyclic aromatic compounds, such 
as benzo[a]pyrene‐7,8‐dihydrodiol‐9,10‐epoxide [55]. Many epoxides are sufficiently reactive as a result 
of their strained ring structures and can react with electron‐rich structures in proteins and nucleic acids, 
leading to the formation of protein or DNA adducts [56].

Subcellular Location and Organ Distribution

Although levels vary, epoxide hydrolases are present in every tissue, with the highest concentration 
of mEH and sEH found in the endoplasmic reticulum and cytosol, respectively, of liver. Among the 
five epoxide hydrolases, mEH and sEH have been extensively characterized because of their potential 
clinical value and involvement in the metabolism of xenobiotics [57].

Multiplicity and Species Differences

mEH and sEH are present in all mammalian species including mouse, rat, dog, monkey, and humans. 
Sex and species differences in hepatic epoxide hydrolase activities towards cis- and trans-stilbene oxide 
were studied. Although some similarities in the specificity across different animal strains were observed, 
overall these seems to be no good laboratory animal model that compares well with humans in terms of 
the hydrolase activity [58]. The specific activity with cis-stilbene oxide as a substrate was highest in the 
microsomal fraction. The lowest activities were found in mice, while rat and monkey liver microsomes 
demonstrated several fold higher specific activities [59].

Catalytic Mechanism

The catalytic site of epoxide hydrolase comprises three amino acid residues that form a catalytic triad 
(Figure 6.15) [60]. In mEH, Asp226 functions as the nucleophile, His431 the base, and Glu404 as the 
acid. mEH catalyzes the addition of water to epoxides through a general base catalysis. This reaction 
can be described with the two-carbon cyclic ether substrate oxirane. The catalytic activity is initiated 
by the attack of the nucleophile Asp226 on the carbon of the oxirane ring leading to the formation of an 
acyl-enzyme intermediate, with the negative charge developing on the oxygen stabilized by a putative 
oxyanion hole. The His431 residue activates a water molecule by abstracting a proton, which then attacks 
the carbon atom of Asp226, resulting in the hydrolysis of the ester bond in the acyl-enzyme intermediate, 
thus restoring the active enzyme and formation of a vicinal diol [57].



184 Handbook of Drug Metabolism

Substrates and Inhibitors

mEH and sEH can hydrolyze a broad and complementary range of substrates. For example, mEH is 
the key hepatic enzyme that catalyzes the hydration of numerous xenobiotics such as the epoxides of 
1,3-butadiene, styrene, naphthalene, benzo(a)pyrene, phenytoin, and carbamazepine. sEH on the other 
hand, appears to be selectively involved in the metabolism of arachidonic-acid derived epoxides and 
other endogenous epoxides [57]. Even though all these enzymes catalyze similar reactions, they are 
chemically and immunologically distinct. The microsomal and soluble forms of epoxide hydrolase show 
no evidence of sequence identity and, not surprisingly, are immunochemically distinct proteins [54].

Benzo[a]pyrene is one of most cited substrates eventually leading to cytotoxicity through activation by 
CYPs and epoxide hydrolases. Polycyclic aromatic hydrocarbons (PAHs), such as benzo[a]pyrene, benz[a]
anthracene, chrysene, benzo[c]phenanthrene, 3-methylcholanthrene, and 1-hydroxy-3-methylcholanthrene as 
well as the aza-polycyclic dibenz[c, h]acridine, are oxidized by CYP enzymes to form epoxides, which 
are then converted to the corresponding trans dihydrodiol by epoxide hydrolase. The dihydrodiol is 
subsequently further oxidized to form a bay-region diolepoxide, which leads to toxicity (Figure 6.16). 
A feature common to all bay-region epoxides is their resistance to hydrolyation by epoxide hydrolase, 
resulting from steric hindrance from the nearby dihydrodiol group, thus leading to toxicity [61,62].
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Recently, Li et al. reported on a novel class of oxetane-containing molecule, AZD1979 [(3-(4-(2-oxa-
6-azaspiro[3.3]heptan-6-ylmethyl)phenoxy)-azetidin-1-yl)(5-(4-ethoxyphenyl)-1,3,4-oxadiazol-2-yl)
methanone], as a substrate of epoxide hydrolase. The interesting aspect of AZD1979 is that it does need 
not to be oxidized by CYP to form an epoxide before hydrolase activity can occur, as is the case with 
phenytoin and carbamazepine [63].

Several epoxide-containing compounds, such as 1,1,1-trichloropropene-2,3-oxide and cyclohexene oxide, 
are epoxide hydrolase inhibitors, as are some heavy metals such as divalent mercury and zinc (Figure 6.16). 
Benzoxazole-derived inhibitors with inhibition constants in the low nanomolar range have been identified 
through virtual and library screening. These agents represent useful in vitro tools for assessing the involve-
ment of epoxide hydrolase activity in the characterization of xenobiotic biotransformations [60].

Reactions and Relevance to Human Drug Metabolism

Anticonvulsant drugs, such as phenobarbital, phenytoin, and carbamazepine, are some of the widely 
cited pharmaceuticals that are epoxide hydrolase substrates [54]. Biotransformation pathways for these 
drugs typically involve initial phase I metabolism by various CYPs that can then result in the genera-
tion of arene oxides, which are substrates for epoxide hydrolase [60]. The resulting epoxides can have 
teratogenic or tumorigenic properties or be involved in idiosyncratic drug reactions. Studies have shown 
a protective role for ethyl pyruvate in anticonvulsant hypersensitive syndrome, indicating that patients 
susceptible to anticonvulsant toxicity had decreased epoxide metabolism activity [64].

Carboxyl Esterases

Carboxyl esterases (CEs) (EC 3.1.1.1) are an important class of glycoprotein enzymes that typically 
catalyze the hydrolysis of carboxylic acid esters, thioesters, and amides. Ester hydrolysis results in 
the formation of the corresponding carboxylic acid and alcohol, thiol, or amine, respectively. CEs are 
involved in the hydrolysis of a wide variety of endogenous and exogenous substrates including various 
drugs, environmental toxicants, and carcinogens. 

 RCOOR + H O RCOOH+R -OH′ → ′2  

Based on homology of the amino acid sequence, CE isozymes are classified into five families, CES 1, 
CES 2, CES 3, CES 4, and CES 5, and the majority of CEs that have been identified belong to the CES1 
or CES2 family [65]. In humans, carboxylesterases, hCE1 and hCE2, are important mediators of drug 
metabolism.

Subcellular Location and Organ Distribution

CEs are present in virtually every tissue including liver, intestine, brain, heart, skin, lung, kidney, and 
also serum, with the highest hydrolase activity found in the liver and small intestine [61,66]. In the 
human liver, the expression of hCE1 greatly exceeds that of hCE2. In the intestine, only hCE2 is present 
and is highly expressed. Most of the carboxylesterase activity in liver is associated with the endoplasmic 
reticulum, although considerable carboxylesterase activity is present in lysosomes and cytosol [61].

Multiplicity and Species Differences

All mammalian species express multiple forms of CE, and the highest CE activity is present in the liver. 
There are notable differences between human CE and those from other mammalian species. The levels 
and isoforms of CE in rodents are high compared to humans. Rodents also have abundant serum CE 
compared to humans, which may contribute to inter species drug metabolism differences. For example, 
deltamethrin and esfenvalerate are pyrethroid insecticides, the rate of hydrolysis of deltamethrin in 
human liver microsomes is several fold faster than that in rat, whereas the hydrolysis of esfenvalerate in 
rat liver microsomes is twice as fast as it is human microsomes [67].
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The rate of hydrolysis and the metabolites formed for an experimental oral radionuclide decorporation 
agent referred to as C2E5 (diethylene triamine pentaacetic acid pentaethyl ester) were remarkably dif-
ferent in S9 fractions and plasma incubations (human, dog, rat). Moderate to no C2E5 hydrolysis were 
observed in human and dog plasma, while in contrast, C2E5 was rapidly hydrolyzed in rat plasma and 
yielded a strikingly different metabolic profile [68].

Catalytic Mechanism

Like many hydrolases, CEs are serine hydrolases, which belong to the α,b-hydrolase family. All serine 
hydrolases possess a catalytic triad (Glu, His, Ser). The three major catalytic steps are substrate binding 
(reversible), acylation, and deacylation (Figure 6.17). The catalytic mechanism for CEs is the same as 
that for the serine hydrolase, chymotrypsin. Catalysis starts with a nucleophilic attack by the b-OH 
group on the Ser of the acyl carbonyl group. The oxyanion hole formed by the hydrogen bonds between 
the tetrahedral intermediate and the adjacent N-H groups stabilizes the negatively charged oxygen (O-). 
The ester bond breaks and the leaving alcohol group (R′-O−) picks up a proton from the imidazolium ion 
of His and diffuses away, completing the acylation stage of the hydrolytic reaction. The acyl portion of 
the original ester bond remains bound to the enzyme as an acyl-enzyme intermediate. A water molecule 
attacks the acyl-enzyme intermediate to give a second tetrahedral intermediate, which is stabilized by 
hydrogen bonds between His and Glu. His acts as a base and donates the proton to the oxygen atom of 
Ser, releasing the acid component of the substrate (R-COOH). The final deacylation step is essentially 
the reverse of the acylation step, with a water molecule substituting for the alcohol group of the original 
substrate [65,66].

Substrates and Inhibitors

CEs are phase I drug metabolizing enzymes that can hydrolyze a variety drugs, such as angiotensin-
converting enzyme inhibitors (temocapril, enalapril, quinapril, and imidapril), anti-tumor drugs (irinotecan 
and capecitabin), narcotics (cocaine, heroin and meperidine), and antiplatelet agents (aspirin, clopidogrel 
and prasugrel) (Figure 6.18) [65].

Specific inhibitors that can inhibit hCE1 and hCE2 have been developed. Recent reports indicate that 
27-hydroxycholesterol and digitonin can act as specific inhibitors of hCE1 activity in mammalian cells, 
whereas bisbenzene sulfonamides and loperamide, an anti-diarrheal, are specific inhibitors of hCE2 
with inhibition constants in the low nanomolar to micromolar range [69,70].

Reactions and Relevance to Human Drug Metabolism

CEs are important determinants of the pharmacokinetic and pharmacodynamic behavior of drugs and 
prodrugs that contain an ester [65]. The most common drug substrates of these enzymes are ester pro-
drugs specifically designed to enhance oral bioavailability by hydrolysis to the active carboxylic acid 
after absorption from the gastrointestinal tract. The hydrolysis products of CEs can be active or inactive 
metabolites. For example, prasugrel, a prodrug, has no antiplatelet activity and must be hydrolyzed by 
CE to the thiolactone, an inactive intermediate metabolite that is subsequently oxidized to the active 
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form [61]. Irinotecan, an anti-cancer pro drug, which is carbamate is also a substrate of CEs. Irinotecan 
hydrolysis results in the formation of the active metabolite, 7-ethyl-10-hydroxy camptothecin (SN-38) 
[61]. Cocaine, an opiate analgesic is also a substrate of CEs. It has two carboxylic ester bonds and both 
are hydrolyzed by CEs to inactive metabolites; hCE1 catalyzes the hydrolysis of the methyl ester to pro-
duce benzoylecgonine, whereas hCE2 catalyzes the hydrolysis of the benzoyl ester to produce ecgonine 
methyl ester [61].

γ-Glutamyl transpeptidase

γ-Glutamyl transpeptidase (GGT) (EC 2.3.2.2) is a membrane-bound glycoprotein consisting of two 
subunits of 51 and 22 kDa. This enzyme is present mainly on the luminal surface of the proximal tubules 
in the kidney as well as in bile ducts of the liver. Its main function is to hydrolyze glutathione (GSH). 
GGT-mediated hydrolysis of extracellular GSH (urine or serum) is essential for intracellular synthesis of 
GSH through re-absorption of its constituent amino acids (cysteine, aspartic, and glycine) especially in 
rapidly dividing cells.
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Reactions and Relevance to Human Drug Metabolism

GGT is the only protease known that can cleave GSH (Figure 6.19). The physiological role of GGT is 
specifically to cleave the γ-linkage between the γ-carboxyl group of glutamate and the α-amino group 
of cysteine in GSH, leaving the cysteinyl-glycine peptide susceptible to additional cleavage by amino-
peptidases so that GSH is hydrolyzed to amino acids for renal re-absorption. The elevated GSH level 
(by 3000-fold) in urine of mice within 1 hour after injection of the GGT suicide inhibitor L-gamma-
glutamyl-(O-carboxy)phenyl-hydrazine provides direct evidence to support this role of GSH. GGT can 
also hydrolyze oxidized glutathione (GSSG), providing a mechanism for the elimination of GSSG from 
serum. GGT also hydrolyzes removal of the glutamyl group from GSH thiol-derivatives as the first step 
in the conversion of GSH conjugates of xenobiotics to mercapturic acids that are eliminated in urine as 
well as bile (Figure 6.19) [71].

Platinum compounds such as cisplatin (cis-diaminodichloroplatinum) and oxaliplatin are nephrotoxic. 
The dose of cisplatin is limited by its nephrotoxicity in vivo [72] and the mechanism by which cisplatin 
kills proximal tubule cells has been the subject of intense investigation for many years. One proposal 
involves GGT-mediated bioactivation of a cisplatin-GSH complex to produce more toxic species to dam-
age the proximal tubule cells [73]. In this mechanism, highly expressed GGT at the luminal surface of 
proximal tubule cells hydrolyze the extracellular cisplatin-GSH complex in glomerular filtrate to pro-
duce a cisplatin-cysteinyl-glycine intermediate that is further hydrolyzed by another cell surface mem-
brane enzyme amino-dipeptidase. The resulting cysteine-cisplatin conjugate is then taken up by tubule 
cells and converted to a highly toxic and reactive thiol by cysteine S-conjugate b-lyases. In agreement 
with this mechanism, no cisplatin nephrotoxicity was observed in GGT knockout mice and pre-treatment 
with the GGT inhibitor acivicin reduced cisplatin nephrotoxicity in mice.

GGT plays an important role in mediating nephrotoxicity of efavirenz (Sustiva), an HIV reverse 
transcriptase inhibitor [74]. The formation and subsequent processing of the GSH conjugate of a 
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sulfate metabolite was postulated to be responsible for the species-specific renal toxicity in rats [75] 
(Figure 6.19). Elegant metabolism studies were conducted to show that a significant amount of the GSH 
conjugate was found in urine of rats and mice but not in that of monkey or humans, showing that rat-
specific GSH S-transferase (GST) is responsible for formation of the metabolite. Interestingly, a cyste-
inylglycine conjugate that is also a GSH-related metabolite was found in rat urine and was formed by 
GGT in the kidneys of rats.

Cathepsins

Lysosomes are membrane-bound organelles that represent the main degradative compartment in animal 
cells and contain many types of cathepsin enzymes [76]. The human cathepsin family contains mainly 
cysteine proteases of cathepsins B, C, F, H, K, L, O, S, V, W, and X, the structure of which are similar to 
that of papain. For cysteine proteases, the conservative active site cleft of Cys25 and His163 are located 
at the interface opens of L-domain containing 3 alpha-helices and R-domain containing a beta-barrel 
that is enclosed by an alpha-helix. Cathepsins D and E are aspartic proteases and cathepsins A and G 
are serine proteases [77]. Cathepsins B and H are exopeptidases and endopeptidases. Cathepsins D, E, F, 
G, K, L, S, and V are endopeptidases, and Cathepsins A, C, and X are exopeptidases. All cathepsins are 
synthesized as inactive enzymes that are processed to active enzymes in lysosomes by protease enzymes 
[78]. The cathepsins activities are often tightly regulated by endogenous protein inhibitors, such as cys-
tatins, stefins, thyropins, and serpins, which tightly bind to the target enzymes to prevent their activation. 
Cathepsins require a reducing and acidic environment such as lysosomes for optimal catalysis involved 
in a normal cellular protein degradation and turnover.

Cathepsin B (EC 3.4.22.1) is composed of a dimer of disulfide-linked heavy and light chains (~30 kDa) 
and belongs to the superfamily of papain-like cysteine proteases. Under certain pathological conditions, 
cathepsin B can be translocated to the peripheral cytoplasm and plasma membrane or excreted from 
cells. Access of the substrate to the active site of cathepsin B is controlled by an 18-residue-long inser-
tion (Pro 107Asp 124, the occluding loop). In the lysosomes, cathepsin B is involved in the turnover of 
proteins and has various roles in maintaining the normal metabolism of cells. In addition, cathepsin B 
has a high expression in many human tumors and is involved in the immune response [79].

Cathepsin D (EC 3.4.23.5 is a soluble lysosomal aspartic endopeptidase. Aspartic proteases form 
of a group of enzymes that consist of two lobes separated by a cleft containing the active site of two 
aspartate residues. Similar to other aspartic proteases, such as pepsin, renin, cathepsin E, chymosin, and 
HIV protease, Cathepsin D can fit up to eight amino acid residues in the active site. Cathepsins also play 
important roles in the physiological processes of apoptosis. Cathepsin D is a key enzyme in neutrophil 
apoptosis by directly activating the initiator caspase-8.

Reactions and Relevance to Human Drug Metabolism

Figure 6.20 shows examples in which cathepsin B was used in prodrug designs. Satsangi et al. described 
an approach to conjugate paclitaxel to a hydrophilic macromolecular dendrimer through a cathepsin B 
cleavable tetrapeptide Gly-Phe-Leu-Gly [80]. The paclitaxel prodrug showed a higher cytotoxicity spe-
cific to cell lines with moderate to high expression than those with low expression of cathepsin B. 
The conjugate also showed a higher tumor reduction than paclitaxel in xenograft models. Shao et al. 
also used a novel prodrug, acetyl-Phe-lys-PABC-doxorubicin, to demonstrate the utility of cathepsin B 
 cleavable linker [81]. This prodrug showed lower dose-dependent inhibitory effect on growth of gas-
tric cancer cell line SGC-7901. Linking cytotoxic drugs to large molecule carriers is a strategy to 
deliver drugs to tumors [82]. The conjugation changed pharmacokinetic properties of cytotoxic drugs. 
Antibody drug conjugates (ADCs) consist of targeting moiety, a linker, and a cytotoxic drug. After 
internalization of the antigen-receptor complex, cytotoxic drugs such as calicheamycin, maytansine, 
duocarmycin, auristatin, or irinotecan are released intracellularly after linker cleavage. Brentuximab 
vedotin is an ADC that was approved to treat refractory Hodgkin’s lymphoma and anaplastic large cell 
lymphoma. This ADC used an anti-CD30 IgG1 antibody linked to MMAE via a cathepsin B-cleavable 
val-cit-PAB linker [83].
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Glutathione S-transferases

Glutathione S-transferases (GSTs) (EC 2.5.1.18) are a family of enzymes that are an integral part of 
defense mechanism protecting against electrophilic chemicals and oxidative stresses. The GST family 
consists of three subfamilies: cytosolic, mitochondrial, and microsomal (also known as MAPEG pro-
teins), the former two are cytosolic proteins. Based on sequence similarity, cytosolic GSTs in mammals 
are grouped into subclasses: alpha, mu, pi, sigma, theta, omega, and zeta (Table 6.5). The cytosolic GST 
enzymes within a class typically have >40% sequence identity and those between classes share <25% 
identity [84].

Subcellular Location and Organ Distribution

In animals and humans, GSTs are extremely ubiquitous and constitute up to 10% of the total soluble pro-
tein. Hepatocytes contain high levels of alpha GST, and serum alpha GST has been used as an indicator 
of hepatocyte injury. Human renal proximal tubular cells contain high concentrations of alpha GST but 
distal tubular cells contain pi GST.
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Catalytic Mechanism

The tertiary structures are highly conserved across all cytosolic GSTs. Mammalian cytosolic GSTs are 
dimeric with monomer of approximately 25 kDa in size. The dimer has a twofold axis with an extensive 
interface [85]. The N-terminal α/b-domains (G domain) contains GSH binding site. The GSH is bound 
in an extended confirmation by extensive hydrogen binding interactions that lower the thiol pKa from 
9 to 7 by stabilizing the thiolate (GS−) through hydrogen binding with an active amino acid: a tyrosine 
(alpha-, mu-, pi-, and sigma- classes), a serine (theta- and zeta-classes) and a cysteine (omega-class) 
for stronger nucleophilic activity. The α-helical domain (H domain) forms the binding pocket for 
hydrophobic substrates, which shows highly promiscuous substrate selectivity with catalytic activity for 
many structurally diverse chemicals. GSTs can also bind to non-substrate ligands such as bilirubin and 
steroids at the dimer interfaces, which could lead to inhibition of the enzymes.

Substrates and Inhibitors

GSTs catalyze conjugation of nonpolar xenobiotic and endogenous compounds containing electrophilic 
carbon, nitrogen, or sulfur atoms to glutathione (GSH) for detoxification. GSTs also involve many impor-
tant biological processes such as prostaglandin and steroid biosynthesis, amino acid catabolism, and cell 
apoptosis [86].

GSTP1-1 is overexpressed in many cancers and appears to regulate JNK kinase pathways to 
block apoptosis and is a potential drug target. NBDHEX, a potent and specific GSTP1-1 inhibitor 
(IC50 ~ 0.8 μM), has demonstrated anti-proliferative activity in several cancer cell lines. Nocodazole is a 
novel GSTS1-1 inhibitor, which may be used as an anti-allergic or anti-inflammatory agent (Figure 6.21).

TABLE 6.5

Classification of Human Glutathione Transferases

Class Isoenzymes Characteristic Reactions

Cytosolic GST Alpha GSTA1-1, A2-2, A3-3, A4-4, A5-5 A3-3: steroid isomerase, A4-4: HNE 
conjugation

Mu GSTM1-1, M2-2, M3-3, M4-4, M5-5 M1-1: aflatoxin B1-epoxide, CDNB 
conjugation

Pi GSTP1-1 Tetrahydro-benzo[a]pyrene, EA 
conjugation

Theta GSTT1-1, T2-2 T2-2: sulfatase

Zeta GSTZ1-1 Maleyacetoacetate isomerase

Omega GSTO1-1, O2-2 Dehydroascorbate reductase

Sigma GSTS1-1 Prostaglandin D synthase

Mitochondria GST Kappa GSTK1-1 Halide conjugation, perioxide reduction

Microosmal GST (MAPEG) MGST1, MGST2, MGST3 CDNB, leukotriene C4 synthase
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FIGURE 6.21 Inhibitors of glutathione S-transferases.
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Reactions and Relevance to Human Drug Metabolism

GSTs catalyze diverse types of reactions (Figure 6.22) [86]. All GSTs catalyze the glutathione replace-
ment reaction of 1-chloro-2,4-dinitrobenze (CDNB) (Figure  6.22a). GSTA4-4 catalyzes conjuga-
tion of 4-hydrononenal (HNE), a major lipid breakdown product that can modify proteins and DNA 
(Figure 6.22b). GSTZ1-1 is known as maleyacetoacetate isomerase, which is involved in the first step in 
the catabolism of phenylalanine and tyrosine metabolism (Figure 6.22c). In this catalysis, a Michael addi-
tion reaction turns a cis-double carbon-carbon bond to a single bond for rotation followed by a reversible 
Michael reaction to produce a trans-double bond isomer. GST3-3 is the most efficient enzyme to catalyze 
double-bound isomerization of Δ5-androstene-3,17-dione to Δ4-androstene-3,17-dione (Figure 6.22d). In 
this catalysis, a thiolate as an acid-base catalyst extracts a proton from C4 and inserts a proton to C6 in 
the steroid to form a double-bond positional isomer. GSTS1-1 catalyzes the conversation (prostaglandin 
D synthase) of prostaglandin H2 (PGH2) to prostaglandin D2 (PD2), a mediator of allergy and inflam-
mation responses (Figure 6.22e). GSTs catalyze formation of ascorbic acid and detoxification of peroxide 
(Figure 6.22f and g). For reduction of dehydroascorbate acid, a proposed mechanism involves anionic 
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form of Cys 32 in the active site donates an electron to the C4 carbonyl, which abstracts a hydrogen 
from GSH to form ascorbic acid. GSTT2-2 also catalyzes sulfatase activity of benzylsulfate. GSTM1-1 
detoxify aflatoxin B1-epoxide and benzo[a]pyrene diol epoxides.

GSH conjugation of xenobiotic compounds in general leads to formation of more water soluble products 
for detoxification and excretion. However, GSH conjugates can be more reactive or toxic than the parent 
compound (bioactivation) [87]. Ethylene dibromide is carcinogenic in animals. GST catalyzes the replace-
ment of a bromide with glutathionyl to form a sulfur mustard analog that spontaneously cyclizes to form a 
highly reactive episulfonium ion (Figure 6.22h). Isocyanates, isothiocyanates, and α-b unsaturated ketones 
or aldehydes can form GSH conjugates; however, these GSH conjugates can release the substrates (the reac-
tive species) that were originally detoxified. These GSH conjugates, therefore, serve as transporting agents 
[88–91]. α-Naphthylisothiocyanate (ANIT) is a classic example of isothiocyanate that induces intrahepatic 
cholestasis in rats by injury to biliary epithelial cells. This toxicity is believed to involve a thiocabamoyl-
GSH conjugate of ANIT [92]. The reversible process of GSH adduct formation, Mrp-2-mediated transport 
to the bile duct, followed by degradation back to ANIT resulted in high concentrations of the toxic com-
pound in the biliary ducts (Figure 6.22i). When ANIT was administered to Wistar and Mrp2-deficient TR(-) 
rats, the TR(-) rats were protected from ANIT induced cholestasis. These data show that Mrp2-mediated 
biliary secretion of GSH conjugate of ANIT is a prerequisite for development of cholestasis in rats [93].

Sulfotransferases

Sulfonation is the process of forming typically highly water-soluble sulfuric acid esters from phenols and 
aliphatic alcohols. In many cases, the hydroxyl group that is conjugated in this reaction has been revealed 
or introduced during a primary oxidative or hydrolytic reaction of a xenobiotic. Thus, sulfonation occurs 
as a second step, or phase II biotransformation, and is synonymous with the conjugation reaction of 
glucuronic acid with substrates by UDP-glucuronysyltransferases (UGT). Conjugation through an amine 
(N-sulfoconjugation) has been observed, but is infrequent compared to O-sulfoconjugation.

Sulfonation reaction is catalyzed by a large number of enzymes identified as sulfotransferases (SULT). 
Athough “SULT” is the internationally agreed upon abbreviation for the enzymes, the alternate abbre-
viation “ST” remains in use in some publications.

The nomenclature system of SULTs is based on amino acid homology.
Thirteen human genes code for the cytosolic SULT1, SULT2, SULT4, and SULT6 families. Each gene 

does not result in a single protein. For example, SULT1A3 and SULT1A4 encode for the identical protein 
SULT1A3/4, and the SULT2B1 gene encodes two functionally distinct proteins SULT2B1a and SULT2B1b.

Subcellular Location and Organ Distribution

Two types of SULTs exist and are differentiated based on their subcellular location: membrane bound 
and cytosolic. Membrane-bound SULTs at the Golgi apparatus of the cell are responsible for the sul-
fonation of peptides (e.g., CCK), proteins, lipids, and glycosaminoglycans. Due to their limited role in 
xenobiotic metabolism, membrane-bound SULTs will not be discussed in this chapter. Cytosolic SULTs 
are responsible for the sulfonation of xenobiotics and are of interest to the drug metabolism scientist. For 
example, the sulfonation of morphine may have important effects on its pharmacological efficacy. The 
cytosolic SULTs also use small endogenous substrates such as steroids, bile acids, and neurotransmitters, 
and, thereby, may act as important regulators of their actions at their respective transmitters.

The expression of the five major human SULTs involved in xenobiotic metabolism (SULT1A1, 
1A3, 1B1, 1E1, and 2A1) were measured in various tissues from individual donors by immunoblot-
ting [94]. SULT content was highest in small intestine (1.9–15.9  μg per mg cytosolic protein), then 
liver (2.3–7.9 μg/mg protein), and was much lower in kidney and lung (0.1–0.7 μg/mg protein). This 
indicates the potential role of presystemic sulfonation at both the gut and liver for orally administered 
drugs. In the small intestine, SULT1A3 and 1B1 were the most highly expressed isoforms; whereas, in 
the liver, SULT1A1 (approximately half of total SULT content of liver) and 2A1 were highly expressed. 
Interindividual variability in expression of SULTs exist, though no clear distinctions have been made 
based on sex or age of the donor.
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Multiplicity and Species Differences

The expression pattern for SULTs in rats is unique in several ways. Rodents express multiple SULT2A 
transcripts [95]; whereas, humans have only SULT2A1. In contrast to the largely extrahepatic (i.e., small 
intestine) expression of SULTs in humans, expression is largely hepatic in rodents. Rats also show com-
plex developmental and sex-related expression differences. SULT1 and 2 concentrations in juvenile rats 
are comparable, but adult male rats have significantly higher SULT1 activities, and adult females have 
higher SULT2 activities. Another example is SULT1E1, which is highly expressed in male rat liver; 
whereas, it is absent in female rat liver.

Catalytic Mechanism

SULTs mediate a sulfuryl transfer reaction that uses the co-substrate 3′-phosphoadenosine 5′-phosphsulfate 
(PAPS) (Figure 6.23). PAPS is generated through the reaction of inorganic sulfate and ATP by PAPS syn-
thetases. The binding of PAPS by SULT may be a complex regulator for cofactor or substrate occupying 
the active site, and thereby may be a determinant of enzyme function [96].

Detailed kinetics studies by the Leyh group provide insight into the mechanistic function of SULTs 
[96–98]. Their work indicates that a rapid equilibrium random mechanism takes place; substrate binding 
is controlled by formation of a “gate” at the opening of the active site upon binding of the nucleotide, and 
substrate inhibition results from formation of an enzyme-PAP-substrate dead-end complex. The reader 
is directed to the references herein for detailed descriptions of the current understanding of the role of 
SULTs in sulfonation reactions.

Substrates and Inhibitors

The sulfonation of 17α-ethinylestradiol (EE2) in humans is readily catalyzed by cytosol in Sf9 cells 
that overexpress SULT1E1 at low nanomolar concentrations (Km 6.7 nM). 2,6-Dichloro-p-nitrophenol 
(DCNP) and quercetin are effective in vitro inhibitors (IC50 15.6 and 0.4  μM, respectively) of this 
reaction [99].

EE2 is also a potent inhibitor of SULT1A1. Tested in a single enzyme system with E. coli that 
express SULT1A1 in the presence of a relatively high PAPS concentration (10  μM), the sulfonation 
of 17b-estradiol, p-nitrophenol, and b-naphthol were inhibited, with measured Ki values of 15, 10, and 
19 nM, respectively [100]. Interestingly, EE2 is not a good substrate for SULT1A1, requiring micromolar 
concentrations to observe its sulfonation.
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Reactions and Relevance to Human Drug Metabolism

Crizotinib (PF-02341066, Figure 6.24) is a selective c-Met/Alk tyrosine kinase inhibitor that is marketed 
as an anticancer agent. N-Sulfonation is an important metabolic pathway that can impact crizotinib phar-
macokinetics in rats [101]. Though total radioactivity recovered in excreta (urine and feces) was similar 
between male and female rats, a larger proportion of the radioactivity in females was accounted for by 
the sulfonate conjugate metabolite; the sulfonate conjugate in feces accounted for 44% of the adminis-
tered dose in female rats and only 10% in male rats. This large sex difference was recapitulated in vitro 
with rat liver S9 incubations, which generated an abundant amount of the sulfonate conjugate (24% of 
total radioactivity) for females but only trace amounts for males. Sulfonation of crizotinib showed no 
gender differences in dogs and monkeys and was not an observed metabolic pathway in humans.

Apixaban (BMS-562247, Figure 6.24) is a reversible and selective direct Factor Xa inhibitor used as 
an anticoagulant for treating venous thromboembolic events. Its major circulating metabolite in humans 
is O-demethyl apixaban sulfate, which is formed by CYP-mediated O-demethylation followed by con-
jugation of the phenolic alcohol. The sulfonation step was studied in phenotyping experiments using 
commercially available, recombinantly expressed SULTs (SULT1A1, 1A2, 1A3, 1E1, and 2E1) and by 
selective chemical inhibition of SULTs in human liver S9 [102]. Sulfonation of O-demethyl apixaban 
was highest by SULT1A1 and 1A2 at 160 and 21 nmol/min/mg protein, respectively. Kinetic analysis 
with human liver S9, SULT1A1, and SULT1A2 showed comparable affinities (Km 37–71 μM) but dif-
fered widely in maximal reaction velocities (Vmax 7, 370, and 70 nmol/min/mg protein, respectively). 
In inhibition experiments, quercetin and 2,6-dichloro-4-nitrophenol inhibited the sulfonation reaction. 
These data show that SULT1A1 has a major role in the sulfonation of O-demethyl apixaban in humans.
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N-acetyltransferases

N-acetyltransferases (NATs) are enzymes that can transfer an acetyl group to an amine. Various 
N-acetyltransferases have been identified in human, and the substrates of N-acetylation include both 
small molecules and proteins. For example, aralkylamine N-acetyltransferase (AANAT) catalyzes 
the acetylation of serotonin, while GCN5-related N-acetyltransferases (GNATs) can transfer an acetyl 
group to protein substrates. In human, two NATs, NAT1, and NAT2, are significantly involved in the 
metabolism of drugs and other xenobiotics.

Subcellular Location and Organ Distribution

Human NAT1 and NAT2 are cytosolic enzymes. The molecular weights of mature human NAT1 and 
NAT2 proteins are approximately 34 and 31 kD, respectively. The two enzymes have different tissue 
distributions: NAT1 is distributed in almost all adult human tissues, while NAT2 is primarily expressed 
in human liver and gastrointestinal tract. Human NAT1 is also found in tissues such as red blood cells 
and lymphocytes, both of which are not normally associated with drug metabolism. Compared to NAT2, 
the much broader distribution of NAT1 in human tissues implies that NAT1 may be more involved 
in endogenous functions. For example, NAT1 potentially plays an endogenous role in human folate 
catabolism since the degradation products of folic acid, para-p aminobenzoyl glutamate (pABAglu) and 
4-aminobenzoic acid (p-ABA) are acetylated by NAT1 [103].

Catalytic Mechanism

The reactions catalyzed by NATs have been shown to occur via a “Ping Pong Bi Bi” mechanism. This 
mechanism is comprised of two sequential steps. In the first step, the acetyl group is transferred from 
the acetyl donor (usually acetyl-CoA) to a certain amino acid residue (usually cysteine) in the active site 
cavity of NAT. In the second step, the acetyl group is transferred from the acetylated enzyme to an acetyl 
acceptor like an arylamine. The acetylated enzyme is a relatively stable intermediate with a hydrolysis 
half-life as long as tens of seconds if no acetyl acceptors are present. The active site pockets of NATs 
are usually deep and hydrophobic and, thus, can catalyze acetylation of arylamines. The stability of 
acetylated NAT intermediates is also at least partly due to the shape of the active site pocket because the 
acetylated residue is in a hydrophobic environment and deep inside away from the solvent [103].

Multiplicity and Species Differences

Species differences have been observed for NATs. NAT activity is totally absent in dogs and musk 
shrews. In cats, the only NAT gene encodes an isoform similar to human NAT1. Rodents including 
rats, mice, and hamsters have three NAT genes (NAT1 to NAT3), but NAT3 encodes an inactive protein. 
Rodent NAT1 is a homologous enzyme of human NAT2, while conversely, rodent NAT2 can metabolize 
certain typical substrates of human NAT1 [103,104].

The human NAT1 gene is in human chromosome 8p22 and is polymorphic. According to the Database 
of Arylamine N-acetyltransferases (http://nat.mbg.duth.gr/), 28 polymorphic variants of NAT1 gene have 
so far been identified in human populations. Among the human NAT1 alleles with single nucleotide poly-
morphisms (SNPs) in the coding zones, NAT1 * 14A, NAT1 * 14B, NAT1 * 15, NAT1 * 17, NAT1 * 19A, 
NAT1 * 19B, and NAT1 * 22 lead to inactive or less active proteins compared to the wild type human 
NAT1 encoded by NAT1 * 4 (the reference of NAT alleles). Humans with these alleles belong to the 
“slow” NAT1 acetylator phenotype group. However, in most populations, the slow NAT1 acetylator 
alleles occur at a much lower frequency than NAT1 * 4 and NAT1 * 10 (containing two SNPs in the 
non-coding zone) do. For this reason, human NAT1 was long considered to be an invariant gene, and its 
substrates, such as p-ABA and 4-aminosalicylate (4-AS), were usually thought to be “monomorphically” 
acetylated substrates.

The human NAT2 gene is also in human chromosome 8p22 and is adjacent to the NAT1 gene. The ref-
erence allele NAT2 * 4 encodes the wild type human NAT2 and is a rapid acetylator. Besides NAT2 * 4, 

http://nat.mbg.duth.gr/
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so far approximately 100 alleles of human NAT2 have been identified and further categorized into 19 
clusters according to the SNP(s) contained in each allele (http://nat.mbg.duth.gr). In each cluster, a com-
mon signature SNP can be found. A substantial proportion of the human NAT2 alleles encode mutated 
NAT2 enzymes, which are less active than the wild type, resulting in the slow acetylator phenotype. 
Among different populations, the human NAT2 gene shows considerable variation in allelic frequen-
cies. For example, approximately 50% of people in Caucasian populations are slow acetylators, while the 
frequency in East Asian populations are 20%–30% [105]. The polymorphic drug metabolism by human 
NAT2 was recognized many years ago, and the related investigations greatly promoted our understanding 
of how pharmacogenetics impacts drug disposition in the human body.

Substrate, Inhibitors, and Inducers

Kawamura et  al. established the substrate specificity for the NAT1 and NAT2 using various aryl-
amines and aryl hydrazines as substrates. The two enzymes share over 80% similarity in their amino 
acid sequences, and overlapping but distinct substrate specificities were observed. Some substrates, like 
5-aminosalicylate (5-AS), 4-ethoxyaniline, and 4-iodoaniline can be efficiently acetylated by both NATs. 
Meanwhile, each NAT binds to specific substrates that are not acetylated by the other NAT enzyme [106]. 
Human NAT1 shows high activity in the acetylation of p-ABA and 4-AS, but it does not catalyze the 
acetylation of aryl hydrazine compounds. In contrast, human NAT2 does not efficiently acetylate p-ABA 
and 4-AS, but hydrazine compounds can be excellent substrates of human NAT2.

Iodoacetate, N-ethylmaleimide, and p-chloromercuribenzoic acid are potent irreversible inhibi-
tors of human NATs because these agents can covalently bind to the cysteine residue in the active 
site cavity [107]. Compounds that are structurally similar to the substrates of human NATs can 
act as reversible inhibitors, including salicylamide, 5-bromoslicylamide, 5-methylsalicylamide, and 
carboxyhydrazides [107,108]. In addition, phenolic compounds such as pentachlorophenol, 1-nitro-
2-naphthol, phenolic acids, flavonoids, and coumarins may also inhibit the activity of human NATs 
[109]. The relevance of NAT1 in cancer, in particular breast cancer, has encouraged researchers to 
develop NAT1 inhibitors as promising therapeutic agents. Interestingly, a few existing drugs includ-
ing tamoxifen, cisplatin, and disulfiram can inhibit NAT1 both in vivo and in vitro. For example, the 
inhibition of NAT1 by cisplatin is rapid and irreversible, and may contribute to the therapeutic effects 
of cisplatin [103].

In rabbits, the metabolism of sulfamethazine can be induced by glucocorticoids, such as hydrocortisone and 
immunostimulants (e.g., Freund’s complete adjuvant) [110]. In rats, 3-methylcholanthrene and pregnenolone-
16α-carbonitrile increase the acetylation of b-naphthylamine [111]. However, whether these NAT inducers 
in rodents can induce human NATs is largely unknown. Incubation of human peripheral blood mononuclear 
cells with NAT1 substrates such as p-ABA, 4-AS, benzocaine, or p-aminophenol decreased the cellular NAT1 
expression without affecting NAT1 mRNA level, showing a post-transcriptional regulation [112].

Reactions and Relevance to Human Drug Metabolism

N-acetyltransferases use acetyl coenzyme A (acetyl-CoA) as the acetyl moiety donor to catalyze 
N-acetylation of arylamine/hydrazine, O-acetylation of aryl hydroxylamine, and also the intramolecular 
N-, O-acetyl transfer of N-acetylated aryl hydroxylamine (Figure 6.25) [104]. Among the acetylation 
products by NATs, O-acetylated aryl hydroxylamines are labile and carcinogenic because they easily 
degrade to nitrenium ions, which can covalently bind to DNA [7].

In humans, acetylation is an important pathway in the metabolism of arylamine or hydrazine drugs. 
Human NAT1, but not NAT2, is involved in the metabolism of 4-AS and p-ABA. In human urine, acetyl 
4-AS was detected as a major metabolite of 4-AS, and acetyl p-ABA is detected as a minor metabolite 
of p-ABA [113,114]. Similarly, for 5-AS, the predominant metabolite in human serum and urine is acetyl 
5-AS, and both human NAT1 and NAT2 may contribute to its metabolism [115].

Human NAT2 is involved in the metabolism of more drugs than human NAT1. Human NAT2 
genotypes together with non-genetic modulations result in phenotypes with various acetylating 
capabilities [104]. The anti-tuberculosis agent isoniazid is a hydrazine drug and is predominantly 

http://nat.mbg.duth.gr
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metabolized by human NAT2 to form inactive acetyl isoniazid in vivo. Inter-individual variability 
in the metabolism of isoniazid by patients has been ascribed to differences in NAT2 activities. 
In general, patients can be classified as “slow” or “rapid” isoniazid acetylators. In rapid acetyl-
ators, isoniazid is cleared rapidly from the circulation, and the majority of isoniazid is excreted 
in the urine as acetyl isoniazid. In the slow acetylators, only a much lower proportion of the iso-
niazid dose is acetylated and excreted in urine. Although a high plasma tuberculostatic activity is 
observed in slow acetylators, they are unfavorably more susceptible to dose-dependent toxicities 
of isoniazid than are the rapid acetylators. For example, the risk of isoniazid-induced hepatotox-
icity is significantly higher in slow acetylators. Besides isoniazid, the other human NAT2 sub-
strates including procainamide, sulphapyridine, dapsone, sulfamethazine, and hydralazine are also 
polymorphically acetylated.
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Conclusions

While the majority of drugs and xenobiotics are metabolized and detoxified by CYP-mediated 
biotransformation pathways, non-CYP enzymes are becoming increasingly recognized to have 
important roles in the metabolism of drugs and drug candidates. This can be attributed to a rapid 
advancement in the research of metabolizing enzymes over the past four decades. The widespread 
use of metabolic stability screening in drug discovery has led to the identification of new chemical 
entities that rely on non-CYP enzymes for clearance; therefore, the number of drugs that undergo 
metabolism via these non-CYP enzymes has significantly increased. Like CYPs, non-CYP enzymes 
can also modulate drug efficacy, contribute to detoxification, or produce therapeutically active or 
reactive/toxic metabolites. The complementary roles of CYP and non-CYP enzymes are beneficial in 
drug development since they provide alternative clearance pathways that de-risk potential drug-drug 
interactions in the clinic.
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7
The Genetic Basis of Variation 
in Drug Metabolism and Toxicity

Tore Bjerregaard Stage and Deanna L. Kroetz

Background

It is well recognized that there is a large variability in drug response. It is estimated that around 50% of 
patients will not respond to treatment for a wide array of diseases such as migraine and diabetes; this pro-
portion reaches nearly 75% for chemotherapy. This area of research has received much attention recently, 
culminating in President Barack Obama’s State of the Union address in January 2015 announcing the 
Precision Medicine Initiative (https://www.nih.gov/precision-medicine-initiative-cohort-program). One 
of the goals is to “Help develop the right drug for the right person at the right dose,” in stark contrast to 
the previous focus on developing drugs for a population. The key point in precision medicine is to target 
drugs to patients that have a high probability of responding well and to limit their use in those patients 
who will not respond or experience side effects.

There are many factors contributing to drug variability. Traditionally these are split into three categories; 
host factors (e.g., body weight, comorbidity), environmental factors (e.g., drug interactions, food intake), 
and genetic variation. This chapter will focus on pharmacogenetics, genetic variation causing variability 
in drug response, more specifically on genetic variants influencing drug pharmacokinetics, and risk of 
side effects.

A total of 52.5% of the small molecule drugs approved by the Food and Drug Administration (FDA) 
in the period from 2006–2015 (n = 125) were metabolized by P450, 30% were metabolized by non-
P450 enzymes, and the remaining had no major metabolites [1]. The major enzymes involved in 
CYP-mediated drug metabolism are CYP3A4/5 > CYP2D6 > CYP2C9 > CYP1A2 > CYP2B6 > CYP2C19 > 
CYP2C8 > CYP2E1 ≈ CYP2J2 [2]. Genetic variation in these enzymes may lead to changes in efficacy 
and/or toxicity depending on whether the drug itself or a metabolite are active. For example, for a typical 
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drug with activity associated with parent drug levels, poor metabolizers are expected to have higher 
plasma concentrations and increased risk of toxicity, while ultrarapid metabolizers will have reduced 
plasma levels that may lead to loss of efficacy (Figure 7.1). The opposite would be true for a prodrug, 
with ultrarapid metabolizers expected to have the highest levels of active drug and poor metabolizers 
the lowest levels.

All drugs provoke side effects (Paracelsus; “The dose makes the poison”). The most frequent and mild 
side effects are correlated directly to plasma concentrations (type A), while other side effects are more 
idiosyncratic, rarer, and more serious (type B). The latter presents an important clinical problem for many 
drug classes, such as antiepileptics that are known to provoke serious cutaneous reactions. Predicting and 
reducing the frequency of these types of hypersensitivity reactions would present a remarkable improve-
ment in the clinical use of these drugs.

The frequency of genetic variants varies substantially between populations. Due to the large number of 
variants mentioned in this chapter, we do not find it feasible to discuss the frequency in this chapter. Minor 
allele frequencies can be easily found through public databases, such as ExAc (http://exac. broadinstitute.
org), 1000 Genomes (http://1000genomes.org), the National Library of Medicine SNP Database (https://
www.ncbi.nlm.nih.gov/snp), and the Pharmacogenomics Knowledge Base (PharmGKB, https://www.
pharmgkb.org).

The field of pharmacogenetics contains a vast amount of literature and no single chapter can pro-
vide a comprehensive summary of all the data. This chapter will instead provide an introduction to the 
most well-established and clinically relevant variants in drug response genes. A summary of the gene-
drug pairs for which currently published guidelines are available from the Clinical Pharmacogenetics 
Implementation Consortium (CPIC) for genotype-guided dosing is provided in Table 7.1. Many of these 
will be discussed in more detail below.
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FIGURE 7.1 This figure highlights how drugs and prodrugs are metabolized to inactive (M-) and active (M+) 
metabolites. Additionally, hypothetical plasma concentration-time curves for different types of metabolizers are shown for 
pharmacologically active drugs (top panel) and prodrugs (bottom panel).

https://www.pharmgkb.org
https://www.pharmgkb.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://1000genomes.org
http://exac.broadinstitute.org
http://exac.broadinstitute.org


207The Genetic Basis of Variation in Drug Metabolism and Toxicity

Terminology

Standard genetic nomenclature is used throughout this chapter. Genes are written in italics while proteins 
are written with normal text. A single nucleotide polymorphism (SNP) is the change of a single nucleo-
tide to another in the genomic DNA. This may be described in several different ways, such as 163C>A, 
which means that in the indicated gene at position 163 a cytosine is replaced by an adenine. SNPs are 
also assigned a number with the prefix “rs,” which maps the nucleotide change to a specific location on 
the genome. Nucleotide changes may result in changes in the encoded amino acids (non- synonymous), 
for example Lys262Arg, which means at the specific amino acid position a leucine is replaced by an 
arginine. Finally, one or multiple variants may be combined to make alleles. Alleles for CYP genes are 
indicated by an allelic number terminology, which can be found at http://www.cypalleles.ki.se.

Polymorphisms Relevant for Phase I Enzymes

Phase I metabolism is mainly characterized by modification of xenobiotics by introducing reactive and 
polar chemical groups via oxidation, reduction, or hydrolysis. In this section, we have highlighted the 
most important and relevant polymorphisms in genes encoding enzymes involved in Phase I metabolism 
of drugs. The discussion is focused on the three major enzyme families relevant for drug metabolism, 
the CYP1, CYP2, and CYP3 families.

TABLE 7.1

Drugs with CPIC Guidelines Involving Drug Metabolism and HLA-B Alleles

Genea Drugs

CYP2D6 Tricyclic Antidepressants (Amitriptyline, Clomipramine, Desipramine, Doxepin, Imipramine, 
Nortriptyline, Trimipramine)

Codeine

Fluvoxamine

Paroxetine

CYP2C9 Phenytoin

CYP2C9/VKORC1 Warfarin

CYP2C19 Tricyclic Antidepressants (Amitriptyline, Clomipramine, Desipramine, Doxepin, Imipramine, 
Nortriptyline, Trimipramine)

Citalopram, Escitalopram

Clopidogrel

Sertraline

Voriconazole

CYP3A5 Tacrolimus

TPMT Azathioprine

Mercaptopurine

Thioguanine

UGT1A1 Atazanavir

DPYD Capecitabine

Fluorouracil

Tegafur

HLA-B Abacavir

Allopurinol

Carbamazepine

Phenytoin

a Complete dosing guidelines for each of these gene-drug pairs can be found at https://cpicpgx.org/.

http://www.cypalleles.ki.se
https://cpicpgx.org/
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CYP1 Family

CYP1A2 constitutes 13% of the total CYP liver content [3] and is involved in the metabolism of drugs 
such as clozapine, olanzapine, and theophylline. The probe substrate for CYP1A2 is caffeine as 80% of 
its total clearance is mediated via CYP1A2 demethylation [4]. Variation in caffeine metabolism is exten-
sive, with a strong genetic heritability of the urinary metabolic ratio of 72.5% in a Danish twin study [5].

The most researched and relevant polymorphism for CYP1A2 is an intronic nucleotide substitution 
CYP1A2*1F (rs762551). In one study, smokers who carry the CYP1A2*1F allele had lower caffeine con-
centrations due to increased metabolism, while this effect was not detected in non-smokers [6]. A subse-
quent study failed to replicate these findings [7]. One possible explanation for these discordant findings 
may be that the variant is in linkage disequilibrium with other variants that are causal. Consistent with 
this hypothesis, another study showed no effect of CYP1A2*1F but did find an association with more 
complex CYP1A2 haplotypes [8]. Clozapine is an atypical antipsychotic drug used in the treatment of 
schizophrenia and is metabolized by CYP1A2 and several other P450 enzymes. Treatment resistance 
due to low clozapine levels was observed among patients with the CYP1A2*1F allele [9,10]. Carriers of a 
haplotype containing the CYP1A2*1F and four other genetic variants (−3860 G>A, −2467del, −739 T>G, 
−729 C>T) have higher plasma concentrations of clozapine [11]. A similar trend was shown for olan-
zapine, as carriers of the CYP1A2*1F allele require lower body-weight adjusted dose [12]. Known side 
effects to antipsychotic treatment include QT prolongation and extrapyramidal side effects. Carriers of 
the CYP1A2*1F −163A variant have longer QTc prolongation than those with the reference allele during 
treatment with chlorpromazine, fluphenazine, trifluoperazine, and thioridazine [13] and experience more 
extrapyramidal side effects to antipsychotic treatment in a US [14] and a Chinese cohort [15]. These find-
ings require further validation as this association was not replicated in a German cohort [16] or another 
Chinese cohort [17]. Finally, CYP1A2*1F has also been related to leflunomide-induced toxicity [18,19], 
which leads to an increased risk of discontinuing treatment due to side effects [20]. Taken together, these 
studies indicate that carriers of the CYP1A2*1F allele have increased CYP1A2 metabolic activity, lead-
ing to lower drug concentrations, fewer adverse events, and consequently a lower drug response.

Generally, the pharmacogenetic study of CYP1A2 variability is complicated by the influence of 
 common environmental factors such as caffeine intake and smoking (a known CYP1A2 inducer). This 
has made interpretation of the literature difficult and likely contributed to the poor reproducibility of 
results. As a result, there are currently no established clinically relevant genetic variants in CYP1A2.

CYP2 Family

CYP2B6 comprises around 2%–5% of the hepatic P450 pool [2] with a large variability in both mRNA 
[21] and protein level [22]. CYP2B6 is involved in the metabolism of a wide array of drugs, including 
antiretroviral agents (e.g., efavirenz), antidepressants (e.g., bupropion), and anesthetics (e.g., propofol).

The most common and relevant genetic variation for CYP2B6 is CYP2B6*6 (rs3745274), which com-
prises two amino acid substitutions, Gln172His and Lys262Arg, and is common across all populations. 
CYP2B6*6 is associated with lower CYP2B6 mRNA [21] and protein levels and activity [23]. The clini-
cal significance of this genotype has been extensively studied for efavirenz, which is widely used in 
the treatment of human immunodeficiency virus (HIV). Carriers of the CYP2B6*6 variant have higher 
plasma concentrations [24–27], efavirenz-induced side effects [28], and risk of discontinuation due to 
side effects [29,30]. This effect has successfully been countered in a prospective study, by prescribing 
lower doses to individuals carrying this variant [31]. A similar effect of this variant has been shown for 
another antiretroviral drug nevirapine [32–34] and the µ-opioid agonist methadone [35]. Interestingly, 
the opposite was shown for the anticancer drug cyclophosphamide, which is bioactivated via CYP2B6. 
In contrast to what was observed for other drugs, carriers of CYP2B6*6 appear to have a higher rate of 
bioactivation of cyclophosphamide [36–38], which indicates an increased metabolic capacity among car-
riers of CYP2B6*6. This suggests substrate dependent effects of this variant.

CYP2C8 comprises approximately 7% of the hepatic P450 content [39] and plays a major role 
in  the metabolism of many drugs, such as chemotherapeutics (e.g., paclitaxel) and antidiabetics 
(e.g., rosiglitazone).
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For CYP2C8, the *2 and *3 alleles explain a large amount of the variability. In contrast to in vitro 
evidence, CYP2C8*3 (two highly linked variants: rs10509681 and rs11572080) was linked to increased 
metabolism of repaglinide [40] but not at high doses [41,42]. Consistent with the repaglinide findings, 
carriers of CYP2C8*3 have increased metabolism of the antidiabetic drugs rosiglitazone and piogli-
tazone [43–46]. A clinical study showed that carriers of this variant have lower rosiglitazone plasma 
concentrations and therapeutic efficacy and a higher risk of peripheral oedema in patients with type 2 
diabetes [47]. This finding was recently reproduced in a large cohort of type 2 diabetes patients [48]. 
Interestingly, CYP2C8*3 has been linked to slightly impaired clearance of the microtubule-stabilizing 
anticancer agent paclitaxel [49,50]. In line with this, some studies have indicated a higher risk of pacli-
taxel-induced peripheral neuropathy, but this was not consistently replicated [51–54]. Initially, no differ-
ences in efficacy or toxicity were observed among carriers of CYP2C8*3 treated with the antimalarial 
drug amodiaquine [55], but recently a study showed higher resistance among CYP2C8*3 carriers [56]. 
Thus CYP2C8*3 is relevant for the metabolism of most drugs metabolized by CYP2C8, but the effect of 
the genetic variant is substrate-dependent.

CYP2C8*2 (rs11572103) has not been investigated, most likely due to a low representation of this 
genotype outside of Africa. Carriers of this variant have lower area under the curve (AUC) of the M-III 
metabolite of pioglitazone in healthy individuals of African descent [57] and lower response to the anti-
malarial drug chloroquine [58]. These findings indicate that CYP2C8*2 leads to a poor metabolizing 
phenotype, and this warrants further research, especially in African populations where the variant is 
frequently represented (a frequency of up to 20%).

CYP2C9 comprises approximately 15% of the hepatic P450 content [39] and is involved in the metab-
olism of ~15% of clinically used drugs [2]. The most widely used 2C9 substrates include non-steroidal 
anti-inflammatory drugs (NSAID, e.g., ibuprofen or diclofenac), anticoagulants (warfarin) and antidia-
betics (tolbutamide). Due to the widespread use and the narrow therapeutic window for some CYP2C9 
substrates, pharmacogenetics of CYP2C9 has received significant attention.

Many variants have been described in CYP2C9, but the most common, widely researched and relevant 
are *2 (rs1799853) and *3 (rs1057910); the most widely studied drug regarding CYP2C9 pharmacogenet-
ics is warfarin. Carriers of CYP2C9*2 or CYP2C9*3 have decreased metabolism of warfarin, leading to 
higher plasma concentrations causing higher risk of bleeding [59–61]. This led to three large genotype-
guided randomized clinical trials [62–64] that were all published in the same issue of the New England 
Journal of Medicine. To the disappointment of many pharmacogeneticists, the results were conflicting 
and not convincing. This complicated the clinical implementation of the use of clinical genotype-guided 
dosing of warfarin. Notably there were marked differences between the studies, especially in regard to 
the study populations, that could have led to some of the observed variability. It also highlights the dif-
ficulty in implementing clinical use of pharmacogenetics. The discussion of genotyping patients prior to 
treatment with warfarin to implement genotype-guided dosing continues.

Carriers of the CYP2C9*2 and CYP2C9*3 alleles also have decreased metabolism of NSAIDs, an 
effect seen for several NSAIDs [65]. Indeed, carriers of CYP2C9*2 or CYP2C9*3 alleles have decreased 
metabolic activity towards ibuprofen, which is further decreased in individuals also carrying the 
CYP2C8*3 allele [66,67]. Individuals homozygous for CYP2C9*3 have a nine-fold lower apparent oral 
clearance of meloxicam compared to those with the reference genotype [68]. A less dramatic, but similar 
trend was shown for celecoxib [69,70]. A serious adverse event to NSAID treatment is gastrointestinal 
bleeding. In line with pharmacokinetic studies, clinical observational studies showed increased risk of 
gastrointestinal bleeding among carriers of the CYP2C9*2 and CYP2C9*3 alleles [65,71], likely caused 
by increased plasma levels of NSAIDs.

CYP2C19 comprises only ~3% of the hepatic P450 content. Nonetheless, CYP2C19 is involved in the 
metabolism of important and widely used drug classes such as proton pump inhibitors (PPI, omeprazole), 
antiplatelet agents (clopidogrel), and selective serotonin reuptake inhibitors (SSRI, citalopram).

The most relevant and common genetic variants in CYP2C19 are the poor metabolizing alleles 
CYP2C19*2 (rs4244285) and CYP2C19*3 (rs4986893) and the ultrarapid metabolizing allele 
CYP2C19*17 (rs12248560). Clopidogrel is a prodrug transformed to active metabolites by CYP enzymes. 
Carriers of the poor metabolizing genotypes, CYP2C19*2/*3, have markedly reduced activation of 
clopidogrel, leading to a suppressed protective cardiovascular effect [72–76]. This led to studies trying 
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to increase clopidogrel maintenance dose in poor metabolizers [77] and randomized controlled trials 
for genotype-guided clopidogrel treatment [78–81]. Strategies varied from dose-adjusting to switching 
from clopidogrel to prasugrel among poor metabolizers, and most studies were successful in reducing 
 clopidogrel-associated bleeding or similar endpoints. The influence of CYP2C19 variation on clopidogrel 
response seems to depend strongly on the indication, as the effect is largest for percutaneous coronary 
intervention (PCI) and almost absent for atrial fibrillation [82]. The FDA added a boxed warning to 
the clopidogrel label in 2010 alerting clinicians of the effect of poor metabolizing genetic variation 
on the response to clopidogrel. As for CYP2C19*17, some studies have shown an increase in clopido-
grel response [75,83,84], while others did not replicate this association [85–87]. The poor metaboliz-
ing variants CYP2C19*2/*3 have also been linked to reduced omeprazole metabolism [88–90], leading 
to a higher eradication of gastrointestinal bleeding among poor metabolizers [91,92]. The ultrarapid 
CYP2C19*17 allele has also been linked with increased metabolism of omeprazole, although this effect 
seems to be variable [90,93].

CYP2D6 comprises around 3% of the hepatic CYP content [39], with a large variability in protein 
expression due to CYP2D6 genetic variation [94]. Despite having a relatively low expression, CYP2D6 
is involved in the metabolism of up to 20% of clinically used drugs and is known for being involved in 
the metabolism of many psychotropic drugs such as tricyclic antidepressants (TCA, e.g., nortriptyline/
imipramine), SSRI (e.g., fluoxetine), and antipsychotics (risperidone). CYP2D6 is also involved in the 
metabolism of many other drugs, including opioids, stimulants (e.g., amphetamine), and beta-blockers 
(e.g., metoprolol). The first pharmacokinetic twin studies were performed with nortriptyline, a known 
CYP2D6 substrate [95,96], and showed that monozygotic twins had very similar plasma concentrations 
of nortriptyline, while plasma concentrations varied much more among dizygotic twin pairs. This led to 
the hypothesis that metabolism of drugs by CYP2D6 was strongly genetically linked. Forty years later, 
we know that genetic variation leads to four different phenotypes; poor metabolizers (PMs) are char-
acterized by low or no expression of CYP2D6 due to null alleles in the CYP2D6 gene, while ultrarapid 
metabolizers (UMs) carry multiple copies of the CYP2D6 gene (up to 13 copies have been observed [97]). 
CYP2D6 intermediate metabolizers (IMs) carry one null allele and one reference allele, while extensive 
metabolizers (EMs) carry two copies of the reference allele. PMs and UMs are the most extreme pheno-
typic outliers, while IMs and EMs are more similar in terms of metabolic capacity. Multiple CYP2D6 
alleles can lead to each of these metabolizer phenotypes; the reader is referred to the PharmGKB website 
for listings of the various alleles associated with each phenotype.

As CYP2D6 is involved in the metabolism of many frequently used drugs, we have chosen to focus 
on one group in this chapter; psychotropic drugs. Psychiatric disorders have a high rate of therapeutic 
failure with up to 30%–50% of patients not responding sufficiently to initial treatment [98]. Twenty-six 
drugs psychotropic drugs have pharmacogenomic labeling (http://www.fda.gov/drugs/scienceresearch/
researchareas/pharmacogenetics/ucm083378.htm), mostly involving CYP2D6 polymorphisms. A clin-
ical pharmacokinetic study showed a correlation between number of CYP2D6 active alleles and the 
pharmacokinetics of the tricyclic antidepressant (TCA) nortriptyline [99]. Decreasing  concentrations 
of nortriptyline were observed with increasing number of CYP2D6 functional alleles; in contrast, 
 levels of the 10-hydroxy metabolite of nortriptyline were inversely correlated with CYP2D6 functional 
alleles. This has been consistently replicated and recently, the NIH-funded Clinical Pharmacogenetics 
Implementation Consortium (CPIC) published a guideline [100] suggesting that PMs receive a 50% lower 
initial dose of TCA, while IMs should receive a 25% lower initial dose. Increasing dose in UMs to 
accommodate the increased metabolic capacity may lead to accumulation of the 10-hydroxy metabolite, 
which may lead to toxicity, and thus increasing dose for UMs is not warranted if other options are avail-
able. Many similar examples have been reported for psychotropic drugs and extend to other types of 
drugs such as codeine. Codeine is metabolized by CYP2D6 to the active metabolite morphine. A phar-
macogenetic study showed that CYP2D6 poor metabolizers had an abolished analgesic effect of codeine 
due to the prodrug not being converted to morphine by CYP2D6 [101], a finding further supported by 
the fact that no difference in analgesic effect was observed for morphine. This has since been replicated 
and CPIC guidelines recommend use of opioids not metabolized by CYP2D6 by individuals with UM 
and PM phenotypes [102].

http://www.fda.gov/
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CYP2E1 comprises ~15% of the hepatic CYP content and is involved in the metabolism of relatively 
few clinically used drugs. This enzyme is inducible by ethanol and even moderate exposure leads to 
rapidly increased expression which is reversible upon withdrawal [103]. The metabolism of the CYP2E1 
probe substrate chlorzoxazone indicates relatively low interindividual variability with oral and frac-
tional clearances varying four- to five-fold with slightly higher clearances among men compared to 
women [104]. The evidence for impact of genetic variants on enzyme function for CYP2E1 is generally 
underwhelming. Some studies have linked upstream genetic variants with CYP2E1 metabolic capacity 
or expression, but these have not been consistently replicated [105–108]. There is no current evidence 
for functionally important variants for drug metabolism, but some variants may be linked with disease 
susceptibility, such as lung cancer [109].

CYP3 Family

CYP3A4 is highly expressed in the liver (25% of hepatic CYP content) and intestines and is involved 
in the metabolism of up to 30% of clinically used drugs. Due to the involvement of CYP3A4 in the 
metabolism of many drugs, genetic variation was expected to have a substantial clinical impact. An early 
twin study of antipyrine hydroxylation indicated a substantial heritability of CYP3A4 metabolism [110]. 
However, many recent studies have not been able to readily replicate common variants impacting expres-
sion and metabolic capacity of CYP3A4 [111]. A recently described variant, CYP3A4*22 (rs35599367), 
was linked to decreased hepatic CYP3A4 expression. Carriers of this variant required a lower dose of 
the cholesterol-lowering statins simvastatin, atorvastatin and lovastatin [112] indicating a reduced meta-
bolic capacity consistent with the reported reduced expression. This variant has since been linked with 
decreased metabolism of tacrolicmus [113,114] and exemestane [115] among others.

CYP3A4 transcription is regulated by a number of nuclear receptors such as PXR, PPARα, and many 
others. Genetic variants in genes encoding nuclear receptors regulating CYP3A4 transcription may play 
a role in hepatic expression and the metabolic capacity of the enzyme. Thus, a SNP in PPARα decreased 
mRNA and protein expression in human livers and reduced atorvastatin hydroxylation in volunteers car-
rying the variant [116].

CYP3A5 is distinguished from other CYP enzymes in that it is expressed in around 60% of Africans 
or African Americans, while only 5%–10% of Caucasians express CYP3A5 to an appreciable extent. 
CYP3A5 is structurally very similar to CYP3A4 as they share around 85% amino acid sequence iden-
tity and, thus, a large substrate overlap [117]. Lower concentrations of tacrolimus were observed among 
CYP3A5 expressors compared to non-expressors, indicating higher metabolic capacity for this drug 
when CYP3A5 contributes to metabolism [118,119]. A number of reduced function variants for CYP3A5 
have been reported. A recent genome-wide association study (GWAS) identified CYP3A5*3/*6/*7 as risk 
alleles for lower tacrolimus concentrations [120]. Associations with the CYP3A5*3 (rs776746) variant 
have been frequently replicated, and this allele could be an important predictor for CYP3A metabolism 
among individuals expressing CYP3A5.

Polymorphisms Relevant for Phase II Enzymes

Following modification by Phase I metabolism, drugs are further modified via conjugation with larger 
molecules such as glutathione and glucuronic acid in Phase II metabolism. This leads to larger, less reac-
tive, more polar and water-soluble drugs and enables elimination via bile/urine. There are a number of 
enzymes involved in Phase II metabolism, such as UDP-glucuronosyltransferase (UGT) and glutathione 
S-transferase (GSH).

The largest body of evidence for pharmacogenetic associations with Phase II enzymes regards the 
 family of uridine diphosphate glucuronosyltransferases (UGTs), but recently other enzymes have 
received increasing attention. Of the UGTs, mainly UGT1 and UGT2 family members are involved in 
the glucuronidation of xenobiotics.
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In the UGT1A family, the most highly expressed enzyme UGT1A1 is found primarily in the liver 
and enterocytes. UGT1A1 plays a key role in the elimination of bile acids, a by-product of heme catabo-
lism. The genetic variant UGT1A1*28 (rs8175347) has been linked with Gilbert syndrome, character-
ized by mildly increased hyperbilirubinemia but otherwise mostly asymptomatic [121]. This variant has 
been linked with decreased UGT1A1 transcription causing reduced metabolism of bile acids leading 
to hyperbilirubinemia [121]. Atazanavir is an antiretroviral drug used to treat HIV and approved in 
2008 by the FDA. The drug is generally well tolerated and efficacious but it interferes with bilirubin 
elimination, and around 40% of treated patients will have ALT/ALAT >2.5 times the upper normal limit 
[122]. Individuals homozygous for UGT1A1*28 or UGT1A1*37 (rs8175347) or rs887829 are at increased 
risk of bilirubin-associated discontinuation of the drug, which has been estimated at up to 60% [123]. 
Guidelines for dosing patients with reduced function variants of UGT1A1 have been made for irinocetan 
[124,125] and atazanavir [123]. For atazanavir, it is recommended that poor metabolizers should be given 
another drug if possible, considering the very high likelihood that these patients will develop jaundice.

UGT2B7 has been studied to some extent, but most evidence regarding pharmacogenetic influence 
is conflicting at this point and there is no clear consensus as to relevant genetic determinants for drugs 
metabolized by this enzyme. The clinical relevance of any UGT2B7 alleles will not be clear until further 
study.

Carboxylesterase (CES) 1 and 2 are involved in the hydrolysis of ester or amide bonds of xenobiotic 
compounds and endogenous substances. CES1 is mainly expressed in the liver and reported to be 20% 
more highly expressed in females [126]. CES1 is implicated in the metabolism of widely used drugs 
such as dabigatran, methylphenidate, and clopidogrel [127]. A number of functional genetic variants in 
CES1 have been linked to altered response of drugs [128], but the most consistently replicated variant is 
rs71647871, a non-synonymous SNP (428G>A, Gly143Glu) in the coding region of CES1 found at low 
frequency in all populations (MAF <5%) [128]. This variant was initially shown to decrease the metabo-
lism of methylphenidate in a carrier of the variant and to completely prevent metabolism in vitro [129], 
leading to a three-fold increase in area under the plasma-concentration curve and maximal concentration of 
methylphenidate. The variant has since been linked with decreased metabolism of oseltamivir  [126,130], 
dabigatran [131], clopidogrel [132,133], and enalapril [134]. Due to the low frequency of this variant, the 
population effect may not be overwhelming, although this might explain variation on an individual basis.

Thiopurines are a group of drugs used as immunosuppressants or in the treatment of cancers. The 
group consists of mercaptopurine, azathioprine, and thioguanine that are all metabolized to some extent 
via thiopurine methyltransferase (TPMT). TPMT is polymorphic and three SNPs account for approxi-
mately 90% of the loss-of-function variation [135,136]. These loss-of-function variants lead to reduced 
metabolism of thiopurines, causing accumulation of the parent compound or toxic metabolites formed 
through secondary pathways. Carriers of two loss-of-function alleles have a 100% risk of developing 
severe dose-dependent myelosuppression at normal doses of mercaptopurine or azathioprine, while only 
~50% of patients with one loss-of-function allele will tolerate normal doses [137–139]. A recent GWAS 
study showed that only variants in the TPMT gene were significant for activity and mercaptopurine toler-
ance, leading the authors to conclude that TPMT activity is a monogenic pharmacogenomic trait [140]. 
However, other genes may play a role in this toxicity, as variants in NUDT15 have recently been asso-
ciated with thiopurine toxicity, particularly in Asian populations [141–143]. A CPIC genotype-guided 
dosing algorithm [144] suggests that thiopurine dose should be reduced 10-fold and changed from daily 
dosing to three times weekly among individuals carrying two loss-of-function TPMT alleles. For carriers 
of one loss-of-function TPMT allele, the dose should be reduced by 30%–70% and titrated according to 
tolerance, while allowing time to reach steady-state before the next dose adjustment [144].

Polymorphisms Relevant for Drug Toxicity

Drugs may cause allergic reactions, which is a major clinical problem that may lead to an array of 
 symptoms. Abacavir is an antiretroviral drug used in the treatment of HIV and is generally well 
 tolerated. However, approximately 5%–8% of patients treated with abacavir experience  hypersensitivity 
within six weeks of initiating treatment, which is characterized either clinically (presence of at least 
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two of the following symptoms: fever, rash, gastrointestinal disturbance, fatigue, coughing, and/or dys-
pnea) or immunologically (skin-patch) and can be fatal [145]. In 2002, two studies reported that carriers 
of HLA-B*57:01 [146,147] had markedly increased risk of abacavir hypersensitivity. These interesting 
results were replicated consistently in other ethnic groups in retrospective studies and led to a genotype-
guided double-blind randomized prospective study (PREDICT-1, [148]). No immunologically confirmed 
cases of abacavir hypersensitivity reactions were observed among the patients who were screened for 
HLA-B*57:01 vs. an incidence of 2.7% of the patients who were not screened [148]. This led to several 
guidelines suggesting that genetic testing for HLA-B*57:01 should be performed prior to initiating aba-
cavir treatment among naïve patients, and abacavir use should be avoided among carriers of the allele 
[149]. HLA-B encodes a class I human leukocyte antigen (HLA) molecule that is involved in present-
ing peptides to immune cells. The exact mechanism that increases the risk of abacavir hypersensitivity 
among carriers of HLA-B*57:01 is not clear.

Skin hypersensitivity reactions are another example of allergic drug reactions. The symptoms range 
from mild eczema/rash to severe life-threatening disorders, such as Stevens-Johnson syndrome (SJS) or 
toxic epidermal necrolysis (TEN). The latter are characterized by skin cell death causing the epidermis 
to separate from the dermis, which results in dehydration and in serious cases death. If 2%–10% of the 
body surface is involved, it is characterized as SJS, and if more than 30% is involved, it is characterized 
as TEN.

Allopurinol is used in the treatment of gout as an inhibitor of xanthine oxidase, a crucial enzyme in the 
formation of uric acid. While generally well tolerated, allopurinol provokes skin-related hypersensitivity 
reactions like those described for abacavir. While rare (0.1%–0.4%), the mortality rate is up to 25%, and 
tools to predict this serious adverse event are warranted. Another HLA-B genotype, *58:01, was reported 
to be significantly correlated with severe cutaneous adverse reactions (including SJS/TEN) in a Taiwan 
Han-Chinese population [150]. All individuals who experienced skin hypersensitivity symptoms carried 
the genotype, while the frequency was 15%–20% among tolerant controls and the background population. 
Despite the side effect only appearing among individuals with the variant, there was still a substantial 
number of patients with the variant tolerating treatment. This finding has since been replicated in various 
populations, leading to recommendations that patients with known HLA-B*58:01 genotype be treated 
with other drugs due to an increased risk of allopurinol induced skin hypersensitivity reactions [151].

These are some examples of recent discoveries of pharmacogenetic prediction of side effects. This is 
not only relevant for patients being treated with these drugs, but also for drug development, as this knowl-
edge may help predict these types of side effects among newly developed drugs. This may help reduce 
the rate of withdrawal of new drugs that may cause rare, but serious adverse events. Pharmacogenetic 
research regarding drug hypersensitivity is still in the early stages. It is complicated by the rarity and 
classification of side effects, but recent findings have given important insight into mechanisms that were 
previously largely unknown. This type of pharmacogenetic research into type II adverse events holds 
much promise for the future.

Perspectives

In this chapter, we have focused on pharmacogenetic variants relevant for drug metabolism and toxicity. 
It is important to note that the frequency of genetic variants differs significantly between populations. 
For example, the frequency of CYP2D6 UMs is very low in East Asian populations, while up to 10% of 
Oceanic populations are UMs. This also means that genetic variants relevant in an African population 
may not extend to Asian or Caucasian populations. For this reason, replication in different ethnic cohorts 
is very important in pharmacogenetics.

Due to the exploratory nature and relatively small sample size in many pharmacogenetic studies, 
treating physicians require a higher grade of evidence before implementing the obtained knowledge into 
clinical practice. This includes randomized controlled trials and pharmacoeconomic evaluation to take 
both efficacy as well as economic factors into account before routine implementation of genotyping in 
clinical practice. Many investigators are currently working on projects to improve evidence of patient 
benefits and to evaluate economic perspectives of pharmacogenetic application in the clinic.
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Another recurring problem in pharmacogenetic research is the lack of reproducibility, likely caused by 
many factors. First, pharmacokinetic and pharmacodynamic variability is very complex. A full under-
standing of this variability is required in order to interpret study results. Performing pharmacogenetic 
studies in populations with multiple comorbidities and concomitant use of drugs will add to variability 
and mask pharmacogenetic signals. Furthermore, clinical studies have historically focused on the effect 
of single variants. While this is easier, many variants often need to be considered in relation to the full 
genotype of the patient as some variants have opposing or synergistic effects leading to misinterpretation 
when only looking at a single variant. New evidence is constantly emerging regarding factors important 
in drug variability, such as epigenetics and the microbiome, which may also play a crucial role in inter-
individual variability in drug response and toxicity. This highlights the need for tools that are able to 
convert the noise into relevant signals, considering all relevant factors to account for differences in drug 
metabolism and toxicity. It appears likely that the future for pharmacogenomics will consist of more 
complex treatment algorithms as our knowledge expands, and that these will integrate other types of 
information besides just the genetics of an individual. While a substantial amount of pharmacogenetic 
research has already been undertaken, it appears that the most widely used sentence in research, “More 
research in this area is warranted,” still applies.
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8
Inhibition of Drug Metabolizing Enzymes

F. Peter Guengerich

Introduction

The topic of the inhibition of the enzymes of drug metabolism is of great interest to enzymologists, 
chemists, pharmacologists, and clinicians. Two major practical applications of this knowledge of 
inhibition are important in the pharmaceutical industry. One is drug-drug interactions, i.e., one drug may 
inhibit the biotransformation of another when two are taken concurrently (Correia and Hollenberg 2015, 
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Guengerich 1997). Such interactions can be fatal, and the possibilities are scrutinized by regulatory 
agencies. The other major interest in enzyme inhibition is based on the selection of enzymes as targets 
for drug action (Yu et al. 2014). For instance, monoamine oxidase and some of the cytochrome P450 
(P450) enzymes are targets because the products of their normal reactions can be deleterious under 
certain conditions (Guengerich 2017). However, the focus of this chapter will be on inhibition of drug 
metabolism as opposed to drug targets.

Basic Mechanisms of Enzyme Inhibition

The general treatments presented here in this update of the first and second editions (Guengerich 1999b, 
2009) are rather introductory, and the reader is referred to more comprehensive, classical treatments 
of the subject (Cornish-Bowden 1979, Dixon and Webb 1964, Kuby 1991, Segel 1975b, Silverman 
1988). Classifications used here are oriented toward major mechanisms known for the enzymes of drug 
metabolism. Inhibition has its basis in the enzymology itself, including the field of enzyme kinetics. 
Overviews of major mechanisms and their principles will be presented, followed by a few prominent 
examples involving various enzymes, particularly the P450s.

Competitive Inhibition

The classic view of competitive inhibition is that the inhibitor shares structural similarity with the nor-
mal substrate (although defining a “normal” substrate for many of the enzymes under consideration is 
not always easy). The inhibitor may or may not be a substrate itself; i.e., be transformed to a product by 
the enzyme:

where an intermediate ES* may or may not be present. Sometimes k1, k1, and k4 are termed “kon” and k−1, 
k−1, and k4 are “koff” rates. In classic competitive inhibition, the steady-state km,apparent value (for the reac-
tion with the “typical” substrate) increases when the inhibitor is present, and examination of steady-state 
kinetics with increasing concentrations of inhibitor and concommitant increasing km,apparent values allow 
estimation of an inhibition constant Ki because they are related by the expression

 v
V

K
=

+ +
max

i( [I] / ) [S]m 1 K  

where km,apparent = Km (1 + [I]/Ki). (Recall that Vmax = kcat × enzyme concentration/mg protein; kcat will 
be used in this chapter.) This behavior is readily identified by a common intersection point (ordinate) 
in a Lineweaver-Burk (1/v vs. 1/S) plot or various characteristics of other linear transformations of the 
Michaelis-Menten equation.

The classic approach to characterization of competitive inhibition and the associated parameters is 
to do enzyme assays with varying concentrations of both the substrate S and inhibitor I, fitting to the 
above equations or their derivatives. An alternative method is the Dixon plot, in which 1/v is plotted 
vs. S (Kuby  1991). Historically, linearized transforms were used in order to do fitting “by eye” or 
linear regression. All of the linear plots have weighting deficiencies (Cornish-Bowden 1979), and many 
convenient and useful non-linear regression software programs are now commercially available. However, 
screening for inhibition is very common in the pharmaceutical industry today and new approaches have 
been introduced to handle the increased load of drug candidates. One statistical experimental approach 
is usually termed “virtual kinetics” (Bronson et al. 1995).
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In principle, Ki is an actual binding constant, as opposed to Km, which is usually not. When the 
inhibitor is a substrate itself, the two substrates show competitive inhibition of each other. In some 
idealized and simple cases, if the Km ~ Kd then Km ~ Ki. However, there are many reasons why such a 
relationship may not be seen with a complex enzyme system.

Competitive inhibition is a relatively commonly encountered phenomenon in drug metabolism work, 
and there are means of characterizing in vivo situations through pharmacokinetic parameters (Black 
et  al. 1996, Renwick 1994, von Moltke et  al. 1994). Many of the enzymes under consideration have 
multiple drug substrates (e.g., P450s 2C9, 2D6, 3A4) that can compete with each other (Guengerich 
2015). Drug-drug interactions of this sort can be expected in individuals who are administered several 
drugs simultaneously.

Non-competitive Inhibition

In classic non-competitive inhibition, the inhibitor binds to the enzyme at a site distinct from that of 
the substrate. The expected result is that a decrease in kcat or (Vmax) is observed without a change in Km. 
For instance, one might expect an electrophilic inhibitor (binding outside of the active site) to poison 
the enzyme in such a manner. Although this example is often presented in introductory biochemistry 
courses, clear examples of such inhibition are not so common and are not often encountered in studies 
with enzymes of drug metabolism. In vitro, one might expect such results by adding heavy metals to or 
heating an enzyme. What is often encountered is “mixed inhibition,” where it is usually the case that Kcat 
decreases and Km increases. The physical meaning of such changes may vary, and simply describing a 
phenomenon as mixed inhibition is not very meaningful. For example, such behavior might be observed 
if one were dealing with two different enzymes in a population (e.g., microsomes) that both catalyzed the 
same reaction and one was inhibited competitively while the other was being inactivated by mechanistic 
inactivation. Interpretation of such results must be done carefully with a single enzyme system.

A comprehensive discussion of all of the features of competitive and non-competitive inhibition is 
beyond the scope of this chapter. Competitive inhibition is commonly considered to reflect a single site 
but the potential for compounds binding to different parts of a larger active site is also possible. For more 
on the complex possibilities for competitive (and non-competitive and uncompetitive) inhibition, see 
Segel (1975c).

In a case from the author’s own laboratory (Shinkyo and Guengerich 2011), cholesterol, quinidine, and 
nifedipine are all substrates for P450 3A4 but cholesterol behaved as a non-competitive inhibitor of the 
oxidations of nifedipine and quinidine. The results can be rationalized in a model (Figure 8.1) based on 
a system originally proposed by Segel (1975a).

FIGURE 8.1 Model used to explain the apparently non-competitive inhibition of drug (quinidine) oxidation by 
cholesterol with P450 3A4 (Shinkyo and Guengerich 2011). A 2-site model is used, with overlap of the sites (Segel 1975a). 
The substrate(s) is quinidine and the inhibitor (I) is cholesterol. However, cholesterol can also occupy the substrate site and 
undergo 4β-hydroxylation.
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Uncompetitive Inhibition

As in the case of non-competitive inhibition, classic uncompetitive inhibition is defined but seldom seen 
in practice. The principle is that the inhibitor binds only to the enzyme-substrate complex. Both kcat and 
Km are decreased proportionately, and the ratio kcat/Km remains constant. For instance, in a Lineweaver-
Burk plot parallel lines should be seen in the absence and presence of the inhibitor. The enzyme efficiency 
(and, by extension, the intrinsic clearance of the drug substrate) would not really change. However, there 
are few clear examples of this phenomenon in the field.

Product Inhibition

In some cases, a product of a reaction of a drug-metabolizing enzyme may inhibit the reaction. For 
instance, NADP+ is a competitive inhibitor of NADPH-P450 reductase (Vermilion and Coon 1978). 
(For this reason, an NADPH-generating system (Guengerich 2014a) is preferred to adding a bolus of 
NADPH as a cofactor in in vitro incubations.) In a cellular system, this case would not exist because 
there are reduction systems that work well on the oxidized cofactor. However, in other cases, the 
product may not have physical characteristics very different from the substrate and competitively 
inhibits, sometimes being further transformed. For instance, benzene is oxidized by P450 2E1 to 
phenol and then on to hydroquinone (Guengerich et al. 1991), and P450 17A1 oxidizes pregnenolone to 
17α-hydroxypregnenolone and then to dehydroepiandrosterone. Thus, benzene and phenol compete, as 
do pregnenolone, 17α-hydroxypregnenolone, and dehydroepiandrosterone (Pallan et al. 2015). Polycyclic 
aromatic hydrocarbons and their dihydrodiols compete for Family 1 P450 enzymes (Shimada and 
Guengerich 2006, Shimada et al. 2007).

Transition-State Analogs

Transition-state analogs are tight-binding, non-covalently bound inactivators that resemble the 
transition state for the enzymatic reaction; that is, the transient complex formed in a single step within 
the catalytic cycle with the maximum free energy. The axiom that the enzyme has the highest affinity 
for this putative entity (which cannot be directly observed) was developed by Haldane (Haldane 
1930) and Pauling (Pauling 1948) and was the basis for the development of catalytic antibodies 
(Lerner and Benkovic 1988).

  

The kon rate is rapid and koff is slow. Inactivation is rapid and no time dependence is observed under 
 typical assay conditions. Enzyme activity can, at least in principle, be restored by removal of inhibitor 
using dialysis, gel filtration, centrifugal concentration, etc. (Silverman 1995).

Slow, Tight-Binding Inhibitors

These compounds are characterized by relatively slow (apparent) kon rates and even slower koff rates. The 
binding can be non-covalent or covalent, but due to the slowness of binding the loss of activity may be 
time-dependent and mistaken for mechanism-based inactivation. The initial interaction is, of course, 
diffusion-limited, but other steps complicate the apparent “kon” rate.) Removal of the inhibitor by dialysis 
etc. will restore enzyme activity, although the process may be slow.

An example of a characterized slow, tight-binding inhibitor of a steroid (testosterone) 5α-reductase is 
finasteride (Proscar®), which binds to the enzymes at a slow rate, competitively inhibits, and effectively 
irreversibly inactivates the enzyme (Tian et al. 1995). Another example involves “coxib” prostaglandin synthase 
(“COX-2”) inhibitors (Marnett 2000). Possible causes for the slow, tight binding include a conformational 
change of the enzyme imposed by binding, a change in the protonation state of the enzyme, displacement of a 
water molecule at the active site, or reversible formation of a covalent bond (Silverman 1995).
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Mechanism-Based Enzyme Inactivators

Silverman (2004) has stated that a broad definition of this term includes any inactivators that utilize 
the enzyme mechanism but invokes a stricter definition, one that will be adhered to in this chapter. 
A definition is “an unreactive compound whose structure resembles that of either the substrate or the 
product of the target enzyme, and which undergoes a catalytic transformation by the enzyme to a 
species that, prior to release from the active site, inactivates the enzyme” (Silverman 1995). A key 
point here is the need to inactivate the enzyme before leaving the active site. The definition, taken as a 
whole, restricts the grouping from the transition state analogs, affinity labels, and slow, tight-binding 
inhibitors.

Mechanism-based inactivation is sometimes encountered inadvertently with existing drugs. 
There  are several major intentional uses of these compounds, and this group will be covered in 
some detail (for more extensive discussion see Abeles and Alston 1990, Abeles and Maycock 1976, 
Rando 1984, Silverman 1988, 2004, Waley 1980, 1985, Walsh 1984). Mechanism-based inactiva-
tors have been of considerable interest because of their usefulness in the delineation of enzyme 
mechanisms. They are also of interest in the design of new drugs because, in principle, only the 
activity of the target enzyme will be attenuated (Silverman 2004, Singh et al. 2011). Many of the 
better  diagnostic  inhibitors of the drug-metabolizing enzymes are mechanism-based inactivators. 
For instance, these can be used to gain valuable in vitro information about which of the P450s 
are involved in a  particular reaction (Correia and Hollenberg 2015, Guengerich 2015, Halpert and 
Guengerich 1997).

The relevant scheme for mechanism-based inactivation is
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where I is the mechanism-based inactivator, E–I* is an intermediate derived by transformation of the 
initial complex, EI is inactivated enzyme, and P is a stable product that leaves the enzyme. Sometimes 
these inhibitors are called “suicide inactivators” although the term is not generally accepted by purists. 
It is the enzyme, not the inhibitor, that is dying.

Several parameters are experimentally determined and used to describe these inhibitors. The ratio 
k4/k3 is the “partition ratio,” which can be thought of as the number of times that the enzyme must cycle, 
on the average, for one inactivation to occur. However, the ratio can range from several thousand to less 
than one, even approaching zero.

The inactivation process shows first-order kinetics; that is, a plot of the logarithm of the remaining 
enzyme activity vs time gives a straight line (first order, or single exponential kinetics) (Figure 8.2). The 
half-life, t1/2, can be determined at each inhibitor concentration used and used to calculate k, using the 
relationship t k K k1 2 0 693 0 693 2= + ⋅. .inact I inact I    (Silverman 1995). The plot of k vs [I] is hyperbolic, 
and a linear transformation (e.g., plot of 1/k vs 1/[I]) yields k inact, the maximum rate of inactivation, and 
KI, the concentration of inhibitor required for half-maximal inhibition. In the above scheme, kinact = k2 if 
k2 is rate-limiting in the overall reaction. KI is a complex expression of microscopic rate constants but is 
useful in estimating the potential usefulness of an inhibitor.

A number of criteria can be used to determine if mechanism-based inactivation is actually occurring. 
Although not all of these tests are applicable to every situation, the case for mechanism-based inactivation 
is stronger when several can be demonstrated.

One of the simplest tests is whether or not the typical cofactors are required. (Note: In the strict sense, 
“cofactors” are co-substrates, which appear in the overall stoichiometry of a reaction, e.g., NADH/NAD+, 
as opposed to “prosthetic groups,” which bind tightly to the enzyme but do not figure in the stoichiometry.) 
For instance, in a P450-dependent reaction, is pre-incubation with NADPH necessary in order to see 
inhibition by the compound under consideration? In most cases, a mechanism-based inactivator also has 
a strictly competitive component and results can be misleading. The generally accepted way of discerning 
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the two aspects is to preincubate the concentrated enzyme with cofactors and a certain concentration of 
the inhibitor and then, at a certain time, to dilute this enzyme (e.g., 50-fold) into a solution containing a 
non-inhibitory substrate (and cofactors) and assay product formation, either continuously, if possible, or 
after a set time (Figure 8.2).

One characteristic of mechanism-based inactivation is the first-order kinetic pattern mentioned above. 
In practice, aliquots are withdrawn at indicated times from an incubation of enzyme, the inhibitor, and 
any necessary cofactors are diluted into excess substrate as mentioned above. The rate of inactivation (k) 
should increase when the experiment is repeated with a higher concentration of inhibitor, as mentioned 
above (Figure 8.2). In a plot of the logarithm of residual enzyme activity versus time, the intercept (t = 0) 
indicates the extent of inhibition that is of a competitive nature.

The enzyme should be protected from inactivation by a “normal” (non-inhibitory) substrate. Of course, 
this criterion may not distinguish a mechanism-based inhibitor from a competitive one, unless the time-
dependence of inhibition is examined.

Another criterion is irreversibility. However, in some cases, a slow reactivation is seen, usually 
occurring over a period of days. Exactly what time period of reactivation does or does not constitute 
mechanism-based inactivation is not specifically defined. In practice, one usually removes excess 
inhibitor from the enzyme (e.g., dialysis, gel filtration, centrifugal filtration) and assays the activity of the 
enzyme to determine if it has been restored.

FIGURE 8.2 Determination of kinact for a mechanism-based inactivator. (a) The compound under investigation is incubated 
with the enzyme (plus all relevant cofactors); at various time points the solution is diluted into an excess of (non-inhibitory) 
substrate to determine the amount of remaining “active enzyme.” (b) Plots of log10 [active enzyme] vs time give the plots 
designated a, b, and c at various concentrations of the inhibitory substrate I. a, b, and c have constants, k, defined by the 
slopes (k = 0.693/t1/2). (c) The values of k from lines a, b, and c are related to [I] in the double reciprocal “Kitz-Wilson” plot. 
The intercept on the ordinate in this plot gives kinact, the extrapolated rate of inactivation at infinite inhibitor concentration, 
and the intercept on the x axis gives KI, the inhibitor concentration at which a half-maximal rate of inactivation is seen.
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The inhibitor is usually covalently bound to the enzyme in mechanism-based inactivation, either 
to the protein or a prosthetic group. The stoichiometry of binding should be unimolecular; that is, 
only one molecule should be bound per enzyme (subunit). The extent of labeling should be correlated 
with the degree of inactivation; e.g., a ratio of 0.7 labeled inhibitor bound per enzyme subunit should 
correspond to a 70% loss of activity (corrected for any competitive inhibition). Further, labeling should 
be specific in the sense that “scavenger” nucleophiles (e.g., glutathione) and other proteins (that do have 
access to the enzyme active site) are not labeled. A general rule of thumb is that a specific radioactivity 
of 0.5 μCi (14C)/μmol is needed for labeling studies of this type, in order to obtain sufficient counts 
for analysis (using liquid scintillation counting or similar drug methods). Other isotopes can be used; 
tritium is acceptable if the hydrogen is stable in all involved processes. In some cases, it is possible 
to use other labels such as fluorescent chromophores or mass spectrometry, although quantitation is 
more difficult.

True mechanism-based inactivators use the same catalytic step in partitioning between product 
formation and inactivation. Thus, both should show the same cofactor requirements and any kinetic 
isotope effects (e.g., deuterium) should be common to both.

More extensive treatments of the theory and practice of mechanism-based inactivation have appeared 
elsewhere (Abeles and Maycock 1976, Rando 1984, Silverman 1988, 1995, 2004, Waley 1980, 1985), 
as well as examples of applications to various enzymes (Abeles and Alston 1990, Abeles and Maycock 
1976, Correia and Hollenberg 2015, Rando 1984, Schechter and Sjoerdsma 1990, Silverman 1995, 2004, 
Walsh 1984, Xiao and Prestwich 1991).

Inhibitors that Generate Reactive Products that Become Covalently 
Attached to the Enzyme

This group of compounds is often grouped with the mechanism-based inactivators discussed above. 
Many of the same criteria apply, such as the need for cofactors and the irreversible nature of the 
inactivation. However, labeling may be more extensive and less specific. Also, careful analysis of the 
kinetics may show critical differences from linearity in plots of log (enzyme activity) vs time (Silverman 
1995, 2004). For instance, there might be a lag in the inhibition and then an apparent first-order plot, as 
the concentration of reactive product increases. If fresh enzyme is added to the mixture at this point, then 
no lag will be observed due to the build-up of electrophilic product in the medium. However, it should 
be emphasized that discerning deviations from pseudo-first-order kinetics may not be easy, especially if 
the assays are subject to error or if relatively few data points are collected.

Experiments in which mechanism-based inactivation and inhibition of the type discussed here 
need not be restricted to purified enzymes. They can be done with relatively crude preparations, e.g., 
microsomes or cytosolic fractions, if appropriate caveats are used. Labeling studies can be done with 
such preparations to examine the specificity of the process.

Inhibitors of Various Enzymes

This section is intended not to be comprehensive but to provide some examples of the previously discussed 
types of enzyme inhibition as they relate to several of the enzymes involved in the biotransformation of 
drugs and xenobiotics. The reader is referred to other articles for more comprehensive lists of inhibitors 
(Correia and Hollenberg 2015, Guengerich 2010, 2015).

Monoamine Oxidases

There are two forms of monoamine oxidase, termed A and B (Bach et al. 1988, Cashman and Motika 
2010). These have long been recognized to show differences in inhibition by various drugs and are 
recognized to be the products of different genes. Mechanism-based inactivation is common among many 
of the inhibitors of these enzymes, and drugs have been developed in order to treat problems related to 
the nervous system (Dostert et al. 1989, Silverman 1995).
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Monoamine oxidase A oxidizes biogenic amines and is selectively inhibited by the mechanism-
based inactivator clorgyline. The B form of the enzyme is involved in the oxidation of non-
catecholamines and is inhibited by pargyline and deprenyl, also mechanism-based inactivators. These 
compounds all contain an N-propynyl (propanyol) group (-N-C≡C-CH3), which leads to a covalent 
adduct (Silverman 1995).

Another inhibitor of monoamine oxidase is the anticonvulsant milacemide, CH3(CH2) 
4NHCH2CONH2, which is also a substrate (Silverman 1995). The compound is thought to be  oxidized 
to an aminium radical (1-electron oxidation) with attack on an α-carbon to generate a  protein adduct 
(Silverman 1995).

Another popular group of inhibitors has been ring-strained cycloalkylamines, which rearrange to 
reactive products following 1-electron oxidation (Silverman 1983, Silverman and Ding 1993). The anti-
depressant tranylcypromine was one of the first compounds in this class. Postulated mechanisms for some 
of these are shown in Figure 8.3. There are two paths (a, b). One (a) leads to modification of a protein 
Cys group. The other pathway (b) leads to modification of the flavin prosthetic group, either at the C-4a 
or N-5 atom (Mitchell et al. 2001). The former (a) appears to be a reversible process, with the enzyme 
losing the group after 24 h (see the section Mechanism-based Inactivation for discussion of the issue of 
reversibility). A series of cyclopropyl derivatives of N-methyl-4-phenyl-1,2,5,6-tetrahydropyridine have 
been studied (Rimoldi et al. 1995, Tipton et al. 1986).

The development of monoamine oxidase inhibitors continues to be an area of active interest. 
For more recent developments in this field see Boppana et al. (2009), Carradori and Silvestri (2015), 
Valente et al. (2011).

FIGURE 8.3 Proposed scheme for oxidation of 1-phenylcyclopropylamine by monoamine oxidase, with both pathways 
leading to inactivation by binding to a cysteine (a) and flavin (b) (Silverman 1995). In the case of the flavin, both the C-4a 
and N-5 adducts. (From Mitchell, D.J. et al., Biochemistry, 40, 5447–5456, 2001; Mitchell, D.J. et al., Bioorg. Med. Chem. 
Lett., 11, 1757–1760, 2001a.)
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Cytochromes P450

Inhibitors of P450s have been studied with regard to several aspects. Some aspects are quite basic. First, 
many different P450 enzymes are found in humans and experimental animals and diagnostic inhibitors 
have been used to ascertain the roles of individual P450s in catalysis of reactions (Correia and Hollenberg 
2015). Due to the overlapping catalytic specificity of many of the P450s, inhibitors are usually not totally 
selective, although these have improved with time. Nevertheless, the selectivity can be examined and the 
use of diagnostic inhibition of individual P450s is possible, with appropriate caveats (Bourrié et al. 1996, 
Newton et al. 1994). A list of generally accepted “probe” inhibitors is presented in Table 8.1 (Correia and 
Hollenberg 2015). Further, inhibitors have provided considerable insight into function, both in terms of 
chemical aspects of catalysis and structural details of the proteins that contribute to selectivity (Correia 
and Hollenberg 2015, Halpert 1995).

Other aspects of P450 inhibition are more practical (Vanden Bossche et al. 1995). For instance, one 
prominent strategy in therapy of estrogen-dependent tumors is the inhibition of P450 19A1, the “aromatase” 
that catalyzes the 3-step conversion of androgens to estrogens (Guengerich 2015, Ortiz de Montellano 
2015). Aminoglutethimide is a classic but not ideal inhibitor, and better drugs are on the market today, 
e.g., exemestane, letrazole, anastrozole (Correia and Hollenberg 2015, Santen et al. 2009). Another target 
in yeast and fungal infections is P450 51, the lanosterol 14α-demethylase (Aoyama et al. 1987, Pikuleva 
and Waterman 2013). Many azoles (e.g., ketoconazole) are used as drugs in this regard (Vanden Bossche 
1992). Selectivity for the fungal enzyme is observed, but these drugs can also inhibit mammalian P450 
51 and other P450s at higher concentrations (Baldwin et al. 1995, Hargrove et al. 2016, Sonino 1987). 
Another example of a P450 inhibitor is piperonyl butoxide, which has long been used as an insecticide 
“synergist” to block the detoxication of chemicals by insect P450s (Figure 8.4) (Casida 1970). As more 
information becomes available about the P450s present in noxious insects, the design and development of 
pesticides (and synergists) with more selectivity for the insect enzymes should be possible.

Another practical area in which the development of better inhibitors of P450s may be useful is in cancer 
prevention. Some inhibitors (e.g., ethynyls) can block rodent and human P450s that activate carcinogens 
(Hammons et al. 1989) and can be shown to block carcinogen-induced cancers in rodents (Viaje et al. 
1990). The drug oltipraz and the natural compound sulforophane have been studied in cancer prevention 
studies because of their abilities to induce conjugation enzymes (e.g., GSH transferase, NADPH-quinone 
reductase) (Davidson et al. 1990, Zhang et al. 1992). More importantly, perhaps, they have both been 
shown to block P450s involved in the activation of carcinogens, e.g., aflatoxin B1 (Langouet et al. 1995).

Several types of inhibition are seen for the P450s. A relatively common mechanism is competitive 
inhibition. For instance, quinidine and most other P450 2D6 inhibitors seem to act in this way (Koymans 
et al. 1992); a basic nitrogen in the inhibitor seems to bind in the same site as the substrates in most, but 
not all cases (Guengerich et al. 2002, Strobl et al. 1993, Wolff et al. 1985). Azoles have already been men-
tioned and are one example of nitrogen heterocycles that ligand to the heme iron (Murray and Wilkinson 
1984, Vanden Bossche 1992). Sulfaphenazole is a competitive inhibitor of P450 2C9 and has selectiv-
ity (compared to other P450 2C enzymes) (Brian et  al. 1989, Miners et  al. 1988). Many organic  sol-
vents inhibit P450 2E1 by competing as substrates (Chauret et al. 1998, Yoo et al. 1987), so care must be 
taken in in vitro experimental designs.

Another group of inhibitors are not particularly effective themselves but are oxidized to “metabolic 
intermediates” that bind tightly to the heme and prevent further involvement of the iron atom in catalysis. 
For instance, some amines are oxidized to C-nitroso derivatives (e.g., troleandomycin) (Danan et  al. 
1981, Jönsson and Lindeke 1992) and piperonyl butoxide (vide supra) yields a carbene (Figure  8.4) 
(Murray et al. 1983). This process might be termed mechanism-based inactivation but perhaps a better 
description would be transformation by the enzyme(s) to very tight-binding inhibitors. The linkages are 
not covalent in the usual sense, since addition of a strong oxidant [e.g., Fe(CN)6

3−] oxidizes such a ferrous 
complex to ferric and releases the ligand.

Mechanism-based inactivators have been studied extensively, primarily from a basic standpoint 
(Halpert and Guengerich 1997, Ortiz de Montellano and Correia 1983). Many vinyl and acetylenic 
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TABLE 8.1

Some Diagnostic Inhibitors of Human P450 Enzymes

P450 Inhibitor Apparent Mechanism

1A1 7,8-Benzoflavone Competitivea

Ellipticine Competitive

1A2 Furafylline Mechanism-based

7,8-Benzoflavone Competitivea

Fluvoxamine Competitive

Methoxsalen

Tranylcypromine

2A6 Diethyldithiocarbamate Mechanism-based

Pilocarpine

Tryptamine

Pyridine analogs of nicotine Competitiveb

2B6 3-Isopropenyl-3-methyldiamantane

2-Isopropenyl-2-methyldiamantane

Phenacyclidene

Thio-TEPA

Clopidogrel

Ticlopidine

2C8 Montelukast Competitive

Quercitin Competitive

Pioglitazone Competitive

2C9 Sulfaphenazole Competitivec

Tienilic acid Mechanism-based

Fluconazole

2C19 Ticlopidine

Nootkatone

2D6 Quinidine, several othersd Competitivee

2E1 4-Methylpyrazole Competitive

Diethyldithiocarbamate Mechanism-baseda

Clomethiozole

Diallysulfide

Many organic solvents Competitivea

3A4, 3A5 Ketoconazolea

Itraconazole

Troleandomycin Conversion to heme 
ligand

Azamulin

Erythromycin Conversion to heme 
ligand

Verapamil

Gestodene Mechanism-based

Note:  U.S. Food and Drug Administration 2006, Correia 2005, Correia and Hollenberg 2015.
a Known to be oxidized by the enzyme. Also, some of the results with these compounds reported in (Chang et al. 1994) are 

not supported in subsequent work (Bourrié et al. 1996, Newton et al. 1994).
b Denton et al. 2005.
c Apparently not a heme ligand (Mancy et al. 1996).
d Strobl et al. 1993.
e Apparently not oxidized (Guengerich et al. 1986).
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inhibitors have been characterized as yielding heme and/or protein adducts (Figure 8.4). Some of 
these have practical consequences with drugs (e.g., secobarbital (Ortiz de Montellano and Correia 
1983)). A  dihalomethylene group (Halpert et  al. 1986) can also be involved in mechanism-based 
inactivation, although it is not clear whether chloramphenicol should be classified in this group or 
among the inhibitors that is converted to a reactive product (Miller and Halpert 1986). Inhibition 
by cyclopropylamines is considered to involve oxidation to an aminium radical that rearranges to 
a reactive methylene radical, as in the case of the postulated mechanism for monoamine oxidase 
(Figure 8.3), although adducts remain to be characterized (Bondon et al. 1989, Hanzlik and Tullman 
1982, Macdonald et al. 1982).

4-Alkyl-1,4-dihydropyridines are readily oxidized by P450s by 1-electron oxidation (Augusto et al. 
1982). Rearrangement of the putative aminium radical to the pyridine generates an alkyl radical, 
which modifies a pyrrole nitrogen of the prosthetic heme (Ortiz de Montellano et  al. 1981). If an 
aromatic group is at the 4-position it is retained, and such compounds are used as drugs (Böcker 
and Guengerich 1986). This is, strictly speaking, not an example of mechanism-based inactivation, 
since (i) alkyl radicals can react with spin traps outside of the protein (Augusto et al. 1982) and (ii) 
other P450s that cannot oxidize the 4-alkyl-1,4-dihydropyridines can also be inactivated when an 
enzyme capable of oxidation (e.g., P450 3A4) is also present. Ortiz de Montellano and his associates 
have also characterized other compounds (e.g., 1-aminobenzotriazole) that are oxidized by P450s to 
yield covalent heme adducts (Lukton et al. 1988, Ortiz de Montellano 2005, Stearns and Ortiz de 
Montellano 1985). It is possible to use 1-aminobenzotriazole to lower total hepatic P450 levels in rats 
to <30% that of the normal for 13 weeks without significant physiological effects (Meschter et al. 
1994), and 1-aminobenztinazole is still used as a general inhibitor of P450 in laboratory animals 
(Dostalek et al. 2007, 2008).

Mechanism-based inhibition is of considerable inhibition of P450s, in the context of leading to drug-
drug interactions, particularly with P450 3A4. For more details see ref. (Correia and Hollenberg 2015). 
Collectively these inhibitors may be grouped into several families of effects: (i) oxidation to  compounds 
that bind heme reversibly but very tightly (i.e., methylene dioxyphenyl compounds (vide supra), amines 
that are oxidized to C-nitroso derivatives (Jönsson and Lindeke 1992); (ii) oxidation to  intermediates that 
react with P450 heme and generate porphyrin derivatives (Correia and Hollenberg 2015, Ortiz de 
Montellano and Correia 1983); (iii) oxidation to products that react with the (apo) protein (as opposed 
to heme), and (iv) oxidation to products that crosslink the heme to the protein (Correia and Hollenberg 
2015). A list of some of the chemical moieties that have demonstrated mechanism-based inactivation 
includes olefins, acetylenes (and proparyls), thiophenes, furans, strained cycloalkylamines, some thiols 
and thionosulfurs, and dihalomethylenes (Correia and Hollenberg 2015).

Most of the compounds that have been studied fall into classes ii and iii. Some mechanisms are shown 
in Figure 8.5. At this time prediction of whether an olefin or acetylene will act as a mechanism-based 
inactivator is not possible nor is the prediction as to whether heme modification, protein modification, 
or a mixture of both may occur. Few examples of group iv, with heme-protein crosslinking, have been 
characterized in any detail.

During the time elapsed since the last edition of this monograph was published (Guengerich 
2009), more examples of P450-based inactivation have been characterized in some detail (Table 8.2). 

FIGURE 8.4 Oxidation of piperonyl butoxide by P450 to a carbene that yields a stable ferrous ligand. (From Casida, J.E., 
J Agr Food Chem., 18, 753–772, 1970.)
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In several cases, the specific P450 residues involved in covalent binding have been identified. Although 
we have a reasonably good understanding of the chemistry involved in some of these processes 
(vide supra), there are several chemicals for which the chemistry involved in inhibition/binding is still 
not well understood (e.g., imines, piperazines).

The discussion above is focused on the matter of dealing with inhibition of P450s by drugs and 
drug candidates during development, which is usually an undesirable phenomenon, in that drug-drug 
interactions are often unfavorable. However, there are situations in which P450 inhibition can be 
favorable, e.g., when an expensive drug is used, and the goal is to decrease cleavance and increase 
exposure. This is often the case with drugs used for HIV-1 treatment. The protease inhibitor of P450 
3A4, the major drug-metabolizing P450 in liver and small intestine (Guengerich 1999a). Cobicistat 
(Figure 8.6) is also a strong inhibitor but without its own pharmacological activity. Poulos’s laboratory 
(Kaur et al. 2016) developed other, more inhibitory molecules based on structural data. The interactions 
of two P450 3A4 phenylalanine residues with drug phenyl rings is important, and this knowledge led 

FIGURE 8.5 Mechanism-based inactivation of P450 by heme destruction during the epoxidation of an olefin (Ortiz de 
Montellano and Reich 1986). The partition ratio is given by k2/k1. Several of the N-alkyl porphyrin adducts arising from the 
heme have been rigorously characterized by NMR and mass spectrometry.

TABLE 8.2

P450 Mechanism-Based Inhibitors

Compound Putative Activated Moiety P450 Mode of Binding References

Ritonavir 3A4, 2B6 Heme Lin et al. (2013)

OSI-930 Thiophene 3A4 Lin et al. (2011b)

Raloxifene VandenBrink et al. (2012)

Phenylisothiocyanate Isothiocyanate 2E1 Yoshigae et al. (2013)

Diethyldithiocarbamate 2E1 Pratt-Hyatt et al. (2010)

Clopidogrel Thiophene 2B6 Heme, Cys-475 Zhang et al. (2011)

tert-Butylphenylacetylene Acetylene 2B6 Thr-302 Lin et al. (2011)

Selegiline Acetylene 2B6 Protein Sridar et al. (2012)

Bergamottin Benzofuran 3A4 Protein Lin et al. (2012)

Note: Concentrated on human P450 results published since 2009. This list is not intended to be comprehensive. For more, 
see (Correia and Hollenberg 2015, Guengerich 2009, Guengerich 2015, Ortiz de Montellano and Correia 1983).
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to the design of GS3 (Figure 8.6). A pharmacophore for P450 3A4 inhibition is shown in Figure 8.7, 
which can be of use not only in developing strong inhibitors but also avoiding binding with other drugs 
in which inhibition should be avoided.

NADPH-P450 Reductase

This flavoprotein is involved in the transfer of electrons from NADPH to P450s (Masters 1980). 
The  enzyme also functions in electron transfer to some other hemoproteins, e.g., heme oxygenase 
(Yoshida et al. 1974).

Inhibition has not been studied extensively. The oxidation product NADP+ is a competitive inhibitor 
(Vermilion and Coon 1978). The 2′-phosphate group is important in binding; 2′-AMP is also a competitive 
inhibitor and the enzyme is the basis for the use of 2′,5′-ADP affinity chromatography in purification 
(Yasukochi and Masters 1976).

FIGURE 8.6 Potent inhibitors of P450 3A4. The phenyl side-chains proximal to and distal from the heme-liganding 
 moiety are designated Phe-1 and Phe-2, respectively. (From Kaur, P. et al., J. Med. Chem., 59, 4210–4220, 2016.)



236 Handbook of Drug Metabolism

Diphenyliodonium has been reported to be a mechanism-based inactivator of the enzyme (Tew 1993). 
The mechanism is postulated to involve 1-electron reduction of the iodonium to give an iodide/flavin 
radical pair that combines to give an N5-phenylflavin adduct, along with a labeled amino acid (Trp-419).

Flavin-Containing Monooxygenases

In contrast to the flavoprotein monoamine oxidase, little is known about inhibitors of this enzyme (Cashman 
2018), and a recent search did not reveal new inhibitors. Some are known but have poor affinities (Clement 
et al. 1996). No mechanism-based inactivators have been characterized. The various substrates seem to 
inhibit each other, at least insofar as they are substrates for the same form of the enzyme (at least five forms 
can exist in a single animal species) (Cashman and Motika 2010, Hines et al. 1994).

Aldehyde Oxidase and Xanthine Oxidoreductase

Aldehyde oxidase, and the related molybdenum-flavin-iron sulfur protein xanthine oxidoreductase, is 
involved in the oxidation of a number of drugs, particularly heterocycles (Panoutsopoulos et al. 2004). 
The mechanism differs clearly from P450 and other mixed function oxidases in that electrons are 
removed from a substrate and transferred to an electron donor, generally NAD+ or O2 (Beedham 2010, 
Rajagopalan 1997). The oxygen atom incorporated into the substrate is derived from H2O, not O2.

Allopurinol is a reversible inhibitor that can be used to distinguish between the involvement of 
aldehyde oxidase and xanthine oxidoreductase in vitro or in vivo, preferentially inhibiting the latter 
enzyme (Beedham 2010). Aldehyde oxidase is preferentially inhibited by isovanillin (Beedham 2010) 
and hydralazine (Strelevitz et al. 2012).

There is considerable interest in the development of xanthine oxidoreductase inhibitors that can be used 
clinically (Chen et al. 2015, Rodrigues et al. 2016, Song et al. 2016). The major indication is gout, which 
results from an excess of the product, uric acid. In addition, inhibition of xanthine oxidoreductase has 
been considered in the treatment of inflammation as it relates to atherosclerosis (Oyama et al. 2016) and 
hypertension (Kohagura et al. 2016). Some plant polyphenols have inhibitory activity (Stepanic et al. 2015).

In contrast to xanthine oxidoreductase, aldehyde oxidase has no defined physiological function yet, 
and there seems to be no reason to develop inhibitors. This enzyme, however, is of interest because 

FIGURE 8.7 Pharmacophore for P450 3A4 inhibition (Kaur et  al. 2016). The pharmacophore was developed from 
 ritonavir and analogues (Figure 8.6).
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some drugs are oxidized, generally heterocycles. In most reactions, the nature of the products is not 
immediately discerned from P450 reactions. X-ray structures of human aldehyde oxidase (AOX1) 
have been reported (2.6–2.7 Å) with a substrate, phthalazine, and an inhibitor, thioridazine (Coelho 
et al. 2015). Strategies have been reported to change drug candidate structures to avoid oxidation by 
aldehyde oxidase (Linton et al. 2011). Finally, dietary constituents have been identified as inhibitors of 
aldehyde oxidase (Barr et al. 2015, Hamzeh-Mivehroud et al. 2013).

The neonicotinoid insecticide imidacloprid has been shown to be reduced from a nitro to a nitroso 
substitution. The nitroso compound, in turn, is an irreversible, mechanism-based inactivator of rabbit alde-
hyde oxidase, as judged by several kinetic and other criteria, including covalent binding (Dick et al. 2007).

Carbonyl Dehydrogenases and Reductases

Pyrazole is an inhibitor of alcohol dehydrogenase. Disulfiram is a well-known inhibitor of aldehyde 
dehydrogenase. This drug, Antabuse®, has been given to recovering alcoholics to produce unpleasant 
physiological effects when the individuals consume ethanol. Disulfiram is reduced to diethyldithiocar-
bamate, which seems to be bound to Cys-302 of the enzyme in disulfide linkage (Vasilou and Petersen 
2010). Diethyldithiocarbamate is also an inhibitor of some P450s (esp. 2E1, 2A6) (Yamazaki et al. 1992). 
It may have a mechanism-based action, at least as judged by the kinetics seen in limited investigations 
(Guengerich et al. 1991). In vivo, diethyldithiocarbamate is methylated and then oxygenated to yield a 
more effective inhibitor (Hart and Faiman 1993, Madan et al. 1995).

The sedative chloral (2,2,2-trichloroacetaldehyde) is a competitive inhibitor of aldehyde dehydrogenase, 
with a Ki value of 1–10 μM. A stable thiohemiacetal is formed with Cys-302. Because of the electronegativity 
of the chlorine atoms, transfer of a hydride ion is effectively blocked.

Other drugs that inhibit aldehyde dehydrogenase include cyanamide and pargyline (Vasilou 
and Petersen 2010). Cyanamide is activated in the presence of H2O2 and catalase to generate 
N-hydroxycyanamide (HO-NH-CN), which decomposes to cyanide and nitroxyl (NH=O), which 
inhibits aldehyde dehydrogenase. Pargyline is activated by P450 2E1 to propioaldehyde, which attacks 
aldehyde dehydrogenase. Aldehyde dehydrogenase is also inhibited in its action on nitroglycerin, in a 
mechanism that is not completely understood (Vasilou and Petersen 2010).

The systemic fungicide benomyl has been found to be a selective inhibitor of ADH2 (Staub et al. 1999, 
Vasilou and Petersen 2010).

The drug sulindac is selective for AKR1B10 (Cousido-Siah et al. 2015), salicylates inhibit AKR1C1 
(Dhagat et al. 2007), ursodeoxycholate and bile acids inhibit AKR1C2 (Jin 2011), indomethacin inhibits 
AKR1C3 (Byrns et al. 2008), and phenolphthalein inhibits AKR1C4 (Ohta et al. 2000, Penning 2018). 
Flufemic acid and 6-medroxypregesterone acetate are general Subfamily 1C AKR inhibitors (Byrns 
et al. 2008, Khanim et al. 2014, Penning 2018).

Aldose reductase (AKR1B1) is a target for inhibition in the treatment of certain types of diabetes. The 
drugs sorbinil (Bohren et al. 2000), alrestatin (Ehrig et al. 1994), and tolrestat (Rastelli and Costantino 
1998) are effective in diabetic rats but have not been as useful in humans (Flynn and Kubiseski 1997). 
Ponalrestat (Sato and Kador 1990) may have more specificity for AKR1B1 > AKR1A1 (Penning 2018).

Esterases and Amidases

The mechanisms of inhibition of acetylcholinesterase have long been of interest because chemical warfare 
agents (nerve gases) and organophosphate insecticides can interfere with cholinergic transmission and 
lead to respiratory failure. The basic principles have been known for some time and involve nucleophilic 
attack by a Ser in the active site (Lockridge and Quinn 2010, Lockridge et  al. 2018) (Figure  8.8). 
In contrast to most of the examples of drug inhibition, this is a “non-competitive” mechanism where 
reaction with an active site Ser occurs. The reaction is somewhat reversible in that hydrolysis can occur 
to reactivate the enzyme. However, a rearrangement usually referred to as “aging” can occur to fix the 
damage by generation of a non-hydrolyzable linkage (Lockridge and Quinn 2010, Lockridge et al. 2018). 
Transition-state analog inhibitors of acetylcholinesterase have been developed by replacing the ester 
moiety with ketones (Ordentlich et al. 1998).
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Other esterases (e.g., butyrylcholinesterase, paraoxonase, carboxylesterase, esterase D) have no unique 
physiological function but are involved in the metabolism of drugs and pesticides. Esterases follow only 
P450s and UDP-glycosyl transferases in their contribution to drug metabolism (Williams et al. 2004). 
Covalent binding of the nerve agent sarin occurs to Ser-198 of butylcholinesterase (Lockridge et al. 2018).

Serine esterases are inhibited by a number of organophosphates and related compounds, including 
diisopropyl fluorophosphate, paraoxon, malaoxon, dichlorvos, chlorpyrifos oxon, phenylmethyl sulfonyl 
fluoride, and other nerve agents, as well as NaF itself (Lockridge et al. 2018). Paraoxonase is not very 
sensitive to these agents, however, but is sensitive to calcium chelators, e.g., EDTA. Ethopropazine 
inhibits paraoxonase but not acetylcholineesterase, but the opposite holds for compound BW294C51 
(Lockridge et al. 2018). Eserine inhibits both (Lockridge et al. 2018).

Epoxide Hydrolase

The epoxide hydrolases are now recognized to be a subfamily of the α,𝛽-lyase family that have certain 
features that make epoxides good substrates (Lacourciere and Armstrong 1994). The discovery that a 
covalent ester intermediate is formed has had considerable implication for mechanistic studies (Lacourciere 
and Armstrong 1993). Early reports of modes of inhibition should be re-examined in this context.

A number of supposedly competitive inhibitors of microsomal epoxide hydrolase have been 
reported (Oesch 1974). Of these, 3,3,3-trichloropropylene oxide was historically considered the most 
diagnostic, although it seems to have disappeared from the commercial market because of unknown 
regulatory issues. If an ester intermediate is formed, the rate of hydrolysis of this may be the issue, and 
this may be better classified as a slow, tight-binding inhibitor. Other non-epoxide “stable” inhibitors 
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have been developed, beginning with valpromide (Pacifici et al. 1986). A potent one is 2-nonylsulfonyl 
propionamide (Ki 72 nM) (Morisseau et al. 2008).

Soluble epoxide hydrolase, a cytosolic enzyme, has an important physiological role in the hydrolysis of 
epoxides of fatty acids (Marowsky and Arand 2018, Marowsky et al. 2010). The soluble epoxide hydrolase 
has inhibitors with lower Ki values, particularly among the chalcone oxides (Hammock et  al. 1997). 
Hammock’s group has developed inhibitors that are being considered for treatment of a number of disease 
states (Goswami et al. 2016, Guedes et al. 2016, Hye Khan et al. 2016, Nording et al. 2015, Ren et al. 2016).

Glutathione (GSH) Transferases

These enzymes are very abundant (Jakoby and Habig 1980), and the crystal structures of many are 
now known (Armstrong 1991, 2010). Some hydrophobic compounds are good ligands (hence one of 
the original names, “ligandin” (Litwack et  al. 1971)), which probably act as competitive inhibitors 
(Jakoby and Habig 1980). GSH has a Kd for several of the GSH transferases of ~20 μM, facilitating the 
use of affinity chromatography for purification (Simons and Vander Jagt 1977). Replacement of the 
R2CH-CH2-SH moiety of GSH with R2CH2CO2¯ provides an analog of a key intermediate (thiolate 
anion), which has a Ki of 0.9 μM (Graminski et al. 1989b). A somewhat similar approach was used by 
Mulder, who replaced the entire L-Cys-Gly moiety with D-aminoadipate (Adang et al. 1991) (Ki 8 μM). 
Also, a Meisenheimer complex of GSH with 1,3,5-trinitrobenzene appears to behave as a transition state 
analog (Graminski et al. 1989). Product complexes can also be used as inhibitors (Armstrong 2010). For 
instance, S-(3′-iodobenzyl)GSH had a Ki of 0.2 μM and was used to solve the structure of GST 3-3, as 
a source of a heavy atom in diffraction studies. Some GSH conjugates have been used as affinity labels 
(Katusz et al. 1992). The GSH conjugate 2-(S-glutathionyl)-3,5,6-trichloro-1,4-benzoquinone is an effective 
irreversible inhibitor (Ki < 1 μM, kinact 0.3 min−1) and modifies active site Tyr groups (Ploemen et al. 1994). 
Since GSH transferases are generally beneficial, the question can be raised as to why they should be targets 
for inhibition. The antischistosomal drug praziquantel is used to inhibit the parasite Schistosoma japonica 
(McTigre et al. 1995). It appears to compete by binding to a hydrophobic substrate site near the subunit 
interface of the dimer. Also, GSH transferase overexpression may contribute to multiple drug resistance in 
cancer cells and is a potential therapeutic target (McTigre et al. 1995, Tew 2016).

Sulfotransferase

The phenols 2,6-dichloro-4-nitrophenol and pentachlorophenol have been described as competitive, 
“dead-end” inhibitors of Family 1 sulfotransferase (Duffel 2010, 2017). Hydroxylated metabolites of 
polychlorinated biphenyls (PCBs) are inhibitors of hSULT1E1 and other Family 1 sulfotransferases 
(Duffel 2017). Triclosan, a polycyclic aromatic hydrocarbon phenol, inhibits thyroid hormone sulfation 
(Duffel 2017). A variety of drugs, food components, food additives, and endogenous chemicals have 
been shown to inhibit sulfotransferases (Duffel 2017).

UDP-Glycosyl Transferase (UGT)

Many drugs have been characterized as competitive inhibitors of the steroid-, bilirubin-, and drug-
conjugation activities of UDP-glycosyltransferases (formerly called UDP-glucuronosyltransferases, 
UGTs) (see Table 7 of Mackenzie et al. 2010). The roles of these interactions in practical drug metabolism 
issues are largely unexplored. Both transition-state analog inhibitors (Noort et al. 1990) and photoaffinity 
labels (Radominska et al. 1994, Thomassin and Tephly 1990, Xiong et al. 2006) have been designed and 
used to characterize these enzymes (Mackenzie et al. 2010).

One of the deficiencies in the UGT field is the limited number of inhibitors specific for individual 
UGT enzymes (Meech et  al. 2017). The UGTs are second only to P450s in terms of the fraction of 
drugs metabolized (Williams et al. 2004). Some selectivity has been noted with drugs (Meech et al. 
2017): UGT1A4 is selectively inhibited by hecogenin (Uchaipichat et al. 2006a), UGT2B7 by fluconazole 
(Uchaipichat et al. 2006), and UGT1A1 by nilotinib (Ai et al. 2014). Relatively limited information is 
available about in vivo drug-drug interactions involving UGTs (Meech et al. 2017).
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Examples of Relevance of Inhibition to Drug-Drug Interactions

Clinical aspects of drug-drug interactions are covered elsewhere in this book and, therefore, only a 
few classical examples of in vivo problems will be mentioned here. The reader is also referred to other 
treatments of the subject (Guengerich 2015, Ito et al. 2005).

As mentioned already, in some cases, the enzymes are targets and inhibition is intended. In other 
cases, some inhibition may be expected based on preliminary in vitro assays. Nevertheless, most 
pharmaceutical companies would rather not put a drug with the potential for interaction problems on the 
market, if another that did not have such potential were available. What one would like to avoid is the 
development of a potential inhibition/interaction problem with a drug already on the market (or heavily 
invested in the developmental process). A few examples will be mentioned.

The H2 receptor antagonist cimetidine has been widely prescribed for ulcers. This compound can inhibit 
P450-catalyzed reactions, although it is a relatively weak inhibitor (Knodell et al. 1991). Nevertheless, 
a considerable market share was lost to the non-inhibitory alternative ranitidine through advertising, on 
the basis of the prospect of drug-drug interactions.

Terfenadine was the first non-sedating antihistamine on the market and was highly successful 
(Guengerich 2014b). Nevertheless, some adverse incidents have been reported, and the basis of 
some seems to be related to metabolism. Terfenadine is usually extensively oxidized, and in most 
individuals none of the parent drug is found circulating in plasma. One of the two main oxidation 
routes yields the inactive N-dealkylation products. The product of the other oxidation route, a 
carboxylic acid, retains its ability to block the histamine receptor. The acid is actually a zwitterion 
and does not readily cross the blood brain barrier, so it is non-sedating. If P450 3A4 is inhibited, 
then terfenadine can accumulate and may cause arrythmias (Kivistö et al. 1994, Yun et al. 1993). 
Adverse effects had been reported (Woosley et al. 1993), and the FDA withdrew registration, mainly 
based on experiences with the concurrent use of known P450 3A4 inhibitors, e.g., erythromycin and 
ketoconazole (Guengerich 2014b, Stinson 1997).

Another example of P450 3A4 inhibition involves the progestin gestodene, which had been used with 
the estrogen 17α-ethynylestradiol in some oral contraceptive formulations. All 17α-acetylenic steroids 
seem to have some inherent capability of acting as P450 mechanism-based inactivators (Guengerich 1988, 
Ortiz de Montellano et al. 1979), but gestodene was more effective than many others (Guengerich 1990). 
The inhibition of P450 3A4 has been offered as an explanation for some of the thrombolytic problems 
attributed to gestodene (Jung-Hoffmann and Kuhl 1990), because inhibition of 17𝛽-estradiol and 
17𝛽-ethynylestradiol oxidation (catalyzed by P450 3A4) could raise estrogen levels, a known factor 
in thrombolytic problems. The levels of gestodene ingested daily are not high enough to account for 
destruction of a substantial fraction of the hepatic P450 3A4 pool (Guengerich 1990) but could account 
for loss of the intestinal pool, as in the case of grapefruit juice and bergomottin and related compounds 
(Ainslie et al. 2014, Schmiedlin-Ren et al. 1997, Seden et al. 2010).

Considerations of Enzyme Inhibition in Medicinal 
Chemistry and Drug Development

Today many pharmaceutical companies routinely screen libraries of new chemical entities for inhibition 
early in the drug development process. The major concern is inhibition of P450 enzymes and the potential 
for drug-drug interactions. Five P450 enzymes—1A2, 2C9, 2C19, 2D6, and 3A4—account for ~90% 
of all P450 metabolism of drugs, and these are used in initial screens (Guengerich 2015, Rendic and 
Guengerich 2015). One strategy is to use individual recombinant P450s; the other is to use human liver 
microsomes. With either, one can use either model fluorescent or luminescent substrates for individual 
P450s (Crespi et al. 1998), although these have largely been supplanted by diagnostic marker reactions 
(Correia and Hollenberg 2015), usually with LC-MS methods. Most pharmaceutical companies have 
moved in favor of the LC-MS approaches because of better predictability of interactions with company 
compounds.
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Reversible inhibition can be analyzed rapidly. In general, IC50 values of >10 μM are considered 
unimportant, IC50 values <1μM are considered problematic, and IC50 values of 1–10 μM are considered 
possible issues, depending upon the predicted plasmal tissue Cmax, although plasma concentrations of 
drugs are usually <1μM. However, today it is appreciated that tissue levels can be much higher than 
plasma levels due to the action of uptake transporters (Ho and Kim 2010). For more extensive discus-
sion of in vitro/in vivo extrapolation of inhibition parameters, see (Houston and Galetin 2003, Ito et al. 
1998a, Shiran et al. 2006).

Compounds that are still of interest are further examined for the contribution of preincubation 
with NADPH on metabolism of P450 diagnostic substrates. The consideration of mechanism-based 
inactivation is more complex. For a list of some of the typical chemical moieties associated with P450 
mechanism-based inactivation, see Table 8.2. One approach is to experimentally obtain in vitro parameters 
for inhibition in human liver microsomes, purified human P450 systems, or human hepatocytes. The 
parameters of most interest are the partition coefficient, kinactivation, and Ki (Figure 8.2). The ratio kinactivation/Ki 
is perhaps the most useful parameter, being rather analogous to kcat/Km for catalysis, which is prediction 
of Clint in vivo.

The ratio kinactivation/Ki does not give a definite answer regarding whether a drug candidate will be a problem 
in vivo. The dose will be one issue, as will the partition ratio. However, a very useful strategy is to compare 
kinactivation/Ki (and other parameters) to drugs already used in practice and experience with those. For instance, 
kinactivation/Ki varies from 2 (17α-ethynylestradiol) to 126,000 (ritonavir) (Zhou et al. 2005) or possibly even 
more (Kaur et al. 2016). The former compound is generally not considered to be a problem, due to low doses 
but the latter is recognized as producing major in vivo drug interactions. Further development of databases 
such as this should help guide decisions about prediction of drug-drug interactions Ito et al. (1998b).

Conclusions

Inhibition of the enzymes usually associated with drug metabolism is a subject of both basic and practical 
interest. Basic studies involve studies of mechanisms of catalysis and the utilization of selective inhibitors 
of individual forms of enzymes in multigene families. Practical aspects of inhibition include drug-drug 
interactions and enzymes as therapeutic targets. Among the more common modes of enzyme inhibition 
seen are competitive inhibition, product inhibition, slow, tight-binding inhibition, mechanism-based 
inactivation, and products that become covalently attached. Discrimination among these is necessary for 
a proper understanding of action. However, in some cases, the classification into a particular mode may 
not be obvious. A better understanding of inhibition mechanisms and selectivity has led to more efficient 
screening for drug-drug interactions in the pharmaceutical industry and appreciation of the phenomenon 
in the regulatory agencies.
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9
Quantitative Approaches to Human Clearance 
Projection in Drug Research and Development

Nigel J. Waters

Introduction

In the discovery and development of new medicines, the ability to accurately predict human pharmaco-
kinetic (PK) properties is a critical part of the translational R&D process, enabling (i) differentiation of 
clinical candidates, (ii) facilitating first-in-human studies, (iii) projection of efficacious dose regimens 
(dose size and frequency), and (iv) insight into safety margins. A wide range of approaches have been 
developed, proposed, and qualified over many years to predict the fundamental PK parameters, clear-
ance, volume of distribution, oral absorption, and bioavailability. The focus of this chapter is on one 
of the more challenging PK properties to predict in human, drug clearance (CL), which is integral to 
understanding whether a compound will have an adequate half-life and oral bioavailability to support 
safe and efficacious therapy. Drug clearance is a proportionality constant between the rate of elimina-
tion from the body (systemic clearance) or an organ (organ clearance) and its concentration at the site of 
measurement, i.e. blood or plasma. A physiologically more meaningful definition is the apparent volume 
of blood (or plasma or plasma water) cleared of drug per unit time and can be expressed as blood CL, 
plasma CL, or unbound CL, respectively, as well as in terms of systemic (total body) CL or specific organ 
CL. The major pathways of elimination for most drugs are hepatic metabolism, biliary excretion, and 
renal excretion.

Predicting human CL represents a significant challenge because it is dependent on both physiological 
processes (e.g. organ blood flows, glomerular filtration rate, hepatic, and renal function) and biochemi-
cal/molecular determinants (e.g. affinity for the broad array of enzymes and transporters involved in 
drug disposition). Furthermore, there can be significant species differences in each of these processes 
that complicates prospective efforts to predict CL in human. The first insight into the possible CL in 
man usually takes place early in drug discovery with the routine screening of compounds in human liver 
microsome stability assays. This initial readout is then further informed with PK data in one or two pre-
clinical species during lead optimization before more detailed analyses using multiple, integrated data 
sources during late lead optimization and development candidate nomination phases. Further refinement 

CONTENTS

Introduction ............................................................................................................................................ 253
Interspecies Scaling and Allometry ....................................................................................................... 255
Species-Invariant Time Methods ............................................................................................................ 259
In Vitro Scaling of Metabolic Clearance .................................................................................................261
Approaches for Transporter-Mediated Clearance .................................................................................. 267
Physiologically-Based PK (PBPK) Modeling ....................................................................................... 269
Computational Approaches .................................................................................................................... 271
Conclusions & Future Directions ........................................................................................................... 273
References ...............................................................................................................................................274



254 Handbook of Drug Metabolism

of the predictions may also occur through preclinical development as more is learned about the com-
pound in question during investigational new drug application (IND)-enabling studies.

Methods used in prediction of human CL have included scaling using in vitro data from human 
tissue preparations, interspecies scaling and allometry using animal PK data, physiologically-based 
pharmacokinetic (PBPK) modelling, and species-invariant time approaches such as Dedrick analysis. 
There are fundamental differences between the various methods. For example, the latter two method-
ologies utilize concentration-time data, while others involve the primary parameter, CL, or a deriva-
tion, e.g. intrinsic clearance (CLint). Computational methods, such as quantitative structure-activity 
relationships (QSAR), which rely solely on chemical structure and calculated molecular properties as 
model inputs, have also received attention recently and shown early promise in predicting human CL 
in the drug discovery setting.

Microdosing has also been a strategy employed to yield CL estimates in human, in which a dose 
much lower than that which would lead to pharmacologically-relevant concentrations is administered in 
order to derive PK parameters (Lappin et al., 2006, 2008). Such an approach requires only a minimal 
investment in animal toxicology studies and less bulk API synthesis. However, it has fallen out of favor 
in recent years due to concerns over non-linearity between dose and exposure. Global retrospective 
analyses have highlighted that the predictive performance is not markedly improved over methods using 
animal PK or human in vitro data, although there are specific case studies where it has proved valuable 
when preclinical CL estimates have been disparate (Beaumont and Smith, 2009), particularly when 
allied with PBPK modeling (Jones et al., 2016).

In recent years, the prediction of CL in human has become a more quantitative exercise, integrating 
data from a multitude of in silico, in vitro, and in vivo experiments. In addition, as with much of the work 
in a modern DMPK laboratory, it has also become more mechanistic in nature with the availability of 
tools and approaches enabling the prediction of specific organ clearances, or metabolism by a specific 
enzyme pathway. As a result, the industry has evolved from a time when PK in animal species was 
directional of the likely PK in man in a descriptive, empirical fashion. Presently data from a variety of 
sources; computational, biochemical, cellular, and whole organism, are integrated into a holistic and 
quantitative framework. As such, the predictive science has developed to a point where statistical rigor 
is becoming an area of increasing focus; e.g. moving towards confidence intervals and variance on any 
point estimate, and further appreciation of the potential for error propagation in methods using multiple 
data inputs (Sundqvist et al., 2015).

A mechanistic basis to understanding CL in human also lends itself to predicting specific organ or 
pathway CL and, therefore, enables estimation of fraction metabolized (fm) by a specific pathway or frac-
tion excreted (fe) by a particular transporter. This approach can be hugely informative in understanding 
the risk of drug interactions (as a victim) as well as the potential for inter-subject variability in a human 
population, e.g. CL by a polymorphic enzyme. In drug discovery, it is preferable to select compounds for 
further development with clearance by multiple routes to mitigate these issues associated with variable 
CL in man. This also extends to hepatic and/or renal impairment as a source of interpatient variability 
in drug exposure.

A number of recent industry initiatives, including several by the PhRMA CPCDC group, have explored 
the predictive accuracy of the various methods that are used to predict human PK and, in particular, 
human CL using large datasets of both publicly available and proprietary compounds with intravenous 
PK data in man (Poulin et al., 2011; Ring et al., 2011; Vuppugalla et al., 2011; Lombardo et al., 2013a). 
The PhRMA CPCDC initiative looked at 29 different methods (interspecies scaling with rat and/or dog 
and IVIVE with liver microsomes and hepatocytes) using a dataset of 19 compounds with i.v. clini-
cal PK data. Another large analysis of this type was reported recently, in which 37 different methods 
(interspecies scaling with rat, dog and/or monkey) were applied to a dataset of approximately 400 com-
pounds with i.v. clinical PK data (Lombardo et al., 2013a). These independent analyses led to similar 
conclusions on the most accurate methods based on global concordance, with FCIM allometry standing 
out amongst the interspecies scaling approaches. Further details on how these methods performed in 
a global context will be described in the relevant sections below, as well as individual case reports for 
specific compounds. It should be noted that although a method may show superior predictive accuracy in 
a comprehensive analysis, like those described above, the prospective prediction of human CL requires 
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the DMPK scientist to carefully consider the most appropriate methods based on what is known about 
the properties of the particular compound in question (Figure 9.1).

Interspecies Scaling and Allometry

Allometry is the study of the relationship of body size to anatomy and physiology and is well docu-
mented for pharmacokinetic prediction applications, which attempts to account for interspecies differ-
ences in PK. The basis for allometry is a power law that relates body weight to the PK parameter of 
interest (Equation 9.1);

 y = a·Wb  (9.1)

where y is the PK parameter of interest (typically CL, VD, or t1/2), a is the coefficient, W is body weight, 
and b is the exponent. This is often graphically represented as a log-log plot of clearance (volume per 
unit time) in each species against body weight. Compelling allometric relationships between body weight 
and drug clearance can be achieved since fundamentally there is a strong allometric relationship between 
body weight and physiological factors imperative in drug clearance, e.g. cardiac output, eliminating 
organ blood flows, basal metabolic rate, and glomerular filtration rate (Boxenbaum, 1982). The expo-
nent for these rate- and flow-based physiological parameters is around 0.67–0.75 and provides a frame 
of reference for prospective predictions of drug clearance using simple allometry. Recently, it has been 
shown that the relationship between body weight and basal metabolic rate has a convex curvature on a 
logarithmic scale and is, therefore, not a pure power law, which could explain the variability reported in 
the allometric exponent (Kolokotrones et al., 2010). Well-documented examples where simple allometry 
has worked well include fluconazole (Jezequel, 1994) and methotrexate (Boxenbaum, 1982), both of 
which are predominantly renally excreted in preclinical species and man.

Simple allometry does not always produce a convincing cross-species correlation or an exponent fall-
ing in the physiologically-relevant range, and in addition, supporting data of a species difference in CL for 
a particular compound may indicate that simple allometry is not appropriate. As a result, various groups 
have proposed alternative allometric methods utilizing a wide range of correction factors to improve the 
cross-species correlation of CL. These have included using additional physiological parameters (e.g. rule 
of exponents), plasma protein binding (e.g. unbound clearance allometry, fu-corrected intercept method), 
and in vitro metabolism data (e.g. Lave approach) as correction factors to the simple allometric relation-
ship, as well as modifying the underlying power law (e.g. multi-exponential allometry).

The rule of exponents (RoE) approach seeks to improve the allometric prediction of human CL by sys-
tematically utilizing brain weight and maximum life potential (MLP) as correction factors, the former being 
largely empirical and the latter being an attempt to normalize for species differences in metabolic capacity 
(Boxenbaum, 1982; Mahmood and Balian, 1996). If the exponent from simple allometry lies between 0.55 
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and 0.7, then simple allometry is considered appropriate. However, if the simple allometry exponent lies 
between 0.71 and 1.0, then the product of CL and MLP is recommended as the ordinate term. Likewise, if 
the simple allometry exponent is even higher (>1.0), then the product of CL and brain weight as the ordinate 
term is proposed. This approach has been tested with a wide variety of drugs and shown improved predictive 
accuracy. Although there are many examples where predictions obtained from this method were not accu-
rate, it tended to produce less prediction error than simple allometry for a given drug. It has been recognized 
that although prediction error for drugs with exponents <0.55 is not very high, the prediction error can be 
large when the exponents of simple allometry are >1.3, which can be helpful in assessing confidence in 
prediction. It should be noted, as highlighted by the authors of this work, that the RoE method is not appli-
cable to renally excreted compounds (Mahmood, 2006). Other physiological correction factors have been 
proposed for compounds cleared predominantly in urine (kidney blood flow, GFR, and kidney weight) or 
bile (RoE with bile flow rate) (Mahmood, 1998; Mahmood and Sahajwalla, 2002; Mahmood, 2012).

The fu-corrected intercept method (FCIM) is a version of fixed exponent allometry developed by Tang 
and Mayersohn (Tang and Mayersohn, 2005), as shown below (Equation 9.2).

 Predicted human CL (mL/min) = 33.35 × (a/Rfu)0.77  (9.2)

where a is the coefficient from simple allometry, i.e. intercept from the log-log plot of CL versus body 
weight using at least three animal species, and Rfu is the ratio of unbound fraction in plasma between rats 
and humans. In this method, rat plasma free fraction represents a surrogate of the average free fraction 
in preclinical species and, therefore, provides the basis for a correction factor in cases of large species 
differences in plasma protein binding between animal species and human. That said, this approach has 
been shown to have a comparatively high predictive accuracy in many of the global analyses of human 
CL prediction with average fold errors of ca. 2 (Poulin et al., 2011; Ring et al., 2011; Vuppugalla et al., 
2011; Lombardo et al., 2013a), making it a good first option in prospective CL prediction. Unlike other 
allometric methods, FCIM has also shown excellent predictive accuracy for compounds that exhibit 
vertical allometry, which is discussed further below (Tang and Mayersohn, 2005).

The use of in vitro metabolism data as a correction factor in allometry has been proposed by Lave 
and coworkers (Lave et al., 1997), wherein the CL in each species is normalized by the ratio of in vitro 
intrinsic clearance (CLint) between human and the animal species. This product term CL·(in vitro CLint-
human/in vitro CLint-animal) is plotted against body weight to derive the allometric relationship and 
extrapolate human CL. Using either liver microsomal or hepatocyte CLint data, this method showed 
superior predictive accuracy for ten extensively metabolized compounds including the endothelin recep-
tor antagonist, bosentan (Lave et al., 1996, 1997).

Modification to the underlying power law has been proposed by Goteti et al. (Goteti et al., 2008, 2010) 
using a multiple exponential equation of the general form below (Equation 9.3).

 Predicted human CL (mL/min) = a · Wb + c · Wd  (9.3)

where a and c are the coefficients, and b and d are the exponents from the log-log plot of CL versus body 
weight (W). This approach has been advocated when the exponent from simple allometry is >1.3 and 
performed reasonably well in a larger global analysis of CL prediction methods with a GMFE of 2.4 on 
a 97 compound dataset with rat, dog, and monkey PK data (Lombardo et al., 2013a).

Prospective application of interspecies scaling methods relies on using diagnostic parameters, such as 
the allometric exponent to ascertain some degree of confidence in the resulting projection. It should be 
noted that concerns have been raised among investigators of using the coefficient of determination (r2) as 
a statistical metric for judging the predictability of human CL (Tang and Mayersohn, 2007). Analysis of 
literature data indicated that the prediction accuracy of human CL was not correlated with values of r2. 
Therefore, it is concluded that r2 is a limited statistical measure when assessing allometric scaling for the 
purpose of predicting human CL.

A phenomenon commonly observed in interspecies scaling is that of vertical allometry, which refers 
to instances where the predicted human clearance is substantially higher than the observed human clear-
ance (Mahmood and Boxenbaum, 2014). Vertical allometry was initially reported for diazepam based on 
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a 33-fold higher predicted human clearance than the observed value. More recently, it has been observed 
for a number of drugs including UCN-01 (Fuse et al., 1998), tamsulosin (Hoogdalem et al., 1997), susa-
limod (Pahlman et al., 1998), and pinometostat (Smith et al., 2016; Figure 9.2). Tang and Mayersohn 
illustrated that all examples of vertical allometry (defined as a prediction error  >  10-fold) occurred 
only for compounds with very low observed CL in man (Tang and Mayersohn, 2006a). This increased 
incidence in drug development has led to questions of how to define and identify vertical allometry in 
a prospective manner, and if so, when accurate clearance predictions can be obtained. As mentioned 
above, it has been established that FCIM shows improved predictive accuracy for compounds exhibiting 
vertical allometry exemplified with UCN-01 (Tang and Mayersohn, 2006b) and pinometostat (Smith 
et al., 2016). This is not the case with the RoE method. Furthermore, diagnostic parameters for vertical 
allometry have been proposed including the ratio of unbound fraction in plasma between rat and human 
of >5 (consistent with the key term in FCIM) and clogP (calculated octanol:water partition coefficient of 
neutral form) >2. In addition, drugs displaying vertical allometry tend to be extensively bound to plasma 
proteins. And more specifically, there is a tendency for these compounds to bind preferentially to alpha1-
acid glycoprotein (AAG). Notably, there is a disproportionately higher expression of AAG in human 
plasma (0.55–1.8 mg/mL) relative to preclinical species (e.g. mouse, 0.1 mg/mL; rat, 0.1–0.3 mg/mL; 
dog, 0.3–1 mg/mL), which is likely a major contributing factor alone, in addition to potential species-
specific differences in AAG binding affinity. There is evidence in the literature that tamsulosin (Koiso 
et al., 1996) and UCN-01 (Fuse et al., 1998) extensively bind to AAG and, as such, is responsible for the 
low human clearance of these two drugs. The plasma clearance of pinometostat was also shown to be 
markedly lower in human compared to the preclinical species, mouse, rat, and dog, with in vitro kinetic 
analysis demonstrating a high affinity interaction with human AAG (Smith et al., 2016).

In recent years, there has been much debate in the literature on the appropriate number and type of 
animal species needed in an allometric relationship to achieve a satisfactory prediction accuracy. It is 
typical in drug development that PK data would be available in rat, dog, and monkey (and perhaps one 
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other species if used in pharmacology studies). Other animal species have been proposed for interspecies 
scaling including mini-pig (Yoshimatsu et al., 2016) and African green monkey (Ward et al., 2008), and 
species selection, in general, has garnered much debate (Wong et al., 2012). In late lead optimization 
and early development, the availability of PK data in both dog and monkey is not uncommon to support 
selection of the non-rodent species for preclinical toxicology assessment. Several groups have demon-
strated that allometry with three species provides superior predictions, with the two species approach 
being highly variable and dependent on the two species chosen (Goteti et al., 2010: Nagilla and Ward, 
2004). Other groups have supported that data in three species may not be necessary (Tang et al., 2007) 
or that data in monkey is not a prerequisite for good predictions (Hosea, 2011). Additionally, it has been 
reported that the availability of data from both common non-rodent species (dog and monkey) does not 
ensure enhanced predictive quality compared with having only monkey data (Ward and Smith, 2004). 
Scaling using data from two species offers advantages in terms of cost, time, and animal use and this has 
led to further exploration of single species scaling approaches to further these goals and enable human 
CL prediction earlier in drug discovery. One such evaluation has been single species fixed-exponent 
allometry of the general form below (Equation 9.4).

 Predicted CL in human (mL/min) = CLanimal (Whuman/Wanimal)0.66 ,  (9.4)

which when CL is expressed in a body weight normalized form simplifies to coefficients of 0.16, 0.41, 
and 0.40 for rat, dog, and monkey CL (body weight normalized), respectively. Caldwell and colleagues 
demonstrated the value of this approach early in drug discovery using rat data alone and the fixed expo-
nent allometric approach; on a dataset of 176 compounds the average fold error (AFE) for human CL 
was 2.25 with 79% of compounds within 3-fold (Caldwell et al. 2004). Other groups have corroborated 
this finding (Hosea et al. 2009), including Tang et al. (2007), using a different proprietary compound 
dataset, which also showed that fixed exponent allometry using monkey CL gave an AFE of 1.9 with 80% 
falling within 3-fold. The other key finding from this work was that liver blood flow (LBF) correction 
(Equation 9.5) using data in monkey performed equally well, and unlike rat and dog, the fixed exponent 
and LBF correction approaches converged in monkey with similar coefficients (0.41 vs. 0.47).

 CLhuman/LBFhuman = CLanimal/LBFanimal  (9.5)

The LBF-correction approach using monkey CL data was also advocated by other groups, showing 
superior performance to simple allometry and RoE (Nagilla and Ward 2004; Ward and Smith, 2004). 
In  a recent global analysis of CL prediction methods, fixed exponent allometry and LBF correc-
tion, both using monkey data, performed better than many of the other interspecies scaling methods, 
including all single species approaches with or without incorporation of plasma free fraction terms 
(Lombardo et al., 2013a).

With such a wide diversity of interspecies scaling methods and permutations with conflicting reports 
on the predictive accuracy of some of these approaches, identifying determinants of extrapolative suc-
cess has been an active area of research. The identification of calculated molecular properties that 
may help inform a particular approach to interspecies scaling has been one area of focus (Jolivette and 
Ward, 2005). Wajima and coworkers took this a step further and developed a hybrid approach; a multi-
ple linear regression equation that included terms for rat CL, dog CL, molecular weight, and hydrogen 
bond acceptors, which showed some improvements over simple allometry (Wajima et al., 2002). The 
other major contributing factor that can help improve prospective selection of the most appropriate 
scaling method is understanding the primary mechanism of CL in preclinical species. In addition to 
the modified forms of allometry to scale excretory CL mentioned earlier, investigations into other 
interspecies scaling methods have been proposed. For example, Paine and colleagues demonstrated 
that renal CL in dog together with correction for species differences in renal blood flow and plasma 
free fraction performed well in predicting human renal CL for a set of 36 drugs (Paine et al., 2011). 
Conversely, monkey has been shown to be a good model for predicting human CL of UGT substrates, 
with a similar fmUGT demonstrated between monkey and human using a dataset of 12 drugs (Deguchi 
et al., 2011). Adding further complexity to animal scale-up methods is the case of compounds such 
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as antipyrine, which despite species differences in the relative contribution of metabolic pathways, 
unbound CLint is well described by an allometric relationship (Boxenbaum, 1986).

In summary, the collective experience of many researchers in the field has been that allometric scaling 
works well for CL primarily driven by physiological parameters; e.g. hepatic blood flow-limited CL or 
passive renal filtration. Early in drug discovery, in the absence of understanding around CL mechanisms in 
preclinical species, single species scaling methods can be a useful initial guidepost. Further work is needed 
to aid in the a priori selection of interspecies scaling methods with the best chance of predictive accuracy 
for a given compound of interest. Analyses in that direction are starting to emerge (Liu et al., 2016).

Species-Invariant Time Methods

In chronological time, smaller short-lived animals generally clear drugs from their bodies more rapidly per 
unit of body weight than larger long-lived animals. When expressed according to each species’ internal 
biological clock, drug clearance tends to be similar (Mordenti, 1986). This is the basis for species-invari-
ant time approaches derived from concentration-time data in preclinical species and human, in which 
the time scale is transformed from chronological time to biological time (Boxenbaum, 1986; Dedrick, 
1973). Normalization of the time scale from a time that is physically determined (i.e. the rotation of the 
Earth) to one that is biologically relevant renders the PK data invariant to space-time. As described in 
the earlier section, biologically relevant processes can occur on different species-specific chronological 
time scales, and so the mathematical transformation of the concentration-time axes, accounts for the 
allometrically-scalable species differences described earlier (e.g. heartbeat time, respiratory cycle time, 
etc.). For example, the terminal t1/2 of hexobarbital is 24, 210, and 328 minutes in mouse, dog, and human, 
respectively. The allometric relationship for this parameter has an exponent of 0.348. Gut beat duration 
in mammals has an allometric exponent of 0.31. Given the similarity in allometric exponent between the 
physiological parameter and the PK parameter, it can be ascertained by allometric cancellation that the 
terminal t1/2 for hexobarbital equates to ~1684 gut beats, i.e. time invariant across species.

The first application of the concept of biological time to PK processes was reported in 1970 by Dedrick 
et al. using interspecies variation in methotrexate PK as the basis for analysis (Dedrick et al., 1970). The 
elementary Dedrick plot, as it was later termed by Boxenbaum, is illustrated below. Assuming simple 
allometric relationships for CL (= aWx) and volume of distribution (V = bWy) and first-order kinetics, the 
elimination rate constant (k) would be as defined in Equation 9.6, and the plasma concentration (C) after 
iv bolus administration in Equation 9.7.

 k CL/V (a/b)Wx y= = −
 (9.6)

 C (D/V)e (D/bW )ekt y (a/b)(W )tx y

= =− − −

 (9.7)

where D is the dose. Assuming y = 1 (V exponent of unity), then Equation 9.7 can be rearranged so 
that the PK profiles for each species would be expected to become superimposable when concentration 
is plotted normalized for dose per unit bodyweight (i.e. C/(D/W)) as a function of time normalized by 
W1−x (Equation 9.8). This unit of time is referred to as a kallynochron (kallyno from the Greek “to make 
clean;” chron, the Greek root for time).

 C/(D/W) (1/b)e (a/b)(t/W )1 x

= − −

 (9.8)

The complex Dedrick plot accounts for the situation in which V is not directly proportional to body 
weight, i.e. where y ≠ 1. In this case, C is normalized as C/(D/Wy) and plotted as a function of time 
normalized by Wy−x (Equation 9.9). This unit of time is referred to as an apolysichron (apolysi from the 
Greek “to release”).

 C/(D/ W ) (1/ b)ey (a/b)(t/W )y x

= − −
 (9.9)
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In one apolysichron, each species eliminates the same fraction of drug from the body whereas in one kal-
lynochron each species clears the same volume of blood (or plasma) per unit bodyweight. Therefore, the 
kallynochron derives its significance from clearance whereas the apolysichron is a species-independent 
measure of half-life or mean residence time.

It should be noted that the elementary and complex Dedrick plots have been illustrated here using 
monoexponential kinetics for simplicity, but superimposable data can be obtained with multiexpo-
nential decay (e.g. chlordiazepoxide, Boxenbaum and Ronfeld, 1983). Two additional unit of time 
parameters have been proposed by Boxenbaum; the dienetichron and the syndesichron, which are 
similar to the apolysichron with incorporation of MLP and brain weight, respectively (Boxenbaum, 
1983, 1984). The application of Dedrick analysis was recently demonstrated with the anticancer com-
pound, SJ-8029, an amide-containing molecule that is hydrolyzed to an aminoacridine derivative with 
topoisomerase activity (SJ-8026) and a piperazine derivative with microtubule activity (SJ-8031) 
(Shin et al., 2003). The i.v. PK were generated in mouse, rat, rabbit, and dog where the compound 
had a CL of 200, 105, 92, and 43 mL/min/kg, respectively. The Dedrick plots based on kallynochron, 
apolysichron, and dienetichron transformations are illustrated in Figure 9.3, showing the superposition 
of the profiles in preclinical species for this high extraction compound. No information was available 

FIGURE 9.3 Serum concentration-time curves predicted following i.v. injection of the anti-cancer agent, SJ-8029 
(1 mg/kg dose) to a 70 kg human based on kallynochron, apolysichron and dienetichron time transformations. The con-
centration-time profiles for the preclinical species show good superposition and goodness-of-fit parameters. (From Shin, 
B.S. et al.: Pharmacokinetic Scaling of SJ-8029, A Novel Anticancer Agent Possessing Microtubule and Topoisomerase 
Inhibiting Activities, By Species-Invariant Time Methods. Biopharmaceutics & Drug Disposition. 2003. 24. 191–197. 
Copyright John Wiley & Sons Publications. Reproduced with permission.)
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on the PK disposition of SJ-8029 in humans to further support the validity of the methods that has been 
achieved with compounds such as methotrexate and chlordiazepoxide. Analogous reports have been 
presented for epirubicin (Shin et al., 2015), oltipraz (Bae, et al., 2005), ethosuximide, cyclosporine, 
and ciprofloxacin (Mahmood and Yuan, 1999).

Dedrick methods rely on the accuracy of the underlying allometric relationship, and so attempts have 
been made to find alternative ways to transform to biological time. In the method developed by Wajima 
and colleagues (Wajima et al., 2004), the i.v. concentration-time data is normalized by Css and MRT, 
respectively, in each species (where Css = Dose/Vss and MRT = Vss/CL). The superposition of the 
C/Css versus t/MRT data is then assessed, and if this is compelling (e.g. based on coefficient of varia-
tion or AIC), a reverse-transformation of the average profile is achieved using estimates of Vss, CL, and 
dose in human. Consequently, Vss and CL estimates determined by any method can be used to derive 
i.v. concentration-time profiles in human. Wajima et  al. demonstrated the utility of this approach on 
four antibiotics (ceftizoxime, cefodizime, cefotetan, and cefmenoxime) with data in preclinical species 
and human and showed improved superposition for these compounds over the elementary Dedrick plot. 
Human CL and Vss estimates were based on the earlier described MLR approach (Wajima et al., 2002). 
As the authors of this work eluded to, the drugs used in the study have low Vss and are predominantly 
excreted unchanged in urine, implicating the need for further validation of the method with compounds 
displaying a broader range of drug disposition properties. The PhRMA CPCDC initiative explored the 
Wajima species-invariant time method using 18 compounds for which human i.v. PK data was available 
(Vuppugalla et  al., 2011). In this analysis, human CL and Vss estimates were either allometry-based 
(e.g. FCIM) or QSAR-based. Focusing on the outcome of the model fit to the i.v. data (n = 18), the overall 
degree of accuracy (based on a composite of several statistical measures) was 34% high to high/medium 
and 37% medium to medium/low and 30% low, suggesting the overall ability of the Wajima approach to 
predict the shape of the PK profile was in general poor. An additional independent analysis of the Wajima 
approach using a larger set of cross-species i.v. PK data on 54 marketed drugs with diverse physicochem-
ical properties was reported recently (Lombardo et al., 2016). Using the average of the best methods for 
human CL and Vss prediction demonstrated in earlier reports (Lombardo et al., 2013a, 2013b), yielded 
88% and 70% of the predictions within 2-fold error for Vss and CL, respectively. The prediction of the 
human i.v. PK profile using Wajima superpositioning of rat, dog, and monkey concentration-time profiles 
showed that 63% of the compounds yielded a geometric mean fold error below 2-fold, and an additional 
19% yielded a geometric mean fold error between 2- and 3-fold, leaving only 18% of the compounds with 
a relatively poor prediction. Interestingly, good superposition was observed in all cases signifying the 
cause for poor prediction of the human i.v. PK profile was attributable to the human CL estimates used 
in the reverse transformation of the data.

In Vitro Scaling of Metabolic Clearance

The increased availability of human tissue for in vitro drug metabolism studies has greatly enhanced 
our understanding of drug disposition in human. Liver microsomes and cryopreserved hepatocytes are 
now “off the shelf” reagents that are widely utilized in high-throughput screens in early drug discovery 
through to late stage definitive nonclinical ADME studies supporting compound characterization. From 
a CL prediction perspective, the typical approach involves pooled (multiple donor) liver microsome prep-
arations supplemented with excess NADPH (or a NADPH regenerating system), or alternatively pooled 
hepatocyte suspensions, are co-incubated with test compound at a concentration initially assumed to 
be sub-Km (e.g. low single digit micromolar). Over a relatively short timeframe (ca. 45 mins for micro-
somes, ca. 2–4 hours for hepatocytes), aliquots of the reaction mixture are taken and quenched in organic 
solvent. This study design allows for measurement of parent analyte, typically by LC-MS/MS, and cal-
culation of the elimination rate constant (kel) from the resulting parent depletion timecourse. The kel 
measured in vitro must then be transformed to an intrinsic clearance (CLint) (Equation 9.10), and then a 
scaled CLint using factors such as microsomal protein per gram liver, hepatocellularity and gram liver 
per kilogram bodyweight (Equation 9.11). This scaled CLint is then incorporated into a physiological 
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model of CL, such as the well-stirred model (Pang and Rowland, 1977), which includes terms for liver 
blood flow (Qh), free fraction in blood (fub), and incubational binding (fuinc) (Equation 9.12);

 Apparent in vitro CLint = kel/mg microsomal protein per mL  (9.10)

 = kel/million hepatocytes per mL

 Scaled CLint = in vitro CLint · MMPGL · LWPBW  (9.11)

 = in vitro CLint · HPGL · LWPBW

where MMPGL is mg microsomal protein per gram liver, HPGL is million hepatocytes per gram liver, 
and LWPBW is grams liver per kilogram bodyweight. The appropriate scaling factors to use for human 
has been reviewed recently (Barter et al., 2007).
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Therefore, a CL prediction can be achieved with data from metabolic stability, plasma protein bind-
ing, and blood-plasma partitioning assays. Incubational binding can be measured directly using similar 
methods to plasma protein binding or calculated computationally based on physicochemical descriptors 
(Waters et al., 2014).

As a compound progresses through development, the assay approach may be modified to better char-
acterize CLint via Vmax and Km determination (Clint = Vmax/Km) or define a pathway-specific CLint, 
both accomplished by measurement of metabolite formation kinetics where quantitation with analytical 
standards or via radiolabeled compound is desirable.

The CL value from in vitro scaling provides an estimate of the hepatic metabolic clearance. Since a large 
proportion of marketed drugs are primarily cleared via CYP metabolism, many studies have explored the 
experimental and scaling aspects of in vitro-in vivo extrapolation of clearance for CYP substrates, such 
that this is a well-established approach for predicting hepatic metabolic CL in drug research (Houston, 
1994; Iwatsubo et al., 1997; Obach, 1999; Riley et al., 2005). As well as microsomes and hepatocytes, 
recombinant human CYP enzymes have also shown utility in the prediction of CL (Stringer et al., 2009).

Much like that of interspecies scaling, the current state-of-the-art specifies robust predictions are gener-
ally considered to fall with the twofold to threefold window of the observed value. The potential for dis-
parity between in vitro and in vivo CL, and the possible contributing sources of experimental variability 
or factors that may not reflect the in vivo situation is well appreciated including enzyme source, experi-
mental conditions, and inter-individual variation such as genetic polymorphism (Wang and Gibson, 2014). 
The culmination of much work in this area suggests there is a general tendency for underprediction with 
hepatocytes and this has been attributed to impaired uptake or cofactor exhaustion (Hallifax et al., 2010).

Notwithstanding, it is prudent to assess confidence in human CL prediction by in vitro methods and 
this is typically addressed prospectively through the development of a cross-species in vitro-in vivo 
correlation (IVIVC). A comparison of the fold difference between the CL observed in each preclinical 
species and that from in vitro scaling in the corresponding species matrix can lend confidence in the 
prediction of human CL by in vitro scaling. This has been demonstrated with the Substance P recep-
tor antagonist, ezlopitant, where the IVIVC fold error in rat, guinea pig, dog, and monkey were 0.98, 
0.45, 0.56, and 1.05, with a human predicted CL of 6.3 mL/min/kg and an observed human oral CL of 
8 mL/min/kg (Obach, 2000). In some cases, there may be a systematic fold error in the IVIVC for pre-
clinical species, and some investigators have used this as an empirical correction factor in the in vitro 
scaling for human CL. Alternatively, an empirical scaling offset based on linear regression analyses of 
observed versus predicted CL for a dataset of compounds has also been proposed (Naritomi et al., 2001, 
2003; Riley et al., 2005). In the optimization of the IVIVC approach, there has been much debate on 
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the application of the factors influencing free concentration in the well-stirred model. Depending on the 
physicochemical properties of the compound in question, the plasma free fraction and/or incubational 
binding can be important determinants of a successful CL prediction. Inclusion of these factors is typi-
cally performed a priori and can be validated through a cross-species IVIVC, as described above. This 
topic has recently been reviewed in detail (Waters et al., 2014). Using the parent depletion approach to 
measure CLint is dependent on the substrate concentration. Typically, a low micromolar concentration 
is used and assumed to be below Km and sub-saturating, as mentioned above. However, for drugs with 
high systemic exposure, marked hepatic uptake or during first pass following oral administration, the 
intrahepatic concentrations in vivo could be saturating and in vitro CLint could be overestimated.

While the experimental protocols for determining CLint of CYP substrates using liver microsome 
and hepatocyte preparations is well established, consideration of the appropriate in vitro matrix and 
experimental conditions for other drug metabolizing enzymes is critical. For example, the flavin mono-
oxygenase enzyme family is present in liver microsomal preparations and utilizes NADPH as a cofactor 
but is sensitive to heat when NADPH is not present. Uridine glucuronosyltransferase (UGT) enzymes 
are expressed on the luminal side of the microsomal preparation and so require addition of reagents that 
allow compound access to the active site of these enzymes, and the pore-forming peptidic antibiotic, 
alamethicin, is often used. In microsomal assays, this enzyme family obviously also requires availability 
of an activated glucuronic acid cofactor in the form of uridine diphospho glucuronic acid (UDPGA). 
Cytosolic enzymes such as aldehyde oxidase are also emerging as increasingly relevant in drug metabo-
lism, and so hepatocytes and cytosolic fractions become key reagents in determining CLint for com-
pounds metabolized by these enzymes.

In recent years, the increased availability of metabolic stability screens in drug discovery, enhanced 
application of this data by medicinal chemists towards drug design, and the progression to increasingly 
novel, druggable targets has led to a general trend of compounds with less propensity to CYP metabo-
lism. The natural consequence of this has been an increase in the involvement of other, lesser studied 
drug metabolizing enzymes, presenting new challenges to the DMPK scientist and the robust predic-
tion of human CL. Quantitative prediction of CL by human UGTs is now emerging and was recently 
illustrated using liver microsomes activated for both CYP and UGT metabolism (Kilford et al., 2009; 
Figure 9.4). Furthermore, a promising cross-species IVIVC was reported for AMG232, a novel inhibitor 
of the p53- MDM2 protein- protein interaction, where the major metabolic route was to an acyl glucuro-
nide (Ye et al., 2015). Some progress has been made in quantifying human CL by the cytosolic molyb-
denum oxidases such as aldehyde oxidase, implicated in the oxidation of electron-deficient carbons of 
azaheterocycles prevalent in newer drug classes such as kinase inhibitors (Zientek and Youdim, 2015). 
It is usually the case that liver is the major organ of drug extraction by metabolism, but drug metaboliz-
ing enzymes (DMEs) are expressed extrahepatically and, therefore, can be an underlying assumption in 
many IVIVC analyses. Recently, Cubitt et al. showed a successful IVIVC case study with liver and intes-
tinal microsomes using a set of compounds in which multiple routes of metabolic conjugation in different 
tissues (liver and intestine) were the major routes of elimination (Cubitt et al., 2011).

There has been a resurgence in the development of targeted covalent inhibitors with the recent approv-
als of ibrutinib, afatinib, and neratinib. These types of compounds represent a special case since the CL 
mechanism can be predominantly extrahepatic metabolism driven by glutathione conjugation of the 
Michael acceptor (e.g. acrylamide group) typically present in targeted covalent inhibitors. The extra-
hepatic CL in rat, dog, and monkey, calculated as the difference between observed total body clear-
ance and predicted hepatic clearance in cryopreserved hepatocytes suspended in 100% serum, showed a 
strong allometric relationship for afatinib and neratinib and compared favorably with clinical PK data. 
Comparisons of extrahepatic and hepatic CLs predicted that extrahepatic CL largely determined the PK 
of afatinib (>90% as a proportion of total body clearance) and neratinib (∼34%) in humans (Shibata and 
Chiba, 2015).

As highlighted above, there has been a significant advancement in our understanding of CYP medi-
ated metabolism of drugs and approaches to block metabolic soft-spots or reduce active site affinity. 
Consequently, this has led to a marked increase in the number of compounds demonstrating clearance by 
alternative lesser-studied metabolic pathways or exhibiting low metabolic CL that approaches the limit 
of the current assay designs outlined earlier. The rapid loss of drug metabolizing enzyme  activity in these 
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conventional assay formats has led research groups to address this problem with the development and 
validation of in vitro assays enabling quantitative estimates of metabolic CL for compounds with low 
turnover. One approach that has been proposed, and is readily accessible, is the relay method in which 
successive suspended hepatocyte assays are performed in a series of up to five, 4-hour incubations. The 
incubation mixture at the end of each 4-hour period is centrifuged to pellet the hepatocytes, and the super-
natant is isolated and introduced into a freshly prepared hepatocyte suspension (or alternatively frozen 
until the next incubation can be performed). In this way, turnover can be assessed over a 20-hour window 
with metabolic competency assured over the entire time-course (Di et al., 2012, 2013).

Plated hepatocytes as monolayer or sandwich cultures also offer the opportunity to extend incubation 
time (e.g. days to weeks), as the plating allows the liver-like function of these cells to recover from the 
isolation procedure (Griffin and Houston, 2005). However, studies using this model to estimate metabolic 

FIGURE 9.4 Prediction of clearance from in vitro data obtained in the presence of combined CYP and UGT cofactors 
and in the absence (A) and presence (B) of 2% bovine serum albumin. Compounds included buprenorphine, carvedilol, 
codeine, diclofenac, gemfibrozil, ketoprofen, midazolam, naloxone, raloxifene and zidovudine. Error bars indicate range 
of scaling factors on the y-axis from 13 to 54 mg/g liver (Barter et al., 2007) and a range of Qh on the x-axis from 17 to 
25.5 mL/min/kg. (Reproduced from Kilford, P.J. et al., Drug Metab. Dispos., 37, 82–89, 2009, ASPET Publications.)
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clearance for compounds with low turnover is lacking. Nevertheless, more innovative approaches such 
as hepatocyte-fibroblast co-culture systems have been developed (Khetani and Bhatia, 2008) and shown 
encouraging results for quantitative prediction of low metabolic CL compounds (Chan et  al., 2013). 
A micropatterned co-culture of human hepatocytes is enabled by seeding cells on collagen-patterned 
matrices, unattached cells are washed off after a 2–3 hour period, followed by seeding of supportive 
mouse 3T3-J2 fibroblasts. This HepatoPac™ system shows good morphology, viability, and functional-
ity including hepatic-specific CYP and Phase II enzyme expression for up to 6 weeks. The HuREL™ 
co-culture system is an analogous approach using stromal cells as the supportive milieu and has also 
shown similar promising results (Bonn et al., 2016; Hultman et al., 2016). A recent cross-study com-
parative analysis further supports these newer approaches for low CL compounds indicating 100%, 71%, 
and 86% of predicted values within 3-fold of observed for HepatoPac™, suspension and relay methods, 
respectively (Hutzler et al., 2015). It should also be emphasized that the relay method, HepatoPac™ and 
HuREL™ systems are also showing promise in recapitulating the qualitative metabolite profile observed 
in human in vivo relative to liver microsomes and hepatocyte suspensions.

Understanding the fractional clearance by metabolic pathways (fm) is also an important endeavor 
in drug development to assess the impact of genetic polymorphism, DDI potential as a victim, and 
intrinsic covariates such as hepatic impairment. Prior to a definitive human A(D)ME study, which is 
usually performed later in clinical development, the use of in vitro tools to estimate fm represents the 
best option in early development. From the regulatory perspective, evaluating the metabolic profile and 
understanding the enzymology of the major clearance mechanisms is considered paramount, with the 
consensus threshold of ≥25% of systemic clearance based on results from in vitro enzyme phenotyp-
ing experiments, human pharmacokinetic studies following intravenous administration, a mass‐balance 
study, and pharmacokinetic studies in which renal/biliary clearances are determined (FDA Guidance for 
Industry: Drug Interaction Studies – Study Design, Data Analysis, Implications for Dosing, and Labeling 
Recommendations, 2012; EMA Guideline on the Investigation of Drug Interactions, 2012). The relation-
ship between fm and the theoretical maximum change in AUC or CL is shown in Figure 9.5, demonstrat-
ing that increasingly high precision is required in a quantitative fm estimate as it approaches unity.
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FIGURE 9.5 Relationship between fraction metabolized and the theoretical maximum fold-change in CL between the 
presence and absence of the specific metabolic pathway. Shown as a semi-log plot to illustrate the steepness in the curve 
as fm approaches unity.



266 Handbook of Drug Metabolism

The prevalence of CYP metabolism has led to three well-established in vitro approaches to the esti-
mation of fm. Some prior understanding of the qualitative metabolite profile can be informative and, 
typically, at least two of the three methods are performed to aid in interpretation and assess consistency. 
The three assay approaches can be summarized as: (i) human liver microsomes in the presence and 
absence of CYP isoform-specific chemical inhibitors and/or inhibitory antibodies, (ii) rate of metabolism 
determined in heterologously expressed recombinant human CYP isoforms, and (iii) correlation analysis 
comparing the reaction rate of interest with a specific CYP isoform marker activity across a liver micro-
some panel from individual donors. The approach using recombinant enzymes requires scaling to trans-
late the rate of reaction observed to that measured in human liver microsomes. The first scalar proposed 
was RAF (relative activity factor), which defines the amount of recombinant CYP to elicit the equivalent 
reaction rate in HLM (Crespi, 1995). A more recent scalar is the ISEF (intersystem extrapolation factor) 
that integrates the variables of intrinsic activity and accessory protein expression between two systems 
(Chen et al., 2011; Proctor et al., 2004). When the ratio of metabolic rates in rhP450 and HLM are cal-
culated for ISEF, the turnover numbers in HLM are expressed as per picomole of P450 by including the 
hepatic P450 abundance. This approach allows the prediction of metabolism due to the variability of 
P450 abundance in HLM and rhP450 systems. Both approaches have demonstrated utility and so there is 
currently no general consensus for either approach, although predictive success of each method appears 
to be largely dependent on the experimental conditions used (Zientek and Youdim, 2015).

Amongst the CYP superfamily, the isoforms of most interest to the DMPK scientist include CYP1A2, 
2C9, 2C19, 2D6, and 3A4 because of their prevalence in drug biotransformation in the liver and the 
potential to be major contributors to fmCYP. Other isoforms may be of interest depending on the chemi-
cal class and if there is evidence for extrahepatic metabolism. In addition, CYP3A5 has received more 
attention recently and is of emerging importance, as its involvement in the metabolism of CYP3A sub-
strates in vivo is more than previously recognized. CYP3A5 is polymorphic with a CYP3A5*1 wild-type 
frequency of 5%–15% in Caucasians, 24%–40% in various Asian ethnicities, and 40%–60% in African 
ethnicities. The CYP3A5 genotype has been shown to be a major covariate in the oral clearance of a 
number of CYP3A substrates including tacrolimus where the magnitude is such that dose increases of 
2-fold would be needed in patients carrying CYP3A5 variants to achieve the required trough concen-
tration (Barry and Levine, 2010). This has led to recent efforts to better understand the contribution of 
CYP3A5 in vitro during drug development. If initial data support a major CYP3A contribution to clear-
ance, recombinant CYP3A5 enzyme and individual donor liver microsomes for the CYP3A5 variants 
can be utilized. Furthermore, recent efforts to identify specific CYP3A4 inhibitors have resulted in the 
discovery of CYP3cide, a potent and specific time-dependent inactivator of CYP3A4 (kinact/KI 3300–
3800 mL/min/μmol, partition ratio approaching unity). Use of this inhibitor together with the potent 
CYP3A4/5 inhibitor, ketoconazole, can be used to differentiate between CYP3A4 and CYP3A5 activi-
ties, enabling an estimate of fmCYP3A5 (Walsky et al., 2012). Similar reports have been described using 
the specific CYP3A4 MBI inhibitor azamulin (Parmentier et al., 2016) and SR-9186 (Li et al., 2012).

As for CYPs, UGT phenotyping has been conducted using specific chemical inhibitors,  recombinant 
human UGTs, and correlation analysis. However, the identification of specific inhibitors has only 
advanced slowly, with the most specific being reported for UGT1A1 (atazanavir), 1A4 (hecogenin), 1A9 
(niflumic acid), and 2B7 (fluconazole). In the area of recombinant UGTs, the tissue abundance data has 
been lacking or disparate, precluding rigorous scaling application in drug development. Although that is 
starting to change with the recent application of proteomics to quantify UGT expression in various tissues 
(Margaillan et al., 2015a, 2015b). A recent case study of laropiprant demonstrated the  successful use of 
RAFs to scale recombinant UGT1A1, 1A9, and 2B7 to hepatic clearance as well as scaling UGT1A9 and 
2B7 to renal clearance (Gibson et al., 2013). As mentioned earlier, aldehyde oxidase is also an enzyme of 
increasing importance in drug metabolism. Scaling the contribution of AO has been attempted but has 
been hampered by the extrahepatic component to AO-mediated clearance, human AO  polymorphisms 
driving population variability, and the in vitro enzyme stability. If an AO-mediated reaction is  implicated 
from metabolite structural information or stability assays in liver cytosol or S9, an estimate of fmAO 
can be attained using chemical inhibitors such as hydralazine in incubations of pooled human liver 
S9 or hepatocytes. Cytosol or S9 assays with chemical inhibitors are also  useful in  differentiating AO 
(e.g. hydralazine as inhibitor) and the related enzyme xanthine oxidase (e.g. allopurinol as inhibitor) 
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contributions (Zientek and Youdim, 2015). Estimating fm for drug metabolizing enzymes other than 
CYP is clearly evolving and an active area of research as illustrated for UGT and AO.

Approaches for Transporter-Mediated Clearance

The role of active transport processes in the disposition of drugs has been recognized for many years 
through demonstration of the clinical relevance of transporter genetic polymorphism and drug interac-
tions. Not until the recent revolution in molecular biology techniques have the proteins responsible been 
able to be identified, characterized, sequenced, and cloned. This has provided a number of in vitro tools 
that when integrated with evolving modeling approaches have improved the extrapolative success for 
transporter-mediated drug clearance in human. A contemporary view of the proteins shown to have a 
major role in the hepatobiliary and renal disposition of drugs are illustrated in Figure 9.6. In both hepa-
tocytes and renal proximal tubular cells, there is a localized expression of transporter isoforms that can 
drive the concerted movement of drugs from the blood to the intracellular milieu and from there into 

FIGURE 9.6 Transporter isoforms implicated in the hepatobiliary and renal disposition of drugs. (Reproduced from 
Hillgren et al. (2013), courtesy of John Wiley & Sons Publications.)
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the bile caniculus or urine, respectively. The important members of the solute carrier family are OATP 
(SLCO), OCT (SLC22), OAT (SLC22), and MATE (SLC47), and the ATP-binding cassette transporters, 
such as P-glycoprotein (ABCB1), MRP (ABCC), and BCRP (ABCG2). Cumulative studies have high-
lighted the cooperative roles of uptake transporters, metabolic enzymes, and efflux transporters and, as 
such, developed the concept of a rate-limiting process in hepatic and renal elimination (Kusuhara and 
Sugiyama, 2009; Giacomini and Huang, 2013).

The in vitro systems typically used to study uptake and efflux kinetics fall into two categories: (i) 
expression systems such as immortalized cell lines (e.g. CHO, LLC-PK1, or MDCK) or vesicles, and (ii) 
primary or cultured cells (e.g. plated or sandwich-cultured hepatocytes) or derived cell lines (e.g. Caco-2, 
HepG2). Expression systems allow the determination of kinetic parameters for the overexpressed trans-
porter of interest, while cellular matrices enable transport kinetics to be measured in the context of the 
interplay of uptake, efflux, and metabolism. For compounds with low passive membrane permeability, 
the scaled CLint from hepatocytes can be significantly lower than that from liver microsomes. In addition, 
active transport processes active at the cell membrane level in vivo are obviously not present in subcel-
lular preparations, can be of suboptimal activity in hepatocyte suspensions and are better reflected in 
plated hepatocytes. This has led to the development of the extended CL concept, a modification to the 
well-stirred model as shown below (Equation 9.13).
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where the apparent intrinsic clearance, CLint,app, is defined by CLint,met, CLint,pass, CLint,uptake, and CLint,efflux 

referring to intrinsic clearance by metabolism, passive permeation, active uptake, and active efflux, 
respectively. This has shown utility in understanding determinants of hepatic CL for a number of com-
pounds. Measuring uptake in suspended/plated hepatocytes, biliary excretion in sandwich-cultured 
hepatocytes, and metabolism in liver microsomes can be integrated into a static model of hepatic CL, 
such as the extended CL concept, prior to incorporation into PBPK models (see Section “Physiologically-
Based PK (PBPK) Modeling”).

It is vital to consider determining the uptake kinetic parameters, Km and Vmax, rather than CLint 
based on a single concentration so that nonlinearity and saturation of the transporter can be modeled. 
A number of reasons including (i) the lack of truly specific chemical inhibitors against many of the 
transporter isoforms, (ii) the caveats of using a temperature differential (4°C vs. 37°C) to  deconvolute 
active and passive transport contributions, and (iii) the inappropriate application of enzyme kinetic prin-
ciples to the bidirectional nature of monolayer membrane transport has led investigators to  recommend 
compartmental modeling approaches. These models include media and cellular compartments for  fitting 
the dynamic changes in drug concentration due to passive permeation, active uptake and efflux, as well 
as metabolism and binding processes (Zamek-Gliszczynski et al., 2013). Scaling these data  effectively 
requires not only both appropriate study and design, but also the necessary scaling factors to bridge the 
functional and protein expression differences between the in vitro test system and the in vivo situation, as 
well as understanding the uncertainty around these parameters. As for the  non-P450 enzymes,  abundance 
data for drug transporters is now emerging from quantitative proteomic analyses to  characterize in vitro-
to-in vivo scaling factors and species differences in expression (Prasad et al., 2016; Fallon et al., 2016). 
Sandwich-cultured human hepatocytes (SCHH) have proven useful in  modeling the  multiple transport 
and metabolism processes that are involved in hepatobiliary disposition. Using a SCHH in vitro sys-
tem together with available clinical plasma concentration-time data for seven  compounds, Jones et al. 
established a prediction approach for active liver uptake and efflux (Jones et al., 2012). These SCHH 
in vitro data were dynamically modeled including estimation of biliary efflux and active and passive 
uptake from the same in vitro experiment through modulation of calcium ions. The in vitro parameters 
were then scaled to in vivo and were subsequently integrated into a whole-body PBPK model, together 
with other absorption, distribution, metabolism, and excretion properties to simulate the human plasma 
 concentrations. In this analysis, active uptake and biliary excretion were underpredicted (~60-fold) 
and overpredicted (~20-fold), respectively; so, the investigators proposed empirical scaling factors for 
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prospective applications in the future with these correction factors being laboratory-specific to the exper-
imental SCHH system. The basis for the scaling factors is unclear and warrants further investigation but 
may be related to expression and/or activity differences between in vitro and in vivo settings.

The ability to model multiple dispositional processes at the level of the hepatocyte using in vitro data 
has improved greatly in recent years. Recapitulating the structural and functional features of the nephron 
in vitro has proven more challenging, but conceptually would follow Equation 9.14 such that glomerular 
filtration, active tubular secretion, and active reabsorption could be quantified. This topic has been the 
subject of two recent reviews (Scotcher et al., 2016a, 2016b).
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Preclinical knock-out models for all transporters shown in Figure 9.6 have been characterized and are 
commercially available (Zamek-Gliszczynski et al., 2013). These can provide useful information if there 
is confidence that the excretory clearance in preclinical species translates to man, since the contribution 
of secretion to the total body clearance (i.e. fractional excretory clearance, fe, a concept analogous to that 
of fm and follows an identical relationship to that shown in Figure 9.5) is prone to species differences. 
For example, metformin is cleared entirely by urinary excretion of parent, in both mouse and human, 
of which 20% is glomerular filtration and 80% is active tubular secretion via the concerted action of 
OCT and MATE isoforms. As such, comparative PK in Oct1/2- and Mate1- knock-out and wild-type 
mice is reflective of the contribution of OCT and MATE to the human CL of metformin. By contrast, 
pemetrexed is cleared by urinary excretion in human (OAT3/4 mediated active secretion), but predomi-
nantly by metabolism in mouse; therefore, the human excretory CL is not well described by preclinical 
transporter knock-out models. The interspecies extrapolation of biliary CL is similarly challenging and 
further confounded by the loss of intestinal reabsorption in bile-duct cannulated studies in preclinical 
species. Biliary clearance in rat often overestimates clearance in human largely due to higher expression 
levels of hepatobiliary transporters and higher bile flow in rat (Lai, 2009).

Physiologically-Based PK (PBPK) Modeling

PBPK modeling provides a quantitative and systems-based framework with each compartment repre-
senting a physiological volume interconnected by flow rates that are anatomically representative of the 
circulatory system (Figure 9.7). Mass balance equations describe the transfer of drug from the arterial 
blood into tissues and from tissues into venous blood. As such, simulations are dynamic in nature with 
model fitting and prediction focused on concentration-time data. Essentially, PBPK models are more 
comprehensive than empirical PK models, incorporating both system-specific parameters as well as 
drug-specific parameters. Although not a new approach, PBPK modeling applied in pharmaceutical 
research and development has gained increasing attention in recent years with the availability of robust 
in vitro and in silico data, advancements in in vitro-in vivo extrapolation, and the substantial investment 
that has been made in the curated databases of system-dependent and probe drug-dependent parameters 
that are the foundation of the commercially available software packages. This technological progress 
has enhanced the number and breadth of robust applications in the area of clinical pharmacology includ-
ing first-in-man, special populations, drug interactions, and biopharmaceutics/formulations (Jones et al., 
2015; Huang et al., 2013). Considerable experience has now accumulated with the development of PBPK 
models to describe drug concentration-time profiles. The construction of PBPK models has typically 
utilized the various in vitro and physicochemical data available in early preclinical drug development in 
what is often termed a “bottom-up” approach to recapitulate the concentration-time data. Alternatively, 
there may be reasons to consider a “top-down” approach where the underlying drug-specific param-
eterization of the PBPK model is accomplished by optimizing the fit of the concentration-time data 
in question. In practice, there is usually an approach that lands somewhere between the two, termed 
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“middle-out,” where some of the drug-specific parameters based on in vitro or in silico data may not 
scale appropriately or there are missing data and incomplete information regarding some aspects of drug 
disposition, and an element of “top-down” model optimization is necessary. Furthermore, mechanistic 
understanding can be gained through parameter sensitivity analysis and asking “what if” questions of the 
optimized model. The prospective application to human CL prediction prior to first-in-human studies, 
precludes the use of a “top-down” approach and relies on parameters derived from in vitro and in vivo 
characterization described earlier. And because PBPK modeling is focused on fitting concentration-time 
profiles, multiple data inputs are required beyond CL properties, integrating data on compound absorp-
tion and distribution as well. Model validation in the a priori prediction of CL for a particular compound 
has typically been achieved through modeling the corresponding data in preclinical species, confirming 
the underlying model recapitulates the concentration-time profiles in rodent and non-rodent species prior 
to transforming the model to physiology and drug-specific parameters relevant to human, and perform-
ing simulations. This approach was recommended by Jones et al. (Jones et al., 2006). In their study, 
PBPK modeling was compared with the Dedrick approach using 19 F. Hoffmann-La Roche compounds, 
in order to determine the best approaches and strategies for the prediction of human pharmacokinetics. 
Total body clearance was predicted as the sum of scaled rat renal clearance (GFR-normalized unbound 
renal CL) or alternatively simple allometry of CLr when data from ≥ four species were available, and 
hepatic clearance projected from in vitro metabolism data. In the majority of cases, PBPK gave more 
accurate predictions of pharmacokinetic parameters and plasma concentration-time profiles than the 
Dedrick approach. By following the proposed strategy of PBPK model validation using animal data, a 
prediction would have been made prospectively for approximately 70% of the compounds. The predic-
tion accuracy for these compounds, i.e. percentage of compounds with an average-fold error of <2-
fold was 83% for apparent oral clearance (CL/F), 75% for terminal elimination half-life, and 92% for 
AUC. For the other 30% of compounds, unacceptable prediction accuracy was obtained in animals, and 
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therefore, a prospective prediction of human pharmacokinetics would not have been made using PBPK. 
For these compounds, prediction accuracy was also poor using the Dedrick approach.

The PhRMA CPCDC initiative reported on the effectiveness of PBPK models for simulating human 
plasma concentration-time profiles on a blinded dataset of 108 compounds (Poulin et  al., 2011). The 
shape of the plasma concentration-time courses as a measure of model quality indicated up to 69% of 
the simulations demonstrated a medium to high degree of accuracy for intravenous pharmacokinetics, 
whereas this number decreased to 23% after oral administration. A general underestimation of drug 
exposure (Cmax and AUC0-t) was attributed to an underprediction of absorption parameters and/or 
overprediction of distribution or oral first-pass. The CL prediction, in general, had less of an impact on 
the simulations, with in vitro CLint or FCIM methods showing equivalent performance. An analogous 
study by De Buck and colleagues (De Buck et al., 2007) used a dataset of 26 clinically tested drugs to 
assess the utility of generic PBPK modeling in predictions of human PK. Total body clearance was pre-
dicted as the sum of scaled rat renal clearance (GFR-normalized unbound renal CL) and hepatic clear-
ance projected from in vitro metabolism data. The best CL predictions were obtained by disregarding 
both blood and microsomal or hepatocyte binding, whereas strong bias was seen using both blood and 
microsomal or hepatocyte binding. The PBPK model, which combined the best performing Vd and CL 
methods yielded the most accurate predictions of in vivo terminal half-life (69% within 2-fold).

The predictive accuracy of PBPK modeling towards first-in-human PK projections is very much 
determined by the properties of the compound in question. For compounds cleared predominant by 
CYP metabolism and exhibiting high passive membrane permeation, the level of confidence in PBPK 
simulations is relatively high (Jones et  al., 2015). The level of confidence for compound disposition 
mediated by non-CYP enzymes or transporters is comparatively lower and can be attributed to cur-
rent limitations around the scaling of activity and abundance for these pathways, as described earlier. 
Conceptually at least, PBPK modeling lends itself well to understanding more complex drug disposition 
by providing an integrative framework to predict CL by multiple pathways, or where multiple moieties 
need to be characterized, e.g. prodrugs, drugs with active metabolites, etc. A recent example includes 
that of ganciclovir and its prodrug valganciclovir (Lukacova et al., 2016). The initial “bottom- up” mod-
eling based on physicochemical properties and measured in vitro inputs was verified in animal species, 
before a clinical model was corroborated in a stepwise fashion with pharmacokinetic data in adult, 
children, and neonatal patients. The final model incorporated conversion of valganciclovir to ganciclo-
vir through esterases and permeability- limited tissue distribution of both drugs with active transport 
processes added in gut, liver, and kidney.

Once CL data are obtained from initial clinical studies in healthy volunteers or early phase trials in 
patients these same model/s can be refined using a “top-down” component and/or with additional data 
generated during development to support CL prediction in special populations e.g. pediatrics, hepatic 
and renal impairment, pharmacogenetics, and the effect of disease (Rioux and Waters, 2016; Jones et al., 
2015). This is an area of active research as PBPK modeling and simulation has evolved into a regulatory 
science and has been extensively reviewed elsewhere (Zhao et al., 2012).

Computational Approaches

The availability of high-quality datasets for computational modeling of human CL (Obach et al., 2008) 
together with the recent momentum in computational ADME modeling, more specifically with quantita-
tive structure-activity relationships (QSAR), has led to some encouraging findings in this area. QSAR 
attempts to find relationships between the molecular properties of molecules and the biological responses 
they elicit when applied to a biological system. The advancements in computer hardware and software 
now allow the molecular properties of molecules to be easily estimated without the need to synthesize 
the molecules in question. Thus, the use of predictive computational (in silico) QSAR models allows 
the biological properties of virtual structures to be predicted and a more informed choice of target to 
be selected for synthesis. Considerable progress has been made in computational QSAR models for 
predicting ADME properties in recent years (Gleeson et al., 2011). However, the accurate prediction of 
human CL remains a challenge due to the complexity of the underlying physiological and biochemical 
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mechanisms. QSAR studies are usually carried out using supervised methods—those in which the 
model is trained using the measured values of the property to be modeled. Supervised methods used 
in QSAR modeling range from simple statistical regression methods such as multiple linear regression 
(MLR), principal components regression (PCR), or partial least squares (PLS), through to more flexible 
non-linear methods such as artificial and Bayesian neural networks (ANN and BNN), as well as recur-
sive partitioning methods such as classification and regression trees (CART). In the absence of measured 
data, QSAR model predictions can be extremely useful and provide a means of identifying molecules 
that may be problematic. QSAR models are more than a literature curiosity, and successful ones offer 
the potential to be used as a virtual screen to filter design targets before synthesis; thus, improving the 
efficiency of pharmaceutical R&D.

A number of studies have been reported in this area (Yap et al., 2006; Yu, 2010) with the most recent 
study leading to the development of a completely in silico linear PLS model to predict the human plasma 
clearance, built from a dataset of 754 compounds using physicochemical descriptors and structural frag-
ments (Berellini et al., 2012). Model validation included using a leave-class-out approach (structural, 
therapeutic or ionization based) and yielded a geometric mean fold error (GMFE) of 2.1 with 59% and 
80% of compounds predicted within 2- and 3-fold error (Figure 9.8). The in silico model performance 
also compared favorably with interspecies scaling methods; on an identical external test set of 69 com-
pounds the GMFE was 1.8, 1.9, and 1.9 for the in silico, monkey LBF, and FCIM methods, respectively, 
while % < 2-fold was 70, 62, and 62, respectively. This work was extended to include an additional mod-
eling tier, which classified compounds by their primary route of elimination; metabolism or renal, with 
similar encouraging results (Lombardo et al., 2014).

FIGURE 9.8 Observed versus predicted plot for total human plasma clearance using a QSAR computational model based 
on a leave-class-out validation approach. Data-points are colored according to therapeutic class, shape denotes charge type; 
neutral (triangle-up) and ionized at pH 7.5 (circle). (Reprinted with permission Berellini, G. et al., J. Chem. Inf. Model., 52, 
2069–2078, 2012. Copyright 2012 American Chemical Society.)
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Somewhat analogous was the computational approach explored by Kusama and coworkers who devel-
oped an in silico classification system for the likely major clearance pathway based on four calculated 
properties, molecular weight, charge, lipophilicity (expressed as logD), and fraction unbound in plasma 
(predicted) (Kusama et al., 2010). The major clearance pathways were assigned for a training set of 141 
approved drugs using five categories; metabolism by CYP3A4, metabolism by CYP2C9, metabolism by 
CYP2D6, hepatic uptake by OATPs, or renal excretion as unchanged parent drug. The dataset was ini-
tially grouped by charge type before subsequently plotting in a 3D space with axes of molecular weight, 
logD, and fraction unbound in plasma. The data were plotted so that each clearance pathway could be 
clustered into groups, with statistical significance confirmed using leave-one-out and external test set 
validations.

These contemporary computational models are showing predictive performance comparable with 
more experimentally intensive methods and should be useful in drug design for the optimization of can-
didate compounds as well as providing an orthogonal means to assess confidence in prediction, prior to 
first-in-human clinical studies.

Conclusions & Future Directions

The current state-of-the-art in prospective human CL prediction commonly involves using multiple meth-
odologies carefully guided based on what is known about the disposition properties of the compound 
in question. With those CL estimates available, an assessment of consistency in prediction looking for 
convergence or divergence in the predictions across multiple methods is typically required. A consensus 
CL prediction with a sense of the potential range (i.e. mean, SD, %CV) is warranted as this data is then 
used as a subsequent input, together with estimates of VD, oral absorption, and target exposure, into 
a projection of the clinically efficacious dose and regimen. Presently, the exercise of human CL pre-
diction is founded on three orthogonal but complementary bases: in vitro approaches deriving kinetic 
data for human enzymes and transporters, PK data in preclinical species as models for the impact of 
the whole organism, and computational methods that leverage learnings from the known disposition 
of chemically-related drugs in man. Congruence in CL estimates from diverse methods that span these 
three systems lends confidence in any prospective prediction. As discussed earlier, information on the 
mechanisms of clearance in preclinical species can help inform appropriate selection of prediction meth-
odologies. Furthermore, potentially human-specific determinants of CL have been reported in retrospec-
tive analyses and are now being investigated prospectively, e.g. the extent of drug binding to human 
AAG. Obviously, the accuracy of CL predictions becomes evident once PK data are available from early 
clinical studies. With some understanding of the PK properties in healthy volunteers or the initial patient 
population, the focus moves to predicting CL in special populations, such as pediatrics, renal and hepatic 
impairment, and subjects with genetic polymorphisms, to further support clinical development. This 
area has benefited greatly from the advancements in PBPK modeling described earlier.

Contemporary drug discovery has created several areas of emerging importance to the accurate 
 prediction of human CL. Firstly, medicinal chemistry strategies have become increasingly  successful at 
reducing CYP-mediated metabolism of drug candidates to a point that renders some of these  compounds 
susceptible to lesser studied or poorly understood elimination pathways. That scenario presents a greater 
challenge to the drug metabolism scientist in terms of the availability of validated in vitro tools or 
understanding around interspecies differences. Furthermore, high metabolic stability of newer drug 
 candidates has presented analytical challenges in the accurate determination of CLint by substrate 
depletion. Alternatively, transporter-mediated CL may be invoked as the primary or rate-limiting 
 elimination pathway with the associated issues of scaling CL by this pathway, either from in vitro 
data or from data generated in preclinical species. All of these aspects are active areas of research 
as  highlighted in this chapter. There is also a renewed emphasis in bringing a more robust statisti-
cal  framework to the  prediction of human PK and dose given some of the challenges in deriving and 
 communicating point estimates as well as defining the error and confidence intervals on a prediction 
(Sundqvist et  al., 2015). There are a number of emerging technologies in development that have the 
potential to impact the quantitative prediction of human CL in the future, including 3D and microfluidic 
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cell culture (e.g. organ-on-a-chip) systems. The further application of òmic technologies will also aid in 
understanding species differences in the molecular determinants of CL and provide scaling factors for 
the future mechanistic prediction of human CL.
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10
Sites of Extra Hepatic Metabolism, Part I: 
The Airways and Lung

John G. Lamb and Christopher A. Reilly

Introduction

As in every tissue, the metabolism of xenobiotic compounds in pulmonary tissues is both complex and 
often cell specific and selective. Despite years of research the precise mechanisms and factors that deter-
mine pulmonary-specific metabolism and associated consequences for xenobiotic disposition in humans 
remain relatively undefined. Several excellent reviews dedicated to this topic were highlighted in the 
previous version of this chapter [1–9]. While dated, these authoritative reviews remain highly relevant to 
the field. A more up to date review has recently been published [10]. When possible, additional sub-topic 
specific reviews are referenced throughout the sections of this updated chapter.

The complexity associated with pulmonary metabolism of xenobiotics arises, in part because of the many 
different cell types (estimates of ∼40), diverse cellular functions and differences in gene expression patterns 
that exist for each cell type at any given time, as a function of cell age and an ever-changing microenviron-
ment [8]. Lung cells include immune cells responsible for recognizing and destroying foreign chemical and 
biological agents, secretory cells that maintain airway surface hydration, ciliated cells, which move foreign 
particles up and out the tracheobronchial tract, and epithelial and endothelial cells that line the airways, alve-
oli, and pulmonary vasculature and comprise the junction between vascular fluids and the external environ-
ment. The drug-metabolizing functions of many of these cells have not been fully revealed, but continually 
expanding scientific literature indicates that significant differences exist among different cell types [1–9].

Metabolic processes in the lung are still often studied using whole-lung homogenates. These studies 
are plentiful in the scientific literature and have been reasonably helpful to evaluate the overall metabolic 
 capacity of the lung. However, these studies usually conclude that lung tissues are far less active in the 
metabolism of xenobiotics compared to the liver; exhibiting both a decrease in the overall ability to clear 
xenobiotics and a loss of metabolic diversity due to limited expression of many xenobiotic metabolizing 
enzymes. However, studies using lung homogenates are overly simplistic because they fail to accurately 
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illustrate the gamut of unique interactions that occur between xenobiotics and lung cells. In many instances 
erroneous conclusions about the susceptibility of the lung and selected lung cell types to toxic insult, or 
the capability of certain cells or regions of the respiratory tract to metabolize  xenobiotics, have been 
drawn from such studies. The use of precision cut lung slices has been proposed as an improved tool to 
study lung toxicity [11,12] and studies using primary cells as models have been informative with respect 
to the specific metabolic capacity and diversity of different lung cells [13,14]; albeit the  expression of 
many drug metabolizing enzymes, and even the ability to induce certain enzymes, is lost in cultured cells 
compared to native tissues [13,15].

Generally, pulmonary metabolism of xenobiotics plays a relatively minor role in determining the 
overall systemic bioavailability and distribution of xenobiotics. The majority of xenobiotic metabolism 
occurs in other organs such as the liver, although significant first-pass metabolism by the lung can be 
observed for selected agents that are delivered via inhalation (e.g., ester hydrolysis of beclomethasone and 
remifentanil) [14,16], those actively sequestered by lung cells (e.g., amiodarone and paraquat), or those 
selectively acted upon by drug metabolizing enzymes expressed solely in the lung (e.g., 3-methylindole 
and CYP2F enzymes). Examples of physiological compounds that are subject to accumulation or meta-
bolic clearance by the lung include eicosanoids [17,18] and endogenous oligoamines such as spermine 
[6]. Examples of therapeutic xenobiotics where pulmonary metabolism is important include glucocorti-
coids [13,14,19–21], which can accumulate in lung cells as fatty-acid esters [22–28], and toxic xenobiot-
ics such as components of cigarette smoke and inhaled environmental pollutants. The accumulation of 
nitrogen-containing drugs, such as paraquat [6,29,30], propranolol [6,31,32], fentanyl, and related agents 
[33–35], ipomeanol [6,36], amioderone [37], and imipramine [38–40] by first-pass retention has also 
been observed. A prototypical example of selective metabolism of a xenobiotic by lung tissues is the 
metabolism of inhaled butadiene for which both the monoxide and di-epoxide metabolites were found at 
higher concentrations in lung tissues than in liver tissues of mice, presumably due to metabolism in the 
lung and not by selective accumulation of the metabolites by lung cells [41,42]. Additional lung toxicants 
that involve metabolic bioactivation within specific cell types in the respiratory tract include coumarin, 
1,1-dichloroethylene, ethyl carbamate, 3-methylindole, naphthalene, styrene, and trichloroethylene [43].

Xenobiotic metabolism in respiratory tissues can be examined by comparing the chemical classes that 
are metabolized or by focusing on the enzymes responsible for the biotransformations. This chapter will 
primarily focus on the expression of pulmonary drug metabolizing enzymes and associated consequences. 
Frequently genes coding for xenobiotic metabolizing enzymes that are associated with pulmonary pharma-
cotherapy and/or pneumotoxicity, including cytochrome P450s, flavin-containing monooxygenases, and 
UDP-glucuronosyltransferases are solely expressed in the respiratory tract, where they play definitive roles 
in determining the ultimate actions of xenobiotics in respiratory cells and the respiratory tract as a whole.

Redox Enzymes

NADPH Cytochrome P450 Reductase

NADPH cytochrome P450 reductase (POR) is a flavoprotein enzyme that catalyzes the sequential transfer 
of electrons from nicotinamide adenine dinucleotide phosphate (NADPH) to the heme of cytochrome 
P450 enzymes. NADPH cytochrome P450 reductase is required for P450 enzyme function and ultimately 
substrate oxidation, dehydrogenation, dealkylation, etc. Only one gene product has been identified for 
NADPH cytochrome P450 reductase, and its expression is generally considered ubiquitous. The essential 
role of POR in driving the pneumotoxicity of chemicals is illustrated by two examples: (1) a reduction 
in styrene toxicity in mice lacking hepatic expression of POR, causing a decrease in circulating pneumo-
toxic styrene oxide [44] and (2) in mice lacking POR in Club cells of the airways, where substantially 
reduced pulmonary specific bioactivation of nicotine-derived nitrosamine ketone (4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone; NNK) and associated tumor formation was observed [45].

Mutations in NADPH cytochrome P450 reductase contribute to numerous human diseases often 
involving disruption to endogenous steroid metabolism [46–57]. In fact, POR deficiency (PORD) was 
recognized as a new form of congenital adrenal hyperplasia in 2004. As one might expect, changes in 
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POR activity also impact the metabolism of xenobiotics and toxicants, albeit at times in a seemingly 
substrate-dependent manner [58–71]. POR*28 (A503V) has been shown to alter the pharmacokinetics 
and action of numerous CYP3A substrates including midazolam, erythromycin, tacrolimus, cyclosporine 
A, sirolimus, and atorvastatin, particularly in cases where CYP3A inactivating polymorphisms such as 
CYP3A4* 22 and CYP3A5*3 also occurred. Numerous other POR variants (e.g., *5/A287P, *2/R457H) 
have also been shown to alter drug metabolism by CYPs [67–69,72]. Additional information on this 
topic is available through the CYP alleles database (http://www.cypalleles.ki.se/). Although the reductase 
enzyme is assumed to be ubiquitously expressed and tightly coupled to P450 enzymes on the endoplas-
mic reticulum membrane, reductase has not been immunochemically detected in all cells within the lung, 
including type I alveolar cells and vascular endothelial cells that possess demonstrable P450 protein 
[73–76]. Therefore, it is doubtful that the P450 enzymes in these cells (if truly expressed) are catalytically 
active. Localization of reductase to bronchiolar and bronchial epithelial cells, Club cells and alveolar type 
II cells has also been demonstrated in human lung tissues [77].

Because NADPH cytochrome P450 reductase is essentially (but not always) required for P450 enzyme 
function, its individual contributions to xenobiotic metabolism are often overlooked. A classic example 
of pulmonary xenobiotic metabolism directly catalyzed by NADPH cytochrome P450 reductase is the 
NADPH-dependent bioactivation and toxicity of paraquat in pneumocytes [29,30]. Paraquat is actively 
accumulated in alveolar type II cells via polyamine transporters. NADPH cytochrome P450 reductase cata-
lyzes the one-electron reduction of paraquat to form the highly reducing paraquat cation radical, a potent 
cytotoxicant by virtue of its ability to readily reduce molecular oxygen (O2) to form the superoxide anion 
radical (O2

−) as well as to liberate iron from ferritin [78,79]. Superoxide ultimately dismutates (enzymati-
cally via superoxide dismutase or spontaneously) to form hydrogen peroxide (H2O2) and through the Fenton 
reaction with ferrous iron (Fe2+) produces the hydroxyl radical (.OH), a potent oxidant that reacts with cellu-
lar nucleophiles at diffusion limited rates. Metabolism of paraquat by NADPH cytochrome P450 reductase 
has been shown to promote cell death through the depletion of reducing agents, lipid peroxidation and DNA 
and protein oxidation. Paraquat is one example of how NADPH cytochrome P450 reductase-dependent 
metabolism directly influences the biological effects of a selected agent in the lung, and other examples of 
this same mechanism exist for different drug/tissue combinations (e.g., doxorubicin in the heart). Of signifi-
cance many POR variants with reduced enzyme activity (*8/Y181D, *5/A287P, *2/R457H, *4/V492E and 
*7/V608F) have been found to attenuate paraquat toxicity in a model of cellular injury, while *6/C569Y had 
no effect [80]. Interestingly and contradictory to what has been suggested by multiple studies, a recent study 
demonstrated that cardiomyocyte-specific knock-out of POR had no effect on doxorubicin toxicity [81].

Cytochrome P450

Cytochrome P450 enzymes are a family of heme-containing proteins that catalyze a variety of oxidative 
metabolic processes. There are 57 unique P450 genes in humans and each gene product exhibits unique 
distribution and function, including selective expression in tissues and the ability or inability to metabolize a 
given endogenous or xenobiotic agent [82]. There are also at least 59 pseudogenes among the 18 CYP fami-
lies and 43 subfamilies. Certain mutations in most cytochrome P450 enzymes have been implicated in human 
disease states and variations in drug disposition [83]. Various aspects of P450 enzyme catalysis/biochemistry 
have been reviewed throughout the years. The classic example of a P450-catalyzed reaction is the addition 
of oxygen to a carbon-carbon bond to render the molecule more water soluble and amenable to conjugation 
reactions that further hasten the excretion of the xenobiotic from the body via specific excretion mechanisms. 
Cytochrome P450 reactions are also used for steroid and bile acid synthesis, as well as in the production 
and degradation of many other critical endogenous substances. The oxidation of a hydrocarbon substrate by 
P450 is represented by the following equation: RH + O2 + NADPH + H+ →ROH + H2O + NADP+. P450-
catalyzed reactions are not limited to hydrocarbon hydroxylation/oxygenation; heteroatom (O-, N-, and S-) 
dealkylation, dehydrogenation/desaturation, aliphatic and aromatic epoxidation, heteroatom (O-, N-, and S-) 
oxidation, hydrolysis (amide and ester), decarboxylation, and dehalogenation reactions are all possible for 
P450 enzymes, depending upon the chemical properties of the substrate and the specific P450 enzyme.

P450 enzymes are expressed to varying degrees throughout the human body with the greatest con-
centration in the liver. The P450 content in whole-lung microsomal fractions range from 0.01 nmol/mg 
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microsomal protein for humans [84,85] to 1.04 nmol/mg protein for goats [86]. These values are 1/10th 
the P450 content of hepatic microsomes from the same species [2]. Therefore, key factors governing sig-
nificant contributions of P450 enzymes in the pharmacology and toxicology of xenobiotics in the respira-
tory tract include the concentration of specific enzymes in certain cells or regions of the respiratory tract 
and the concentration of the agent in metabolically competent lung cells.

The number of P450 enzymes that are known to be expressed as functional proteins in respiratory 
tissues has increased in recent years as more studies using advanced methodologies, technologies and 
improved chemical probes have investigated xenobiotic metabolism in lung tissue. P450s that have been 
found in human respiratory tissue using either mRNA analysis, immunohistology, or functional assays 
include CYP1A1, 1A2, 1B1, 2A6, 2A7, 2A13, 2B6, 2C8, 2C18, 2C19, 2D6, 2E1, 2F1, 2S1, 2J2, 3A5, 
3A7, 4B1, and many others (Table 10.1) [3,5,9,87–91]. Several more recent comprehensive mRNA pro-
filing studies of CYP and other xenobiotic metabolizing enzymes in normal lung and cancer tissue, 
liver and lung cells commonly used in in vitro toxicology assays are recommended reading for anyone 
interested in the expression profiles of a specific drug metabolizing enzyme [92–94]. A similar CYP 
mRNA profiling study was performed using a comprehensive panel of mouse tissues [95]. Most CYP and 
other drug-metabolizing enzyme genes are expressed in the lung in addition to other organs. However, 
some P450 genes are selectively expressed in the lung and more specifically in specific regions of the 

TABLE 10.1

Summary of Xenobiotic Metabolizing Enzymes in the Respiratory Tract

Enzyme Species Substrates/Toxicants Localization

Cytochrome P450 1A1 All Ethoxyresorufin, multiple PAHs, 
aromatic amines, arachidonic and 
docosahexaenoic acids, theophylline

Olfactory epithelium, 
bronchial epithelium, Club 
cells, type II cells, induced 
macrophages. Inducible by 
AhR ligands

Cytochrome P450 1A2 All PAHs, aflatoxin B1, APAP, heterocyclic 
amines, nitro aromatics, arachidonic 
and docosahexaenoic acids, caffeine, 
zileuton, others

Induced by AhR ligands in 
bronchial epithelium, Club 
cells, pulmonary 
parenchyma by smoking, air 
pollutants, etc.

Cytochrome P450 1B1 Rat, mouse, 
human

PAHs, 17b-estradiol, sterols, 
nitroarenes, arylenes, aromatic and 
aryl amines, some lipids

Expressed by human cells 
from airways and 
parenchyma. Inducible by 
cigarette smoke.

Cytochrome P450 2A5/6/13 Mouse, human Coumarin, diethylnitrosmine, aflatoxin 
B1, NNK, nicotine, naphthalene, 3MI, 
styrene, 1,3-butadiene, 
2,6-dichlorobenzonitrile 
hexamethylphosphoramide, others

Trachea, bronchial 
epithelium, olfactory 
mucosa, pulmonary 
parenchyma

Cytochrome P450 2B1/4/6/7 Rabbit, 
rat, human

Arachidonic acid, BHT, NNK, 
bupropion, nicotine, alfentanil, 
propofol, tamoxifen, others

Bronchial epithelium Club 
cells, parenchyma

Cytochrome P450 2C8 Human Arachidonic acid and other long chain 
PUFAs (linoleic, docosohexaenoic, 
eicosapentaenoic acids), montelukast, 
others

Bronchial epithelium-low

Cytochrome P450 2C9 Human Warfarin, phenytoin, motelukast, 
limonene, 5-HT, multiple arachidonic 
acid and PUFAs, benzo[a]pyrene and 
other PAHs, others

Bronchial epithelium, 
parenchyma

Cytochrome P450 2C18 Human Arachidonic acid and other long chain 
PUFAs (linoleic, docosohexaenoic, 
eicosapentaenoic acids), sterols, others

Bronchial epithelium

(Continued)
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Enzyme Species Substrates/Toxicants Localization

Cytochrome P450 2C19 Human Arachidonic acid and other long chain 
PUFAs (linoleic, docosohexaenoic, 
eicosapentaenoic acids), clopidogrel, 
diazepam, others

Bronchial epithelium, 
pulmonary parenchyma

Cytochrome P450 2D6 Human Hydroxytryptamines, neurosteroids, and 
both m- and p-tyramine, nicotine, 
opioids, others

Bronchial epithelium—low

Cytochrome P450 2E1 All 4-Nitrophenol, dimethyl-nitrosamine, 
DDD, dichloroethylene, and other 
small halogenated organics, benzene, 
arachidonic acid, 3MI, others

Nasal tissues, bronchial 
epithelium Club cells, 
pulmonary parenchyma

Cytochrome P450 2F1/2/3/4 All Ethoxycoumarin, naphthalene, styrene, 
3MI, dichloroethylene

Club cells, trachea, bronchial 
epithelium Club cells, 
pulmonary parenchyma

Cytochrome P450 2G1 Rabbit, mouse Testosterone, progesterone, aflatoxin B1 Olfactory mucosa [96]

Cytochrome P450 2J2 All Arachidonic, linoleic, docosohexaenoic, 
eicosapentaenoic acids

Ciliated epithelial

Cytochrome P450 2S1 All Retinoic acid, Arachidonic, linoleic, 
docosohexaenoic, eicosapentaenoic 
acids, Prostaglandins G2 and H2 
benzo[a]pyrene, ellipticine

Epithelial cells

Cytochrome P450 3A4 Human Benzo[a]pyrene, arachidonic acid, 
testosterone, glucocorticoids, many others

N.D.

Cytochrome P450 3A5 Human Benzo[a]pyrene, arachidonic acid, 
testosterone, glucocorticoids, 
many others

Bronchial and alveolar 
epithelium. Induced by 
glucocorticoids

Cytochrome P450 3A7 Human Benzo[a]pyrene, arachidonic acid, 
testosterone, glucocorticoids, 
many others

Parenchyma

Cytochrome P450 4B1/2 All 2-Aminoflourene, 4-ipomeanol, 
valproic acid

Club cells, bronchial 
epithelium, and pulmonary 
parenchyma

Prostaglandin H synthase 
(COX2)

All Benzo[a]pyrene-7,8-diol, arachidonic 
acid

Endothelial and epithelial 
cells

Flavin-containing 
monooxygenases 1-5

All Soft nucleophiles, such as basic amines, 
phosphines, sulfides, thioureas, 
ethionamide, indoles, others

Entire respiratory system, 
mainly FMO4 and 5 in 
cultured cells

Epoxide hydrolases 1/2 All PAH and other epoxides (e.g., styrene 
oxide)

Widely distributed in 
cultured cells and tissue

UDP-Glucuronosyltransferases
(all UGT members)

All 1-Naphthol, 4-methyl-umbelliferone, 
eugenol, and many other xenobiotics 
with oxygen, nitrogen, sulfur, or 
carboxyl functional groups

Clara cells, variable in 
bronchial epithelium and 
perencyma

Glutathione S-transferases
(All members)

All 1-Chloro-2,4-dinitrobenzene, benzo[a]
pyrene epoxide, other aromatic 
epoxides, styrene oxide, other 
electrophilic centers on xenoibiotics

Club cells and ciliated cells, 
bronchial epithelium, 
Parenchyma

NAD(P)H quinone 
dehydrogenase 1/2 
(Diaphorase)

Human Two-electron reduction of many 
quinones to hydroquinones, 
benzoquinone, others

Widely distributed in 
cultured cells and tissue

Sulfotransferases 
(all members)

Human Alcohol or amine groups on xenobiotics 
(many substrates)

1A1, 1A2, 1A3/41B1, 1C4, 
1E1, 2B1 in bronchial 
epithelium and parenchyma

TABLE 10.1 (Continued)

Summary of Xenobiotic Metabolizing Enzymes in the Respiratory Tract
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lung including the nose, trachea, bronchi, and distal tissue. Some enzymes exhibiting selective expres-
sion in the human lung include CYP2A13, 2F1, 4B1, and 2S1.

Recent work described in greater detail below shows the significance of site-specific expression of 
these enzymes in chemical injury. In general, similar properties and expression profiles are observed for 
P450 orthologues, thus allowing many studies of pulmonary xenobiotic metabolism to be performed in 
rodents and other animal models. However, it should be noted that in common models (e.g., mice) there is 
less distinction between locations of cells that populate the airway epithelium than in humans. In the case 
of mice there is abundant expression of Club cells, which generally contain some of the highest levels of 
P450 enzymes in the major airways, whereas in humans these cells are primarily found in the more distal 
airways. Further, enzyme specific metabolism, such as the intrinsic efficiency of specific CYPs, and the 
presence and/or absence of functionally coupled metabolic processes that promote or prevent toxicities 
can vary across species often greatly affecting how chemicals act in different models. For example, 
Cyp2f2 is associated with the acute pneumotoxic properties of styrene and tumor formation in mouse 
lungs [44,97–101], but CYP2F1 humanized mice did not initiate lung tumors when treated with styrene 
[99] due, presumably, in part to inherent issues with CYP2F1 stability [102]. Thus, despite the general 
similarities in expression profiles researchers are cautioned when extrapolating results across species 
since differences exist in overall metabolic potential, P450 enzyme selectivity, catalytic efficiency, and 
interactions between multiple enzymes and cell targets.  

The selective expression and catalytic participation of certain P450 enzymes in human lung cells is a 
major factor for the pneumotoxicity and/or carcinogenicity of several prototypical xenobiotic pneumo-
toxins [7,103] including naphthalene [104], 4-ipomeanol [105–108], 3-methylindole [109–114], butylated 
hydroxytoluene [115,116], 1,1-dichloroethylene [117,118], and 4-(methylnitrosamino)-l-(3-pyridyl)-l-
butanone (NNK) [119–121]. Examples of several of these toxicants, their putative reactive intermediates, 
and the P450 enzymes that catalyze the bioactivation processes are shown in Figures 10.1 through 10.4.
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FIGURE 10.1 Bioactivation of naphthalene and butylated hydroxytoluene by CYP enzymes from the CYP2B and CYP2F 
sub-families. The postulated ultimate reactive intermediates of each toxicant are shown. Abbreviation: CYP, cytochrome P450.



285Sites of Extra Hepatic Metabolism, Part I: The Airways and Lung

O O

R

R'

CYP4B1

O

R

R' Fe=OV O

R

O R'

[Fe]IV

COVALENT BINDING AND TOXICITY

semicarbazide

NH2COHNN NNHCONH2

R

R'

Bis-semicarbazone

Pneumotoxic Furans

Furan R R'

4-Ipomeanol CO(CH 2)2CHOHCH3 H
3-Methylfuran CH3 H
2-Methylfuran H CH3
Perilla Ketone CO(CH 2)2CH(CH3)2 H

Menthofuran

O
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FIGURE 10.3 The prototypical pneumotoxin 3MI is bioactivated by CYP2F enzymes. Four reactive intermediates 
that may participate in the pneumotoxicity of 3MI are 3-methyleneindolenine, 2,3-epoxy-3-methylindoline, 3-hydroxy-
3-methylindolenine, and the quinone imine of 5-hydroxy-3-methylindole. The quinone imine of 5-hydroxy-3-methylindole 
was identified from incubations of 3MI with human liver microsomes, and CYP3A4 is implicated as the most likely media-
tor of this bioactivation pathway. Oxidation of 3MI in the respiratory tract can proceed through two distinct pathways, 
dehydrogenation and ring oxygenation that appear to be predominantly mediated by different CYP enzymes. 3-methyin-
dolenine is a product of CYP2F enzymes and results from many experiments suggest that this intermediate is primarily 
responsible for the pneumotoxic effects of 3MI. Abbreviations: CYP, cytochrome P450; 3MI, 3-methylindole.
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Many examples of regional and/or cell type specific expression of P450s exist. For example, in 
humans the expression of CYP1A1 gene is primarily restricted to the bronchial and alveolar epithelial 
and capillary endothelial cells of the lung, while the expression of 2A6, 2A13, 2B6, 2C, 2J2, 2S1, and 
3A genes is observed throughout the nasal mucosa, trachea, and lung tissues [5,9,88,122,123]. In rabbits, 
CYP2A10, 2A11, and 2G1 enzymes are specifically expressed in nasal tissues, particularly the olfac-
tory epithelium, where CYP2A10 and CYP2A11 constitute over 90% of total P450 in this anatomical 
region. In addition, the 2B4 and 4B1 enzymes constitute over 90% of the total P450 content of rabbit 
lung [124], and the orthologues of these enzymes in other species often appear to be major contribu-
tors to the P450 contents and catalytic activities of lung tissues. Similarly, the 2F subfamily genes are 
selectively expressed in human and some animal lung tissues and human placenta [88,122,125]. Several 
polymorphic variants of CYP2F1 also have been identified indicating the possibility of inter-individual 
responses to lung toxicants [126]. It is important to highlight that for each P450 enzyme selective toxici-
ties can be observed in the cells and tissue regions that express unique P450 enzymes. For example, in 
mice Cyp2f2 activates 3-methylindole in the airways and lung parenchyma while Cyp2a5 activates this 
compound in the nasal mucosa [127].

The enzymes from the 2B and 4B subfamilies are often expressed to a much higher extent in the lung 
than in the liver and higher expression often leads to enhanced bioactivation of xenobiotics. Mouse lung 
Cyp2b10 is highly expressed in Club cells, and this enzyme oxidizes butylated hydroxytoluene (BHT) 
by subsequent hydroxylation and dehydrogenation steps to produce a pneumotoxic quinone methide 
(Figure 10.1) [115,116]. This enzyme was not found to be expressed extensively in mouse liver unless the 
animals were pre-treated with phenobarbital to induce hepatic expression.

A unique mechanism has been established for the tumor promoting activity of BHT [128,129]. 
Presumably, Cyp2b10 first oxygenates BHT on one of the methyl groups to form 6-tert-butyl-2-(1′,1′-
dimethyl-2′-hydroxy)ethyl-4-methylphenol and subsequently dehydrogenates the hydroxylated inter-
mediate to form a potent electrophilic quinone methide. This electrophile then alkylates cysteine or 
histidine residues on crucial protective enzymes, including peroxiredoxin 6 and superoxide dismutase 
1 and possibly other antioxidant enzymes in mouse lung. Inactivation of these vital enzymes leads to 
high levels of reactive oxygen species and inflammation, conditions that facilitate tumor promotion in 
the mouse lung.

CYP4B1 is selectively expressed in rat lung not liver. This enzyme is known for metabolism of chemi-
cals that include 2-aminofluorene, 2-naphthylamine, and benzidine. It has been shown that CYP4B1*1/*2 
or *2/*2 genotypes carry a 1.75-fold increased risk of bladder cancer [130], but a similar association for 

FIGURE 10.4 1,1-Dichloroethylene is a pneumotoxicant in mice and its bioactivation by the mouse Cyp2f2 and Cyp2e1 
enzymes is remarkably complex for such a small and simple molecule. The epoxide and two putative acyl halide reactive 
intermediates are shown, along with the glutathione adducts of the electrophiles. The glutathione adducts and the mercap-
turates that are the excreted forms of these adducts have been used in vitro and in vivo as biomarkers of alkylation events. 
Abbreviations: CYP, cytochrome P450; GSH, glutathione; GST, glutathione S-transferase.
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4B1 has not yet been found for lung cancer [131]. CYP4B1 efficiently catalyzes the bioactivation of 
4-ipomeanol [6,104–107] to a pneumotoxic unsaturated bis-carbonyl electrophile. Several other substi-
tuted furans are bioactivated in a similar manner (Figure 10.2) and most are pneumotoxic and usually 
hepatotoxic as well. In contrast with rabbit CYP4B1, human CYP4B1 does not bioactivate 4-ipomeanol 
or promote cytotoxicity in HepG2 cells and primary human T-cells that overexpress this enzyme [132]. 
The basis for this appears to be the due to specific amino acid residues on the B-C loop to F-helix 
regions that destabilize the human enzyme and limit its catalytic capabilities. Specifically, it was shown 
that an 18 amino acid segment of the wild-type rabbit CYP4B1 protein conferred high 4-ipomeanol 
metabolism, and introduction of 12 of the 18 amino acids into human CYP4B1 increased its stability 
and conferred the ability to active 4-ipomeanol at levels comparable to the rabbit enzyme. Like CYP4B1, 
CYP4B2 is selectively transcribed in lung tissues of goats [110] and bioactivation of 3-methylindole 
(3MI) to the electrophilic 3-methyleneindolenine intermediate is partially catalyzed by this enzyme 
[109,112,133,134]. The goat 4B2 enzyme uniquely oxidized the pneumotoxin 3MI at the methyl group to 
form the methylene imine and indole-3-carbinol without detectable production of 3-methyloxindole or 
any other oxygenated products [135]. Other enzymes tested in this study either produced the methylene 
imine (CYP2F1 and CYP2F3), ring-oxygenated products only (CYP2E1) or oxygenated products and 
the methylene imine (CYP1A1 and CYP1A2) [134]. The mechanism by which 3-methyindole causes 
pneumotoxicity is shown in Figure 10.3.

The human CYP1 family contains three genes, CYP1A1, 1A2, and 1B1. These P450s are expressed to 
varying degrees in the human respiratory tract. CYP1A1 is the major extrahepatic gene and it is ubiqui-
tously expressed at trace levels in many cell types populating the major and peripheral airways (<1 mm 
in diameter) and the alveoli in human lungs [9,88,136–139]. CYP1A1 is highly induced by several com-
pounds in tobacco smoke (polycyclic aromatic hydrocarbons and aromatic amines) [136,140,141], TCDD 
[142,143] and 3-methyindole metabolites via activation of the aryl hydrocarbon receptor (AhR) [144]. 
Both AhR and CYP1A1 may play important roles in environmentally-induced and/or exacerbated asthma 
[145,146] as well as PAH-induced lung carcinogenesis [147], but direct correlations between gene/protein 
expression do not always follow a logical association. For example, CYP1A1 mRNA is increased, and 
enzyme level decreased in the toluene diisocyanate-induced asthma model [148], but the significance of 
these changes has yet to be determined. CYP1A1 metabolizes polycyclic aromatic hydrocarbons (PAHs) 
including benzo[a]pyrene [149], 5- and 6-methylchrysene [150], and aromatic amines [151]. The sequen-
tial two-step metabolism of benzo[a]pyrene to the benzo[a]pyrene-7,8-diol-9,10-epoxide is a prototypical 
example of how a P450 enzyme can determine the toxicity, in this case carcinogenicity, of an otherwise 
inactive agent in the lung. CYP1A1-mediated metabolism of 3-methyindole has also been associated 
with DNA damage by this potent acute pneumotoxin and potential carcinogen [144,152,153]. CYP1A1 
expression levels are directly correlated with aryl hydrocarbon hydroxylase activity in human tissues 
[154–156], CYP1A1 expression levels are correlated with increased risk for lung cancer in humans and 
higher levels of expression or the expression of the *2A/T3801C (Msp1), and *2A/*2C/I462V allelic vari-
ants are believed to increase risks for developing lung cancer [157–160].

Like CYP1A1, CYP1A2 is expressed in human lung tissue primarily in smokers [5,9,161,162]. 
Evaluations of human lung samples routinely list CYP1A1 and CYP1B1 as the most highly transcribed 
P450 enzymes [9,122] albeit this may not be true at the single cell level. CYP1A2 metabolizes caffeine, 
aflatoxin B1, acetaminophen, and some pro-carcinogenic PAHs. CYP1A2 likely plays a broad role in 
the pulmonary metabolism of other aromatic and heterocyclic amines, nitroaromatic compounds, myco-
toxins, and estrogens particularly in lungs of smokers [5,9]. CYP1A2 is readily induced in lung cells by 
components of cigarette smoke and other environmental combustion-by products containing PAHs such 
as diesel exhaust particles. Like CYP1A1, 1A2 may also play roles in asthma with some evidence that 
variations in CYP1A2 (CYP1A2*1C) can impact the pharmacokinetics of theophylline [163]. However, 
the significance of this finding remains to be validated as similar results were not found in a related study 
[164]. In terms of lung cancer risks the CYP1A2*1C allele was not associated with elevated risk (slow 
caffeine metabolism) [165], while the CYP1A2*1F (fast caffeine metabolism) allele was associated with 
increased risk [166].

CYP1B1 is expressed in bronchial and alveolar epithelial cells as well as in alveolar macro-
phages [9]. Like CYP1A1 and 1A2, 1B1 is induced by tobacco smoke [167] and TCDD [88,168]. 
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CYP1B1 catalyzes the 2- and 4-hydroxylation of 17b-estradiol as well as the bioactivation of numerous 
PAHs, including benzo[a]pyrene, nitroarenes, arylarenes, and aromatic and aryl amines [9,169,170]. 
There is some evidence that differences in CYP1B1 variant expression influence susceptibility to lung 
cancer [171] since the CYP1B1 polymorphism (CYP1B1*3/L432V) has been associated with increased 
risk for lung cancer [172].

A number of CYP2A gene products are expressed in animal and human respiratory tract [173–175]. 
CYP2A6, 2A7, and CYP2A13 genes are expressed in the human respiratory tract particularly in the 
nasal epithelium [176]. CYP2A6 is expressed in nasal, tracheal and bronchial epithelial cells [9,174] 
while CYP2A13 is also expressed at low levels in the airways and alveolar epithelial cells [177]. 
CYP2A6 is capable of bioactivating the cigarette smoke component 3-methyindole to electrophiles 
[178] and CYP2A13 bioactivates 3MI to 3-methyleneindolenine the putative toxic electrophile of 3MI. 
3-methyleneindolenine may be responsible for CYP2A13 inactivation and DNA damage [152,179]. 
Mouse Cyp2a5 appears to have similar tissue and cellular distribution as human CYP2A6 [180] and 
Cyp2a5 has been shown to be important in the metabolism of nicotine [181,182], naphthalene [183], 
NNK [184] and 3-methyindole [185], primarily in the olfactory mucosa of mice. Interestingly, compari-
son of 3-methyindole metabolism in Cyp2a5 and Cyp2f2 mice demonstrated the production of primarily 
stable hydroxylated/oxygenated metabolites in olfactory mucosal microsomes, while in lung microsomes 
containing more Cyp2f2 produced primarily unstable reactive epoxide and dehydrogenated metabolites.

There is strong evidence that CYP2A enzymes, particularly CYP2A13 [186], play critical roles in 
the metabolic bioactivation of tobacco specific nitrosamines the major pro-carcinogenic substances in 
cigarette smoke. CYP2A6 efficiently catalyzes the 7-hydroxylation of coumarin [187] the metabolism of 
nicotine to cotinine [188,189] and is responsible, in part, for the bioactivation of 4-methynitrosamino-
1,3-pyridyl-1-butanone (NNK) [190–192], the tobacco-specific pro-carcinogenic nitrosamine. CYP2As 
also metabolize the nasal carcinogen hexamethylphosphoramide [175]. The genetic polymorphism 
CYP2A6*4C (2A6-deleted/null allele) has been shown to correlate with a decreased odds ratio for lung 
cancer suggesting a key role for catalytically active CYP2A6 in the development of lung cancer by 
environmental pneumotoxicants [193,194]. Furthermore, CYP2A6 expression may influence smoking 
behavior [194,195] and this idea has been supported by studies using a Cyp2a5-null mouse [182].

CYP2A13 is active towards a number of chemical agents and lung carcinogens including afla-
toxin B1 [196], hexamethylphosphoramide [175], 2′-methoxyacetophenone, N,N′-dimethylanaline, 
N-nitrosodiethylamine, N-nitrosomethylphenylamine, 2,6-dichlorobenzonitrile [197], NNK [198,199], 
naphthalene [200], styrene [200], and toluene [200]. Recent studies have led to the conclusion that 
CYP2A13 is the most efficient catalyst of NNK bioactivation [201] and expression of the R257C vari-
ant form of CYP2A13 (found in CYP2A13*2A and *2B), which exhibits reduced turnover efficiency for 
NNK, was associated with a decreased risk for lung adenocarcinoma in heavy smokers due presumably 
to a change in nicotine clearance and desire [201].

CYP2B6 is expressed in Club and other bronchial epithelial cells of the human lung and as an inactive 
splice variant called CYP2B7 [137,202,203]. CYP2B6 has also been implicated in the bioactivation of 
NNK in the lung [190,204] and in 2B6 humanized mice hepatic expression and induction was associated 
with bupropion and nicotine metabolism [205]. A pilot study has also associated CYP2B6 polymor-
phisms with changes in risk for lung cancer [206].

CYP2C8 and CYP2C18 may also be expressed in human lungs [162], possibly localized to the serous 
cells of bronchial glands [207]. CYP2C8 may participate in the regulation of vascular and bronchial 
tone via the synthesis of endothelium-derived hyperpolarizing factor [208–210], possibly epoxyeicosa-
trienoic acids (EETs). Variants of CYP2C19 have been associated with micro vascular angina through 
the metabolism of EETs [211]. Studies of the CYP2C9*2/R144C and *3/I359L variants and relative risk 
for lung cancer have not shown strong associations [212,213]. However, a recent study suggests a possible 
association between CYP2C19*3/containing W212X, I331V (*1A) and/or D360N (*3B/*20), and M136K 
(*3C), smoking and lung cancer [214].

The expression of CYP2D6 in lung is debated [9], although there is support for low-level expression 
in bronchial mucosal cells [92–94]. CYP2D6 is a highly polymorphic enzyme and the expression of the 
“extensive metabolizer” phenotype arising from gene duplication is associated with increased risk for 
lung cancer in heavy smokers [157]. Recently the T188C variant has also been associated with increased 
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risk of lung cancer in Chinese [215]. CYP2D6 metabolizes a number of pharmaceutical agents [216] 
including basic amine-containing drugs, nicotine, opiates, and structurally related substances. CYP2D6 
may also bioactivate NNK and other carcinogens [217,218].

CYP2E1 is ubiquitously expressed in lung tissue particularly in Club, bronchial, bronchiolar, alveolar 
epithelial and endothelial cells. Some studies have suggested that this enzyme can be induced by ethanol 
[219] or pyridine [98] in lung tissues and in nasal tissues. In rats it has been shown that chronic alco-
hol exposure induced CYP2E1 and blocking CYP2E1 attenuated pulmonary immune dysfunction and 
lipid accumulation [220]. The CYP2E1 enzyme is primarily active towards small halogenated hydrocar-
bons [221–225], and several of these chemicals cause Club cell damage in animals via the formation of 
electrophilic intermediates. CYP2E1 bioactivates ethyl carbamate, urethane [226,227] and nitrosamines 
[228] to produce carcinogenic electrophiles. CYP2E1 catalyzes the epoxidation of 1,1-dichloroethylene 
(DCE) to its ultimate electrophilic intermediates (Figure 10.4) [117,118]. Pulmonary damage elicited by 
CYP2E1-induced processes are typically not as selective for lung tissue damage because 2E1 is usually 
expressed more extensively in the liver, but the selective necrosis of Club cells caused by some agents 
(e.g., dichloroethylene/DCE) indicates that expression of 2E1 in Club cells is the primary mechanism of 
toxicity for several pneumotoxicants. Indeed, the toxicity of DCE to Club cells has been linked specifically 
to the expression of Cyp2e1 in mice [225], although evidence suggests that Cyp2f2 also contributes to the 
observed metabolism-dependent toxicity for DCE [117,118]. Metabolism of DCE by 2e1 and 2f2 produces 
both chloral and the epoxide of DCE, 1,1-dichlorooxirane. Studies have quantified the formation of the 
glutathione adduct of DCE epoxide in vitro and in vivo and have demonstrated that the primary ultimate 
electrophile in the cytotoxic process is the epoxide [117,118]. CYP2E1 is also most likely the catalyst for 
the oxidation of 1,1-dichloro-2,2-bis(p-chlorophenyl) ethane (DDD) to a reactive acyl halide intermediate 
that causes necrosis in isolated Club cells and human bronchial epithelial cells [229,230].

A prominent example of P450 enzymes that are selectively expressed in pulmonary tissues is provided 
by the CYP2F subfamily. Four members of this subfamily have been identified from human (CYP2F1) 
[125], mouse (Cyp2f2) [231], goat (CYP2F3) [112] and rat (CYP2F4) [232]. Mice, rats, goats and humans 
show high selectivity for CYP2F transcription in pulmonary tissues [110,125]. CYP2F1, and other ortho-
logues, catalyzes the metabolism of ethoxycoumarin, propoxycoumarin, and pentoxyresorufin [125] 
and the bioactivation of benzene [233,234], 3-methylindole [111–113,133,134,144,152,153,178,185,235], 
naphthalene [112,183,232,236], styrene [44,97,100,101], 1,1-dichloroethylene [117], and NNK 
[112,133,134,152,237]. CYP2F1 is expressed in alveolar macrophages, epithelial (Club), and endothelial 
cells in the lung [9,238]. The production of 3-methyleneindolenine, the putative pneumotoxic electro-
philic intermediate of 3MI (Figure 10.3), has been shown to be highest for CYP2F1 (and other 2F ortho-
logues) compared to many other human P450 enzymes, including CYP4B1, 1A2, 3A4, and 2E1 [235]. 
Production of the methylene imine intermediate of 3MI by CYP2F1 has been shown to induce DNA 
damage and apoptosis in human bronchial epithelial cells expressing CYP2F1 [109,153] and covalent 
binding of the methylene imine intermediate to cellular nucleophiles in lung tissues is directly correlated 
with the expression and activity of CYP2F enzymes [125]. 3-Methyleneindolenine alkylates, both DNA 
[239] and proteins [86,111], and the electrophile is potent enough to cause mechanism-based inactiva-
tion of both CYP2F1 and CYP2F3 [114]. Assessment of the pulmonary metabolism of 3-methylindole 
in mice has revealed a key role for Cyp2f2 in the bioactivation of 3MI to 3-methyleneindolenine in the 
airways. Further, the goat 2F3 enzyme has been cloned and characterized [112] and similar to CYP2F1 
and 2f2, 2F3 demonstrated catalytic specificity for the dehydrogenation of 3MI, without formation of the 
primary oxygenated products observed with other CYPs such as 2E1. Thus, the organ-selective pneu-
motoxicity of 3MI can be explained in part by the selective expression of the CYP2F enzymes and its 
efficient production of the toxic methylene imine intermediate, coupled with a relatively lower capacity 
of lung cells to effectively detoxify the 3-metheneindolenine reactive intermediate. Interestingly, 3MI is 
also metabolized to an extensive array of reactive quinoid intermediates in the liver [113]. However, the 
hepatotoxicity of 3MI is minimal even when GSH is depleted, where renal toxicity has been reported 
develop, due presumably to circulating metabolites [240].

Similar to CYP2F1 and CYP2F3, the mouse Cyp2f2 enzyme is an efficient catalyst of 3MI dehydroge-
nation and DCE epoxidation [117,118]. Cyp2f2 is also the primary stereo-selective catalyst of the 1R,2S-
naphthalene oxide (Figure 10.1), the putative reactive epoxide that produces Club cell necrosis in mice. 
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This enzyme is highly localized to the Club cells in distal bronchioles of mouse lung [241] and the produc-
tion of the reactive epoxide was much higher in the micro-dissected distal airways from mice than from 
hamsters or rats, two species with less susceptibility to naphthalene toxicity. Cyp2f2 knock-out mice were 
resistant to naphthalene induced pulmonary toxicity. However, toxicity was still observed in the olfactory 
mucosa due to other Cyp enzymes [236].

Mechanistic studies of CYP2F1-mediated bioactivation of 3-methyindole and the ability to study 
CYP2F1-related processes in humans have been hindered do to the inability to efficiently express this 
enzyme in vitro and even in humanized mice, where fairly low levels of expression of CYP2F1 are 
achieved [102,133,232,242]. Recently, Behrendorff and colleagues [102] utilized a directed evolution 
approach to identify sites on 3MI that limited its expression in E. coli by creating chimera with the 
caprine CYP2F3 orthologue, which expresses at reasonable levels in E. coli. A library of P450 2F1/2F3 
mutants was created by DNA family shuffling and screened for expression in E. coli. Three genera-
tions of DNA shuffling revealed a mutant that expressed at high levels, with 96.5% nucleotide sequence 
identity to 2F1. Two regions of CYP2F1 were identified as problematic for expression and insertion of 
2F3-derived sequences at nucleotides 191–278 (amino acids 65–92) and 794–924 (amino acids 265–305) 
increased levels of expression of an active enzyme; other residues outside these regions also had effects 
on expression. The chimeric enzyme containing changes in these two key regions was catalytically active 
producing the prototypical dehydrogenated and pneumotoxic product of 3MI bioactivation by CYP2F 
enzymes, 3-methyleneindolenine, as determined by analysis of glutathione adducts. A study reporting 
the activity of CYP2F1 as a mediator of naphthalene pneumotoxicity in CYP2F1-humanized mice should 
also be forthcoming.

With respect to the mechanism for metabolic bioactivation of 3MI to its pneumotoxic metabolite 
3-methyeneindolenine, there exists a very specific but not fully understood structure-function relation-
ship that promotes both initial and secondary hydrogen/proton abstraction from 3MI during catalysis. 
This is opposed to the more common P450-catalyzed hydroxyl rebound mechanism that in the case of 
3MI leads to the formation of non-reactive indole-3-carbinol from the same initial radical intermediate. 
Deuterium isotope studies show that the formation of 3-methyindolenine occurs via metabolism at the 
3-methyl position [113,243–245]. Also, modifications to specific residues in CYP2F3 drastically affect 
partitioning between dehydrogenation and oxygenation of 3MI at the 3-methyl position. Specifically, 
enzymes harboring single amino acid mutations in substrate recognition sites (SRS) 5, SRS 6, and near 
SRS 2 (S474H and D361T) were capable of oxygenating 3MI with a concomitant increase in dehydroge-
nation rates. Conversely, G214L, E215Q and S475I only catalyzed 3MI oxygenation, highlighting their 
roles in directing dehydrogenation of 3MI. Double mutations in these same regions also introduced 
oxygenase activity to CYP2F3 and the D361T mutant retained the high intramolecular kinetic deuterium 
isotope effect (KH/KD) of 6.8 observed for wild-type CYP2F3.

CYP2J2 is another extrahepatic P450 expressed in the lung, particularly in ciliated epithelial cells of 
the human airway [246]. CYP2J2 catalyzes the epoxidation of arachidonic acid to bioactive EETs and 
conversion of other polyunsaturated fatty acids (PUFAs) to biologically active substances. Therefore, 
CYP2J2 is believed to play a key role in modulating airway smooth muscle tone, inflammatory signal-
ing and cellular ion homeostasis [247–251]. CYP2J2 also metabolize anti-inflammatory and antihyper-
tensive drugs [88] and metabolism of antihistamine drugs has been implicated in the pathogenesis of 
cardiac conditions. 2J2 is also highly expressed in tumor cells [252].

CYP2S1 mRNA is highly expressed in epithelial cells of the nasal passages, trachea, bronchi, and 
bronchioles with limited expression in alveolar cells [253,254]. CYP2S1 expression can be induced by 
TCDD binding to the AhR receptor [255], as well as by all-trans-retinoic acid [256], UV light [256], 
carcinogenic PAHs present in coal tar [255] and negatively regulated by glucocorticoids [257]. CYP2S1 
also appears to be up-regulated in tumor cells [258] leading some to believe that it is integral in the 
metabolism of endogenous substrates involved in cell cycle control. CYP2S1 has been shown to metabo-
lize benzo[a]pyrene, ellipticine [259], and other environmental carcinogens including naphthalene [260]. 
Endogenous substrates include retinoic acid [261] fatty acid endoperoxides, hydroperoxides [262] and 
prostaglandin G2 [263]. Metabolism of prostaglandin G2 by CYP2S1 has been shown to have effects on 
the proliferation and migration of bronchial epithelial cells [263] and to promote cell proliferation in 
colon cancer cells [264].
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CYP3A4 and 3A5 have also been reported to be expressed in human lungs. However, the dominant 
(perhaps only) CYP3A isoform expressed in most human lungs is CYP3A5. CYP3A gene/enzyme 
expression is highest in bronchial and alveolar epithelial cells, alveolar macrophages and bronchial 
glands [9,265,266]. Many report a lack of expression of CYP3A4 in human lung [13,14,122,267–269], but 
one report has indicated that CYP3A4 was expressed in about 20% of individuals [265]. Conversely, 3A5 
is almost always found in human lung samples. CYP3A5 expression in the lung is dramatically induced 
by glucocorticoids through binding to the glucocorticoid receptor in human adenocarcinoma cells [13] 
and is repressed by cigarette smoke [13,14,270]. However, CYP3A4 expression appears to be selectively 
repressed in lung cells by differential binding of transcription factors including pregnane X receptor 
(PXR), the constitutive androstane receptor (CAR) [269], as well as a yet unidentified lung-selective fac-
tor that binds to a specific 57-base pair region in the promoter region of CYP3A4, but not 3A5 because 
CYP3A5 lacks this motif [267]. CYP3A enzymes are abundant and have the broadest substrate selectiv-
ity of all P450 enzymes metabolizing approximately 60% of all therapeutics, often showing little limita-
tion in their ability to metabolize a chemical [88]. However, differences in intrinsic metabolic capacity 
for a given CYP3A substrate occur, with the general trend that CYP3A4 is more active than CYP3A5 
and both are more active than CYP3A7 [19,271,272]. Bioactivation of aflatoxin B1 to its carcinogenic 
epoxide [273,274] has been attributed to CYP3A4/5 expression in the lung and CYP3A5 may bioactivate 
NNK [190]. In general, however, few differences in substrate selectivity have been documented for these 
enzymes and differential effects of xenobiotics in lung cells as a function of CYP3A enzymes is most 
likely due to variations in CYP3A activity and expression.

Inhaled and oral glucocorticoids (GCs) are CYP3A enzyme substrates for which variations in metabo-
lism in the lung may be important. GCs are also potent inducers of CYP3A5 gene expression in lung 
epithelial cells [13,14]. The importance of CYP3A enzymes in the disposition of chemicals in the lungs 
has recently been illustrated by studies showing a relationship between altered CYP3A enzyme expres-
sion and asthma symptom control among children being treated with GCs. Patients with >1 copy of the 
inactive CYP3A4*22 variant reported improved symptom control when using fluticasone propionate 
[20], which is metabolized to a large extent by CYP3A4 [19]. Interestingly, metabolism of fluticasone 
propionate by CYP3A5 resulted in potent mechanism-based inactivation of the enzyme [275] suggesting 
that the beneficial effects of the CYP3A4*22 allele may be related to both a decrease in local clearance 
by CYP3A5 in lung cells as well as reduced systemic clearance by both CYP3A4 and CYP3A5 in other 
organs, mainly the liver (Figure 10.5). Similarly, patients expressing the non-functional CYP3A5*3 vari-
ant reported better asthma symptom control compared to those expressing the active 3A5*1 when using 
beclomethasone dipropionate [276]. Beclomethasone dipropionate was found to be metabolized mainly by 
esterase-dependent pathways leading to the therapeutic metabolite beclomethasone 17-monopropionate 

FIGURE 10.5 Metabolic scheme for CYP3A mediated metabolism and clearance of fluticasone propionate. An uniden-
tified metabolic intermediate of fluticasone propionate, presumably arising by metabolism at or near the C6-C7 position 
of the B-ring, has been shown to be a potent mechanism-based inhibitor of CYP3A5*1 and to a lesser extent CYP3A4*1. 
Concurrent expression of the inactive CYP3A4*22 variant in conjunction with CYP3A5 inhibition and/or CYP3A5*3 
expression has been suggested to reduce the clearance of fluticasone propionate in the lungs and systemically, resulting in 
improved asthma symptom control in children. Abbreviations: FP, fluticasone propionate.
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in lung epithelial cells as well as to inactive C6-OH and ∆6-dehydrogenated metabolites by CYP3A5 
[14,19]. It was concluded that CYP3A5 may effectively decrease the level of parent prodrug available for 
production of the active therapeutic molecule in lung cells; thus, attenuation of beclomethasone dipro-
pionate clearance in lung cells and elsewhere throughout the body due to CYP3A5*3 expression was 
likely the basis for the observed clinical benefit (Figure 10.6). It is currently hypothesized that both the 
CYP3A4*22 and 3A5*3 scenarios likely involve higher intra-pulmonary and blood levels of steroid as 
a basis for improved asthma control. Paradoxically, this could also influence hypothalamic-pituitary-
adrenal axis suppression that can occur with these drugs. However, the actual effects of the CYP3A4*22 
and CYP3A5*3 polymorphisms on GC pharmacokinetics have not yet been established.

CYP4B1 mRNA is routinely detected in human lung samples, although the expression of a functional 
enzyme in human lung tissue has been debated [9,277]. CYP4B1 expression has been detected in dif-
ferentiated human bronchial epithelial cells in an air liquid interface culture [278]. The prototypical 
substrate for the CYP4B1 enzyme from rabbit lung is 2-aminofluorene [279] and 4-ipomeanol, a classic 
pneumotoxicant, is metabolized effectively by this enzyme in rabbit and rat lung tissues. Recombinant 
human 4B1 did not bioactivate 4-ipomeanol, although the rabbit enzyme expressed in the same sys-
tem was an efficient catalyst of 4-ipomeanol bioactivation [280]. This likely the effect of issues related 
to expression of CYP4B1 as described above [105]. The rabbit cDNA has been expressed in mouse 
C3H/10T1/2 cells, and in these cells the enzyme bioactivated 4-ipomeanol to a cytotoxic intermediate 
[281]. CYP4B1 also metabolized 2-aminoanthracene in these cells to produce cytotoxicity. Recombinant 

FIGURE 10.6 Metabolic scheme highlighting the roles of esterase and CYP3A enzymes in the metabolism of the glu-
cocorticoid beclomethasone dipropionate, with CYP3A5 playing a more prominent role than CYP3A4. Beclomethasone 
is bioactivated to the pharmacologically active metabolite beclomethasone 17-monopropionate by esterase enzymes (bold 
arrows) and inactivated in a competitive manner by de-esterification at C-21 or CYP3A-mediated oxygenation and dehy-
drogenation at the C6-C7 position (lower structure). Beclomethasone 17-monopropionate is also degraded by esterases and 
CYP3A4. Attenuation of CYP3A5 metabolism by expression of the CYP3A5*3 variant has been suggested to attenuate 
the clearance of both beclomethasone dipropionate and beclomethasone 17-monopropionate in lung cells and systemically 
resulting in improved asthma symptom control in children. Abbreviations: BDP, beclomethasone dipropionate; B 17-MP, 
beclomethasone 17-monopropionate.
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goat CYP4B2 was expressed primarily in the lung and catalyzed the oxygenation of 2-aminofluorene, 
the prototype substrate for CYP4B1 enzymes, as well as preferential dehydrogenation of 3MI to the 
pneumotoxic methylene imine metabolite [135]. It is possible that CYP4B2 is a major contributor to 
the pneumotoxicity of 3MI in goats. In animal models, ocular expression of CYP4B1 is important in 
the synthesis of eicosanoids, which mediate oxidative stress [282].

Prostaglandin Synthases/Cyclooxygenases

Prostaglandin endoperoxide synthases or cyclooxygenases PTGS1/COX1 and PTGS2/COX2 are another 
important group of xenobiotic metabolizing enzymes present in the lung. These enzymes are respon-
sible for the biosynthesis of prostaglandins and thromboxanes [283–286]. COX3 is a splice variant of 
COX1 originally found in the CNS of dogs but is not functional in humans, and partial COX1 (PCOX1A 
and 1B), for which roles in physiology and drug metabolism have not yet been described, also exist 
[287]. bis-Dioxygenation of arachidonic acid by the cyclooxygenase function of PGH synthases yields 
the hydroperoxide-endoperoxide PGG2. Subsequent 2-electron reduction of the hydroperoxide by the 
peroxidase function of PGH synthases produces PGH2. PGH2 is the precursor of other prostaglandins 
(D2, E2, F2α, and I2) and thromboxane A2. Arachidonic acid metabolites have been shown to be produced 
by human alveolar type II cells [288] and essentially many other cells to varying degrees.

The peroxidase function of PGH synthases is similar in nature to that of other heme peroxidases that 
metabolize xenobiotics. PGH synthases form activated iron-oxo intermediates analogous to compounds 
I and II of horseradish peroxidase and exhibit relatively broad substrate specificity, reducing alkyl and 
lipid hydroperoxides as well as H2O2 [289,290]. The relatively high oxidation potentials of the inter-
mediate iron-oxo heme compounds that form during PGH synthase turnover can often facilitate the 
co-oxidation of xenobiotics, including the 1-electron oxidation of potentially pneumotoxic phenols and 
aromatic amines like 2-aminofluorene and benzidine, a potent bladder carcinogen [291,292]. Products 
of PGH synthase-mediated co-oxidation reactions are frequently shown to be identical to those pro-
duced by P450- and peroxidase-catalyzed reactions [293]. Classic examples of PGH synthase-mediated 
co-oxidation of human lung toxicants and carcinogens are aflatoxin B1 metabolism [294–296] and the 
conversion of benzo[a]pyrene 7,8-dihydrodiol to the genotoxic benzo[a]pyrene-7,8-diol-9,10-epoxide 
metabolite via hydroperoxide-dependent mechanisms [297,298]. Epoxidation of the benzo[a]pyrene 
7,8-dihydrodiol appears to be predominantly catalyzed by PGH synthase, not P450s, in type II alveolar 
cells from rats [299]. PGH synthase has also been shown to catalyze the epoxidation of the diol to tetrols 
(after hydrolysis of the epoxide) at approximately half the rate of P450-mediated turnover in hamster 
trachea and human lung explants [297]. PGH synthase is also being explored as a potential therapeutic 
target for the treatment of asthma [300] and lung cancer [301].

Flavin-Containing Monooxygenases

The flavin-containing monooxygenases (FMO) are another class of xenobiotic metabolizing enzymes. 
The participation of the FMO enzymes in the metabolism of xenobiotics has been well documented but 
the contribution of FMOs to oxidative metabolism is limited relative to P450 enzymes. However, in some 
instances, metabolism by FMOs is dominant especially for the oxidation of N-, P-, and S-containing 
chemicals. In humans, the FMO family consists of six genes whose protein products catalyze N-, P- 
and S-oxidation of nucleophilic small molecule xenobiotics to the corresponding N-, P-, and S-oxides 
[302,303]. The active site of FMOs is an activated C(4a)-hydroperoxide flavin generated by addition 
of oxygen to reduced flavin adenine dinucleotide (FADH2) [304]. This intermediate is relatively stable 
and FMOs typically reside in the activated form until a suitable substrate enters the enzyme active site 
[305,306]. Primary and secondary amines are good substrates for FMOs, but several other unusual 
substrates, such as secondary and tertiary amines, hydrazines, phosphines, iodides, and sulfides, are 
oxidized by these enzymes [302,303]. FMO3 has been shown to catalyze the N-oxidation of indoline 
to form N-hydroxyindole, N-hydroxyindoline, and an interesting novel dimer of indoline, [1,4,2,5]
dioxadiazino[2,3-a:5,6-a′]diindole [307]. Similar to P450 enzymes, FMOs generally convert lipophilic 
xenobiotics to more polar, oxygenated metabolites that are more readily excreted.
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The expression of FMO1, FMO2, FMO2.1, and FMO3 and FMO5 are generally considered to be 
 organ-selective [302,303,308]. In the human lung FMO2 is the primary FMO enzyme. Quantitative PCR 
analysis has shown that FMO2 mRNA is present at 50-fold higher concentrations than FMO3 and FMO5 
and 150-fold higher than FMO1 and FMO4 [308]. In mice FMO2 is also the dominant lung enzyme. 
However, FMO1 is also expressed at moderate levels representing ∼34% of the total FMO transcripts 
compared to the expression of approximately 59% for FMO2 [309]. FMO6 is also expressed at low 
 levels in the human lung but FMO6 is a non-functional pseudogene [302,303]. Similarly, the FMO2 gene 
(the FMO2*2 allele) in Caucasians and Asians codes for a prematurely truncated  protein that is readily 
degraded. FMO2.1, the full-length and functional form of FMO2 arising from the FMO2*1 genotype 
is expressed in ∼13%–26% of African Americans [303,310,311] and ∼5% in Hispanics [171,303,311]. 
The  significance of FMO2.1 expression in human lungs remains incompletely defined, but African 
Americans or Hispanics are likely to be significantly more susceptible to thiourea-mediated pneumotoxicity.

FMO-dependent metabolism is generally considered protective and it typically reduces both the tox-
icological and pharmacological potency of substrates [9,303]. However, examples of bioactivation of 
xenobiotics to electrophiles have been demonstrated. Examples include the conversion of thioureas like 
phenylthiourea (Figure 10.7) to its sulfenic acid and in a subsequent oxidation step to the sulfinic acid 
[312,313]. The toxicity of the thiourea was postulated to occur by redox cycling of the sulfenic acid with 
the parent thiourea, coupled to the oxidation of glutathione to its dimer. The pulmonary selective FMO2.1 
protein is functional and catalytically unique compared to the other FMOs, in that it exhibits significant 
thermal stability and more stringent substrate selectivity, due presumably to a restricted substrate access 
channel. FMO2.1 readily catalyzes the N-oxidation of primary alkyl amines, including n-dodecylamine, 
to produce N-hydroxy primary amines that can be oxidized to oximes [302,303,308]. Human FMO2.1 
also catalyzes the oxidation of lipoic acid [302,303,308] and organophosphate insecticides, including the 
efficient oxidation of phorate, disulfoton [311], and the lung toxicant, ethylenethiourea [312].

Finally, the physiological role of FMO enzymes has also been explored, particularly the role of FMOs 
in the metabolism of endogenous cysteamine to regulate cellular thiol status and H2O2 levels, as well 
as their metabolism of farnesylated proteins, and trimethylamine [302,303]. As such, it is possible that 
FMO2.1 may contribute significantly to pulmonary homoeostasis during oxidative stress induced by 
selected pneumotoxic xenobiotics in addition to the direct role in the metabolic modification of selected 
substrates. Whether differential expression of FMO2 and FMO2.1 play a major role in determining 
individual differences in susceptibility to selected pneumotoxicants is not fully understood. However, 
FMO2.1 is highly expressed in populations in sub-Saharan Africa (European and Asian populations do 
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FIGURE 10.7 The functional FMO2.1 enzyme is not present in Caucasians and Asians, who have the FMO*2 allele, 
which codes for a prematurely truncated protein. The functional enzyme is only present in respiratory cells of approxi-
mately 13%–26% of African Americans and 5% of Hispanics. Oxidation of phenylthiourea to its sulfenic acid metabolite 
and reduction back to the thiourea by glutathione oxidation to its disulfide leads to potent acute lung injury by reactive 
oxygen species and NADPH depletion. FMO2.1 also catalyzes the subsequent oxidation to the sulfinic acid metabolite. 
Abbreviation: FMO, Flavin-containing monooxygenases.
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not express FMO2.1) and metabolizes the antitubercular drugs thiacetazone and ethionamide, possibly 
contributing to therapy resistant tuberculosis [314].

Hydrolysis and Conjugation Enzymes

Epoxide Hydrolases

Epoxide hydrolases (EPHX1 and EPHX2), also known as epoxide hyratases, are well known for cata-
lyzing the hydration of arene, alkene, and aliphatic epoxides of PAHs and aromatic amines to form 
trans-dihydrodiols. The epoxide hydrolases and roles in human diseases have been reviewed [315–317]. 
EPHX1 is the endoplasmic reticulum-localized form while EPHX2 (also called soluble epoxide hydro-
lase or sEH) is cytosolic [318]. EPHXs contribute to both bioactivation and detoxification processes 
depending upon the substrate and cellular context. For example, while epoxide hydrolysis is key in the 
detoxification of many toxins and pneumotoxins (e.g., styrene oxide, PAH-epoxides, etc.), sEH/EPHX2 
has been found to play a potentially important role in promoting LPS-induced acute lung injury, based 
on findings that inhibition of this enzyme was associated with a reduction in multiple pro-inflammatory 
and injury-associated markers [152]. The basis for the protective effect of the inhibitor was attributed to 
an increase in pulmonary EETs from inhibiting the decomposition of these molecules to the correspond-
ing dihydroxyeicosatrienoic acids (DHETs) and potentially favoring the biosynthesis of, for example, 
anti-inflammatory 15-epi-lipoxin A4 from 14,15-EET. In general, the levels of these enzymes are lower 
in lung homogenates relative to liver preparations; however, EPHX expression and function is detectable 
in most lung cells and tissue fractions. Recently, it has been shown that 3-methylcholanthrene induces 
microsomal EPHX1 activity in both rat lung and liver, albeit induction in the lung was ∼50% that of the 
liver [319]. Furthermore, analysis of EPHX1 and EPHX2 gene expression in primary lung parenchymal 
cells confirmed the expression of both EPHX1 and EPHX2, and a number of CYP genes [268]. EPHX1 
was expressed at a level similar to that for cryopreserved hepatocytes, while EPHX2 was ∼50% [268].

A recurring theme of this chapter is that the cellular distribution of most drug metabolizing enzymes is 
variable in the lung. EPHX-mediated hydrolysis of styrene oxide was highest in the distal airways of bea-
gle dog lungs and the observed levels were twice that of liver preparations [320]. High EPHX activities in 
the distal airways corresponded to increases in Club cell abundance and EPHX activity was significantly 
higher in isolated Club cells versus alveolar type II cells [321] and presumably other epithelial cell types. 
As such, it seems that EPHXs are expressed more abundantly in more metabolically competent cells that 
generate higher amounts of reactive cytotoxic or genotoxic epoxides. Here EPHXs likely play critical 
roles in the detoxification of potentially deleterious electrophilic epoxide intermediates generated by the 
P450 enzymes. This concept is supported by findings that EPHX1 expression was markedly induced 
in broncho-alveolar lavage samples of smokers but repressed in bronchial biopsy samples taken from 
anterior portions of the lung; BAL samples consisted primarily of macrophages, but bronchial biopsy 
samples were comprised of epithelial cells [167]. The authors speculated that repression of EPHX1 in 
smokers was potentially beneficial in the context of bioactivation of benzo[a]pyrene. However, it is likely 
that reduced EPHX1 expression may have other adverse consequences in smokers as discussed below.

The balance between bioactivation and detoxification is the principal determinant of metabolism-
dependent toxicities and ultimately in the frequency of formation of neoplastic lesions. In this context, 
EPHXs are a double-edged sword. A direct role for epoxide hydrolase in pulmonary drug toxicities 
is demonstrated by the hydration of benzo[a]pyrene-7,8-epoxide following oxidation of benzo[a]pyrene 
by selected P450 enzymes. The product of epoxide hydrolysis is the benzo[a]pyrene-7,8-diol that can 
be readily conjugated and detoxified by conjugation enzymes. However, subsequent oxidation of the 
benzo[a]pyrene-7,8-diol to the benzo[a]pyrene-7,8-diol-9,10-epoxide by P450s represents the principal 
mechanism leading to DNA mutations and lung cancer. Despite the role of pulmonary EPHXs in the 
detoxification of selected epoxide intermediates elevated EPHX1 activity has been associated with an 
increased risk for lung cancer [322], particularly when CYP1A1 expression is high [323]. Decreased 
EPHX1 activity, either through low levels of expression or through the expression of poor functioning 
polymorphic variants (i.e., Y113H and H139R), has been associated with slightly decreased risks for 
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lung cancer [324]. It has been demonstrated that smokers with EPHX1-H139R (which is associated with 
a higher enzyme activity) had significantly higher DNA adduct levels [325], while expression of >1 copy 
of the H139R variant was associated with increased risks of lifetime asthma [326].

Roles for EPHX in pneumotoxicity have also been further evaluated using styrene and styrene oxide 
[97,98]. Styrene is metabolized in mouse lungs to the toxin styrene oxide (an epoxide), to a large extent 
by Cyp2f2 [97,101]. Epoxide hydrolysis by mEH/EPHX1 is recognized as a critical detoxification path-
way. In mEH/Ephx1-defifcient mice it was found that metabolism of styrene oxide to glycol was sup-
pressed, indices of both hepato- and pneumotoxicity were higher and mice were more susceptible to 
lethality. Interestingly, EPHX1 seemed to have less of an effect on exogenously delivered styrene oxide 
versus that which was metabolically generated from styrene in vivo. Finally, it should be noted that 
the Cyp2f2/Ephx1/styrene oxide pathway may not be involved in the carcinogenic effects of styrene in 
mouse lungs [327] that could explain the somewhat contradictory relationships between EPHX1, acute 
pneumotoxicity, and cancer risks.

UDP-Glucuronosyltransferases

Uridine diphosphate glucuronosyltransferases (UGT) are a super-family of microsomal xenobiotic 
metabolizing enzymes that catalyze the addition of UDP-glucuronic acid to small hydrophobic mol-
ecules with highly diverse structures. Some endogenous compounds such as bilirubin and bile acids 
can be conjugated with UDP-glucose and UDP-xylose [328]. However, the clinical significance of these 
conjugates is unclear. UGTs provide a primary mechanism of protection against the accumulation of 
unfolded proteins in the endoplasmic reticulum [329] and toxic xenobiotics and/or their oxidative prod-
ucts to render potentially toxic substances inactive and amenable for excretion [330]. UGT enzymes 
are found in bacteria, yeast, and plants, which catalyze the transfer of a glycosyl chemical group from 
a nucleotide sugar. The UGT family of genes is divided into four sub-families, UGT1, UGT2, UGT3, 
and UGT8 [328,331–333]. The human UGT1 sub-family is distinctively derived from a single gene locus 
and consists of UGT1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9, and 1A10. The UGT2 sub-family is 
comprised of multiple, similar genes that have evolved from gene duplication. The UGT2 family is 
comprised of UGT2A1, 2A2, 2A3, 2B4, 2B7, 2B10, 2B11, 2B15, 2B17, and 2B28. Members of the UGT3 
(UGT3A1, and 3A2) and UGT8 (UGT8A1) are thought to play a minimal role in the metabolism of 
drugs [328]. The different UGT enzymes often exhibit overlapping substrate profiles [334], but UGT2B 
 proteins exhibit reduced capacity to metabolize phenolic and heterocyclic compounds, such as the known 
carcinogens and pro-carcinogens found in cigarette smoke [331]. Conversely, UGT1 enzymes are highly 
active towards these substances.

UGT1A1, 1A3, 1A4, 1A6, 1A9, 2B4, 2B7, and 2B11 transcripts are considerably more abundant 
in human liver, while UGT1A6, 1A7, 1A8, 1A10, and 2A1 are primarily extrahepatic UGTs that are 
expressed at moderate levels in human pulmonary tissues [268,335–337]. Transcripts for UGT1A1, 1A3, 
1A5, 1A7, 1A8, and 2B12 were amplified from rat lung [336], while UGT1A1, 1A4, 1A6, 2A1, 2B4, 2B7, 
and 2B11 were detected in human lung samples and in most upper aero-digestive tract tissues including 
the mouth and tongue [268,337]. In general, the overall extent of glucuronidation of xenobiotics by pul-
monary tissues is considered to be minimal but not insignificant with respect to xenobiotic toxicology. 
For example, 4-nitrophenol glucuronidation in rat lung microsomes is only 30% of the rat liver micro-
somal rate of glucuronidation [338]. However, cell-type selective differences in metabolic capacity were 
observed, because rat Club cells glucuronidated 4-methylumbelliferone to a greater extent than did iso-
lated alveolar type II cells [339]. Again, the overall metabolic capacity of Club cells is generally higher 
than other cells in the lung. Recently it has been shown that a mixture of PAHs was able to induce the 
expression of rat lung UGT1A6 and 1A9. However, the glucuronidation activities of UGT1A6 and 1A9 
were considerably lower and were highly variable in human lungs [340]. Unfortunately, other UGT activ-
ities were not evaluated in this study, but the authors [268] showed similar results using multiple probe 
substrates. In 2002, no member of the UGT1A genes had been found to be expressed in human lung tis-
sue [337], but more recent studies [94], and those described above, confirm the expression of a number 
of UGT1 enzymes. In contrast, UGT2A1, 2B4, 2B7, 2B10, 2B11, 2B15, and 2B17 are expressed in human 
and animal nasal epithelium and lung at levels equal to or even greater than in liver [268,337,341,342]. 
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In fact, UGT2A1 may be selectively expressed at high levels in the nasal epithelium [336,341] and to a 
lesser extent in the whole lung, albeit still higher than in hepatocytes [268]. Recombinant UGT2A1 gene 
expressed in mammalian cells has broad substrate selectivity and it shows activity towards a number 
of phenolic, aliphatic, and monoterpenoid alcohols, selected steroids and androgens, and carcinogens 
[341]. Therefore, it is possible that this enzyme plays a direct role in the inactivation of odorants such as 
eugenol [343].

Examples of bioactivation of xenobiotics to toxins by UGTs are limited and contributions to toxic-
ity are typically due to a lack of efficient detoxification of xenobiotics by UGT enzymes rather than 
a gain of toxicity. A mechanism (Figure 10.6) for the pneumotoxicity and pulmonary carcinogenicity 
of trichloroethylene has been proposed to be mediated by deficient UGT activities in lung Club cells 
[344]. The authors showed that isolated Club cells from mice did not possess sufficient UGT activity to 
glucuronidate trichloroethanol, while isolated hepatocytes efficiently formed this inactive metabolite 
(Figure 10.8). The lack of glucuronidation of trichloroethanol was proposed to lead to the build-up of 
the cytotoxic P450-generated intermediate, chloral, in the Club cells. Thus, the lack of detoxification 
by glucuronidation in susceptible cells was proposed as an operative mechanism for the toxicity of tri-
chloroethylene and likely applies to many other pneumotoxins. It is also possible that bioactivation by 
glucuronidation may produce toxicities to respiratory tissues, by mechanisms analogous to acyl linked 
glucuronide toxicities to hepatic tissues [345] and renal tissues [346]. UGT polymorphisms have been 
implicated as risk factors for cancers of the lung (as well as other tissues) [347].

Glutathione S-Transferases

A recent and informative review of Glutathione S-Transferases (GSTs) is provided by Hayes et  al. 
[348]. GSTs catalyze the nucleophilic addition of reduced glutathione to hydrophobic compounds that 
contain electrophilic carbon, nitrogen, and sulfur atoms. Prototypical substrates include halogen or 
nitrobenzenes (e.g., 1-chloro-2,4-dinitrobenzene/CDNB), arene oxides, quinones, and α,b-unsaturated 
carbonyls. Furthermore, GSTs catalyze the isomerization of unsaturated compounds and participate in 

FIGURE 10.8 Mechanism of selective Club cell damage by trichloroethylene, caused by the lack of detoxification. 
Although chloral, the putative toxic intermediate from trichloroethylene can be formed in both mouse lung Club cells 
and hepatocytes; efficient detoxification of this aldehyde by reductase and by UGT is lacking in the lung epithelial cells. 
Abbreviation: UGT, uridine diphosphate glucuronosyltransferases.
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the synthesis of various prostaglandins and leukotrienes [349–351]. Cytosolic, microsomal, and mito-
chondrial forms of GST exist. Cytosolic GSTs are the largest family of enzymes and are comprised of 
two subunits of 199–244 amino acids each. Cytosolic GSTs are divided into the following seven major 
sub-classes: alpha (GSTA1 through A5), mu (GSTM1 through M5), kappa (GSTK1), theta (GSTT1 and 
T2), omega (GSTO1 and O2), pi (GSTP1), sigma (GSTS1), and zeta (GSTZ1), based on amino acid simi-
larities and antibody cross-reactivity. At least 16 different cytosolic GSTs are expressed by humans, due 
in part to the fact that alpha and mu class GST subunits form heterodimers [349]. Microsomal GSTs are 
dimeric enzymes comprised of 226 amino acid kappa class subunits and belong a family of proteins 
collectively referred to as membrane associated proteins involved in eicosanoid and glutathione metab-
olism (MAPEGs) [349,350,352]. There are six MAPEG proteins, microsomal GSTs (MGST1-3, leu-
kotriene C4 synthase, 5-lipoxygenase activating protein/FLAP, and prostaglandin E synthase/PTGS). 
It is the MGSTs 1-3 that have glutathione S-transferase and peroxidase activities and are involved in 
cellular defense against toxic, carcinogenic, and pharmacologically active electrophilic compounds. 
Chloride Ion Channel (CLIC) proteins (CLIC 1-5) and ganglioside-induced differentiation-associated 
proteins (GAPD1 and GAPD1-like 1) are also members of the cytosolic GST family, based on struc-
tural similarities. However, these proteins do not catalyze GSH-dependent reactions with common GST 
substrates [348].

The expression of GSTs in respiratory tissues has been evaluated in animals and in humans. 
The   precise elucidation of which GSH transferase exists in which cells of the respiratory system 
have not been accurately determined, because most studies simply determine the aggregate CDNB 
activities of gene expression in lung homogenates or mixed populations of cells. CDNB activity 
 distribution in the lung was slightly higher in proximal airways than in distal airways of the mouse 
and monkey [353]. It appears that at least the alpha, mu, and pi classes are expressed in rat [354] and 
human [355] lung  samples. It has been shown that the pi, mu, and alpha classes of GSTs represent 
approximately 94%, 3%, and 3%, respectively, of the total human lung activity toward CDNB [356], 
although  differences in the ability to catalyze CDNB conjugation likely confounded determination 
of the true ratios of enzyme expression. Regardless, immunochemical staining of GST enzymes in 
human lungs demonstrated expression of the alpha and pi forms in large and small airway epithe-
lial tissues [355] and recent studies of BAL and bronchial biopsy samples from smokers and non-
smokers confirmed the expression of GSTP1, GSTA2, and GSTM1. Cytosolic GST alpha was mildly 
induced by 3- methylcholanthere in rat lungs [319]. As with many other drug-metabolizing enzymes, 
Club cells tend have considerably higher GST activity than alveolar type II cells, using CDNB as a 
probe [339,357], consistent with the expected elevated production of reactive electrophiles by resident 
P450 (and other) enzymes in Club cells.

Conjugation of xenobiotics by GST enzymes is typically considered protective. GSTs, particularly 
GSTP1, are over-expressed during lung cancer, rendering the cancer cells less susceptible to some anti-
cancer drugs. Several studies have attempted to link polymorphisms of the mu class of GSTs in human 
lung tissues with susceptibility to lung cancer induced by cigarette smoking [358] as well as possibly 
ambient pollutant toxicities [359–366]. A particularly strong association has been shown between genetic 
polymorphisms in the CYP1A1 gene and a deficient genotype of a mu GSTs, relative to lung cancer 
induced by cigarette smoking [367]. Individuals with both genetic alterations had elevated risks for lung 
cancer from smoking.

Similarly, GSTA4 null mice have been shown to be more sensitive to the pneumotoxicant paraquat 
and to exhibit a reduced capacity to conjugate the toxic α,b-unsaturated aldehyde 4-hydroxynonenal 
[368]. Conjugation with GSH has been shown to be protective in the lung against toxicities elected by 
DCE [117,222], naphthalene [369–371], 3MI [111], and isocyanates [372,373]. However, there are some 
instances where conjugation promotes toxicity, such as that observed with formation of the unstable elec-
trophilic DNA modifying agent S-chloromethylglutathione from dichloromethane [374,375] or the deple-
tion of intracellular GSH stores via recycling of selected isothiocyanate conjugates (i.e., thiocarbamates).

Variations in GSTs have also been investigated as risk factors for respiratory diseases includ-
ing asthma, particularly asthma associated with environmental exposure to high levels of pollutants 
[359–366]. Many studies have suggested relationships between GST variations and asthma. However, 
recent  meta-analyses do not necessarily support such associations [376,377]. It is unclear whether the 
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lack of associations in the meta analyses versus many independent studies was due to a true lack of asso-
ciation or simply a product of inadequately controlling for variable such as specific asthma  sub-types/
endotypes, which should be considered in future studies.

Conclusions

This chapter is intended to provide an overview of the metabolic enzymes that exist in respiratory tis-
sues and to distinguish metabolism of drugs in this organ system from other anatomical regions that also 
participate to a greater or lesser extent in the metabolism of xenobiotics. The lung should not be viewed 
as a metabolic organ with lower activities than liver but rather as an active, dynamic, and often highly 
selective metabolic tissue with important contributions to xenobiotic disposition and toxicity. The com-
plexity of cellular distribution and function and gene expression in respiratory tissues provides a unique 
paradigm for scientists involved in drug metabolism, toxicology, risk assessment, and pharmaceutical 
development. As we continue to learn more about the mechanisms of selective gene expression in  certain 
lung cells, and the functional consequences of the enzymology of the gene products, predictions of 
 metabolic processes and toxicological consequences will become possible.
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Introduction

The oral route remains the most common, convenient, economical, and generally safest means for drug 
administration. However, for drugs intended to act systemically, this route is not always the most efficient 
due to the numerous anatomic and physiologic barriers that drugs can encounter from the time of 
ingestion until the time of entry into the general circulation. Consequently, before an orally administered 
drug enters the systemic circulation and elicits pharmacologic effects in the target tissue(s), significant 
loss of the original dose can occur during sequential passage through the gastrointestinal (GI) tract, 
the liver, and the cardiopulmonary system. These barriers can preclude the use of some drugs as oral 
agents. Isoproterenol, dihydroergotamine, lidocaine, nitroglycerin, fentanyl, and naloxone are examples 
of drugs that are susceptible to a high first-pass effect, which refers to the loss of drug as the dose 
passes, for the first time, through organs of elimination during transit from the site of administration to 
the systemic circulation [1]. Processes known to cause significant loss of active drug during first-pass 
include incomplete release from the dosage form, degradation in the GI lumen, poor permeation through 
the GI wall, active export into the GI lumen, biliary excretion, and metabolism. Of these processes, only 
metabolism can take place in all of the aforementioned organs.

Metabolism represents the major means by which the body eliminates drugs [2,3]. Enzymatic 
modification of the drug generally produces inactive metabolites with increased polarity and water-
solubility to enhance excretion. The extent of conversion of several drugs to inactive metabolites can be 
large enough such that circulating concentrations of active drug are reduced significantly, which in turn 
can cause a significant decrease in pharmacologic activity and, ultimately, a reduced clinical response. 
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Drugs with a narrow therapeutic window that undergo extensive first-pass metabolism are particularly 
vulnerable to a reduced clinical response. In addition, the extent of first-pass metabolism can vary 
substantially between individuals, further hampering the optimization of oral drug therapy.

Of the first-pass organs of drug elimination, the liver is the most often implicated, in large part 
because it expresses the highest specific contents of drug metabolizing enzymes. Next to the liver, the 
small intestinal mucosa is undoubtedly the most important extrahepatic site of drug metabolism [3]. 
Although the role of the relevant enzymes in the liver has been established for some time, relatively less 
is known about the complement of enzymes in the small intestine. Nevertheless, considerable progress 
has been made within the last three decades regarding the identification and characterization of different 
subfamilies and individual isoforms. In parallel, the potential impact of intestinal first-pass metabolism 
on oral drug disposition has become increasingly recognized. Before discussing the various enzymes and 
the clinical implications, an understanding of drug movement through the GI wall is warranted.

Drug Movement through the Gastrointestinal Wall

The GI tract is the first in the sequence of organs that drugs encounter when taken orally. Most drugs are 
administered as solid dosage forms. As such, dissolution of the dosage form must occur in the GI lumen 
before the molecules are absorbed through the GI wall. Several physicochemical properties of both the 
drug and the GI environment govern the rate of dissolution. Drug properties include solubility, particle 
size, salt form, complexation, and crystal form; environmental properties include pH and lumenal stirring 
[4]. Following dissolution of the dosage form, the drug molecules must then traverse the contents of the 
lumen (e.g., water, food, bacteria) and a mucous layer before they are absorbed through the epithelial 
layer into the lamina propria, which contains the capillaries that eventually lead to the portal vein.

Most drugs are weak acids or weak bases and are absorbed by passive diffusion. Based on the pH 
partition hypothesis, which assumes that only unionized drug can traverse biological membranes, weak 
acids should be absorbed more rapidly from the stomach (pH 1–3) than from the small intestine (pH 6–8) 
or large intestine (pH 6–7) [5]. The converse is predicted for weak bases. Contrary to this hypothesis, the 
majority of drugs are absorbed predominately in the small intestine, regardless of whether they are weak 
acids or weak bases, and whether in the unionized or ionized form. This discrepancy between actual 
sites of drug absorption and those predicted by the pH partition hypothesis can be explained by two key 
factors that render the small intestine more receptive to drug absorption than the stomach or the large 
intestine: surface area and permeability.

The adult small intestine, which has an anatomical length (i.e., length at autopsy or after surgical 
removal) of approximately 500 cm, is divided into three segments: duodenum, jejunum, and ileum [6]. 
The duodenum measures 25–30 cm in length, begins just distal to the pyloric sphincter of the stomach, 
and ends at the ligament of Treitz [6]. Whereas the ligament of Treitz distinguishes the duodenum from 
the jejunum, no such anatomical landmark distinguishes the jejunum from the ileum; however, the 
jejunum is generally assumed to represent the proximal two-fifths, and the ileum the distal three-fifths, 
of the remainder of the small intestine (approximately 200 and 300 cm, respectively). The length of the 
entire large intestine is approximately 160 cm [6,7].

The major function of the small intestine is to absorb nutrients. The unique morphology of the mucosal 
surface facilitates this task. A cross-section of the small intestine shows extensive folding (Figure 11.1). 
These folds of Kerkering, or plicae circulares, are circular folds created by mucosal/submucosal 
invaginations into the lumen. These structures, which are predominant in the duodenum and jejunum 
and are essentially absent by the middle ileum, are lined with finger-like projections, or villi. At the 
base of the villi are the crypts of Lieberkuhn, which consist of undifferentiated (crypt) cells. Over the 
course of two to three days, crypt cells migrate to the villous tips while maturing into various cell types, 
including mucus-secreting goblet cells, enteroendocrine cells, and absorptive cells (enterocytes); after 
three more days, the mature cells of the villous tips are shed into the lumen [6,8]. Enterocytes, which are 
the predominant cell types that compose the single layer of epithelial cells lining the villi, are further 
lined with microvilli. Taken together, this combination of circular folds, villi, and microvilli creates 
a tremendous absorptive surface area. In adults, this area has historically been estimated at 200 m2, 
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roughly the size of a tennis court, but more recent estimates suggest an area closer to one-half of a 
badminton court (30 m2) [9]. In comparison, the surface area of the stomach is approximately 0.053 m2, 
and that of the large intestine is approximately 0.35 m2 [7].

In addition to having a much greater surface area than the stomach and large intestine, the small 
intestine is more permeable, due in part to having both a relatively thin epithelial layer and a lower 
electrical resistance [1]. Thus, as with nutrients, the small intestine is the prime site for the absorption 
of drugs. Additionally, because surface area and permeability decline from proximal to distal regions, it 
can be argued that, at least for immediate-release formulations, drug absorption occurs predominately 
in the duodenum and jejunum.

Absorption of drug molecules through the small intestinal epithelial layer occurs via paracellular 
or transcellular mechanisms. That is, the molecule can either passively diffuse between enterocytes 
(paracellular), or it can passively diffuse or be actively transported through the apical (lumenal) and 
basolateral membranes of enterocytes (transcellular). Most hydrophilic, polar drugs are absorbed by the 
paracellular route (exceptions are polar drugs that are actively transported across the epithelial cell), 
whereas most lipophilic, nonpolar drugs are absorbed by the transcellular route [10]. For drugs absorbed 
by the latter route, the opportunity exists for first-pass metabolism, as the relevant enzymes are located 
intracellularly, predominantly in the endoplasmic reticulum or cytosol of enterocytes. As such, evidence 
has amassed that the small intestine can contribute significantly to the overall first-pass metabolism of 
drugs, potentially with clinical ramifications.

Clinical Implications of Intestinal First-Pass Metabolism

Many commonly prescribed drugs undergo extensive first-pass metabolism upon oral administration 
(Table 11.1). Regarding those listed in Table 11.1, at least 45% of the original dose is lost, on average, 
before entering the systemic circulation. That is, all have a low average oral bioavailability (Foral), which 
refers to the fraction of the oral dose that reaches the systemic circulation in the unchanged form. Because 
metabolism is frequently the major driver of first-pass drug elimination, Foral is often used to assess the 

FIGURE 11.1 Functional architecture of the intestinal epithelium. (a) The lumen is lined with villi. (b) Enterocytes are 
generated in a stem cell niche composed of crypt base columnar (CBC) cells and flanking Paneth cells (PC). (c) The enterocytes 
are lined with microvilli. (Reproduced with permission from Crawley, S.W. et al., J. Cell Biol., 207, 441–451, 2014.)
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extent of first-pass metabolism. Foral can be calculated from the ratio of the area under the blood or 
plasma concentration-time curve following oral administration (AUCoral) to that following intravenous 
administration (AUCiv) after correcting for dose (Equation 11.1):
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(11.1)

When drug metabolizing organs are arranged sequentially (e.g., the small intestine and liver), Foral may 
be viewed as the product of the fractions of the oral dose that escape first-pass metabolism by each organ 
(Eq. 11.2):

 Foral = Fabs × FI × FL  (11.2)

where Fabs is the fraction of an oral dose absorbed intact through the apical membrane of the enterocyte, 
and FI and FL are the fractions of the absorbed dose that escape metabolism by the intestine (enterocytes) 

TABLE 11.1

Selected Drugs with Low and Variable Oral Bioavailability Believed to Be due in Part to Intestinal 
 First-Pass Metabolism

Drug Intestinal Enzyme(s)
Oral Bioavailability (%)

(Average ± SD)

Alfentanil CYP3A [71,77] 43 ± 19

Amiodarone CYP3A 46 ± 22

Atorvastatin CYP3A 12

Buspirone CYP3A 3.9 ± 4.3

Cyclosporine CYP3A 28 ± 18

Diclofenac CYP2C9 54 ± 2
Dihydroergotamine CYP3A [178,179] 0.5 ± 0.1

Diltiazem CYP3A 38 ± 11

Erythromycin CYP3A 35 ± 25

Ethinyl estradiol CYP3A, SULT1E1, UGT1A1 [142,152,163] 42

Felodipine CYP3A 15 ± 8

Fluvastatin CYP2C9 29 ± 18

Irinotecan CYP3A, CES2 [137,138,180] 8

Isoproterenol SULT1A3 [142,148] 28

Lidocaine CYP3A 35 ± 11

Losartan CYP2C9, CYP3A 36 ± 16

Lovastatin CYP3A ≤5

Midazolam CYP3A 44 ± 17

Nicardipine CYP3A 18 ± 11

Nifedipine CYP3A 50 ± 13

Omeprazole CYP2C19, CYP3A 53 ± 29

Oxybutinin CYP3A 1.6−10.9

Raloxifene UGT1A1, UGT1A8, UGT1A10 [164,165] 2

Saquinavir CYP3A 4−13

Sirolimus CYP3A 15

Tacrolimus CYP3A 25 ± 10

Terbutaline SULT1A3 [150] 14 ± 2

Triazolam CYP3A 44

Verapamil CYP3A, CYP2C9 22 ± 8

Enzyme(s) and bioavailability values are from reference [181] unless indicated otherwise.
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and liver, respectively. In terms of extraction ratios (fractions of the absorbed dose that do not escape 
first-pass metabolism), Eq. 11.2 can be rewritten as follows (Eq. 11.3):

 Foral = Fabs × (1−EI) × (1−EL)  (11.3)

where EI and EL are the extraction ratios associated with the intestine and liver, respectively. 
Equation 11.2 illustrates the impact of a second presystemic site of metabolism on Foral. For example, 
if the entire dose of a drug is absorbed into the enterocytes intact (Fabs =  1), the FI is 60%, and the 
FL is 40%, then an Foral of 24% is predicted. If only first-pass metabolism by the liver is considered 
(1 × 1 × 40%), then an Foral of 40% is predicted. Thus, omission of the intestinal component would 
result in an overestimation of Foral, which could potentially lead to suboptimal dosing and potential 
therapeutic failure due to ineffective concentrations at the site(s) of action. For drugs that have a wide 
therapeutic window, simply increasing the dose can rectify this situation. However, for drugs that have 
a narrow therapeutic window, optimization of oral dosing regimens becomes more challenging. Factors 
that significantly alter metabolism, including other xenobiotics that induce or inhibit drug metabolizing 
enzymes, thus altering FI and/or FL, present additional challenges to optimal oral drug therapy.

The above equation also illustrates the potential impact of a second presystemic site of metabolism on 
the interindividual variation in Foral. For example, if a drug has an FI that varies from 30% to 60% (2-fold 
range), an FL that varies from 20% to 80% (4-fold range), and the extraction efficiencies of the gut and 
liver vary independently, then Foral will vary from 6% to 48% (8-fold range), resulting in a 100% increase 
in the variation in Foral (if only FL were considered initially). Data collected from 143 pharmacokinetic 
studies showed a significant inverse correlation between Foral and the interindividual variation in Foral, 
as measured by the coefficient of variation in Foral [11]. This relationship indicated that the greater the 
extent of first-pass elimination, the greater the variation in Foral. Accordingly, knowledge of the degree 
of variation in the expression of major drug metabolizing enzymes in the human intestine is essential, as 
these enzymes can represent a key determinant of not only the extent of first-pass metabolism, but also the 
interindividual variation in Foral and the probability and magnitude of drug-xenobiotic interactions [12,13].

Drug Metabolizing Enzymes in the Gut Wall

The human GI tract shares several of the same drug metabolizing enzymes as the liver and includes both 
phase I and phase II enzymes (Table 11.2). As with enzymes in the hepatocyte, enzymes in the entero-
cyte generally reside in either the microsomal or cytosolic fraction (Table 11.2). Compared to enzymes 
in the liver, research on the expression and catalytic properties of the complement of enzymes in the 

TABLE 11.2

Drug Metabolizing Enzymes in the Human Small Intestine that Are Known to 
Be Expressed at the Protein Level and to have Catalytic Activity

Enzyme Location in Subcellular Fraction

Phase I

Cytochromes P450 (CYPs) Microsomes

Carboxylesterases (CESs) Microsomes, Cytosol

Epoxide Hydrolases (EHs) Microsomes, Cytosol

Flavin Monooxygenases (FMOs) Microsomes

Phase II

Sulfotransferases (SULTs) Cytosol

UDP-Glucuronosyltransferases (UGTs) Microsomes

Catechol-O-methyltransferases (COMTs) Microsomes, Cytosol

N-Acetyltransferases (NATs) Cytosol

Glutathione S-Transferases (GSTs) Microsomes, Cytosol
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intestine has lagged, largely due to a limited supply of high quality tissue, as well as a lack of sensitive 
methods for detecting the relatively lower expression and catalytic activity of gut enzymes compared to 
liver enzymes. However, over the past two decades, a variety of human intestine-derived tissue prepara-
tions have become available, including subcellular fractions (microsomes, cytosol), precision-cut tissue 
slices, shed enterocytes, Ussing chamber preparations, and intestinal cell lines [14–16]. In parallel, ongo-
ing identification of selective catalytic probe substrates and inhibitors and improved methods of detec-
tion have permitted rigorous characterization of specific intestinal enzymes.

Phase I Enzymes

Cytochromes P450

The cytochromes P450 (CYPs) are the most prominent of the enteric phase I enzymes. The existence 
of CYP protein and associated monooxygenase activity (7-ethoxycoumarin O-deethylation) in the 
human small intestine was first reported in 1979 by Hoensch and coworkers [17], who determined total 
CYP content in a small number of surgical specimens. Average (± SD) content, as measured by carbon 
monoxide difference spectra, declined from proximal to distal regions and ranged from 93  ±  19 to 
35 ± 4 pmol/mg microsomal protein; 7-ethoxycoumarin O-deethylase activity paralleled this pattern. 
Similar values were reported later by other investigators [18,19]. Thus, per mg microsomal protein, total 
CYP content in the average adult small intestine ranges from approximately 10%–30% of that in the 
average human liver. Almost a decade following the report by Hoensch et al., a series of pivotal in vitro 
and in vivo studies by Watkins and coworkers identified CYP3A as the major CYP subfamily expressed 
in human enterocytes.

CYP3A

In Vitro Studies Using mucosae isolated from jejunal sections from four surgical patients, Watkins 
et  al. identified a CYP enzyme and associated mRNA that were recognized selectively by an anti-
CYP3A1 murine monoclonal antibody (which detected all human CYP3A forms) and HLp (CYP3A4) 
cDNA, respectively [20]. Using purified HLp as the reference standard, average (± SD) CYP3A protein 
content in microsomes prepared from the specimens was comparable to that for liver microsomes 
prepared from four separate organ donors/surgical patients (70 ± 20 vs 65 ± 20 pmol/mg). The average 
CYP3A-catalyzed rate of erythromycin N-demethylation in jejunal microsomes was comparable to that 
for liver microsomes and was inhibited by anti-CYP3A1. Three years later, de Waziers and coworkers 
[21] quantified, by immunoblot analysis, the expression of various CYP isoforms/subfamilies in 
microsomes prepared from the following human extrahepatic tissues: esophagus, stomach, duodenum, 
jejunum, ileum, colon, and kidney. These investigators reported that, next to the liver, the duodenum 
was the highest with respect to immunoreactive CYP3A protein, followed by the jejunum, followed by 
the ileum. Average duodenal, jejunal, and ileal CYP3A content represented approximately 50%, 30%, 
and 10%, respectively, of average hepatic CYP3A content. Corresponding values for the remaining 
extrahepatic organs were less than 5%. Consistent with the report by Watkins et al., CYP3A was the 
dominant CYP expressed in all three regions of the small intestine. More recently, a comprehensive 
analysis of microsomes prepared from the duodenal/proximal jejunal portion of 31 unrelated human 
donor small intestines demonstrated CYP3A as the major “piece” of the intestinal CYP “pie”, 
representing ~80% of total immunoquantified CYP protein [22] (Figure  11.2). Subsequent to the 
earlier in vitro studies, the significance of intestinal CYP3A to first-pass drug metabolism in vivo was 
demonstrated.

In Vivo Studies The widely used immunosuppressive agent, cyclosporine, is plagued with having 
a large interindividual variation in Foral, which has been reported to range from 5% to 89% for the 
conventional formulation (Sandimunne®) [23] and from 21% to 73% for the microemulsion formulation 
(Neoral®) [24–27]. This property, coupled with a narrow therapeutic window, can lead to an under- or 
overdosing of the patient, which in turn can lead to graft rejection or toxicity. The low and unpredictable 
Foral of cyclosporine was believed initially to result from erratic absorption through the intestinal lumen 
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coupled with variable hepatic first-pass metabolism (i.e., a low and variable Fabs and FL). However, 
Watkins and coworkers [28], after instilling cyclosporine into the duodenum of two patients during the 
anhepatic phase of their liver transplant operations, measured appreciable concentrations of two CYP3A-
mediated primary metabolites in hepatic portal and systemic blood. The investigators concluded that the 
extrahepatic site of metabolism was the gut because organs other than the gut (i.e. kidney and lung) 
express low levels of CYP3A, and portal metabolite concentrations exceeded systemic concentrations 
at the end of the anhepatic phase of the operation. These observations provided direct evidence that the 
small intestine contributes significantly to the first-pass metabolism of a CYP3A substrate. A subsequent 
pharmacokinetic analysis of cyclosporine AUC after oral and intravenous administration suggested that 
the intestine, rather than the liver, was largely responsible for the first-pass elimination of cyclosporine 
[29]. However, cyclosporine is now known to be a substrate for the efflux transporter P-glycoprotein 
(P-gp), which is expressed on the apical membranes of enterocytes and other cell types. As such, 
this indirect approach would not distinguish between intestinal CYP3A-mediated metabolism and 
P-gp-mediated efflux.

Unlike cyclosporine, the sedative-hypnotic agent and CYP3A substrate midazolam is not a substrate 
for P-gp [30] and thus should serve as a “clean” in vivo CYP3A probe. Using a study design similar to that 
for the cyclosporine study, the disposition of midazolam and primary metabolite, 1′-hydroxymidazolam, 
was examined in a larger group of anhepatic transplant recipients following either intravenous (n = 5) or 
intraduodenal (n = 5) administration [31]. Blood was collected simultaneously from the hepatic portal 
vein and a peripheral artery during the approximately one-hour anhepatic phase. Using the difference 
between the arterial and hepatic portal venous midazolam AUCs (intravenous) or between the hepatic 
portal venous and arterial midazolam and 1′-hydroxymidazolam AUCs (intraduodenal), an average 
(± SD) extraction fraction of 8%  ±  12% and 43%  ±  18% was calculated for subjects who received 
midazolam by the intravenous and intraduodenal route, respectively. The low and variable extraction 
fraction following intravenous administration indicated that the intestine contributed somewhat to the 
systemic metabolism of midazolam. Importantly, the fivefold greater value following oral administration 
was consistent with the average intestinal extraction ratio estimated in healthy volunteers (43%–47%) 
[32,33]. These values also were consistent with the average hepatic extraction ratio estimated in healthy 
volunteers (44% ± 14%) [32]. These data strongly indicated that the small intestine is a major determinant 
of the overall extent of the first-pass metabolism of midazolam and can rival the liver.

Using the indirect approach, enteric CYP3A also has been shown to contribute significantly to the first-
pass metabolism of alfentanil, atorvastatin, buspirone, cisapride, felodipine, nifedipine, and verapamil 
[34–36]. The comparable contributions of the intestine and liver (mean extraction ratio of 49% and 48%, 
respectively) to the overall first-pass elimination of verapamil was confirmed subsequently using a 

FIGURE 11.2 The average human proximal small intestinal cytochrome P450 “pie”. The percent contributions of 
individual enzymes are based on average total immunoquantified CYP content (61 pmol/mg). (Adapted with permission 
from Paine, M.F. et al., Drug Metab. Dispos., 34, 880–886, 2006.)



322 Handbook of Drug Metabolism

method involving a multilumen intestinal perfusion technique and stable isotope-labeled drug [37]. This 
method demonstrated the importance of the intestine to not only the first-pass metabolism of verapamil, 
but also the secretion of verapamil metabolites, some of which are substrates for P-gp and possibly 
MRP2 (multidrug resistance associated protein 2), another efflux transporter known to be expressed on 
the apical membranes of enterocytes. Indeed, intestinal secretion was shown to be as important as biliary 
excretion for the elimination of the metabolites.

For all of the aforementioned drugs, significant intestinal first-pass metabolism occurred despite that 
total CYP3A content of the entire gut mucosa has been estimated to be approximately 1% of total hepatic 
CYP3A content (70 vs 5490 nmol) [18,38]. Of apparently more importance than total enzyme mass is the 
comparable intracellular enzyme concentration (enterocyte vs hepatocyte) and the obligatory nature of 
drug passage through the enterocyte (if transcellular absorption is operative). Thus, a more appropriate 
comparison might be microsomal intrinsic activities. For example, mean CYP3A-mediated rates of 
erythromycin N-demethylation [20], tacrolimus O-demethylation [39], midazolam 1′-hydroxylation [18], 
and testosterone 6b-hydroxylation [40] in small intestinal (duodenal/jejunal) microsomes were 45%–120% 
of corresponding metabolic rates in hepatic microsomes. Based on these data, mean intestinal mucosal 
intrinsic clearances may be comparable to corresponding hepatic intrinsic clearances. Whether or not 
such a similarity will occur in vivo is more difficult to predict, as total oral dose, enzyme saturability, 
and absorption rate become relevant. Should the dose be large enough, and the Km of the drug for the 
enzyme active site be low enough, it is possible that the majority of absorbed drug could escape intestinal 
first-pass metabolism. Some of the HIV protease inhibitors (e.g., indinavir, saquinavir, and the active 
metabolite of fosamprenavir, amprenavir) may represent such drugs.

CYP3A4 versus CYP3A5 As in the liver, CYP3A4 protein appears to be expressed constitutively in 
the small intestine of all individuals, whereas CYP3A5 expression is polymorphic. Immunoreactive 
CYP3A5 protein was detected readily at a frequency of 20%–30% in intestinal tissue obtained from 
adult Caucasians [18,41,42]. Moreover, if detected, the enzyme was expressed along the length of the 
small intestinal tract [18]. As has been shown for the liver [43], the frequency of CYP3A5 expression 
in the small intestine varies among different racial/ethnic groups [42]. With the advent of specific, 
commercially available antibodies and suitable reference standards for immunoblot analysis, CYP3A5 
was reported to constitute 3%–80% of total intestinal CYP3A (CYP3A4+CYP3A5) protein content 
[22,44]. Accordingly, like hepatic CYP3A5 [43,45], enteric CYP3A5 may contribute significantly to the 
first-pass metabolism of drugs in some individuals. Identification of a selective in vivo CYP3A5 probe 
substrate is needed to test this hypothesis.

Significant expression of CYP3A4 in the GI tract appears to be restricted to the small intestine. 
Both CYP3A5  mRNA and protein expression in the mucosa of the stomach and colon were more 
prominent than corresponding CYP3A4 measures [46,47]. Consistent with these observations, in two 
full-length human donor small intestines that were CYP3A5-positive, the ratio of CYP3A5–CYP3A4 
immunoreactive protein decreased from duodenum to jejunum, then increased in distal ileum to values 
comparable to or greater than those observed for the duodenum [48]. Finally, Gervot et al. [49] detected 
CYP3A5 protein, but not CYP3A4 protein, in colonic mucosa from 40 unrelated and uninduced tissue 
donors. The authors suggested that any CYP3A4 in colonic tissue is likely to be a consequence of prior 
treatment of the donor with an enzyme inducer.

Localization CYP3A4 protein expression along the length of the small intestine is not uniform. 
Enzyme content is generally highest from duodenum to middle jejunum, then declines progressively 
to distal ileum [18,19,21]. Median CYP3A4 content in microsomes prepared from mucosal scrapings 
obtained from 20 donor small intestines decreased from 31 to 23 to 17 pmol/mg protein in duodenum, 
jejunum, and ileum, respectively [18]. CYP3A-catalyzed midazolam 1′-hydroxlation activity paralleled 
this pattern [18]. Likewise, erythromycin N-demethylase activity decreased from proximal to distal 
regions [19]. These data suggested that the extent of CYP3A-mediated first-pass metabolism may depend 
in part on the site of absorption.

CYP3A4 expression from the crypt to the tip of the small intestinal villus also is not uniform. 
By immunohistochemical analysis, CYP3A4 protein was not detected in the crypt cells or goblet cells 
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but was readily detected in enterocytes, with the most intense staining evident in the mature enterocytes 
lining the villous tips [46,50]. By in situ hybridization, a similar pattern was reported for CYP3A4 
mRNA [47]. Within the enterocyte, CYP3A4 protein was located predominately at the apex of the cell, 
adjacent to the microvillous border [47]. The strategic location of CYP3A4 in mature enterocytes further 
highlights the small intestine as uniquely suited for the task of first-pass drug metabolism.

Modifying Agents and Conditions Localization of CYP3A within only the mature enterocytes of the 
small intestinal mucosa is consistent with a wider pattern of differentiation of cell function as cells 
formed within the crypts migrate towards the villus tip and are eventually shed. Total CYP3A content 
even within a defined region of the small intestine varies considerably. CYP3A protein content measured 
in duodenal pinch biopsies obtained from CYP3A inducer/inhibitor-free healthy volunteers has been 
reported to vary approximately 10-fold [41,42]. Even greater variability (>30-fold) was reported for 
CYP3A protein content and catalytic activity in duodenal, jejunal, and ileal mucosal scrapings obtained 
from 20 organ donors [18]. Although some of the extreme variability in the latter study could have been 
due to events preceding organ procurement (e.g., reduced nutritional intake, antibiotic administration, 
brain death, and ischemia), these observations suggest that CYP3A is remarkably sensitive to a variety 
of modifying factors or conditions that can alter enzyme expression.

 Dietary Factors. One of the most extensively studied dietary substances in terms of CYP3A-
mediated drug metabolism is grapefruit juice, which, when consumed in usual volumes, has been 
shown to elevate systemic concentrations of a variety of drugs by inhibiting intestinal, but not 
hepatic, CYP3A-mediated first-pass metabolism [51–54]. The lack of an effect on hepatic CYP3A 
has been attributed to dilution of the causative ingredients in portal blood to concentrations below 
the effective inhibitory concentrations (Ki or IC50) and/or to avid binding of the causative ingredients 
to plasma and/or cellular proteins in portal blood [55,56]. The magnitude of the grapefruit juice 
effect can be large enough to cause untoward effects, such as severe muscle pain with some 
HMG-CoA reductase inhibitors (“statins”) [57–59] and hypotension/dizziness with some calcium 
channel antagonists [60]. Accordingly, the labeling of several drug products contains precautionary 
statements about the concomitant intake of grapefruit juice. Using a “furanocoumarin-free” 
grapefruit juice suitable for human consumption and the CYP3A probe substrate felodipine, 
furanocoumarins were demonstrated unequivocally as major causative ingredients, several of 
which are potent reversible and mechanism-based inhibitors of enteric CYP3A catalytic activity 
[54,61]. In addition, the pioneering study by Lown and colleagues [62] showed that grapefruit juice 
significantly reduced average enteric CYP3A4 immunoreactive protein (measured in duodenal 
pinch biopsies) by 60% in 10 healthy volunteers; the lack of a decrease in corresponding mRNA 
suggested a post-transcriptional mechanism. In vitro studies involving CYP3A4-expressing Caco-2 
cells confirmed that two candidate furanocoumarins (bergamottin and 6′,7′-dihydroxybergamottin) 
reduced CYP3A4 protein by accelerating enzyme degradation without affecting enzyme synthesis 
[63]. The list of drugs shown to interact with grapefruit and related citrus juices is expansive and is 
described in several comprehensive reviews [51–54, 64–67].

 Therapeutic Agents. Therapeutic agents that have been shown to inhibit intestinal CYP3A 
in vivo include the azole antifungals ketoconazole [68] and fluconazole [69]; the macrolide 
antibiotics erythromycin [70], troleandomycin [71], and clarithromycin [72–74]; the calcium 
channel antagonist diltiazem [75]; and the HIV protease inhibitors ritonavir and indinavir [76,77]. 
Exposure of human subjects to the enzyme inducer rifampin (7–10  days) and to the popular 
herbal product St. John’s wort (14 days) increased average duodenal CYP3A protein content by 
≥4- and 1.5-fold, respectively, relative to baseline [50,78,79]. Moreover, a comparison of the effect 
of rifampin on the systemic and apparent oral clearance of the CYP3A substrates midazolam 
[33,71,80], triazolam [81], verapamil [78], nifedipine [34], and alfentanil [35,71] suggested that the 
inducer increased enteric enzyme levels to an extent comparable to or greater than hepatic levels. 
This effect of enzyme inhibitors and inducers on enteric CYP3A activity compared to hepatic 
CYP3A activity may be due to higher intracellular concentrations and greater receptor occupancy 
in the enterocyte that occurs during absorption of the modifying agent.
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 Pathophysiologic Conditions. Although less is known about the effect of disease on enteric 
CYP3A relative to hepatic CYP3A, some human studies have shown that pathophysiologic 
conditions can markedly alter enteric CYP3A protein expression/catalytic activity. For example, 
Lang et al. [82] reported that adult patients with celiac disease had reduced levels of jejunal 
mucosal CYP3A protein as a consequence of widespread epithelial cell destruction. Treatment 
with a gluten-free diet reversed this aberration. Similar observations were reported for pediatric 
patients with celiac disease [83]. In the pediatric patients, after gluten re-challenge, a further 
decrease in enteric CYP3A expression was observed. More recently, Morón et al. [84] reported 
a decrease in intestinal CYP3A activity using simvastatin as the CYP3A probe. The average 
Cmax of orally administered simvastatin for untreated celiac patients was significantly higher 
(46 ±  24 nM) than that for patients on a gluten-free diet (21 ±  16 nM) or healthy subjects 
(19 ± 11 nM). Chalasani et al. [85] compared the disposition of midazolam between cirrhotic 
patients, cirrhotic patients with transjugular intrahepatic portosystemic shunts (TIPS), and 
healthy volunteers. The significantly higher mean Foral in the cirrhotic patients with TIPS 
compared with the cirrhotic patients and healthy volunteers (0.76 vs 0.27 and 0.30) was largely 
due to the significantly higher FI in the TIPS patients compared with the cirrhotic and healthy 
subjects (0.83 vs 0.32 and 0.42). The markedly lower extent of midazolam first-pass metabolism 
in the TIPS patients was concluded to result from diminished enteric CYP3A activity.

Intestinal versus Hepatic CYP3A In view of the many differing responses between enteric and hepatic 
CYP3A to various regulatory factors, it follows that intestinal and hepatic CYP3A appear to be regulated 
independently. Such noncoordinate regulation was first demonstrated by Lown and coworkers [41], who 
reported that neither duodenal CYP3A protein content nor catalytic activity correlated with hepatic 
CYP3A activity in 20 healthy subjects. Likewise, no rank order correlation was observed between 
intestinal and hepatic CYP3A protein content or midazolam 1′-hydroxylation activity in microsomes 
prepared from eight matched intestine-liver donor pairs [18]. Finally, independent groups of investigators 
found no correlation between the FI and FL of midazolam in healthy volunteers [32,33,73]. This 
noncoordinate regulation between intestinal and hepatic CYP3A indicates that a measure of one should 
not be used to predict the other. However, the possibility of overlapping mechanisms of constitutive and 
inducible CYP3A expression cannot be excluded.

CYP1A1

CYP1A1 is expressed predominantly in extrahepatic tissues, including the lungs [86–88], placenta 
[89,90], stomach, and small intestine [22,91–93]. In two independent investigations in which duodenal 
biopsies were obtained from healthy volunteers, CYP1A1 mRNA was expressed constitutively in all 
specimens; as with other CYP isoforms, large interindividual variation was evident among the specimens, 
at least 6-fold [92,94]. CYP1A1 protein and catalytic (ethoxyresorufin O-deethylase, or EROD) activity 
were undetectable or low. Following treatment with the CYP1A inducers omeprazole [92] or chargrilled 
meat [94], enteric CYP1A1 protein and catalytic activity became readily detectable. Similarly, median 
duodenal EROD activity was higher in smokers and omeprazole-treated patients compared to non-
smoking control subjects (2.1 and 1.1 vs 0.5 pmol/min/mg homogenate protein) [93]. More recently, the 
CYP1A inducer, b-naphthoflavone, was shown to increase CYP1A1 mRNA expression in precision-cut 
slices of proximal jejunum (362-fold; n = 3) and colon (132-fold; n = 3) [95]. EROD activity in proximal 
jejunum slices (n = 5) increased from 33 to 67 pmol/min/mg, whereas activity in colon slices was below 
the limit of detection.

Characterization of a bank of microsomes prepared from the proximal region of 18 human donor 
small intestines showed measurable rates of EROD activity in one-third of the donors, with a median 
and range (23.7 and 1.4–124 pmol/min/mg, respectively) [48] comparable to those reported for CYP1A2-
catalyzed EROD activity in human liver microsomes (39.4 and 10.1–224  pmol/min/mg, respectively) 
[96]. Median CYP1A1 protein content for the three preparations in which immunoreactive CYP1A1 
was detected readily (5.6 pmol/mg) [22] was 14% of the average CYP1A2 protein content reported for 
a large panel of human liver microsomes (41  pmol/mg) [97]. The differing protein contents between 
enteric CYP1A1 and hepatic CYP1A2 despite comparable EROD activities was attributed to CYP1A1 



325Sites of Extra Hepatic Metabolism, Part II: Gut

having a greater catalytic efficiency than CYP1A2 towards the O-deethylation of ethoxyresorufin, as 
evidenced by recombinant CYP1A1 having both a lower Km and a higher Vmax compared to recombinant 
CYP1A2 (87 nM and 7.6 min−1 vs 240 nM and 1.9 min−1) [98]. A greater catalytic efficiency for CYP1A1 
compared to CYP1A2 also has been demonstrated for ethoxycoumarin O-deethylation and benzo(a)pyrene 
hydroxylation [99]. In contrast, the catalytic efficiency of CYP1A1 towards the CYP1A drug substrates 
caffeine [100], theophylline [101], phenacetin [102], and R-warfarin [103] was reported to be much lower 
than that compared to CYP1A2. Consistent with these observations, there are no examples reported in the 
literature describing enteric CYP1A1 as having a significant role in the first-pass metabolism of drugs.

CYP2C9

Although CYP2C mRNAs have been detected in a number of human extrahepatic tissues (e.g., kidney, 
testes, adrenal gland, prostate, brain, duodenum), significant protein expression appears to be limited to 
the small intestine [21,104]. de Waziers et al. [21] first detected what was described as “CYP2C8-10” in 
small intestinal microsomes, which, like CYP3A, was expressed predominantly in the proximal region. 
Other investigators later confirmed the descending pattern of expression of a CYP2C enzyme along the 
length of the small intestine [19]. However, in both studies, it was unclear which enzyme (CYP2C8, 
CYP2C9, or CYP2C19) was detected. Based on the relative amount of each CYP2C enzyme in human liver, 
the intestinal form identified was most likely CYP2C9. From an analysis of 31 duodenal/jejunal micro-
somal preparations, two proteins were detected that reacted with a CYP2C-selective anti-CYP2C19 
antibody and that comigrated with recombinant CYP2C9 and CYP2C19 protein reference standards 
[22]. CYP2C9 protein content varied 9-fold among the different preparations, with a mean specific con-
tent (8.4 pmol/mg) that was nearly one-tenth of reported average hepatic microsomal specific content 
(73 pmol/mg protein) [105].

With respect to intestinal CYP2C9 catalytic activity, Prueksaritanont et  al. [106] reported a >20-
fold variation in tolbutamide methylhydroxylase activity (<0.5–9.8  pmol/min/mg) for five duodenal/
jejunal microsomal preparations; average (± SD) activity (5.1 ± 3.8 pmol/min/mg) was at least one-tenth 
of the hepatic counterpart. Other investigators subsequently reported a similarly large interindividual 
variation in CYP2C9-catalyzed diclofenac 4′-hydroxylase activity (7.3–129 pmol/min/mg) for 10 human 
jejunal microsomal preparations; median activity was 55 pmol/min/mg [40], which was roughly one-
sixth of that reported for a panel of 16 human liver microsomal preparations (~320 pmol/min/mg) [107]. 
Collectively, these in vitro data suggest that the small intestine would have minimal contribution to the 
first-pass metabolism of drugs. However, due to the wide range in both specific content and activity, 
enteric CYP2C9 could be important in some individuals for substrates with a low oral bioavailability, 
e.g., fluvastatin [108]. In addition, the low expression/catalytic activity of CYP2C9 in the intestine relative 
to the liver does not preclude the potential importance of enteric CYP2C9 to the first-pass metabolism of 
substrates ingested in trace amounts, e.g., pesticides [109,110].

CYP2C19

CYP2C19 immunoreactive protein content for the aforementioned 31 human duodenal/jejunal 
microsomal preparations ranged from <0.6 to 3.9 and averaged 1.0 pmol/mg [22], which was one-fifteenth 
of average hepatic microsomal content (14  pmol/mg) [105]. Large interindividual variation in enteric 
CYP2C19 catalytic activity also has been reported. CYP2C19-catalyzed S-mephenytoin 4′-hydroxylase 
activity varied from 0.8 to 13.1 pmol/min/mg in the same panel of human small intestinal microsomal 
preparations that were analyzed previously for CYP2C9 activity [40]. Average enteric catalytic activity 
(5.2 pmol/min/mg) was approximately one-tenth of the average activity reported for a panel of 10 human 
liver microsomal preparations (~45 pmol/min/mg) [111]. As with enteric CYP2C9, these data suggest a 
minimal role for enteric CYP2C19 in the first-pass metabolism of drugs. The scarcity of CYP2C19 drug 
substrates with a low oral bioavailability supports this contention. One report involving liver transplant 
recipients in which CYP2C19 genotype differed between the native intestine and graft liver suggested that 
the intestine may contribute appreciably to the metabolism of omeprazole [112], but controlled clinical 
studies are needed to confirm this result. In addition, although enteric CYP2C19 expression/activity is low 
relative to hepatic CYP2C19, the potential importance of enteric CYP2C19 to the first-pass metabolism 
of xenobiotics ingested in trace amounts, e.g., pesticides and insect repellents, cannot be dismissed [113].
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CYP2D6

CYP2D6 expression in the human intestine was first reported in 1990 by de Waziers and coworkers 
[21]. Like CYP3A4, CYP2D6 protein was most concentrated in the proximal region and was localized 
in the enterocytes. The enzyme was not detected in ileum or colon. Prueksaritanont and coworkers 
later confirmed the expression of CYP2D6 protein in microsomes prepared from the proximal portion 
of two [114] and five [106] human donor small intestines. Moreover, CYP2D6-catalyzed (+)-bufuralol 
1′-hydroxylation activity was measurable in all preparations. From a comprehensive comparison involving 
19 human jejunal and 31 human liver microsomal preparations, CYP2D6 immunoreactive protein was 
detected readily in 18 of the intestinal preparations, with a median specific content (0.9 pmol/mg) that 
was one-fifteenth of the median content measured in the liver preparations (12.8 pmol/mg) [115]. Median 
catalytic activity, as assessed by the intrinsic clearance of metoprolol oxidation, was also much lower 
in jejunal compared to hepatic microsomes (0.7 vs 19.7 μL/min/mg). Likewise, the predicted average 
in vivo intestinal extraction ratio for metoprolol was negligible compared to the predicted average hepatic 
extraction ratio (0.01 vs 0.48). The authors concluded that, unless a CYP2D6 substrate has a long residence 
time in the intestinal mucosa or undergoes futile cycling via an efflux transporter, enteric CYP2D6 
would be expected to contribute minimally to the first-pass metabolism of drugs. The negligible catalytic 
activity of enteric CYP2D6 was confirmed by the O-demethylation of oxycodone [116]. However, enteric 
CYP2D6 may become clinically relevant if it mediates the formation of a cytotoxic metabolite that could 
cause mucosal damage [115].

CYP2J2

CYP2J2 is a relatively recently identified human CYP that is expressed predominately in extrahepatic 
tissues [117,118]. Although most abundant in the heart, CYP2J2 is also expressed at appreciable levels 
(both mRNA and immunoreactive protein) in the GI tract [119]. Immunoreactive CYP2J2 protein 
has been detected in microsomes prepared from the human esophagus, stomach, small intestine, 
and colon. Unlike other small intestinal CYPs, CYP2J2 expression was qualitatively highest in the 
esophagus. Expression was slightly lower, but relatively uniform throughout the remainder of the 
GI tract from stomach to colon [119]. In addition, interindividual variation in CYP2J2 expression in 
jejunal microsomes is negligible [119]. Although the role of CYP2J2 in drug metabolism remains 
largely unknown, in vitro studies have suggested that intestinal CYP2J2 contributes to the first-pass 
metabolism of the non-sedating antihistamines astemizole and ebastine.

Using human intestinal and liver microsomes, Matsumoto et  al. [120] showed O-demethylation as 
the primary metabolic pathway for astemizole, with the average (± SD) rate in enteric microsomes 
comparable with that in liver microsomes (171  ±  57 vs 207  ±  82  pmol/min/mg). With recombinant 
CYP2J2 as the reference standard, immunoreactive CYP2J2 protein in microsomes prepared from five 
human small intestines averaged 2.1 (±0.6) pmol/mg, consistent with that measured in a larger number 
of small intestinal microsomal preparations (1.0 ± 0.1 pmol/mg; n = 31) [22,121]. These observations 
are comparable with average CYP2J2 content measured in liver microsomes from 20 Japanese and 29 
Caucasian donors (2.0 ± 1.5 and 1.2 ± 2.1 pmol/mg, respectively) [122]. A role for intestinal CYP2J2 in 
the O-demethylation of astemizole was supported further by the excellent correlation between CYP2J2 
protein content and O-demethylastemizole formation rate in intestinal microsomes (r = 0.90, p <0.05), as 
well as the strong inhibition of O-demethylastemizole formation by the CYP2J2 substrates ebastine and 
arachidonic acid. Using similar strategies, along with an inhibitory anti-CYP2J2 antibody, Hashizume 
et al. [123] demonstrated that CYP2J2 is the major ebastine hydroxylase in human intestinal microsomes. 
A screening of 139 prescription drugs showed that six (albendazole, amiodarone, cyclosporine, danazol, 
mesoridazine, tamoxifen, and thioridazine) were metabolized by CYP2J2 [124]. However, CYP2J2 had 
a relatively minor contribution to the clearance of these drugs, which are also CYP3A4 substrates. For 
example, the intrinsic clearance ratio for N-desethyl amiodarone formation was 4.6 for human liver 
microsomes/human intestinal microsomes and was 17 for recombinant CYP3A4/recombinant CYP2J2. 
Thus, although CYP2J2 appears to have a relatively minor contribution to hepatic drug metabolism, its 
abundance in the intestine suggests that this enzyme influences first-pass metabolism of select substrates, 
especially astemizole and ebastine.
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CYP4F

CYP4F enzymes catalyze the biotransformation of several endogenous compounds, including arachidonic 
acid and its leukotriene, prostaglandin, lipoxin, and hydroxyeicosatetraenoic acid derivatives [125,126]. 
Accordingly, the CYP4Fs are important regulators of vascular tone and inflammation, as well as other 
physiologic functions. The CYP4Fs also metabolize some drug substrates. For example, CYP4F12 
mRNA was detected in human liver and small intestine [127], and the enzyme catalyzed ebastine 
hydroxylation. However, a subsequent report by the same investigators showed that intestinal CYP2J2 
was the predominate enzyme contributing to ebastine hydroxylation [123]. More recently, Wang and 
coworkers identified CYP4Fs as the major enzymes in human proximal small intestinal microsomes that 
catalyze the initial O-demethylation of the antiparasitic agent pafuramidine [128]. However, the much 
lower average intrinsic clearance of this reaction (0.3  mL/min/mg) relative to that for pooled human 
liver microsomes (7.6  mL/min/mg) suggested that enteric CYP4Fs do not contribute significantly to 
the initial O-demethylation of pafuramidine during first-pass. A role for enteric CYP4F in subsequent 
O-demethylation reactions remains to be determined. Interestingly, quantitative Western blot analysis 
of these intestinal preparations indicated appreciable CYP4F protein expression in the small intestine, 
with a mean (range) of 7 (3–18) pmol/mg, which was comparable to that for CYP2C9. This observation 
suggested that CYP4F could represent an appreciable portion of the human intestinal CYP “pie” [128].

Other CYPs

Other CYP mRNAs expressed in the human small intestine include CYP1B1 [19], CYP2C8, CYP2C18 
[104], and CYP1A2, the latter of which is expressed only after treatment with omeprazole [92]. The 
importance of these enzymes in vivo remains to be determined. Immunoblot analysis showed that 
CYP2A6, CYP2B6, CYP2C8, CYP2E1, and CYP4A11 were undetectable or were expressed in only 
trace amounts in the human small intestine [21,22,128,129]. The roles of these enzymes in enteric first-
pass drug metabolism are likely to be negligible.

Other Phase I Enzymes

Other phase I enzymes reported to be expressed in the human intestine include carboxylesterases (CESs) 
[130], epoxide hydrolases [21,131], and flavin monooxygenases (FMOs) [132]. Of these enzymes, the CESs 
have been implicated in the first-pass metabolism of some drugs. Whereas the CES1 family predominates 
in the liver, the CES2 family predominates in the small intestine and preferentially hydrolyzes substrates 
with a relatively small acyl group, e.g., prasugrel and irinotecan [130,133]. CES2 is uniformly distributed 
throughout the intestine and exhibits developmental regulation such that mRNA and protein levels 
increase with age [134,135]. Human intestinal microsomes have been shown to catalyze the hydrolysis of 
the CES substrates betamethasone valerate and aspirin at comparable (aspirin) or greater (betamethasone 
valerate) rates than human liver microsomes [133]. Using fluorescein diacetate as a CES2 substrate, 
the Km and Vmax values for human intestinal microsomes were 4.04 ± 0.96 μM and 39.5 ± 2.5 μmol/
mg/min, respectively, whereas the values for human liver microsomes were 4.87  ±  0.51  μM and 
18.5 ± 0.5 μmol/mg/min, respectively [136]. Similarly, intestinal biopsy tissues were as proficient as liver 
biopsy tissues in converting the prodrug and CES substrate irinotecan to the active chemotherapeutic 
metabolite, SN-38 [137,138]. Approximately one-third of an intravenous radiolabeled dose of irinotecan 
is excreted in human bile as unchanged drug [139]. Therefore, because the bile duct empties into the 
duodenum, direct conversion of the prodrug to SN-38 could occur in the intestine, followed by bacterial 
b-glucuronidase-mediated deconjugation of SN-38 glucuronide, leading to accumulation of SN-38 in 
the intestine and potential toxicity (i.e., severe diarrhea). Large interindividual variability in systemic 
exposure of irinotecan and SN-38 following oral administration of irinotecan has been attributed in part 
to interindividual variation in the extent of intestinal CES-mediated first-pass metabolism [140].

Epoxide hydrolases have been detected in the human small intestine, but protein levels and catalytic 
activity were much lower (≥6%) relative to the liver [21,131,141]. Although a significant role for intestinal 
epoxide hydrolases in the first-pass metabolism of drugs has not been identified, these enzymes could 
play a protective role in the detoxification of procarcinogenic epoxides generated from environmental 
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xenobiotics [142]. Like epoxide hydrolases, flavin monooxygenases (to date only FMO1) have been 
detected in the human small intestine, but the much lower catalytic activity (p-tolyl methyl sulfoxidation) 
relative to the liver (0.11 ± 0.04 vs 2.8 ± 1.4 nmol/min/mg microsomal protein, respectively) indicates a 
minimal role for these enzymes in the first-pass metabolism of drugs [132,143].

Phase II Enzymes

Sulfotransferases

Five SULTs are known to be expressed and to have functional activity in the human GI tract: SULT1A1, 
SULT1A3, SULT1B1, SULT1E1, and SULT2A1. Using cytosolic fractions prepared from the stomach, 
small intestine, and colon of 23 unrelated organ donors, Chen et al. [144] showed the stomach and colon 
to have low sulfation activity toward 2-naphthol (SULT1A1) and dopamine (SULT1A3) and to have 
very low to no activity toward estradiol (SULT1E1) and dehydroepiandrosterone (DHEA) (SULT2A1). 
Comparatively, sulfation activity toward all probe substrates was higher in the small intestine. 
These results were confirmed by Teubner et al. [145]. Given the much greater surface area of the small 
intestine, sulfation activity in this section of the GI tract is undoubtedly the most important with respect 
to drug metabolism.

Average (± SD) small intestinal SULT1A1 and SULT2A1 activities were less than one-half and 
approximately one-fifth, respectively, of the corresponding activities measured in four human liver 
cytosolic preparations (2.1 ± 1.4 vs 5.3 ± 1.0 nmol/min/mg and 32 ± 33 vs 140 ± 28 pmol/min/mg, 
respectively) [144]. In contrast, small intestinal SULT1A3 and SULT1E1 activities were approximately 
three-fold higher than and comparable to, respectively, the corresponding hepatic activities (0.45 ± 0.25 
vs 0.17 ± 0.05 nmol/min/mg and 3.3 ± 0.9 vs 2.6 ± 1.6 pmol/min/mg, respectively) [144]. These results 
were confirmed by Riches et al., who reported expression levels of SULT1A1, SULT1B1, SULT1E1, 
and SULT2A1 in the small intestine of 0.41-, 2.9-, 1.4-, and 0.24-fold that of liver SULT2A1 [146], 
respectively, calculated as a percentage of the total amount of immunoquantified SULT (n = 6 donors). 
SULT1A3 protein was not detected in the liver but was highly expressed in the small intestine 
(770–3300  ng/mg cytosolic protein). Expression levels of intestinal SULT isozymes are shown in 
Figure 11.3 [146]. Intestinal sulfation activity toward all probes substrates showed large interindividual 
variation, as exemplified by coefficients of variation of at least 60%, consistent with an earlier report 
involving 62 human jejunal preparations analyzed for SULT1E1 and SULT2A1 immunoreactive protein 
[147]. SULT activity along the length of the small intestine varied among different donors; some donors 
showed higher activity in the proximal portion, whereas others showed higher activity in the distal 
portion [144]. Age, sex, underlying pathology, and time of tissue storage appeared not to influence 
SULT activity and/or protein expression [144,147]. No significant correlation was evident between any 
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FIGURE 11.3 The average human small intestinal SULT “pie”. The percent contributions of individual enzymes are 
based on average total immunoquantified SULT content (7800 ± 4600 ng/mg cytosol protein; n = 6 donors). (Reproduced 
with permission from Riches, Z. et al., Drug Metab. Dispos., 37, 2255–2261, 2009.)
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of these enzymes with respect to catalytic activity or protein expression, suggesting the enzymes are 
regulated independently [144,147].

Of the aforementioned intestinal SULTs, SULT1A3 and SULT1E1 have been implicated to contribute 
significantly to the first-pass metabolism of some drugs. Intestinal SULT1A3-mediated metabolism 
likely contributes to the low oral bioavailability of the b-adrenergic agents isoproterenol and terbutaline 
[148–150] (Table 11.1). SULT1E1 is likely the major intestinal SULT involved in the first-pass metabolism 
of ethinyl estradiol [147,151,152] (Table 11.1).

UDP-Glucuronosyltransferases

The UDP-Glucuronosyltransferases (UGTs) are ubiquitous in a number of extrahepatic tissues, including 
the GI tract [153,154]. As with sulfation activity, relative to the small intestine, glucuronidation activity 
in general appears to be much lower in the stomach and colon (and esophagus) [153]. The expression 
of UGT mRNAs has been confirmed in the small intestine by multiple laboratories using the same 
or different approaches: UGT1A1, UGT1A3, UGT1A5, UGT1A6, UGT1A7, UGT1A8, UGT1A9, 
UGT1A10, UGT2B7, UGT2B15, and UGT2B17 [155,156]. In addition, selective expression of UGT1A8 
and UGT1A10 mRNAs in the small intestine and/or colon versus the liver has been reported by multiple 
investigators [155–157]. Specific antibodies are not yet available except for UGT1A1 and UGT1A6. 
Recently, Oda et  al. generated a specific monoclonal antibody against UGT1A9 and observed that 
UGT1A9 protein is not expressed in the jejunum and ileum [158]. Of all of these enzymes, UGT1A1, 
UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B7, UGT2B15, and 
UGT2B17 have been detected at the protein level in small intestinal microsomes, albeit in varied 
extents between different studies [154,159,160]. Using microsomes prepared from the three regions 
of three unrelated donor intestines, Fisher and coworkers showed UGT1A1 activity, as measured by 
estradiol 3-glucuronidation, was generally much higher than that in pooled human liver microsomes 
(0.2–3.9 vs 0.4 nmol/min/mg) [154], suggesting an important role for intestinal UGT1A1 in the first-
pass metabolism of relevant drug substrates. In contrast, intestinal UGT2B7 activity, as measured by 
morphine 3-glucuronidation, was at most one-fifth of that measured in the pooled liver microsomes 
(0–0.5 vs 2.3 nmol/min/mg), suggesting a minor role for intestinal UGT2B7 in the first-pass metabolism 
of morphine and other UGT2B7 substrates. Multiple investigators have shown many enteric UGTs to 
be polymorphic and/or have large interindividual variation in expression level and catalytic activity 
[155,159–161]. Moreover, UGT activity along the length of the small intestine appears to vary with 
different substrates and UGT isoforms [155,162]. For example, UGT activity toward testosterone 
(a UGT2B substrate) increased gradually from proximal jejunum to colon, whereas that toward bilirubin 
(a UGT1A1 substrate) decreased sharply from proximal to distal intestine [155].

Of the aforementioned intestinal UGTs, several of the UGT1As have been implicated to contribute 
significantly to the extensive first-pass metabolism, and hence low oral bioavailability, of some drugs. 
For example, evidence suggests that enteric UGT1A1, in addition to enteric CYP3A and SULT1E1, 
may contribute to the first-pass metabolism of ethinyl estradiol [151,163] (Table  11.1). The intestine-
specific forms, UGT1A8 and UGT1A10, likely are the major contributors to the low oral bioavailability 
of raloxifene [164,165] (Table  11.1). Enteric UGT1As (e.g., UGT1A1, UGT1A3) may influence the 
efficiency of the enterohepatic cycling of SN-38 [166] and ezetimibe [167,168].

Other Phase II Enzymes

Other phase II enzymes that have been identified in the human GI tract include members of the catechol-
O-methyltransferase (COMT), N-acetyltransferase (NAT), and glutathione S-transferase (GST) families 
[21,161,169–172]. Catechol-O-methyltransferase (COMT), which has specificity toward catechol type 
substrates and transfer a methyl group to one of the hydroxyl groups, acts as a barrier to detoxifying 
xenobiotics [169,173]. COMT protein in vertebrates consists of a soluble form (S-COMT) and a minor 
fraction of membrane-bound form (MB-COMT) in various tissues except brain. S-COMT activity in the 
intestine was higher than MB-COMT activity by a factor of 8–20. Using 3,4-dihydroxybenzoic acid as 
a substrate, S-COMT activity along the small intestine appears comparable in the mucous layer of the 
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duodenum, ileum, and colon, with turnover rates of 435, 382, and 360 pmol/min/mg protein, respectively 
[174]. COMT activity in the kidney and duodenum was approximately 30% and 10%, respectively, of that 
in the liver [175], suggesting a minor role for the intestine in COMT-mediated metabolism.

Mesalazine (5-aminosalicylic acid), indicated for the treatment of inflammatory bowel disease, 
undergoes extensive first-pass acetylation. Intestinal NAT, most likely NAT1 [171], is believed to 
contribute to this process [176]. Although expression and activity of both NAT1 and NAT2 have been 
detected in the small intestine, NAT1 activity, as measured by p-aminobenzoic acid acetylation, was 
always higher than NAT2 activity, as measured by sulfamethazine acetylation [171]. NAT1 and NAT2 
activity levels also show considerable variation, such that the ratio of NAT1:NAT2 activity varied from 
two- to 70-fold. Among four human donor small intestines, NAT1 activity was relatively uniform or 
increased slightly along the length of the GI tract, whereas NAT2 activity tended to decrease from the 
duodenum to the rectum.

The GSTs are commonly implicated in the detoxification or bioactivation of environmental toxins, 
carcinogens, and some chemotherapeutic agents. Microsomal GST1, GST2, and GST3, content in human 
intestinal microsomes were approximately 4%, 28%, and 125% of that in liver, respectively [141]. Using 
cytosolic fractions prepared from the GI tracts (stomach to colon) of 16 organ donors, Coles et al. showed 
GSTP1, GSTA1, and GSTA2 to be the major GST proteins expressed in the small intestine [172]. All 
three of these enzymes showed large interindividual variation in all regions of the GI tract; however, the 
GST enzymes exhibited consistent patterns of expression along the length of the GI tract. Specifically, 
GSTP1 was expressed throughout the GI tract and decreased progressively from stomach to colon. In 
contrast, GSTA1 and GSTA2 were expressed at very low levels in the stomach and colon relative to the 
small intestinal regions, where levels were high in the duodenum and decreased to distal ileum. Similar 
differences in expression between stomach and duodenum for GSTA and GSTP were reported by other 
investigators who examined antral and duodenal biopsy specimens obtained from 202 patients [177]. 
It has been speculated that the low levels of GSTA in the stomach and colon contribute to the greater 
susceptibility of these GI tissues to some cancers compared to the small intestine [161,172]. With respect 
to chemotherapeutic agents, Gibbs and coworkers, using cytosolic fractions prepared from 12 small 
intestines and 23 livers, reported comparable busulfan conjugation intrinsic clearances (GSTA activity) 
between the two organs (0.17 ± 0.07 vs 0.18 ± 0.09 μL/min/mg), suggesting a role for intestinal GSTA 
in the first-pass metabolism of busulfan [170].

Summary and Perspectives

Most drugs are taken orally. For those intended to act systemically, a significant fraction of the dose 
can be eliminated during its first passage through a sequence of organs prior to entering the systemic 
circulation. For some drugs, the extent of first-pass elimination can be large enough to significantly 
compromise oral bioavailability, with the consequent potential for a reduced clinical response. Next 
to the liver, the small intestine can represent a major organ of first-pass drug elimination, the means of 
which occurs primarily via metabolism.

Like the liver, the small intestinal mucosa is replete with myriad drug biotransformation enzymes, 
including both phase I and phase II enzymes. Of all of these enzymes, the CYPs are the most extensively 
studied. Of the CYP enzymes, CYP3A is the most extensively studied and represents, on average, 
approximately 80% of total immunoquantified CYP content in the proximal human small intestine. In 
addition, microsomal CYP3A catalytic activity and immunoreactive protein content in the proximal 
region (duodenum to mid-jejunum) are within the ranges reported for human liver microsomes. These 
in vitro observations are consistent with clinical studies demonstrating that the intestinal contribution 
to the low and variable Foral of some CYP3A substrates can rival the hepatic contribution. However, 
because intestinal and hepatic CYP3A appear to be regulated independently, and thus do not correlate, 
CYP3A activity measured in one organ will not necessarily predict CYP3A activity in the other. 
Taken together, the development and refinement of in vivo methods capable of delineating intestinal 
from hepatic first-pass metabolism, as well as capable of delineating CYP3A-mediated metabolism 
from transporter-mediated efflux, is of clinical importance. Such methods constitute an ongoing and 



331Sites of Extra Hepatic Metabolism, Part II: Gut

active area of research, as the successful prediction of intestinal first-pass metabolism could aid in 
the therapeutic management of drugs with a low and variable Foral, particularly those with a narrow 
therapeutic window.

Other human enteric CYP enzymes have been identified and characterized in vitro (CYP1A1, 
CYP2C9, CYP2C19, CYP2D6, CYP2J2, and CYP4F), but their role in drug disposition in vivo remains 
to be determined. Regarding other enteric phase I enzymes, CESs have been implicated in the first-pass 
metabolism of some drugs, whereas roles for the epoxide hydrolases and FMOs remain to be determined. 
Regarding phase II enzymes, whereas a number of such families have been known to be expressed in the 
human intestine for some time (e.g., SULTs, UGTs, COMT, NATs, GSTs), progress on the identification and 
quantification of individual isoforms has lagged behind that of the CYPs. With the increasing availability 
of quality human intestinal tissue, along with the ongoing identification of selective probe substrates, 
inhibitors, and antibodies, it is anticipated that a comprehensive characterization of these enzymes will 
soon become achievable. Meanwhile, further refinement of human intestinal cell culture models and/or 
the identification of an appropriate animal model should improve our understanding of the unique nature 
of intestinal drug metabolizing enzymes. These advances will allow not only improved prediction of 
the impact of the intestine on overall first-pass elimination of existing drugs, but also to improvement 
of the drug selection process during pre-clinical development.
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12
Sites of Extra Hepatic Metabolism, Part III: Kidney

Lawrence H. Lash

Introduction

Although the kidneys only comprise 1%–2% of total body weight, they can play an important, if not 
critical, role in overall drug metabolism in the body. There are several factors that are responsible for 
the ability of the kidneys to play such a disproportionately important role. First, despite their weight, the 
kidneys receive approximately 25% of the cardiac output, thereby delivering a large proportion of blood-
borne chemicals to the renal circulation. A second major factor is that by multiple mechanisms that 
are a central, underlying part of the basic physiology of the kidneys, drugs and chemicals may become 
concentrated within renal epithelial cells to levels that are often markedly higher than those to which 
the tissue is exposed. These concentrating mechanisms include glomerular filtration, the counter-current 
circulatory system that operates in the distal nephron and has the physiological function of concentrat-
ing the tubular fluid several-fold over that in the plasma, and the existence of a large array of transport-
ers for organic anions and cations on the basolateral and luminal membranes of renal epithelial cells. 
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A third reason for the importance of the kidneys in drug metabolism is that once inside the renal cell, 
many of the same enzymes that have been classically studied in liver are also present, enabling metabo-
lism to occur. A review of many of these enzymes, as well as some that are unique to the kidneys or that 
have unique characteristics compared to those in other organs because of renal morphology or physiol-
ogy, are the primary areas of focus for this chapter.

In studying renal drug metabolism, it is critical to consider the impact of nephron heterogeneity [1,2]. 
The mammalian kidney is complex and can be structurally and functionally subdivided into multiple, 
distinct parts. At the simplest level, kidneys are subdivided into cortex, outer medulla (further subdi-
vided into inner stripe and outer stripe), and inner medulla (or papilla). The nephron, which is the basic 
building block of the kidney, can exist as either short-looped or long-looped types, the frequency of 
which varies among species. To understand the importance of this sub-organellar organization, one 
can compare nephron segment-specific differences in metabolism, cellular energetics, and other param-
eters of physiological function (Table 12.1). The different segments of the nephron, three of which are 
highlighted here, provide a perfect example of form corresponding with function. In terms of morphol-
ogy, the proximal tubule is ideally suited for extensive reabsorption and secretion of anions, cations, 
and metabolites because of the large surface area provided by the microvilli on the luminal or brush-
border plasma membrane and the extensive infoldings on the serosal or basolateral plasma membrane. 
Mitochondrial density is high in nephron segments that exhibit particularly high activities of energy-
dependent processes, such as active transport and biosynthetic reactions.

Of particular interest for the primary focus of this chapter, significant segment-specific differences exist 
in pathways of drug metabolism. For the majority of reactions that are of interest for drugs and other xeno-
biotics, the highest amounts of the key reaction pathways are present in the proximal tubules. It should be 
noted, however, that certain enzymatic pathways in other nephron segments also play a critical role for 
the bioactivation of certain drugs and chemicals. For the majority of drugs and chemicals of interest, it is 
the proximal tubules that are the primary sites of metabolism. As listed in Table 12.1, the various Phase I 

TABLE 12.1

Selected Biochemical, Morphological and Functional Properties of Some Key Nephron Segments of 
Mammalian Kidney

Nephron Cell Type Morphology Physiology Metabolism

Proximal tubule Tall, prominent microvilli 
on luminal membrane; 
cuboidal shape; extensive 
basolateral infoldings; 
high density of 
mitochondria

Active Na+ reabsorption; 
organic anion and cation 
secretion; most glucose and 
amino acid reabsorption; 
passive water and 
Cl– reabsorption

Oxidative phosphorylation, citric 
acid cycle, gluconeogenesis; 
substrates = fatty acids, ketone 
bodies, lactate, glutamine, 
pyruvate, citrate, acetate; Drug 
metabolism: High CYP, FMO, 
UGT, SULT, GSH-dependent

Thick ascending limb Extensive interdigitations; 
large number of 
elongated, rod-shaped 
mitochondria

Water-impermeable; Na+-K+-
2Cl– cotransport; active Ca2+ 
and Mg2+ transport; dilution of 
hyperosmotic tubular urine

Oxidative phosphorylation and 
glycolysis; substrates = lactate, 
glucose, ketone bodies, fatty 
acids, acetate; Drug 
metabolism: Low CYP, FMO, 
UGT, SULT; high PGS (mTAL)

Distal tubule (distal 
convoluted tubule 
and cortical 
collecting duct)

DCT: appears bright under 
microscope; numerous, 
long mitochondria.

CCT: appears granular 
under microscope; wider 
than DCT.

High rates of Na+ reabsorption; 
thiazide-inhibitable Na+-Cl– 
cotransport; K+-Cl– 
cotransport; Ca2+ reabsorption;

DCT: water impermeable;
CCT: vasopressin-dependent 
water channel

Glycolysis; substrates = glucose, 
lactate, b-hydroxybutyrate, 
fatty acids (CCT only); Drug 
metabolism: Generally all low

Abbreviations:  CCT, cortical collecting duct; CYP, cytochrome P450; DCT, distal convoluted tubule; FMO, flavin- 
containing monooxygenase; mTAL, medullary thick ascending limb; PGS, prostaglandin synthetase; SULT, 
sulfotransferase; UGT, UDP-glucuronosyltransferase.
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and Phase II pathways, as well as enzymes such as the cysteine conjugate b-lyase (CCBL), are predomi-
nantly localized in the proximal tubules.

Experimental Models to Study Kidney Drug Metabolism

The segment-specific distribution of many drug metabolism enzymes sometimes makes it difficult to 
properly study or even detect certain reaction pathways. This is particularly true for pathways that are 
present at relatively low activities. For clinical studies, one is of course limited to non-invasive methods 
to determine metabolism. Metabolites of certain chemicals in either blood or urine can be considered 
as biomarkers for the presence of a particular enzyme. It is often difficult, however, to distinguish renal 
metabolism from the more prominent hepatic metabolism. Moreover, the subsequent action of additional 
enzymes that generate reactive and unstable metabolites may make detection of metabolism difficult.

A suitable alternative to in vivo study of metabolism can be the use of a variety of in vitro models. 
A key advantage of using such models is that renal metabolism can be measured separately from hepatic 
metabolism. When in vitro models are used to measure renal metabolism, however, care is needed in 
choosing the model because of the selective distribution of drug metabolism enzymes and transporters 
along the nephron. Thus, a model that contains multiple nephron cell types may result in either measure-
ment of low metabolic rates or failure to detect metabolism because of dilution of the pathway enzymes 
due to the presence of cell types that do not express them.

A detailed discussion of the various in vitro models that are available to study renal drug metabolism is 
beyond the scope of this chapter. The reader is referred to two reviews [3,4] that describe various model 
systems and consider their advantages, disadvantages, primary uses, and limitations. A few comments 
will be made here, with the focus being on their applicability for the study and quantitation of drug 
metabolism reactions.

The simplest in vitro model in terms of its preparation is that of the isolated perfused kidney. It has the 
advantage that extrarenal metabolism is eliminated. As with many of the freshly isolated in vitro models, 
its use is limited to relatively short time periods because of gradual and progressive functional impair-
ment. Another limitation for study of drug metabolism is that one cannot always distinguish processes 
that occur in specific nephron segments (the dilution effect mentioned above). The isolated perfused 
kidney is also relatively expensive in that a single animal (typically the rat) is used for all measurements.

Renal slices are a convenient and relatively simple model that enables better assessment of metabolism 
occurring in specific nephron segments. Substrate transport is conveniently measured as the slice-to-
medium ratio, and is often used as an assessment of tubular viability when actively transported substrates 
are used. While slices are easy to prepare and have relatively low cost, they are limited by a relatively 
short lifetime, the potential for collapsed lumens and poor oxygenation, and the presence of multiple cell 
populations despite the ability to prepare slices from discrete regions of the kidney (i.e., cortex, outer 
stripe and inner stripe of the outer medulla, inner medulla).

The most convenient in vitro models to enable measurement of drug metabolism pathways in specific 
nephron cell types, thereby minimizing the “dilution effect,” are freshly isolated tubular fragments and 
isolated cells. Both can be prepared from specific nephron segments using various physical separation 
methods, such as microdissection, density-gradient centrifugation, or electrophoresis. Enzymatic diges-
tion with collagenase and/or hyaluronidase is often used as a first step prior to separation of cell types. 
Although both methods can provide similar data, it is usually easiest to prepare tubular fragments from 
rabbits and isolated cells from rats. As with the isolated perfused kidney and renal slices, isolated tubular 
fragments and isolated cells can only be maintained in a viable state for a limited time period, which is 
typically up to 4 hr.

While the relatively short lifetime of isolated tubular fragments or isolated cells is not a limitation if 
one wants to simply quantify metabolism, other types of assays such as enzyme induction or study of 
gene regulation require models that retain viability for longer periods of time. To accomplish this, many 
investigators have established primary cultures of renal epithelial cells from the proximal tubule [3,5–18] 
and distal tubule and thick ascending limb [14,19,20] of rat, mouse or rabbit. The advantage of primary 
cultures is that they can be maintained in a viable state for at least 4–5 days and are derived directly from 
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the in vivo tissue. Unfortunately, primary cell cultures, particularly those from epithelial cells, tend to 
lose some of their differentiated functions during the course of culture. Expression of drug metabolism 
enzymes are particularly prone to being lost during culture. To combat this problem, investigators have 
used serum-free, hormonally-defined media with limited success.

Another important issue about the experimental model used concerns the known species-dependent 
differences in drug metabolism enzymes, which will be discussed in the sections below. Inasmuch as 
we are primarily interested in drug metabolism in the human kidney, the availability of human kidneys 
or human kidney slices (e.g., surgical waste) has enabled investigators to use freshly isolated renal cells 
or primary cultures of proximal tubular cells from the primary species of interest [21–28]. Primary cul-
tures of human proximal tubular cells also suffer from the same potential problem of de-differentiation 
as do those from rats, mice, or rabbits. The primary advantage in the use of human proximal tubular 
cells for primary culture is, of course, the absence of the need for consideration of species differences 
in responses.

Another type of in vitro renal cellular model is that of continuous or immortalized cell lines. Distinct 
advantages with use of these cell lines are that they are easy to use and are reproducible. Renal cell lines 
that are commonly used in study of metabolism, transport, and toxicity derive from various species and 
multiple nephron segments, including the glomerulus, proximal tubule, medullary thick ascending limb, 
and distal tubule. As discussed elsewhere [29], these cell lines, by being immortalized, have undergone 
genotypic and phenotypic changes that may make them questionable as models of in vivo renal metabo-
lism. As compared with primary cell cultures, immortalized cell lines possess even more uncertainties 
as to their value for in vivo drug metabolism.

An alternative experimental model that is currently being developed and becoming more popular 
involves human stem cell-based approaches to generate proximal tubule-like cells [30–34]. Renal pro-
genitor cells appear to play important roles in renal repair under various pathological conditions, such 
as repair of ischemia-reperfusion injury in mice [35–37]. Human induced pluripotent stem cells have 
been developed and used to demonstrate protection from ischemia-reperfusion and some forms of drug-
induced injury [30,38]. Such cells have gained in popularity because of the safety and ethical concerns 
with the use of human embryonic stem cells. Further development of these models and validation of end 
points used to predict renal damage are still needed but may lead to their more extensive application in 
the study of chemically induced nephrotoxicity and drug metabolism [37,38].

Membrane Transport

Although membrane transport processes are not, strictly speaking, a part of drug metabolism, no discus-
sion of the renal handling of drugs can be complete without some consideration of how drugs gain access 
to enzymes in renal epithelial cells. Figure 12.1 schematically summarizes some of the major carrier pro-
teins on the basolateral (BLM) and brush-border (BBM) plasma membranes of renal proximal tubular 
cells that are important in the renal tubular uptake or efflux of organic anions and organic cations. Most 
drugs of interest for therapeutics or toxicology studies are charged, so that the carrier proteins shown are 
responsible for the majority of their transport in the renal proximal tubule.

The various carriers are either primary, secondary, or tertiary active or facilitated transporters. Primary 
active transporters are those that directly couple ATP hydrolysis to the movement of substrate; relevant 
examples include the multidrug-resistance-associated proteins (MRPs), the multiple drug resistance pro-
tein (MDR1; also known as P-glycoprotein), the (Na++K+)-stimulated ATPase, and the Na+/H+ exchanger 
(NHE). Secondary active transporters are those that couple or exchange substrate with an ion (generally 
either Na+ or H+ ion) whose gradient is generated by a primary active transporter. These include the 
sodium-dicarboxylate 3 (SLC13A3; NaC3) carrier and the organic cation transporters (OCTs) N1 and N2. 
Tertiary active transporters include the organic anion transporters (OATs) 1 and 3, which couple uptake 
of organic anions, bile salts, and some organic cations with efflux of 2- oxoglutarate (2-OG–), which is 
generated by NaC3. The remaining carriers are either facilitated exchangers or uniporters. Similar to 
many of the drug metabolism enzymes that are discussed below (particularly the cytochrome P450s), 
the various OATs, OCTs, MRPs, and MDR1 have broad and often overlapping substrate specificities, 
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resulting in some degree of functional redundancy. However, there are some discrete substrate specifici-
ties for the various carriers. Readers are referred to several recent reviews on the identity, function, and 
regulation of mammalian renal organic anion and cation transporters [39–47].

Phase I Metabolism in the Kidneys

The major Phase I or oxidative metabolism enzymes in the kidneys exhibit similar biochemistry as 
those in the liver, although there are significant differences based on patterns of expression and nephron 
heterogeneity [48,49]. This section will review three major enzyme systems, cytochrome P450s (CYPs), 
flavin-containing monooxygenases (FMO), and prostaglandin synthetase (PGS). The focus will be to 
describe the patterns of expression of the different enzymes among cell types of the nephron and sex- and 
species-dependent differences that are known to exist. The species-dependent differences have impor-
tant implications for the use of metabolism data from laboratory animals for making predictions for 
metabolism in humans. In some cases, particularly for some drugs and chemicals that are bioactivated 
to reactive intermediates that elicit nephrotoxicity, metabolic pathways in rats or mice cannot be used to 
make predictions for humans.

Cytochrome P450

The most obvious difference between the better studied CYP enzymes in liver and those in kidney is that 
overall expression of CYP enzymes in kidney are generally only 5%–20% of those in the liver. Another 
difference is that CYP enzymes are not uniformly distributed throughout the nephron but exhibit discrete 

FIGURE 12.1 Organic anion and cation transport in renal proximal tubule. This scheme illustrates the major transporters 
found on the basolateral (BLM) and brush-border (BBM) plasma membranes that mediate the uptake or efflux of organic 
anions (OA–) and organic cations (OC+). Also shown are the (Na+ + K+)-stimulated ATPase, the sodium-dicarboxylate 
3 (NaC3) carrier, and the sodium-hydrogen exchanger (NHE), which provide the driving force for many of the  carriers 
involved in the transport of drugs. Other abbreviations: GSH, glutathione; MDR, multiple drug resistance protein; MRP, 
multidrug resistance-associated protein; OAT, organic anion transporter; OCT, organic cation transporter; Oat-k1/2, 
 kidney-specific organic anion transporter; OATP, organic anion transporting polypeptide; 2-OG–, 2-oxoglutarate; URAT, 
urate transporter. Note that when the carrier name is preceded by “h” or “r,” this indicates that it is only found in human 
or rat, respectively.
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localizations (cf. Table 12.1). The pattern of expression of CYP enzymes differs in the two tissues, with 
the liver exhibiting a more extensive array of enzymes, particularly in humans. Further, substrate speci-
ficity and inducibility of some CYP enzymes that are expressed in both liver and kidney differ, suggest-
ing that regulation of enzyme activity differs [48–51].

Table 12.2 summarizes some key properties of the major CYP enzymes in the kidneys of rodents and 
humans. As in the liver, the kidneys contain four major families of CYP enzymes that are important in 
drug metabolism (CYP1, CYP2, CYP3) or renal physiological function (CYP4). It should be apparent 
from this brief consideration that there are significant differences based on tissue (e.g., liver vs. kidney), 
sex, and species (e.g., rat vs. mouse vs. human) with regard to level of expression (ranging from not 
detectable to high), inducibility, and nephron cell type localization.

An example that highlights some of the tissue- and species-dependent differences in CYP is that of 
the environmental contaminant trichloroethylene (TCE). Adverse effects of TCE are all associated with 
metabolism, and TCE is metabolized to a large range of products by both CYP (“oxidative”  pathway) 
or glutathione S-transferase (GST; “conjugation” pathway), although CYP-dependent metabolism 
 predominates at all but the highest substrate concentrations [52]. CYP2E1 is the primary CYP enzyme 
that metabolizes small halogenated solvents such as TCE. CYP2C11 in the rat or CYP2C19 in humans 
is also reasonably active towards TCE. TCE has several potential target organs, which varies according 
to sex, species, and dose, and is considered a “known human carcinogen” by the National Toxicology 
Program (NTP) [53]. All of the adverse effects of TCE in the kidneys are linked solely to its glutathi-
one (GSH)-dependent metabolism [52,54]. CYP-dependent metabolism of TCE in either the liver or 
 kidneys may, however, influence GSH-dependent metabolism, which can have both a hepatic and a renal 
component even though the terminal products are formed in the kidneys. Thus, we find that rat kidney 
readily metabolizes TCE to its oxidative metabolites as both CYP2E1 and CYP2C11 are expressed 
at fairly high levels in the proximal tubules [55]. In contrast to this situation, little or no detectable 
 oxidative metabolism of TCE occurs in the human kidney [22], which is consistent with the inability to 
detect either CYP2E1 or CYP2C19 in human proximal tubular cells [23,56]. Hence, we can modulate 
 GSH-dependent metabolism and toxicity of TCE in rat proximal tubular cells by altering CYP status 
[57]. This is an example of a case where metabolism data cannot be extrapolated from rodents to humans 
at all because of species-dependent differences.

As suggested by its broad substrate specificities, enzymes of the CYP2 family are a diverse set of 
enzymes. Differences exist between species and tissues in a given species. As summarized in Table 12.2, 
CYP2A enzymes are expressed in mouse kidney but not in rat or human kidney [48]. CYP2B1/2 illus-
trates both species and tissue differences. Whereas CYP2B1/2 is inducible by phenobarbital in rat 
liver, it is not induced by it in rat kidney and is undetectable in human kidney. As mentioned above, 

TABLE 12.2

Selected Cytochrome P450 (Cyp) Enzymes Expressed in Rodent and Human Kidney

CYP Enzyme Rats and/or Mice Humans

CYP1A1/2 Low constitutive; CYP1A1 inducible Not detected or poorly inducible

CYP1B1/2 Present at modest levels Present at modest levels

CYP2A Present in mice; not detected in rats Not detected

CYP2B1/2 Inducible by clofibrate in rats Not detected

CYP2C11 (CYP2C19) Constitutive; sex and developmental 
differences

Not detected

CYP2D6 Low levels Low levels

CYP2E1 Present; inducible Not detected or barely detectable

CYP3A1/2 (CYP3A4/5) Primarily in glomerulus Glomerulus, proximal tubule; genetic polymorphisms

CYP4A2/3 (CYP4A11) Proximal tubule; inducible by fibrates Proximal tubule; inducible by ethanol, dexamethasone

The major CYP enzymes that are important in drug metabolism or in renal physiology are listed for rats, mice, and, where 
applicable, the human orthologue is listed in parentheses.
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CYP2C enzymes and CYP2E1 also demonstrate significant species differences. Whereas CYP2E1 is 
 readily detected in rat and mouse kidney [51,58], its expression has not been detected in human kidney 
[22,23,56,59]. In rat and mouse kidney, CYP2E1 expression is under androgenic control and males have 
significantly more enzyme than females. A consequence of this gender-dependent difference is that male 
mice are markedly more susceptible than female mice to nephrotoxicity caused by certain CYP2E1 
substrates [60].

The CYP3 gene family is highly expressed in kidneys of both rodents and humans, although there 
may be some difference in nephron localization across species, with a higher proportion being expressed 
in the glomerulus vs. the proximal tubules in rodent kidney and the reverse in human kidney [58,61,62]. 
The human orthologue of rodent CYP3A1/2 is CYP3A4/5; it is readily detected in microsomes from 
human kidney cortex homogenates [56,62] but appears to exhibit a high degree of variability among 
human kidney samples [56], consistent with the known genetic polymorphisms for CYP3A4 and other 
CYP enzymes [63,64].

Enzymes of the CYP4A family are primarily involved in metabolism of fatty acids, such as arachi-
donic acid, and are prominently expressed in the kidneys [65–67]. Although they do not metabolize 
drugs and other xenobiotics, this CYP family is mentioned here because their expression is strongly 
influenced by hypolipidemic drugs, such as the fibrates, and other drugs that are known to cause peroxi-
some proliferation. One should note, however, that the effectiveness of such peroxisome proliferators is 
much greater in liver than in kidney and in rats than in humans.

Flavin-Containing Monooxygenase

Like the CYPs, flavin-containing monooxygenases (FMOs) are a multigene family of enzymes 
found in the  endoplasmic reticulum that are highly expressed in the liver, but also in extrahepatic 
 tissues, including  the kidneys [68,69]. While there are five active isoforms (FMO1–5) that have been 
 identified in mammals, they are not ubiquitously expressed, with significant species-, sex-, tissue-, 
and  developmental-dependent differences [70–73]. Although the FMOs have a fairly broad substrate 
 specificity, they are most active in catalyzing the oxidation of sulfur-, selenium-, and nitrogen-containing 
drugs and xenobiotics. While many FMO substrates are also metabolized by various CYPs, there are 
several types of substrates that are restricted to FMO.

In contrast to human liver, which expresses primarily FMO3 as well as several other FMO enzymes, 
human kidney (in particular, the proximal tubules) expresses primarily FMO1, somewhat lower levels of 
FMO5, and very low levels of FMO3 [74]. Similarly, Nishimura and Naito [75] assessed profiles of FMO 
mRNA expression in human kidney, and found that FMO1 mRNA was the most abundantly expressed 
form whereas FMO2, FMO3, FMO4, and FMO5 mRNAs were expressed at 4%, 0.09%, 25%, and 13%, 
respectively, of the levels found for FMO1. Another interesting finding was that FMO1 protein levels 
varied considerably in a limited number of samples of human kidney, consistent with the existence 
of genetic polymorphisms [74]. Moreover, single nucleotide polymorphisms and splicing variants have 
been identified for all of the FMOs in several human tissues, including the kidneys [68].

It has been known for many years that sulfoxides are stable, urinary metabolites of many cysteine 
S-conjugates. It was only with the studies of Elfarra and colleagues [76–78] that it became apparent that 
these sulfoxide metabolites may play a different role than just being a stable end-product. In the kidneys, 
in particular, many of the studies over the past nearly two decades have focused on the role of FMOs 
in the bioactivation of nephrotoxic cysteine S-conjugates, which are converted to reactive sulfoxides 
[22,76–81]. The function of FMOs in bioactivation of cysteine S-conjugates and the role of this in neph-
rotoxicity are discussed further, in the sections on the GSH conjugation pathway and in the example of 
how TCE and perchloroethylene (Perc) cause nephrotoxicity.

Prostaglandin Synthase

Prostaglandins play a number of critical roles in renal physiology and pathophysiology, involving volume 
and sodium homeostasis, with the various lipid-derived products functioning as important signaling 
molecules [82,83]. The biosynthesis of prostaglandins involves a two-step process, catalyzed by the 
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bifunctional prostaglandin H synthase (PHS): the cyclooxygenase-dependent oxidation of a polyunsatu-
rated fatty acid, such as arachidonic acid, to a hydroperoxy endoperoxide, prostaglandin G2 (PGG2), 
and the subsequent reduction to a hydroxy endoperoxide prostaglandin H2 (PGH2) (Figure 12.2). In the 
kidneys, PHS is localized in the microsomal fraction of cells of the inner and outer medulla [84,85].

Although the primary focus of studies on this pathway has been that of subsequent products (e.g., vari-
ous eicosanoids) that influence renal function, it was realized in the late-1970s that a number of drugs 
can undergo co-oxidation in the hydroperoxidase step of the PHS reaction [86,87]. The diverse group of 
drugs that can oxidized in this manner include analgesics such as acetaminophen (APAP) and aminopy-
rene, and carcinogens such as benzidine and benzo(a)pyrene. PHS-catalyzed oxidation of benzidine has 
been associated with increased risk of bladder cancer [87–90].

Phase II Metabolism in the Kidneys

Phase II metabolism reactions include the various conjugation reactions, such as glucuronidation, sulfa-
tion, and GSH conjugation. A drug or xenobiotic is linked by a covalent bond to an endogenous group 
through a functional group (e.g., hydroxyl or amino group) that is either present in the parent molecule 
or is introduced by a Phase I reaction (e.g., CYP- or FMO-catalyzed oxidation, reduction, or hydrolysis). 
While these pathways occur in the liver, they are also present in select regions of the kidney, although 
isozyme patterns differ. Although it is generally true that the conjugates formed by Phase II reactions are 
highly water soluble and are readily excreted in either bile or urine, there are some notable exceptions, 
particularly for renal metabolism; some of these exceptions will be discussed below in the section on 
specific examples.

Glucuronidation

This Phase II reaction is catalyzed by a family of enzymes called the UDP-glucuronosyltransferases 
(UGTs), which are localized in the endoplasmic reticulum and are expressed in most tissues, but in  varying 
amounts. Glucuronidation is an Sn2 reaction in which an acceptor group on the substrate (nucleophile) 

FIGURE 12.2 Prostaglandin synthase reaction pathway for drug co-oxidation. Scheme showing how certain drugs are 
oxidized during the hydroperoxidase step of the prostaglandin synthase (PHS) reaction.
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attacks an electrophilic carbon on the glucuronic acid moiety. Glucuronides may form on N-, S-, and 
C-groups of both endogenous and xenobiotic substrates. The glucuronidation pathway occurs in three 
steps, the first two for formation of UDP-glucuronic acid (UDPGA) from glucose-1-phosphate and UTP 
with NAD+-dependent oxidation, and the third for formation of the conjugate. UDPGA is considered to 
be limiting in extrahepatic tissues, whereas ample substrate levels are usually present in the liver [49].

UGTs were originally divided into two gene families, UGT1 and UGT2, based on sequence homol-
ogy. Recently, the nomenclature used for the UDP-glycosyltransferases, which include the UGTs, was 
updated [91]. Thus, the mammalian UGT gene superfamily, as of October, 2005, has 117 members that 
are divided into four gene families, UGT1, UGT2, UGT3, and UGT8. UGTs from the UGT1 and UGT2 
family are the most efficient at using UDPGA as donor substrate so are the ones that are of most inter-
est in drug metabolism. The sugar specificity of the UGT3 members is unclear as this group has only 
recently been identified. The UGT8 family is a single gene that encodes UDP-galactose ceramide galac-
tosyltransferase and is not likely to be involved in drug metabolism.

Substrates for the UGTs include a broad range of both endogenous (e.g., steroid hormones, bile acids, 
biogenic amines) and xenobiotic chemicals (e.g., fat-soluble vitamins, carcinogens, acetaminophen, sali-
cylic acid). Klaassen and colleagues [92] studied the mRNA expression of several members of the UGT1 
and UGT2 gene families in several rat tissues. As summarized by Shelby et  al. [92], UGT1 family 
members are encoded from a single gene that has multiple first exons followed by four common exons. 
Individual UGT1A gene products are formed by the splicing of one of the first exons with the four com-
mon exons. Identification of distinct gene promoter regions for the multiple first exon is consistent with 
tissue-specific patterns of expression and inducibility of specific UGT1A isoforms. In the rat, nine dif-
ferent first exons have been identified, generating UGT1A1 through UGT1A9, although UGT1A4 and 
UGT1A9 are pseudogenes (i.e., they do not encode for functional proteins). Members of the UGT2 gene 
family, in contrast to those of the UGT1 gene family, are encoded from individual genes, with each gene 
containing six exons. The UGT2 gene family is further subdivided into two subfamilies, UGT2A and 
UGT2B. In humans, a total of 17 UGTs have been characterized as of a 2004 review [93]. The potential 
importance of UGTs in human health and disease was also emphasized in that review. A check of the 
UGT homepage (https://www.flinders.edu.au/medicine/sites/clinical-pharmacology/ugt-homepage.cfm) 
in December 2016 shows 21 human UGTs.

Renal UGTs are microsomal enzymes of 54–56 kDa molecular weight and are found predominantly 
in the proximal tubules. Comparison of UGT activities in liver and kidney microsomes from several 
species shows that rates of metabolism are invariably higher in the liver than the kidney, sometimes by 
>10-fold, and those in rodents were generally higher than those in humans [49]. Similar to the situation 
with several CYPs, renal and hepatic UGTs exhibit different patterns of inducibility; in some cases, 
 certain inducers are just more effective in liver whereas in other cases, chemicals may induce in one 
 tissue and not at all in the other.

The studies of Shelby et al. [92] showed that individual genes of both the UGT1 and UGT2 families 
exhibit distinct patterns of expression that vary with both tissue and gender. mRNA expression was 
determined in liver, kidney, lung, stomach, small intestine (duodenum, jejunum, ileum), colon, and brain 
(cerebellum, cerebral cortex). Of the seven functional UGT1A gene products, UGT1A1 mRNA was 
detected in all tissues studied and was found at similar levels for both males and females, with the excep-
tion of lung tissue, which was relatively low. UGT1A2, UGT1A3, and UGT1A7 were detected primarily 
in the gastrointestinal tract with no significant gender differences for the former and possibly some for 
the latter. UGT1A5 mRNA was primarily limited to the liver with higher levels in females. UGT1A6 
mRNA was found in most tissues, but was highest in the kidneys and large intestine; expression in rat 
kidney from females was significantly higher than that in males. UGT1A8 mRNA was detected almost 
exclusively in liver and kidney and was about 2-fold higher in females in both tissues. Thus, from the 
UGT1 gene family, rat kidney expresses primarily UGT1A1, UGT1A6, and UGT1A8. In human kidneys, 
Nishimura and Naito [75] found UGT1A6 and UGT1A9 (a pseudogene) to be the major mRNA species 
detected. Lash et al. [56] detected UGT1A1 and UGT1A6 proteins in primary cultures of human proxi-
mal tubular cells.

Shelby et al. [92] found more prominent tissue-specific differences in mRNA expression for members 
of the UGT2 gene family. UGT2A1 was detected almost exclusively in the nasal epithelium whereas 

https://www.flinders.edu.au/
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UGT2B1 and UGT2B2 were detected almost exclusively in liver with >2-fold higher levels found in 
female rats as compared to male rats. UGT2B3 mRNA was found predominantly in liver with 10%–20% 
as much found in the small intestine. UGT2B6 mRNA was also predominantly expressed in liver with 
low levels (<10% of liver) detected in small intestine and brain. The only isoform mRNAs detected in 
kidney were those for UGT2B8 (very low levels) and UGT2B12. The latter was found ubiquitously but 
was most prominent in kidney and liver. In human kidney, relatively low levels of mRNA for UGT2B10, 
UGT2B15, and UGT2B17 were detected [75]. In primary cultures of human proximal tubular cells, 
UGT2B7 protein was readily detected as well [46]. UGT8 mRNA was also detected in human kidney 
[75], but its function has not yet been characterized.

Sulfation

The sulfation pathway results in the sulfonation of a broad range of drugs, hormones, and neurotrans-
mitters. As with the glucuronidation pathway, the sulfation pathway occurs in three steps, the first two 
being those that activate the donor substrate, forming 3′-phosphoadenosine-5′-phosphosulfate (PAPS), 
and the third being the sulfonation or sulfation reaction, which is catalyzed by a family of cytoplasmic 
enzymes called the sulfotransferases (SULTs). The known gene products are spread across six gene 
families (SULT1–6), although Sult3 is only found in mice and rabbits and Sult5a1 is only found in mice 
(see 94, 95 for recent reviews). Thus, there are 13 human cytosolic SULTs currently known that include 
members of the SULT1, SULT2, SULT4, and SULT6 gene families. Only those SULT enzymes that are 
found in the kidneys will be briefly discussed below. Much like other major drug metabolism enzyme 
systems, genetic polymorphisms and single nucleotide polymorphisms (SNPs) have been found for the 
SULTs [96], suggesting that individual variations in SULT activity may both contribute to disease or 
sensitivity to toxic chemicals or may be used to individualize new therapeutic approaches.

Products of the SULT1 family have a broad substrate specificity and can sulfonate simple, small planar 
phenols, such as estradiol, thyroid hormones, and a broad variety of drugs and environmental chemicals. 
SULT1A1 is the major adult liver SULT1A subfamily member and is also found in the kidneys. Both 
SULT1A1 and SULT1A3 are reported to be abundant in fetal liver and kidney, but the latter one is said 
to disappear in the adult, although expression of SULT1A3 protein was recently reported in primary 
cultures of human proximal tubular cells [56] and both SULT1A1 and SULT1A3 mRNA were reported 
in adult kidney [75], with SULT1A1 being by far the most highly expressed. Although SULT1A2 mRNA 
is found in several tissues, including the liver and kidneys, the consensus is that it is not translated into a 
functional protein in humans and, thus, is likely a pseudogene. SULT1E1 is also expressed in the kidneys 
[56,75,94], but is primarily active with phenols such as estradiol.

SULT2 family members are most active in the sulfonation of hydroxyl groups of steroids such as 
androsterone. SULT2A1 has been localized to the kidney by immunostaining and was found not only 
in the proximal tubules but in several more distal nephron segments. SULT2A1 protein was readily 
detected in primary cultures of human proximal tubular cells [56]. SULT2B1 exists as two variants and 
has been found in human kidney [75,94]. Thus, enzymes of the SULT2 family do not seem to have a 
major role in drug metabolism.

Glutathione Conjugation

Mercapturate Pathway

Along with glucuronidation and sulfation, GSH conjugation functions as a major detoxification pathway 
for many drugs and other xenobiotics. In the classical view, GSH S-transferases (GSTs) catalyze the con-
jugation of reactive electrophiles with GSH in the initial step of a detoxication pathway that ultimately 
results in formation of N-acetylcysteine conjugates (mercapturates), which are ultimately excreted in 
urine (Figure 12.3). Although GSTs are expressed in most cell types, including renal tubular epithelial 
cells, hepatocytes express the highest levels of any organ.

In mammals, multiple families of GSTs are found in cytoplasm, mitochondria, and endoplasmic retic-
ulum (microsomes). Isoforms of importance for renal drug metabolism are those found in the cytoplasm 
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and microsomes. Cytoplasmic GSTs are dimers with subunits of 199–244 amino acids in length and are 
divided into seven families based on amino acid sequence (i.e., >40% homology). These families are 
designated as Alpha, Mu, Pi, Sigma, Theta, Omega, and Zeta. The convention is to refer to rodent GSTs 
by Greek letters (i.e., GSTα, μ, π, σ, τ, and ζ) and human GSTs by capital Arabic letters (i.e., GSTA, M, 
P, S, T, O, and Z). At present, 16 cytoplasmic GST subunits are known in humans. The mature protein 
can exist as a variety of homo- and heterodimers, indicating that a large variety of isoenzymes are ulti-
mately generated.

Three families of cytoplasmic GSTs are expressed in rat kidney, GSTα, GSTπ, and GSTμ. 
Immunolocalization [97] and Western blot analyses in renal tissue and isolated renal proximal and distal 
tubular cells [98] showed selective localization of GSTα in proximal tubules whereas GSTπ and GSTμ 
are expressed in the distal nephron. In human kidney, the GST isoenzyme expression pattern is quite dif-
ferent from that in the rat kidney; renal proximal tubular cells express GSTA, GSTP, and GSTM [23,56]. 
Because of the broad and often overlapping substrate specificities of the different GST isoforms, it is dif-
ficult to assess the impact of this difference in expression pattern when extrapolating renal metabolism 
data from rats to humans.

The other cytoplasmic GST family found in the kidneys is the Zeta-class, which was discovered in 
the late-1990s using a bioinformatics approach with human expressed sequence tag databases [99–101]. 
GSTZs are widely distributed in eukaryotes and are identical to maleylacetoacetate isomerase, a key cat-
alyst in tyrosine catabolism. Unlike the other cytoplasmic GSTs, GSTZs lack significant activity towards 
the prototypical substrate 1-chloro-2,4-dinitrobenzene. An important substrate class is the α-haloacids 
such as dichloroacetic acid (DCA), which is metabolized to glyoxylic acid. Metabolism of DCA is 

FIGURE 12.3 Classical mercapturic acid pathway for drug detoxication. Drug (R-X; X is a good leaving group) are 
conjugated with GSH to form the GSH conjugate, either in the liver or kidney. Subsequent reactions occur in the kidneys, 
and include hydrolysis of the γ-glutamyl isopeptide bond by γ-glutamyltransferase (GGT) and the cysteinylglycine peptide 
bond by dipeptidase (DP) activity to yield the cysteine conjugate. The cysteine conjugate undergoes N-acetylation by the 
cysteine conjugate N-acetyltransferase (NAT) to form the N-acetylcysteine conjugate, or mercapturate. The mercapturate, 
because of its polarity, is readily excreted into the urine.
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important because DCA is used in the clinical management of congenital lactic acidosis, is a common 
drinking water contaminant, and is a metabolite of the environmental contaminant and known human 
carcinogen TCE [52]. Four polymorphic variants of GSTZ have been described thus far in humans, and 
these have distinct catalytic activities.

The other family of renal GSTs that is important for drug metabolism are the MAPEG (Membrane 
Associated Proteins in Eicosanoid and Glutathione metabolism) proteins, which are a unique family of 
GSTs that share no sequence identity with either the cytoplasmic or mitochondrial GSTs. While a distinc-
tive function includes their involvement in eicosanoid metabolism, MAPEG proteins are also important in 
drug metabolism. Of the different MAPEG members, MGST1 (microsomal GSH S-transferase 1) seems 
to function exclusively as a detoxication enzyme whereas MGST2 and MGST3 are involved in both drug 
metabolism and leukotriene C4 synthesis [102]. Although the precise role of MAPEG proteins in GSH-
dependent bioactivation is unclear, MGSTs have been immunolocalized to several rat tissues, including 
the kidneys [103], and chemicals such as TCE are readily metabolized to their respective GSH conjugates 
in the presence of GSH and liver or kidney microsomal fractions from rats or humans [104–106].

Regardless of whether the GSH conjugation reaction occurs within the kidneys themselves or in the 
liver, the subsequent reactions of the mercapturic acid pathway occur predominantly in the kidneys. 
The next two steps in the metabolism of GSH conjugates, regardless of whether they are undergoing the 
classic detoxication pathway to ultimately yield the mercapturate or whether they are being bioactivated, 
involve successive cleavage of the γ-glutamyl isopeptide and cysteinylglycyl peptide bonds to yield the 
corresponding cysteine conjugate. These steps are catalyzed by two brush-border membrane enzymes, 
γ-glutamyltransferase (GGT) and various dipeptidases (DP). Although GGT and DP activities are found 
on several extrarenal tissues, such as the hepatic canalicular plasma membrane and the jejunal brush-
border plasma membrane, their activities are by far the highest on the brush-border plasma membrane 
of renal proximal tubules [107]. The overall, quantitative significance of these pathways in metabolism 
and turnover of GSH (and by analogy GSH conjugates) is illustrated by the profound glutathionuria that 
occurs when GGT activity is inhibited [108].

In the classic mercapturate pathway, cysteine conjugates are subsequently N-acetylated by the 
 microsomal cysteine conjugate N-acetyltransferase (NAT) to yield the mercapturate. For most 
 chemicals, the mercapturates function as highly polar metabolites that are readily excreted in urine. 
Many  mercapturates, however, can be acted on by a deacetylase (or aminoacylase) activity to  regenerate 
the cysteine conjugate. The significance of this for those cysteine conjugates that may also undergo 
 bioactivation (see below), is evident from the observations that N-acetyl-L-cysteine-S-conjugates of 
nephrotoxic haloalkenes and haloalkanes may be deacetylated and exhibit toxicity in a manner similar 
to the corresponding cysteine conjugates [109–111].

Cysteine Conjugate β-Lyase and Bioactivation Pathways

Although most chemicals that undergo GSH conjugation and processing to form cysteine conjugates 
are ultimately metabolized to mercapturates that are excreted in the urine, several classes of chemicals 
are converted to cysteine conjugates that are substrates for a CCBL activity that results in bioactivation 
rather than detoxication (Figure 12.4). Substrates are cysteine conjugates of chemicals such as haloge-
nated alkenes and alkanes, which include numerous environmental contaminants, such as the metal 
degreasing agent TCE [56], the analogue perchloroethylene (Perc), which is used in dry cleaning [112], 
and chlorofluorocarbons that have been used as refrigerants [113].

CCBL activities are found in both cytoplasm and mitochondria and in numerous tissues besides the 
kidneys (see [114] for a recent review). In the kidneys, two proteins, each dually localized in the cytoplasm 
and mitochondria, have been identified as catalyzing CCBL activity. The first is glutamine transaminase 
K (GTK; EC 2.6.1.64), which exists as a homodimer of 45 kDa subunit molecular weight; the second 
activity has not been extensively characterized, but has been identified as a high-molecular-weight beta-
lyase of 330 kDa molecular weight. Abraham et al. [115,116] have suggested that, at least in  mitochondria, 
this high-molecular-weight form is the primary enzyme catalyzing CCBL activity. Both GTK and the 
high-molecular-weight CCBL contain pyridoxal-5′-phosphate (PLP) as prosthetic group and can catalyze 
either a direct beta-elimination to yield a reactive thiolate (Figure 12.5, pathway B) or a transamination 
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FIGURE 12.4 Structures of selected cysteine conjugates that undergo bioactivation. BCDFC, S-(1-bromo-1-chloro-2,2-
difluoroethyl)-L-cysteine; CTFC, S-(1-chloro-1,2,2-trifluoroethyl)-L-cysteine; DCVC, S-(1,2-dichlorovinyl)-L-cysteine; 
FMPFPC, S-(1-fluoromethoxy-1,1,1-trifluoro-3,3-difluoropropyl)-L-cysteine; PCBC, S-(1,1,2,3,4-pentachlorobutadienyl)-
L-cysteine; TFEC, S-(1,1,2,2-tetrafluoroethyl)-L-cysteine; TCVC, S-(1,2,2-trichlorovinyl)-L-cysteine.

FIGURE 12.5 Bioactivation pathway for DCVC. S-(1,2-Dichlorovinyl)-L-cysteine (DCVC) undergoes bioactivation by 
either the pyridoxal 5′-phosphate (PLP)-containing cysteine conjugate b-lyase, which occurs by either transamination 
(Pathway A) or beta-elimination (Pathway B), or the flavin-containing monooxygenase (FMO) (Pathway C). Products of 
the three pathways include S-(1,2-dichlorovinyl)-mercaptopropionic acid (DCVMP), S-(1,2-dichlorovinyl)-thiol (DCVSH), 
and DCVC sulfoxide (DCVSO), respectively.
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(Figure 12.5, pathway A), which yields an unstable α-keto acid. Because of the ability to undergo a trans-
amination reaction, maximal CCBL activity often requires the presence of an α-keto acid in the reaction 
mixture as a co-substrate [117,118].

A third potential pathway for bioactivation of cysteine S-conjugates is catalyzed by FMO (Figure 12.5, 
pathway C), as described above. Although most studies on cysteine conjugate nephrotoxicity have 
focused on the role of CCBL, some studies in human kidney suggest that FMO may have a more sig-
nificant role than CCBL; the opposite appears to be the case in rats, where the CCBL is more prominent 
than FMO [22,80,81].

Glutathione Conjugates as Prodrugs

Because of the unique position that the kidneys play in overall GSH and GSH conjugate metabolism, 
investigators have taken advantage of these properties to synthesize prodrugs that are targeted to the 
kidneys whereupon they become bioactivated to their therapeutic form. Examples include selenocysteine 
compounds that are selectively accumulated by the kidneys and converted to selenol compounds [119], 
N-acetyl-γ-glutamyl derivatives that are also selectively accumulated by the kidneys and then metabo-
lized to their active forms [120,121], and various cysteine or GSH conjugates of purine derivatives that 
are metabolized to antitumor agents within the kidneys [122–126].

An example of taking advantage of the unique properties of transport and metabolism to selectively 
deliver renal prodrugs to their primary target cell (i.e., the proximal tubules), is illustrated in Figure 12.6. 
In this study [127], which was an in vitro study of transport, metabolism, and toxicity based on the in vivo 

FIGURE 12.6 Handling of a GSH-conjugate prodrug by the renal proximal tubular cell. This scheme summarizes the 
renal delivery, transport, and metabolism of a GSH-conjugate prodrug by the renal proximal tubular cell. The parent com-
pound, 6-chloropurine (6-CP) was administered to rats and converted to the prodrug 6-purinylglutathione (6-PG). 6-PG 
undergoes either glomerular filtration or enters the renal periplasmic space, where it can be taken up in the proximal tubular 
cell by transport across the basolateral plasma membrane (BLM). Intracellular 6-PG is secreted into the tubular lumen 
where it, along with filtered 6-PG, undergoes degradation by γ-glutamyltransferase (GGT) and dipeptidase (DP) activities 
on the brush-border plasma membrane (BBM) to yield the cysteine conjugate 6-purinyl-L-cysteine (6-PC). 6-PC is trans-
ported into the proximal tubular cell where it can either be converted to the mercapturate, N-acetyl-6-purinyl-L-cysteine 
(NAcPC), or undergo metabolism by the cysteine conjugate b-lyase (CCBL), which generates the chemotherapeutic agent 
6-mercaptopurine (6-MP). The NAcPC can either be deacetylated to regenerate 6-PC or transported into the lumen for 
excretion in the urine. 6-MP can be further metabolized by xanthine oxidase (XO) to generate 6-thioxanthine (6-ThXan) 
and 6-thiourate (6-ThUrate). The importance of some of these steps was demonstrated by use of selective inhibitors, such 
as probenecid, allopurinol, acivicin, and aminooxyacetic acid (AOAA).
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studies from Elfarra and colleagues [122–126], the importance of each of the three major steps, leading 
from administration of prodrug to generation of toxicant, was probed by the use of selective inhibitors. 
Thus, inhibition of uptake of the GSH conjugate prodrug (6-purinylglutathione, 6-PG) was inhibited 
with probenecid, thereby inhibiting subsequent steps (i.e., metabolism to generate 6-mercaptopurine 
(6-MP) and toxicity). Probenecid is a well-known inhibitor of organic anion transport and of GSH and 
GSH S-conjugate transport across the renal basolateral plasma membrane (BLM) [128]. Similar to ear-
lier studies in renal proximal tubular cells to demonstrate the function of each step in TCE bioactivation 
(reviewed in 45), inhibition of GGT with acivicin or CCBL with AOAA resulted in decreased formation 
of 6-MP and decreased cytotoxicity. Additionally, inhibition of xanthine oxidase (XO) with allopurinol 
prevented cytotoxicity, demonstrating that this is the key step in generating the cytotoxic species.

Examples Illustrating Unique Functions of Kidneys in Drug Metabolism

Acetaminophen

Although acetaminophen (APAP) is a widely used analgesic that is considered very safe to use under 
normal conditions, it can exhibit significant organ toxicity under overdose conditions. Moreover, it is a 
frequent cause of poisoning due to overdose. The liver is the initial site of damage after APAP overdose 
and the kidneys are secondary sites due to their significant ability to metabolize APAP to both detoxi-
cation and bioactivation products [129], the latter resulting in analgesic nephropathy [130]. The major 
pathways for metabolism of APAP in either liver or renal cortex (Figure 12.7) show the presence of com-
peting detoxification and bioactivation reactions. Under normal dose conditions (i.e., therapeutic doses), 
the primary flux of metabolism is generation of glucuronide or sulfate conjugates, which are both readily 
excreted in urine. Once the capacity of these Phase II enzymes is exceeded as occurs in an acute over-
dose, however, significant activity with CYP (primarily CYP2E1, but also CYP1A2 and CYP3A4/5 in 
humans or CYP3A1/2 in rodents) can occur, resulting in formation of a reactive quinoneimine, N-acetyl-
p-benzoquinoneimine (NAPQI). Under non-stressed conditions in which ample amounts of GSH are 
present, NAPQI forms a GSH conjugate, which has generally been considered a detoxification product, 
leading to formation of a readily excreted mercapturate. When GSH is depleted, however, NAPQI can 
react with other nucleophiles, such as protein sulfhydryl groups, leading to cell damage and cytotoxicity. 
APAP may also undergo deacetylation to form p-aminophenol (PAP), which can then be metabolized 
by similar reactions to produce a reactive quinoneimine [131]. Thus, acute nephrotoxicity due to APAP 
over-dosage is characterized by tubular necrosis, largely confined to the proximal tubules of the renal 
cortex and outer stripe of the outer medulla.

Because of the potential for chronic abuse of APAP, renal injury due to long-term exposures to mod-
erate doses is also a problem. The chronic ingestion of APAP can be associated with the so-called 
analgesic nephropathy, which is characterized by papillary necrosis and interstitial fibrosis. Thus, in con-
trast to acute overdose, which is associated with damage to the proximal tubules and is associated with 
CYP-dependent formation of NAPQI and GSH depletion, chronic exposure is due to the one-electron 
co-oxidation of APAP by PGS in the renal medulla to initially produce a phenoxyl radical, which is fur-
ther oxidized to yield the reactive NAPQI [132]. This distinct pattern of injury is due to accumulation of 
APAP in the inner medulla and the presence of PGS in that nephron region.

Cephaloridine

Cephaloridine (CPH), which is a first-generation cephalosporin antibiotic, is limited in its therapeu-
tic efficacy by dose-limiting nephrotoxicity [133]. The CPH molecule possesses two functional groups 
besides the characteristic beta-lactam ring, giving the molecule three potential sites of bioactivation 
(Figure 12.8). A thiophene ring on one end of the molecule can undergo CYP-dependent oxidation to 
yield a reactive epoxide whereas the pyridinium ring on the other end of the molecule is thought to 
undergo redox cycling similar to paraquat, thereby generating superoxide anions and an oxidative stress. 
The beta-lactam ring, however, appears to be the primary site at which interactions occur that lead to 
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cytotoxicity. In a series of studies, Tune and colleagues [134–138] showed that the beta-lactam ring can 
open and selectively form adducts with substrate transporters on the mitochondrial inner membrane, 
thereby inhibiting mitochondrial function. Similarly, Lash et  al. [139] showed that mitochondria are 
selective targets for CPH and provided additional data suggesting that besides the beta-lactam ring, 
metabolism at the thiophene ring may also play a significant role in nephrotoxicity [140].

Another point that is critical for CPH-induced nephrotoxicity and that illustrates a general prin-
ciple that contributes to many forms of drug-induced nephrotoxicity is that CPH is efficiently and 
selectively transported into proximal tubular cells by organic anion carriers but is poorly secreted, 
thereby leading to high intracellular concentrations. This accumulated drug is then metabolized by 

FIGURE 12.7 Metabolism of acetaminophen (APAP). APAP primarily undergoes conjugation by either a UDP-
glucuronosyltransferase (UGT) or sulfotransferase (SULT) to form a readily excreted, highly polar product. When these 
reactions are saturated, APAP may be metabolized by cytochrome P450 (CYP) to form a reactive intermediate, N-acetyl-
p-benzoquinoneimine (NAPQI), which reacts with either GSH via GSH S-transferase (GST) catalysis to ultimately form a 
mercapturate, or with protein sulfhydryl (PrSH) groups. The latter reaction can lead to cytotoxicity.
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either CYPs or undergoes non-enzymatic redox cycling or hydrolysis of the beta-lactam ring, thereby 
leading to the various toxic effects.

Glutathione Conjugates of Trichloroethylene and Perchloroethylene

TCE and Perc provide additional examples of chemicals that are selectively nephrotoxic and whose mode 
of action takes advantage of some of the unique features of renal proximal tubular function with respect 
to GSH conjugates. These features include both transport and metabolism, as illustrated in Figure 12.6 
for the GSH conjugate prodrugs. For both chemicals, while there can be intrarenal GSH conjugation, 
most of the GST reaction occurs in the liver, and thus, the GSH conjugate formed is transported out of 
the liver into bile or plasma [52,54,112]. It eventually reaches the renal circulation as either the GSH 
conjugate or the cysteine conjugate. The presence of a large array of amino acid and organic anion 
transporters, primarily in the proximal tubules, enables the kidney to accumulate these chemicals and 
metabolize them further. It is quite telling that although other tissues have CCBL activity, such as the 
liver, the kidneys are the predominant, if not sole, target organ [54,112].

Innate Factors that Modify Drug Transport

In this so-called age of personalized medicine, it is clear that pathways for drug transport and metabo-
lism in humans differ amongst individuals, based not only on sex (i.e., hormone-dependent differences), 
but also age (i.e., developmental differences), lifestyle factors, and genetics. The following brief discus-
sion highlights some key differences in drug transport that may impact the functions of the kidneys in 
drug disposition. These differences in turn impact both drug efficacy and drug and chemical induced 
nephrotoxicity. This section also briefly summarizes some of the novel post-translational modifications 
that selected transporters undergo that impact their function.

FIGURE 12.8 Structure of cephaloridine (CPH) showing potential sites of bioactivation. CPH has three regions that can 
be sites of metabolism: (1) a thiophene ring that can undergo cytochrome P450 (CYP)-dependent oxidation; (2) the beta-
lactam ring, which may undergo a ring opening reaction that results in acylation of mitochondrial transporter proteins; and 
(3) a pyridinium ring that may undergo redox cycling to generate superoxide anion.
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Hormones and Sex-Dependent Differences

Sex-dependent differences in mRNA and/or protein expression of several renal plasma membrane trans-
porters have been well-documented in rats and mice [141–145]. For organic anion and organic cation 
transporters (i.e., members of the SLC22 family), androgens are stimulatory whereas estrogens are 
inhibitory. In contrast, studies by Groves et al. [146] conducted in rabbits on mRNA and protein expres-
sion and function of organic anion transporters 1 and 3 (Oat1 and Oat3) and organic cation transport-
ers 1 and 2 (Oct1 and Oct2), showed some developmental differences but generally no sex differences. 
Although some data exist on sex-dependent differences in renal clearance of drugs in humans, it is 
unclear, based on animal studies, whether any of these differences are due to hormonal differences in 
regulation of renal plasma membrane transporters.

Post-translational Modifications

A number of post-translational modifications in Oats and Octs have been identified, some of which are 
linked to the hormonal-dependent differences in expression and activity. These modifications can be 
divided into four mechanisms: (1) glycosylation, (2) phosphorylation, (3) membrane trafficking, and (4) 
protein-protein interactions [147–149]. Glycosylation has been shown to be required for proper parti-
tioning of various murine and human OATs between the plasma membrane (functional state) and intra-
cellular vesicles (non-functional state). Phosphorylation of mOat1 inhibits transporter function. Protein 
kinase C, when activated, can enhance the internalization of hOAT1 from the plasma membrane into 
endosomes, thereby rendering it non-functional. Interactions between various OATs from rodents or 
humans with various other proteins has also been demonstrated as a short-term regulatory mechanism. 
These interacting proteins include caveolins, PDZK1 / NHERF1, and ubiquitin.

Genetic Polymorphisms

In recent years, it has become apparent that expression of plasma membrane transporters in humans 
often varies significantly amongst individuals due to both genetic polymorphisms and single nucle-
otide polymorphisms. Such variations have been described for most of the major renal plasma 
membrane transporters, including OAT1 [150–153], OAT3 [151–154], OAT4 [151,155], organic 
anion transporting polypeptide (OATP) carriers [156–159], the multidrug resistance polypeptide 1 
(MRP1) [160] and 4 (MRP4) [161] carriers, and multidrug resistance protein 1 (MDR1; also known 
as P-glycoprotein) [162,163]. Clear functional effects of many of these polymorphisms, including 
altered drug efficacy [154,160,163], altered potential for drug-drug interactions and drug-induced 
toxicity [158,161], and altered drug distribution and pharmacokinetics [154,159,162], have been 
demonstrated.

Conclusions

The kidneys possess most of the same drug metabolizing enzymes as the much more studied liver. 
Significant differences exist between tissues, however, in terms of isoenzyme expression, overall amount 
of enzyme activity, regulation of enzyme expression and activity, and cell type distribution. Hence, for 
most of the enzymes that are of interest for drug metabolism, the highest levels of expression in the 
kidneys are found in the proximal tubules. These include enzymes of so-called Phase I metabolism, 
the CYPs and FMOs, and conjugation enzymes of Phase II metabolism, the UGTs, SULTs, and GSTs. 
The most notable exception is that of PGS, which is found predominantly in the inner medulla. Another 
important feature of renal function that correlates with metabolism is transport. Plasma membrane trans-
porters for organic anions and cations are localized predominantly in the proximal tubules as well, and 
serve to deliver substrates to their sites of metabolism. Significant species differences also exist in the 
renal expression of several classes of drug metabolism enzymes, making extrapolation from experimen-
tal animals to humans very difficult when renal metabolism is involved.
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A few selected examples were cited of drugs whose renal metabolism illustrates unique aspects of 
renal function. For example, the cephalosporin antibiotics (as exemplified by cephaloridine) were dis-
cussed as an example of a class of drugs whose nephrotoxicity is enhanced by accumulation in proximal 
tubular cells due to efficient uptake and poor efflux. Different classes of prodrugs that either possess a 
selenocysteine, γ-glutamyl, or GSH moiety, were discussed. These prodrugs take advantage of the unique 
manner in which the kidneys, and in particular, the proximal tubules handle these various S-conjugates 
and GSH-derivatives to effect selective delivery to the proximal tubules. The case of APAP is instructive 
in showing that distinct patterns of cellular accumulation and metabolism occur, depending on whether 
exposure is acute or chronic.
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13
Mass Spectrometry in Drug Metabolism 
Research: Principles and Common Practice

Bo Wen

Introduction

The understanding that drug metabolites often play a critical role in the efficacy and safety profile of 
drugs has propelled drug metabolism research to become an integral part of pharmaceutical research 
and development. Drug metabolism (also known as biotransformation) is a biochemical process in 
which drugs are converted to more hydrophilic species to facilitate their elimination from the body 
[1]. Most chemicals, including drugs, are transformed in the human body to a wide variety of products 
by a host of enzymes present mostly intracellularly, though bacteria in the gastrointestinal tract can 
metabolize some structures. The reactions catalyzed by drug metabolizing enzymes can be catego-
rized into two groups: phase I functionalization and phase II conjugation [2]. Phase I reactions often 
involve oxidation, reduction, dealkylation, deamination, and hydrolysis, with less frequent reactions 
including chiral inversion, rearrangement, and dehydration. Many introduce or unmask a functional 
group (e.g., –OH, –COOH, –NH2, or –SH) within the molecule. Phase II reactions impart the drug or 
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its metabolites with an endogenous molecule such as glucuronic acid, sulfate, amino acids, or glutathi-
one (GSH), which leads in many cases (i.e., methylation and acetylation leads to higher lipophilicity) 
to an increase in hydrophilicity and a concomitant decrease in the volume of distribution (Vss), result-
ing in decreased tissue partitioning of the drug. While many of these metabolites are physiologically 
inactive, some are active either therapeutically or toxicologically. Other undesirable consequences 
resulting from biotransformation reactions include rapid drug clearance [3] and drug-drug interactions 
(DDIs) [4].

The role of drug metabolism research in drug discovery and development has significantly expanded 
over the past decades, from in vivo studies mainly performed at the development stage to becoming an 
integral part of pharmaceutical research, ranging from understanding absorption, distribution, metabo-
lism, and excretion (ADME), flagging active and toxic metabolites, to bridging pharmacokinetic/phar-
macodynamic disconnects (Figure 13.1). Early in vitro metabolite profiling experiments are designed 
to evaluate interspecies differences and determine specific metabolic pathways to facilitate prediction 
of the validity of toxicology and/or efficacy models, determine metabolic “soft spots” leading to unfa-
vorable metabolism or “hot spots” leading to reactive metabolite formation, and aid in development of 
improved analogs with a maximized likelihood of success and attrition reduction [5]. While the phar-
macokinetic properties of a drug candidate are deemed unsuitable, for example, the underlying mecha-
nism is often metabolic instability in either the gastrointestinal tract or the liver leading to overly rapid 
metabolic clearance and unachievable therapeutic exposures. In the development phase, the goals of drug 
metabolism studies include the characterization of metabolic pathways and determination of the extent 
of metabolism and metabolite exposures in laboratory animals and humans in support of safety testing 
of metabolites (MIST) and clinical DDI studies. Additionally, assessment of the pharmacological activ-
ity, toxicity, and DDI potential of metabolites in human circulation is often performed to contribute to 
understanding of the safety and efficacy profile of the compound, leading to appropriate risk mitigation 
strategies. An example of the increasing understanding and impact of drug metabolism is the reduced 
attrition rates due to inappropriate pharmacokinetics and/or bioequivalence [6].

The importance of determination of metabolic profiles has been followed hand-in-hand by the develop-
ment of analytical tools, in particular mass spectrometry (MS) technologies, necessary to perform this 
research. Until the late 1980s, metabolite identification by MS was still a major undertaking with insensi-
tive instruments, lengthy isolation of metabolites and tedious sample preparation process. The detection 
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and identification of metabolites in biological matrices were complicated by the fact that metabolism often 
results in a vast array of structurally diverse species at relatively low concentrations (i.e., nM to μM) with 
a large excess of proteins, lipids, and other endogenous compounds present in the matrices interfering with 
the detection of drug-related materials. The development of robust, sensitive, and high-performance liquid 
chromatography (HPLC)-compatible atmospheric pressure electrospray ionization (ESI) sources made 
it possible to directly couple LC with MS and allowed LC/MS to become the preeminent analytical tool 
for detection and identification of metabolites. A major recent focus of improvements in early metabolite 
profiling methods has been increasing the analysis throughput using faster HPLC and faster scanning mass 
spectrometers, as well as development of integrated profiling methods that allow parent quantification and 
metabolite profiling in the same run [7]. On the other front, accurate mass-mass spectrometers coupled with 
mass filters and data-mining techniques have become the  cornerstone for the drug metabolism research 
in recent years. In this chapter, the application, progress, and future perspectives of MS technology in 
detection and structural characterization of drug metabolites in the discovery and development settings are 
discussed. The coverage is not intended to be comprehensive, but rather illustrative of key developments 
to provide an overview of the advance of MS technology and its impact on the drug metabolism research.

Application of Mass Spectrometry in Drug Metabolism

It can be argued that the substantial influence of drug metabolism research on drug discovery and devel-
opment may have been driven by the advances in analytical tools, in particular MS technology. Over 
the past decades, MS technology and its applications in drug metabolism research underwent a rapid 
evolution with two major milestones, namely the emergence of electrospray LC/MS instruments and the 
development of robust and stable high-resolution mass spectrometry (HRMS) along with data acquisi-
tion and data mining tools. Because the analyte is required to be in the gas phase for MS analysis, the 
ability to introduce liquid directly into the MS by converting solution molecules from the liquid phase to 
the gas phase is of paramount importance. ESI technology overcame this physical hurdle and made LC/
MS into rubout instruments with the analytical speed, sensitivity, and selectivity well suited for com-
mon drug metabolism studies [8]. On the other front, the development of HRMS instruments enabled 
the LC/MS platform to collect comprehensive accurate, high resolution mass datasets, distinguish drug 
metabolite ions from most, if not all, isobaric endogenous species, and determine the elemental composi-
tion of metabolite ions and their fragments [9,10]. To date, HRMS-based capabilities have resulted in a 
paradigm shift in the way metabolite profiling studies are conducted.

Standalone Mass Spectrometry

Prior to the introduction of atmospheric pressure ionization (API) in 1990s, identifying a metabolite by MS 
in complex biological matrices was a major undertaking. The main obstacle was the lack of an interface 
that would allow the direct coupling of HPLC with MS. It was common either to isolate the metabolite, 
usually in microgram quantities because of the relative insensitivity of the instruments, or to derivatize the 
analyte prior to analysis by gas chromatography (GC)/MS. The ionization techniques, such as electron 
ionization (EI), chemical ionization (CI), field desorption (FD), and fast atom bombardment (FAB), were 
operated under a vacuum. These techniques were not readily interfaced with HPLC because removing a 
vast majority of the liquid solvent without removing the analyte before it entered the ion source under a 
vacuum was considerably challenging. As a result, standalone MS instruments used for metabolite identifi-
cation often required microgram quantities of the isolated analyte of interest. In addition, applications were 
largely limited to samples of highly volatile compounds within low-boiling organic solvents.

Electron and Chemical Ionizations

EI traces its roots to the work of A. J. Dempster [11] a century ago. Solid or liquid samples are intro-
duced into the EI ion source using a direct insertion probe and ionized by bombardment of a stream of 
high-energy electrons (typically 70 eV). Analyte molecules lose an electron to give a positively charged 
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radical (M+•), while some molecules may capture an electron to produce negative ions. In CI, a reagent 
gas is introduced directly into the EI ion source in addition to the analyte, and the reagent gas pro-
duces ions that are essentially nonreactive with the reaction gas but can undergo exoergic ion-molecule 
reactions with the analyte of interest [12]. Changes in the CI spectra can be obtained using alternative 
reagent gases. For example, methane and isobutene were commonly used to produce the reagent ions 
CH5

+ and C4H9
+, both of which give a protonated analyte ion MH+ by protein transfer [13,14], whereas 

ammonia and isobutene can produce ammonium [M+NH4]+ and isobutane [M+C4H9]+ adduct ions, 
respectively [15]. EI is a “kinetically controlled” ionization process; hence, spectra acquired under stan-
dard conditions are reproducible over time and largely independent of the instrument used. Extensive EI 
mass spectra libraries have been generated and now contain over 270,000 entries (http://www.sisweb.
com/software/ms/nist.htm#ei). Despite the well-established utility for structure elucidation purposes 
of EI MS especially when employed with online GC, thermally-labile metabolites including phase II 
conjugates are often not stable enough at the elevated temperatures required for vaporization, resulting 
in a complete cleavage/loss of the molecular ion. For examples, thermal lability and polarity of GSH 
conjugates limited the success of these techniques to only a few examples [16]. Hence, it is not surpris-
ing that “soft ionization” techniques including FD and FAB (or LSIMS) rapidly took preference for the 
screening of the phase II metabolites.

Field Desorption

FD is considered a forerunner of the “spray” techniques in that it involves the application of a high electric 
field to a liquid surface resulting in the production of intact molecular ions from nonvolatile samples. 
The advantage of the “soft ionization” technique was demonstrated by offering molecular weight 
information of the thioether conjugates of acetaminophen [17]. The molecular ion M+• at m/z 456 of 
3-glutathionylacetaminophen was not observed in an EI spectrum, and only a low intensity ion at m/z 
411 was observed under CI conditions, corresponding to the loss of formic acid from an MH+ ion. In con-
trast, the FD mass spectrum exhibited an intense protonated molecular ion [M+H]+ at m/z 457 together 
with a prominent [M+Na]+ ion at m/z 479 [17]. Additionally, The FD/CID spectrum offered informative 
product ions that resulted from fragmentation of the acetamido group of the parent drug and of bonds in 
the cysteinyl and γ-glutamyl residues.

Fast Atom Bombardment

FAB (or LSIMS) is another “soft ionization” technique commonly used in standalone mass spectrom-
eters. A solution of the isolated metabolite in a nonvolatile liquid such as glycerol is loaded onto a metal 
target and introduced into the ionization source under a vacuum via an airlock, where the target is bom-
barded with a stream of atoms such as cesium, leading to desorption. Glycerol slows down the evapo-
ration of the sample from the metal target, enabling the acquisition of mass spectra over a reasonable 
period of time [18]. Because of the relatively high sensitivity and “soft ionization” features, FAB/MS and 
FAB/MS/MS were well suited for the analysis of polar and thermally labile metabolites [19,20]. Polar 
metabolites such as glucuronide or sulfate conjugates can be analyzed as the intact species. Analysis of 
intact glucuronides is critical in the case of amines, because in many instances the conjugates derive 
from conjugation of the carbamic acids to which the parent amines are transformed via a chemical equi-
librium in biological fluids [21,22]. Attempts to hydrolyze such carbamoyl glucuronides prior to isolation 
will result in decarboxylation of the unstable carbamic acid to yield the free amine, and the conjugate 
would be misidentified as an N-glucuronide. Hence, it is imperative that carbamoyl glucuronides are 
analyzed as intact to avoid misleading results [23].

Other metabolites including GSH adducts and coenzyme A thioesters are also amenable to the 
FAB analysis. Characteristic fragmentation of GSH adducts under FAB/MS conditions included the 
loss of glutamic acid (129 Da) [24], the expulsion of methyl glutamate (143 Da) from the correspond-
ing methyl ester [25], and the elimination of the methyl glycine (89 Da) from the N-alkoxycarbonyl 
methyl ester derivative [24,26]. These characteristic losses were employed to screen for unknown GSH 
adducts in biological matrices [24]. Coupled with the isotope cluster (“twin ion”) technique, a CNL 
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scan at m/z 89 selectively revealed the MH+ species of unlabeled S-(N-methylcarbamoyl)glutathione 
(SMG) and [2H3]SMG present as biliary metabolites of N-methylformamide (NMF) and [2H3]NMF in 
mice [26]. Notably, fragmentation patterns of GSH conjugates acquired by FAB over two decades ago 
were essentially identical to the ones acquired under ESI, the most widely used ionization technique 
nowadays (Figure 13.2).

Gas Chromatography Mass Spectrometry

Mass spectrometers were first coupled with capillary GC during the 1960s simply because of the 
requirement for the analyte to be in gas phase prior to MS analysis (Figure 13.3). GC/MS instruments 
that employed EI or CI sources have been extensively used for quantifying and identifying trace com-
ponents including drug metabolites in complex biological matrices [27]. GC/MS is most useful for the 
analysis of organically extractable and non-polar compounds, as well as highly volatile compounds 
with low vapor pressures that may undergo headspace analysis [28]. Thus, for polar compounds of 
interest in biological matrices, derivatization is often required to achieve the volatility necessary for 
GC. Aqueous solutions are treated with derivatization agents to convert the polar analyte to a chemi-
cally modified form amendable to organic extraction. Not only does derivatization result in a more 
volatile compound, this also enhances solvent extractability and MS sensitivity. Derivatization of 
catechol estrogens with N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) provided both protection 
for the labile catechols and the volatility required for GC analysis [29]. In addition, the development of 
multi-dimensional GC/MS offered enhancement of separating capacity suitable for complex biologi-
cal mixtures [30].

The use of stable isotopes has become commonplace in drug metabolism research [31]. Coupled with 
stable isotope labeling techniques, GC/MS has proven to be a powerful tool for investigating mechanis-
tic aspects of biotransformation reactions. In an attempt to investigate the bioactivation mechanism of 
1,2-dibromo-3-chloropropane (DBCP), GC/MS analysis together with the isotope cluster technique not 
only facilitated the recognition of the drug-related materials in complex biological matrices but, more 
importantly, demonstrated that formation of the potent direct-acting mutagen 2-bromoacrolein (2-BA) 
resulted primarily from the initial oxidation at the C-1 position of DBCP [32].

FIGURE 13.2 Characteristic fragmentation of the [M+H]+ ions of (a) the N-[(benzoyloxy)-carbonyl] dimethyl ester 
derivatized GSH conjugates under FAB, and (b) the native GSH conjugates under ESI. (Reproduced from Pearson, P.G. 
et al., Anal. Chem., 62, 1827–1836, 1990; Wen, B. et al., Drug Metab. Dispos., 37, 1557–1562, 2009. With permission.)
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Liquid Chromatography Mass Spectrometry

Despite its extensive use in drug metabolism studies, GC/MS is limited in the analysis of polar metabo-
lites in aqueous matrices. Derivatization often resulted in excessive components in gas chromatographic 
analyses yielding additional complexity for identifying the metabolites of interest [33]. From a quantita-
tive perspective, the use of GC/MS for such an analysis requires a minimum extraction efficiency and 
often a derivatization efficiency, with back-calculations to determine the analyte concentrations within 
the original sample. These limitations in sample preparation, analysis, and throughput essentially neces-
sitated the development of a robust and stable interface that would allow the direct coupling of HPLC 
with MS. However, the coupling of HPLC with MS operating under a vacuum proved much more chal-
lenging than the coupling of GC and MS. Early examples included the “moving belt” interface in which 
the mobile phase solution was sprayed onto a continuously looped polyimide belt, with one end in the 
atmosphere and the other end in the ionization source under a vacuum [34]. The “moving belt” worked 
well with little loss of chromatographic resolution, and the use of on-line FAB LC/MS with a “moving 
belt” interface allowed detection of the protonated molecular ions of almitrine and its metabolites in 
plasma [35]. Direct liquid introduction (DLI) represented a significant improvement with less thermal 
decomposition and higher sensitivity compared to the “moving belt” interface [36]. Continuous-flow 
(CF) FAB/MS/MS was used for analysis of drugs such as penicillin G, phentolamine, cocaine, and 
warfarin, and good sensitivity and reproducibility were achieved by this technique [37]. An exciting and 
potentially important application was the coupling of mass spectrometers to microdialysis probes for 
the direct sampling of drugs and metabolites in living systems. The dialysate fluid from an indwelling 
microdialysis probe implanted in the jugular vein was delivered into the mass spectrometer via an online 
CF FAB interface [38]. Such online technology offered considerable promise for the conduct of metabo-
lism and pharmacokinetic studies in real time.

Of the various early phase LC/MS couplings, the thermospray ionization (TSI) interface was likely 
the most frequently employed for drug metabolism studies. TSI operates at reduced pressure rather than 
under a vacuum or in the atmosphere and is considered a prototype of the current API technique. Under 
the TSI conditions, the charged droplets shrink within the heated source because of evaporation of the 
solvent. When the droplet attains a certain diameter, the repulsive forces within the droplet build up, 
leading to the emission of individual ions, a process known as ion evaporation and columbic explosion 
[39]. One of the major advantages of TSI over DLI is that LC flow rates up to 1.5 mL/min can be reached 

FIGURE 13.3 The advance of mass spectrometry technologies in drug metabolism research.
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with TSI versus 50 μL/min with DLI. A series of cysteine, N-acetyl cysteine, and GSH conjugates was 
successfully analyzed by LC/TSI MS [40], and for most of the compounds, positive ion TSI is more sen-
sitive than negative ion thermospray. Additionally, LC/TSI MS was successfully used for detection and 
identification of GSH conjugates such as 3-methylindole [41] and propranolol [42].

The ability to introduce an HPLC effluent directly into the MS by converting aqueous polar analytes 
to gas phase ions is of paramount importance and is dictated by the source from which the HPLC solvent 
is vaporized and ionized prior to MS analysis. The development of API sources (notably those employing 
electrospray, ionspray or heated nebulizer interfaces) eventually overcame this physical hurdle, with its 
capability to operate under atmospheric pressure, readily couple with reverse and normal phase HPLC, 
and generate intact molecular ions with high sensitivity. On account of their sensitivity, compatibility, 
applicability, and general ease of operation, a combination of the coupling of LC with MS and the 
advancement of MS technologies (i.e., development of tandem quadrupole and ion trap mass spectro-
meters) has propelled LC/MS to the forefront as the preeminent analytical tool for the detection, quanti-
fication and structure elucidation of drug-related materials in biological matrices [43].

Scanning Functions

One of the most important uses of MS is the generation and determination of molecular ions of unknown 
metabolites. Triple quadrupole mass spectrometer-based precursor ion (PI) and neutral loss (NL) scans 
substantially increased the capability to search for metabolites regardless of their molecular weights 
based on common or expected fragmentation [44]. This “metabolite mapping” approach was the cor-
nerstone of LC/MS technology for drug metabolite identification in the 1990s (Figure 13.3) and was 
employed in the detection of unknown oxidative metabolites [45], GSH adducts [46], and glucuronide 
and sulfate conjugates [47]. On the other hand, MSn capability on the linear ion trap quadrupole (LTQ), 
which provides detailed fragmentation information, was another key LC/MS approach utilized for struc-
tural elucidation of drug metabolites [48].

Data Acquisition

An intelligent, data-dependent acquisition uses one or two survey scans to trigger the acquisition of 
MS/MS of targeted metabolites. List-dependent MSn acquisition on an ion trap instrument was the 
first practical data-dependent acquisition approach widely employed for metabolite identification [49]. 
A  comprehensive list of predicted molecular ions of metabolites derived from the parent drug is incorpo-
rated into its acquisition method, and ions that match the m/z values of predicted metabolites in full scan 
MS spectra are triggered for “on-the-fly” recording of MSn spectra. This approach is capable of acquir-
ing full scan MS and MSn spectral datasets in a single run. Ion trap-based isotope pattern-dependent 
MS/MS acquisition is another useful acquisition method for both detection of metabolite ions and acqui-
sition of their MS/MS spectra that have distinct isotope patterns. This approach was effectively used for 
rapid screening of in vitro reactive metabolites trapped by stable isotope labeled GSH [50]. Similarly, a 
combination of isotope pattern-dependent acquisition and polarity switching technique was applied to 
the detection and structural characterization of GSH adducts using a linear ion trap instrument [51]. The 
list-dependent MS/MS acquisition in quadrupole time-of-flight (QTOF) instruments enabled the genera-
tion of accurate mass MS/MS spectra of predicted metabolites in a single LC/MS run [52].

The use of NL, PI, and multiple reaction monitoring (MRM) as a survey scan to trigger the data-
dependent MS/MS acquisition was carried out on the hybrid quadrupole-linear ion trap (QTRAP) instru-
ments, which can function either as a triple quadrupole and/or ion trap within a given scan cycle [53,54]. 
On account of their high sensitivity, great versatility, and general ease of operation, the NL-, PI-, and 
MRM-dependent MS/MS approaches using the QTRAP have been widely used for fast profiling of oxi-
dative metabolites and conjugates, offering product ion spectra with structurally informative fragmenta-
tion with no low-mass cutoff [55–58]. In the absence of prior knowledge of fragmentation patterns of 
metabolites, multiple ion monitoring (MIM)-EPI was developed for metabolite profiling and character-
ization [59,60]. The difference between MIM and MRM is that under MIM, the molecular ions isolated 
in Q1 pass through Q2 with no fragmentation and are monitored in Q3 of the QTRAP.
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The screening and characterization of reactive metabolites using information-dependent acquisition 
(IDA) scan functions of QTRAP are among the instrument’s many applications [55]. Characteristic frag-
mentation of GSH conjugates has been extensively described above [20,24] and, similar to the CID of 
peptides, fragmentation of GSH conjugates is mainly a result of cleavage of the peptide backbone of 
the GSH moiety in the positive mode. For example, GSH conjugates generally undergo a NL of 129 Da 
(loss of pyroglutamate) to produce e-type fragment ions, which can be readily detected by a CNL scan of 
129 Da. However, structurally different classes of GSH conjugates have long been recognized to behave 
differently upon CID in the positive ion mode, and not all classes of GSH conjugates afford an NL of 
129 Da as the primary fragmentation pathway. Many GSH adducts yield doubly charged [M + 2H]2+ 
ions under the positive ion mode, which typically do not fragment by a neutral loss of 129 Da under 
CID. To overcome this drawback, Dieckhaus et al. demonstrated that a PI scan of m/z 272 (deprotonated 
γ-glutamyl-dehydroalanyl-glycine) in the negative ion mode provides a broader survey scan for the detec-
tion of GSH conjugates of different classes, including benzylic, aromatic, aliphatic, and thioester GSH 
conjugates [61]. An extension of this methodology incorporates a simultaneous dual negative precursor 
ion scan for m/z 272 and 254 (the dehydrated form of m/z 272) [62]. With both fragment anions scanned 
in parallel, this method has achieved a further increase in selectivity. Additionally, a high-throughput 
screening method was developed using polarity switching technique on a hybrid QTRAP [63]. This 
method utilized a PI scan of m/z 272 in the negative ion mode for unambiguous detection of GSH adducts, 
with polarity switching to the positive ion mode for MS/MS acquisition in a single LC/MS run. Several 
novel reactive metabolites were detected and identified [64–67], and exogenous GSH adducts were dis-
tinguished from endogenous GSH conjugates using this polarity switching method when GSH ethyl ester 
was used as a trapping agent [68]. In humans, GSH conjugates often undergo in vivo biotransformation 
to give rise to N-acetyl-L-cysteine (NAC) adducts (mercapturic acid adducts) [69]. Based on predicted 
fragmentations, MRM-EPI methods were constructed for detection of both GSH and NAC conjugates 
[70,71]. Results showed that the MRM-EPI method is well suited for detection of in vivo reactive metabo-
lites in complex biological matrices. Whereas MRM-EPI is often chosen as the primary method for detec-
tion and characterization of low-level in vivo reactive metabolites in complex biological matrices owing 
to its inherent sensitivity and selectivity, generic approaches such as PI-EPI and NL-EPI are well suited 
for high-throughput screening of structurally unknown reactive metabolites in a drug discovery setting.

Analytical Strategy

The LC/MS analytical strategies for metabolite identification can be divided into two categories, a single 
LC/MS platform versus combinations of two or more LC/MS platforms. LC coupled with an ESI triple 
quadrupole took preference to become the LC/MS platform of choice for drug metabolite identification in 
the early 1990s; however, limitations of the triple quadrupole-based LC/MS platform included the lack of 
sensitivity of a full MS scan and the requirement for multiple injections/runs during PI, NL, and product ion 
scans followed by MS/MS acquisition. The hybrid QTRAP instrument was developed to enable PI-, NL-, 
and MRM-dependent MS/MS acquisitions, in which PI, NL, and MRM-based survey scans are carried 
out to trigger the acquisition of both full MS and MS/MS spectra. Because it can function either as a triple 
quadrupole and/or ion trap within a given scan cycle, QTRAP is well suited for both quantitative and quali-
tative analysis of drug metabolites. Since its introduction around 2002, the QTRAP has increasingly taken 
preference as one of the most versatile LC/MS systems in both quantification and structural characterization 
of drug metabolites as a single LC/MS system. As an alternative, the ion trap-based MSn analytical strategy 
was extensively applied for metabolite identification since introduction of the Thermo ion trap mass spec-
trometer, the LCQ, in the late 1990s. This approach took advantage of its fast MS scanning speed and MSn 
acquisition capability. However, since ion trap instruments were not capable of performing NL and PI scans, 
its utility in detecting low-level, uncommon metabolites with certain fragmentation patterns was limited.

High-Resolution Mass Spectrometry

HRMS generates accurate mass spectral data that provide element composition of the molecular ions or 
their fragment ions. Since the mid-2000s, significantly improved HRMS instruments including Waters’ 
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QTOF, Thermo Fisher’s LTQ-FTICR and LTQ-Orbitrap functioned much better than earlier versions of 
HRMS in terms of sensitivity, scanning speed, resolution, and stability of mass accuracy (Figure 13.3). 
Additionally, a new MSE-based HRMS data acquisition technique [72] and an accurate mass data min-
ing tool namely a mass defect filter (MDF) [73] were developed, enabling HRMS detection of unknown 
drug metabolites without using PI or NL scans. Cascades of HRMS-based data acquisition and data min-
ing technologies, including isotope-pattern dependent MS/MS acquisition [74], data mining [75], neutral 
loss filters (NLF) and product ion filters (PIF) [76], and background subtraction algorithms [77–79], were 
developed and applied to enhance HRMS capabilities in the comprehensive and rapid identification of 
drug metabolites (Figure 13.4). Since the early 2010s, HRMS has been used as a single, primary LC/MS 
system in drug metabolism studies. More recently, HRMS-based data acquisition and data mining tools 
have been increasingly used in metabolite identification and profiling studies, such as metabolic “soft-
spot” analysis, reactive metabolite screening, and detection and identification of uncommon metabo-
lites in vivo. The emergence and application of HRMS technologies have been summarized previously 
[9,10,45,80–88].

HRMS-Based Data Acquisition

Accurate mass spectra of drug metabolites can be obtained by HRMS using a targeted product ion scan 
on each individually detected and/or expected molecular ion. However, this approach typically requires 
multiple injections because of duty cycle constrains. Since the mid-2000s, multiple data-dependent MS/
MS acquisition methods such as list-, isotope pattern-, and mass defect-dependent MS/MS acquisitions 
and data-independent global fragment generation methods such as MSE and sequential window acqui-
sition of all theoretical fragment-ion spectra (SWATH) were developed to enhance the capabilities of 
HRMS in automated acquisition of MS/MS spectra or global fragment ions relevant to metabolites in a 
single LC/MS injection. Major HRMS-based data acquisition and mining tools for metabolite identifica-
tion are summarized in Figure 13.4.
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FIGURE 13.4 The general workflow using HRMS technology for drug metabolite detection and identification. (Adapted 
from Zhu, M. et al., J. Biol. Chem., 2286, 25419–25425, 2011. With permission.)
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Data-Dependent MS/MS Acquisition

HRMS-based data-dependent MS/MS acquisition significantly reduces the acquiring of irrelevant MS/
MS information. This is simply because of narrower accurate mass windows that can be set around 
drug metabolites to exclude irrelevant isobaric ions that are otherwise acquired. A single injection with 
a list-dependent acquisition to obtain MS/MS spectra of expected metabolites along with an intensity-
dependent acquisition as a backup to obtain MS/MS spectra for the remaining major ions is a common 
workflow. Isotope pattern-dependent methods can be effectively applied to trigger MS/MS acquisition of 
drug metabolites that have a distinct isotope fingerprint [89]. Since HRMS can significantly reduce vari-
ability in both the intensity ratio and mass difference, HRMS-based isotope pattern-dependent acquisi-
tion is much more effective than a method using low-resolution MS. Mass defect-dependent acquisition 
is a new data-dependent acquisition method specifically developed for HRMS instruments to trigger 
MS/MS acquisition of drug metabolites in complex biological matrices [90]. This method imposes one 
or multiple filters in the mass defect dimension on full scan survey MS spectra to search for ions with 
matching criteria and trigger acquisition of their MS/MS data. This greatly reduces the possibility of 
wasting MS duty cycle time on irrelevant ions, while missing metabolite ions of interest. Because of 
such improved selectivity for drug metabolite ions, a lower intensity threshold may be set to obtain 
MS/MS spectra for minor drug metabolites. Similar to the polarity switching approach using a hybrid 
QTRAP described above [63], the selective ion monitoring of m/z 272.0888, a characteristic product ion 
corresponding to deprotonated γ-glutamyl-dehydroalanyl-glycine in the negative ionization mode, was 
applied as a survey scan to trigger acquisition of accurate mass and multiple MS/MS spectra of GSH con-
jugates on a Thermo Q Exactive quadrupole orbitrap mass spectrometer [91]. Incorporation of accurate 
mass PI-dependent data acquisition and fast polarity switching option makes this LC-HRMS platform a 
sensitive tool for rapid detection and characterization of GSH conjugates.

Data-Independent Global Fragment Acquisition

MSE acquisition was developed for the QTOF to generate fragments for all of components along with 
their precursor ions in a single LC-HRMS run [72,92,93]. The global fragment dataset can be utilized 
for structural characterization and metabolite detection via data mining by NLF or PIF after the frag-
ments are linked to their perspective precursor ions. SWATH is a data-independent fragment acquisition 
method similar to MSE, but it has much smaller mass windows that can significantly reduce the number 
of co-eluted interference ions present in the acquired global fragment datasets [94]. The most critical 
component in the effective use of fragment datasets generated by MSE or SWATH is the assignment of 
small fragment ions to their respective metabolite precursor ions in the presence of intense interference 
ions. This is greatly facilitated by the accurate mass and high resolution LC/MS datasets acquired by 
HRMS. Results from metabolite profiling studies using MSE or SWATH suggested that a combination 
of the QTOF and data-independent global fragment acquisition provides a powerful approach to high 
throughput screening of drug metabolites in biological matrices. In addition, MSE and SWATH provide 
a useful means of structural confirmation when a QTOF is employed for quantitative analysis of a large 
number of analytes using accurate mass full MS scan data [95,96].

HRMS-Based Data Mining

HRMS-based data mining technology can be divided into targeted and non-targeted data mining tools 
[9,10]. Targeted data mining techniques such as EIC, MDF, IPF, NLF, and PIF are capable of searching 
for targeted drug metabolites by using specific features in metabolite structures and/or mass spectra 
predicted from the parent drug and/or its metabolites. The non-targeted data mining technology includes 
background subtraction, control sample comparison, and metabolomic approaches, all of which allow for 
the unbiased, comprehensive detection of drug metabolites regardless of their molecular weights, mass 
defect values, isotope pattern, fragmentation patterns or structures.

Targeted Data Mining

MDF is considered as the first data processing technique specially developed for “metabolite mining” 
from full MS datasets generated from HRMS instruments [73,95,97]. MDF imposes a filter on the 
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residue mass (i.e., the mass defect) dimension in selected mass windows of HRMS datasets. Ions derived 
from endogenous components in biological matrices are excluded by MDF so that ions corresponding to 
drug metabolites can be substantially enriched. This is based on the idea that mass defects of metabolites 
typically fall within a definable window (40–50 mDa) relative to those of the parent drug. Multiple MDFs 
can be applied to the same full MS dataset across selected mass ranges to retain various classes of drug 
metabolites, such as glucuronides. The effectiveness of MDF in metabolite identification has been dem-
onstrated [74,86,98–101]. In addition, MDF has been applied to the detection of metabolites of Chinese 
herbal medicines [102] and designer drugs [103], where multiple xenobiotic components undergo various 
metabolic pathways to generate large sets of metabolites. It has been suggested that the efficiency of an 
MDF template is typically better for samples from plasma, bile, and fecal matrices than for samples from 
urine [104]. Because of its “metabolite-enriching” capabilities, the utility of MDF and its equivalent 
functions have been widely incorporated into major HRMS data processing software packages.

NLF and PIF are other types of post-acquisition data processing tools specially developed to enable 
HRMS detection of various unknown drug metabolites. NLF and PIF search for drug metabolites in 
high resolution MS/MS spectra [76] or fragment datasets [72] based on their fragmentation patterns 
such as a specific neutral loss or the formation of a certain product ion predicted from the parent drug, 
a known metabolite of the parent drug or various classes of conjugates of the parent drug. For example, 
a few unique product ions of triptolide were employed in the PIF process to selectively search for oxida-
tive metabolites of triptolide in rat urine [89]. In a similar manner, NLF targeting a neutral loss of m/z 
129.0426, the major and unique fragmentation pathway of GSH adducts, can be effectively applied to 
detect GSH adduct ions in high resolution MS/MS data [105]. NLF and PIF are well suited for the selec-
tive detection of certain types of metabolites and are complimentary to MDF. Both NLF and PIF can 
be directly applied to processing MS/MS spectral datasets recorded using data-dependent methods such 
as intensity-, inclusion list-, and isotope-dependent MS/MS acquisition methods, leading to the sensitive 
and selective detection of minor or trace amounts of metabolites as long as their high resolution MS/MS 
spectra are acquired. In addition, NLF and PIF can be applied to global fragment ion datasets gener-
ated using data-independent acquisition methods such as ion source CID, MSE, and SWATH. Given the 
nonspecific nature of the data acquisition, the resultant data acquired by low resolution MS would be 
of little use because determining the respective precursor ions of fragment ions recorded in the dataset 
would be difficult. The accurate mass quality of such nonspecific fragmentation data, in combination 
with the accurate mass molecular ion data typically acquired by HRMS, has made NLF and PIF more 
effective in such applications [94,106]. Although linking minor fragments to their precursor ions remains 
challenging, the application of NLF and PIF to processing global fragment ion datasets is a powerful 
tool in the detection, structural confirmation, and characterization of unknown drug metabolites or other 
xenobiotics in complex biological samples.

EIC has long been a centerpiece of mass spectrometric data-processing strategies for chromatographi-
cally resolving isobaric components. IPF is a method applicable to situations in which drug metabolites 
exhibit distinct isotope patterns that do not typically exist among endogenous matrix components [9]. 
Such distinct patterns occur naturally with halogen-containing compounds, stable isotope-labeled drugs 
and metabolites formed in incubations with stable isotope-labeled trapping agents (e.g., GSH). Although 
EIC and IPF have been used routinely to find targeted drug metabolite ions in unit-resolution full scan 
MS datasets, high-resolution LC/MS data-based EIC and IPF can apply a relatively narrower ion extrac-
tion window for ion chromatogram generation, which in return enhances both selectivity and sensitivity, 
resulting in the detection of minor metabolites with minimal false positive signals.

Non-targeted Data Mining

Background subtraction is an effective data processing tool for non-targeted detection of drug metabo-
lites. The concept of background subtraction is not new; however, it is surely a new capability in a 
practical sense since isobaric ions in high resolution LC/MS data are typically resolved so that back-
ground subtraction can be systematically performed on discrete ions in raw MS data. This HRMS-
based background subtraction approach is very useful in the fast and comprehensive profiling of both 
in vitro [77] and in vivo metabolites [79,107]. The background subtraction process often includes one 
test sample and one control sample. If populations of sample matrix components significantly differ 
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between the test and control samples or if no good control sample is available to provide adequate matrix 
component coverage, this approach may not work effectively. Recently, a new “Precise and Thorough 
Background Subtraction” (PATBS) algorithm was developed for untargeted screening of unknown 
metabolites to establish a “xenobiotic fingerprint” only present in the patient samples but not in the 
control samples  [108]. Along with targeted data mining tools, unknown metabolites and/or potential 
toxic xenobiotics present in the patient samples are identified via database search and spectral interpreta-
tion. The combination of data-independent acquisition and untargeted background subtraction may have 
broad applications in the detection and characterization of unknown metabolites/xenobiotics in forensic 
toxicological analyses and sport enhancement drug screening.

Another useful non-targeted data mining technique is the metabolomic approach [109]. Unlike the 
data mining tools we have discussed that process HRMS datasets from either two samples (i.e., back-
ground subtraction) or one sample (i.e., MDF, NLF, PIF), a metabolomic approach requires two groups 
of samples, a treated and a non-treated group, each of which requires a minimum of three or four sam-
ples; the larger the sample size, the better the data quality. Once accurate mass MS datasets from all 
of the samples are acquired, individual chromatographic components are determined and compared 
between the two groups using various statistic analytical tools. Chromatographic components that have 
significantly higher levels or presented only in the treated samples are either xenobiotic components or 
endogenous components, whose levels have been elevated as a result of the drug treatment or of being 
under specific physiological conditions. The metabolomics approach has been extensively applied to 
studies of perturbations of endogenous small molecules in vitro or in vivo caused by xenobiotics such as 
a drug or toxic chemical [110,111]. In addition, a number of applications using this bioanalytical tool have 
appeared in recent years including identification of new metabolites [112], reactive metabolite screen-
ing [113], elucidation of metabolic pathways [114], and identification of metabolic polymorphisms [115].

HRMS-Based Analytical Strategies

The advance of HRMS-based technologies has led to development of new analytical approaches to dif-
ferent types of drug metabolism studies. In general, these new analytical strategies have enabled the 
detection of unknown metabolites without using NL or PI scans. Waters’ QTOF with MSE acquisition 
were employed to generate both full HRMS and global fragment datasets, followed by data process 
using multiple data mining techniques [92,100,116]. As an alternative, Thermo’s LTQ-Orbitrap with 
MDF [95], background subtraction [77,79], and IPF [117] were utilized to perform various types of 
metabolite identification studies. These HRMS-based workflows have led to a paradigm change in the 
LC/MS analytical strategy for drug metabolite identification, from the use of multiple LC/MS instru-
ments to the use of a single HRMS instrument [9]. Although a variety of HRMS instruments have been 
utilized for metabolite identifications studies, data acquisition methods, and data mining tools as the key 
components of these workflows are the same. Overall, these “all-in-one” workflows can be described as 
a three-step approach (Figure 13.4): (1) acquire both full scan accurate mass MS and MS/MS or global 
fragment datasets using either a data-dependent or data-independent method; (2) detect drug metabolite 
ions and retrieve their MS/MS spectra from recorded datasets using targeted and/or non-targeted data 
mining tools; (3) identify and characterize metabolite structures based on spectral interpretation.

It is noteworthy to point out that each of these methods has its own advantages and limitations. One 
should design and apply specific workflows with a selected data acquisition method and typically a combi-
nation of several data mining techniques based on the purpose and types of the drug metabolism study. For 
example, MSE acquisition followed by data mining is a method of choice for high throughput analysis of 
metabolic soft spots using a Waters QTOF instrument. On the other front, the use of dynamic background 
subtraction to acquire both MS and MS/MS datasets followed by EIC, MDF, NLF, and/or PIF-based data 
mining is a preferred method for the same experiment on an AB Sciex TripleTOF mass spectrometer. 
Additionally, isotope pattern-dependent acquisition of reactive metabolites trapped by stable isotope 
labeled GSH using Orbitrap is a good choice for fast and selective analysis of reactive metabolites [74].



379Mass Spectrometry in Drug Metabolism Research: Principles and Common Practice

For in vivo drug metabolism studies, list- or mass defect-dependent MS/MS acquisition would be the 
method of choice to record MS/MS spectra of predicted or unknown metabolites respectively. MSE or 
SWATH would be useful in the structural confirmation of over 50 components when they are subjected 
to quantitative analysis or screening using full scan MS on an HRMS instrument [118]. On the other 
front, the flexibility and versatility of HRMS-based data acquisition and data mining tools make it a 
powerful bioanalytical platform for various types of drug metabolism studies. In particular, the combina-
tion of multiple data-mining techniques in tandem, i.e., untargeted background subtraction followed by 
targeted MDF data processing can be a valuable tool for rapid metabolite profiling of combination drugs 
in human [119]. Another new HRMS-based strategy is the use of HRMS in profiling, identification, and 
quantitative estimation of plasma metabolites in humans in early clinical studies to address concerns of 
metabolite safety testing [75,120,121]. LC/HRMS has been widely used in the metabolomic studies and 
is the method of choice for determining both xenobiotic metabolite profiles and changes of endogenous 
component levels as a result of drug treatment. As part of the mechanisms to understand drug-induced 
toxicity, a recent metabolomic analysis revealed evidence for compromised bile acid homeostasis by 
a hepatotoxic pyrrolizidine alkaloid [122]. Additionally, HRMS-based online H/D exchange [90], ion 
mobility technology [123], MSn acquisition [124], and polarity switching technology [91] provide unique 
structural information to facilitate metabolite identification.

Current Practice of Metabolite Identification in 
Drug Discovery and Development

Drug metabolism plays an important role in understanding drug safety and efficacy in preclinical animals 
and patients. The core activity of detecting and determining the chemical structure of human metabolites 
has changed little in decades and, in fact, is the starting point for all the other activities in areas such 
as enzymology, regulation, and genetics. With the advance of the mass spectrometry technology, drug 
metabolism research has become an integral part of drug discovery and development in pharmaceutical 
industry (Figure 13.1). Metabolic soft-spot analysis and reactive metabolite screening are often carried 
out in lead optimization in support of efforts to reduce or minimize metabolic instability and bioactiva-
tion, respectively. HRMS-based data-independent (MSE) or selective data-dependent (isotope pattern) 
MS/MS acquisition methods are often employed in such studies to enable high throughput analysis. 
As an alternative, QTRAP-based information-dependent acquisition approaches are effective in both 
metabolic soft-spot analysis and reactive metabolite screening. In vitro metabolism comparison across 
species and subsequent in vivo ADME study in animals provide biochemical basis to support selection 
of preclinical species for toxicological evaluation, as well as to project human pharmacokinetics in char-
acterization of clinical candidates for drug development. These studies require comprehensive profiling 
and identification of various classes of drug metabolites in complex biological matrices. Therefore, full 
scan HRMS data acquisition followed by MDF, EIC, and/or background subtraction data mining is 
highly recommended for metabolite detection and profiling (Figure 13.4). Radiolabeled in vivo ADME 
studies provide key information on excretion routes, clearance pathways, and exposures of drug-related 
components in human and animal species. Radiolabel greatly facilitates sensitive detection and quantita-
tion of a dosed drug candidate and its metabolites in biological matrixes so that use of the LC/MS in the 
radiolabeled studies is mainly for metabolite structural characterization. In contrast, metabolite profil-
ing, structural characterization, and quantitative analysis from nonradiolabeled studies, that is, early 
clinical studies, are heavily dependent on MS technology. Since circulating metabolites are often at very 
low abundance, HRMS is a preferred MS platform to fulfil the purpose of such drug metabolism studies 
[120,121]. The information gathered in these studies can be used to trigger characterization activities for 
important human metabolites and can potentially be used to prioritize or deprioritize the conduct of the 
radiolabeled human ADME study.
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Conclusion and Future Perspectives

The last several decades have witnessed the advance of MS technologies and its defining impact on 
drug metabolism research. The evolving role of MS technology in drug metabolism research comes 
largely with its two major milestones, namely the emergence of commercial LC/MS with API ion 
sources and the development of HRMS along with data acquisition and data mining technologies. 
The foremost advantage of HRMS over nominal mass resolution mass spectrometry is the fact that 
a complete, unbiased metabolism data set can be acquired in a single injection without the require-
ment to invest upfront resources in method development. To date, the emergence of multitasking 
workflows to simultaneously acquire accurate mass full MS and MS/MS datasets followed by post-
acquisition data processing has made HRMS a single and major LC/MS platform for drug metabo-
lite research.

The uptake of the HRMS-based “all-in-one” workflows has led to a period of exponential growth in 
drug metabolism research in recent years. Metabolite profiling and identification from complex biologi-
cal matrices are now routinely performed by HRMS with appropriate data acquisition and data mining 
tools, and results from unlabeled first-in-human studies can be utilized to support the “human first” 
strategy [121,125]. This accelerated view of human metabolism as a result of advancing MS technologies 
would continually serve as a main driving force in shaping the direction of drug metabolism research. 
Over time, however, the goal of drug metabolism studies has remained unchanged, namely answering 
three fundamental questions: “what is it?”, “how much is there?”, and “what does it do in the body?”. 
Therefore, further opportunities in drug metabolism may not rely solely on increased MS sensitivity, 
which now becomes achievable using HRMS-based data acquisition technologies but rather on the appli-
cation of novel methodologies to contextualize drug metabolite datasets in relation to drug safety and 
efficacy. The technological advances in xenobiotic metabolomics (also known as pharmacometabolo-
mics) may present such an opportunity for drug metabolism studies [110] as it offers a holistic viewpoint 
that reflects the dynamic response of a biological system to stimuli such as exogenous metabolites. Thus, 
the application of metabolomics in drug metabolism research may hold the additional promise of bridg-
ing the gap between drug metabolism and drug-induced toxicity [126].

On the other front, the scope of MS applications in drug metabolism research has substantially 
expanded, from drug metabolites to other xenobiotic metabolites, from exogenous to endogenous com-
ponents, and from small molecules to proteins. Among them, antibody-drug conjugates [127], covalent 
drugs [128], and drug-protein adducts [129] represent additional challenges as well as new opportunities 
in drug metabolism research using MS technologies. Some LC/HRMS technologies primarily developed 
for metabolite identification, such as MSE SWATH, data-independent acquisition, and untargeted back-
ground subtraction tools, would be very useful in metabolism studies of totally unknown xenobiotics or 
of combination drugs such as performance-enhancing drugs, Chinese herbal medicines, and environ-
mental contaminants.

More generally, the major advantage of MS technologies may have been its flexibility and versatility 
that have allowed hybridization with its own and other bioanalytical platforms leading to its broad appli-
cations in drug metabolism research. The development of software-assisted mass spectral interpretation 
for structural elucidation holds the promise to enable full automation of the metabolite identification 
workflow. The use of a single LC/MS platform for both quantitative and qualitative analysis of the parent 
drug and its metabolites is expected to improve analytical throughput and productivity. With substantial 
changes seen in MS technologies, one can ensure that the field of drug metabolism will continue to expe-
rience exponential growth in the foreseeable future.
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ABBREVIATIONS
API atmospheric pressure ionization
CI   chemical ionization
CID collision induced dissociation
DDI drug-drug interactions
DLI direct liquid introduction
EI electron ionization
EIC extracted ion chromatography
EPI enhanced product ion
ESI electrospray ionization
FAB fast atom bombardment
FD field desorption
GC/MS gas chromatography mass spectrometry
HRMS high-resolution mass spectrometry
IDA information dependent acquisition
IPF isotope pattern filter
LC/MS liquid chromatography mass spectrometry
LSIMS liquid secondary ion mass spectrometry
LTQ linear trap quadrupole
MDF mass defect filter
MIM multiple ion monitoring
MIST metabolite in safety testing
ML metabolomics
MRM multiple reaction monitoring
MS/MS tandem mass spectrometry
NL neutral loss
NLF neutral loss filter
P450 cytochrome P450
PI  precursor ion
PIF product ion filter
QTOF quadrupole time-of-flight
QTRAP quadrupole-linear ion trap
SWATH sequential window acquisition of all theoretical fragment-ion spectra
TCM traditional Chinese medicine
TSI thermospray ionization
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The Role of NMR as a Qualitative and Quantitative 
Analytical Technique in Biotransformation Studies

Gregory S. Walker, Raman Sharma, and Shuai Wang

Introduction

Within the discipline of drug metabolism, the structural elucidation of metabolites can be highly 
impactful from early discovery through development. Early in the discovery timeline, the structure of a 
metabolite may have influence on the selection of chemical lead material for progression to development; 
in later stage development, structural characterization of metabolites is a requirement for drug registration 
(Iverson and Smith, 2016; Wang and Urban, 2004; Watt et al., 2003). Since the advent of electrospray, 
mass spectrometry has dominated as the premier analytical technique for structure elucidation of 
metabolites. This is primarily due to the sensitivity of modern mass spectrometers, which can provide 
valuable information on the molecular weight, from which the empirical formula may be inferred (Zhang 
and Mitra, 2012; Zhu et al., 2011). In addition to the empirical formula, MS/MS techniques can lead to 
the identification of molecular regions that have been modified in a metabolite. While the information 
gleaned from mass spectrometry data is essential to structural elucidation, it is often not sufficient for 
unambiguous determination of a metabolite’s structure. In these cases, NMR spectroscopy is often the 
analytical method of choice.

NMR spectroscopy is arguably the quintessential analytical technique for the definitive structural 
determination of organic compounds, such as drug metabolites (Kwan and Huang, 2008). Even the most 
basic NMR experiment contains information that can be used to determine the variety and number of 
atoms within a molecule, as well as their order relative to each other. While the qualitative aspects of 
NMR spectroscopy are impressive, it is also an essential quantitative analytical tool that, unlike mass 
spectrometry, requires no authentic material as a reference (Mutlib et al., 2011; Simmler et al., 2014; 
Walker et  al., 2011, 2014). Together the qualitative and quantitative attributes of NMR spectroscopy 
are very powerful. However, as an analytical technique, NMR has two major short comings: the need 
for an isolated sample and sensitivity. To avoid the process of direct isolation of metabolites, significant 
effort has been made in the interfacing of NMR spectrometers to chromatographic separation systems 
in a manner similar to LC-MS systems (Lindon et al., 2000; Walker et al., 2016; Zhou et al., 2014). 
For many groups, this has been successful. However, advances in the design of low-volume cryo-probes 
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have provided an effective alternative to online separation/detection schemes (Krunic and Orjala, 2015; 
Miao et al., 2015; Nagato et al., 2015). In this chapter, all of these advantages as well as the limitations 
will be discussed in detail.

It is important to distinguish between the classic role of NMR in metabolite identification and 
metabonomics. Metabonomics, the study of whole systems biology through the quantitation of known 
and unknown endogenous compounds, is an important concept that frequently uses NMR as its primary 
analytical tool. There are many excellent reviews of NMR as it relates to metabonomics (Beckonert et al., 
2007; Coen et al., 2012; Dona et al., 2016; Robertson et al., 2000, 2011). Although this is an exciting use 
of NMR, it is not within the scope of this chapter. The text of this chapter will focus on the classic role 
of NMR in drug metabolism and the structural characterization of pharmaceutical biotransformation 
products.

NMR as a Qualitative Technique

The qualitative utility of NMR spectroscopy as it pertains to structural elucidation is well known. As 
stated above, the most basic NMR experiment—the 1D 1H experiment—will contain data that can provide 
information about the micro-chemical environment through chemical shift values, the number of atoms 
in a molecule through integration, and the order in which these atoms are arranged though coupling 
patterns and constants. While this information is very powerful, occasionally resonances overlap or have 
redundant coupling constants, or there is a need to correlate different types of nuclei within a molecule 
(correlating specific 1H resonances to specific 13C or 15N resonances). In these situations, the power of 
2D NMR can be invoked.

Within the discipline of drug metabolism there are four NMR active nuclei that are relevant; 1H,  13C, 
15N, and 19F (Table 14.1). 1H, 13C, and 15N are the most relevant to the structural elucidation of metabolites, 
while 19F is particularly useful in NMR quantitation of metabolites. The overall sensitivity of each of 
these nuclei is based on their inherent NMR sensitivity and the percent abundance in the environment. 
1H and 19F are “100%” naturally abundant. This abundance enables the collection of direct observed 
data for both nuclei. Because of the large number of 1H atoms within a typical metabolite, the 1H 
spectrum is always the first step in the structural elucidation of a metabolite. Conversely, 19F atoms 
within a pharmaceutical metabolite are typically limited to one to three atoms and, because of the single 
valence of fluorine, are not critical to the core of the molecule. Hence, the importance of 19F in structural 
elucidation is also limited. While 13C and 15N have natural abundances of less than 2%, the large numbers 
of 13C atoms and, the fact that the 15N atoms are often in the core of a molecule, make them particularly 
useful in structural elucidation. The low natural abundance for these two nuclei precludes the classic 
direct observed NMR experiment, but chemical shift and other structural information may be easily 
gleaned through 2D experiments (multiplicity edited HSQC and HMBC, see below).

The physical theory, practical operation, and interpretation of NMR data is complex and beyond the 
scope of this chapter. Consequently, only a brief description of the most useful experiments and how to 
interpret the data will be given in this section. For a more detailed understanding of the NMR process 
there are multiple references targeting varying levels of expertise (Derome, 2013; Ernst et al., 1987). For a 
better understanding of the practical operation of an NMR instrument, 200 and More NMR Experiments: 
A Practical Course by Stefan Berger is an excellent source of information. There are also multiple texts 

TABLE 14.1

Properties of Spin ½ Nuclei

Nucleus NMR Frequency (MHz at 11.75 T) Natural Abundance (%) Relative Sensitivity
1H 500 99.98 1.0
19F 470.4 100 0.83
13C 125.7 1.108 0.0159
15N 50.7 0.37 0.00134
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that cover the interpretation of 1D and 2D NMR spectra in great depth (Field et al., 2015; Jacobsen, 2016; 
Simpson, 2011). In this chapter, the interpretation of 1D and 2D NMR spectra will be reviewed through 
the assignment of the tolbutamide metabolite 4-hydroxytolbutamide. It should be noted that NMR as an 
analytical technique cannot completely assign the structure of a metabolite alone. It should always be in 
conjunction with mass spectral data to help establish the molecular weight of the metabolite.

The 1D 1H spectrum of 4-hydroxytolbutamide is contained in Figure 14.1. The three elements that can 
be gleaned from a 1D 1H spectrum are integrations, chemical shifts, and coupling constants/patterns. 
The first step in 1D 1H interpretation is defining the relevant hydrogens in the spectrum. Integration 
values appear below the resonances and are normalized to the resonance at 7.5 ppm (two hydrogens 
from the 13/14 positions) (Figure 14.1). The total number of hydrogens observed in the 1D 1H spectrum 
is 15 hydrogens. The total number of expected hydrogens is 18; thus, the hydrogen count is different by 
three hydrogens. Because the sample was dissolved in deutero methanol, exchangeable hydrogens will 
not be observable. Thus, the hydrogen of the alcohol and the two NHs of the urea moiety are not present 
in the spectrum. The methyl group of the butyl side chain is easily recognized based on the integration 
of three hydrogens. All of the other resonances have integration values that indicate two hydrogens per 
resonance. Chemical shift is measured in ppm from a base frequency that is defined as zero. A generally 
agreed upon distinction between aromatic resonances and aliphatic resonances is 6 ppm, resonances 
with chemical shifts greater than 6 ppm are generally considered aromatic while those that are lower are 
considered aliphatic. In the case of 4-hydroxytolbutamide, there are two resonances that integrate to a 
total of four hydrogens. This is consistent with the aromatic hydrogens of the 4-hydroxytolbutamide. In 
the aliphatic portion of the molecule, there are five resonances. Based on chemical shift and integration, 
four resonances may be assigned to the butyl chain; 3.10 ppm (2Hs), 1.40 ppm (2Hs), 1.25 ppm (2Hs) 
and 0.89 ppm (3Hs). The fifth resonance, because of its chemical shift at 4.72 ppm, is assigned as the 
C9 methylene (CH2OH). Coupling patterns and coupling constants (which are measured in Hertz) can 
be extremely useful in the interpretation of 1D 1H NMR. There is one simple rule for coupling patterns: 
the (n+1) rule. The (n+1) rule is an empirical rule used to predict the multiplicity and splitting pattern 
of 1D 1H resonances (Derome, 2013). This rule states that if a given hydrogen is coupled to n number 
of nuclei that are equivalent, the multiplicity of the observed resonance is n+1. In the 1H spectrum 

FIGURE 14.1 The 1D 1H spectrum of 4-hydroxytolbutamide, Inset is an expansion of the 0.89 ppm resonance.
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of 4-hydroxytolbutamide, the resonance at 0.89 ppm, which based on integration was assigned as the 
terminal methyl (and is adjacent to a single methylene with equivalent hydrogens), should be a triplet 
(Figure 14.1). For the same reasons the resonance at 3.10 ppm also appears as a triplet. This resonance 
may then be assigned as C4 of the butyl side chain. Of the remaining two aliphatic resonances, 1.40 and 
1.25 ppm, chemical shift arguments can be made about their assignments, but definitive assignments 
cannot be made without the use of 2D NMR, specifically 1H-1H COSY.

1H-1H COSY data sets correlate hydrogens that are two, three and sometimes four bonds distant from 
each other. In a 1H-1H COSY spectrum the off axis cross peaks indicate a correlation between the two 
1H resonances. In the case of 4-hydroxytolbutamide, the aliphatic portion of the 1H-1H COSY spectra 
contains cross peaks from the 0.89 ppm resonance to the 1.25 ppm resonance then to the 1.40 ppm 
resonance and finally to the 3.10 ppm resonance (Figure 14.2a). In this case, integration and coupling 
patterns had established the 0.89 ppm resonance as the terminal methyl of the butyl side chain. Using 
this as a starting point the 1H-1H COSY data demonstrates correlation to the 1.25 ppm resonance and 
is assigned as the methylenes of C2. The remaining resonance at 1.40 ppm, which has 1H-1H COSY 
correlations to both the 1.25 ppm resonance and the 3.10 ppm resonance may then be assigned as the 
methylenes of C3. It should also be noted that the 4.72 ppm resonance, which was assigned as the C9 
methylene (CH2OH) based on integration, and chemical shift has no correlation to any other resonance, 
which is consistent with the previous assignment.

FIGURE 14.2 (a) Aliphatic portion of the 1H-1H COSY spectra of 4-hydroxytolbutamide (b) multiplicity edited 1H-13C 
HSQC spectrum of 4-hydroxytolbutamide (c) 1H-13C HMBC spectrum of 4-hydroxytolbutamide.
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On occasion, for a complete structural elucidation of a metabolite, it is useful to not only know the 
chemical shift of the hydrogens in a molecule, but also the chemical shifts of the carbon atoms. This can 
be a challenge in isolated metabolites because the small amount of material that is available precludes 
a 1D direct observed 13C acquisition. In cases such as these, the much more sensitive heteronuclear 2D 
experiments 1H-13C HSQC and 1H-13C HMBC must be used to establish the carbon chemical shifts. 1H-
13C HSQC data correlates the chemical shifts of hydrogens to the chemical shifts of carbons that are 
directly bonded to them. 1H-13C HMBC data correlates the chemical shifts of hydrogens to the chemical 
shifts of carbons that are two or three bonds remote from the hydrogen of interest (Bax and Summers, 
1986). Using these two data sets, 1H-13C HSQC and 1H-13C HMBC, together the carbon backbone of a 
metabolite can be assigned.

There are several 1H-13C HSQC experiments that can be performed. One that is particularly useful is 
the multiplicity edited 1H-13C HSQC (Boyer et al., 2003). In this experiment, methines and methyls can 
be distinguished from methylenes based on the “phase” of the cross peak. In this context, phase refers to 
the magnitude, positive or negative, of the cross peak. In the case of 4-hydroxytolbutamide, the multiplic-
ity edited 1H-13C HSQC data correlates the 1H resonance at 0.89 ppm to a 13C resonance with chemical 
shift of 12.6 ppm (Figure 14.2b). Additionally, this data set also demonstrates the 1H 0.89 ppm/13C 12.6 
ppm cross peak to have the same phase as the aromatic resonances. Because methines and methyls in this 
experiment have the same phase, this further supports the assignment of the 0.89 ppm resonance as the 
terminal methyl of the butyl moiety. More important than the terminal methyl is the resonance at 4.72 
ppm, which was previously assigned as the C9 methylene (CH2OH). The multiplicity edited 1H-13C HSQC 
correlates the 1H resonance at 4.72 ppm with a 13C resonance at 63.0 ppm with a phase that is consistent 
with a methylene, adding further evidence of the assignment of this resonance as the C9 (CH2OH).

Once the chemical shifts of the directly attached hydrogens are correlated with their respective carbon 
chemical shifts, the 1H-13C HMBC experiment becomes very useful in the structural assignment of a 
metabolite. The 1H-13C HMBC experiment correlates the 1H chemical shifts to carbon chemical shifts 
that are two or three bonds away from the hydrogen. This allows correlations to be established that skip 
over hetero atoms or quaternary atoms. In the case of the example molecule 4-hydroxytolbutamide, the 
 presence of the carbonyl (C20) can be verified with 1H-13C HMBC data (Figure 14.2c). In the 1H-13C 
HMBC spectrum, the 1H resonance at 3.1 ppm has correlations to three 13C chemical shifts, 19.5, 31.9, 
and 152.7 ppm. With the 1H-13C HSQC data the 19.5 and 31.9 ppm cross peaks can be assigned as the 
1Hs  from C2 and C3 respectively. The 152.7 ppm cross peak, based on its chemical shift and bond 
distance from the 1Hs of C4, can only be assigned to the C20 carbonyl. While the identification of the 
carbonyl resonance in this particular metabolite is not critical to the overall structural elucidation, this 
example demonstrates the power of a 1H-13C HMBC data to “skip” over hetero atoms and allow the 
assignment of the carbon backbone of a small molecule. A second example of the utility of an 1H-13C 
HMBC is directly related to the structural assignment of a 4-hydroxytolbutamide. There are two aro-
matic resonances observed in the 1D 1H spectrum, 7.57 and 7.96 ppm. From all previous data (1D 1H, 
1H-1H COSY and 1H-13C HSQC) these resonances cannot be definitively differentiated. In the 1H-13C 
HMBC data set, only the 7.57 ppm resonance contains a cross peak with a carbon chemical shift of 62.3 
ppm. The 62.3 ppm resonance was previously assigned as the C9 methylene (CH2OH), because of the 1H 
chemical shift, the 1H multiplicity and the carbon chemical shift established from the 1H-13C HSQC. 
Because of the 1H-13C HMBC cross peak with the 62.3 ppm carbon resonance, the 7.57 ppm 1H reso-
nances are assigned as the C13/C14 hydrogens and by inference the 7.96 ppm resonances are assigned as 
the C11/C12 hydrogens.

NMR as a Quantitative Technique

qNMR is most frequently used for the assessment of purity of a synthetic compound (Pauli et al., 2014). 
This is usually accomplished by replicate accurate weighings of the material being assayed followed 
by volumetric addition of solvent to the individual weighings and then qNMR analysis in which the 
concentrations of the quantitatively prepared solutions are determined. There are a variety of ways to 
execute qNMR analyses that are described below. This concentration is then compared to the theoretical 
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concentration that could be achieved, as determined by the accurate weighings, and the percent purity 
is established. Analytical standards can then be prepared from this original solid material with a purity 
correction factor applied to correct for the impurities.

In drug metabolism studies, metabolites are isolated in the tens of μg range making quantitative 
weighings not feasible. As an alternative to the gravimetric method described above several groups have 
simply reconstituted the isolated metabolite in deuterated solvent, determined the concentration of the 
metabolite via qNMR and this solution used as a quantitative standard for a variety of assays related to 
drug metabolism and pharmacology.

In an appropriately acquired 1D NMR spectrum the response of an individual nuclei is independent 
of the molecule that it is contained within. Hence, the response of an NMR system to a nanomole of 
anomeric hydrogens for an isolated glucuronide metabolite will be the same as the response from a 
nanomole of hydrogens from benzoic acid. To further clarify this concept, 1H spectra were acquired 
for six separate structurally diverse compounds from six separate weighings in separate samples. The 
six samples ranged in concentration from 0.1 to 32 mM (this range covers the concentrations of most 
isolated metabolites). Each spectrum was integrated, and the raw integration number normalized to 
the number of hydrogens for that resonance. A varied set of resonances were selected for inclusion 
in the concentration response plot varying in both bond type and chemotype. The resulting response 
concentration curve demonstrates strong linearity over the range of interest (Figure  14.3). The 
practical implications of this plot are that an isolated unknown metabolite can be quantified using 
known compounds. Once quantified these isolated metabolites can then be used as a standard in a 
variety of assays including bioanalytical concentration time profiles, pharmacological potency, or many 
other metabolism-based assays. The advantage of this system, over having a metabolite chemically 
synthesized is time. Metabolites can often be difficult to chemically synthesize and may even require 
separate synthetic schemes from the parent compound. Alternatively, small amounts of metabolites 
(low μg) may be biologically generated through a variety of in vitro methods, the products isolated, 
structurally characterized by MS and NMR, and quantitated in a few days.

FIGURE 14.3 1H NMR concentration versus response curve of six chemically distinct molecules at various concentrations 
integrated and normalized to the appropriate number of hydrogens. Individual samples were prepared in DMSO-d6. Data 
were acquired on a Bruker 600 MHz NMR system with 1.7 mm TCI cryoprobe. The system was controlled, and the data 
processed using Topspin 3.2. Forty transients were acquired for each spectrum with a total recycle time of 10 s between the 
transients. (Reproduced with permission from EMAGRES.)
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Beyond the quantitation of isolated metabolites, qNMR has been used to quantitate complex mixtures 
in a variety of settings. Most relevant to the drug metabolism scientists are the studies that have focused on 
the assessment of systemic exposure in human clinical trials. This can be done by semi-preparative HPLC 
fractionation of plasma samples followed by qNMR assessment of all fractions using 1H resonances for 
quantitation (Dear et al., 2008). While this method has proven effective in certain cases, the potential of 
endogenous compounds interfering with resonances needed for quantitation does exist. If the compound 
of interest has a fluorine atom within the molecule, 19F NMR is an attractive alternative. qNMR using 19F 
has been used in both determining mass balance and plasma exposure (Mutlib et al., 2012).

Metabolites can be quantitated by NMR by two general methods: internal standard addition and 
external standard. The internal standard method is performed by adding a known quantity of an internal 
standard to your sample and calculating the concentration of the unknown based on the response and 
concentration of the internal standard. This method is perhaps the classic method for the determination 
of purity in a medicinal chemistry setting. However, it does have several disadvantages. The internal 
standard must be soluble in the solvent of choice for the analyte. Additionally, the internal standard 
must have no interference from resonances of the sample in order to obtain clean integration. And lastly, 
the addition of an internal standard to a sample detracts from the purity of the sample. In the case of 
determining a metabolite concentration, the added internal standard must be considered in all future 
assays that use that isolated material. In an effort to avoid the addition of an internal standard, some 
laboratories have used the residual deuterated solvent signal as an internal standard (Mutlib et al., 2011). 
While this approach avoids the addition of a potentially interfering compound to the isolated samples it 
also has drawbacks of its own. First the concentration of the residual protio solvent must be determined 
in a given lot. This can be easily done with the external standard method described above. However, the 
manufacturers of deuterated solvents guarantee only minimum concentrations of residual protio solvent. 
There are certainly lot to lot variations that necessitate determining the concentration of the residual 
protio solvent in every lot. The greatest disadvantage of this approach is the potential of interference with 
the residual solvent line. If there is another resonance, either from the metabolite or from an endogenous 
impurity due to the isolation, which interferes with the residual solvent signal, accurate quantitation will 
not be possible in that sample.

There are three general methods for qNMR that can be considered external standard methods; 
ERETIC (Electronic Reference To access In vivo Concentrations), aSICCO (artificial signal insertion 
for calculation of concentration observed)/QUANTUS (quantification by artificial signal) and the 
pure external standard method (Akoka et al., 1999; Farrant et al., 2010; Pauli et al., 2014; Walker 
et al., 2011). In the original ERETIC method, through the use of a second NMR coil, an internal 
standard signal was imparted on the FID of the metabolite as it was being acquired. Once the FID 
was transformed, the artificial signal could be used as an internal standard. This method had the 
advantage of being able to select the frequency and magnitude of the internal standard signal and 
hence avoid the problems mentioned earlier. However, not all spectrometers were equipped with the 
appropriate hardware to do this and this method requires a special pulse sequence. The aSICCO 
method relies on the post-acquisition insertion of a mathematically generated internal signal into 
the 1H spectrum of the metabolite. This method avoids all of the challenges of a chemical internal 
standard and the requirement for special hardware as in the case of ERETIC quantitation. Certainly, 
the easiest approach to implement is the external standard method. In this method, a qualified external 
standard 1D 1H spectrum is acquired, and the resonances of interest are integrated and calibrated to 
determine a response factor based on number of hydrogens. Once this is done a similarly acquired 
1H spectrum of the metabolite can have the concentration calculated by applying the previously 
determined response factor.

Sensitivity

One of the challenges of using NMR for drug metabolism studies is determining how much isolated 
metabolite is needed to solve the structural question at hand. This question is complicated by several drug 
metabolism and NMR limitations. From the drug metabolism point of view the question is complicated 
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by the fact that the metabolites are always at relatively low abundance (low μM) and are always contained 
in a complicated biological mixture. In vivo sources for metabolites (urine, plasma and fecal extracts) 
tend to be more complicated by both the large variety and high concentrations of endogenous compounds 
present in these matrixes. In vitro sources for metabolites such as hepatocytes or microsomes tend to 
be a cleaner source for metabolite isolation but may not contain the metabolite of interest that has been 
observed in an in vivo system. From the NMR perspective, the question of sensitivity is complicated 
by the nature of the metabolite. Simple aromatic oxidations of a phenyl ring can be easily identified 
by 1D 1H spectrum (Hutzler et al., 2004) while complicated rearrangements need more elegant NMR 
experiments (HSQC, HMBC or NOE), which in turn require larger amounts of material (Hong et al., 
2010). Because of the aforementioned reasons, defining exactly how much material is needed to solve the 
structure of a metabolite is a difficult task.

As stated earlier, NMR has a long history of being utilized for both qualitative and quantitative 
analysis and it has been extremely useful in many facets of both drug discovery and development 
(Holzgrabe et al., 2005). One of the major limitations of NMR is its lack of sensitivity when compared to 
other spectroscopic techniques, specifically mass spectrometry. Mass spectrometry sensitivity, although 
highly dependent on the molecule being analyzed, may be in the femtomole range, while from a practical 
point of view 1H NMR sensitivity tends to be in the nanomole range depending on the equipment used 
and the time available for data acquisition. The evaluation of the sensitivity of NMR as an analytical 
technique is confounded by the fact that signal to noise in an NMR spectrum increases by a factor of 

2  for every doubling of the number of scans; the more time you spend acquiring data, the greater 
the signal to noise. Therefore, if you perform multi-pulse experiments and the experiments last several 
days, the sensitivity may be very high for a given system. The practical limitations of typically acquired 
direct observed 1H experiments are in the range of minutes to hours. The absolute sensitivity of NMR 
with a standard from a serial dilution, has been reported to be in the sub-microgram range for 1H-NMR 
(Hilton and Martin, 2010). However, for the analysis of a metabolite from a drug metabolism study the 
instrumental sensitivity may not be the limiting factor. The ability to interpret the spectra may be limited 
by the relative purity of the isolation.

The NMR analysis of metabolites requires isolation of the metabolite of interest from a complex 
matrix to obtain an interpretable spectrum. This may be done in-line, as in the case of LC-NMR systems, 
or it may be done as a separate process off-line. In either case the ultimate sensitivity of the 1H spectrum 
may be limited by impurities from endogenous material from the matrix, impurities from the isolation 
process or impurities from the deuterated solvent. Thus, the sample preparation is the important first step 
for successful analysis of drug metabolites using NMR. In order to probe the practical limits of NMR 
sensitivity as it pertains to metabolite characterization and quantitation, a series of experiments were 
performed to analyze metabolites from in vitro microsomal incubations.

Human liver microsomes are one of the most extensively used tools for in vitro drug metabolism studies. 
To test the limits of qualitative and quantitative NMR from a drug metabolism environment, several different 
compound classes and corresponding metabolites were selected: tolbutamide, 4-hydroxytolbutamide, 
clozapine, clozapine N-oxide, estradiol, estradiol-17-glucuronide, and N-nitrobenzyl-glutathione. Human 
liver microsome incubates were augmented with drug and corresponding metabolite without the addition 
of NADPH. Parallel control experiments were performed with compound incubations containing only 
compounds in HPLC water.

Initially all compounds were incubated at 20 μM (80 nmole) and 4 μM (16 nmole) in a 4 mL solution. 
These concentrations were selected in order to mimic typical microsomal incubations designed for the 
isolation of metabolites for structural characterization by NMR. After 1 h at 37°C, the incubations were 
quenched with 2× volumes of acetonitrile and centrifuged at 2500 rpm to obtain the supernatant. These 
supernatant solutions were spun a second time at 40,000 g for 30 min and decanted. The acetonitrile 
in the resulting supernatant was removed by vacuum centrifugation. The solution was then transferred 
to a graduated cylinder, mixed with 0.1% formic acid to a total volume of 50 mL and directly applied 
onto a Varian Polaris C18 column (4.6 × 250 mm; 5 mm particle size) through a Jasco HPLC pump at a 
flow rate of 0.8 mL/min. After application of the initial solution, another 10 mL of 0.1% formic acid was 
pumped onto the column to ensure that the HPLC lines were cleared of the supernatant. Immediately 
after the loading, the column was transferred to a Thermo-Fisher HPLC-MS system containing Surveyor 
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quaternary HPLC, Surveyor PDA detector and LTQ mass spectrometer and with a previously established 
LC program to separate out the compound and its metabolite. The instrument was connected with a 
Gilson FC-204 fraction collector and the HPLC fractions taken continuously throughout the program 
with 1 min per tube acquisition. Fractions were then analyzed with the LC-MS to confirm the fractions 
containing compounds of interest, which were pooled and evaporated to dryness for NMR analysis 
(Walker et al., 2014).

The samples were prepared in a dry argon atmosphere glove box to further remove water from 
the sample. The samples were then dissolved in 40 μl of DMSO-d6 “100%” and placed in a 1.7 mm 
NMR tube. NMR spectra were recorded on a Bruker 600 MHz Avance II controlled by Topspin V3.2 
and equipped with a 1.7 mm TCI Cryo probe. 1D spectra were recorded using 40 transients and an 
approximate sweep width of 8400 Hz and a total recycle time of approximately 7 s. The 2D data were 
recorded using the standard pulse sequences provided by Bruker. Post-acquisition data processing was 
performed with either Topspin V3.2 or MestReNova V8.1. 1H and 13C spectra were referenced using 
DMSO-d6 (1H δ = 2.50 ppm relative to TMS, δ = 0.00, 13C δ = 39.50 ppm relative to TMS, δ = 0.00). 
Concentrations were determined using the ERETIC2 software within Brukers Topspin software. The 
obtained spectrums of the isolated materials were compared with compound standards that were 
prepared gravimetrically before use in DMSO-d6.

To test the robustness and reproducibility of the sample preparation process, HLM and water control 
samples were quantitated for respective compounds by qNMR and the percent recovery calculated. From 
the initial concentrations in the incubations (20 μM or 80 nmole and 4 μM or 16 nmole) assuming a 
100% recovery, final concentrations in the NMR tube would be 2 mM and 0.4 mM respectively for all 
compounds. Clozapine N-oxide was found to convert to clozapine during the isolation process, hence 
these values are not included in the summary statistics (Temesi et  al., 2013). The range of recovery 
for all other compounds is from 41% to 97% with a median recovery of 83% (Table 14.2). The percent 
recovery appeared to be independent of concentration of analyte, but the water control samples tended to 
have higher percent recoveries than HLM isolates, with a water median recovery of 87.5%, and an HLM 
median recovery of 79.5%. These values indicate that the loss of material during the isolation accounts 
for approximately 60% of the total loss in an HLM isolation while presumed protein binding accounts 
for 40% of the total loss. Several isolates were repeated either in duplicate or triplicate on separate days 
to evaluate the consistency of isolation. The relative standard deviations of these recoveries ranged from 
1% to 25%. These results indicated recoveries that were greater than expected and reproducibility that 
was acceptable for qualitative isolations.

To evaluate the qualitative limits of this isolation process, a series of 1D and 2D NMR experiments were 
performed on the 0.4 mM (16 nmole) estradiol-17-glucuronide HLM isolate. The 1H-NMR spectrum of the 

TABLE 14.2

Percentage Recovery of LC-MS Fractionations from In Vitro Incubations 

Matrix Water HLM

Conc. (final in 40 μl) 2 mM 0.4 mM 2 mM 0.4 mM 0.125 mM

Tolbutamide 85% 96% 82% ± 6
n = 3

94% ± 13
n = 3

4-hydroxy-tolbutamide 96% 90% 91% ± 3
n = 3

77% ± 20
n = 3

Estradiol 80% 97% ± 1
n = 2

87% ± 7
n = 2

53%

Estradiol-17-glucuronide 81% 93% ± 4
n = 2

88% ± 3
n = 2

77% 91%

Clozapine 69% 53% 71% 84% ± 5
n = 2

Nitro-benzyl GSH 93% 72% 67% 41%

Data were Acquired on a Bruker 600 MHz NMR System with 1.7 mm TCI Cryoprobe. The System was Controlled and the 
Data Processed using Topspin V3.2. Concentrations were Determined using Bruker ERETIC2 Software Contained in Topspin
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0.4 mM HLM isolate showed comparable signal to noise levels with the 0.4 mM standard (Figure 14.4). 
Beyond the signal to noise of the HLM isolated sample, the resonances of the estradiol-17-glucuronide 
are unobstructed by resonances from the isolation process, enabling the interpretation of the resonances 
of the glucuronide. Additionally, the 0.4 mM estradiol-17-glucuronide HLM sample was also analyzed 
by 2D COSY, 1H-13C multiplicity edited HSQC and 1H-13C HMBC and compared to a 70 mM standard 
(Figure 14.5). The COSY and 1H-13C multiplicity edited HSQC data sets of the 0.4 mM HLM estradiol-
17-glucuronide isolate contain all of the qualitatively important cross peaks observed in the 70 mM 
standard. The 1H-13C HMBC data sets of the 0.4 mM HLM estradiol-17-glucuronide isolate contain 
fewer and less intense cross peaks than the 70 mM standard, but there is still sufficient data to confirm 
the presence of a glucuronide and discriminate the site of attachment as the 17 position. Based on this 
data, a 0.5 mM solution would be the recommended minimum concentration for a successful metabolite 
1H-13C HMBC. Hence, when designing an incubation experiment for the isolation of metabolites, initial 
concentration, projected turnover and final NMR volume should be adjusted to result in a final isolate 
concentration of 0.5 mM assuming including a 35% loss on isolation.

In many cases, an 1H-13C HMBC is not necessary for the structural determination of a metabolite. To 
establish the limits of material needed in these situations, the 1D and 2D COSY and multiplicity edited 
HSQC data sets were acquired on an isolate of 0.125 mM estradiol-17-glucuronide. Examination of the 
1D 1H of the 0.125 mM estradiol-17-glucuronide spectra demonstrates the need for cleaner isolations, 
particularly in the 3 to 0.5 ppm region of the spectra (Figure 14.6). While the resonances of the estradiol-
17-glucuronide are clearly present, the resonances of the impurities from the isolation process are now 
nearing the same magnitude. The difficulties in interpretation of spectra at this level can be somewhat 
mitigated by the acquisition of 2D data. While this sample was not sufficient for an HMBC, the data 
from the COSY and the 1H-13C multiplicity edited HSQC data clearly contained all of the cross peaks of 
a much more concentrated sample.

The above data suggests that with NMR instrumentation that is commercially available and routinely 
found within the pharmaceutical industry, NMR characterization of metabolites is eminently possible. 
As NMR technology develops and instrumentation becomes more sensitive, NMR characterization of 
metabolites will become a routine part of drug discovery within the pharmaceutical industry.

FIGURE 14.4 1H-NMR comparison of mobile phase blank, estradiol-17-glucuronide from 0.4 mM HLM isolate, and 
0.4 mM standard. Data were acquired on a Bruker 600 MHz NMR system with 1.7 mm TCI cryoprobe. The system was 
controlled, and the data processed using Topspin 3.2. Forty transients were acquired for each spectrum with a total recycle 
time of 10 s between the transients.
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FIGURE 14.5 (a) 1H-1H COSY, (b) 1H-13C HSQC, and (c) 1H-13C HMBC spectrum comparison between 70 and 0.4 mM 
estradiol-17-glucuronide standards. The 70 mM sample spectrums were acquired for 0.25 h for each experiment and 
0.4 mM sample was acquire 2.5 h (COSY), 3.75 h (HSQC) and 7.75 h (HMBC).
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Application of Different NMR Experiments in 
Metabolite Structural Characterization

From the early stages of discovery through the late stages of drug development, there are numerous 
examples throughout the literature demonstrating the use of NMR in drug metabolism applications. 
At the discovery (pre-candidate) stage, structural elucidation of metabolites is often performed to aid 
in chemistry design (i.e., circumventing metabolic “hot spots” for reducing clearance or removing 
reactive metabolite liabilities). Once the site of metabolism is determined, structural modifications 
can be made (often in iterative fashion) to eliminate or reduce the associated liability. Additionally, 
the concentration of an isolated metabolite may be determined using one of the methods described in 
the previous sections and further tested in a relevant pharmacological assay or used as a standard in 
bioanalytical measurements. In the clinical stages of drug development, major human metabolites not 
predicted from pre-clinical studies can be isolated from the relevant matrix (urine, plasma, etc.) and 
characterized. This becomes particularly important when the metabolite is human unique or expected 
to possess pharmacological activity (Yu et al., 2010) (U.S. Department of Health and Human Services 
2016, ICH M(R2) 2010).

The types of NMR experiments typically used in metabolite measurement and characterization 
generally depend on the types of problems being addressed and the amount/purity of the metabolite(s) 
being isolated. Four basic experiments: 1D 1H experiment, 2D correlation spectroscopy (COSY), 
multiplicity edited heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond 
correlation (HMBC) are generally performed to yield a full structural characterization.

FIGURE 14.6 1H-NMR, 1H-1H COSY, and 1H-13C HSQC spectrums of 0.125 mM estradiol-17-glucuronide HLM isolate 
(from 5 μM incubation in a 1 mL HLM solution). 2D data were acquired for 2.5 h (1H-1H COSY) and 8 h (1H-13C HSQC).
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While the full suite of NMR experiments is generally desirable for unambiguous structural 
assignments, in specific situations, a 1D experiment alone may suffice. A case example comes from the 
metabolite of T-5, a selective cyclic GMP phosphodiesterase-5 inhibitor (Li et al., 2014). T-5 was found 
to be a selective marker for CYP3A5 activity through its formation of a mono-hydroxylated metabolite 
(T-5). In order to identify the site of hydroxylation, the T-5 metabolite was generated from T-5 using 
recombinant CYP3A5. A comparison of the aromatic portion of the 1H spectra of T-5 against the T-5 
metabolite reveals that the aromatic resonances (H1, H5, H19, H20, H21, H29, H30, H31, and H32) 
present in T-5 are also present and relatively unmodified in the T-5 metabolite (Figure 14.7). The aromatic 
resonances corresponding to H38-H41 in T-5 have shifted dramatically in the T-5 metabolite. Although 
shifted, the resonances retained similar multiplicity (doublet for H38 and H39 and triplet for H41) to T-5. 
Furthermore, integration of 1H spectra for both T-5 and the isolated T-5 metabolite revealed the same 
number of hydrogens in both parent and metabolite. The only rational explanation consistent with the 
mass of the metabolite was the formation of an N-Oxide on the pyridine nitrogen of T-5. While other 2D 
data (COSY, HSQC and HMBC experiments) were also collected for both T-5 and the T-5N-Oxide, 
the initial structural assignment of the N-Oxide was made from 1D data alone.

Compound A is a kynurenine aminotransferase inhibitor with a hydroxamic acid motif. A glucuronide 
conjugate of Compound A was successfully prepared by incubating Compound A with human liver 
microsomes and cofactors to support glucuronidation reactions (Walker et  al., 2014). The isolated 
metabolite confirmed the presence of a glucuronide peak via observation of anomeric 1H and 13C 
resonances (δ 5.04, 109.6, doublet, 1H, J = 7.9 Hz) (Figure  14.8). There are two sites available in 
Compound A for glucuronidation: the amine nitrogen and the alcoholic oxygen of the hydroxamic acid. 

FIGURE 14.7 Aromatic portion of the 1H spectrum of T-5 N-oxide (top) and T-5 (bottom).
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Differentiation between these two positions proved difficult using the traditional suite of NMR 
experiments. An NOE experiment was subsequently performed in which the anomeric resonance at 
δ 5.04 was irradiated yielding a nuclear overhauser effect response to an aromatic proton resonance 
at δ 7.51. An overlay of the 1D NOE spectra (C), with 1H spectra (B) and HSQC spectra (A) of the 
glucuronide conjugate, confirmed the resonance at δ 7.51 belonged to H7 aromatic proton (Figure 14.8). 
The NOE data allowed the unambiguous structural assignment of the glucuronide conjugate. This is 
because the only possible configuration that satisfies a spatial coupling between the anomeric proton of 
the glucuronide and the H7 proton is when the glucuronide is placed on the hydroxamic acid. In select 
situations, the NOE can be a highly diagnostic tool in assigning regiochemistry.

A case example of the utility of the TOCSY and HMBC experiments comes from studies with the 
glucokinase activator, Compound B. Compound B suffered from unusually high clearance in vivo in rat, 
which was not predicted using traditional in vitro systems (liver microsomes/cytosol) (Litchfield et  al., 
2010; Pfefferkorn et al., 2009). Metabolite profiling of Compound B in rat plasma revealed a single major 
metabolite, which was deemed to be a glutathione conjugate based on mass spectral characteristics (neutral 
loss of 129 corresponding to gamma glutamic acid). The mass of the unusual GSH conjugate suggested loss 

FIGURE 14.8 NMR spectra of Compound A glucuronide. (a) 1H-13C HSQC. (b) 1H. (c) One-dimensional Nuclear 
Overhauser Effect excitation frequency at δ5.03 (H1′).
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of the methyl sulfone portion of the molecule followed by conjugation to glutathione. Interestingly, incubation 
of Compound B in rat liver microsomes supplemented with GSH also revealed that the formation of the 
glutathione conjugate was not dependent on NADPH. Isolation of the GSH conjugate from rat hepatocytes 
allowed structural elucidation by NMR which confirmed the site of conjugation and the mechanism involved 
in its formation. TOCSY and HMBC cross peaks helped to assign the identities of position 1 and position B 
(Figure 14.9), while an HMBC cross peak from the methylene resonances 1a and 1b adjacent to the sulfur 
atom into carbon B of the pyridone ring suggested that glutathione had reacted in a non-enzymatic Michael 
addition through nucleophilic attack at carbon B followed by subsequent elimination of the methyl sulfone 
to yield the GSH conjugate (Figure 14.10). Design strategies to minimize both the clearance and reactive 
functional group involved replacing the methyl sulfone with less facile leaving groups that were resistant 
to metabolism (CF3, CNH2O, etc.) and changing regiochemistry of substitutions on the pyridone ring to 
avoid reactivity. Subsequent analogs of Compound B retained favorable pharmacological attributes while 
exhibiting significantly reduced clearance values and reactive liabilities.

The utility of the HMBC experiment is well demonstrated for the hepatic microsomal triglyceride 
transfer protein (MTP) inhibitor JTT-130, a prodrug for treatment of dyslipidemia and related metabolic 
disorders (Ryder et al., 2012). As a prodrug, the expected route of biotransformation is illustrated in 
Figure 14.11, whereby JTT-130 is expected to be hydrolyzed by carboxyesterase enzymes in the liver to 
an inactive carboxylic acid metabolite [1] and the corresponding alcohol [2]. This metabolic reaction, if 
performed in H2

18O, would be expected to yield [1] with 18O incorporated into the acid group. Incubation 
with JTT-130 in liver microsomes supplemented with H2

18O did result in the formation of [1] but did 
not result in incorporation of the 18O label into the carboxylic acid as anticipated. Furthermore, the 
corresponding alcohol [2] was not detected in the human liver microsomal incubations. Instead, a 
different metabolite with an unexpected mass was detected. This metabolite was subsequently isolated in 
an attempt to determine its structure and potentially shed light on the hydrolysis mechanism in formation 
of [1]. 1H NMR analysis of the metabolite indicated that the isolate contained five aromatic resonances, 
two olefinic resonances (labeled D in Figure 14.12), and a complete absence of aliphatic resonances. 
Multiplicity edited HSQC and HMBC NMR spectra positively identified two olefinic protons proximal 
to a carbonyl carbon and an aromatic ring, which is consistent with the structure of atropic acid 

FIGURE 14.9 HMBC and TOCSY correlations for glutathione conjugate of Compound B.
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GSH
37°C, Buffer (pH 7.4)

FIGURE 14.10 Structure of Compound B and proposed mechanism for formation of glutathione conjugate.

FIGURE 14.11 Structures of the intestine-specific MTP inhibitor JTT-130 and related ester derivatives [3] and [4].
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(Figure 14.12). Unambiguous confirmation of the structure was obtained via comparison of the NMR 
characteristics of the isolated metabolite with a commercially available atropic acid standard (data not 
shown). The characterization of this metabolite enabled a rationalization of the mechanism behind its 
formation (Figure 14.13): an initial hydrolysis of one of the pendant malonate ethyl ester groups followed 
by decarboxylative elimination to yield the carboxylic acid metabolite [1]. The mechanism was further 
substantiated by the fact that a similar analog [3], which possessed an additional methylene group, did 
not undergo the same decarboxylative elimination as observed with JTT-130.

Beyond metabolite structural characterization and quantitative determinations of metabolite 
concentrations, NMR is often used to determine the kinetics of chemical reactions. An important 
example of this is the measurement of migration rates of acyl glucuronides, which have been linked to 
toxicity in a certain class of non-steroidal anti-inflammatory drugs. Compounds that are glucuronidated 
on carboxylic acids with minimal substitution on the carbon α to the acid group are particularly 
susceptible to this phenomenon (Bailey and Dickinson, 2003). The pronounced difference in toxicity 
profiles between Ibuprofen and Ibufenac has been attributed to the differences in the migration rate 
of the acyl glucuronide metabolite formed in both compounds (Castillo and Smith, 1995). Drugs that 
have migration rates with a T1/2 of less than 1.5 hours have either been withdrawn from the market or 
received black box warnings (Figure 14.14). An example of this is found with Compound C, a CRTh2 
antagonist for treatment of asthma, which possessed a carboxylic acid unsubstituted at the α position that 
formed an acyl glucuronide. The glucuronide was found to migrate very rapidly as judged by its quick 
degradation in vitro. Due to the rapid rate of migration a half-life could not be accurately measured by 
LC/MS due to the length of time required to run the sample. Through a simple 1D proton measurement 
of the anomeric resonance of the glucuronide, a half-life of 0.2 h was easily calculated in D2O buffered 
at pH 7.4  (Figure 14.15). Since the projected human dose of Compound C was rather high at >100 mg, 

FIGURE 14.12 Expanded aromatic region of the (a) 1H–13C multiplicity edited HSQC and (b) HMBC spectra of unknown 
metabolite of JTT-130.
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FIGURE 14.13 Suggested hydrolysis mechanism in formation of [1] and atropic acid from JTT-130 and hydrolysis mech-
anism for JTT-130 analog [3].
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coupled with the fact that glucuronidation was the major metabolic pathway, it was decided to terminate 
this compound and others in the series possessing α unsubstituted carboxylic acid structural motifs and 
move on to different chemical matter.

Conclusions

The role of NMR in the drug metabolism setting has changed significantly over the last twenty 
years. Historically in the DMPK environment, NMR was reserved almost exclusively for situations 
in development where complete structural elucidation of a metabolite was a regulatory requirement. 
Advances in NMR instrument design and the development of in vitro metabolite generation systems, 
which decreased the amount of material required for structural characterization of metabolites, helped 
move the utility of NMR from development to a more routine discovery tool. As the sample requirements 
continue to decrease, the potential for the structural elucidation of metabolites via NMR will have a 
greater influence on candidate selection as compounds move from discovery to development. Together 
with the rediscovery of the importance of qNMR and an increase in its ease of use these isolated, 
characterized and quantitated samples will have increasing value in the future. Concomitant with these 
impacts in discovery, the increase in sensitivity will also enhance our ability to characterize human 
unique metabolites in drug development as well as more effectively address regulatory issues such as 
Metabolites In Safety Testing (MIST) (U.S. Department of Health and Human Services Food and Drug 
Administration Center for Drug Evaluation and Research, CDER).
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In Vitro Metabolism: Subcellular Fractions

Michael A. Mohutsy

Introduction

The in vitro study of xenobiotic metabolism in the pharmaceutical industry has routinely been used 
to help evaluate properties of new molecular entities and help optimize these properties to allow for 
evaluation of the pharmacologic target in animal models, along with safe dosing in humans. Subcellular 
fractions, abundant, commercially available, and often well-characterized before purchase, are the most 
often used in vitro tools to predict both in vivo clearance and the potential for drug interactions via 
enzyme inhibition. In vitro studies not only allow for evaluation to predict drug properties in human, but 
also decrease the use of animals in drug discovery and development.

The previous version of this chapter, “Subcellular Fractions,” concentrated on the various methods for 
the preparation, characterization, storage, and special considerations necessary for extrahepatic fractions. 
With the exception of the characterization, the science concerning these “situations” has not evolved to 
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any great extent since the previous publication of this chapter in 2007. The characterization of the frac-
tions, however, has advanced dramatically with the development and implementation of more advanced 
mass spectrometry methods to quantify individual drug metabolizing enzymes. This improved charac-
terization along with specific examples of the utility of subcellular fractions since the last publication of 
this book will be the focus of the present chapter.

Subcellular Systems

Overview

The in vitro metabolism models are often broadly separated into subcellular fractions and whole cell models, 
including isolated primary cells, tissue slices, and cell lines. Subcellular fractions can be isolated from virtu-
ally any available tissue from any available species. While the different species/tissue/fraction possibilities 
are very extensive, the subcellular fractions used most often in early drug discovery are those encompassing 
the most common preclinical pharmacology/toxicology species (mouse, rat, dog, and monkey) along with 
human, the organ that is the most responsible for drug metabolism (liver), and the subcellular fraction con-
taining the enzyme systems most predominantly involved in drug metabolism (microsomes).

The xenobiotic and endobiotic metabolizing enzymes are usually localized to specific organelles within 
the cell. Through the process of isolating these various organelles a highly concentrated enzyme source, 
relatively free of enzymes found in other organelles and without sufficient levels of cofactors necessary 
for enzymatic activity. Thus, through appropriate selection of subcellular fraction, cofactors, and other 
incubation conditions, enzymes can be evaluated in enzyme phenotyping (Table 14.1). The predominant 
enzymes involved in drug metabolism are predominantly found in the endoplasmic reticulum (ER), includ-
ing the P450s, UGTs, and some hydrolytic enzymes. The P450s and the UGTs both require cofactors, 
NADPH and UDPGA, respectively, while other enzymes found in the ER, hydrolases (carboxylesterase 
1 and 2, epoxide hydrolase), and reductases, for example, do not require addition of cofactor for enzy-
matic activity. With the liver being the predominant organ responsible for the metabolism of drugs and 
the P450s and UGTs responsible for greater than 75% of the metabolism of drugs cleared through metab-
olism approved between 2006 and 2015 (Cerny 2016), it is of no surprise that liver microsomes are the 
most commonly used subcellular fraction for use in in vitro metabolism studies. Other enzymes found in 
the ER have been extensively studied including the Flavin Containing Monooxygenases (FMOs), though 
they have been relatively unimportant in the overall metabolism of drugs.

Advantages of subcellular fractions are the commercial availability of fractions from a variety of tis-
sues and a large number of species and a flexibility of incubation conditions. Incubation conditions such 
as cofactors added, buffer type, pH of buffer, and temperature of reaction can be altered to optimize or 
minimize specific enzymatic reactions. Disadvantages of subcellular fractions include lability of some 
enzymes during preparation and loss of specific intracellular environment that may be necessary for the 
enzyme function. The lack of membrane/transporters can lead to lower or higher concentrations at the 
site of metabolism, which may result in an over- or under-estimation of the contribution of the particular 
metabolic pathway.

While the liver is most often the predominant drug metabolizing organ, depending on the specific 
enzyme and xenobiotic, other organs may also be important for metabolism: for example, UGT1A7, 1A8, 
and 1A10 are expressed predominantly in the gastrointestinal tract and other enzymes predominantly in 
the kidney and GI tract; membrane dipeptidase involved in the hydrolysis of penicillin is found predomi-
nantly in the intestine and kidney (Table 15.1).

Review of Protocols for Preparation

Isolation of multiple subcellular fractions requires disruption of the cell by homogenization, then differential 
centrifugation of the homogenate (possible due to differences in density and size of particles), and followed 
by resuspension of the pellet or isolation of a soluble fraction (Figure 15.1). Very few advances in the isola-
tion of fractions have taken place since the last edition. With that in mind, a quick overview of the different 
isolation conditions with a focus on factors that can influence in vitro drug metabolism is included.
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FPO

FIGURE 15.1 Generalized subcellular fractionation scheme.

TABLE 15.1

Major Oxidation/Reduction Enzymes

Enzyme Reaction Cofactor Location

Cytochromes P450 Oxidation
Reduction

NADPH Endoplasmic reticulum

Hydrolases (Esterases and Amidases, Epoxide 
Hydrolase)

Oxidation (Hydrolysis) Cytosol
Endoplasmic reticulum

Reductases (Aldo keto reductases and Carbonyl 
reductases)

Reduction NAD, NADP Cytosol
Endoplasmic reticulum

Aldehyde Oxidase Oxidation Cytosol

Flavin containing monooxygenases Oxidation NADPH Endoplasmic reticulum

Alcohol or aldehyde dehydrogenases

UDP-glucuronysyltransferases Transferase UDPGA Endoplasmic reticulum

Sulfotransferases Transferase PAPS Cytosol

Methyltransferases Transferase SAM Endoplasmic reticulum
Cytosol

N-acetyltransferase Transferase Acetyl-CoA Cytosol

Glutathione S-transferase Transferase GSH Cytosol
Endoplasmic reticulum
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Preparation of microsomes was suggested to be performed using livers from fasted animals to prevent con-
tamination with glycogen particles in one of the earliest published protocols (Siekevitz 1962). The authors 
also believed that different procedures may be necessary for different organs. The choice of procedure 
often leads the choice between high recovery and high impurity, or lower recovery and higher purity, of a 
specific fraction and will often be determined by the ultimate use of the subcellular fraction.

Important considerations required for successful subcellular fractionation from any organ or species 
include the use of optimal conditions throughout the procedure. Additions to the preparation proto-
col include using the serine protease/esterase inhibitor, phenylmethylsulfonylfluorine (PMSF), in the 
homogenization buffer and the chelating agent-antioxidant ethylenediaminetetraacetic acid (EDTA), 
thiol-protecting agent dithiothreitol, and the antioxidant butylated hydroxytoluene as additives in the 
microsomal buffer to retard lipid peroxidation and protein degradation. Sometimes when a second high-
speed centrifugation step is performed, a pyrophosphate buffer to remove hemoglobin and nucleic acids 
from the microsomal or subcellular fraction preparation is used (Guengerich 1994). High concentrations 
of PMSF during microsome isolation can limit the utility of the subcellular fraction to study enzymes 
such as carboxylesterases along with other serine hydrolases.

With their importance as drug metabolizing enzymes, the cytochromes P450 are probably the most-studied 
system found in liver microsomal fractions. Since the quantification of P450s involves spectral measure-
ments, early work also suggested that using Ringers solution to wash microsomes was necessary to remove 
hemoglobin that would interfere with the spectral measurements (Garfinkel 1958). The effect of washing rat 
hepatic microsomes with sucrose solutions, with or without EDTA, has also been evaluated using xenobiotic 
metabolism as a marker (Powis and Boobis 1975). EDTA prevented the decrease in metabolism of some 
substrates after washing with sucrose alone, stimulating metabolism of other substrates.

Storage

Subcellular fractions are especially useful due to their ease of use and their ability to be frozen and 
easily stored. One of the strengths of the use subcellular fractions for in vitro metabolism studies are the 
ability to use fractions prepared from the same donors over a period of many years, even a decade or more. 
The ability to use subcellular fractions over several years was rigorously tested in 1996. In this evalu-
ation, the effects of freezing, thawing, and time in storage (up to 2  years at −80°C) of human liver 
microsomes was examined. The results indicated no change in CYP1A2, CYP2A6, CYP2C9, CYP2C19, 
CYP2D6, CYP2E1, CYP3A4/5, or CYP4A9/11 catalytic activities (Pearce, McIntyre et al. 1996). The 
starting quality of the tissue should be as high as possible to ensure successful storage of human livers 
and the subcellular fractions prepared from them. In the early years of drug metabolism research with 
human liver, tissue quality was questionable, as demonstrated by enzyme activities (Powis, Jardine et al. 
1988, Chapman, Christensen et al. 1993). The overall quality and availability of human tissue available 
for drug metabolism research has improved, along with the preparation of large batches of subcellular 
fractions containing greater than 100 donors allowing for the evaluation of in vitro metabolism param-
eters using the same material over long periods of time.

Extrahepatic Fractions

When isolating subcellular fractions from extrahepatic tissue, sedimentation of ER into the final 
100,000g pellet will often be different from what is performed with liver. A review of the differences in 
preparation of microsomes and differences in the P450 activities from many extrahepatic microsomal 
fractions obtained from multiple species can be found in the review by Burke and Orrenius (Burke and 
Orrenius 1979). Metabolism by the lung, gut, kidney, and brain were covered in Chapters 11 through 
14 of the 2nd edition of this book and in a fairly recent review (Gundert-Remy et al. 2014). Very brief 
highlights will only be covered here.

The gastrointestinal tract is important in the metabolism of orally administered drugs, due to the localiza-
tion of enzymes within the tissue, increasing potential first-pass metabolism (Kaminsky and Zhang 2003). 
Stable microsomal preparations of gastrointestinal tissues were hard to obtain before researchers demon-
strated that the addition of a trypsin inhibitor from soybean and glycerol (20%) in isotonic potassium chloride 
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could stabilize enzymatic activity (Stohs et al. 1976). The addition of a protease inhibitor is a common proce-
dure when isolating microsomes from intestinal tissue, with the non-specific serine protease inhibitor PMSF 
commonly used. Whether intestinal microsomes are isolated using an elution method or via manual scraping 
of the tissue (Kolars et al. 1994, Paine et al. 1997, Madani et al. 1999), if PMSF is added at some point in the 
preparation of microsomes and any serine protease activities such as the carboxylesterases should be expected 
to be minimized or potentially not present at all. While the method of intestinal microsomes isolation does 
not appear to influence the affinity of the CYP3A4, Vmax values varied greatly, with a 10-fold greater Vmax 
with microsomes isolated from eluted enterocytes compared to microsomes from mucosal scraping (Galetin 
and Houston 2006). The portion of intestine from where the microsomes were isolated also will influence 
the activity of the fraction. Greater amounts of CYP3A4 were found when microsomes were isolated from 
proximal rather than distal intestinal sections (Paine et al. 1997). This can result in very high variability when 
enzyme activities are reported with different preparations of intestinal microsomes.

The kidney is particularly complex organ from which to isolate subcellular fractions since the tissue 
will contain multiple localized cell types. The subcellular fractions must be isolated from the cell types 
involved in drug metabolism (e.g., proximal tubule cells) in order to provide meaningful data on cell 
specific metabolism. While P450 metabolism has been shown to be a mere fraction of that observed in 
the liver (Litterst et al. 1975), other enzymes such as UGT1A6, UGT1A9, and UGT2B7 (Fallon et al. 
2013) and hydrolysis enzymes, such as membrane dipeptidase (Kropp et al. 1982) involved in antibiotic 
metabolism, are found in fairly high levels in the kidney.

Very little recent information on drug metabolism by the lung has been reported, with a review focus-
ing on the different drug metabolizing enzymes found in the lung is a good resource (Zhang et al. 2006). 
Lung P450 activities are much lower than in liver however, the lung does contain several preferentially 
expressed P450 forms including CYP1A1, 1B1, 2A13, 2F1, 2S1, and 4B1. The lung will metabolize drugs 
that enter the organ via inhalation and have also been shown to metabolize compounds that enter the lung 
through systemic circulation (Borlak et al. 2005).

Metabolism with subcellular fractions isolated from brain, heart, epidermis, and other tissues has been 
covered in the second edition of this book along with several comprehensive reviews and more recent 
studies (Sarkar 1992, Meyer, Gehlhaus et al. 2007, Ravindranath and Strobel 2013, Manevski et al. 2015, 
Oliveira et al. 2016). The reader is prompted to reference these sources for more information on these 
organs with less extensive metabolic capacity.

Characterization of Subcellular Fractions

As expounded upon in the first and second editions of “Subcellular Fractions,” the characterization of 
the fractions often involves the determination of total protein and catalytic activities across a variety 
enzymes in each fraction and tissue homogenate. In addition to these common measures of subcellular 
fractions, quantification of specific proteins had been performed using western blotting. Western blotting 
is a relatively high cost, labor intensive method that would only allow for a relatively small number of 
proteins in a subcellular fraction. In the second edition, the various phenotypic enzymatic reactions used 
in the characterization of the preparations and to determine contamination by other subcellular fractions 
was discussed. The table and references are included here (Table 15.2).

Much of the recent work with subcellular fractions has been aimed at the mass spectrometry based 
absolute quantification of enzymes and the potential to scale up the activity of the particular enzyme in 
the subcellular fraction to the whole organ. The ability to accurately measure the absolute quantity of 
drug metabolizing enzymes has been the topic of several recent reviews (Al Feteisi et al. 2015, Bhatt 
and Prasad 2017) with caveats on the various proteomic methodologies employed. The authors mention 
the “significant technical challenges” and the need to “thoroughly address the critical variables” that 
could influence the ultimate results. “Quantitative proteomics research requires specialist practical skills 
and there is a pressing need to dedicate more effort and investment to training personnel in this area. 
Large-scale multicenter collaborations are also needed to standardize quantitative strategies in order to 
improve physiologically based pharmacokinetic models.” This section will focus on the reports of the 
quantification of the important drug metabolizing enzymes (Cerny 2016) along with the more recent 
global proteomic quantification of a wide range of liver proteins.
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Cytochromes P450

The absolute quantification of cytochromes P450s have been reported for many years by many different 
laboratories throughout the world. One of the first published reports compared the amount of CYP3A 
enzymes in microsomes to both immunoquantified proteins (CYP3A4 and CYP3A5) and to CYP activity 
including midazolam-1′hydroxylation (CYP3A4/5) testosterone-6b-hydroxylation (CYP3A4), itracon-
azole-6-hydroxylation (CYP3A4), and Vincristine M1 formation (CYP3A5) (Wang et al. 2008). A very 
strong correlation was seen between mass spectrometry-based quantification and immunoquantification 
(r2 ≥ 0.87) and mass spectrometry quantification and activities (r2 ≥ 0.88). While a good correlation was 
seen between mass spec and immunoblot quantification, the absolute values in pmol/mg of microsome 
protein were ~50% lower using the mass spectrometry derived method. A very wide range of values for 
CYP3A4 were also seen with the individual microsome CYP3A4 range of 9 to 322 pmol/mg microsome 
protein.

The quantification of a large number of P450 enzymes including CYP1A2, CYP2A6, CYP2B6, 
CYP2C8, CYP2C9 CYP2C19, CYP2D6, CYP2E1, and CYP3A4 was also subsequently reported 
(Kawakami, Ohtsuki et al. 2011). The authors showed high variability in several of the enzymes studied 
including CYP1A2, CYP2C19, and CYP3A4 and, somewhat surprisingly, showed CYP2C9 to be the 
most abundant enzyme in human liver microsomes. No correlations between enzyme activities or immu-
noblotting were reported.

UDP-glucuronysyltransferases

The initial study to look at the UGT enzymes using a mass spectrometry-based approach quantified 
UGT1A1 and UGT1A6 in 10 individual human liver microsomes (Fallon et al. 2008). Here the authors 
showed good correlation between western blot (% intensity) and quantities of UGT1A1 measured by 
mass spectrometry (r2 = 0.988); however, the UGT1A6 had a much poorer correlation possibly due to a 
lower specificity of the UGT1A6 antibody or the low concentrations of UGT1A6 relative to the quantifi-
cation curve. UGT1A1 was also quantified in human intestinal microsomes, though UGT1A6 was below 
the limit of quantification. This first study showed the potential of mass spectrometry to quantify many 
more UGT1A enzymes and led to a more extensive evaluation of subcellular fractions from intestine, 
liver, and kidney (Harbourt et al. 2012).

TABLE 15.2

Selected Enzyme Markers of Subcellular Fractions

Subcellular Location Marker References

Microsomal Glucose-6-phosphate
Cytochrome c reductase

Powis and Boobis (1975)
Masters (1967)

Cytosol Lactate dehydrogenase
Glutathione S-transferase
Alcohol dehydrogenase

Bergmeyer (1974)
Habig, Pabst et al. (1974)
Wynne, Wood et al. (1992)

Lysosomal Acid phosphatase
b-glucuronidase
N-Acetyl-b-glucuronidase

Drexler and Gignac (1994)
Lombardo, Caimi et al. (1980)
Lombardo, Caimi et al. (1980)

Mitochondrial Succinic INT reductase
Cytochrome c oxidase
Succinate dehydrogenase
Xanthine oxidase
Glutamate dehydrogenase
Monoamine oxidase

Pennington (1961)
Wikstrom (1977)
Gutman (1978)
Hille and Nishino (1995)
Schmidt (1974)
Schnaitman, Erwin et al. (1967)

Golgi Galactosyltransferase Baxter and Durham (1979)

Peroxisomes Catalase Chance and Herbert (1950)

Plasma membrane Alkaline phosphatase
Alkaline phosphodiesterase

Emmelot, Bos et al. (1964)
Emmelot, Bos et al. (1964)
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A recent manuscript went beyond simple quantification of the UGT enzymes and attempted to correlate 
the protein abundance measured using two different methodologies, a mass spectrometry method using a 
stable isotope labeled (SIL) peptide as a standard and a quantitative concatamer (QConCAT) (Achour, Al 
Feteisi et al. 2017). Very little correlation was seen between the two methodologies with only UGT1A1 
showing a strong correlation between the two mass spectrometry methods. Quantitative UGT measurements 
generally gave a lower quantity of protein and in a narrower range than the QConCAT method and mass 
spectrometry methods. The SIL method showed moderate to strong correlations with enzymatic activities 
for UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT2B7, and UGT2B15. The QConcat showed 
only moderate correlation with UGT1A1, UGT1A3, and UGT2B7 and poor correlation with activity for 
all other UGTs tested. As stated by the authors, “quantitative proteomic data should be validated against 
catalytic activity whenever possible.” This should be kept in mind when evaluating the numerous studies 
that have attempted to quantify drug metabolizing enzymes in subcellular fractions without correlating to 
activity.

P450s and UGTs

With the successful quantification of proteins using mass spectrometric methods many groups have pub-
lishing studies quantifying both the P450s and the UGTs in individual subcellular fractions. Laboratories 
have also begun to quantify enzymes in subcellular fractions obtained from livers from donors with 
diseased livers. A few examples of quantification of both enzyme systems will be presented.

One of the first studies to look at both the P450s and UGTs showed that many enzymes including 
CYP2C9, CYP2E1, CYP3A4, CYP2A6, UGT1A6, UGT2B7, UGT2B15, and P450 reductase were abun-
dantly expressed in human liver microsomes (Ohtsuki et al. 2012). The authors correlated quantified 
proteins with enzyme activity (CYP only) and mRNA levels and showed that CYP3A4, CYP2B6, and 
CYP2C8 protein amounts were each highly correlated with both enzyme activity and mRNA expres-
sion levels, whereas for other P450s, CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and 
CYP4A11 the protein expression levels were better correlated with the enzyme activities than the mRNA 
expression levels were (Ohtsuki et al. 2012).

Quantification of P450 and UGT enzymes was performed in human intestinal microsomes from two 
donors (Akazawa et al. 2018). A very large difference between two human intestinal donors with the 
expression of the intestinal P450 enzymes higher in one sample. UGT1A1, UGT1A6, UGT2B7, and 
UGT2B17 enzymes were also only found in that same donor. While UGT2B17 was found in both donors, 
the same donor also had much higher UGT2B17 levels. Care must be taken when extrapolating informa-
tion from a very small number of individual donor microsomes, especially with the differences of age, 
sex, and disease state between the two donors.

A study to compare P450 and UGT enzymes from microsomes prepared from human hepatocellu-
lar cariconama along with pericarcinomatous tissue and commercial purchased microsomes, showed 
the ability to quantify enzymes from disease tissue (Yan et al. 2015). Similar expression of CYP1A2, 
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D, CYP2E1, CYP3A4/3A43, CYP3A43, 
UGT1A1, UGT1A6, UGT1A4, UGT1A9, and UGT2B7 were observed from reference microsomes and 
pooled human liver microsomes prepared from pericarcinomatous tissues of 15 donors, and pooled 
human liver microsomes prepared from tumor tissues of 15 donors. Amounts of UGT1A6 were greater in 
the tumor tissue microsomes, though the difference was not statistically all other enzymes were statisti-
cally significantly lower, with the exception of CYP2C19 and UGT1A9. These enzymes were lower, but 
the differences were not statistically significant.

Aldehyde Oxidase

A single report of the absolute quantification of aldehyde oxidase (AO) showed about a 2-fold 
batch-to-batch variation in the content of AO content with different pooled human liver cytosol 
preparations (Barr et al. 2013). A modest correlation with the quantity of protein and the oxidation 
of DACA was observed. The authors also showed that heterologously expressed AO enzyme was 
substantially less active per pmol than the cytosolic enzyme.
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Carboxylesterase

Quantification of the carboxylesterase 1 in human liver S9 fractions was reported using a targeted abso-
lute quantitative mass spectrometry method (Wang, Liang et al. 2016). The authors looked for only CE1 
even though both carboxylesterase 1 and 2 are found in the liver. The amount of CE1 found in 24 dif-
ferent liver S9 samples showed variability in the pmol CE1 per mg of S9 protein with a range of 42.0 to 
477.9 pmol/mg S9 and a mean of 176.1 pmol/mg S9. As is common in many of the absolute quantification 
studies, no attempts were made to correlate the quantity of enzyme with enzyme activity.

A much more extensive evaluation was performed looking at both CE1 and CE2 in liver and distri-
bution between microsome and cytosol (Boberg et al. 2017). The ontogenies of the enzymes were also 
determined by quantifying the amounts of protein in subcellular fractions from neonates to adults. The 
amount of CE1 found in adult cytosol and microsomes was 556.5 and 1664.4 pmol/mg respectively. 
CE2 in adult microsomes only had an abundance of 174.1 pmol/mg, showing the preponderance of CE1 
in the liver. Good correlation between CE1 and CE2 was observed suggesting both proteins are regu-
lated through a common mechanism. CE1 abundance in microsomes increased approximately 5-fold in 
adults compared with neonates, while the cytosolic enzyme increased approximately 3-fold between the 
samples. In addition to the absolute quantification of the enzymes in the various subcellular fractions, 
the authors also compared the activities of the pediatric and adult samples and showed 2.4 fold greater 
formation rate of oseltamivir carboxylate from oseltamivir in the adult samples.

The amounts of CE1 between the two studies stated above are evidence of the large differences in 
protein abundances that can reported between labs. The mean value of CE1 in the S9 reported by Wang 
et al. of 174 pmol/ mg S9 was much less than a calculated 833.4 pmol/mg assuming S9 consists of 20% 
microsomal protein and 75% cytosolic protein (Jia and Liu 2007).

Global Proteomics Quantification of Drug Metabolizing Enzymes

The use of global proteomic approaches allow is the ability to quantify other proteins that are not normally 
studied using targeted approaches. A recent paper using ion mobility mass spectrometry to quantify the 
drug metabolism enzymes P450s and UGTs showed good correlation with previous targeted quantifica-
tion data (Achour et al. 2017). While a common drug metabolizing enzyme, carboxyesterase 1 was the 
overall highest abundant enzyme in the human liver microsomes, and the most abundant P450, CYP3A4, 
was the 44th most abundant protein in the microsomes, demonstrating the relatively low abundance of 
these enzymes compared to some of the other enzymes found in microsomes. As has been reported pre-
viously, preparation of microsomes do not lead to a pure, isolated endoplasmic reticulum but rather to a 
more concentrated organelle with cytosol, mitochondria, nuclei, and plasma membrane present along with 
secreted proteins. This was exemplified with the second, fifth, and eighth most abundant proteins in the 
human liver microsomes being Cytoplasmic actin 1, ATP synthase subunit b, and Haptoglobin, cytosolic, 
mitochondrial, and secreted proteins respectively. The most abundant protein involved in CYP metabolism 
is not actually one of the CYP drug metabolizing enzymes but the associated protein Cytochrome b5. 
A fairly large variability in many of these most abundant proteins in microsomes can lead to vastly differ-
ent amounts of the drug metabolizing enzymes when values such as intrinsic clearance are reported in units 
normalized to mg total human liver microsome protein. The authors state, “We suggest that protein con-
centrations used in pharmacokinetic predictions and scaling to in vivo clinical situations (physiologically 
based pharmacokinetics and in vitro-in vivo extrapolation) should be referenced instead to tissue mass.” 
At the same time, the demonstration of a correlation of quantified proteins with activity also should be 
implemented. In another recent report, the authors took flash frozen liver homogenates fractionated by 
differential centrifugation and quantified the proteins in these fraction using a global proteomic quantifi-
cation, or “total protein approach.” (Wiśniewski et al. 2016) While the centrifugation steps did differ from 
traditional isolation steps for microsomes used in the study of drug metabolism, the results were surprising. 
The authors isolated 6 different fractions labeled A through H with fraction A being centrifugation of the 
homogenate at 1000×g for 10 minutes, fraction B 2000×g for 10 minutes, fraction C 5000×g for 10 min-
utes, fraction D 10000×g for 10 minutes, fraction E 21000×g for 60 minutes, corresponding to micro-
somes used in drug metabolism experiments, and fraction F was the cytosol. The largest amount of the 
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total homogenate protein was found in Fraction A the initial 1000×g precipitate with over 60% of the total 
protein found in this fraction. Cytosol was the fraction with the second highest percentage of the protein at 
19.1% of average total protein. The putative microsomal fraction on the other hand made up a modest 4.3% 
of the total average protein. A surprising result from the study that important drug metabolizing enzymes 
P450s and UGTs found in the endoplasmic reticulum were found throughout the various subcellular frac-
tions isolated. In fact, greater than 50% of the total CYP1A2 and UGT1A1 protein was found in Fraction 
A 1000×g, the fraction associated with nuclei. The study shows the potential for issues with recovery of 
expected proteins when isolating subcellular fraction and the potential for contamination from different 
organelles.

Use of Subcellular Systems

Metabolite Identification

While with the increased availability, higher quality, and decreased price of primary hepatocytes, whole 
cell models are now much more commonly used as initial models for identifying metabolites than when 
the second edition of this book was published. Microsomes supplemented with NADPH or a NADPH 
regenerating system, however, continue to be an appropriate model for initial Metabolite ID. This is 
due to the fact that despite the introduction of microsomal screening as an initial tier in drug discov-
ery, the metabolism of most small molecule drugs approved by the FDA continues to be through CYP 
enzymes. Microsomes, though most associated with P450s, do contain other enzymes such as FMOs, 
carboxylesterases, and others. Incubation conditions are important to optimize for the enzyme systems 
that one needs to be operative. FMO has the same subcellular location, microsomes, and cofactor. FMO 
is often thought to be equally active as P450s in NADPH-supplemented microsomal incubations. Heat 
inactivation in the absence of NADPH has been shown however to decrease the amount of FMO activ-
ity in microsomes. This is often performed by incubating the microsomes at 45°C for 1–5  minutes. 
Including NADPH in the preincubation step or limiting the amount of preincubation time will allow for 
optimal FMO activity. The second most common enzyme system involved in drug metabolism is the 
UGTs. While the second edition stated that the UGT2B7 isoform was found to have very little activity in 
microsomes, advances in the understanding of the enzyme system and the potential for free fatty acids 
explains this lack of activity. Inclusion of bovine serum albumin (BSA) in the incubations will bind the 
free fatty acids allowing for greatly increased activity (Manevski et al. 2011). The advantage of no cel-
lular membrane in subcellular fractions allows for a higher concentration of substrate molecule at the site 
of metabolism than can likely be achieved in a whole cell model.

Advances in the ability to determine the metabolic stability along with the identification of the meta-
bolic soft spots have been reported since the last edition (Paiva, Klakouski et al. 2017). The development 
of an integrated qualitative/quantitative approach with advanced UHPLC-mass spec methodology and 
automated identification of potential metabolites (Bateman et al. 2009, Bonn et al. 2010, Zelesky et al. 
2013, Zhu et al. 2014).

Species Comparisons of Xenobiotic Metabolism

The wide availability, ease of use, and relatively low cost of subcellular fractions has made them use-
ful as a first-tier tool to compare metabolism between species. The use of in vitro subcellular fractions 
allows for a much more extensive evaluation of species differences in metabolism than can be performed 
with in vivo metabolism studies. Subcellular fractions are a very useful tool to study the species differ-
ences in metabolism early in drug discovery and development to begin to determine metabolite coverage 
in preclinical toxicology studies. This is especially important with the necessity to test metabolites for 
safety in accordance with the FDAs guidance on “Metabolites in Safety Testing.” Numerous reports of 
drug metabolism studies between many different species have been published including studies com-
paring numerous enzyme-specific oxidation and conjugation activities in human, dog, and cynomolgus 
and rhesus monkey microsomes and cytosol (Stevens et al. 1993, Sharer et al. 1995, Emoto et al. 2013). 
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Much of the more recent work on species differences has dealt with non-hepatic subcellular fractions 
and non-P450 non-UGT enzymes. Characterization of species differences in intestinal metabolism of 
CYP3A substrates between rats and dogs (Kadono et  al. 2014), intestinal glucuronidation between 
rats, dogs, monkeys, and humans (Furukawa et  al. 2014), hepatic and intestinal metabolism of 43 
CYP metabolized compounds between humans and rats or dogs (Nishimuta et al. 2013), and intesti-
nal metabolism between monkeys and humans (Takahashi et al. 2009, Nishimuta et al. 2011). Much 
work has been done concerning the species differences in hydrolytic activities between the subcellular 
fractions of different species including carboxylesterase and arylacetamide deacetylase between dogs 
and humans (Yoshida et  al. 2018), carboxylesterase 2 in human and cynomolgus monkey intestinal 
microsomes (Igawa et al. 2016), hydrolysis by plasma, intestinal, renal, and liver enzymes in human, 
rat, dog, and monkey (Nishimuta et al. 2014), carboxymethylenebutenolidase and CES1 in cytosols and 
microsomes of mice, rats, monkeys, dogs, and humans (Ishizuka et al. 2013), and arylacetamide deacet-
ylase activities in liver microsomes between human, rats, and mouse (Kobayashi et al. 2012). Species 
differences (most often in rate or extent of formation) are observed in metabolism of drugs by virtually 
all enzyme systems using subcellular fractions. For example, species differences were observed for sulf-
oxidation of 4-hydroxypropranolol (Narimatsu et al. 2001), glucuronidation of propofol (Mukai et al. 
2015), N-acetyltransferase metabolism of a selective androgen receptor modulator (Gao et al. 2006) and 
numerous others.

Xenobiotic Activation

Activation of xenobiotics to potential reactive species using subcellular fractions are commonly per-
formed laboratory experiments (Bauman et al. 2009, Usui et al. 2009). In addition, S9 fraction from aro-
chlor induced rats is used to activate xenobiotics prior to testing for mutagenicity to a salmonella strain 
in the classic Ames mutagenicity (McCann et al. 1975).

Comparisons of carcinogen activation by hepatic microsomes from different species have been highly 
useful in explaining differential susceptibility to xenobiotic agents. For example, N-hydroxylation of the 
food-borne carcinogen 2-amino-l-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) is considerably higher 
in human, rather than in rat and mouse in vitro. The ability to detoxify PhIP by 4-hydroxylation is high 
in rats and mice, while humans have little of this activity (Gao et al. 2006). The activation of xenobiotics 
by subcellular fractions will also be covered more extensively elsewhere in the book.

In Vitro Model Comparisons from Multiple Organs

Studies comparing the in vitro metabolism by subcellular fractions from multiple organs are usually lim-
ited to the liver and intestine for P450 enzymes and liver intestine and kidney for the UGT enzymes due 
to the limited expression of these enzymes in other tissues. A variety of hydrolase enzymes on the other 
hand are expressed throughout the body and studies with wider arrays tissue subcellular fractions should 
be conducted. One such study compared hydrolase activities from tissue homogenates (of rat liver, lung, 
skin, and blood), mitochondria, nuclei, microsomes, and cytosol from these tissues and found to be high-
est in liver and plasma (McCracken et  al. 1993). Additionally, prodrug hydrolysis was analyzed using 
liver, kidney, and intestine S9 along with plasma from a variety of preclinical species along with humans 
(Nishimuta et al. 2014).

In Vitro-In Vivo Pharmacokinetic Predictions

A significant research effort has gone into using in vitro microsomal data to quantitatively predict 
human P450 inhibitory potential and pharmacokinetics parameters such as clearance for new drug enti-
ties. Thus, in vitro microsomal models of drug metabolism and P450 inhibition have been incorporated 
into the drug-development paradigm from early discovery into the development stages. In vitro micro-
somal assays in early discovery are primarily focused around identification of metabolic liabilities of 
compounds using high throughput absorption metabolism distribution excretion (ADME) screening 
with a goal of reducing these liabilities with structural modification. To predict in vivo exposure and 
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help choose compounds with a good chance to demonstrate pharma cology, the microsomal assays are 
performed with subcellular fractions from preclinical species. As clinical candidates are identified, in-
depth in vitro analyses of the candidate’s potential to cause drug-drug interactions and their metabolic 
fate are performed with human microsomes following guidelines set by regulatory agencies resulting 
in an assessment of possible metabolic liabilities, which are further examined in the clinic (EMA 2012, 
FDA 2017). Often slimmed down versions of enzyme inhibition assays will be run in a screening mode 
early in drug discovery process (Foti et al. 2010).

P450 Inhibition

Definitive in vitro studies with human liver microsomes evaluate the potential for a new chemical entity 
(NCE) to inhibit the metabolism of co-administered drugs, which could lead to serious side effects. 
Varying concentrations of both probe substrates of each of the P450s and the NCE are incubated with 
human liver microsomes. The Ki or IC50 of reversible inhibition are calculated using the resultant inhibi-
tion profile. A quick static estimation of the inhibition potential uses the in vitro parameter above with 
the maximal expected unbound concentration of inhibitor in human plasma (Imax,u) to determine a R1 
value for liver and R1,gut (FDA 2017). The R1 value is calculated as 1+(Imax,u/Ki) and R1,gut calculated 
as 1 + (Igut/Ki). Igut is calculated as dose/250 mL. If the R1 value is ≥ 1.02 and/or R1,gut ≥ 11 the 
interaction should be evaluated further using a mechanistic model or even with a clinical drug interaction 
study. Time-dependent inhibition or mechanism-based inhibition can be similarly evaluated following 
preincubation of the NCE with human liver microsomes and NADPH prior to incubations with probe 
P450 substrates to calculate kinetic parameters KI and kinact (Grimm et al. 2009). An R2 value for a static 
evaluation of time dependent inhibition R2 = (kobs + kdeg)/kdeg, where kobs = (kinact × 50 × Imax,u)/
(KI + 50 × Imax,u) and kdeg = the apparent first-order degradation rate constant of the affected enzyme. 
An R2 value ≥ 1.25 will necessitate the further evaluation of the drug interaction potential (FDA 2017).

Prediction of Exposure and Pharmacokinetic Variability of New Chemical Entities

In vitro studies are performed to predict drug exposure in the human population and to understand the 
metabolic basis of variability in exposure and the potential to be a victim of drug-drug interactions (reac-
tion phenotyping). Though the use of primary hepatocytes to predict a compound’s clearance is becom-
ing more common, in vitro microsomal techniques are very useful to predict clearance when oxidative 
metabolism and/or direct glucuronidation are the primary clearance routes. Human in vitro intrinsic clear-
ance (Clint,h,in vitro), an estimate of in vivo intrinsic hepatic clearance (Clint,h,in vivo), can be determined using 
liver microsomes either through a determination of Km and Vmax of the metabolic pathways responsible for 
clearance or through examination of the rate of loss (kloss) of compound (Obach, Baxter et al. 1997). Using 
physiologically-based scaling factors, Clint,h,in vitro is scaled to Clint,h,in vivo. (Clint,h,in vivo=Clint,h,in vitro(mL/min/mg 
protein)* mg microsomal protein per gram of liver*gram of liver per kg body weight). The Clint,h,in vivo is 
then scaled to total hepatic Clh most often by using the well-stirred model in which hepatic blood flow (Qh) 
plasma protein binding (fup), microsomal protein binding (fumic), and blood/plasma (RB) partitioning terms 
are included.

 Cl

Cl

fu
Qh

fu

R

Q
Cl

f

h

h in vitro

mic

p

B

h
h in vitro

=











+

int, ,

int, ,

* *

uu

fu

Rmic

p

B

*




















 (15.1)

The resultant predictions of clearance exhibit a 2-3-fold prediction error and a systemic underprediction 
bias, which has been corrected by some groups with an empirical scaling factor (Ito and Houston 2005). In a 
recent commentary on the prediction of clearance using microsomes, the authors state that the mechanistic 
scaling methodology tends to underpredict clearance by 2.8 fold in humans and 2.3 fold in rats (Wood, 
Houston et al. 2017). The trend of increased underprediction with increasing in vivo intrinsic clearance 



422 Handbook of Drug Metabolism

is seen with microsomes in both humans and rats. These data, with the uncertainty around the prediction, 
can be used with other preclinical data to calculate efficacious or safe first human doses prior to human 
dosing for hepatically cleared drugs.

Summary and Conclusion

Subcellular fractions can be isolated from many different cell types, organs, and species and stored for a 
number of years at −80°C while retaining their enzymatic activity similar to fresh tissue. To ensure that 
a subcellular fraction is relatively pure, some form of characterization should be performed to ensure 
the isolated fraction is essentially from a single organelle. Characterization techniques include mass 
spectrometry-based protein quantification, immunochemical techniques, and should include enzyme 
activities. Microsomes are clearly the most widely used subcellular fraction for in vitro drug metabolism 
studies, and the liver is the most extensively studied organ. While a trend toward the underprediction 
of clearance by microsomes has been reported there is a reasonable in vitro-in vivo extrapolation of 
xenobiotic metabolism. While use of cytosol may be necessary if a compound undergoes metabo-
lism mediated by enzymes found outside of the endoplasmic reticulum fraction, the availability of 
high-quality cryopreserved hepatocytes make the whole cell system a good choice for these studies. 
For compounds that undergo metabolism by several different enzyme systems different cofactors at 
appropriate concentrations need to be added. This may also be a situation where a whole-cell system 
may be more favorable.

The use of subcellular fractions to determine differences in metabolism between species is a useful tool 
to help in the choice of preclinical species in toxicology studies with coverage of prominent metabolites 
in humans. When human tissue is available the formation of a phenotyped bank is possible. While the 
utility of phenotyped bank is somewhat diminished with the availability of heterologously expressed 
enzymes it is still of value for early definition of metabolic routes and rates of formation for new drugs. 
A sufficiently large bank of subcellular fractions may also allow for an estimation of the variability in 
metabolism that may be present in the patient population. Subcellular fractions are also useful to predict 
hepatic clearance, which can be used to help choose first human dose and for enzyme phenotyping to 
determine the potential for a new drug to be a victim of drug-drug interactions. The P450 inhibition liabil-
ity of a new chemical entity is determined using human liver microsomes, and this data may prevent the 
need for a clinical drug interaction study.

In conclusion, subcellular systems when supplemented with the required cofactors are a representation 
of only part of the whole cell and allows the scientist to control the enzyme system studied making this 
system extremely powerful. However, the need to take into account the regulatory effects of cell–cell 
contact-communication, the heterogeneous cellular nature of many organs, or the interplay between dif-
ferent enzymes and transporters require a whole cell system. These considerations aside, it is clear that 
subcellular fractions have many useful roles in the pharmaceutical industry.
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16
Drug Interaction Studies in the Drug 
Development Process: Studies In Vitro

R. Scott Obach and Kimberly Lapham

Introduction: In Vitro Inhibition in Drug Development

Determination of the potential effects of new molecules on the activities of drug metabolizing enzymes 
in vitro can be useful in several areas of drug research. The data can serve as an indicator of whether a 
new compound could cause pharmacokinetic-based drug-drug interactions. In early research, such assays 
can be conducted using high-throughput approaches to accommodate the large numbers of compounds 
synthesized and tested for pharmacological activity (Figure 16.1). To be fit-for-purpose (i.e., development 
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of structure-activity relationships, driving compound design), these assays require high capacity and 
sacrifice some aspects of assay performance to allow for this capacity. Miniaturized methods that use 
fluorogenic substrates and plate reader platforms1 or cocktail methods (in which multiple substrates are 
mixed and the assays done simultaneously2 are well suited for these needs.

The focus of this chapter is on in vitro methods used during the latter development phase of drug 
research (Figure 16.1). The purposes of the in vitro inhibition data gathered during this phase are for 
(a) determining which drug metabolizing enzymes are unaffected by the drug candidate, (b) planning 
a clinical drug-drug interaction strategy (i.e., which, if any, drug interactions should be anticipated and 
explored in clinical studies), and (c) product labeling used to advise prescribing physicians whether 
certain drug combinations should be avoided. Because conclusions are drawn from these in vitro data 
regarding the potential safety of human study subjects and patients and potentially forgoing clinical 
drug-drug interaction (DDI) studies, it is of utmost importance that the data is unassailable—there 
is no room for error. Thus, unlike the aforementioned assay approaches appropriate for early drug 
research, in vitro inhibition studies done in support of compounds in the development phase must be 
done with a high degree of accuracy and no chance of false negative results. While it has not been 
mandated from government drug regulatory agencies that such assays be done under the guidance of 
Good Laboratory Practices, some have suggested that this be considered.3 Since the publication of the 
previous edition of this book, some of the government drug regulatory agencies have issued guidance 
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FIGURE 16.1 Strategy for placement of in vitro inhibition studies in the drug discovery and development processes.
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or draft guidance documents that include descriptions of the conduct of in vitro DDI studies and their 
interpretation.4 The description of methods and approaches in this chapter are consistent with the 
expectations of these agencies.

This chapter describes the assays used for testing new compounds as inhibitors of drug metabolizing 
enzymes during the later phases of drug research and how the data can be used in drug development. 
It will not cover the aforementioned high throughput methods applied in early drug research and readers 
are directed to other reviews of that topic.5 Also, this chapter addresses the testing of new drugs as 
potential “perpetrators” or “precipitants” of drug interactions. Focus on new compounds as “victims” 
or “objects” of drug interactions using in vitro data that aim to identify the enzyme(s) involved in the 
metabolism of a new drug is in Chapter 15 in this volume.

Elements of Assay Design and Performance

Biochemical Elements

The possible sources of drug metabolizing enzymes for determination of enzyme kinetics and inhibi-
tion data include pure enzymes, enzymes expressed in heterologous systems from recombinant DNA, 
tissue subcellular fractions, or whole cell assays. Pros and cons can be derived for each of these 
systems. The focus of this chapter will be on the most frequently used system (liver microsomes) to 
address the potential for DDI with the most important drug metabolizing enzyme systems (cytochrome 
P450s and UGTs).

The collection of accurate in vitro inhibition data requires that fundamentally sound enzyme kinetic 
practices be employed. To ensure this, reaction characteristics must be well defined. The most impor-
tant experimental variables for drug metabolism reactions are substrate concentration, incubation 
time, and protein concentration. Other important parameters such as temperature, pH, and buffer 
strength are usually set to match or mimic in vivo conditions. It should be noted that a temperature 
of 37°C and neutral pH are routinely used as standard since these are appropriate for human liver). 
However, there is variability around buffers used. Effects of different buffers and concentrations on 
drug metabolizing enzymes have been noted.6 The incubation time needs to be long enough such 
that adequate product is formed for precise quantitation but it also must be within a linear range 
so that reaction velocities are accurate. Likewise, the protein concentration must be high enough 
to permit formation of an adequate amount of product to be measured but must not be so high as to 
consume too much substrate or show a non-linear relationship between reaction velocity and protein 
concentration. An initial experiment is required in which product formation is measured at multiple 
time points in incubations containing different concentrations of enzyme source. A lack of velocity 
linearity with time can arise from two sources: autoinactivation of the enzyme or too much substrate 
depletion. The substrate concentration chosen for this determination of linearity should be the lowest 
one anticipated to be used in substrate saturation experiments. A depiction of a linearity experiment is 
illustrated in Figure 16.2a. From this experiment, an incubation time and protein concentration can be 
selected for all subsequent experiments using the reaction and enzyme source. The lowest protein con-
centration that still yields adequate product formation should be selected. The use of high microsomal 
protein concentrations have been demonstrated to cause an alteration of inhibition constants for highly 
lipophilic drugs due to nonspecific binding.7 The incubation time used can be the longest one feasible 
that is still linear (i.e. the reaction velocity does not fall below 95% of what is measured using earlier 
incubation time points) (Figure 16.2b). The linear formation of metabolite with increasing microsomal 
protein concentration should be verified at the chosen incubation time Figure 16.2c. When the enzyme 
source is changed (e.g., one lot of liver microsomes to another, from liver microsomes to heterolo-
gously expressed recombinant enzymes, etc.), this linearity determination must be re-done.
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After appropriate incubation conditions are established, a substrate saturation experiment is conducted 
to establish the enzyme kinetic parameters for the reaction in that system. The kinetic parameters, espe-
cially KM, should be within a range of those reported in the scientific literature. The enzyme kinetic 
behavior for drug metabolism reactions may not follow the simple hyperbolic relationship defined by the 
basic Michaelis-Menten equation (Figure 16.3a and b). Other common kinetic phenomena include activa-
tion kinetics (i.e., Hill equation), substrate inhibition kinetics, or two-enzyme kinetics (Figure 16.3c–h). 
The kinetic behavior can be diagnosed using linearized plots of the data (e.g., Eadie-Hofstee plots), and 
the data fit using non-linear regression and statistical criteria, such as the Aikake Information Criteria, 
to select the most appropriate fit of the data.
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FIGURE 16.2 Demonstration of linearity of enzymatic reactions. In plot A, the product formed is measured over incu-
bation time at three different protein concentrations. The limit of detection in this example is 0.25, so the incubation 
conducted at 0.03 mg/mL has too low a protein concentration because 95% inhibition would yield an amount of product 
that would be below the lower limit of quantitation (LLOQ) of the assay. In plot B, the data from plot A are converted to 
velocity values to determine the longest incubation time for which linearity is demonstrated. In this example, a maximum 
incubation time of 15 min should not be exceeded. In plot C, the velocity at 15 min is plotted versus the protein concentra-
tion, which shows that the reaction is linear for the 0.03 and 0.2 mg/mL concentrations but not the 1 mg/mL concentration. 
Therefore, a protein concentration of 0.2 mg/mL should not be exceeded.
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plots of the data on the left.
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There is a special technical nuance regarding UGT incubations and the use of bovine serum albumin 
(BSA) as an additive to incubations. Drug glucuronidation kinetics for 3 of the 7 major hepatic UGTs 
(e.g., 1A9, 2B7, and 2B15) tend to underestimate in vivo rates. The addition of fatty acid free BSA sig-
nificantly enhances enzyme activity thereby improving in vivo clearance correlations.8 The mechanism 
by which BSA works is debatable; however, the result is a decrease in the Km,u with the potential for an 
increase in Vmax depending on the substrate. Given that inclusion of 2% BSA improves in vitro-in vivo 
extrapolations (IVIVE) for clearance, the inclusion of 2% BSA could impact DDI predictions as demon-
strated by the improved fluconazole-zidovudine interaction prediction.9

Binding of the test inhibitor to BSA is always a concern—especially for acidic compounds. Performing 
incubations in the presence and absence of BSA offers a window into whether BSA binding is preventing 
IC50 estimations. If a measurable IC50 is obtained in the absence of BSA but not in the presence of BSA 
then the inhibitor may need to be tested at higher concentrations. If limited aqueous solubility is also 
an issue, then the amount of BSA in the incubation can be decreased but it must be kept in mind that 
this could result in an underestimation of inhibitor potency. In the same vein, the apparent IC50 and the 
unbound IC50 could be dramatically different; therefore, measuring the free fraction of a test compound 
under the incubation conditions is needed before data can be interpreted.

The enzyme kinetic data are subsequently used to select the most appropriate substrate concentrations 
for routine testing of new compounds as inhibitors of drug metabolizing enzymes. A three-step testing 
paradigm of:

 (a) Single inhibitor concentration

 (b) IC50 determination

 (c) Ki determination

can be resource sparing, yet still provide data needed for decision making in drug development. Initial test-
ing should be done at a single concentration of test compound, using a substrate concentration at or below 
KM, such that the large number of compounds that will show no effect can be adequately addressed with 
minimal yet appropriate resources (i.e., single concentration of test compound). For those compounds that 
demonstrate some degree of inhibition, a follow up in rapid succession can be done to measure IC50, again 
using a substrate concentration at or below KM. (If [S] = KM, then it can be inferred that IC50 = 2X Ki for a 
competitive inhibitor). The utility of such an approach is described in the Interpretation section below. Later 
on, a Ki can be determined using multiple substrate and inhibitor concentrations that will define the enzyme 
kinetic mechanism of inhibition. However, whether a compound is a competitive, noncompetitive, or uncom-
petitive inhibitor is not known to impact decision making around the potential for clinical relevance for DDI.

Testing whether a new compound can cause time-dependent inhibition is also important, as some 
of the most important clinical DDI are caused by drugs that are mechanism-based inactivators. This 
is particularly true for P450 enzymes but not so much for UGTs. Initial experiments in which the test 
compound is incubated with enzyme and cofactors in the absence of substrate, followed by addition of 
the substrate, or dilution into an incubation mixture containing substrate, can be done to detect whether 
a new compound is a time-dependent inhibitor. Follow-up experiments for those compounds demon-
strating this activity can include the measurement of inactivation parameters kinact and KI (the maximum 
inactivation rate constant and the inactivator concentration that provides half of this rate), which can be 
used in prediction of DDI. However, specifics around the conduct of these experiments are described in 
Chapter 19 and will not be discussed in detail here.

Analytical Elements

High quality in vitro inhibition data requires not only sound enzyme kinetic practice but also robust 
quantitative methods to analyze the incubation samples. In this case, the assay is designed to quantitate 
the product of the reaction. Almost all standard assays used in the drug development phase utilize a 
chromatographic separation step in-line with either ultraviolet/visible (UV/VIS), fluorescence, or mass 
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spectrometric (MS) detectors. While the early assays for P450 and UGT enzymes commonly used the 
two former techniques, current assays typically use tandem quadrupole MS/MS instrumentation using 
selected reaction monitoring. The sensitivity and specificity of this approach makes it the preferred stan-
dard for simple, robust assays.10

For in vitro samples, the sample work-up needed prior to sample analysis is generally simple, as com-
pared to procedures usually required for other more complex biological matrices. For UV/VIS and fluo-
rescence detection-based methods, some sample work up may be required in order to remove interfering 
endogenous materials or to concentrate the sample for effective detection. Samples will have required 
termination of the reaction, which is usually done by addition of miscible organic solvent, acid, or base. 
For more robust assays, a suitable internal standard will be added to account for intersample variability in 
analyte recovery and HPLC injector variability. Internal standards for UV/VIS and fluorescence methods 
should be structural analogues of the analytes that behave similarly throughout the sample processing 
technique, have similar detection properties, and are adequately resolved from the analyte (as well as 
the substrate) on HPLC. For MS detection, internal standards that are identical to the analyte except that 
at least three atoms are replaced with stable isotopes (i.e., 2H, 13C, or 15N) to allow for an isotopic dilu-
tion approach to quantitation, and this is ideal when such materials are available. Liquid and solid-phase 
extraction techniques are typical for UV/VIS and fluorescence methods. For MS detection, filtration, 
or centrifugation of the samples is all that is needed so that protein, which can clog HPLC columns, is 
removed.

There are several standard criteria that must be met for an acceptable analytical method. These are:

 (a) Assay Interferences Eliminated. The method used, typically HPLC, should be free of inter-
ferences from the matrix. In the case of in vitro assays, the matrix is usually a terminated 
incubation mixture containing a source of enzyme (e.g., liver microsomes), buffer, and other 
cofactors, and compared to most biological matrices this is fairly clean. To avoid problems, the 
analyte needs to be eluted from the column at a retention time that is after the time that the void 
volume elutes since this time is where most potential interferences will elute (i.e., absorbing 
materials for UV/VIS detection or ion suppressing materials for MS detection.) Thus, control 
samples in which the in vitro matrix lacking analyte should be run.

 (b) Definition of a Standard Curve Range. The lower limit of quantitation LLOQ should be such 
that an uninhibited reaction should yield an amount of product that is 20-fold greater than 
the LLOQ; thus, allowing for the accurate determination of up to 95% inhibition. The upper 
limit of quantitation (ULOQ) should be high enough that the concentration of product formed 
does not exceed the ULOQ when the substrate incubations are done at saturating conditions 
(e.g., at [S] ≥ 9X KM). The standard curve should contain a blank and at least four other points 
residing between LLOQ and ULOQ.

 (c) Quality Control (QC) Standards. Separately prepared quality control standards at concentra-
tions within the standard curve range should be analyzed and measured in each assay run, and 
the measured concentrations should be within –25% of the nominal value for the run to be 
considered acceptable.

 (d) Stability of Standards and Stock Solutions. In most cases, the analytes (metabolites) for these 
assays are valuable materials and for cost and convenience it is advantageous to prepare stock 
solutions from which standard curve and quality control samples can be made, and to store 
these solutions for extended periods (e.g., months). Therefore, conditions under which such 
solutions can be stored (e.g., solution strength, solvent, temperature) need to be established 
and stock solutions that exceed this expiry need to be discarded and prepared fresh. The ini-
tial potency of standard solid materials needs to be established; if purchased from a vendor, 
this should be provided as part of the analytical specifications datasheet. Furthermore, stor-
age stability of the standard solid materials needs to be established, using standard analytical 
methods (e.g., HPLC-UV). The solid material may need to be stored in a dry box containing 
desiccant or may have temperature requirements for storage.
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In addition to these analytical assay characteristics, there are a couple aspects that are unique to 
in vitro incubation mixtures for DDI:

 (e) Interference by the Test Compound. In rare instances, the compound being tested can share 
detection features of the analyte (i.e., absorbance in the same wavelength range for UV/VIS 
assays; same ions for MS assays) or interfere with the analyte response (i.e., coelution with the 
analyte and suppression of its signal in MS). This could yield misleading results such that the 
inhibition by a compound could be overlooked or a compound could be concluded to be an 
inhibitor when it is not. Therefore, the test compound at the highest concentration tested should 
be added to a QC sample to ensure that the QC response is minimally affected.

 (f) Interference by Contamination in the Substrate. For some assays, the substrate material can 
 contain the product (analyte) as a trace contaminant. This is particularly common for P450 
 reactions in which the reaction is one where some low level of spontaneous oxidation is ener-
getically favorable (e.g., N-dealkylations; aromatizations). Since good enzyme kinetic practice 
demands that substrate turnover is kept to a minimum, even a very small level of impurity of the 
substrate by the product can confound inhibition assays. This needs to be tested when character-
izing the assay and should be monitored in assay runs by including injection of the unincubated 
substrate at the highest concentration used. When unavoidable, a correction for this contamina-
tion can be applied, but this represents another source of variability that can confound an assay.

Individual Enzymes and Substrates: Cytochrome P450

Among the many drug metabolizing enzymes that could be potentially inhibited by new drugs, the ones 
of greatest focus are the cytochrome P450s followed by the UDP-glucuronosyltransferase enzymes. It is 
an expectation that the effects of new agents on these enzymes be studied and included in the government 
regulatory agency registration dossiers.4

The ideal reactions to use as probes for P450 activities will have the following  characteristics: 
(a)  selectivity for one enzyme, (b) high reaction rate, (c) readily available substrate, metabolite  standard, 
and internal standard for the metabolite from common commercial suppliers at reasonable costs, 
(d)   preferably has one metabolite product with unique spectral properties, (e) metabolite has high 
 responsivity and selectivity in UV, fluorescence, or MS detectors, (f) substrate, metabolite, and internal 
standard possess stability as dry materials and in concentrated stock solutions, (g) substrate has high 
solubility in aqueous solution, (h) substrate is easy to handle (does not bind non-specifically to lab ware 
or microsomes), (i) materials are not DEA controlled substances, and (j) materials possess safety charac-
teristics for routine use in the lab. None of the P450 or UGT probe substrates possess all of these proper-
ties, but the most important attribute is selectivity for one enzyme, and other attributes are sacrificed to 
varying extents to ensure that selectivity meets the needs of the analysis. The substrates and reactions 
described in the following sections are depicted in Figures 16.4 and 16.5, and listed in Table 16.1.

Cytochrome P4501A2

CYP1A2 is responsible for the clearance of numerous drugs. For clinical DDI, the most studied drugs that 
have a high dependence on CYP1A2 for clearance are theophylline and caffeine. Theophylline has a fairly low 
therapeutic index and some notable DDI arising from CYP1A2 inhibition were observed when enoxacin was 
prescribed to patients with bacterial infection who were already on chronic theophylline regimens to control 
asthma.11 However, theophylline clearance is partially mediated by renal secretion, limiting the maximum 
DDI to about 5-fold, whereas caffeine has a much greater dependence on CYP1A2 for clearance.12 Two other 
drugs have been noted to have very high dependence on CYP1A2 for clearance: tizanidine and ramelteon.13

The main in vitro assay to test for CYP1A2 inhibition in drug development is the phenacetin O-deethylase 
assay. The assay offers the advantage that the metabolite, acetaminophen, is readily available, inexpensive, 
and chemically stable. The earlier HPLC assays for measuring phenacetin O-deethylase activity in human 
liver microsomes involved the use of UV detection.14 These have been adapted for MS detection, and prepa-
ration of stable isotope labeled acetaminophen is facile, to provide a robust assay.10b,10c Also, a radiometric 



437Drug Interaction Studies in the Drug Development Process: Studies In Vitro

assay was described, in which [14C-ethyl]phenacetin was used as substrate and the radioactive acetaldehyde 
quantitated after separation from the unreacted substrate.15 Phenacetin O-deethylation demonstrates linear-
ity out to relatively long incubation times, allowing for the use of lower protein concentrations to still yield 
enough product formation for measurement. Interestingly, a wide range of KM values have been reported 
for phenacetin O-deethylase, emphasizing the need that individual laboratories should determine their own 
enzyme kinetic parameters before conducting inhibition studies. Other enzymes besides CYP1A2 have 
been shown to catalyze phenacetin O-deethylase, but with high KM values,16 it is important that assays 
testing for CYP1A2 inhibition keep substrate concentrations within an appropriate range (i.e., <200 μM).
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CYP1A2 activity has also been assayed using other reactions. Tacrine is hydroxylated to four regioi-
someric products,17 the major product being the 1-hydroxytacrine isomer. To accurately quantify this 
activity, 1-hydroxytacrine must be chromatographically separated from the 2-, 4-, and 7-hydroxytacrine 
minor products. While theophylline has been a commonly used in vivo probe for CYP1A2 activity, 
its use as an in vitro probe is limited by the very slow turnover to its N-demethylated products. Other 
less frequently used reactions for CYP1A2 have been caffeine N-demethylation to paraxanthine14,18 and 
(R)-warfarin 6- and 8-hydroxylation,19 which also require chromatographic resolution of other isomeric 
metabolites. Many of the assays used for CYP1A2 have cross-talk with CYP1A1, although expression of 
the latter in liver is very low.

Inhibitors that can be used as positive controls for CYP1A2 inhibition include furafylline and fluvox-
amine. The former is a mechanism-based inactivator and should be incubated prior to addition of the 
substrate.20 The latter is a potent reversible inhibitor21 that also has activity against CYP2C19. Others 
inactivators include zileuton and rofecoxib.22

Cytochrome P4502B6

Relative to the other P450s discussed in this chapter, CYP2B6 is of generally lower importance in 
drug metabolism but it has been gaining in importance in recent years.23 It is important in the bioac-
tivation of the cytotoxic anticancer agent cyclophosphamide.24 It has also been shown to be involved 
in the clearance of efavirenz and a contributing enzyme in the clearance of sertraline and buproprion 
among others.7,25

A commonly used in vitro probe reaction specific for CYP2B6 is bupropion hydroxylation. While 
bupropion is primarily cleared in vivo by reduction of the ketone,26 the hydroxylation reaction on the 
t-butyl group has been shown to be mediated by CYP2B6 in vitro27 and affected by CYP2B6 inhibitors 
in vivo.28 The hydroxybupropion metabolite forms a stable six-membered cyclic ketal, which is likely what 
is detected on HPLC. The early HPLC-UV assays utilized a low wavelength to detect hydroxybupropion; 

TABLE 16.1

Preferred Reactions for Measuring Catalytic Activity 
of Specific Human Cytochrome P450 and UGT 
Enzymes

Enzyme Reaction

CYP1A2 Phenacetin O-Deethylation

CYP2B6 Bupropion Hydroxylation

CYP2C8 Amodiaquine N-Deethylation

CYP2C9 Diclofenac 4′-Hydroxylation

CYP2C19 S-Mephenytoin 4′-Hydroxylation

CYP2D6 Dextromethorphan O-Demethylation

CYP3Aa Midazolam 1′-Hydroxylation
Testosterone 6b-Hydroxylation
Felodipine Dehydrogenation

UGT1A1 b-Estradiol 3-Glucuronidation

UGT1A3 Chenodeoxycholic Acid 24-Glucuronidation

UGT1A4 Trifluoperazine N-Glucuronidation

UGT1A6 Serotonin O-Glucuronidation

UGT1A9 Propofol Glucuronidation

UGT2B7 Zidovudine 5′-Glucuronidation

UGT2B15 S-Oxazepam Glucuronidation

a Due to substrate heterogeneity, more than one catalytic activity 
is required to measure CYP3A activity. The degree of selectivity 
of these reactions for CYP3A4 versus CYP3A5 is variable.
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greater selectivity was afforded by the use of MS detection and stable isotope labeled hydroxybupropion 
is now commercially available for use as an internal standard.

Other assays that have been used to measure CYP2B6 activity have included cyclophospha-
mide 4-hydroxylation,29 S-mephenytoin N-demethylation,30 efavirenz 8-hydroxylation,31 and 
7-ethoxytrifluoromethylcoumarin O-deethylase.32 The former three are HPLC-UV assays and the latter 
a plate-based method using fluorescence detection. The mephenytoin N-demethylation reaction suffers 
from the fact that CYP2B6 is a high KM component and that CYP2C9 also catalyzes the reaction with 
a lower KM; thus, requiring great care in selection of appropriate substrate concentrations. Inhibitors 
used as positive controls have included thioTEPA, clopidogrel, methylphenethyl piperidine (“PPP”), and 
orphenadrine. The latter is a reversible inhibitor with low potency and selectivity,33 while the former 
three are mechanism-based inactivators.34 Clopidogrel can be challenging to use because the ester group 
in it can be readily hydrolyzed and the resulting acid does not appear to inactivate, while thiotepa is not 
selective for CYP2B6.34c

Cytochrome P4502C8

While there are not many DDIs caused by inhibition of CYP2C8, there have been a few notable ones, 
including the inhibition of clearance of cerivastatin, repaglinide, and montelukast by gemfibrozil.35 The 
mechanism of DDIs caused by gemfibrozil is mediated by inactivation by the gemfibrozil glucuronide 
metabolite and part of the effect on hepatic transport mechanisms.36 The acyl glucuronide metabolite 
of clopidogrel has also been shown to be a mechanism-based inactivator of CYP2C8 and is putatively 
responsible for in vivo drug interactions with repaglinide.37 It is possible that CYP2C8, by virtue of binding 
large anionic compounds, may be sensitive to inhibition by glucuronide conjugates. While 10 years ago 
the importance of CYP2C8 was just emerging, it is now considered an important enzyme that should be 
examined for the potential for new chemicals and drugs to affect it.

In early assays, CYP2C8 activity has been measured in vitro using paclitaxel 6α-hydroxylase or reti-
noic acid 4-hydroxylase activities.38a–d However, the cost of reagents for paclitaxel (drug, metabolite) and 
challenges in handling for retinoic acid reagents (instability), along with the discovery that CYP2C8 was 
the predominant enzyme in the catalysis of the N-deethylation of the antimalarial agent amodiquine has 
led to the adoption of the latter activity as a facile CYP2C8 marker activity.39 The initial report utilized 
an HPLC-UV assay and this has been converted to a MS-based assay.10b Rosiglitazone N-demethylation 
has also been shown to be catalyzed by CYP2C8. However, this reaction also has a significant con-
tribution by CYP2C9 making it a less optimal marker activity.40 The most potent in vitro inhibitor of 
CYP2C8 is montelukast, with a potency in the nM range, with the caveat that the apparent potency is 
dependent on protein concentration used as montelukast demonstrates non-specific binding41 and is also 
a substrate of CYP2C8.42 Montelukast 36-hydroxylation was shown to be a CYP2C8 selective reaction.43 
Trimethoprim has also been shown to selectively inhibit CYP2C8 although with much lower potency.44 
Quercetin has also been used but is not specific for CYP2C8.41

Cytochrome P4502C9

CYP2C9 is one of the most important of the human P450s in DDI since it metabolizes hundreds of drugs, 
and in some instances its contribution to the clearance of some drugs predominates to a large enough 
extent that inhibition of the enzyme in vivo can result in substantial DDI.45 The CYP2C9 substrate of 
greatest clinical concern is warfarin, since CYP2C9 catalyzed 7-hydroxylation contributes around 90% 
of the clearance of the pharmacologically potent S-isomer. Other drugs cleared by CYP2C9 include 
many NSAIDs and agents involved in regulation of glucose in diabetic patients, and there are many other 
classes of drugs to which CYP2C9 plays a contributory role in the clearance of some members of these 
classes (e.g., benzodiazepine anxiolytic agents, antidepressants, etc.).

The three most commonly used assays to measure CYP2C9 activity in in vitro inhibition studies are 
diclofenac 4′-hydroxylase, tolbutamide methyl hydroxylase, and (S)-warfarin 7-hydroxylase. Diclofenac 
4′-hydroxylation is an easy assay to conduct since the rate is very high relative to other P450 assays. 
In the past, the challenge was obtaining suitable authentic standard for the 4′-hydroxy metabolite, and the 
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material was expensive; however, biosynthetic methods have been developed that can yield gram quantities 
and have reduced the cost.46 Early methods used HPLC-UV,47 while later the assay was adapted for MS 
based detection.10b,10c Tolbutamide hydroxylase has also been used as a CYP2C9 marker activity, with early 
HPLC-UV assays and later on MS-based assays.10b,48 A portion of this activity can be attributed to CYP2C19.49 
(S)-Warfarin 7-hydroxylase is selective for CYP2C9; however, use of this substrate in human liver micro-
somes requires that the regioisomeric metabolites (e.g., 6- and 8-hydroxywarfarin) be chromatographically 
resolved.50 Other assays that have been used for CYP2C9 include flurbiprofen 4′-hydroxylase,50b naproxen 
O-demethylase,51 and phenytoin p-hydroxylase,52 although care must be taken when using naproxen or phe-
nytoin since other P450 enzymes can contribute to metabolism of these substrates.53 There has been evidence 
obtained that suggests that inhibitors of CYP2C9 will have different effects on different CYP2C9 reactions 
and different genetic variants of the enzyme.52,54 The activities of a large panel of CYP2C9 inhibitors showed 
that there appear to be at least three classes of substrate for CYP2C9: S-warfarin as one class, flurbiprofen as 
a second, and a third that has diclofenac, tolbutamide, and phenytoin. For example, indomethacin inhibited 
CYP2C9 warfarin 7-hydroxylase activity with a potency (Ki) of 0.66 μM while inhibiting tolbutamide or 
diclofenac hydroxylase activities at 14 μM and inhibiting flurbiprofen hydroxylase at 53 μM. Such differ-
ent potency values would lead to different conclusions to be made regarding the potential importance of the 
finding. There was no pattern regarding which activity would be most potently inhibited and some inhibitors 
demonstrated activities that did not depend on the specific substrate used, so for new compounds it presently 
cannot be predicted which substrate activity will be most potently inhibited. Furthermore, the carrier solvent 
can have an effect on the metabolism of some substrates but not others.52 As a positive control inhibitor, sulfa-
phenazole has been shown to be selective55 and consistently used and even the recent data regarding substrate 
classes have not altered the usefulness of this compound as a suitable, selective, positive control inhibitor. 
Tienilic acid is also a suitably selective mechanism-based inactivator of CYP2C9.56

Cytochrome P4502C19

CYP2C19 has been the focus of considerable attention over the years although there are actually very 
few drugs that have this enzyme as a large enough contributor to clearance that substantial DDI can be 
observed by inhibiting this enzyme. The 4′-hydroxylation of (S)-mephenytoin and the use of metabolite/
parent ratios in urine have been the most studied experimental endpoints to measure CYP2C19 activity 
in vivo (for both enzyme activity and effects of genotype polymorphisms.57 However, mephenytoin is not 
a therapeutically used drug. Omeprazole metabolism, specifically the hydroxylation of the methyl group 
on the 5-position of the pyridine ring, is a CYP2C19 selective activity and omeprazole demonstrates 
marked differences in pharmacokinetics in CYP2C19 extensive and poor metabolizers.58

The most frequently used assay for CYP2C19 is S-mephenytoin 4′-hydroxylase. Analysis of 
4′-hydroxymephenytoin originated as an HPLC-UV method but has since been converted to a MS-based 
method as well as a tritium release approach.10b,10c,59 The assay suffers from a slow turnover rate and 
possesses challenges in detection of the product as it neither absorbs UV light particularly strongly nor 
at long wavelengths. It also does not strongly ionize in HPLC-MS as compared to other P450 products. 
Fortunately, the CYP2C19 mephenytoin 4′-hydroxylase activity appears to be linear out to long (relative 
to other P450s) incubation times (e.g., >40 min) and the substrate does not bind to microsomes so that 
higher enzyme concentrations can be used compared to other activities. The only other activity widely 
used to measure CYP2C19 activity is omeprazole 5-hydroxylase. Selective positive control inhibitors for 
CYP2C19 are rare. Benzyl substituted nirvanol and phenobarbital have shown to be selective inhibitors 
for CYP2C19.60 Ticlopidine had been reported to inactivate CYP2C19 but it also significantly affects 
other P450s,34b,60b,61 and fluvoxamine is a potent reversible inhibitor, which also affects CYP1A2.

Cytochrome P4502D6

One of the most important drug metabolizing enzymes is CYP2D6. Compared to the other P450 
enzymes, CYP2D6 tends to have a high affinity for many of its substrates and inhibitors and is frequently 
involved as an underlying mechanism for DDI. It is involved in the metabolism of many basic amine 
containing compounds including neuroleptics, antidepressants, and cardiovascular agents. Testing new 
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experimental drugs for their potential to inhibit CYP2D6 is important because of the number of drugs 
cleared by this enzyme. However, it is noteworthy that many drugs that are cleared primarily by CYP2D6 
have relatively large therapeutic indices because of the naturally occurring genetic polymorphisms that 
result in such a wide range of enzyme activities across the population. If a CYP2D6 cleared compound 
were to have a low therapeutic index, it would very challenging to use in clinical practice because the 
same dose level would be ineffective in many patients and toxic to many others.

While there are many possible selective substrates that could be used to measure CYP2D6 activity,62 
the most commonly used ones have been bufuralol 1′-hydroxylase, dextromethorphan O-demethylase, 
debrisoquine 4-hydroxlase,63 and other activities have included metoprolol (both O-demethylation 
and α-hydroxylation64) desipramine 2-hydroxylation,65 and sparteine dehydrogenation.66 Bufuralol 
1′- hydroxylase was originally run as an HPLC assay with fluorescence detection since the benzofuran 
ring system is highly fluorescent. The activity is almost exclusively dependent on CYP2D6, especially 
at concentrations <10 μM. Some contribution by CYP2C19, particularly when stereochemical consid-
erations are made, is evident at higher concentrations,66–67 but racemic bufuralol can be used reliably at 
an appropriate concentration range (<100 μM). Debrisoquine 4-hydroxylation has also been used as a 
selective probe activity for CYP2D6 using GC-MS methods.68

Dextromethorphan O-demethylase has been a widely utilized CYP2D6 probe substrate and possesses 
the advantage compared to bufuralol and debrisoquine activities that this probe is also used easily in 
clinical studies. Neither bufuralol or debrisoquine are available clinically in the USA. The dextrorphan/
dextromethorphan urinary ratio has been a common CYP2D6 phenotyping tool in humans provided that 
urinary pH is not aberrant.69 Likewise, the conversion of dextromethorphan to dextrorphan has been a 
commonly employed assay to measure the potential for new drugs to inhibit CYP2D6, with early assays 
employing HPLC with fluorescence detection63 or radiometric detection using [O-methyl14C]dextro-
methorphan as substrate70 and later assays using mass spectrometric detection.10b,10c Dextromethorphan 
can also be N-demethylated to methoxymorphinan by CYP3A so care needs to be taken to resolve these 
two demethylated metabolites by HPLC and trace quantities of the N-desmethyl metabolite can be pres-
ent as a contaminant in commercial samples of dextromethorphan. Otherwise, this assay is a robust and 
facile method for making this measurement. There are several compounds that could be potentially used 
as positive control inhibitors; however, the most regularly used one is quinidine.

Cytochrome P4503A

CYP3A poses the greatest complexities when attempting to measure the potential effect of a new drug 
as an inhibitor. First, the term “CYP3A” refers to two closely related enzymes CYP3A4 and CYP3A5, 
which have some subtle differences with regard to substrate and inhibitor specificities71; (see below). 
CYP3A5 possesses a common genetic polymorphism, with possession of two copies of genes coding 
for functional enzyme highly dependent on the ethnicity of the population.72 Second, CYP3A4 is pres-
ent in both liver and intestine, and both of these tissues plays a substantial role in the pharmacokinetics 
and DDI for CYP3A cleared drugs (reviewed in Galetin et al., 2007). Third, CYP3A, more often than 
other P450s, demonstrates atypical enzyme kinetic behaviors, including autoactivation, substrate inhibi-
tion kinetics, and heterotropic activation. These can be affected by cytochrome b5 as well as buffer and 
Mg2+.73. Finally, CYP3A4 appears to possess different substrate classes (like CYP2C9 above) such that 
a new drug can show inhibition against some substrates but not others.74 The in vivo relevance of these 
various phenomena is not known.

Assays to measure the effect on CYP3A in liver microsomes essentially measure the effect on CYP3A4 
and 3A5 simultaneously. In liver microsome samples pooled from multiple individual donors, the amount 
of CYP3A4 should exceed the amount of CYP3A5 and dominate the activity; however, in individual sam-
ples the opposite can be true. With the observation of different effects of inhibitors on different activities, 
measurement of the effect of new drugs on CYP3A involves the operation of three different assays. One 
substrate class is well-represented by imidazobenzodiazepine drugs (e.g., midazolam, triazolam, etc.), a 
second by dihydropyridine calcium channel blockers (e.g., nifedipine, felodipine), and a third by steroids 
and macrolide antibiotics (e.g., testosterone, erythromycin, etc.). The three most commonly used assays 
are midazolam 1′-hydroxylase, testosterone 6b-hydroxylase, and nifedipine dehydrogenase.
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Midazolam is metabolized at two positions by both CYP3A4 and 3A5: the 1′-methyl group and the 
4-position on the diazepine ring. The 1′-hydroxylase assay is more commonly used. Measurement of the 
4-hydroxymidazolam product can be challenging because the product demonstrates some instability. 
Midazolam also demonstrates time-dependent inhibition,75 forcing the use of relatively quick incubation 
times (i.e., <5 min). Substrate inhibition kinetics are observed for midazolam 1′-hydroxylation, which 
requires that additional substrate concentrations be used when determining KM values.10b

Testosterone is hydroxylated at several positions by several P450 enzymes; however, the hydroxyl-
ation at the 6-position in the b orientation predominates and is catalyzed by CYP3A4. Early assays 
utilized long HPLC-UV runs developed for rat metabolism experiments to permit resolution of the many 
hydroxytestosterone regioisomers76; optimization of the assay chromatography has resulted in more 
rapid HPLC-MS assays.10b

The third class of substrate represented by the dihydropyridine calcium channel blockers is the one 
that more often demonstrates the outlier behavior compared to the other two; with test compounds either 
inhibiting the other two and not affecting the dihydrpyridine metabolic activity (e.g., cyclosporine); or 
potently inhibiting the nifedipine dehydrogenation and affecting the others much less (e.g., haloperidol).77 
The use of nifedipine can be particularly challenging because of the instability of this compound with 
visible light. Felodipine does not have this problem to the same degree. In both cases, since dihydropyri-
dines can spontaneously oxidize in air, obtaining substrates that are free of the metabolites is challeng-
ing. This requires the use of corrections for formation of dehydrogenated products in control incubations 
in which NADPH is not included.

To discern CYP3A4 and 3A5, a couple specific reactions have been shown to be catalyzed more effi-
ciently by the latter enzyme than the former. Vincristine dehydrogenation to form an imine was observed 
to be catalyzed by CYP3A5 and not 3A4;71d however, this metabolite is difficult to synthesize and not 
commercially available. A discontinued phosphodiesterase-5 inhibitor was shown to undergo a pyridine 
N-oxidation reaction that was specifically catalyzed by CYP3A5, while other reactions on this compound 
were catalyzed by CYP3A4.78 Unfortunately, this metabolite is also not commercially available. Some 
other substrates such as atazanavir appear to be better metabolized by CYP3A5 but not to the extent that 
they are selective.79 Thus, the search continues for a selective CYP3A5 reaction that is easily employed 
in the lab.

Despite these complexities with CYP3A assays and substrates, ketoconazole can serve adequately as 
a positive control inhibitor. Ketoconazole is a potent inhibitor that binds by forming a tight ligand inter-
action with the heme iron and the imidazole and does not appear to be influenced by substrate. When 
CYP3A inhibition is observed in pooled human liver microsomes, it is advisable to test the effect on 
CYP3A4 and 3A5 separately. This can be accomplished by using recombinant enzymes, or by testing 
in liver microsome samples from different individual donors in which the amounts of CYP3A4 and 3A5 
show considerable differences. Some CYP3A inhibitors such as TAO can be more potent for CYP3A4 
than CYP3A5. Cyp3cide was recently described as a selective mechanism-based inactivator of CYP3A4 
and a procedure for its use in assigning a relative CYP3A4 versus 3A5 contribution to metabolism using 
liver microsomes from CYP3A5 * 1 donors has been described.80

Individual Enzymes and Substrates: UDP Glucuronosyltransferases

UDP-Glucuronosyltransferase 1A1

Of the top 200 drugs that undergo glucuroniation as a clearance mechanism, UGT1A1 catalyzes r eactions 
for 15% of them.81 The most clinically studied UGT1A1 substrate is SN-38, the active  metabolite of 
 irinotecan. Co-administration of irinotecan with UGT1A1 inhibitors sorafenib82 and lopinavir- ritonavir 
combination83 have resulted in increased SN-38 plasma concentrations and in some cases given rise 
to adverse events such as diarrhea and neutropenia. UGT1A1 also catalyzes glucuronidation of the 
 endogenous substrate bilirubin. When UGT1A1 enzyme activity is reduced, the unconjugated  bilirubin 
levels can  elevate resulting in jaundice. An increase in plasma bilirubin levels has been observed 
 following indinavir administration,84 which was attributed to direct inhibition of UGT1A1.85 Following 
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co- administration of atazanavir and the UGT1A1 substrate raltegravir,86 mean bilirubin levels increased 
200% and raltegravir pharmacokinetics increased.87 Overall, the relative importance of UGT1A1 in drug 
metabolism merits investigation of the potential for new compounds to inhibit this enzyme.

The most common UGT1A1 substrate utilized in vitro is b-estradiol (ES). In human liver microsomes, 
ES is conjugated almost exclusively by UGT1A1 to form b-estradiol-3-glucuronide (ES3-G). ES3-G for-
mation is characterized by atypical kinetics and is best fit using the Hill equation. Recombinant human 
UGTs 1A3, 1A8, and 1A10 also catalyze the formation of ES3-G;88 however, quantitative targeted abso-
lute proteomics (QTAP) by LC-MS/MS has demonstrated that UGT1A1 is significantly more abundant 
in the liver compared to UGT1A3,89 and UGTs 1A8 and 1A10 are negligible in the liver, confirming ES 
as a suitable hepatic UGT1A1 substrate.

Alternative UGT1A1 probe substrates include bilirubin, SN-38, and etoposide. Bilirubin and its gluc-
uronide metabolites can be challenging assays due to instability and non-specific binding.90 SN-38 has low 
solubility and the stability of SN-38 in solution is questionable beyond a day.91 Etoposide is glucuronidated 
almost exclusively by UGT1A1 with potential minor involvement from UGT1A3 and UGT1A8.92

Atazanavir is a well-documented inhibitor of UGT1A1 and is referred to in the FDA DDI guidance 
document as a potential clinical perpetrator of drug interactions.4b The IC50 value in human liver micro-
somes is 2.5 μM with the caveat that it also inhibits recombinant UGT1A3 and UGT1A4 catalytic activ-
ity with IC50 values of 7.9 and 21 μM, respectively.93 Erlotinib inhibits UGT1A1 with an IC50 value of 
4.19 μM in HLM.94 However, it also inhibits UGT1A9 and UGT2B7 but to a lesser extent.94

UDP-Glucuronosyltransferase 1A3

UGT1A3 contributes to the metabolism of approximately 9% of the top 200 prescribed drugs that 
undergo glucuronidation-mediated clearance81; however, it seems none are truly selective for UGT1A3.

The most commonly used probe substrate for UGT1A3 is the bile acid chenodeoxycholic acid (CDCA) 
that undergoes conjugation to form CDCA-24-glucuronide.95 CDCA-24 glucuronide formation kinetics in 
HLM result in a Km value of 10.6 μM. Incubations in recombinant systems indicate CDCA-24 glucuronide 
is also catalyzed to a minor extent by UGTs 1A1 and 2B7;96 however, UGT2B7 may be involved to a greater 
extent in the presence of BSA. Montelukast acyl-b-D-glucuronide is reportedly generated predominately by 
UGT1A3 based on kinetic analysis in HLM and experiments in recombinant UGT enzymes97 with the poten-
tial for minor contribution from hepatic UGTs 1A1, 1A6, 1A9 as well as UGT1A7 and 1A8. The formation 
kinetics in HLM resulted in Km values ranging from 0.9 to 1.72 μM and Vmax values of 101–207 pmol/min/
mg protein. The glucuronide metabolites for both CDCA and montelukast are commercially available.

Based on data generated in recombinant UGT1A3, additional probe substrates proposed for use 
in  vitro includes 26,26,26,27,27-F6-1α,23S,25-trihydroxyvitamin D3,98 R-lorazepam,99 fimasartan,100 
telmisartan,101 zolasartan,102 desacetylcinobufagin-16-O-glucuronide103 norursodeoxycholic acid-
23-glucuronide,104 and lithocholic acid and hyodeoxycholic acid.105 However, the selectivity of these 
potential substrates should be further evaluated in human liver microsomes prior to their use.

Deoxyschizandrin106 and pentacyclic triterpenoid-13 and -14,107 components of herbals used in traditional 
Chinese medicine, have demonstrated potent inhibition of UGT1A3 in recombinant systems, but further 
testing in human liver microsomes and commercial availability is needed before having broader utility.

UDP-Glucuronosyltransferase 1A4

UGT1A4 is a common isoform involved in the glucuronidation of drugs and is second only to 
UGT2B7.81 UGT1A4 catalyzes N-glucuronidation of amines,108 such as lamotrigine, and azole con-
taining compounds,109 such as anastrozole,110 but it’s also capable of O-glucuronidation.103,111 Given 
the preference for N-glucuronidation and the link between the number of nitrogens in a compound 
and lipophilicity, it is common for UGT1A4 to be involved in the conjugation of many antifungal and  
neuro  therapeutic agents.

Clinically relevant DDIs associated with inhibition of UGT1A4 are minimal in frequency and severity. 
When asenapine, an antipsychotic agent that undergoes N-glucuronidation, was co-administered with 
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valproate, asenapine-N-glucuronide AUC0-∞ and Cmax were reduced 7.4- and 6.6-fold, respectively, but 
valproate did not significantly affect the pharmacokinetics of asenapine itself.112 Probenecid resulted in 
statistically significant increases in olanzapine AUC0-24 (1.26-fold) and Cmax (1.2-fold), but the increases 
were not clinically relevant.113

The UGT1A4 probe reaction routinely monitored in vitro is trifluoperazine N-glucuronidation.114 The 
selectivity of this probe has been demonstrated across a panel of recombinant UGTs108a,114 and confirmed 
in HLM with the selective UGT1A4 inhibitor hecogenin.114 Trifluoperazine-N-glucuronidation Km,u in 
human liver microsomes decreased from 11 to 4.1 μM in the presence of 2% BSA suggesting fatty-
acids released from the microsomal membrane have a minor but measurable effect on UGT1A4 enzyme 
activity.6b Trifluoperazine, trifluoperazine N-glucuronide and trifluoperazine-d3 N-glucuronide metabo-
lite are all commercially available.

Other potential reactions reported to be selective for UGT1A4 catalytic activity include desacetylcino-
bufagin (DACB) 3b-O-glucuronide,103 olanzapine-10′-N-glucuronide,115 anastrozole-N-glucuronide110 
imipramine-N-glucuronide,116 asenapine-N-glucuronide,117 and 1-hydroxymidazolam–N- glucuronide 
and 4-hydroxymidazolam-O-glucuronide.111 3b-O-glucuronidation of DACB was shown to be selec-
tive reaction for UGT1A4 mediated O-glucuronidation in recombinant enzymes and glucuronide 
formation was significantly inhibited by hecogenin in HLM.103 Olanzapine-10′-N-glucuronide and 
4′-N-glucuronide were only formed by UGT1A4; however, 4′-N-glucuronide formation is very low in 
HLM and 10′-N-glucuronide is not available commercially.115b Asenapine-N-glucuronide was gener-
alized as primarily a UGT1A4 mediated reaction, but the full panel of UGT isoforms has not been 
 investigated.117 Anastrozole-N-glucuronide was catalyzed predominately by UGT1A4 with minor 
 contribution from UGTs 1A3 and 2B7.110 BSA was not incorporated in the reactions; accordingly, it is 
possible the contribution from UGT2B7 is underestimated. Imipramine-N-glucuronide was only formed 
in recombinant UGT1A4; however, UGTs 2B4, 2B10, and 2B17 were not investigated. Additionally, 
imipramine-N-glucuronidation exhibited bi-phasic kinetics in human liver microsomes suggesting an 
additional UGT enzyme could be catalyzing glucuronidation.116 4′-Hydroxymidazolam-O-glucuronide 
and 1-hydroxymidazolam-N-glucuronide are reported as selective UGT1A4 mediated reactions; how-
ever, both exhibit sigmoidal kinetics with hill coefficients of 1.2 and 1.6, respectively. Analytically, the 
1- and 4-hydroxy metabolites must be separated from each other.111

The most commonly used positive control is hecogenin, a highly selective inhibitor of UGT1A4 with 
an IC50 of 1.5 μM in human liver microsomes.114 Finasteride has also been reported as a selective inhibi-
tor in human liver microsomes with an IC50 of 11.5 μM.118

UDP-Glucuronosyltransferase 1A6

UGT1A6 is known for catalyzing the conjugation of non-bulky phenol molecules and primary amines.108c 
Although there are few drugs that undergo UGT1A6 mediated conjugation as the primary clearance 
mechanism, investigating the potential for a new chemical entity to inhibit this enzyme is of utmost impor-
tance given that it catalyzes the conjugation of important molecules such as acetaminophen, endogenous 
substrates like serotonin, and potential carcinogens related to hydroxylated polycyclic aryl hydrocarbons.

In vitro the most commonly monitored UGT1A6 reaction is serotonin-O-glucuronidase. The Km 
value typically ranges from 5.2 to 8.8 mM in human liver microsomes.119 Other potential reactions that 
could be monitored include 4-hydroxindole-O-glucuronidation,120 1-naphthol-O- glucuronidation,121 
4-nitrophenyl-O-glucuronidation,122 5-hydroxytryptophol-O-glucuronidation,123 and deferiprone 
3-O-glucuronidation.124 The Km values are typically in the mM range suggesting UGT1A6 substrates 
have low affinity for the enzyme.108c,125

Oblongifolin C, a polycyclin polyprenylated acylphloroglucinol isolated from Garcinia plants, has 
demonstrated superior inhibition potency in recombinant UGT1A6 relative to the other major hepatic 
UGT enzymes with a competitive Ki value was 3.49 μM.126 The superoxide of rose bengal, a xanthene 
dye, is a potent inhibitor of UGT1A6 (0.035 μM) in HLM when the oxygen species is formed under a 
yellow light;127 however, further evaluation regarding selectivity is needed. In general, a commercially 
available, selective UGT1A6 inhibitor has not been fully characterized hence non-selective positive con-
trols such as 1-napthol and troglitizone96 are used in these assays.
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UDP-Glucuronosyltransferase 1A9

Few clinical DDI studies have been conducted for UGT1A9 substrates (e.g., R- and S-morinidazole, cana-
gliflozin, and dapagliflozin). Neither Cmax nor AUC0-t for morinidazole N+-glucuronides demonstrated 
 clinically significant changes when co-administered with ketoconazole.128 Although modest changes in AUC 
and/or clearance were reported for canagliflozin and dapagliflozin, the changes were not considered clinically 
relevant.129 To date, dapagliflozin demonstrated the largest UGT1A9 inhibitory DDI; co-administration of 
dapagliflozin with mefenamic acid to healthy volunteers resulted in a 51% increase in AUC.

Propofol99,130 and mycophenolic acid131 are highly selective and commonly used UGT1A9 enzyme 
assays. In HLM, previously reported Km values for propofol ranged from 64 to 280 μM6b,130,132 in the 
absence of BSA and in the presence of BSA the total Km ranged from 16 to 46 μM.6b,132 Mycophenolic 
acid Km in the absence of BSA was 77 μM.133 Individual kinetic parameters for mycophenolic acid in 
the presence of BSA have not been published. Additional potential selective UGT1A9 reactions 
include phenylbutazone-C-glucuronidation,134 sulfinpyrazone-C-glucuronidation,135 dapagliflozin-
O-glucuronidation,136 entacaptone-glucuronidation,137 and psoralidin-3-O-glucuronidation;138 however, 
the marker metabolites are not commercially available.

Common UGT1A9 inhibitors include mefenamic acid and niflumic acid. Mefenamic acid is 
potent against UGT1A9 but it appears to be equally potent against UGT2B7 in recombinant UGTs. 
Glucuronide formation was inhibited in recombinant UGT1A9 and UGT2B7 97% and 93%, respec-
tively, at a concentration of 50 μM.6b Niflumic acid is a mixed mechanism inhibitor of propofol gluc-
uronidation in HLM, with Ki values ranging from 0.1 to 0.4 μM. It also inhibits UGT1A1, but Ki 
values differ by 35-fold.139

UDP-Glucuronosyltransferase 2B7

UGT2B7 is one of the most important human conjugating enzymes given that UGT2B7 catalyzed the 
glucuronidation of 35% of the top 200 compounds that have glucuronidation as a clearance mecha-
nism.81 Additionally, UGT2B7 is the most abundant UGT enzyme in the liver compared to others140 
and is prevalent in kidney second only to UGT1A9.141 Clinical DDI studies with zidovudine as the 
probe substrate have demonstrated relevant interactions with a variety of co-administered drugs. 
Probenecid,142 valproic acid,143 fluconazole,144 methadone and atovaquone145 are a few examples 
that have all resulted in 1.3- to 2-fold increase in zidovudine AUC corresponding to a decrease in 
clearance.

UGT2B7 activity is commonly measured in vitro using zidovudine-5′-glucuronidation activity.6b,99,146 
Similar to the UGT1A9 activity assay, UGT2B7 activity in human liver microsomes should be con-
ducted in the presence of BSA. The Km,u for zidovudine-5′-glucuronidation in HLM decreases from 420 
to 100 μM in the presence of 2% BSA6b without significant effect on Vmax suggesting BSA increases the 
apparent substrate affinity (Figure 16.6). Zidovudine, zidovudine-5′-glucuronide and [13C6]zidovudine-
5′-glucuronide are readily available for purchase from commercial vendors.

Other potential probe substrates for measuring UGT2B7 enzyme activity include morphine, epiru-
bicin, denopamine, and 6α- and 21α-hydroxyprogesterone,147 but they all are potentially problematic. 
Both morphine 3- and 6-glucuronide are catalyzed predominately by UGT2B7;148 however, morphine 
is a Schedule II-controlled substance. Epirubicin glucuronidation demonstrated good correlation with 
morphine 3- and 6-glucuronidation in human liver microsomes;149 however, UGT2B4 activity was 
not assessed. Further evaluation is needed since UGT2B7 and UGT2B4 exhibit overlapping sub-
strate specificity.150 Denopamine glucurondation was inhibited by diclofenac,151 a known UGT2B7 
substrate but a non-selective inhibitor;152 thus, further evaluation is needed. Finally, glucuronide 
metabolite standards are not readily available for purchase for epirubicin, denopamine nor 6α- or 
21α-hydroxyprogesterone.

16b-Phenyllongifolol has been reported as a potent and selective inhibitor of UGT2B7 but not com-
mercially available. The IC50 is 91 nM in HLM in the absence of BSA.153 In the presence of 2% BSA, the 
selectivity and potency is maintained.154 Other inhibitors used in vitro including quinidine, diclofenac, 
and fluconazole are non-selective for UGT2B7.9,96,114,152a,155
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UDP-Glucuronosyltransferase 2B15

There are few examples of DDIs resulting from the co-adminstration of UGT2B15 substrates with 
 inhibitors. The co-administration of probenecid with the UGT2B7/2B15 substrate lorazepam resulted in 
a prolonged lorazepam half-life, an approximately 2-fold decrease in clearance, and a reduction in the 
formation of the ether glucuronide metabolite.156 Valproate had a similar effect on lorazepam pharmaco-
kinetics. This interaction resulted in a 20% increase in lorazepam AUC and 31% increase in the trough 
plasma concentrations albeit no pharmacodynamic changes were observed.157

The only reported selective probe substrate for UGT2B15 is oxazepam. Oxazepam is a racemic 
mixture of R- and S-diastereomers. S-Oxazepam glucuronidation is selective for UGT2B15, whereas 
R-oxazepam glucuronidation is catalyzed by UGTs 1A9 and 2B7.158 The Km for S-oxazepam glucuroni-
dation in HLM ranged from 43 to 60 μM, similar to the apparent Km in recombinant UGT2B15. The 
Vmax values ranged from 267 to 325 pmol/min/mg. This reaction is the most challenging of all the UGTs 
mentioned. The incubation time is longer since the formation rate of S-oxazepam glucuronide is low. The 
separation of R- and S-glucuronides can be analytically challenging requiring a longer HPLC run time. 
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FIGURE 16.6 Impact of BSA on the enzyme kinetics of UGT2B7 mediated AZT glucuronidation.
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Finally, oxazepam is a schedule IV-controlled substance requiring special handling. Oxazepam and the 
(R/S)-oxazepam glucuronide mixture are available commercially.

Given that UGT2B15 enzyme activity was enhanced 2-fold in the presence of 0.1% BSA using 
17α-estradiol (17-glucuronide) as the probe substrate88,159 UGT2B15 inhibition assessments in the pres-
ence of BSA should be considered.

Other potential probe substrates include, 4-hydroxy-3-methoxymethamphetamine (HMMA),160 
bisphenol A,161 and 5-hydroxyrofecoxib.162 5-Hydroxyrofecoxib is not desirable because it is light sensi-
tive. Bisphenol A conjugation is catalyzed by UGTs 1A3, 2B4, and 2B7 in addition to 2B15 and HMMA 
metabolite is not commercially available.

A selective positive control inhibitor for UGT2B15 has yet to be identified. Typically, non-selective 
inhibitors such as valproic acid are used. At 5 mM concentration, valproic acid inhibits UGT2B7 enzyme 
activity 54% and UGT2B15 enzyme activity 36%–59%.163

Interpretation of Inhibition Data in Drug Development

Collection of in vitro data on the ability of experimental drugs to inhibit drug metabolizing enzymes is 
important to drug development because the information is used both in the design of clinical DDI studies 
and in determining enzymes requiring no further evaluation. Through the extensive amount of research 
conducted on P450 enzymes and their role in drug metabolism over the years, there is enough confidence 
to utilize in vitro information to make predictions of DDI without necessarily requiring that clinical 
DDI studies be run. In the drug development phase, in vitro inhibition data collected using the definitive 
methods described above need to be available before patients in phase 2 and 3 studies are dosed with the 
new compound. Without this information, patient recruitment may need to be limited to exclude patients 
on concomitant medications, because it would not be known whether the new compound could affect the 
clearance of the concomitant drugs. (Note that in some target indications, such as cancer, phase 1 study 
subjects are also patients on other medications, so the in vitro data should be gathered before administra-
tion of the new compound.) Two approaches to utilizing in vitro inhibition data for the drug metabolizing 
enzymes to predict DDI are described below.

Prediction of DDI

Although some of the fundamental principles describing the relationship between inhibitory potency and 
magnitude of DDI have been available for over three decades, the use of these relationships to predict 
DDI has only been reduced to practice over the past fifteen years or so. 

Static Models. Predicting in vivo DDI from in vitro inhibition data begins with the Rowland-Matin 
equation164 that describes the relationship between the magnitude of the DDI for a hepatically cleared 
orally administered drug and the inhibitory potency: 
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AUCinhibited and AUCcontrol are the exposure values to the affected drug in the presence and absence of the 
inhibiting drug respectively and CLpo,inhibited and CLpo,control are the oral clearance values for the affected 
drug in the presence and absence of the inhibiting drug, respectively. Ki is the inhibitory potency of the 
inhibiting drug against the enzyme that clears the affected drug and [I]hepatic is the intrahepatic concen-
tration of the inhibiting drug that is available to bind to the enzyme. The value fCLh, is the fraction of the 
affected drug that is cleared by the enzyme in the liver that is inhibited. The value of fCLh, is important and 
provides a ceiling on the magnitude of the interaction; when this parameter is ignored the predictions of 
DDI will almost always be overestimated. For example, if fCLh, is 0.5, then no matter how extensively the 



450 Handbook of Drug Metabolism

affected enzyme is inhibited, the largest interaction can be 2-fold. For fCLh, values of 0.8 and above, larger inter-
actions can theoretically be observed (Figure 16.7). Values of fCLh, for victim drugs in which high confidence 
can be placed are not commonly available and estimates of these can be made from EM/PM pharmacoki-
netic studies (for CYP2C9, 2C19, and 2D6 cleared drugs) or from combining in vitro reaction phenotyping 
data with radiolabel ADME studies in humans. (Some examples of these are in Figure 16.7.) The value for 
Ki is the value measured from the in vitro study. In the case where just an IC50 is measured, competitive 
inhibition can be assumed, and the value converted to a Ki using the Cheng-Prusoff equation165:
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(If the incubations are run at [S] = KM then Ki = 0.5 × IC50). These values refer to free values, assuming 
that all of the inhibitor in the in vitro incubation is free in solution to bind the enzyme. In some cases, this 
may not be true, especially for lipophilic cationic compounds that are known to bind non-specifically 
to phospholipid membranes in microsomes. In those instances, the free fraction of the inhibitor should 
be measured using mock incubation conditions.7 The value for [I]hep represents an in vivo concentration 
that is unmeasurable and must be estimated. An assumption that unbound inhibitor concentrations in the 
plasma are equal to those in the liver is needed and that only unbound inhibitor can bind the enzyme 
(consistent with the free drug hypothesis). For this, the inhibitor must be able to freely diffuse across 
the cell membrane and there can be no active transport processes altering the ratio of free inhibitor con-
centration inside and outside the cell from a value of unity. Clearly, there are some drugs for which this 
assumption will not be valid, and there are in vitro methods available to better understand whether new 
compounds are substrates for hepatic transporters. Finally, for liver, the concentrations occurring during 
absorption can be profoundly greater than those in the systemic circulation. To deal with this factor, the 
value used for [I]hep is estimated from the following equation166: 
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inhibitor, respectively, Cmax is the systemic maximum concentration of inhibitor, fu is the unbound frac-
tion of the inhibitor in plasma, and Qh is hepatic blood flow (~21 mL/min/kg body weight). (If the blood/
plasma ratio for the inhibitor is substantially different from unity, fu will need to be corrected for this 
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factor.) For drugs that inhibit hepatic enzymes, this approach predicts the magnitude of DDI with mean 
fold-error of 1.7X for victim drugs that are affected by 2-fold or more.77

For CYP3A, an additional consideration for the effect on the intestinal extraction during first-pass 
must also be considered. A similar equation is used to account for this: 
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The first term is the same and accounts for the effect on hepatic CYP3A. The second term addresses the 
effect in the intestine during first pass. The parameter Fg is the fraction of the victim drug that ordinarily 
evades first-pass extraction by the intestine in the control state. It can be estimated from the CYP3A4 in 
vitro intrinsic clearance combined with the knowledge of the ratio of CYP3A4 in the liver and the intes-
tine (approximately 100:1167), the free fraction in plasma of the victim drug, and the in vivo oral clearance 
(assuming complete absorption). Or it can be obtained for drugs for which a pharmacokinetic study was 
done with liver transplant patients during the anhepatic phase of the procedure (e.g., midazolam; cyclo-
sporine).168 In many cases, the value of Fg can drive the prediction of DDI because the [I]gut/Ki ratio will 
be very high.169 [I]gut is the concentration of the inhibitor in the intestinal enterocytes. It is estimated from: 
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in which Qg is the intestinal flow (ca. 3.5 mL/min/kg body weight). Using this equation, the mean-fold 
error for CYP3A inhibitors that caused at least a 2-fold increase in a CYP3A cleared compound was 1.87.77

This sort of approach requires application of a static situation with the system fully at equilibrium. Thus, 
it uses some simplifications, and recently more sophisticated software packages have been developed based 
on this fundamental physiological approach that can better model the dynamic situation that occurs in vivo.

For time-dependent inhibitors, equations similar in structure can be used to make predictions of DDI, 
but with in vitro inactivation parameters (KI and kinact) in place of reversible Ki values and inclusion of in 
vivo degradation rate constants for the enzymes71c,170: 
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for CYP3A that also incorporates the effect in the intestine. The other parameters are as described 
above. Values for in vivo degradation rate constants for P450 enzymes can be estimated from clinical 
inactivation and induction data.77 Half-lives of 39, 51, 36, and 24 hours have been estimated for CYP1A2, 
CYP2D6, hepatic CYP3A4, and intestinal CYP3A4, respectively. Data needed to calculate these values 
for the other important P450 enzymes are not available, but since the values for the hepatic enzymes 
are fairly similar to each other, it might be assumed that degradation half-lives for CYP2B6, 2C8, 
2C9, and 2C19 may be in the same range. The value for intestinal CYP3A4 is similar to the half-life 
for enterocytes, which are constantly sloughing off and being replenished. In general, this approach 
tends to over-predict the magnitude of DDI, even when using unbound systemic Cmax for the value 
for [I]hep.

Dynamic Models

While static models of DDI prediction from in vitro data offer a simple and conceptual approach, over 
the past several years the use of more sophisticated dynamic models has increased. The same underlying 
principles are used for dynamic models as for static models; however, the changes in concentration of 
the inhibitor in vivo are accounted for, rather than using a single concentration (like Cmax or Cavg). Also, 
dynamic models attempt to simulate changes in the entire plasma concentration vs time curve, rather 
than simply predicting a change in the overall AUC. Commercial software programs are available that 
can carry out dynamic PBPK modeling of DDI, as well as include interindividual variability and simula-
tion of DDI studies. These approaches can be very helpful in design of in vivo DDI studies (e.g., deciding 
on dose level, timing of dose, number of subjects, need for inclusion of special populations, etc.) Also, if 
some clinical DDI data exist, the model parameters can be adjusted to better simulate the C vs t profile 
of that study to account for unknown factors—also referred to as a “top-down” modeling approach. This 
in turn empowers the predictions of DDIs for the effect of a new drug on other drugs. PBPK modeling of 
DDI has become a prevalent practice that is even described in guidance documents from governmental 
drug regulatory agencies (FDA, 2012).

The Rank-Order Approach

A more cautious approach to using in vitro inhibition data to predict clinical DDI is the use of the 
“rank order” approach, in which at least one clinical DDI study is run irrespective of the potency of 
the Ki values.171 Since the prediction methods described above require acceptance of some assumptions 
and estimates for input parameters (e.g., [I]hep) the fundamental assumption underlying the rank order 
approach is that the drugs most likely to be subject to the largest DDI will be the ones cleared by the 
P450 enzyme most potently inhibited in vitro. A clinical DDI study for a new compound as a potential 
perpetrator of an interaction would be run using a good probe substrate for the most potently inhibited 
P450 in vitro (i.e., fCL,CYP >0.85). If that study shows that no interaction occurs (i.e., <2-fold increase in 
AUC), then it can be assumed that there will be no interaction for drugs cleared by the other less potently 
inhibited P450 enzymes, and this conclusion can be claimed in the product labeling. It must be assured 
that a probe substrate with a very high fCL, CYP value is the one selected for the clinical DDI study. Some 
cautions using this approach must be exhibited:

 (a) Applying the rank order approach for a new drug that reversibly inhibits one enzyme but irre-
versibly inactivates a second enzyme should not be done. Reversible and irreversible inhibitors 
cannot be compared since the irreversible effect also depends on kinact.

 (b) Applying the approach for CYP3A4 should be done cautiously. A new compound that inhibits 
CYP3A less potently than another P450 may show an interaction with a CYP3A cleared probe 
and not a probe for the other enzyme, if the CYP3A probe has a high intestinal extraction.

 (c) The approach assumes that there is not a metabolite of the drug that affects the activity of a 
different CYP enzyme than the parent.
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However, if used thoughtfully and with an understanding the fundamentals behind the mechanisms of 
DDI, the rank-order approach can be an effective method to leverage in vitro inhibition data to gain an 
understanding of DDI potential for a new compound without having to empirically run multiple clinical 
studies. A test of this approach using retrospective data yielded a favorable outcome, with only a very 
small percentage of DDI being missed, and even of those the magnitude of the interaction was just over 
2X. No major DDI were missed.171b

Conclusions

Our understanding of the P450 enzymes involved in drug metabolism coupled with pharmacokinetic 
theory and physiological underpinnings has led us to an era of possessing an ability to fully leverage 
in vitro inhibition data to reliably predict clinical DDI. This provides a great advantage to clinical DDI 
strategies that can be mechanistically based rather than the empirical approaches that needed to be 
used in the past. In vitro experimental approaches to P450 and UGT inhibition studies have matured 
to the point that they have become a routine part of drug discovery and development. In early drug 
discovery research, the experimental approaches have been modified to high-throughput platforms 
that can accommodate the thousands of new chemical entities synthesized for each new pharmacologi-
cal target. In the drug development phase, the assays have become such a routine part of the safety 
characterization process such that it is not unreasonable to place particular expectations around assay 
characteristics and robustness.3b,4b,172 The more recent advances have shown that in vitro data, properly 
obtained, can be used for predicting the magnitude of DDI in the clinic and can also be used in lieu of 
conducting clinical DDI studies when it is shown that there is no inhibition. This provides a boost to 
the efficiency of an already costly drug development process and will ensure that medications get to 
patients with the information required to prescribe them safely in combination with other medications 
as needed.
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17
Enzyme Induction Studies in Drug 
Discovery and Development

Joshua G. Dekeyser and Jan L. Wahlstrom

Introduction

Changes in the expression of absorption, distribution, metabolism and excretion (ADME) genes can 
impact the pharmacokinetics (PK) of many small molecule drugs. Regulation of the expression of 
these genes can occur at the level of transcription, translation, mRNA stability, and protein stability. 
The most common and well-studied of these is altered transcription through the activation of a trio 
of receptors the aryl hydrocarbon receptor (AHR), the constitutive androstane receptor (CAR), and 
the pregnane X receptor (PXR). Activation of these receptors leads to an increase in transcription of 
their target genes (Table 17.1) and increased protein concentrations in the cell. In the case of enzyme 
induction, the most common consequence is a decrease in exposure of drugs that are substrates of 
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the induced enzyme. Induction of transporters can result in an increase or decrease in absorption for 
uptake and efflux transporters, respectively, and may also alter the intracellular concentrations of 
their substrates. Most commonly, the site of this response is in the liver and GI tract, but response at 
the lungs and blood brain barrier are also important for understanding systemic ADME implications. 
AHR is expressed ubiquitously, while expression of CAR and PXR is generally restricted to the liver 
and GI tract.1 For the purposes of this chapter, the term “xenobiotic receptors” will refer to AHR, 
CAR, and PXR. Other receptors will be discussed but their role in regulating ADME genes is limited 
compared to the xenobiotic receptors.

The focus of this chapter will be to provide a broad understanding of the process of induction as 
well as other phenomenon related to the change in expression levels of ADME genes. There will be an 
emphasis on how this field is applied to the drug discovery and development process. The bulk of the 
content will focus on induction through changes in gene transcription since this is the most common 
mechanism for clinically relevant events. Non-transcriptional induction and gene suppression will be 
discussed in less detail. Generally speaking, the impact of induction leads to a decrease in exposure of 
victim  substrates that can lead to a loss of efficacy or an increase in the formation of a toxic metabolite; 
the goal of the ADME scientist is ultimately to assess this risk and ensure patient safety.

Inducible Genes

Phase I

The Phase I oxidation enzymes play an important role in drug metabolism. The two major families of 
phase I enzymes are the cytochromes P450 (CYPs) and flavin-monooxygenases (FMOs). Through their 
activity on substrates, these enzymes function to deactivate pharmacologic molecules by increasing their 
hydrophilicity and clearance. The FMOs are generally not thought to be inducible by xenobiotics,28 

TABLE 17.1

Target ADME Genes and Prototypical Activators of the Xenobiotic Receptors

Xenobiotic 
Receptor

Human ADME Genes Regulated

Prototypical Activators ReferencesPhase 1 Phase 2

Transporters

Efflux Uptake

AHR CYP1A1, 
CYP1A2, 
CYP1B1

UGT1A1, 
UGT1A3, 
UGT1A4, 
UGT1A6, 
UGT1A7, 
UGT1A8, 
UGT1A10, 
UGT2B4

MRP3, 
MRP4, 
BCRP

None 
identified

Dioxin, omeprazole, 
3-methylcholanthrene, 
beta-napthoflavone

2–11

CAR CYP2A6, 
CYP2B6, 
CYP3A4, 
CYP2C8, 
CYP2C9, 
CYP2C19

UGT1A1, 
UGT2B7, 
SULT1A1

Pgp, 
MRP2, 
BCRP

None 
identified

Phenobarbital, phenytoin, 
carbamazepine, efavirenz, 
nevirapine, CITCO

4,6,12–19

PXR CYP2A6, 
CYP2B6, 
CYP2C8, 
CYP2C9, 
CYP2C19, 
CYP3A4, 
CYP3A7

UGT1A1, 
UGT1A3, 
UGT1A4, 
SULT2A1

Pgp, 
MRP2, 
MRP3, 
BCRP

OATP1A2 Rifampicin, hyperforin, bosentan, 
ritonavir, simvastatin, reserpine, 
nicardipine, terbinafine, 
tamoxifen, troglitazone, RU486, 
cyclophosphamide

6,13,15–18,20–27
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although some recent reports suggest induction by AHR in mouse liver.29,30 The CYPs have a much 
larger role in drug metabolism compared to the FMOs and many of the CYP enzymes are inducible. 
In humans, CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4, 
and CYP3A5 have been the most widely implicated in drug metabolism; although emerging CYPs such 
as CYP2J2 have garnered attention due to the identification of a number of known drugs as substrates 
for this enzyme.31 Of these, all but CYP2D6 are known to be inducible, and only CYP2E1 has been shown 
to be induced by a non-transcriptional mechanism.32 In the case of CYP2J2, the  evidence for its potential 
to be induced is limited with a modest 1.8-fold increase noted in human primary  cardiomyocytes after 
treatment with rosiglitazone.33

Phase II

The phase II conjugation enzymes: UDP-glucuronosyltransferases (UGTs), glutathione S-transferases 
(GSTs), N-acetyltransferases, methyltransferases, and sulfotransferases (SULTs) work by conjugat-
ing a functional group to their substrates. All of these enzymes are known to be inducible to varying 
degrees.34–38 The human UDP-glucuronosyltransferase 1A (UGT1A) gene is probably the most relevant 
to drug metabolism, and transcriptional regulation of this gene is complex.6 The nine different UGT1A 
isoforms (UGT1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9, and 1A10) are derived by splicing a unique 
first exon to 4 common exons and a shared 3ʹ-UTR (untranslated region). The promoter region immedi-
ately upstream of the first exon provides the genetic context for differential gene expression and regula-
tion by transcription factors. Further regulation occurs at the level of mRNA stability with repression of 
UGT1A1 protein expression by miRNA 491-3p having been demonstrated.39 Since the 9 isoforms share 
a common 3′-UTR, it seems likely that all isoforms will undergo similar regulation at the mRNA level. 
In light of these complexities, it is not surprising that evidence suggests UGT mRNA levels may poorly 
correlate with protein levels in tissues,40 and researchers should use caution when trying to extrapolate 
between any single endpoint of UGT1A expression.

Transporters

Induction of both efflux and uptake transporters has been demonstrated in the GI tract and liver.41–43 
It has also been suggested to occur at the blood brain barrier, but further investigation of this and its 
potential ramifications for drug distribution to the brain is warranted.44 P-glycoprotein (Pgp/MDR1a) 
can transport a large number of structurally diverse molecules across cell membranes. A clinical trial 
investigating the effects of rifampicin (600  mg/day for 10  days) on single-dose pharmacokinetics of 
digoxin (1mg PO and IV) found an approximately 30% decrease in AUC for oral digoxin versus about a 
15% decrease in AUC after IV administration. The AUC of orally administered digoxin correlated with 
Pgp expression in patient biopsies. These results led to the conclusion that induction of Pgp by rifampi-
cin leads to significant decreases in plasma concentrations of orally administered digoxin.45 A similar 
result was found for talinolol,46 which, like digoxin, has little metabolic clearance. Taken together, these 
results suggest the potential for clinical DDIs due to induction of transporters when victim drugs are 
highly cleared by transport mechanisms; however, it is difficult to assess how important this effect is 
for compounds that have metabolism as an additional route of clearance since many enzymes are also 
targets for inducers. Furthermore, with the exception of Pgp, there is a dearth of validated substrates for 
transporters important to drug development.

Mechanisms of ADME Gene Regulation

Transcriptional Induction

The regulation of transcription is a complex process, and here we will only provide a highly simplified 
overview on the process to orient the reader. The most important thing for the ADME scientist to keep 
in mind is that receptor activation is the first step in a time-dependent process that generally involves, 
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receptor translocation, DNA binding, increased mRNA transcription, increased protein translation, and 
ultimately increased enzyme activity. For a deeper dive into the regulation of gene transcription, the 
reader is referred to a number of reviews on the topic.47–49

The transcription of genes is a tightly controlled system that involves multiple modes of regulation. 
First is the structure of chromatin, controlled by the acetylation and deacetylation of histones, which 
leads to the loosening and tightening of chromatin structure, respectively. This allows greater or lesser 
access to the RNA holoenzyme, a conglomerate of protein machinery made up of RNA polymerase II 
and other proteins. Transcription factors (trans-acting elements), such as the xenobiotic receptors, bind 
to specific DNA sequences (cis-acting elements) in the promoter region of target genes where they 
recruit coactivators that can alter the chromatin structure and recruit the holoenzyme, increasing the rate 
of transcription. These cis-acting elements are often referred to as response elements (REs), the most 
pertinent REs for the induction of ADME genes are the phenobarbital response element (PBREM),12 
the xenobiotic response element (XREM),50 and the antioxidant response element (ARE).51 These are 
most commonly associated with CAR, PXR, and AHR, respectively, although there is promiscuity in 
the receptors that can bind specific Res, and the upstream regulatory region of a gene can have multiple 
REs. Conversely, corepressors can be recruited to the promoter region of a gene to increase chromatin 
packing, restrict holoenzyme access, and decrease transcription.

Non-Transcriptional Induction (CYP2E1)

Induction can also occur through non-transcriptional mechanisms such as protein stabilization, as 
is the case for CYP2E1. Alcohol, acetone, and isoniazid induce CYP2E1 by stabilizing the protein, 
which effectively increases the half-life of the enzyme.52 CYP2E1 is known to metabolize acetamin-
ophen into a toxic metabolite and, therefore, induction of CYP2E1 has important implications in 
hepatotoxicity.53

CYP Suppression

Recently, there has been growing focus on the potential for suppression of CYPs; defined as a decrease 
in CYP expression or activity that is not caused by enzyme inhibition. Clinical evidence suggests that 
elevated levels of cytokines that are found in autoimmune diseases may cause reduced CYP activity in 
the liver and increased exposure of drugs that rely on CYP mediated clearance in this patient population 
compared to healthy patients. A clinical study of 12 rheumatoid arthritis patients, who were being treated 
with the anti-IL6 antibody tocilizumab, found that reversal of the suppression occurred upon treatment 
and lead to an increased exposure of simvastatin in the study.54 A number of studies have investigated 
the in vitro effects of cytokine treatment on CYP expression in hepatocytes.55–57 Much of that work was 
summarized in a 2013 White Paper, which concluded that cytokine-mediated DDIs observed with anti-
inflammatory therapeutic proteins cannot currently be predicted using in vitro data.58

Species Differences in Induction

Although the general function and target gene specificity of the xenobiotic receptors is conserved across 
species, the ligand binding profiles of CAR and PXR vary significantly. The reason for this may be 
supported by the “plant-animal warfare” hypothesis proposed by Nebert and Gonzalez.59 The hypoth-
esis states that species differences in drug metabolism arise from the constant battle of plants evolving 
new toxins to discourage their consumption, and animals continually evolving the enzyme systems that 
metabolize these toxins so that they can continue to use them as a source of food. Thereby as speciation 
occurs and diets change, the metabolic machinery of that species evolves to accommodate the spe-
cific diet. This hypothesis may be particularly relevant to CAR and PXR, which demonstrate positive 
evolution. Specific amino acid residues within their ligand binding pockets are more likely to see non-
synonymous mutations across species than what would be expected if there were a negative evolutionary 
pressure favoring conservation of amino acid sequence. This suggests that natural selection is favoring 
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sequence diversity in the ligand binding pockets of CAR and PXR, presumably to allow for relatively 
rapid adaptation to important ligands.60 For these reasons, most pre-clinical induction work in drug dis-
covery focuses on understanding induction in human models.

Transcription Factors Involved in the Regulation of ADME Genes

AHR

The aryl hydrocarbon receptor (AHR) is a member of the basic helix-loop-helix per-arnt-sim family 
of transcription factors. It has been known for almost 50 years that the enzymes responsible for the 
hydroxylation of aryl hydrocarbons are inducible.5,61 Initial reports suggested that it was responsible for 
regulating genetic pathways related to dioxin toxicity. These findings were later confirmed when AHR 
was cloned and ligand binding and transcriptional activity studies were conducted. Inactive AHR is 
sequestered in the cytoplasm where it is bound to heat shock protein 90 (HSP90) and the hepatitis B virus 
X-associated protein (XAP2). Upon binding, ligand translocates to the nucleus where it heterodimerizes 
with the AHR nuclear translocator protein (ARNT) and transcribes its target genes.62 Additionally, it 
has been demonstrated that AHR is rapidly degraded in the nucleus after becoming active with the bulk 
of the transcription factor undergoing proteolysis through the ubiquitin proteasomal pathway within 
30 minutes. This tightly linked control over AHR transcriptional activation and proteasomal degradation 
provides a negative feedback loop on the system.63

The Nuclear Receptors

The nuclear receptor (NR) family of transcription factors includes 47, 48, and 49 different genes in rat, 
human, and mouse, respectively, that share a modular domain structure.64 They are involved in regulat-
ing numerous physiological processes including steroidogenesis, reproduction and development, circa-
dian and basal metabolic functions, lipid metabolism, energy homeostasis, and bile acid and xenobiotic 
metabolism.1,65 CAR and PXR are the most widely associated with xenobiotic metabolism, although 
others are implicated as indicated at the end of this section.

The human constitutive androstane receptor (hCAR) was initially cloned as MB67 in 1994. The initial 
report determined it to be an orphan nuclear receptor that could constitutively activated subset of retinoic 
acid response elements.66 Shortly thereafter, the mouse orthologue (mCAR) was cloned and MB67 was 
renamed hCAR, the constitutive activity of both receptors was found to be dependent on the presence of 
the c-terminal AF-2 transcriptional activation motif.67 Few CAR specific ligands have been identified. 
The most specific CAR ligand to date is CITCO, which was developed specifically to target CAR by 
GSK.14 The X-ray crystal structure showed that the constitutive activity is due to a single turn Helix X 
that restricts the movement of the AF-2 helix, favoring the active state.68

In the inactive state, CAR is sequestered in the cytoplasm bound to the cytoplasmic CAR retention 
protein (CCRP) and HSP90.69 Activation of the receptor can occur through direct binding of the receptor 
or through indirect mechanisms that are not yet fully elucidated but are believed to involve phosphoryla-
tion of the receptor by protein phosphatase 2A (PP2A).70,71 Both direct and indirect activation leads to 
translocation of the receptor to the nucleus where it can bind to the promoter region of its target genes 
and activate transcription.

The human CAR gene undergoes alternative splicing leading, and over 20 different hCAR transcripts 
have been identified.72 Two of these alternatively spliced transcripts hCAR2 and hCAR3 have been 
studied extensively in vitro and were found to have lost the constitutive activity of wild-type CAR (aka 
hCAR1) instead acting in the more typical ligand dependent fashion. Initial investigations into CAR3 
suggested that its ligand binding profile closer mirrored that of CAR1. Contrarily, CAR2 has been shown 
to have a unique ligand binding profile demonstrating distinct yet overlapping ligand specificity.73–80 The 
clinical significance of these splice variants is not known.

The human pregnane X receptor gene was initially cloned in 2002 and was determined to be an 
orphan nuclear receptor. The importance of this receptor was recognized almost immediately when it 
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was found to be responsible for the induction of CYP3A4, a phenomenon long known to have significant 
implications in drug development but for which the mechanism was previously unknown.81–84 PXR has a 
large flexible ligand binding pocket, which allows for broad ligand specificity leading to a diverse array 
of identified ligands.85–88 It is notable that two of the gene targets of PXR, CYP3A4, and Pgp, are also 
highly promiscuous proteins involved in the metabolism and excretion of xenobiotics. Together they 
present a potent defense against potentially toxic xenobiotics and, at times, a difficult barrier to drug 
development.

The subcellular localization of PXR is not as well established as it is for CAR. In mouse, it has been 
demonstrated to be sequestered in the cytoplasm by CCRP and HSP90, in the same manner as CAR.89 
Cytoplasmic sequestration has yet to be established for human and there are indications that unligan-
ded PXR resides in the nucleus.90 Functionally speaking, the cellular localization of PXR may not be 
as important as it is for CAR, since PXR is not known to demonstrate activity in the absence of ligand 
and, unlike CAR, ligand binding is the primary activating event, not nuclear translocation. However, if 
human PXR does reside primarily in the nucleus, it could act as a gene silencer by remaining bound to 
its REs and corepressors to its target genes.91

Both transcriptional and post-transcriptional regulation of PXR are known to occur. Another nuclear 
receptor, hepatocyte nuclear factor 4α (HNF4A), has been shown to transactivate the PXR gene through 
a DR1 response element.92 Binding of micro-RNA 148a to the 3′UTR of PXR decreases protein levels of 
the receptor and also decreases basal CYP3A4 levels as well as the magnitude of CYP3A4 induction in 
response to rifampicin.93 It has also been proposed that SUMOylation and ubiquitylation of PXR can lead 
to degradation by the proteasome and direct the response in liver to xenobiotic or inflammatory stress.94–96

Cross-talk between CAR and PXR is well documented, both in the genes that they regulate and their 
ligand specificity.13 Although there are well-established PXR specific ligands, such as rifampicin, hyper-
forin, bosentan, and ritonavir, this is not the case for CAR. Even CITCO, the most specific CAR ligand, 
has been shown to activate PXR at concentrations approximately 50-fold higher than those that dem-
onstrate CAR selectivity.14 Functionally speaking, this can make it very difficult to ascribe a particular 
inducer to an individual receptor.

A number of other nuclear receptors have also been implicated in the regulation of ADME genes. This 
includes the glucocorticoid receptor (GR), the peroxisome proliferator-activated receptors (PPARs), the 
farnesoid X receptor (FXR), the liver X receptor (LXR), and the small hetero dimer partner (SHP). The 
direct relationships can be difficult to assess due to the hierarchical nature of transcription factors. For 
example, GR activation has been shown to increase PXR expression in vitro an observation suggests that 
increased CYP3A4 expression by GR activators may be at least be in part due to increases PXR expres-
sion.97 The PPARs have been shown to regulate CYP4A11 and a number of SULTs.98–100 FXR induces 
the bile salt export pump (BSEP) in response the bile salt chenodeoxycholic acid101 as well as OATP1B.43 
LXR is activated by cholesterol and increases the transcription of CYP7A1 and SULT1E1.102,103 SHP is 
unique amongst nuclear receptors in that it lacks a DNA binding domain but is still able to heterodimer-
ize with other nuclear receptors and inhibit their transcriptional activity.104 Expression of SHP is induced 
by FXR and represses expression of CYP7A1.105 The importance of SHP for drug metabolism remains to 
be established; however, the mechanism of this nuclear receptor highlights the complexity of the nuclear 
receptor transcriptional network.

NRF2

The nuclear factor (erythroid-derived 2)-like 2 (NRF2) is a basic leucine zipper (bZIP) transcription 
factor that protects against oxidative damage by regulating the expression of antioxidant proteins. First 
described in 1994, NRF2 was found to be ubiquitously expressed and showed strong transcriptional 
stimulation of b-globin genes.106 NRF2 has been implicated in the regulation of many phase II enzymes 
including the UGTs, GSTs, NAD(P)H:quinone oxidoreductase, and aldehyde dehydrogenase.6,107–109 
Recent evidence suggests interplay between NRF2 and AHR.110,111 Cross-talk between these receptors in 
their regulation of ADME genes may serve to further complicate mechanistic understanding of induction 
processes. The importance of NRF2 to the field of drug metabolism is still emerging, and further work 
is necessary to understand the clinical significance of these findings.
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Preclinical Assessment of Induction

There are a number of in vitro and in vivo tools available for preclinical investigations aiming to deter-
mine whether or not a drug candidate will be an inducer in vivo. These range from relatively simple 
biochemical binding assays to complex transgenic animal models. A typical work flow for the evaluation 
of induction is to start with simple binding or reporter assays that can be set up in very high through-
put assays followed by more robust assays using highly differentiated hepatocyte cell lines or, more 
commonly, primary hepatocytes. Data from these assays may be integrated into various mathematical 
models discussed later. A number of in vivo models also exist that have been engineered to better reflect 
human biology. The following sections will discuss the technical aspects of each of these assays as well 
as data interpretations and pros and cons of each.

Binding Assays

Biochemical ligand binding assays can be employed to determine if a chemical of interest binds to a 
specific receptor. Typically, this receptor is purified and then incubated with radiolabeled ligand. These 
assays can have very high throughput and be cost effective; however, they are limited to only providing 
information about binding, no information as to whether or not that binding leads to activation is gained. 
By running the assay as a displacement assay, one can assess whether or not binding is to the ligand bind-
ing pocket or another region of the protein.112

Reporter Assays

Reporter assays are one of the most common in vitro methods employed to determine activation of a 
specific receptor. In general, there are three components to these assays, a cell line, a plasmid con-
taining the reporter gene and a plasmid containing the receptor of interest. Typical promoters include 
 b-galactosidase and luciferase. Luciferase has become the reporter of choice due to its ease of use and 
low cost. By altering the promoter proximal to the reporter gene, a number of aspects of transactivation 
can be studied. Typically, the promoter region consists of the mammalian TATA box common to all 
genes and response elements specific to the gene of interest such as the PBREM, XREM, or ARE for 
CYP2B6, CYP3A4, and CYP1A2, respectively.113–115

PXR reporter assays have been validated and are useful in detecting potential CYP3A4 inducers.27 On 
the other hand, a validated CAR assay has proven elusive. In transfected cell lines, CAR spontaneously 
translocates to the nucleus where it constitutively activates the reporter gene.116 Efforts have been made to 
address this by using inverse agonists to lower constitutive activity, using known ligand activated splice 
variants instead of wild-type CAR75,78,117 and by introducing specific mutations to remove constitutive 
activity.118 Importantly, none of these alternative CAR reporter assays are able to detect indirect activa-
tion of the receptor like what is observed with phenobarbital and differences in ligands between the CAR 
isoforms has been observed.73,74,117

Another reporter assay that has utility in the study of nuclear receptors is the galactose-responsive 
transcription factor 4 (GAL4) system. The structure of the nuclear receptors allows for DNA binding 
domain (DBD) and the ligand binding domain (LBD) to function independently of one another. This 
observation has led researchers to fuse the LBD of nuclear receptors to the DBD of the yeast GAL4 gene. 
This system allows for the use of a single reporter construct containing the GAL4 promoter region to test 
activation of all the nuclear receptors by ligands.119

Cell Lines

A number of immortalized cell lines can be used to study various induction pathways without transfect-
ing in any exogenous genes. The most common are the liver derived HepG2, Fa2N4, and HepaRG and 
the intestinal line LS174T. HepG2 cells retain a functional AHR pathway and can be used to assess acti-
vation of AHR by compounds by assessing changes in CYP1A; however, very little metabolic activity is 
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retained in these cells and neither CAR nor PXR has been demonstrated to be functional. Fa2N4 cells 
retain more hepatocyte functions than HepG2 but lack CAR functionality.120 The most recent hepatocyte 
cell line to garner attention in the field is the HepaRG line.121 The parental line is a bipotent progenitor 
cell that can be driven to differentiate into two phenotypes in culture, biliary-epithelial like cells and 
hepatocyte-like cells. After differentiation, the resulting co-culture has been shown to respond to activa-
tors of all three major xenobiotic receptors, AHR, CAR, and PXR. The biggest downside to the HepaRG 
line is that the differentiation process is long and requires considerable expertise. However, differenti-
ated cells are available commercially in cryopreserved vials and may offer some advantages over pri-
mary hepatocytes in terms of cost and data consistency since the supply of cells is theoretically infinite.

Primary Hepatocytes

Primary hepatocytes that have been isolated from human livers have long been considered the gold stan-
dard for in vitro studies investigating CYP induction and are the only in vitro model for which regulatory 
agencies currently accept in vitro data. CYP induction by the prototypical inducers phenobarbital and 
3-methlycholanthrene using primary cultures of hepatocytes was first demonstrated in 1976.4 Methods 
were refined and standardized over the following decades and the use of cultured hepatocytes has 
become common practice in the field. However, the need for freshly isolated cells meant that availability 
(particularly for human cells) was low and variability was high. This issue has been largely resolved with 
the development of robust cryopreservation techniques allowing for the creation of large cryopreserved 
lots of cells from a single donor. These lots can be qualified and maintained for use over periods of time. 
In culture, these cells retain the metabolic functions and induction pathways of hepatocytes in vivo. 
Typically, they are cultured in monolayer on collagen I coated plates or, in sandwich culture, by adding 
an overlay of matrigel or similar basement matrix.

After being allowed to attach to the plate and adapt to the culture conditions for a short period 
(typically a day or two), investigational drugs are added for a period of 24–72 hours after which the 
cells are washed, and probe substrates are added to measure rates of metabolite formation by inducible 
enzymes. Cells can also be lysed and mRNA quantified as a direct measurement of increased transcrip-
tion.122 The use of mRNA has gained favor recently due to a possible increase in sensitivity and lack of 
false negatives arising from compounds that are both inhibitors and inducers of enzymes.123

In Vivo Models

Due to the evolutionary divergence of the xenobiotic receptors, the use of animal models has question-
able value regarding predictions of outcomes in humans. For questions that require the use of a whole 
organism, there are a few engineered rodent models that aim to recapitulate the human xenobiotic recep-
tor functionality. Two mouse models of interest are the chimeric mouse in which mouse hepatocytes are 
largely replaced with human hepatocytes resulting in a chimeric animal with liver metabolic functions 
that are much more representative of the human condition, including induction.124 The second is a trans-
genic model in which the mouse CAR and PXR genes have been removed and replaced with the full 
length human orthologues. These mice have been shown to generate functional CAR and PXR (as well as 
known splice variants) and to respond to prototypical activators of the human receptors.125 Finally, recent 
advances in the engineering of knock-out (KO) animals has led to viable rat KO models, which are now 
commercially available for all the xenobiotic receptors as well as many other ADME genes.

Preclinical Regulatory Guidance

The FDA, EMA, and PMDA all issue regularly updated guidance on the use of preclinical induction data 
to support IND filings. These guidelines are available on the regulatory agencies websites and provide 
suggestions on study design and interpretation as well as decision trees to help investigators determine 
the likelihood of an investigational new drug to cause induction in the clinic.
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Predictive Models of Induction

A number of models have been proposed and used in attempts to make quantitative predictions regarding 
clinical effects of induction. These include basic models, mechanistic/static models, and physiologically 
based pharmacokinetic (PBPK) modeling. The basic and mechanistic static models are mathematical 
equations, which allow for an assessment of clinical risk based on in vitro measurements of the EC50 
and Emax values for induction as well as the expected clinical concentration of the inducer. The basic 
model assesses the risk of induction alone, whereas the mechanistic static model incorporates the effects 
of reversible inhibition, time-depending inhibition and induction.126 Correlation approaches such as the 
relative induction score (RIS) are also used to assess the risk of clinical induction.127,128 All of the above 
models assume worst-case scenarios for factors such as rate of dissolution and absorption in the gut as 
well as an assumption of a static maximal concentration in the system. More recently PBPK has emerged 
as a model that allows for much greater flexibility in the input parameters.129–131

PBPK modeling and simulation incorporates demographic, genetic, anatomical, physiological, and 
drug-specific parameters to predict drug concentration-time profiles.132 PBPK may be used to simulate 
the effects of DDIs in a dynamic manner by allowing the victim and perpetrator concentrations and 
effects to vary over time; this approach more accurately represents the clinical situation than basic and 
static models, which assume constant and maximal exposure to an inducer.130 Other advantages of DDI 
simulation using PBPK approaches include the ability to stagger victim and perpetrator dosing, quantita-
tive prediction of expected inter-individual variability, dynamic alteration of the fraction metabolized 
(fm) due to induction throughout the simulation, and the possibility to integrate multiple DDI mecha-
nisms (reversible inhibition, mechanism-based inactivation, induction and transporter-mediated DDI) 
simultaneously into the same simulation.133 Appropriate calibration of induction characteristics to the 
clinical situation, when known, have been demonstrated to improve the accuracy of induction predictions 
using PBPK.129,131

Regardless of the type of modeling used, key questions to be considered when implementing DDI 
modeling and simulation include: How accurate is our current estimation of fm for a victim drug? Does 
induction in the gut need to be considered (CYP3A4)? Are major metabolites observed in vitro or in vivo, 
and do they exhibit contributory DDI characteristics? Are multiple mechanisms of DDI (“complex DDI”) 
involved? Obtaining successively higher quality in vitro and in vivo information throughout pre-clinical 
and clinical development enables more accurate prediction of induction-based DDIs.134

Induction in the Clinical Setting

Based on the results of in vitro experiments and modeling using basic or mechanistic models, a clinical 
induction DDI study may be run. The first consideration is whether this study will use the drug under 
development as a perpetrator or victim of induction. If the drug is a perpetrator of induction, in vitro 
and multiple-dose first-in-human data will indicate whether it induces its own metabolism (autoinduc-
tion) in the event that the drug is cleared by the same drug metabolizing enzymes that it induces. Other 
considerations for design of a clinical induction study include: Will the study be run in healthy volun-
teers or patients? Should the study subjects be characterized for drug metabolizing enzyme genotype or 
phenotype? Will the study employ a crossover design? What is the dose regimen? What is the timing of 
the inducer dosing relative to the victim drug dose? Do the inducer, victim, or both need to be dosed to 
steady state? What concomitant medications, dietary constituents (i.e., grapefruit juice or herbal supple-
ments such as St. John’s Wort), or other environmental factors (i.e., smoking) may require exclusion from 
the study? Will measuring metabolites provide useful information on the enzyme pathways involved 
with induction? Careful consideration of these factors will allow for appropriate design of the induction 
study and prioritize patient safety.

The magnitude of the observed induction effect is dependent upon characteristics of both the vic-
tim and perpetrator drugs.135 For clinical DDI studies, sensitive substrates (drugs that achieve a 5-fold 
or greater change in the area under the plasma concentration-time curve [AUC] when concomitantly 



476 Handbook of Drug Metabolism

administered with a known inhibitor or inducer of a specific drug elimination pathway) are generally 
selected as the victim in order to fully characterize the magnitude of the DDI. The inducing drug is then 
characterized as a strong (≥5-fold reduction in victim AUC), moderate (≥2 and <5-fold reduction in 
victim AUC), or weak (≥1.25 and <2-fold reduction in victim AUC) inducer based on the magnitude of 
change observed with the victim drug (FDA, EMA, and Japanese regulatory guidance). Other commonly 
co-administered drugs may be tested as victims of induction if their major mechanism of clearance is 
inducible by the perpetrator drug, particularly if the victim has a narrow therapeutic range with high 
potential for the loss of efficacy.

Often multiple potential DDI mechanisms exist for drugs, and this can lead to unexpected clinical 
results. For example, induction studies using rifampicin as the perpetrator have led to counterintuitive 
results in the clinic when the victim drug is given intravenously.136,137 In one study, 600 mg of rifampicin 
given orally for 5 days prior to IV dosing of romidepsin resulted in 80% and 60% increases in AUC and 
Cmax, respectively. This result is likely due to inhibition of active liver uptake transporters OATP1B1 
and OATP1B3 by rifampicin138,139 and brings into question the utility of rifampicin as an inducer for 
studies where the victim is known to require uptake transporters for liver exposure.136 Another example 
is ritonavir known to be both a potent inducer and time-dependent inhibitor of CYP3A4.140,141 In the 
clinic, ritonavir presents as an inhibitor of CYP3A4, markedly increasing exposures of CYP3A4 sub-
strates such as midazolam and simvastatin.142,143 This latter case demonstrates why it is important to not 
view in vitro data in isolation; particularly as the induction field moves towards mRNA as the preferred 
in vitro endpoint.

Summary

Induction of ADME genes is well recognized for its importance in altering the exposure of substrates of 
the induced enzyme; leading to loss of efficacy and, in some cases, toxicity. Over the past two decades, 
a molecular understanding of this process has emerged with the xenobiotic receptors having a primary 
role. Our understanding of CYP3A4 induction through PXR has made enormous progress during this 
time with quantitative predictions of clinical effect from in vitro data now being possible. It is impor-
tant for the field to continue to extend our predictive capabilities to include the other inducible CYPs, 
phase II enzymes and transporters. The ability to incorporate a mechanistic understanding of induc-
tion, along with similar learnings from our colleagues in other areas of ADME science, into complex, 
dynamic models, such as PBPK, will in time allow for greatly enhanced predictions of clinical outcomes 
in humans and further reduce reliance on animal models. Even with the promise held by these models, 
it is still and will remain the job of the ADME scientist to understand the available tools (in vitro, in vivo, 
and in silico) and the limitations of each so that the appropriate questions are being asked to properly 
inform models, develop appropriate clinical trial design and ensure patient safety.
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Introduction

Systemic exposure of a drug is determined by the pharmacokinetic (PK) properties including absorption, 
distribution, metabolism, and elimination (ADME). Often, an efficacious drug relies on adequate drug 
levels distributed to the target tissues for a desired period of time to regulate the pathway of disease.1 
Over the last two decades, pharmaceutical industries have been focusing to develop in vitro tools using 
hepatocytes or liver microsome to select the compounds that are metabolically stable and have optimal 
half-lives to fit at least once a day dosing regimen. Surprisingly, metabolic stable compounds often 
result in unpredictable drug elimination in vivo, due to the involvement of drug transporters. While drug 
clearance via CYP P450 metabolizing enzymes have been well-characterized,2 membrane transporters 
involve in drug pharmacokinetics and disposition are increasingly scrutinized for their contribution to 
the suboptimal PK and organ distribution and the undesired safety or efficacy outcomes. As a result, the 
impact of transporters on patient safety and efficacy become critical considerations in drug discovery 
and development, mainly to assess drug distribution to the target or off-target organs and to minimize 
the potential drug-drug interactions (DDIs).

Membrane transporters are expressed in a variety of organs in the body such as the liver, brain, intes-
tine, and kidney, and play a pivotal role in the absorption, distribution, clearance, and elimination of 
many drugs and their metabolites. Currently, more than 400 membrane transporter genes have been 
discovered and are categorized into two distinct superfamilies, the solute carrier (SLC) and ATP-binding 
cassette (ABC) families. As our knowledge has expanded, increasing numbers of membrane transport-
ers are found to interact with drugs and the movement of endogenous compounds within or between 
the organs. Alteration of these transporter functions or protein expressions can significantly change 
the ADME of a drug, leading to the changes of drug or endogenous compound exposure in plasma 
and/or organs, subsequently transporter-mediated drug interactions.3,4 Inhibition of transporter function 
can significantly change the drug clearance and disposition of other drugs that are substrates of those 
transporters. The interactions can, therefore, disturb the tolerability and safety profiles of therapeutic 
agents. Consequently, regulatory agencies require investigating the role of several major drug transport-
ers in drug discovery and development and assessing the potential risk of clinical drug-drug interactions. 
Currently OATP1B1/1B3 (SLCO1B1/SLCO1B3), P-glycoprotein (P-gp, ABCB1), breast cancer resistance 
protein (BCRP, ABCG1), organic anion transporter (OAT1/3, SLC22A6/22A8), organic cation trans-
porter (OCT1/2, SLC22A1/SLC22A2), multidrug and toxin extrusion proteins (MATE1/2k, SLC47A1/
SLC47A2), multidrug resistance protein 2 (MRP2, ABCC2), and bile salt export pump (BSEP, ABCB11) 
are routinely characterized in drug discovery and development (https://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/UCM581965.pdf; http://www.ema.europa.
eu/docs/en_GB/document_library/Scientific_guideline/2012/07/WC500129606.pdf). These transport-
ers are well-investigated and considered to have significant roles in drug biology and disposition as 
 demonstrated in reported DDIs, drug responses, and drug related toxicities.5–7

Studies of drug interactions with transporters are primarily conducted by monitoring the changes of 
pharmacokinetics in the plasma (unexpected changes of systemic exposure). However, drug transport-
ers regulating drug disposition to specific organs can read to the asymmetric tissue distribution. Since 
organ exposure is often the determinant of drug efficacy or safety, clinical adverse effects (AEs) of new 
drugs involving the modulation of drug transporter functions or protein expressions in special population 
have become important considerations in drug development. In addition to transporter roles in drug dis-
position, membrane transporters have increasingly been studied as pharmacological targets for disease 
treatment.9 For example, utilization of liver-specific uptake transporter OATPs to target hepatic HMG-
CoA reductase8 has been a viable approach for liver specific efficacy while minimizing exposures in 
other organs, e.g., muscles of statin drugs. Sodium-glucose cotransporter 2 (SGLT2; SLC5A2) has been 
the target to control blood glucose level for the treatment of type II diabetes.10 The potentiators or correc-
tors of cystic fibrosis transmembrane conductance regulator (CFTR; ABCC7) are used for the treatment 
of cystic fibrosis.11 On the other hand, inhibitor of the thiamine transporter (hTHTR2, SLC19A3), e.g., 
Fedratinib, may limit thiamine absorption in gastrointestinal tract, resulting in Wernicke’s encephalopa-
thy due to the thiamine deficiency.12

http://www.ema.europa.eu/
http://www.ema.europa.eu/
https://www.fda.gov/
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The clinical significance of the drug transporters are demonstrated by the alternation of drug 
pharmacokinetics and/or clinical responses by investigating transporter genetic polymorphism and 
DDI with inhibitors of the transporter. However, the tissue exposure is not regularly monitored in 
clinical trial and the systemic exposure in plasma also does not represent the tissue  concentrations.13 
Regardless of the importance of the transporter role on drug elimination and disposition, tools 
for  characterizing transporter interactions are much less advanced than those for metabolizing 
enzymes. In vitro to in vivo extrapolation to predict potential transporter interactions remains sig-
nificant  challenging. To this end, transporter basic and applied research publications over the past 
decade have demonstrated the importance of transporters in drug disposition, DDI, and drug-related 
organ toxicity.14,15 The chapter reconnoitres the role of transporters in ADME, genetic polymor-
phisms and PK variability, organ toxicity, drug clearance and DDIs, as well as giving a concise 
overview of in vitro tools to assess transporter interaction in drug discovery and development. 
Relevant examples are provided throughout the text with references of comprehensive reviews on 
drug transporters.

Role of Transporters in ADME

The therapeutic effect and the adverse events of a drug are strongly associated with the number of mol-
ecules presented at the reaction sites, which in most cases is proportional to the systemic blood exposure. 
As the main carrier to facilitate molecules to cross cell plasma membranes, transporters have a critical 
role in the determination of drug pharmacokinetics.

Absorption

Absorption is the procedure that a drug reaches systemic circulation from the site of administration. 
Intravascular administration does not involve the absorption phase as the drug is introduced directly 
into blood. However, the extent of absorption can greatly affect the blood exposure of a drug in other 
administration routes, particularly for orally-dosed drugs. Following an oral administration, drugs can 
be absorbed at any segment of the gastrointestinal tract including the stomach, small intestine, and large 
intestine. The amount of drug absorbed at each section is determined by the physicochemical properties 
of a drug molecule, dosing formulation, and subject physiology. Most of the time, the majority of the oral 
dose will be absorbed from the small intestine because of the large absorption surface area and the rich 
expression of various membrane transporters.

No matter the dose formulation (tablet, capsule, solution, etc.), the orally taken drug needs to be 
in a soluble form in order to be absorbed into the circulation system. There are multiple pathways 
that the dissolved molecules can permeate through the epithelium layer in the GI track, including 
paracellular transport, passive diffusion, and protein mediated transportation. Paracellular transport 
transfers substances through the intercellular space between the epithelial cells. Water is primarily 
absorbed through this pathway. Ions, sugars, and small hydrophilic ionized drugs (<200 Da) can also 
be absorbed by paracellular transport when the concentrations above the capacity of their transport 
carriers (Figure 18.1). Both passive diffusion and protein mediated transportation belong to transcel-
lular process that moves solutes through a live cell. Passive diffusion does not need energy input and 
the movement of molecular substances is driven predominantly by the concentration gradient. Usually 
hydrophobic compounds with a neutral charge can penetrate the lipid bilayers with passive diffusion. 
Hydrophilic molecules and ionized drugs in general require the assistance of transport proteins to per-
meate cell membrane (Figure 18.1).

Many transporters have been identified in the epithelial cells of GI track and found to significantly 
impact the drug absorption. On the luminal membrane of enterocytes, uptake transporters like OATP2B1, 
PETP1, ASBT, and MCT1 can assist the absorption from gut lumen into cells (Figure 18.2). Meanwhile, 
efflux transporters on the luminal membrane including P-gp, BCRP, and MRP2 can pump the intracel-
lular drugs back to the gut.4,16,17 Example drugs transported by these membrane proteins are listed in 
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Table 18.1. Therefore, drugs could have a boosted absorption for the substrates of uptake transporters. 
In contrast, a decreased fraction of oral absorption could occur with drugs transported by luminal efflux 
transporters. In the case that P-gp activity was induced by rifampin, digoxin plasma concentrations was 
substantially reduced after oral administration.18 In contrast, coadministration of P-gp inhibitor, quini-
dine causes a considerable increase digoxin absorption and plasma exposure.19

The completion of the absorption procedure requires an extra step that intracellular drug  molecules 
 penetrate the basolateral membrane of GI epithelial cells in order to reach blood circulation. The  presence 
of OCT1, OSTα/b, and MPR3 has been confirmed on the basolateral membrane of gut cells.4 The  functions 
of these transporters are also characterized in in vitro assays, and many drugs are found to be substrates 
(Table 18.1). However, the clinical significance of the basolateral transporter on drug absorption is still 
not well characterized.

FIGURE 18.1 Paracelluar and transcellular transport.

FIGURE 18.2 Transporter expressions in major organs.
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The absorbed drug will be carried by portal vein to hepatic sinusoids and distributed to liver first 
before entering the systemic circulation. Nutrition, drugs, and toxicants in the sinusoids will be extracted 
by liver cells, primarily by hepatocytes. Hepatocytes are the predominant cell type in the liver, con-
tributing to approximately 70%–85% of liver mass. One of the critical functions of hepatocytes is to 
extract, detoxify, biotransform, and excretion of endogenous and exogenous substances. Drugs can enter 
into hepatocytes by either passive diffusion or transporter mediated uptake. Many uptake transporters 
have been found to express on the sinusoid membrane of hepatocytes, including OATP1B1, OATP1B3, 
OATP2B1, OCT1, OAT2, and NTCP (Figure 18.2). Meanwhile, efflux transporters on sinusoid mem-
brane, such as MRP3/4/6, can pump the intrahepatic molecules back to blood (Figure  18.2). Drugs 
escaped from liver extraction will flow into systemic circulation and complete the absorption phase. 
Liver extraction, together with the physical barrier of the gut wall and gut metabolism, builds a very 
effective protection mechanism for the body in order to reduce the exposure of exogenous toxicants, 
named the first-pass effect.

Distribution and Excretion

Systemic available drugs from oral absorption or intravascular injection will be circulated to each organ 
of the body following blood flow and then distributed to extravascular fluids and intracellular spaces. 
The whole procedure is called distribution. The extent of distribution of a drug among tissues can be 
affected by the physical chemical properties of drug molecules and the physiology of the organ. The 
former includes compound protein binding, passive permeability, and blood to plasma ratio. Drug with 
high plasma protein binding and high blood to plasma ratio are less likely to be distributed to tissues. 
Blood flow is a key driver for drug distribution to specific organ. For example, a drug is easily distributed 
in highly perfused organs such as the liver, heart, and kidney, and only small amount is allocated to less 
perfused tissues like fat.

Distribution of compounds to intracellular compartments is correlated to the compound passive perme-
ability and the activity of membrane transporters. So far, most research on drug transporters is focused 
on two organs, liver and kidney, not only because they are critical for drug distribution and metabolism, 
but they are the two major players for drug excretion. Transporter functions on blood–brain barrier are 
also heavily studied because drug delivery into CNS is the key for many neurological diseases.

Liver is the largest organ in the body and receives approximately 25% of total cardiac output from 
hepatic artery and portal vein. As described above, transporters expressed on the sinusoidal ( basolateral) 
membrane can facilitate the drug molecules into hepatocytes. Therefore, drug distribution to liver 
can be affected by the transporter function, to impact the volume of distribution.20 For example, the 
volume  distribution of atorvastatin was decreased 94% in healthy subjects co-dosed with rifampin.21 
Polymorphism of OATP1B1 (SLCO1B1  c.521CC) reduced the volume distribution of atorvastatin 
and rosuvastatin by 58% and 51%, respectively.22 Once in the hepatocyte, drugs are biotransformed to 
 metabolites by phase I and phase II liver enzymes. The drug or its metabolites can be either pumped 
back to plasma by  sinusoidal efflux transporters or excreted into bile by transporters expressed on 
canalicular ( apical) membrane. Both ABC transporters (P-gp, BCRP, MRP2, MDR3, and BSEP) and 
SLC  transporter (MATE1) are found on the canalicular membrane of hepatocytes (Figure 18.2). These 
 transporters are important for drug biliary secretion.

The kidney is the other major organ for drug distribution and excretion. Approximately 20% of  cardiac 
output goes to the kidney. Drug molecules from renal arteries will flow into afferent arterioles, then the 
unbound drug will be partially filtrated through glomeruli. After filtration, the blood moves through a 
small network of venules that exchange nutrition with the functional unit of kidney, named nephron. 
Proximal tubule cells (PTC) form the first segment of nephron lumen and express variety of transporters. 
On the basolateral membrane, OAT1, OAT2, OAT3, OCT2, and OATP4C1 are known to uptake many 
drugs from blood into PTC (Figure 18.2). Efflux transporters, MRP2/4, MATE1/2-K, and P-gp, on the 
apical membrane can pump drugs into urinary lumen. URAT1 and PEPT1/2 are recycling transporters 
on apical membrane, which reabsorb the substances from urine back to PTC (Figure 18.2). URAT1 medi-
ates the reabsorption of uric acid from the glomerular filtration, thereby playing a key role in uric acid 
homeostasis. OCTN1/2 and OAT4 are also expressed on the apical membrane but they are bidirectional 
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transporters. The significance of URAT1, PEPT1/2, OCTN1/2, and OAT4 on drug excretion and reab-
sorption are not well studied yet.

Blood–brain barrier (BBB) is a protection barrier formed by brain endothelial cells, astrocytes and 
membrane transporters expressed on endothelial cells. The major function of BBB is to separate blood 
flow from extracellular fluid in the central nervous system. Tight junctions between brain endothelial cells 
prevent the paracellular permeability of almost all large molecules and small molecules.23 Transporters 
expressed on apical membrane (facing blood) such as P-gp, BCRP, and MPR4/5 can limit the penetration 
of lipophilic compounds by effluxing them back to blood (Figure 18.2). Uptake transporters OATP1A2 
and OATP2B1 are also expressed on the apical membrane and reports have shown that these transport-
ers can enhance the brain exposure of certain therapeutic agents (Figure 18.2). The expression of other 
transporters, such as OCTN2 on basolateral membrane (facing brain), are also reported (Figure 18.2), 
but the clinical impact of these transporters on drug distribution is still not well investigated. Overall, 
drug distribution to brain is very limited and delivering drugs to specific regions of the brain is a major 
challenge to treatment of most brain diseases.

The distribution of drug molecules to other organs is generally assumed to be perfusion limited, 
in which passive permeability is the predominant factor for intracellular distribution. However, the 
expression of transporters has been reported for almost every tissue. For example, the expression of 
OATP2B1 is a key modulator in skeletal muscles for statin exposure and toxicity.24 Little has been done 
to understand how transporters can alter the distribution in tissues other than in the liver, kidney, and 
brain.

Metabolism

Transporters do not directly involve drug biotransformation. Transporters are often the facilitators for 
drug molecules to penetrate through cell membrane and make available for metabolism in cell cytosol. 
Therefore, the interplay of transporters and metabolic enzymes are important for drug ADME. Liver is 
the principle organ in the body for drug metabolism, which produces a variety of metabolic enzymes. 
Reduced hepatic uptake can limit the drug entering hepatocytes, resulting in reduced metabolism. 
Transporters expressed on kidney can also impact drug metabolism as several CYP and UGT isoforms 
are expressed in proximal tubule cells.25,26

Transporters are also important for the distribution and elimination of drug metabolites. Metabolites 
formed in hepatocytes can either be excreted into bile or pumped back sinusoidal. Either of the pathways 
requires the assistance of membrane transporters, especially for hydrophilic metabolites. The conjugated 
metabolites from phase II metabolism are usually hydrophilic and have low passive permeability. MRP2 
on the canaliculi membrane is known to transport glucuronide conjugates, and MRP3/4 can efflux them 
back to extrahepatic space. In disease conditions where transporter function is altered, the pharmacoki-
netics of metabolites can also be changed. For example, the conjugated bilirubin in blood is increased in 
patients with Rotor syndrome, with whom the function of OATP1B1 and OATP1B3 is completed lost and 
hepatic uptake of conjugated bilirubin is reduced.

Transporter-Mediated Drug Clearance and Extended 
Clearance Classification System (ECCS)

Transporter Role in Drug Clearance

Hepatic drug elimination is involved in multiple processes: drugs entering into the hepatocyte via passive 
diffusion or specific transporter proteins, phase I or II drug metabolism in the hepatocytes, and biliary 
secretion into bile by canalicular transporters.27,28 When passive diffusion of a drug is low, transporter 
mediated hepatic uptake can be the rate determining step, which acts as “gatekeeper” functions of the 
drug to assess the metabolic enzymes and/or biliary elimination and, therefore, affects drug pharmaco-
kinetics (PK) and liver concentration.29 OAT2, NTCP, OATP1B1/1B3, OCT1 are selectively expressed 
in the liver30,31 and play a key role in hepatic drug disposition and elimination. OATP substrates include 
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a large number of widely prescribed drugs, such as HMG-coenzyme A reductase inhibitors (statins), anti-
biotics, protease inhibitors, and anticancer drugs.32–36 Transporter-mediated active hepatic uptake results 
in higher liver exposure, which is beneficial to the efficacy of statins. On the other hand, inhibition of 
active hepatic transport can prevent a drug reaching the liver and, therefore, cause the increased sys-
temic exposure.21,37,38 For example, cerivastatin is a substrate of OATP transporters and metabolized by 
CYP2C8 and 3A4.39 A 3.8-fold increase of the area under the plasma concentration-time curve (AUC) 
of cerivastatin is observed in kidney transplant recipients with co-treatment of cyclosporine A, a potent 
OATP inhibitor,40 while only a 1.15- to 1.27-fold increase of cerivastatin AUC in healthy subjects with 
co-treatment of itraconazole, a potent CYP inhibitor.41,42 The results indicate that OATP-mediated active 
hepatic uptake is the key contributor to the DDIs with cyclosporine A.43 Similarly, pravastatin is metaboli-
cally stable and mainly eliminated equivalent between renal and non-renal routes (i.e., biliary excretion). 
A 10-fold change in pravastatin AUC is observed by cyclosporine treatment.44

Transporters expressed on the canalicular membrane of hepatocytes are important in biliary excre-
tion of drugs and their metabolites. For example, topotecan and cimetidine are transported into bile by 
BCRP.45 MRP2 contributes to the biliary excretion of endogenous chemicals, such as conjugated biliru-
bin, and many structurally diverse xenobiotics and their metabolites.46–50 While the physiological role 
of BSEP is to secrete bile salts to the bile duct and maintain the normal bile flow, inhibition of BSEP 
have been found to associate with cholestatic liver injury.51 In fact, troglitazone and its sulfate metabolite 
inhibit BSEP and the inhibition possibly contributes to the hepatotoxicity of troglitazone, resulting in the 
withdrawal of the drug from the market.52,53

The kidney is another important excretory organ for many clinical drugs and their metabolites.54,55 
Glomerular filtration, tubular secretion, and reabsorption are three determinants for urinary elimina-
tion. OATs, OCTs, and MATEs expressed on the renal proximal tubular cells play key roles in active 
renal secretion (Figure 18.2). Basal uptake transporter-mediated uptakes can increase drug accumulation 
in the proximal tubular cells resulting in drug-related nephrotoxicity.56 Therefore, inhibition of renal 
transporters can reduce the active renal secretion, leading to increased systemic drug exposure and/or 
altered drug exposure in the proximal tubule cells. For example, probenecid inhibits OAT function and 
increases the systemic exposure of penicillin and cephalosporin antibiotics.57,58 Similar to renal OATs, 
DDI can also be attributed by OCT inhibition. For example, the renal clearance of metformin is reduced 
by inhibition of OCT2 activity.59–62

Estimation of In Vivo Hepatic Clearance

Under the condition of “well-stirred” that a drug is rapidly and homogenously equilibrated between the 
plasma and liver, hepatic drug clearance in the blood (CLh, b) is defined by a function of the hepatic blood 
flow (Qh), the intrinsic metabolic clearance in the liver (CLint), and the unbound fraction of the drug (fu,b) 
(Equation 18.1). The intrinsic metabolic clearance (CLint) can be estimated from in vitro systems such 
as human liver microsomes, hepatocytes, or recombinant CYP enzymes. Since the well-stirred model 
is based on the assumptions that the drug concentration is homogeneous throughout the liver, the equa-
tion can be further derived into the parallel-tube model or dispersion model to account for concentration 
changes during the drug passing through the liver, using complex mathematic equations to model the 
pattern of drug mixing within the liver. However, only minor difference is observed between the models 
for the prediction of in vivo hepatic clearance,63 the well-stirred model remains the most often used, due 
to the simpler mathematical equation with similar predictive power.

 CL
Q *f *CL

Q * f *CL
h, b

h u,b int

h u,b int

=
+

 (18.1)

Extended Clearance Concept and the Drug Classification System

It is now generally accepted that drug transporters on hepatic sinusoidal membrane can regulate the 
rate of a drug entering into hepatocyte and serve as the determinants of the drug elimination. It is true 
even for the drugs that ultimately undergo metabolism and/or biliary excretion in the liver. In contrast 
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to the rapid-equilibrium between the blood and throughout the liver, extended clearance concept was 
introduced to catch up the hepatic uptake-determined clearance.64 Therefore, a mathematic equa-
tion  (Equation  18.2) is developed to elucidate the contribution of transporter-mediated uptake to the 
overall drug clearance.64 The concept has been further validated in different groups for the applica-
tion to define the rate-determining step in hepatic clearance.43,65–70 Using the mathematical equations as 
shown below, transporter-mediated sinusoidal uptake (PSinflux), basal (sinusoidal) efflux (PSefflux), intrin-
sic metabolic and/or biliary clearances (here CLint = CLbile + CLmet), and passive diffusion (PSpd) are 
incorporated in the equation  to compute the transporter contribution to the overall drug clearance71 
(Equation 18.2). Based on the equation, the model can predict pharmacokinetic variations due to trans-
porter inhibition (transporter DDIs) and pharmacogenomics for the compounds that are not predicted by 
well-stirred model using metabolic parameters.72,73

 CL
Q *f * PS PS *CL

Q * PS PS
h, total

h u,b influx pd int

h efflux pd

=
+( )

+ + CCL f * PS PS *CLint u,b influx pd int( ) + +( )  (18.2)

Extended Clearance Classification System (ECCS)

When dosed orally, intrinsic properties such as solubility, ionization, and permeability are important fac-
tors determining fraction absorbed (Fa) of a drug. Accordingly, Biopharmaceutics Classification System 
(BCS) for correlating in vitro dissolution and in vivo bioavailability has been introduced to place a drug 
in one of four categories depending on its solubility and permeability.74 The BCS categories include: 
Class 1, high solubility-high permeability molecules; Class 2, high permeability-low solubility mol-
ecules; Class 3, low permeability-high solubility molecules; and Class 4, low permeability-low solubility 
molecules (Figure 18.3).74 The BCS is used to aid in the regulation of post-approval changes (https://
www.fda.gov/RegulatoryInformation/Guidances/default.htm). Possibility to skip in vivo bioequivalence 
and bioavailability can be granted by the US Food and Drug Administration (FDA) for drugs that are in 
the category with absorption potential, e.g., BCS Class I compounds with rapid dissolution rate (https://
www.fda.gov/RegulatoryInformation/Guidances/default.htm).

In 2005, Wu and Benet75 replaced the permeability in the BCS with extensive and poor metabolism 
and formed the Biopharmaceutics Drug Disposition Classification System or BDDCS. The BDDCS 
is applied to predict in vivo major route of elimination, disposition, and subsequently potential drug-
drug interactions of a drug. Accordingly, the major route of elimination of highly permeable molecules, 

FIGURE 18.3 Biopharmaceutics classification system (BCS) and Biopharmaceutics Drug Disposition Classification 
System (BDDCS).

https://www.fda.gov/
https://www.fda.gov/
https://www.fda.gov/
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e.g., in BDDCS class 1 and class 2, is metabolism (≥70%), while the poorly permeable molecules, e.g., in 
BDDCS Class 3 and 4 are mainly eliminated from renal and/or biliary excretion of unchanged drugs. 
Therefore, as shown in the Figure 18.3, transporter effects on drug disposition and elimination can be 
minimal for molecules in the class 1 of the BDDCS, while the transporter effects can be significant for 
the molecules in the class 2, 3, and 476–78 (Figure 18.3).

Recently, on the basis of investigating the corrections between physiochemical properties of a drug 
and its clearance, Varma and colleagues proposed a framework of Extended Clearance Classification 
System (ECCS) (Figure 18.4).79 The ECCS is applied to define in vivo rate-determining clearance pro-
cesses based on in vitro drug passive permeability and physiochemical properties, e.g., ionization.79 
As illustrated in Figure 18.4, the ECCS assigns drugs into six classes. Class 1A drugs, the molecules with 
low molecular weight, high permeability and ionization state of acids and zwitterions, are predominantly 
cleared through metabolism; Class 1B drugs, the molecules with high molecular weight and permeabil-
ity and the ionization state of acids and zwitterions, are predominantly cleared by transporter-mediated 
hepatic uptake; Class 2 drugs, the molecules with high permeability and ionization state of bases and/
or neutrals, are predominantly cleared by metabolic enzymes; Class 3A drugs, the molecules with low 
molecular weight, low permeability and ionization state of acids and zwitterions, are mainly eliminated 
by renal clearance mechanism; Class 3B drugs, the molecules with high molecular weight, low perme-
ability and ionization state of acids and zwitterions are predominantly cleared by hepatic uptake or 
renal secretion; and Class 4 drugs, the molecules with low permeability and ionization state of bases 
and neutrals are mainly eliminated through renal clearance.78,79 The framework of ECCS can be use-
ful in understanding the predominant drug clearance mechanism for design of new molecules in early 
drug discovery stage using minimal experimental and physiochemical properties. The classification can, 
therefore, guide to further characterize the most likely pharmacokinetics attributes for the late stage 
compound development.79,81

Transporter Genetic Polymorphisms and PK Variability

Variability on drug pharmacokinetics is a leading cause for weakened efficacy or unwanted adverse 
effects for many drugs. As described in the above section, transporters play an important role in drug 
absorption, distribution, metabolism, and excretion. Therefore, it is reasonable to believe that altered 
transporter activity will have an impact on the pharmacokinetic and pharmacodynamics of a therapeu-
tic agent. Genetic polymorphisms can cause alteration on the sequence and structure of a transporter 

FIGURE 18.4 Extended Clearance Classification System (ECCS).
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and, therefore, lead to malfunctioned protein. Transporter genetic polymorphisms were first documented 
from subjects with noticeable clinical syndromes. For example, subjects developed type 2 progressive 
intrahepatic cholestasis (PFIC2) are carrying mutations on gene ABCB11 that encodes BSEP protein.82,83 
Rotor syndrome is a result of genetic deficiency of both OATP1B1 and AOTP1B3.84 As the development 
of gene sequencing technology and the prevalent research on human genome, more and more polymor-
phisms are identified in drug transporters that are found to alter drug ADME in clinical studies.

P-gp/MDR1

P-gp is the earliest identified and is also the most studied drug transporter so far.85 It is an ABC trans-
porter excreting drugs from enterocytes into gut lumen in small and large intestine, from hepatocytes 
to bile in liver, and from proximal tubules cells to urine in kidney. The first two SNPs identified in P-gp 
were 2677G>T in exon 21 and 2995G>A in exon 24.86 Nearly 40,000 genetic variations are detected in 
P-gp based on NCBI database search, of which a few hundred are occurring at the coding region. It has 
to be noted that SNPs at both coding and noncoding regions can affect transporter activity. For example, 
SNP (4036A>G) in the 3ʹ untranslated (30-UTR) non-coding region is reported to increase different 
pharmacokinetic parameters of efavirenz in HIV patients.87

Majority of the current observed variants in P-gp are at low frequencies (<0.01) and only a few of 
these rare SNPs have been characterized in in vitro systems. The most studied variants are 1236C>T, 
3435C>T, and 2677G>T/A, in which the former two are synonymous mutation with no amino acid sub-
stitution. 2677G>T/A is a nonsynonymous variant, and alanine is replaced by serine or threonine in 
the intracellular region of P-gp. However, the synonymous SNPs may affect the mRNA stability or 
translating speed, resulting in incorrectly folded transporter protein.88,89 These three variants are closely 
linked and usually screened together in the haplotype analysis. The haplotypes CGC (1236C, 2677G, and 
3435C) and TTT (1236T, 2677T, and 3435T) were reported in many populations (Table 18.2).90,91 It was 
observed that the two synonymous SNPs can derive from the linkage disequilibrium with the missense 
variant 2677G>T/A.92,93

The frequency of SNPs in P-gp is greatly variable among racial populations. The 3435T allele has 
prevalence rates of 0.17–0.27 in African populations, and 0.41–57 in Asians and Caucasians.94 The 
1236C allele is a minor allele in Asian populations and 1236T is the minor allele in African populations. 
The frequency of 2677T is common in Caucasian subjects (0.46), but 2677A is very rare, with a preva-
lence of 0.02.95 Compared to the C-G-C haplotype, The T-T-T variant occurs significantly less frequent 
in African populations than in Caucasians and is the most common haplotype in Asians.90, 91, 93 The dif-
ferent frequency of SNPs is one of the causes leading to interethnic variance in the pharmacokinetics of 
P-gp substrate drugs.

The impact of P-gp SNPs on drug disposition has been reported in many studies. However, the out-
comes are quite controversial from clinical studies. Digoxin is a gold standard substrate for P-gp and is 
commonly used in in vitro and clinical studies to assess P-gp function. In some reports, the maximum 
plasma concentration was reached earlier and also higher in subjects with 2677G>T/A or 3435C>T, as 
compared to people with WT P-gp following an oral dose of digoxin in healthy subjects.96–98 However, no 
changes in PK or opposite results were obtained in other clinical studies with the same variant and same 
ethnic groups.99,100 These questionable results are also observed for other drugs, such as fexofenadine, 
tacrolimus, and cyclosporine.90, 101–105 Again, a PET imaging study demonstrated that the brain level of 
[11C]verapamil, another model P-gp substrate, is not different between haplotype C-G-C and T-T-T.106 
The underlying mechanism for these controversial observations is still not clear.

BCRP

BCRP is another ABC transporter, which is usually expressed in parallel with P-gp in intestine, liver, 
kidney, and BBB. Numerous SNPs have been found in BCRP gene. The two well-known nonsynonymous 
polymorphisms are 34G>A and 421C>A, in which valine and glutamine are replaced by methionine and 
lysine, respectively (Table 18.2). The frequency of 421C>A SNP is very high in Asian populations (0.30–
0.34), common in Caucasian (0.11), and very  low  in  African  populations  (<0.05).107,108 For  34G>A, 
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the frequency is high in Japanese but low in Caucasian and African. Another SNP for BCRP is 376C>T, 
leading to an early stop codon, which is extremely rare. Haplotype analysis of these 3 SNPs revealed 
4 haplotypes G-C-C, G-C-A, A-C-C, and G-T-C with frequencies of 46%, 35%, 18%, and 1%,  respectively, 
in Japanese.108

The expression level of BCRP were decreased in the presence of SNP 421C>A as evaluated in in vitro 
system.109 Therefore, it is expecting that BCRP substrate drug will have reduced clearance from liver and 
kidney and increased bioavailability from intestine. This expectation is supported by clinical observa-
tions that uric acid, a nature BCRP substrate, is higher in subject carrying 421C>A.110 Following an IV 
administration, the plasma exposure of diflomotecan was increased 3 folds in patients with heterozygous 
421A as compared to the homozygous 421C WT.111 The bioavailability of topotecan was increased 1.34 
fold in two heterozygous 421A subjects.112 However, no significant changes in pharmacokinetics are also 
reported for diflomotecan oral dose and other drugs.107,111

MRP2

MRP2 is known from Dubin-Johnson syndrome, a disorder characterized by conjugated hyperbili-
rubinaemia and accumulation of dark pigments in the liver. Genetic modification of MRP2 from 
missense mutation, nonsense mutation, splice site mutation, and deletion mutation are reported to 

TABLE 18.2

Impact of Commonly Observed Transporter Polymorphisms on Function and Drug Pharmacokinetics 

Variant or Haplotype Effect Functional Change Clinical Impact

P-gp 1236C>T Synonymous

3435C>T Synonymous ↓ ↑ BA, AUC, Ctrough

2677G>T/A 893Ala>Ser/Thr ↓ ↑ AUC, Ctrough

C-G-C>T-T-T — ↓ ↑ AUC, Ctrough

BCRP 34G>A 12Val>Met

421C>A 141Gln>Lys ↓ ↑ BA, AUC

376C>T 126Gln> stop codon ↓
G-C-C > G-C-A/ A-C-C/ G-T-C

MRP2 −24C>T Promotor

1249G>A 417Val>Ile

C3972T synonymous

OATP1B1 388A>G 130Asn>Asp ↑, ↔
521T>C 174Val>Ala ↓, ↔
−11187G>A Promotor ↓ ↓ AUC; ↑ CL

*1a>1*b ↑ ↓ AUC; ↑ CL

*1a>*5 ↓ ↑ AUC; ↓ CL

*1a> *15 ↓ ↑ AUC; ↓ CL

OATP1B3 334T>G 112Ser>Ala ↔ No Change

699G>A 233Met>Ile ↔, ↓ No Change

1564G>T 522Gly>Cys ↓ No Change

IVS12-5676A>G 3’UTR Mixed change

OCT2 808G>T 270Ala>Ser ↓ ↓ CL

−66T>C 5’UTR ↓ No Change

OAT1 1361G>A 454Arg>Gln No Change

OATP3 723T>A Synonymous No Change

1166C>T 389Ala>Val No Change
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be associated with Dubin-Johnson syndrome.113–115 Several common SNPs were reported for MRP2, 
including C-24T (promoter), 1249G>A (417Val>Ile), and C3972T (synonymous) (Table  18.2). 
However, little is known regarding the occurring frequency in different populations and the impact 
on drug disposition.

OATP1B1 and OATP1B3

OATP1B1 and OATP1B3 are two SLC transporters specifically expressed on the sinusoidal mem-
brane of hepatocytes, contributing to liver uptake of many therapeutic drugs. The two transporters 
share 80% of amino acid and have a great overlap for substrates. A variety of genetic variants has 
been identified in OATP1B1.116,117 The two commonly occurring ones are 388A>G (130Asn>Asp) 
and 521T>C (174Val>Ala). One SNP located in the promoter region of OATP1B1 (g.-11187G>A) is 
tightly linked with 521T>C.118 Major Haplotypes in humans are as follow: *1a (130Asn, 174Val), *1b 
(130Asp, 174Val), *5 (130Asn, 174Ala), *15 (130Asp, 174Ala), and *17 (-11187G>A, 130Asp174Ala) 
(Table 18.2). The distribution of OATP1B1 genetic variants is closely related to geographical regions. 
In general, the East Asian population has high frequency of OATP1B1 * 1b (~63%) and *15 (~12%) 
but very low *5 haplotype. The haplotype *1b is also very high in Sub-Saharan Africa (77%), while 
*5 and *15 are extremely low. In North America, the frequency of *1b and *15 are approximately 39% 
and 24%, respectively.119

Both OATP1B1 * 5 and *15 are conferred with reduced transporter capability. In cells transfected 
with either, a variant is reported with a decreased uptake probe substrate as compared to the WT.34,120,121 
More than 20 clinical studies have been conducted by various groups to investigate the impact of 
OATP1B1 * 5 and *15 haplotype (Table 18.2). The conclusion is similar to that of drugs known to be a 
OATP1B1  substrate with an increased plasma exposure and reduced hepatic clearance in subjects carry-
ing OATP1B1 * 5 or *15. For example, as shown in Figure 18.5, the plasma exposure of pravastatin is 
increased in subjects with heterozygous or homozygous OATP1B1 * 5.122 Although controversial results 
have been reported, OATP1B1 * 1b, in general, is believed to increase the transporter activity, which will 
enhance hepatic uptake and decrease plasma exposure.

Similar to OATP1B1, a great number of SNPs are also reported for OATP1B3, including 334T>G 
(112Ser>Ala), 699G>A (233Met>Ile), 1564G>T (522Gly>Cys), and IVS12-5676A>G (3’UTR) 
(Table 18.2).123–125 However, the function of these variants is not comprehensively studied as compared 
to OATP1B1. In the limited reported clinical studies, the 3 nonsynonymous SNPs demonstrated no 
impact on the pharmacokinetics of OATP1B3 substrate, docetaxel.126–128 Controversial results have been 
reported for IVS12-5676A>G in the pharmacokinetic profile of telmisartan.129,130

FIGURE 18.5 The plasma exposure of pravastatin in subjects with OATP1B1  polymorphism. Polymorphisms of 
OATP1B1 on the plasma concentration of pravastatin following a signal oral dose (40 mg). (Adapted from Niemi, M. et al., 
Clin. Pharmacol. Ther., 80, 356–366, 2006.)
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OCT2 and MATE1/MATE-2K

OCT2 is predominately expressed on the basolateral membrane to uptake drugs into proximal tubule 
cells, and MATE1 and MATE-2K are expressed on the apical membrane to export drugs to urine in human 
kidney (Figure 18.2). The genetic polymorphisms have been screened, and several non-synonymous SNPs 
are identified for all 3 transporters.131,132 The allele frequency is relatively low for all polymorphisms, 
except for a SNP located at 5’UTR on MATE1.34 The OCT2-MATE1/MATE-2K is a major channel 
for renal secretion of metformin. As thus, genetic variations of either OCT2 or MATE1/2K transporter 
genes may affect the renal clearance of metformin. In a clinical study conducted in Chinese population, 
OCT2 808G>T polymorphism is associated with a reduced metformin renal clearance (Table 18.2).133 
However, metformin plasma concentrations and apparent plasma clearance were not changed in hetero-
zygous carriers of the MATE1 and MATE2-K variants.134

OAT1 and OAT3

Both OAT1 and OAT3 are substantially expressed on the basolateral membrane of proximal tubules. 
A list of SNPs is reported for these two transporters, but the overall frequency is very low in all popula-
tions. In two separated clinical studies, neither OAT1 1361G>A nor OAT3 723T>A and 1166C>T dem-
onstrated any impact on renal clearance of tested substrate (Table 18.2).135,136

Naturally occurring genetic polymorphism is a good resource to understand the function of transport-
ers in humans. The accumulation of the knowledge can guide the pharmaceutical companies to develop 
drugs with improved efficacy and less adverse effects. The above discussed transporters are only a few of 
the whole transporter family, which have demonstrated clinical significance on drug pharmacokinetics 
and been nominated by multiple health authorities to investigate their role in drug discovery and devel-
opment. As described, numerous genetic polymorphisms have been identified for drug transporters, but 
the impact on functions is still not well understood. It is even more challenge to explore the influence 
 clinically. First of all, highly selective probe substrates are not available. Many drugs are substrates of 
multiple transporters so that single genetic variant may not lead to a change in plasma concentration. 
Second, transporters expressed on the apical membrane in liver and kidney is more likely to affect the 
 tissue concentration, and the impact in most case will not be reflected in plasma drug  pharmacokinetics. 
In addition, subject enrollment is difficult especially for low occurring variant. The condition of the 
 studied subjects can be varied from many aspects such as disease status, living habit, and co- medications. 
All these can lead to interindividual variability on studied drug PK. This may explain the controversial 
results reported from different groups.

Transporters Involved DDIs

During the past decades, efforts by the pharmaceutical industry have been made to examine and 
de-risk DDIs potentials during drug discovery and development. Inhibition of drug transporters can 
affect both drug pharmacokinetics and pharmacodynamics. The reviews of transporter-mediated DDI 
are well-documented in the literature.137 Of the many reported clinical DDI studies, P-glycoprotein138 
is clearly the most studied, and the original finding and basic research continues to have strong ties 
with clinical oncology.139,140 Many drugs, particularly the hydrophobic and cationic molecules, have 
been identified as P-gp substrates across therapeutics classes including protease inhibitors, immu-
nosuppressants, beta-blockers, anticancer agents, and the cardiac glycoside digoxin.141,142 For oral 
administered drugs, P-gp expression in the luminal membrane of the enterocyte plays an important 
role in drug absorption, and inhibition of P-gp function can increase the exposure of drugs that are 
substrates of P-gp. P-gp inhibitors include quinidine, cyclosporine, itraconazole, and clarithromy-
cin143 and coadministration of P-gp inhibitors can increase the drug absorption in the gastrointestinal 
track. For example, increased bioavailability and decreased renal secretion of digoxin were observed 
when coadministration with P-gp inhibitor quinidine.143,144 P-gp also serve as an efflux pump on 
blood–brain barrier (BBB) and has the highest relevance of all transporters for drug transport across 
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BBB for many xenobiotics (Figure 18.2). Functional activities of P-gp on BBB is testified using posi-
tron emission tomography scanning with [11C]verapamil.145,146 Inhibition of P-gp function on BBB 
causes respiratory depression in healthy volunteers, which is undesirable effects of loperamide.147 As 
such, P-gp was the first transporter being included in the FDA guidance in 2006 due to the appar-
ent clinically relevant DDIs reported. Metabolic stable P-gp substrates such as digoxin, dabigatran 
etexilate, and fexofenadine are listed as probe substrates to investigate clinical DDIs with P-gp inhibi-
tors in EMA guidance (http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guide-
line/2012/07/WC500129606.pdf).

In addition to P-gp, BCRP is also expressed on apical membrane of enterocytes to limit drug absorp-
tion. Many drugs such as statins (e.g., rosuvastatin) and antineoplastic agents (e.g., mitoxantrone, topote-
can, gefitinib, imatinib) are identified as substrates of BCRP.148,149 The altered disposition of atorvastatin 
and rosuvastatin in the subjects with BCRP 421C>A polymorphism in the ABCG2 gene that causes 
a reduced activity of BCRP provides the evidence of BCRP role on drug absorption in human.150–152 
Therefore, inhibition of BCRP can alter disposition of BCRP substrates.152

OATP1B1, OATP1B3 and OATP2B1 are expressed in the liver and are important uptake transporters 
for drug disposition and hepatic clearance. Many drugs have been identified as substrates and/or inhibi-
tors for the OATP transporters. Interactions with OATP mediated hepatic transport can cause significant 
PK changes, not only for drugs that are metabolic stable, e.g., pravastatin,153 also for many compounds 
that are metabolized by phase I and/or II enzymes, e.g., bosentan.154 Although considerable differences 
in the affinity to drug metabolizing enzymes and uptake/efflux transporters are noted for statins, the 
evidence for OATPs’ role on DDIs is mostly documented for statins. For example, fluvastatin is metabo-
lized by CYP2C9 and atorvastatin and simvastatin by CYP3A4, whereas metabolic clearance plays a 
minor role for pitavastatin, rosuvastatin and pravastatin.155,156 The systemic exposures of cerivastatin 
and atorvastatin were significantly increased by coadministration of OATP inhibitor gemfibrozil and 
cyclosporine, respectively.157,158 AUCs of OATP substrate cerivastatin and repaglinide were increased 
about 4-fold and 3.4-fold increased respectively by cyclosporine A.157,159 Rifampicin is a potent OATP1B 
inhibitor and cause increased systemic exposure of its substrates bosentan and repaglinide.21,160 Clinical 
DDI studies have shown that CYP3A4 inhibitors clarithromycin and itraconazole can only modestly 
increase the plasma exposure, e.g., AUC of repaglinide.161 The large drug interaction of repaglinide was 
detected when co-dosed with gemfibrozil,161 likely due to inhibition of both OATP1B1 and CYP2C8 
by gemfibrozil and its glucuronide metabolite.162 In addition, elevation of repaglinide plasma levels in 
subjects with the OATP1B1 521CC genotype with reduced OATP1B1 activities demonstrates the impor-
tance of OATP1B1-mediated hepatic uptake for repaglinide elimination. As aforementioned, circulating 
metabolites can also be OATP inhibitors and cause significant DDIs. Glucuronide metabolite of gemfi-
brozil is more potent inhibitor of OATP1B than its parent gemfibrozil and account for the DDIs with a 
number of statins.39,163

Although members of the OAT family are present in various tissues in the body, the inhibition of OAT 
functions mainly attribute to the DDIs for drugs eliminated from urine. OAT1 and OAT3 are expressed 
on the basolateral membrane of the proximal renal tubular cells and facilitate the basolateral uptake of 
anionic drugs into proximal renal tubular cells.164 OATs operate as an organic anion/alpha-ketoglutarate 
exchanger to transport many anionic drugs including antibiotics, antivirals or H2-receptor, and endog-
enous compounds.165,166 The antivirals acyclovir and cidofovir are OAT1 substrates,167,168 whereas the 
antibiotic benzylpenicillin is a well-characterized substrate of OAT3. Diuretic reagent furosemide is 
transported by both OAT1 and OAT3.169 Probenecid is an inhibitor for both OAT1 and OAT3 used for 
characterizing clinical DDIs mediated OAT inhibition.170,171 Furosemide is mainly eliminated by active 
renal excretion of the unchanged drug. Coadministration of probenecid increased plasma exposure of 
OAT substrate furosemide,172 or methotrexate.173

OCT2 and MATE1/MATE2K are expressed on the basalateral and luminal membrane of renal proxi-
mal tubule cells, respectively, and mediate the uptake and efflux of their substrate from the blood into 
the urine. The transporters play an important role in the renal tubular secretion for basic drugs.132,174 
OCT and MATE commonly share their substrate specificity such as cimetidine and metformin.175,176 
Inhibition of OCT and/or MATE activity can cause DDIs for organic cation drugs that are secreted 
from urine. Cimetidine, an inhibitor for both OCT and MATE, decreased renal clearance and increased 

http://www.ema.europa.eu/
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the systemic exposure of the antiarrhythmic drug procainamide in healthy volunteers.177 Similarly, 
coadministration of cimetidine increased the systemic exposure of metformin and decreased its renal 
clearance in healthy subjects.178 Studies from other research group revealed that a single oral dose 
of 50 mg of pyrimethamine, an potent inhibitor of MATE, reduced the renal clearance of the anti-
diabetic metformin in healthy volunteers.179 Pyrimethamine also reduced the renal secretion of the 
endogenous metabolite N-methylnicotinamide (NMN),180 suggesting that NMN can be an endogenous 
probe for evaluation of DDIs involving MATE inhibition.181 Similar to OAT transporters, inhibition of 
OCT uptake can also reduce the drug exposure in proximal tubule cells and provide protective effects 
prevent renal damage. For example, coadministration of cimetidine protects mice from nephrotoxicity 
of cisplatin, which is attributed to the inhibition of OCT-mediated accumulation of cisplatin in proximal 
renal tubule cells.182,183

Transporter Roles in Toxicity

Transporters play a pivotal role in transporting many fundamental physiological substances.184 
Transporter-mediated active uptake can cause drug accumulation in a target organ to an unsafe level, 
or disruption of transport pathways may lead to serious drug-induced toxicities including liver cho-
lestasis, cardiac myopathy, and nephrotoxicity. In the kidney, basolaterally expressed transporters such 
as OAT1, OAT3, and OCT2 and apically expressed MATE1 and MATE2-K in the proximal tubule 
play an important role in renal secretion of a drug and its metabolites. As such, the kidney is often a 
target organ of drug toxicity. For example, antivirals (e.g., acyclic nucleoside phosphonates), antibiot-
ics (e.g., b-lactams), and chemotherapeutic agents (e.g., methotrexate and cisplatin) can accumulate in 
the proximal tubule and cause direct cellular toxicity.185–187 The mechanism of OAT-mediated cidofo-
vir uptake has led to the clinical use of the OAT inhibitor probenecid to reduce the accumulation in the 
proximal tubule cells and, therefore, greatly reduce the incidence of renal adverse events.188 The neph-
rotoxicity of cisplatin is a basal transporter OCT2 and apical efflux transporter MATE substrates.189,190 
Coadministration of MATE inhibitors ondansetron or vandetanib can cause cisplatin accumulation in 
the kidney resulting in enhanced toxicity either in mice or transfected cell lines.191,192

Bile acids are produced from cholesterol in the liver and undergo enterohepatic recycling to 
aid in the absorption of lipids and nutrients.193,194 In the gut, bile acids are absorbed by apical 
sodium dependent bile salt transporter (ASBT). In the liver, bile salts are taken up predominantly 
by NTCP195,196 and pumped out into the bile via into the bile mediated by BSEP.197,198 BSEP function 
can be inhibited by many drugs such as troglitazone, bosentan, rifampicin, erythromycin estolate, 
and glibenclamide. Inhibition of BSEP function can cause the accumulation of bile salts in the liver 
and is found to correlate with liver liabilities in humans.51 Antidiabetic drug troglitazone and anti-
depressant drug nefazodone were withdrawn from the market due to severe liver injury, and they 
both inhibit taurocholate transport mediated by BSEP.52,53,199,200 Inhibition of BSEP by troglitazone 
may contribute to the drug induced liver injury observed in clinic. Therefore, evaluation of BSEP is 
recommended in the drug discovery and development to screen out the compounds with potential 
risk of liver cholestasis.201

Hepatic transporter expressions are sensitive to the regulation of transcription factors and nuclear 
receptors or disease conditions.202 In addition, the expression of BSEP is highly regulated by bile acid 
receptor, the heterodimer of farnesoid X receptor (FXR) and retinoid X receptor alpha (RXR).203–205 For 
example, acetaminophen overdose can upregulate the expression of basolateral efflux transporters (MRP4 
and MPR5) and canalicular efflux transporters (BCRP and P-glycoprotein).203 The transporter upregula-
tion could be a protective mechanism from liver injury. In cholestatic patients, down-regulation of NTCP 
and OAPTs and upregulation of basolateral efflux transporters (MRP3 and MPR4) are reported,207 which 
can limit the excessive bile salts exposure in hepatocytes. Disruption of the transporter regulations may 
change and disable the adaptive response of the liver to the drug-induced liver injury, leading to a greater 
risk of toxicities.
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Tools to Assess Transporter Interaction in Drug Discovery and Development

A variety of tools have been developed to access transporter functions in drug discovery and develop-
ment. The in vitro systems include cell lines, membrane vesicles, and primary cells. The function of 
transporters can also be studied in animals and humans by applying specific inhibitors. Gene KO animal 
model or humans with nature occurring genetic polymorphisms are also used to explore the transporter 
functions in vivo.

Passive Permeability with PAMPA, Caco-2, and MDCK

Passive permeability of a drug candidate is usually determined in discovery stage. Although a trans-
porter is not involved in this process, measurement of passive permeability can be used to explore the 
oral absorption potential and to predict the distribution and elimination of a drug candidate. The relative 
contribution of passive permeability against transporter mediated cell membrane penetration can be 
important for drug ADME in special populations or in patients taking multiple drugs.

Two systems are commonly used in pharmaceutical industry to determine the permeability of sub-
stances, parallel artificial membrane permeability assay (PAMPA) and cell lines forming monolayer 
with low paracellular permeability. The membrane layer in both systems will divide the incubation 
buffer to two separated spaces and prevent the free movement of chemicals. In PAMPA assays, the 
permeation is measured using a lipid-infused artificial membrane. Caco-2 and MDCK are the two 
widely used cell lines, which can form a tight monolayer with the differentiation of apical and baso-
lateral cell membrane, when cultured on permeable membrane inserts (Figure 18.6). Caco-2 is a cell 
line derived from human epithelial colorectal adenocarcinoma cells. After culture, Caco-2 cells can 
form a monolayer similar to small intestine: tight junction, microvilli, and metabolic enzymes and drug 
transporters (Figure 18.6). MDCK cell line was derived from canine kidney, which can also form a 
monolayer with tight junction. The expression of canine transporters is observed in the original MDCK 
cells. Recently, genetically engineered MDCK cells with no P-gp/ BCRP are usually used to determine 
passive permeability.208

The integrity of the cell monolayer can be measured by transepithelial electrical resistance or TEER 
value and paracellular flux of a low-permeability compound (e.g., inulin, mannitol, or Lucifer yellow). 
For both systems, the compound is loaded to the buffer in the “donor” compartment at the beginning, 
and no drug is presented in the buffer in the “acceptor” compartment. The buffer presented in each 
side can be the same or different to mimic various in vivo scenarios. The test drug is first loaded to one 
side of the cell monolayer, either in the apical (A) compartment or the basolateral (B) compartment. 
At predetermined time points, the amount of drug appearing in the other side of cell monolayer will be 
quantified. The apparent permeability (Papp) is calculated for both A to B (A-B) and B to A (B-A) using 
Equation 18.3. For PAMPA assay and MDCK cells, the permeability is usually tested in one direction 
(A to B), in which a compound is dosed in compartment facing the apical side (only for MDCK cells). 

Basal to apical
transport

Caco-2 cells

Apical to basal
transport

FIGURE 18.6 Bidirection transport in cell monolayers cultured on permeable membrane inserts.
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For Caco-2 assay, drug is dosed on both sides separately to determine A to B and B to A permeability. 
An efflux ratio (PB-A/PA-B) greater than 2 indicates the tested compound is a substrate for efflux transport-
ers such as P-gp and/or BCRP.

 Papp
dQ
dt

*
1

A*C0

=  (18.3)

where A is the membrane surface area, C0 is the donor drug concentration at t = 0, and dQ/dt is the 
amount of drug transported within a given period.

Bidirectional transporter assay is usually conducted to study efflux transporters such as P-gp and 
BCRP. Similar to the Caco-2 assays, MDCK or LLC-PK1 cells expressing the interested transporter are 
cultured on a permeable membrane insert to form a tight cell monolayer (Figure 18.6). An efflux ratio 
greater than 2 generally suggests substrate potential. The inhibition of a drug molecule can also be deter-
mined with the bidirectional transporter assay. The efflux ratio of a probe substrate is determined and 
the decreased efflux ratio in the presence of the test compound indicates the inhibitory effect. The efflux 
transporter kinetics for substrate and inhibitor measurement can be determined in a similar rationale to 
the uptake transporters as described above. The parameters of Km and IC50/Ki can be calculated using 
Equations 18.2 and 18.3, respectively, by fitting efflux ratio concentration curve.

Cell Lines with Overexpressed Transporters

Cells expressing a single transporter of interest are used to phenotype whether a drug molecule is a 
substrate or inhibitor of this transporter. This system can also be used to determine the substrate affinity 
(Km) and inhibition potency (IC50 or Ki). HEK293, CHO, and MDCK cells are commonly used as host 
cells for expressing uptake transporters. MDCK and LLC-PK1 cells can form tight polarized cell mono-
layers with apical and basolateral differentiation, and are used for the expression of efflux transporters 
on the apical membrane. Oocytes from Xenopus laevis were widely used historically for expression 
transporters but have stopped these days in the drug discovery and development. The major concern is 
that transport results obtained from oocytes are not always able to translate to those generated in mam-
malian cells.

Uptake Transporter Evaluation

For uptake transporters like OATP, OCT, and OAT, the substrate determination is carried out by incubat-
ing the drug molecules with cells expressing individual transporter. The assay can be conducted with 
cells attached to multiple well cell culture plates or in suspension. The accumulation of the compound 
significantly higher (generally>2 fold) in transporter-expressing cells than in nontransfected, or empty 
vector transfected cells, indicates that the tested compound is a substrate. Substrate potential can be 
further confirmed by comparing the intracellular drug amount in the absence and presence of a known 
inhibitor. A more profound experiment can be followed to determine the uptake kinetics. The uptake rate 
is measured at a wide range of substrate concentrations. The substrate affinity (Km) can be modeled with 
the Michaelis-Menten equation  (Equation 18.4). A time course assessment is necessary to determine 
the linear uptake range for the tested compound, and the incubation time for the kinetic study should be 
within this linear phase.

 v
V * S

K S
P * Smax

m
dif=

[ ]
+ [ ]

+ [ ]  (18.4)

Vmax: the maximum transporter rate

Km: the substrate concentration at which the transport rate is half of Vmax

[S]: substrate concentration

Pdif: passive diffusion
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Linear uptake range should also be established for the probe substrate (Table  18.1) in order to test 
whether a drug molecule is an inhibitor of the interested transporter. The intracellular accumulation of 
the probe substrate should be measured in the presence and absence of the test compound. A decreased 
probe substrate uptake suggested inhibitory effect. The IC50 parameter, the concentration of an inhibitor 
that inhibits 50% transport activity, can be derived from the concentration inhibition curve, in which the 
probe substrate uptake is measured with increasing concentrations of the tested compound. In this case 
where the inhibition is competitive, the inhibition constant Ki can be calculated using the Cheng-Prusoff 
equation (Equation 18.5).

 K
IC

s

K

i

m

=
+

[ ]
50

1

 (18.5)

Ki: inhibition constant

IC50: the concentration of the inhibitor that inhibits 50% transport activity

[S]: probe substrate concentration

[Km]: concentration of probe substrate at which the transport rate is half of Vmax

Membrane Vesicles

The other most commonly used in vitro model to study efflux transporter is the inside-out membrane 
vesicle assay. Membrane vesicles are usually prepared from crude membranous of insect Spodoptera 
frugiperda (sf9 or sf21) or mammalian cells genetically modified to overexpress the interested protein. 
Membrane vesicles containing major efflux transporters such as P-gp, BCRP, MPR2/3/4, and BSEP are 
commercially available.

The inside-out membrane vesicle assay can be conducted either by direct measurement of intrave-
sicular drug uptake or by indirect ATPase assay (Figure 18.7). The method for direct uptake assay in 
membrane vesicles is similar to the cell-based uptake transporter assay. Briefly, the test compound is 
incubated with membrane vesicles, and then intravesicular accumulation is measured at designated time. 
However, unlike the cell-based assay that can generate ATP, external ATP must be added in the mem-
brane vesicle assays to provide energy for the function of ABC transporters. In order to avoid false posi-
tive result from passive diffusion and specific/nonspecific binding, a control experiment with AMP is 

FIGURE 18.7 ATPase and uptake assays in membrane vesicles.
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usually conducted in parallel. A significant difference between the ATP and AMP treatments suggests 
the test compound as a substrate. This assay is also suitable for inhibition experiments, as well as kinetic 
studies to determine Km and IC50/Ki.

Activation of ABC transporters by interacting with substrate requires the hydrolysis of ATP by 
ATPase, which will release inorganic phosphate. Therefore, the transporter activity in membrane vesi-
cles can be determined indirectly by measuring released inorganic phosphate in the incubation buffer, 
named ATPase assay. In this assay, membrane vesicles are incubated with ATP and the test compound. 
The reaction is then stopped by adding 12% sodium dodecyl sulfate, and the released inorganic phos-
phate is quantified by a colorimetric assay.

Hepatocytes in Suspension

Freshly isolated and cryopreserved hepatocytes are known to maintain the uptake transporter activity 
when incubated in the suspension setup and, therefore, are commonly used in the evaluation of hepatic 
drug uptake. Hepatocytes are first suspended in ice-cold hanks balanced salt solution (HBSS) to mini-
mize cell degradation. Prior to the experiment, suspension hepatocytes are warmed to 37°C and then an 
equal volume of HBSS containing the tested compound (pre-warmed to 37°C) is added to initiate the 
uptake. At predetermined time points, the incubation is terminated by rapidly separating the cells from 
the incubation buffer using a rapid filtration approach with a cell harvester or centrifugation through 
a layer of mineral oil. The amount of drug presenting in the cells is quantified to calculate the uptake. 
Uptake rate or clearance can be derived from the initial linear curve. To separate transporter mediated 
uptake from passive diffusion, a parallel study is usually conducted at 4°C to determine passive perme-
ability in hepatocytes. The assumption is that transporter activity is halted at 4°C. However, the fluidity 
of the buffer and cell membrane can be affected at low temperature so that the passive diffusion obtained 
at 4°C may not represent the value at 37°C. Selective inhibitor can also be applied to determine the con-
tribution of individual transporter for overall hepatic uptake. The concentration of inhibitor should be 
optimized due to the great overlap of inhibition.

Sandwich Cultured Hepatocytes (SCH)

When cultured in a collagen-hepatocyte-collagen format, hepatocytes are able to form tight junctions 
among individual cells to generate sealed pockets similar to bile canalicular (Figure 18.8). The uptake 
and efflux transporters will be trafficked to basolateral or canalicular membrane as in the native distribu-
tion. Therefore, the recovered canalicular structure in SCH can be used to study drug biliary excretion. 
Detailed protocols for hepatocyte isolation and preparation of SCH cultures have been reported previ-
ously. Ready-to-use SCH plates are also commercially available.

For biliary excretion study, the SCH is pre-incubated with two different buffers in parallel: standard 
HBSS buffer containing Ca2+ and Ca2+-free HBSS buffer (Figure 18.8). Ca2+ is the modulator for tight 
junction formation among hepatocytes. With the removal of Ca2+ in the incubation system, tight junc-
tions will break, and the canalicular contents are released. Following a short period of preincubation 
(~10 min), cells are incubated with the tested compound prepared in standard HBSS buffer containing 
Ca2+ for up to 30 minutes. At the end of incubation, the reaction was stopped by washing with an ice-cold 
buffer and then cells are lyzed for drug quantitation. The amount of drug excreted into the canalicular 
pocket is determined by the difference between the Ca2+ buffer and Ca2+-free buffer. The biliary excre-
tion index (BEI), a parameter to evaluate canalicular excretion, is calculated as shown in Equation 18.6.

 BEI
(Amount Amount

Amount
*100Ca Ca

Ca

2 2

2

=
−+ −

+

+ +

+

)
%  (18.6)

BEI: biliary excretion index

Amount Ca2+ +: Amount of drug in SCH preincubated with standard HBSS buffer containing Ca2+

Amount Ca2+− : Amount of drug in SCH preincubated with Ca2+-free HBSS buffer
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Other In Vitro Models

In addition to the common assays described above, other in vitro models are occasionally used to address 
specific issues in drug discovery and development. To test the low permeable compound in the bidirec-
tional transport assay, double transporter transfected cell model is developed to facilitate the hydrophilic 
compound uptake in the basolateral membrane. For example, LLC-PK1 or HeLa cells co-transfected 
with NTCP and BSEP demonstrate great application to investigate bile salt excretion and drug interac-
tions with BSEP.

Due to the native expression of efflux transporter P-gp and BCRP, Caco-2 assay can also be used 
for substrate confirmation for these two transporters. An efflux ratio greater than 2 indicates the active 
transport of the tested compound through either P-gp or BCRP. A following Caco-2 assay can then be 
conducted with the inclusion of verapamil and fumitremorgin as the specific inhibitor for P-gp and 
BCRP, respectively. Decreased efflux ratio in the presence of inhibitor suggests that the compound is a 
substrate. Usually, a second assay with membrane vesicles or transporter overexpressed cells is needed 
to confirm the Caco-2 results.

In additional to hepatocytes, other primary cells are also developed to understand the complicated 
interplay between multiple transporters and enzymes in physiological relevant systems. Renal proximal 
tubule cell (PTC) monolayer is an in vitro model developed to study transporter mediated drug excre-
tion, DDIs, and nephrotoxicity in kidney. An organ-on-a-chip model is built with continuously perfused 
chambers inhabited by living cells arranged to simulate tissue- and organ-level physiology.209 A more 
complexed system is the integration of multiple organ-on-a-chip devices to mimic the interplay among 
different organs in the body.

Animal Model

The well-known human transporters are also identified in the preclinical animal models. The compari-
son of the transporter orthologues from mouse, rat, monkey, and humans are summarized in Table 18.3. 
Prior to the clinical investigations in humans, animal models are commonly used to evaluate the signifi-
cance of transporters in drug ADME.

The impact of efflux transporters on the drug oral absorption can be studied in animals with two 
different approaches. Multiple ascending doses can be orally administered. A greater than dose pro-
portional increase in systemic plasma exposure (AUC) suggests that the drug is most likely a substrate 

FIGURE 18.8 Hepatic uptake and biliary secretion in sandwich cultured hepatocytes (SCH).
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for intestinal efflux transporters. A high dose is believed to saturate the efflux capacity and, therefore, 
increase the fraction of absorption in a nonlinear pattern. The other approach is to coadminister P-gp or 
BCRP inhibitor to check the plasma exposure change. In both methods, caution should be taken to inter-
pret the data as systemic AUC change can also be contributed from saturation clearance from high dose 
and transporter inhibition from other tissue. Direct evidence is to evaluate the drug exposure in portal 
vein. Coadministration of selective inhibitors can also be applied to study transporter function in other 
organs such as in liver, kidney, and brain.

The other direction is to study transporter function in transporter deficient animal models, either from 
nature loss or genetic modified. To date, the genetic KO mouse model is available for major transporters. 
The KO rat model is also developed and commercial available for selected transporter. By removing the 
specific transporter, these animal models are believed to be most straightforward tool to study trans-
porter function in vivo. Promising results have been reported for many transporter KO animal models. 
For example, the brain concentration of digoxin, a typical substrate for P-gp, was significantly increased 
in mdr1a KO mouse.210,211 The plasma concentration of rosuvastatin was significantly increased in Oatp 
KO mice.212,213

There are still many considerations of using animal models. Due to the great overlap in inhibitor speci-
ficity across transporters, the observed PK alteration is usually a result contributed from many transporter 
inhibitions. For example, cyclosporine is potent inhibitor to many transporters, including P-gp, BCRP, 
MRP, and OATP. Rifampin is commonly used as an inhibitor in vivo to evaluate OATP DDI. However, 
rifampin also demonstrates inhibition against P-gp and MRP2. In addition,  compensatory mechanisms 
through gene regulations of other transporters are also reported in KO animals. More importantly, 
 species differences exist in regards to the transporter roles in drug ADME and toxicity. For example, 
Human with BSEP polymorphisms can develop progressive familiar intrahepatic  cholestasis type 2 
(PFIC-2), a progressive cholestasis typically leading to hepatic failure, but BSEP KO mouse and rat have 
much less consequences.82,83,214,215 Rodents are able to tolerate drugs that cause severe clinical toxicity. 
Therefore, preclinical to clinical translation should be carefully evaluated.

Clinical Studies

Transporter functions in humans are commonly investigated through DDI studies in drug clinical devel-
opment. In addition, the role of transporter in drug ADME can also be evaluated in subjects carrying 
SNPs. As summarized above, the genetic variance has been observed for many drug transporters. Due 
to the low frequency of SNPs for many transporters, it is very challenging and costly to enroll enough 
subjects for one clinical study. This methodology is not routinely used in clinical investigation of new 
chemical entities.

TABLE 18.3

Comparison of the Transporter Orthologues in Mouse, Rat, Monkey, and Human

Human Mouse Rat Monkey

P-gp (MDR1) Mdr1a/1b Mdr1a/1b P-gp (Mdr1)

BCRP Bcrp Bcrp Bcrp

MRP2/3/4 MRP2/3/4 MRP2/3/4 MRP2/3/4

BSEP Bsep Bsep Bsep

PEPT1/2 Pept2 Pept1 Pept1/2

OATP1B1/1B3/2B1 Oatp1b2/1a1/1a4 Oatp1b2/1a1/1a4 Oatp1B1/1B3

OAT1/3 Oat1/3 Oat1/3 Oat1/3

OCT1/2/3 Oct1/2/3 Oct1/2/3 Oct1/2/3

MATE1 Mate1 Mate1 MATE1

MATE2-K Mate2 Mate2 MATE2-K

OSTα/b Ostα/b Ostα/b OSTα/b
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Characterizing Transporter Interaction in Drug Discovery and Development

The first consideration in characterizing transporter interactions is to select the most appropriate assay. 
Cells with overexpressed transporter of interest are good to phenotype whether a drug molecule is a sub-
strate or inhibitor of a specific transporter, as well as to determine the kinetic parameters. This assay is 
particularly good for uptake transporters such as OATP, OCT, and OAT. It can be challenging sometimes 
for low permeable compounds in the bidirectional assay with cells overexpressing efflux transporters 
(Table 18.4). The slow penetration of basolateral membrane can misinform the efflux activity. Membrane 
vesicle assay is a more straightforward tool for efflux transporter phenotyping. The caveat is that it is 
an artificial system lacking of cellular components, which may contain key cofactors required for ABC 
transporter activity. For example, reduced glutathione should be supplied in the membrane vesicle assays 
to evaluate the function of MRP family.216–218 Application of hepatocytes in either suspension or sand-
wich cultured format allows to assess overall drug disposition by multiple drug transporter and metabolic 
enzymes in a physiologically relevant system. Due to the great overlap in inhibitor specificity across 
transporters, in vitro assay using hepatocytes is not a suitable system for determining transporter substrate 
specificity. The advantages, limitations and applications of each assay are summarized in Table 18.4.

TABLE 18.4

Advantages, Limitations, and Applications of In Vitro Assays

Assay Format Advantages Limitations Applications

Caco-2
MDCK

• High throughput
• Commercially available

• Long culture time for 
Caco-2

• Endogenous transporter 
activity

• Passive permeability 
measurement

• P-gp or BCRP substrate/
inhibition pre-evaluation

• Screening in early drug 
discovery

Cell lines with 
overexpressed 
individual 
transporter

• High transporter 
expression and activity

• Single transporter system
• High throughput
• Commercially available

• Endogenous transporter 
activity

• Bidirectional cell assay 
not compatible with low 
permeable compound

• Transporter expression 
varies

• Substrate or inhibitor 
confirmation

• Transporter kinetics 
(Km and IC50)

• SNP and mutation 
characterization

• Screening in early drug 
discovery

Membrane vesicles • High transporter 
expression and activity

• Compatible with cytotoxic 
compounds

• Good with low 
permeability compounds

• High throughput
• Commercially available

• Endogenous transporter 
activity

• Artificial system lacking 
physiological relevance

• Need to optimize 
cofactors

• Substrate or inhibitor 
confirmation

• Transporter kinetics 
(Km and IC50)

• Screening in early drug 
discovery

Hepatocytes in 
suspension

• Physiological relevant
• Hepatic uptake form 

multiple transporters
• Cross species comparison
• Pooled hepatocytes to 

avoid individual 
variability

• Hepatocyte preparation 
from liver

• No canalicular structure
• Reduced transporter and 

enzyme activity
• Low throughput

• Hepatic uptake
• Active uptake versus 

passive diffusion

Sandwich cultured 
hepatocytes

• Physiological relevant
• Hepatic uptake, 

metabolism, and biliary 
simultaneously

• Cross species comparison
• Commercial available

• Complicated and time 
consuming

• Need high quality 
hepatocytes

• Inter individual 
variability

• Limited throughput

• Hepatic uptake
• Biliary clearance
• Drug liver disposition
• Drug-induced 

cholestasis investigation
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Control group should always be properly designed in the in vitro assays and the inclusion of positive 
and negative controls is critical for accurate interpretation of the generated data. The proper function of 
a transporter can be confirmed by the transport of a probe substrate. A prototypical inhibitor can also be 
included in inhibition experiment. Evaluated of a negative control compound is also important to prevent 
a false positive readout. The inclusion of these control compounds allows data comparison from separate 
experiments and different labs. Due to expression of endogenous transporters in transfected cells, non-
transfected parental (wild-type) cells or cells transfected with empty vector (mock-transfected) should 
be also evaluated as the control comparison to determine passive diffusion and nonspecific membrane 
binding. In the membrane vesicle assays, ATP is substitute with AMP to determine the activity from 
uninterested transporter.

Experiment conditions and procedures should be optimized in all in vitro assays in order to gener-
ate meaningful and consistence data. Consistent procedures should be maintained to minimize experi-
mental variability such as cell seeding numbers, cell growing period, dosing solution preparation, and 
incubation time and temperature. The incubation is usually carried out at 37°C. The amount of organic 
solvent should be kept less than <1% at the final concentration in the cell based assay to avoid cytotox-
icity. Albumin or other specimens can be added in the incubation buffer to improve solubility and to 
reduce nonspecific binding, but free fraction of the compound should be incorporated in the data analy-
sis. In the assays to confirm substrate or inhibitor, multiple concentrations should be tested to avoid false 
results. Prior to a kinetic experiment, a variety of incubation times should be evaluated to determine a 
time period of linear response.
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Experimental Characterization of Cytochrome 
P450 Mechanism-Based Inhibition

Dan Rock, Michael Schrag, and Larry C. Wienkers

Introduction

Oxidative metabolism mediated by the superfamily of heme enzymes known as the cytochromes P450 
represents an important elimination pathway for the majority of drugs prescribed today [1]. In general, 
the enzymes catalyze the oxidative metabolism of a wide range of drugs and endogenous compounds 
to yield products (e.g., metabolites) that are usually more hydrophilic through the addition of a polar 
functional group, which may then serve as a reactive site for conjugating enzymes to enhance the rate 
of clearance and excretion of the products further by the addition of a yet more polar moiety [1]. For the 
most part, cytochrome P450–mediated reactions are typically considered to reflect detoxification path-
ways of xenobiotics as the hydrophilic metabolites are rapidly excreted from the body. In some instances, 
however, P450 metabolism results in the formation of reactive intermediates that can react with cellular 
macromolecules, such as DNA, RNA, and proteins, and lead to toxicity [2]. Given the chemical nature 
of these reactive intermediates, it is not surprising then that the same enzymes responsible for their 
formation are also susceptible to modification by these bioactivated species [3]. Compounds that are 
transformed by the P450 enzymes into reactive intermediates, which then react with active-site moieties 
leading to inactivation of the enzyme, are referred to as mechanism-based inactivators [4].

Cytochrome P450 mechanism-based inhibitors (MBIs) have been identified across multiple therapeu-
tic areas including antiarrhythmics (e.g., amiodarone [5]), antibacterials (e.g., clarithromycin [6] and 
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troleandomycin [7]), antidepressants (e.g., fluoxetine [8] and paroxetine [9]), anti-HIV agents (e.g., rito-
navir [10] and delavirdine [11]), antihypertensives (e.g., diltiazem [12] and verapamil [13]), nonsteroidal 
anti-inflamatory drugs (NSAIDs) (suprofen [14] and zileuton [15]), steroids/receptor modulators (e.g., 
gestodene [16] and raloxifene [17]), methylenedioxymethamphetamine ((MDMA) [18]), and oncology 
drugs (e.g., tamoxifen [19] and irinotecan [20]). In addition, P450 MBIs can be found in environmental 
sources such as illicit drugs (e.g., phencyclidine (PCP) [21] and various dietary constituents (e.g., berga-
mottin [22], resveratrol [23], and 8-methoxypsoralen [24]). Consistent with the concepts outlined previ-
ously for a reversible inhibitor, the severity of the observed drug-drug interactions (DDIs) encountered 
with P450 MBIs is primarily dependent on two factors: (i) the number of relevant clearance pathways 
associated with the victim drug’s clearance and (ii) how well the increase in victim drug concentration 
is tolerated by the system [25]. In response to the observed safety risks associated with P450 inhibition 
(reversible or irreversible), global regulatory agencies now require a robust understanding of the potential 
for drug inhibition of P450 enzymes for any new drug application [26].

MBIs are a class of enzyme inhibitors, which contain a latent functional group that is by itself 
chemically unreactive, but can become activated to a highly reactive intermediate upon metabolism 
[27]. The activated species then binds irreversibly to the enzyme-active site and thereby inactivates 
the enzyme.

Given that the reactive groups present within the active site of the enzyme are nucleophiles (such as 
hydroxyl or sulfhydryl groups), irreversible inhibition via covalent addition of reactive species to the 
enzymes requires that the reactive species be some form of electrophilic moiety. For many enzymes, the 
formation of a reactive species (using the catalytic mechanism of the enzyme) falls into a few distinct cat-
egories, such as the generation of Michael acceptors, haloalkyl derivatives, and rearrangements leading 
to an acyl-enzyme intermediate (e.g., proteases). For P450 MBIs, several structural moieties can serve as 
latent chemical groups associated with enzyme activation (Figure 19.1).

Criteria for Cytochrome P450 Mechanism-Based Inhibition

Characterization of MBIs follows intuitive kinetic and chemical criteria [28,29]. In short, an MBI is 
required to be a substrate, where physical binding to the enzyme-active site precedes catalysis. The 
interaction between substrate and enzyme needs to reflect a binding equilibrium followed by first-order 
chemical process leading to inactivation. To this end, as inhibitor concentration is increased, a greater 
fraction of the total enzyme will be occupied with inhibitor and the saturation of enzyme with inhibitor 
will be consistent with the kinetic specificity of the initial binding step. In addition, if covalent modifica-
tion of the enzyme is a mechanism-based process, which proceeds via adduct formation to a key amino 
acid residue within the enzyme-active site, the chemical stoichiometry of modification should be unity 
(1:1 adduct/enzyme ratio) [30].

Today there exist well-defined criteria to assess whether a substrate is a P450 mechanism-based inac-
tivator. Briefly, the inhibition must include the following:

 1. The loss of enzyme activity must exhibit time dependence.

 2. Enzyme inactivation should exhibit saturation kinetics with respect to the concentration of the 
inhibitor.

 3. The inactivation occurs in a catalytically competent system (e.g., necessary cofactors are pres-
ent and metabolism is occurring).

 4. The enzyme should be protected from inactivation upon co-incubation with a competitive 
substrate/inhibitor.

 5. Lack of suppression of inactivation by reactive intermediate scavengers.

 6. The inactivation should be irreversible, and activity should not return upon dialysis or gel 
filtration.

 7. Following inactivation, it should be possible to demonstrate a 1:1 stoichiometry of inactivator 
to enzyme molecule inactivated.
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Interestingly, while metabolic intermediates (MIs) associated with many P450 MBIs are quite reactive, 
the rate of P450 enzyme inactivation for many MBIs is quite slow. The apparent discrepancy between 
the robust chemical reactivity of the activated species and the rate of enzyme inactivation is a reflection 
of the multiple metabolic pathways typically associated with P450 substrates. For non-P450 MBIs, the 
mechanism of enzyme inactivation takes advantage of a highly ordered catalytic mechanism between 
substrate and enzyme. As stated earlier, P450 enzymes have large active sites, which allow for multiple 
substrate orientations and, thus, are susceptible to multiple oxidative reactions [31]. A second feature 
that adds to the complexity of understanding P450 mechanism-based inhibition is the fact that in some 
cases the underlying mechanism of enzyme inactivation for one P450 enzyme does not extrapolate to a 
different P450 enzyme. For instance, while there are only subtle sequence differences between P450 3A4 
and P450 3A5 (e.g., these enzymes share >95% amino acid homology), there are profound differences in 
susceptibility to mechanism-based inhibition by raloxifene [32].

Characterization of Cytochrome P450 Mechanism-Based Inhibition

In general, there are three types of P450 enzyme mechanism-based inactivators, which can be refined 
into two classes: irreversible MBIs, inhibitors, which, upon activation, bind covalently to the apoprotein 
or cause destruction of the prosthetic heme group; and pseudo-irreversible MBIs, inhibitors, which, upon 
activation, coordinate with the heme iron.

FIGURE 19.1 A listing of common P450 bioactivation reactions.
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Irreversible P450 Inactivation

As mentioned above, there are a handful of structural features that serve as latent chemical groups 
associated with enzyme activation; these include substituted imidazoles, furan rings, thiophenes, and 
acetylenes (Figure 19.2). Below is a listing of the types of P450 mechanism-based inhibition and the 
chemistry associated with the latent chemical moieties, which lead to irreversible enzyme inactivation.

Substituted Imidazoles

Putative bioactivation of this latent group requires formation of an imidazomethide, as the electrophilic 
species [33]. The mechanism(s) for the generation of this reactive species involves initial P450-mediated 
electron abstraction leading to the formation of a radical intermediate that can undergo oxygen rebound 
to form the hydroxyl metabolite. Alternatively, the radical may proceed through a second electron or 
hydrogen atom abstraction to form a reactive imidazomethide species, which can adduct to nucleophilic 
sites within the P450 enzyme-active site or react with water [34].

FIGURE 19.2 Known cytochrome P450 mechanism-based inhibitors with highlighted latent chemistry groups.
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Furans

Furans are electron-rich aromatic groups that are readily oxidized by P450 enzymes to form electrophilic 
species, which have been linked to drug-related toxicities [35] as well as serve as MBIs [36]. The current 
hypothesis regarding P450-mediated bioactivation of furan rings involves epoxide formation that could 
either be deactivated via hydrolysis to yield the diol [37] or react irreversibly with the P450 enzyme either 
through direct adduction of the epoxide or through an intramolecular rearrangement of the epoxide to 
form an α, β-unsaturated carbonyl, which serves as a Michael acceptor for protein adduction [38].

Thiophenes

Currently, the cytochrome P450–mediated bioactivation of thiophene-containing drugs is thought to 
proceed via two possible mechanisms. The first mechanism proceeds via P450 oxidation of the thiophene 
sulfur atom leading to formation of a reactive thiophene-Soxide intermediate. The thiophene-S-oxide is 
susceptible to a Michael-type addition with nucleophilic amino acids within the P450-active site [39]. 
The second mechanism stems from a P450-mediated oxidation of the thiophene ring to form a reactive 
thiophene epoxide metabolite, which may react directly with the P450 enzyme [40]. Alternatively, the 
epoxide in a mechanism analogous to furan bioactivation generates a cis-2-butene-1,4 dialdehyde reac-
tive intermediate. In this instance, the thioketo-α, β-unsaturated aldehyde serves as the electrophilic 
intermediate that covalently binds to P450 enzyme [14].

Acetylenes

Many compounds containing an acetylenic group have been shown to be mechanism-based inactivators 
of P450 enzymes [41]. For this functional moiety, two mechanisms for the inactivation of P450 have been 
described in detail [42]. In this mechanism (Figure 19.2), the transfer of the oxygen from the activated 
oxygen intermediate of the P450 to the terminal carbon of the acetylene results in an intermediate that is 
able to rearrange via a 1,2 shift of the terminal hydrogen to the vicinal carbon to generate a ketene. The 
reactive ketene species produced by this rearrangement can then be hydrolyzed to produce the carboxylic 
acid product, or it can acylate nucleophilic residues within the P450-active site and inactivate the protein. 
Alternatively, the transfer of the oxygen from the P450-activated oxygen intermediate to the internal 
carbon of the acetylene would generate a reactive intermediate that leads to heme alkylation.

As discussed above, modification of the P450 apoprotein by reactive species typically involves cova-
lent binding to an active-site nucleophilic amino acid residue such as lysine, serine, threonine, tyrosine, 
or cysteine [17,43,44]. In contrast, the chemistry associated with modification of the heme moiety by a 
MBI is more complex. There are two potential mechanisms of cytochrome P450 self-inactivation during 
catalytic turnover that can be considered. The first is via the formation of active substrate intermediates 
that are capable of covalently modifying the heme. Direct heme adduction has been demonstrated for 
many compounds [45]. For example, norethisterone, a steroid with an ethynyl substitution, diminishes the 
drug-metabolizing activity of the liver via a time- and dose-dependent inactivation of cytochrome P450 
both in vitro and in vivo [46]. For this type of inactivation, P450 heme loss occurs only in the presence of 
NADPH and oxygen and can be inhibited by carbon monoxide [47]. Additional experimental evidence that 
implicates P450 oxidation as a requisite in heme destruction is the presence of a green-brown pigment [48].

The second mechanism is postulated to arise from the uncoupled cytochrome P450–catalyzed mono-
oxygenase reactions. Specifically, the mechanism involves formation of hydrogen peroxide (H2O2) within 
the enzyme-active site, which interacts with the enzyme associated Fe2+, thereby generating hydroxyl 
radicals that ultimately bleach the heme. This mechanism operates unlike enzymatic degradation, which 
specifically attacks the α-methene bridge, as reactive oxygen species are able to randomly attack all the 
carbon methene bridges of the tetrapyrrole rings, producing various pyrrole products in addition to releas-
ing iron [49]. For example, it was found that H2O2-mediated P450 self-inactivation during benzphetamine 
oxidation is accompanied by heme degradation [50]. In this instance, the P450 heme modification involves 
heme release from the enzyme because of H2O2 formation within the P450 enzyme-active site via the 
peroxycomplex decay. The inactivation of cytochrome P450 by H2O2 is distinct from heme destruction via 
adduct formation as the destruction of heme does not mediate cytochrome P420 formation [51].
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Characterization of Irreversible MBIs

Cytochrome P450 apoprotein adducts are characterized by the covalent labeling of a bioactivated drug 
reacting with a surrounding P450 active-site nucleophile. Typically, the drug-P450 adducts represent 
a mechanism of P450 inactivation and reduces the metabolic capacity of the adducted protein. When 
feasible, characterizing the chemical composition of the resultant adducts provides detailed informa-
tion required to eliminate the structural motif responsible for inactivation from future chemical leads. 
Techniques that facilitate the speed and detail of the analysis of the chemical mechanism leading to 
adduct formation may readily reduce cost and time that it takes to develop novel therapeutics.

Radiolabel drug provides a quantitative tool to rapidly assess irreversible binding of protein and locate 
peptides that have radiolabel drug incorporated, and serves as a tool to determine binding stoichiometry 
[2]. Covalent-binding assays often serve as a part of the final safety assessment for a lead compound prior 
to development [2,52,53]. The strategies for covalent binding in drug discovery and the imposed limits 
will be reviewed in subsequent chapters. Irreversible–covalent binding experiments do not distinguish 
adduction of the P450 versus other hepatic proteins, without further isolation of the protein adduct sam-
ple from the in vitro incubation with additional techniques such as separation by HPLC-size exclusion 
chromatography or gel electrophoresis [41,54–56].

The use of mass spectrometry to elucidate P450-drug adducts is an attractive approach given its ability 
to yield molecular weight changes to the protein as a result of the drug adduct and simultaneously pro-
vides the adduct stoichiometry and proof of irreversibility of the drug-P450 complex [17,57,58]. Adducts 
to several of the major hepatic P450s have been observed using intact protein mass spectrometry and 
will be briefly reviewed. Figure 19.3 illustrates an example of P450 3A4 incubated with the MBI ral-
oxifene [17]. The protein envelop of P450 3A4 dominates the chromatogram; however, at lower abun-
dance, a new envelop representing a new protein entity is observed. The new species is right-shifted 
from the native protein envelop. Deconvulation of the protein envelope reveals two species present in 
the chromatogram. The smaller envelop corresponds to the 472-Da adducted P450 3A4 implicating the 

FIGURE 19.3 ESI-MS spectrum of P450 3A4 (a) control incubation with NADPH and no raloxifene and (b) incubated in 
the presence of raloxifene. Deconvoluted mass is consistent with parent mass of raloxifene.
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reactive diquinone methide of raloxifene as the reactive intermediate responsible P450 3A4 inactivation. 
Glutathione adducts of raloxifene include m/z of 779, 795, and 1050. Without protein mass spectrometry 
of the P450 3A4–adduct it would be impossible to know which reactive species inactivates P450 3A4. 
This information could be used to generate raloxifene analogs void of the capacity to form the diquinone 
methide, as was observed with the close analog arzoxifene [59].

Adducts with P450 3A4 and 3A5 have also been observed with 17α-ethynyl estradiol (EE). Using mass 
spectrometry which aided in the elucidation of the mechanism of MBI formation [60,61]. With P450 3A5, 
the inactivation by EE was also dependent on the presence of cytochrome b5. This example also provides 
a unique case where inactivation was well characterized to implicate that the inactivation occurs through 
both heme and apoprotein adduction presumably through the formation of a 17α-oxirene-related reactive 
metabolite that partitions the oxygen between the internal and terminal carbons of the ethynyl group 
dictating the mode of inactivation.

Tienilic acid is an MBI of P450 2C9 [39,62]. When tienilic acid is incubated with P450 2C9, two 
tienilic acid adducts are observed (Figure  19.4a), whereas in the presence of glutathione, the adduct 
formation is reduced to a 1:1 stoichiometry (Figure 19.4b). This indicates that in addition to MBI, the 
reactive metabolite(s) from tienilic acid can adduct with an alternate amino acid of the enzyme that is 
not associated with MBI. The mass spectral chromatogram indicates the formation of both apo adducts 
arising from the oxidation of tienilic acid. Two mechanisms were proposed: (i) direct sulfur oxidation 
where, upon covalent adduction, the oxidation does not dehydrate and (ii) through a thiophene epoxide, 
which could undergo nucleophilic ring opening. Both mechanisms could result in the observed P450 
2C9 adduct of tienilic acid shown in Figure 19.4. Interestingly, despite the direct evidence for apoprotein 
adduction, CO difference spectra indicate a loss of >60% of the P-450, which has been a technique used 
to implicate heme adducts by P450. This brings into question the use of CO binding as a diagnostic to 
differentiate heme adducts from apo adducts.

1-[(2-ethyl-4-methyl-1H-imidazol-5-yl)methyl]-4-[4-(trifluoromethyl)-2-pyridinyl] piperazine (EMTPP) 
was demonstrated to produce an adduct with P450 2D6 by mass spectrometry [34]. The mass difference 
from the unlabeled P450 was 353  Da, consistent with addition of the parent compound (Figure  19.5). 
Metabolism data from NMR and CID mass spectrometry complimented the protein adduct mass spec-
trometry data in showing that adduct formation potentially resulted from multiple oxidations of the drug to 
form a dehydrated methide of EMTPP, similar to that proposed for 3-methylindole [63]. The EMTPP-P450 
2D6 example illustrates the challenges with identifying the nature of MBI and the potential resolution 
limitations of intact protein mass spectrometry when trying to identify the molecular entity responsible for 
inactivation.

At present, most laboratory instruments cannot distinguish a difference of 2 Da for proteins >50 kDa 
(resolution ¼ 100,000 Da). This becomes especially difficult with the increasing level of heterogene-
ity observed in P450 enzymes after in vitro incubations. This has been well documented by Bateman 
et al., who illustrated the effect of incubation time on the quality of the P450 3A4 protein envelope and 
the difficulty that arises with protein deconvolution from heterogeneous samples [57]. Several factors 
can be employed to minimize sample degradation, including short incubation times, limiting oxygen 
to the incubation sample or using subsaturating amounts of NADPH, and through the addition of 
 reactive oxygen scavenger to reduce protein oxidation (superoxide dismutase and catalase). The latter 
point, protein oxidation, highlights a potential pitfall of protein mass spectrometry for determining the 
MBI precursor because of the potential for misinterpretation of mass differences upon adduct formation. 
Despite the theoretical possibility, no examples of direct P450 oxidation have been described. Overall, 
the detection of intact P450-protein adducts has been met with variable success and, on the basis of the 
limited number of protein adducts identified to this point, may indicate a number of factors that contrib-
ute to the success of protein adduct detection, such as the composition of the chemical moiety undergoing 
bioactivation and the kinetics of its formation.

The resolution limitations of intact protein mass spectrometry can be circumvented by proteolytic 
digestion of the adducted protein [64,65]. This added step has the potential to provide greater detail with 
respect to the structural composition of the protein adduct and the chemistry resulting in the irreversible 
binding of the drug to the protein. The adducted peptide is easily tracked through the numerous steps 
of isolation and purification by the use of radiolabel. Through CID spectral characterization, analytical 
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FIGURE 19.4 ESI-MS spectrum of P450 2C9 (a) after incubation with NADPH and tienilic acid and (b) incubated with 
NADPH tienilic acid and glutathione. Deconvoluted mass is consistent with single oxidized product of tienilic acid respon-
sible for adduct formation.
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digests of the protein adduct also provide an opportunity to unambiguously identify the adducted amino 
acid residue The ability to elucidate the covalently bound drug adducts of P450 enzymes is filled with 
technical challenges stemming from the difficulty in isolating the membrane-associated enzymes them-
selves and from the innate difficulty in obtaining sufficient sequence coverage from the digests necessary 
to characterize the location and nature of MBI adduct [66]. Cytochrome P450 2C9 adducts with tien-
ilic acid were identified as mentioned above with intact protein mass spectrometry. Subsequent tryptic 
digests were used to identify the site of adduction but failed to yield the location of the drug adduct [67]. 
The lack of adduct was attributed to the potential instability of the covalent linkage. This phenomenon 
is not specific to P450 2C9 and tienilic acid. For example, L-754,394 was found to be an MBI of P450 
3A4 observable by intact protein mass spectrometry, but upon digestion, no adduct was identified [66].

The difficulty in observing direct structural information from peptide adducts has lead several inves-
tigators to probe various P450-active sites for nucleophilic residues susceptible to covalent adduction by 
electophilic species. Tools including photoaffinity labeling [68,69], alkylation with xenobiotic linked 
to biotin [70], and direct alkylation of purified P450 with reactive electrophiles like iodoacetamide [17] 
have been investigated. In combination with the nucleophilicity of active-site amino acid residues, these 
tools provide a focal point for locating drug-P450 adducts and may simplify data mining by narrowing 
in on specific “soft spots” of the P450, which favor adduction by MBI.

Photoaffinity labels have long been used to probe enzyme structure function of cytosolic and trans-
membrane proteins [71,72]. The use of photoaffinity probes in P450 labeling has also been explored. 
Initial efforts were performed with 1-(4-azidophenyl) imidazole with soluble, bacterial P450cam [73]. 

FIGURE 19.5 (a) Representative chromatogram illustrating separation of components (reductase and apoprotein) from 
an incubation containing recombinant P450 2D6. (b) Deconvoluted mass spectrum of EMTPP-inactivated P450 2D6 
illustrating an EMTPP adduct with a mass shift consistent with the mass of EMTPP. Inset shows the absence of this 
additional mass in control incubations (-NADPH). Abbreviation: EMTPP, 1-[(2-ethyl-4-methyl-1H-imidazol-5-yl)methyl]-
4[4-(trifluoromethyl)-2-pyridinyl]piperazine.
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Recently, lapachenole was selected to investigate the alkylation of P450 3A4 [69]. The photoactivation 
of lapachenole produced two distinct peptide adducts at Cys98 and Cys468. Cys98 is in close proximity 
to the B-B′ loop region, which is located near the substrate recognition site 1 (SRS-1) and is postulated 
to form part of the access channel to the heme iron [74]. On the basis of the crystal structure, the second 
adducted species, Cys468, appears to be a solvent-accessible cysteine on the exterior of the protein and, 
thus, less informative with regard to prospective MBI adducts. The ability of these tools to locate reac-
tive nucleophilic residues is well established and may be used to provide information regarding solvent-
accessible nucleophiles in other P450 enzymes.

Alternatively, the use of biotin-linked electrophiles holds promise for use in identifying key enzyme 
electrophiles with the added benefit of having a selective isolation tool when combined with streptavidin 
for isolation. Proof of concept was explored by linking biotin with raloxifene and subsequently used to 
illustrate binding of the activated raloxifene moiety to Cys47 of GST P1-1 [70]. When employed against a 
dexamethasone-treated preparation of rat liver microsomes, five adducts were identified, none of which, 
however, corresponded to P450. This capture and isolation technique illustrates how labeling of an MBI 
with biotin can be accomplished without inhibiting its bioactivation; therefore, this technique could be 
amenable to isolating adducted P450 enzymes from catalytically active systems such as reconstituted 
enzymes or insect membrane preparations.

Direct alkylation with reactive electrophiles offers the simplest method in an attempt to locate solvent-
accessible nucleophilic amino acid residues. A diverse set of electrophilic reagents can be utilized to label 
both the soft and hard protein nucleophiles. The use of maleimide as a soft electrophile to covalently 
label cysteines has long been used in protein biochemistry. With respect to P450 enzymes, maleimide 
has a detrimental effect on the integrity of the protein and results in inactive protein after labeling occurs 
[75]. Iodoactemide (IA) derivatives are also commonly used and have a variety of chemistries linked to 
them including fluorescent tags, biotin for capturing, and spintrapping reagents (www.invitrogen.com). 
Interestingly, in P450 3A4, the use of IA or PIA resulted in single stoichiometric reactions when run for 
one hour [17]. Upon digestion with proteinase K, the alkylated residue was identified by LC-MS/MS as 
Cys239. Upon analysis of the crystal structure of P450 3A4 (www.rcsb.org, 1TQN.pdb), Cys239 resides 
between the G and G′ helices and may serve a perfect hook for electrophilic residues as they egress the 
active site of P450 3A4. Surprisingly, the label of P450 3A4 by photoaffinity label lapachenole and that 
of IA provide unique sites of reactivity. Further, investigation of the regioselectivity differences between 
these electrophilic agents may help to determine if the reactive metabolic species produce structural 
alteration of the enzyme leading to unique accessibility to the different protein nucleophiles or if the 
reactivities of Cys239 and Cys98 differ in their microenvironments (pKa) within the P450 such that their 
inherent nucleophilic properties differ substantially so as to favor unique electrophiles.

Detailed characterization of the amino acid residues involved in protein adduct formation requires 
protein digestion for analysis. The use of different digesting reagents can provide a unique series of frag-
ments, which may help to visualize the adducted protein. Cyanogen bromide is a chemical agent used to 
digest proteins and produces large peptide fragments. Given the size of fragments generated, this agent 
typically works well when interfaced with a MALDI-TOF instrument, but is limited because of the 
lack of MS/MS capabilities. Lysyl endopeptidase also generates rather large fragments as this protease 
cleaves at the c-terminus of lysine residues. Lysyl endopeptidase digestions are also very amenable to 
TOF technology given their large molecular weights and the generation of limited protein fragments of 
the protein to be searched. Trypsin digests are most commonly employed and serve to digest proteins at 
the c-terminus of lysine and arginine residues. The fragments produced from trypsin are very suitable 
for LC-MS/MS using a variety of mass spectrometry platforms largely because of their tendency to carry 
[M+2H]+2 since the end caps are both capable of carrying a charge. Recently, proteinase K has been used 
to exploit its lack of discrimination in protein cleavage sites to generate small peptide fragments [17]. 
When separating a proteinase K–digested sample on a reverse phase column, the bulk of peptides elute 
quickly, with the more hydrophobic drug-based adduct retaining on the column, providing easy identi-
fication of the adducted peptide. This is not the case with larger peptides, where the physical properties 
of the drug have minimal impact on the chromatographic properties of the peptide adduct. In addition, 
the use of proteinase K should improve ionization efficiencies by reduced hydrophobic aggregation and 
less ion suppression from the reduced number of coeluting peptides. The tools described for identifying 

http://www.rcsb.org
http://www.invitrogen.com
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active-site nucleophiles provide a focal point for future studies aimed at locating drug-based peptide 
adducts and should ultimately lead to our improved ability to generate high-quality structural data in a 
more timely fashion.

Pseudo-Irreversible P450 Inactivation

These classes of MBI represent molecules that are transformed by P450 enzymes into MI products, 
which are able to coordinate with the heme iron. The interaction between MI product and heme iron 
is extremely strong, however, not covalent, as the MI/heme complex can be displaced under extreme 
experimental conditions (e.g., potassium ferricyanide), consequently, the inactivation is described as 
pseudo-irreversible.

Methylenedioxy Compounds

The effects of methylenedioxyphenyl (MDP) compounds on P450 may be traced back to early obser-
vations that sesame oil could synergize the effects of the insecticide pyrethrum. Early investigators 
noted that “the inhibition of biological oxidation of methyl parathion and of aldrin to dieldrin leads to 
the speculation that pyrethrin may also be detoxified by biological oxidations and that the synergism 
produced by pyrethrins and synergists may be due to the inhibition of such oxidation.” This initial 
suggestion by Hodgson and Casida was followed by the observation that both piperonyl butoxide and 
sesamex inhibited the oxidation of N, N-dimethyl-p-nitro-phenyl carbamate and the corresponding 
diethyl compound in rat microsomes [76,77]. MDP compounds are not only inhibitors of oxidation 
but they are also P450 substrates. Metabolism of piperonyl butoxide has been studied extensively 
and in  vivo mouse studies have demonstrated that the methylene bridge carbon is metabolized to 
 carbon dioxide [78,79]. In vitro it has also been shown that the bridge carbon is metabolized to  carbon 
monoxide and formate [80]. Moreover, the cleavage of the methylenedioxy ring to yield catechol 
metabolites was also documented for 6-nitro-3,4-methlyenedioxybenzene [79] and 1,2,5,6-tetrachloro-
3,4-methylenedioxybenzene [81].

The contemporary view of MDP compounds is that the class is characterized by metabolism- 
dependent noncompetitive inhibition. Clearly, the extent of observed noncompetitive inhibition depends 
on the compound being metabolized, and so MDP compounds as a whole will contain examples of a 
variety of inhibition types. However, early studies involving metabolism and inhibition of MDP com-
pounds contained conflicting reports of both competitive and noncompetitive inhibition. In a review 
by Hodgson and Philpot, it was noted that in many of these studies, nicotinamide was added to in vitro 
incubations because it was thought to be a requirement for microsomal reactions (inhibition of pyridine 
nucleotidase) [80]. Schenkman et al. reported that nicotinamide was not required and that, furthermore, 
it was an inhibitor of several oxidative reactions [82]. Thus, the inclusion of nicotinamide in early experi-
ments may have been a confounding influence on data interpretation. As an alternative explanation, 
Franklin showed that when piperonyl butoxide was incubated with microsomes (plus NADPH), the inhi-
bition of N-demethylation of ethylmorphine was at first competitive but then was noncompetitive after 
the formation of an observable complex. The complex that was formed is now known as a MI complex. 
This complex has been shown to be formed in a manner that is dependent on time, NADPH, and oxygen, 
consistent with the requirement of cytochrome P450 oxidation to uncover the latent ability of MDP com-
pounds to complex with the heme [83].

The method used to detect MI complex formation is difference spectroscopy and the Soret region of 
absorbance (blue wavelength) is the region of interest. When the iron of P450 is in the reduced state (fer-
rous), these complexes show absorbance maxima similar to those of well-documented ligands such as 
carbon monoxide (450 nm) and ethylisocyanate (455 nm) [84,85]. MI complexes from a number of MDP 
compounds are characterized by an absorbance maximum at both 455 and 427 nm [83]. The intensity of 
these peaks depends on both pH and the substrate involved. In the ferric state, the absorbance maximum 
is found at a single absorption spectrum of 437–438 nm [83,84]. It is an interesting observation that when 
an MDP compound is administered in vivo, the resulting in vitro ferrous spectra are often not observed 
until after the addition of a reducing agent such as dithionate. Not only can reducing agents help visualize 
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the complex, but the 455-nm absorbance is resistant to oxidative agents such as potassium ferricyanide. 
When added, potassium ferricyanide will diminish the 455-nm absorbance, but subsequent addition of 
dithionite will regenerate the peak [86]. It is also worth noting that the ferric state is less stable, and some 
ligands can be displaced by incubation with lipophilic compounds, with the subsequent regeneration of 
P450 activity [41]. In contrast, the ferrous state is unaffected by such incubations, but it can be dissoci-
ated by irradiation at 400–500 nm as shown by Ullrich and Schnabel [42].

In early studies, the nature of the mechanism leading to MI complex formation was the subject of 
much speculation. Several mechanisms were proposed, which involved either carbocation [87], free radi-
cal, [42] or carbanion intermediates. Using fluorine as a model, Ullrich and Schnabel produced a con-
vincing argument for the binding of carbanions to P450 [42]. In this instance, the authors noted that when 
fluorine was added to NADPH-supplemented microsomes from phenobarbitol-treated rats, a difference 
spectrum was produced with an absorbance at 446 nm. It was then observed that neither anaerobic con-
ditions nor the addition of NADH under aerobic conditions could reproduce the absorbance at 446 nm. 
This suggested to the investigators that a mono-oxidation product of fluorine was responsible for com-
plex formation, although incubating known oxidative metabolites with microsomes could not reproduce 
the effect (fluorenol and fluorenonone). In addition, the incubation time used in this experiment was very 
short, only 10–20 seconds, so it was not likely that enough time had passed for the accumulation of sig-
nificant amounts of oxidation products to potentially complex with the enzyme.

Fluorine is a very simple structure, and the methylene bridge is the most likely moiety to form a reac-
tive species. Moreover, one chemical feature of this group is the acidity of its hydrogens (pKa value of 22 
in aprotic solutions) [42]. Ullrich and Schnabel noted that the dissociation of this proton yielded a spe-
cies with increased resonance and it had an absorption maximum at 373 nm [42]. When they examined 
the difference spectra of a reduced microsomal suspension after incubation of fluorene with NADPH, a 
peak at 374 nm was observed, which they postulated was due to a species similar to the fluorine anion. 
The free electron pair of the fluorine could potentially interact with the ferrous iron in the same way 
as carbon monoxide or ethylisocyanide. Thus, in principle, the binding of fluorene or MDP compounds 
would be similar to carbon monoxide, and consequently, one might expect that a photodissociation of the 
complex with light could be achieved. As noted above, these investigators were able to partially decrease 
the inhibition of ethylmorphine demethylation caused by piperonyl butoxide by irradiation with highin-
tensity light between 400 and 500 nm. This experiment provided evidence for the ligand binding nature 
of piperonyl butoxide. The only questions remaining were what “monooxidation” product of fluorene 
(or piperonyl butoxide) was involved and how that gave rise to MI complex formation.

Although the evidence for a carbanion presented by Ullrich and Schnabel is compelling, the exact 
mechanism by which cytochrome P450 would produce this species is not clear. An additional mecha-
nism proposed by Ullrich and Schnabel showed that a carbene could be produced from MDP compounds 
by hydroxylation of the methylene bridge followed by elimination of water (Figure 19.6) [88]. Like the 
carbanion proposed above, the carbene would also have free electrons available for coordination to 
the heme. The metabolism of the methylene bridge to form a carbene is most consistent with the data 
reported in the literature. For example, it has been shown that when the methylene group hydrogens are 
substituted with methyl groups, there is an almost complete loss in P450 complex formation [81]. In addi-
tion, a deuterium isotope effect of similar magnitude has been reported for both the formation rate of 
carbon monoxide in vitro and attenuation of in vivo insecticide effects [89]. These observations coupled 
with the fact that MDP compounds labeled with isotopes have shown that carbon monoxide derives 
directly from the methylene carbon indicates that the reaction appears to involve the cleavage of the C-H 
bond with the subsequent formation of a species that can then complex with cytochrome P450, or the 
form of a variety of oxidative metabolites.

In Figure 19.6, two pathways are shown that could result in carbene formation. In the first pathway 
(path A), initial hydrogen abstraction leaves a carbon-centered radical on the methylene bridge, which 
(without oxygen rebound), if oxidized further, will yield a cationic species that can then deprotenate to 
form a carbene. The second pathway involves the elimination of water after hydroxylation of the methy-
lene bridge, which could then directly form a carbene (path B). However, it is likely that the elimination 
of water in this mechanism is more complex and may involve cationic intermediates such as an oxonium 
ion, which, upon further deprotenation, could yield a carbene [90]. As an example of how metabolites 
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could arise from this mechanism, one possibility is the rearrangement of the methylenic hydroxyl-MDP 
intermediate to 2-hydroxyphenylformate and hydrolysis to the subsequent catechol and carbon monoxide 
or formate metabolites [91].

Amine Compounds

In the 1950s, a number of reports were published that showed that a new compound, diehtylamono-
ethyl-2,2,-diphenylvalerate HCl (SKF 525-A), potentiated the pharmacology of drugs such as methodone 
and morphine [92], some hypnotic drugs, [93] and nervous system stimulants such as amphetamine [94]. 
Like the observation of Hodgson and Casida regarding MDP compounds and their mode of action on 
insecticides, the potentiating effect of SKF 525-A was reported to result from decreased biotransfor-
mation of these drugs and, therefore, decreased clearance [95,96]. Castro and Sasame observed that 
irreversible inhibition of drug metabolism occurred when microsomes were preincubated in vitro with 
(i) NADPH, (ii) SKF 525-A, and (iii) oxygen [97]. Further studies with this compound and others showed 
not only that MDP compounds could form an observable MI complex but also that SKF 525-A [98] and 
benzphetamine [99] could yield absorption bands in the 455-nm region. One moiety that was common 
to many of these compounds including SKF 525-A was a substituted amine. It is now generally under-
stood that substituted amines must first be dealkylated to primary amines before heme coordination can 
take place (Figure 19.7a). It was also found that an MI complex could be formed from hyroxylamines 
or by reduction of some nitroalkanes [100]. These observations suggested that a species intermediate to 
a hydroxylamine and the nitro-oxidation state was involved in P450 complex formation. Consequently, 
it was proposed and widely accepted that a nitrosoalkane was the iron ligand producing the 455 nm-
absorbing complex (Figure 19.7a). In iron-porphyrin model studies, a crystal structure between a nitroso 
ligand in a tetraphenylporphyrin-iron complex showed that the nitroso ligand was bound to the iron by its 
nitrogen atom and that the resulting bond was very stable (e.g., could not be displaced by strong ligands 
such as carbon monoxide) [101].

In general, MI complexes derived from amines differ from those formed from MDP compounds. The 
wavelength that characterizes the absorbance maxima for amine complexes is in a wider range than that 
observed for MDP compounds (446–455 nm). One of the primary differences between MDP-P450 com-
plexes and amine-P450 complexes is their instability in the ferric state. When potassium ferricyanide is 
added to an in vitro incubation, the ferrous 455-nm peak of the nitroso complex is diminished presumably 
as the complex is shifted to the ferric state. However, the 455-nm peak cannot be regenerated by the addition 

FIGURE 19.6 Proposed mechanism for the formation of a metabolic intermediate complex from the metabolism of 
methylenedioxy compounds.
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of dithionite, as can be observed with MDP complexes [98]. It is also worth noting that some complexes 
are unstable in the presence of dithionite and it appears that many aryl amines yield complexes that are 
characterized by this instability [102]. Finally, in contrast to MDP compounds, when amine-containing 
compounds form complexes in vivo, they are immediately observed in the resulting microsomes without the 
addition of dithionite [98], thus showing that in vivo nitroso complexes stabilize P450 in the ferrous state.

Hydrazines

The incubation of microsomes with 1,1-disubstituted hydrazines in the presence of NADPH and oxygen 
reveals a spectral complex that can be observed in the Soret region with a maximum at 438 nm and a 
minimum at 414 nm (ferric state). Under anaerobic conditions, the minimum shifts to 407 nm and the 
maxima shifts to 449 nm (ferrous state). It has also been shown that to produce an observable complex, 
hydrazines should be 1,1-disubstituted and cannot be monosubstituted or 1,2-disubstituted [103]. An 
exception to this rule is some acyl hydrazines such as isoniazid (INH). INH was introduced as a drug 
in the 1950s and has been reported to decrease the clearance of several other drugs including phenytoin 
[104]. When INH is incubated with microsomes, NADPH, and oxygen, a complex is formed that has an 
absorption maximum at 449 nm (ferrous state) [105]. This result is in contrast with the 1,1-disubstituted 
hydrazine spectrum that is visualized in the ferric state. In addition, when potassium ferricyanide is 
added, the complex dissociates demonstrate that the INH complex is stable only in the ferrous form, 
similar to the nitroso complexes discussed vida supra [106].

It has been proposed that INH and 1,1-disubstituted hydrazines can be metabolized to a nitrene, which 
can then coordinate with cytochrome P450 both in vivo and in vitro (Figure 19.7b) [103]. Studies with 
porphyrin systems indicate that the nitrene formed coordinates with the iron via the terminal nitrogen 
[103,105]. It is likely that both acyl hydrazines and 1,1-disubstituted hydrazines are oxidized in a step-
wise fashion by cytochrome P450 to produce an aminonitrene-iron complex as shown in Figure 19.7b.

Kinetics of Cytochrome P450 Mechanism-Based Inhibition

The structural and functional characterization to this point has been focused on the structural identifica-
tion and characterization employed to develop the most appropriate clinical candidate. If MBI persists in 
the lead candidate, the potential impact on the exposure of other medications is required to clearly define 

FIGURE 19.7 Proposed pathways for formation of metabolic intermediate complexes from oxidation of (a) amines and 
(b) hydrazines.
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the clinical limitations of the therapeutic agent including defining drugs susceptible to drug interaction 
upon coadministration of the MBI, defining at-risk patient population (e.g., age or pharmacogenetics), 
and the duration of treatment (acute or chronic) to properly context all the potential safety concerns. This 
requires the combination of much of the data already accumulated including the KI and kinact, with the 
endogenous enzyme degradation rate to describe the extent of drug interaction that could result on the 
basis of irreversible inhibition kinetics. Additional information regarding the expected metabolism and 
disposition of the substrate responsible for producing irreversible inhibitor will typically serve to increase 
the predictive power of the estimated changes expected in AUC and includes an understanding of the 
overall metabolic pathway, potential for gut metabolism, and the existence of multiple inactivation path-
ways including those produced from metabolites may also be incorporated in an attempt to refine in vivo 
extrapolations. Furthermore, when possible, the fraction of total hepatic metabolism due to the affected 
P450 should be considered for improved predictability of the magnitude of the drug interaction [107].

When a cytochrome P450 enzyme converts a nonreactive molecule into a species that is reactive, there 
are several general outcomes. The reactive species can be released as some form of product (where it can 
potentially react with water) or react with the P450 apoprotein structure or the active-site heme moiety.

  

The above scheme illustrates the possible outcomes by depicting two separate pathways described by 
the rate constants k4 and k3. Subsequent to the formation of a reactive species (S′-E), the substrate is 
shown forming product (P) or reacting with the enzyme (S″-E). These two pathways and associated 
rate constants are the basis for an important descriptive parameter in mechanism-based inactivation—
the partition ratio. This term was introduced by Walsh in an effort to describe the number of inactiva-
tor molecules released as product versus those that reacted with the enzyme to form an inactivated 
complex [108]. It is apparent that very efficient enzyme inactivators would lead to very little product 
formation and greater enzyme inactivation, and the converse would be true for inefficient inactivation. 
Therefore, efficient enzyme inactivation would be described by a low partition ratio (k3/k4). The most 
efficient inactivation would produce no product and only inactivated enzyme and be characterized by 
a partition ratio of zero. No molecules have been described to inactivate P450 with a partition ratio of 
0, however, a Merck compound L-754,394 has been reported to have a partition ratio for P450 3A4 of 
approximately 1.34 [109].

Another important parameter is kinact, which is the rate of inactivation. If one examines scheme 1, it is 
tempting to conclude that kinact and k2 are the same. However, this is not the case. The term kinact is more 
complex and is comprised of rate constants k2, k3, and k4, and only under specific conditions (i.e., k2 << k4, 
k3 is very slow or equal to zero), kinact ¼ k2 [109]. Early work of Kitz and Wilson and subsequent derivations 
of Jung and Metcalf provide the following expression, which relates active enzyme concentration to kinact.
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where [E]t is the concentration of active enzyme at time t, KI is the concentration of inhibitor at which 
half-maximal inactivation occurs, and I is the concentration of inhibitor [110,111]. Experimentally, kinact 
and KI are most often determined from a dilution assay where aliquots of enzyme incubated with inhibi-
tor in a primary incubation are then transferred at different time intervals to a secondary incubation 
that contains a reporter substrate (i.e., testosterone for P450 3A4). To reflect this type of experiment, the 
relationship in Eq. 19.1 can be integrated.
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In the experiment described above, the aliquots from a primary incubation are taken at various time 
points, and the amount of enzyme activity remaining (e.g., fractional activity) is reported in the second-
ary incubation by a reporter substrate. This data is then plotted on a semilogarithmic plot as the natural 
log of fractional activity versus time (Figure 19.8). When the reporter substrate is at a concentration of 
approximately 5 its km value, then the velocity of product formation is approximated by 

 Vel V ≈  max  

or 

  EVel kcat ≈ [ ]   

Therefore, under these conditions, the velocity of product formation is proportional to the enzyme con-
centration, atnd the natural log of fractional activity is essentially given by Eq. 19.3. The slope of this 
data is then given by
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This is a hyperbolic relationship similar to the familiar Michaelis-Menten kinetics where the “velocity” 
of inactivation or kobs is equal to

 k
k

k
obs

inact

I

I

I
=

[ ]
+ [ ]

 (19.5)

Therefore, when the absolute value of the slopes from the experimental data shown in Figure 19.8 are 
plotted versus inhibitor concentration, the resulting graph should obey a hyperbolic relationship as shown 
in Figure 19.9. As such, this data is akin to Michaelis-Menten kinetics, and the resulting parameters 
(KI and kinact) may be determined in a manner that is analogous to the parameter determination for stan-
dard hyperbolic enzyme kinetics. Before the advent of computers, this was most easily achieved through 
linear transformation, but today the slope data from Eq. 19.3 (or slopes of the experimental data in 

FIGURE 19.8 Slopes of the natural log of fractional activity yield kobs values for varying concentrations of inhibitor.
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Figure 19.9) can be fitted to a hyperbolic curve by any number of commercially available programs, and 
the values of KI and kinact can be readily determined.

Examination of Eq. 19.3 suggests that the rate of inactivation for a given inhibitor concentration should 
be linear with time (Figure 19.10a). However, this may not be the case, and it is often observed that 
the data becomes nonlinear with time (Figure  19.10b). One explanation for this nonlinearity is that 
significant inhibitor depletion may have occurred in the primary incubation prior to dilution into the 
secondary-reporter assay. It is apparent from examination of the relationship in Eq. 19.3 that no change 
in the inhibitor concentration is assumed. Therefore, assay conditions that minimize inhibitor depletion 
should be used. These conditions can include shorter assay time or a reduction in the temperature of the 
assay to slow down inhibitor metabolism [58].

As an alternative, it may also be possible that several mechanisms of inactivation are occurring simul-
taneously and that the passage of time serves to unmask the slower rate of inactivation. The result would 
be apparent nonlinearity in the data similar to inhibitor depletion. In such cases of nonlinearity, it is 
the best practice to take the slope of early time points to determine parameters such as KI and kinact 
(Figure 19.10b).

Experimentally, determination of the partition ratio can be accomplished in two ways. The first method is by 
titration; the use of this method involves increasing amounts of inhibitor that is added to a known, fixed amount 
of enzyme, and the reaction is allowed to go to completion [50]. The enzyme is then dialyzed, or diluted suf-
ficiently in a secondary reaction with a reporter substrate, and a plot is constructed of remaining enzyme activ-
ity versus moles of inhibitor divided by moles of enzyme (see Figure 19.11). Theoretically, this plot should 
yield a straight line. However, in practice, this does not often occur, and the data must be extrapolated to the 
x-axis, which gives the ratio of inhibitor to enzyme needed for complete inactivation of enzyme activity. When 
extrapolation to the x-axis is performed, the intersection of the line and the axis yields the turnover number. It 
is important to note that this number or ratio includes the amount of inhibitor required to inactivate the enzyme, 
and if one assumes a 1:1 stoichiometry, then the partition ratio is the turnover number minus one.

A second and more direct method involves determination of the molar amount of products formed from 
reaction of the inhibitor with P450 and an assessment of the amount of P450 enzyme inactivated. This may 
be accomplished in several ways. In microsomes a high concentration of inhibitor can be used along with 
an appropriate incubation period to insure complete inactivation of the enzyme. The resulting decrease in 
the carbon monoxide–binding spectrum can be used to quantitate the amount of enzyme inactivated. Once 
this value is established, a separate incubation containing enzyme and inhibitor is assayed with the dilution 
method, and this can be used to estimate the molar amount of enzyme inactivated. In the same incubation, 
product formation of the reaction is then measured (or inhibitor depletion is measured), and the ratio of 

FIGURE 19.9 Determination of kinact and KI from a plot of kobs versus inhibitor concentration.
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FIGURE 19.11 Estimation of the partition ratio.

FIGURE 19.10 Determining kobs where (a) inactivation is linear with time and (b) inactivation is non-linear with time 
possibly due to significant inhibitor depletion.
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product formed versus enzyme inactivated directly yields the partition ratio. Alternatively, the experiment can 
be performed with expressed enzyme, which has the advantage of containing only one P450, and in this case, 
the confounding influences of other P450 enzymes on carbon monoxide binding and inhibitor metabolism are 
not present. These methods were used by Kunze and Trager to estimate the partition ratio of furafylline for 
P450 1A2 inactivation [33]. The obvious drawback to this approach is that it is necessary to have a method 
to quantitate all of the products formed (radio label or synthetic standards). Therefore, in the absence of a 
radiolabel or metabolite standard(s), the titration method is often used to estimate the partition ratio.

Predicting In Vivo Cytochrome P450 Mechanism-Based Inhibition

The accurate in vivo extrapolation of irreversible (MBI) inhibition based on in vitro DDI data requires 
two key elements; the ability to differentiate reversible from irreversible inhibition (MBI) and, thereafter, 
to correctly express the impact of the irreversible mechanisms in vivo. In practice, MBI is the result of a 
chemical transformation of an inhibitor to an intermediate that irreversibly binds to and inactivates the 
P450 prior to exiting the active site [112]. The impact of this mechanism is distinct from competitive inhi-
bition. Foremost, when a competitive inhibitor is eliminated, the potential for a drug interaction is gone, 
whereas for MBI, the potential persists well after the compound has been eliminated [113]. This relates 
to the second difference, which is that the MBI perturbs the steady-state levels of the P450 it inactivates 
and levels recover only with the natural synthesis rate within the organism [114]. Numerous mechanistic 
models have been developed to describe this relationship [115–117].

The synergy between in silico and experimental data is enabled by the ability to approximate the 
expected clinical impact on AUC based on in vitro DDI data [118]. The most visible program Simcyp has 
gained popularity amongst pharmaceutical companies and the FDA (www.simcyp.com). The underlying 
drug interaction predictions are based on the equations described by Brown et al. [119,120]. The in vivo 
extrapolations can be determined from a variety of in vitro systems including human liver microsomes 
(HLMs), hepatocytes, or recombinant P450 (rP450). The relative activities of the latter system often 
vary kinetically from HLM and hepatocytes and, therefore, need to be corrected with the use of scaling 
factors. The intersystem extrapolation factor (ISEF) is used to normalize in vitro data generated from 
rP450s [121]. Simcyp also has the unique ability to represent the patient-variable response to drugs in 
clinical trials by using Monte Carlo simulations to vary patient demographics, genetics, and physiology 
to introduce “typical” population variance [122]. Within Simcyp, inhibition and induction parameters can 
be included with the intrinsic clearance for a given compound to predict its in vivo exposure. One area 
of interest regarding the predictive capacity of Simcyp is the consistent overprediction of the Rss (AUC 
change due to the addition of inhibitor) for inhibitors that proceed through mechanism-based inhibition. 
This overprediction could be due to variability in the kdegrad rate constants reported for various P450 iso-
forms. Most commonly, the data from in vitro human hepatocytes as well as the data generated from rats 
in vivo are used despite their disparate half-lives, 14–44 hours, respectively. Experimental evidence sug-
gests the homeostasis of a hepatocyte is disrupted precluding the accurate half-life determination of P450 
enzymes within in vitro experiments [114], while the rat determined values clearly have limited human 
physiological relevance. Despite the kdegrad being an attractive target for potential error in Rss estimates, 
it must be tempered with the potential error associated with the additional in vitro measurements that are 
used in predicting the in vivo clearance; thus, any combination of inaccurate in vitro data could skew the 
Rss predictions. As computational tools like Simcyp become more commonly used for predicting DDI, 
the predictive limitations will be more readily identified, leading to improved strategies for in vitro to 
in vivo predictions of drug pharmacokinetics and possible MBI-based DDIs.

Conclusion

Mechanism-based inhibition of cytochrome P450 enzyme activity is an important factor in clini-
cally relevant DDIs. Over the past 30 years, our knowledge of the structure and associated chemistry 
of P450 mechanism-based inhibition has increased immensely. Our ability to elucidate the nature 

http://www.simcyp.com
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of MBI and potentially avoid key structural drug features in drug candidate selection. Moreover, 
the magnitude of P450  MBI is now predictable in a manner that patient risk for serious DDIs is 
minimized.
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Introduction

Advances in the mechanistic knowledge of drug metabolism enzymology are enabling the early-stage 
understanding of clearance pathways that can be applied in designing clinical pharmacology programs. 
Clinical drug metabolism studies provide definitive characterization of the metabolic fate of drug candi-
dates. Frequently, the human absorption, distribution, metabolism, and excretion (ADME) study will be 
the only clinical study of a New Chemical Entity (NCE) designed specifically to characterize metabo-
lism and disposition. In addition to fulfilling a regulatory requirement for registration of a new drug, a 
main purpose of these studies is to support qualitative extrapolation of the preclinical animal toxicology 
results to humans by demonstrating that the metabolites formed by humans are formed also by animals. 
Until recently, clinical drug metabolism studies have been conducted late in the development timeline; 
however, a changed regulatory environment and improvements in technology are driving the early con-
duct of human ADME studies. With the current generation of mass spectrometry instrumentation, it is 
now possible to routinely profile major metabolites in the earliest first-in-human studies without being 
limited by method sensitivity. Accelerator mass spectrometry is emerging as an enabling technology for 
assessing mass balance with very low doses of radioactivity, with potential application in very early, if 
not the earliest, human trials. This chapter focuses on clinical drug metabolism studies using labeled or 
unlabeled materials to assess disposition pathways and excretion routes of development-stage candidates.
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Evolving Regulatory Environment and Clinical Drug Metabolism

The US Food and Drug Administration (FDA) recently (November 2016) issued a revision of an industry 
guidance Safety Testing of Drug Metabolites that may impact the timing and conduct of human ADME 
studies (http://www.fda.gov/cder/guidance/index.htm). The FDA guidance defines conditions in which 
a metabolite will need to undergo additional toxicity evaluation. The regulatory impetus behind it is to 
understand the specific contribution of metabolites to the toxicity of an investigational drug. The guid-
ance defines a quantitatively “disproportionate metabolite” that may be subject to separate toxicology 
studies involving administration of the metabolite itself. A key difference in the revised guidance is 
that it defines disproportionate metabolites as those with steady-state systemic exposure in humans that 
exceeds 10% of the total drug-related exposure, while the original 2008 version defined these as 10% of 
parent drug exposure. The guidance provides additional decision criteria for requiring toxicity testing—
if the steady-state metabolite exposure in animal studies does not approximate the corresponding expo-
sure in humans, then nonclinical toxicology testing will be needed (Figure 20.1). The type of toxicology 
studies that are recommended include those conducted for parent drug: general toxicity, genotoxicity, 
embryo-fetal development, and carcinogenicity. A disproportionate metabolite whose exposure in ani-
mals is equal to or higher than in humans would not require further testing to be considered qualified, 
in-line with current practice. A change from historical practice is that the decision criteria within the 
guidance does not consider the pharmacological activity of the metabolite, recognizing the potential for 
toxicities that are mediated by off-target actions of the NCE. It does recognize that separate toxicity test-
ing of certain types of metabolites (ether glucuronides and some phase 2 conjugates) does not add to the 
understanding of the risk associated with the parent drug. The guidance does not apply to cancer thera-
pies where different risk-benefit considerations apply. In addition, the revised guidance indicates that 
the requisite data can be modified on a case-by-case basis for NCEs that address serious life-threatening 

FIGURE 20.1 A decision tree flow diagram from FDA Guidance (2016) Safety Testing of Drug Metabolites.

http://www.fda.gov/
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diseases (ALS, stroke, HIV) or provide major beneficial therapeutic advances for unmet medical needs. 
It should be noted that updated FDA guidelines regarding metabolite safety are generally consistent with 
those published by other regulatory authorities, namely EMA via ICH guideline M3(R2) (http://www.
ema.europa.eu/ema/). Overall, a consequence of implementation of FDA and EMA regulatory guid-
ance is that earlier and more detailed characterization of metabolite exposure in toxicology studies and 
humans is required.

Extrapolating the toxicological significance of synthetic metabolites to risk assessments of parent drug 
is complicated by the potential kinetic differences in the behavior of the metabolite after administra-
tion of the parent drug and the metabolite itself (Prueksaritanont et al. 2006). Physical properties (e.g., 
lipophilicity), metabolizing enzyme distribution, and effects of transporters can result in substantially 
different metabolite concentrations in tissue despite the same systemic exposure. The biological com-
plexity associated with separate administration of metabolites is illustrated by the case of simvastatin, 
which is administered in its inactive lactone form and undergoes enzymatic and chemical hydrolysis 
in vivo to the pharmacologically active acid metabolite (Prueksaritanont et al. 2006). Administration 
of the lactone form produces concentrations of the acid metabolite in brain and muscle that are two- to 
three-fold higher than those achieved after giving the acid itself. This different metabolite pharmacoki-
netic behavior is attributable to the greater passive permeability and absence of P-gp-mediated efflux, 
which increases availability of the precursor lactone (Hochman et al. 2004). Interestingly, despite the 
substantially differing tissue exposures, administration of simvastatin lactone and acid metabolite results 
in comparable plasma concentrations of the acid metabolite. The evolving regulatory environment that 
requires the interpretation of metabolite toxicology studies will benefit from research in metabolite phar-
macokinetics, animal models of human drug metabolism, and bioanalytical methodology (Espina et al. 
2009; Powley et al. 2009; Gao and Obach 2011; Martin et al. 2016).

Impact of FDA Guidance for Industry Safety Testing of Drug 
Metabolites on Clinical Drug Metabolism Studies

Implementation of the FDA Safety Testing of Drug Metabolites guidance will affect the timing of 
preclinical and clinical ADME studies because the potential need for additional toxicology studies of 
metabolites could delay timelines and require the commitment of additional sponsor resources (Baillie 
et  al. 2002; Smith and Obach 2006). Minimizing the risk of late identification of a disproportionate 
metabolite would include a full preclinical characterization of metabolites by knowledgeable scientists 
using modern technologies. These studies will need to be completed well in advance of the initiation of 
registration-enabling toxicology studies. As the guidance dictates that the metabolite toxicology studies 
should be conducted to GLP standards, synthetic metabolite material would have to be qualified and bio-
analytical methods validated with defined storage conditions for maintaining metabolite integrity (which 
may differ from those for parent drug). Another implication is that sufficient time must be allowed for 
follow-up studies that could be required for a proper scientific perspective of the metabolite toxicity 
evaluations (Prueksaritanont et al. 2006). Assessing total drug-related exposure can be readily achieved 
with radiolabeleled compounds; however, non-isotopic methods based upon NMR and mass spectrom-
etry can provide fit-for-purpose information before availability of positive clinical data that justifies 
the investment in radiosynthesis (Espina et al. 2009; Vishwanathan et al. 2009; Gao and Obach 2011). 
The use of low-dose radioactivity regimens and accelerator mass spectrometric detection to characterize 
human metabolism and total drug-related exposure during Phase 1 multiple dose studies is one possible 
means to obtaining steady-state drug metabolism information at the earliest stages of clinical develop-
ment. As with other issues encountered during the registration process, discussions between the sponsor 
and agency are a means of arriving at scientific- and technical-based resolution.

Rationale for Conducting Clinical Drug Metabolism Studies 
Early in the Drug Development Timeline

Changes in regulatory requirements along with significant advances in the molecular understanding 
of the enzymology related to drug metabolism provide a strong rationale for conducting human drug 

http://www.ema.europa.eu/
http://www.ema.europa.eu/
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metabolism studies early in the NCE development timeline. Commercially available, well-characterized 
human-derived subcellular fractions (microsomes, cytosol), whole cells (hepatocytes) and recombinant 
enzymes (CYP, UGTs) of documented quality are routinely used to generate human-based metabolites. 
The availability of highly-specific monoclonal inhibitory CYP antibodies and selective chemical inhibi-
tors used in combination with human hepatic subcellular systems facilitates phenotyping studies that lead 
to the identification of enzymes involved in metabolic clearance (Mei et al. 1999, 2002). Consequently, 
by the start of human studies, a reasonable scientific foundation can be available for rational design of 
clinical pharmacology programs. These data along with information from clinical drug metabolism 
studies may provide the rationale for the conduct of specific drug-drug interaction studies and the char-
acterization of the pharmacokinetics in special populations. For example, in vitro phenotyping studies 
may implicate a particular CYP isozyme (e.g., 3A4 or 2D6) as a major contributor to the metabolism of 
an NCE. Early clinical drug metabolism studies showing that elimination of the drug proceeds primarily 
via these oxidative pathways justifies the early evaluation of co-administration of clinically significant 
CYP inhibitors (e.g., ketoconazole or quinidine) in drug-drug interaction (DDI) studies. A clinical drug 
metabolism study suggesting a low risk of DDIs may justify a minimal set of clinical pharmacology 
studies, while an unfavorable DDI profile could lead to project termination, depending on the risk benefit 
associated with the therapeutic indication. The benefit of reaching the latter decision before the initiation 
of large-scale clinical trials is obvious. Conversely, establishing that glucuronidation or renal excretion 
were quantitatively most important could lead to clinical studies assessing the effect on drug clearance 
of co-administration of valproic acid (a UGT inhibitor) or of renal impairment (Lin and Wong 2002).

While solid directional data on clearance mechanism(s) is obtained from preclinical animal and in vitro 
studies, an in vivo clinical drug metabolism study is needed for definitive characterization of human 
clearance pathways. This definitive data is usually obtained from a human ADME study conducted with 
radiolabeled drug. However, evaluation of drug metabolism during early clinical studies (e.g., first-in-
human, FIH) conducted with unlabeled material can provide a valuable opportunity to explore human 
drug disposition. Information regarding circulating levels of key metabolites (major or active), metabolic 
pathways, and in certain instances, insight into the elimination pathways of an NCE may be obtained 
from these experiments.

Administration of a radiolabeled drug candidate to human subjects affords a unique opportunity to deter-
mine quantitatively the in vivo disposition and metabolism of the molecule. When mass balance is achieved, 
the clearance mechanisms of an NCE can be fully elucidated through characterization of the excretion 
profile of parent drug and associated metabolites. Routes of clearance determined through the course of 
a study may validate previous insights made on the basis of in vitro human data, pre-clinical interspecies 
extrapolations, or early clinical metabolism studies conducted without radiolabel. Alternatively, results 
from the radiolabel study may highlight unforeseen ADME knowledge gaps requiring additional research 
efforts to support advancement of a potential drug. Efficacy- and safety-related concerns are also addressed 
in the context of the radiolabel human ADME study, as metabolites present in circulation are identified and 
quantified in order to evaluate their possible contribution to pharmacological or toxicological effects (in 
accordance with regulatory guidance). Given the relative ease with which radiolabeled molecules and their 
metabolites are identified and quantified amidst complex endogenous background components, radioiso-
topes are an essential tool in the assessment of the in vivo fate of drug candidates.

Clinical Drug Metabolism with Non-Radiolabeled Drug

Qualitative Approaches

In the absence of quantitative tools (i.e., radiolabeled material or synthetic standards), useful informa-
tion regarding in vivo metabolic pathways of an NCE can be obtained via qualitative means. Exploratory 
analysis of human urine or plasma may reveal important details concerning the biotransformation of 
an investigational drug. Generally, in vitro human data provide a framework for conduct of exploratory 
investigations of urinary or plasma. However, there are cases where in vitro data is of limited value due 
to slow metabolite formation rates and in these instances the detection of key in vivo human metabolites 
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may still be feasible. Piperaquine (PQ) is an antimalarial agent initially synthesized in the 1960s. In 
combination with dihydroartemisinin, use of PQ in malaria treatment recently increased due to its effi-
cacy and tolerability (Davis et al. 2005). Despite PQ’s lengthy clinical use, little was known about the 
biotransformation of this drug in humans. Complicating the study of PQ biotransformation was the 
low turnover rate in standard in vitro systems, resulting in limited formation of metabolites. Following 
oral administration of PQ (960 mg) to human volunteers, five oxidative metabolites were detected in 
urine at quantities sufficient to permit structural elucidation by liquid chromatography-mass spectrom-
etry (LC-MS)/MS and NMR analysis (Tarning et  al. 2006). Information derived from early studies 
using unlabeled drug can also identify differences in biotransformation profiles between humans and 
pre-clinical species. Analysis of urine samples collected from subjects receiving a 1000 mg oral dose of 
indinavir, an HIV protease inhibitor, revealed the formation of several prominent oxidative metabolites 
including a novel quaternary N-glucuronide (Balani et al. 1995). While good agreement was observed 
across species (rat, dog, monkey, and human) for oxidative metabolites, the quaternary N-glucuronide 
was observed only in human and non-human primates (Balani et al. 1996; Lin et al. 1996).

When measurement of biliary secretion of parent drug or metabolites is warranted, bile can be col-
lected from either the patients undergoing certain surgical procedures (e.g., cholecystectomy, temporary 
bile shunts, and nasobiliary drainage) or in healthy subjects using either duodenal perfusion or oroentric 
tubes (Ghibellini et al. 2006). A recent study applied oroentric tubes to collect bile for the evaluation 
of metabolites of piperacillin (2 g IV dose) in normal volunteers (Ghibellini et al. 2007). Piperacillin 
was excreted predominantly into urine, while its metabolites desethylpiperacillin and desethylpiperacil-
lin-glucuronide were excreted predominantly in bile. The glucuronide conjugate of desethylpiperacil-
lin was a novel metabolite not previously described, potentially as a result of hydrolysis by intestinal 
b-glucuronidases. The bile collection method used involves the oral insertion of a customized multilu-
minal oroentric tube that is modified for the aspiration of gastric and duodenal contents (Ghibellini et al. 
2004). A small balloon is inflated on the distal end of the tube to prevent the loss of biliary secretions 
into the lower GI tract, which facilitates quantitative bile collections. In addition, administration of 
cholecystokinin-8 to stimulate gall-bladder contraction enables complete recovery of biliary secretions 
(Ghibellini et al. 2004). This technique, also used to study biliary disposition of [14C]muraglitazar and 
metabolites (Wang et al. 2006) and demonstrate low biliary excretion of [14C]apixaban (Raghavan et al. 
2009), may provide a less invasive method of bile collection from human volunteers for purposes of 
clinical drug metabolism studies.

While either duodenal perfusion or oroentric tubes are less invasive than older methods of bile collec-
tion and have facilitated bile sampling from human volunteers for purposes of clinical drug metabolism 
studies, a novel minimally invasive technique utilizing a diagnostic device (Entero-TestTM) has recently 
been reported (Guiney et al. 2011). The device is composed of highly absorbent nylon string encapsu-
lated by a dissolvable gelatin capsule. Once swallowed, the distal end of the string, which is weighed, 
passes into the duodenum. Bile excretion is stimulated and, following an appropriate period of time, the 
string is withdrawn via the mouth and the sample is extracted. Metabolites observed following admin-
istration of simvastatin using the Entero-TestTM device were consistent with metabolites described in 
previous in vitro and in vivo (intubated) experiments. Additionally, a new direct glucuronide conjugate 
of parent drug was discovered in this study. The technique has been used in subsequent studies coupled 
with NMR to assess the major metabolic pathways of a novel compound, GSK1325756 (Bloomer et al. 
2013). Data showed that the major metabolite excreted in bile was the direct glucuronide conjugate, with 
only a minor contribution from oxidative metabolism. Human disposition of [14C]GSK1322322 was also 
evaluated using this technique (Mamaril-Fishman et al. 2014). In this study, the authors observed an 
N-glucuronide as the major metabolite in bile, which was largely absent in feces, suggesting this metabo-
lite was not stable in the GI tract.

Semiquantitative Plasma Analysis for Metabolite Exposure Determination

Regulatory FDA and EMA guidance establish expectations for safety assessment of either human- 
specific metabolites or “disproportionate” metabolites achieving higher exposures in humans at steady-
state than in preclinical toxicology studies (see section “Impact of FDA Guidance for Industry Safety 
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Testing of Drug Metabolites on Clinical Drug Metabolism Studies”). Failure to identify such metabolites 
early could delay development timelines overall given a potential need to perform additional safety stud-
ies to determine the safety profile for the metabolite(s) of concern at established exposures. Common 
industry practice, therefore, involves semiquantitative analysis of plasma samples generated during 
first-in-human (FIH) clinical testing from single ascending dose (SAD) and/or multiple ascending dose 
(MAD) studies to identify human-specific or disproportionate metabolites as soon as feasible. Valuable 
semiquantitative exposure data is gained by pooling plasma from individual subjects in proportion to 
sampling time (Hamilton et al. 1981; Riad et al. 1991; Hop et al. 1998) to create a single sample where 
levels of each component reflect their relative AUC exposures when analyzed, typically by LC-MS. 
Methodologies have been described (Ma and Chowdhury 2011) in which plasma pools similarly pre-
pared from FIH-enabling (GLP) toxicology studies in rodent and non-rodent species can be analyzed and 
compared to clinical samples to assess whether exposures in toxicology species are sufficient to qualify 
metabolite coverage as adequate or insufficient per the regulatory guidance (Figure 20.2). Should insuffi-
cient coverage be observed for a metabolite, toxicology studies for that metabolite could be contemplated 
at an earlier stage. Approaches generally involve either using a normalized matrix (combined human and 
animal plasma) with appropriate internal standard (Gao et al. 2010), or a calibrated mass spectrometry 
response factor to account for ionization differences between parent and metabolite(s) if mass spectrom-
etry serves as the analytical platform (Yu et al. 2007; Wright et al. 2009).

Validation of the semiquantitative approach investigating metabolite exposure ratios (i.e., coverage) 
between preclinical species and human has been demonstrated with SCH-A and its circulating oxidative 
deamination metabolite, M18, in rabbits (Ma et al. 2010). A validated LC-MS/MS method was first used 
to quantify SCH-A and M18 employing a standard, quantitative bioanalytical method using authentic 
standards and calibration curves for each analyte. Exposure multiples for M18 determined at doses of 30, 
100, and 300 mg/kg (relative to a 100 mg human dose) were 2.55, 12.4, and 16.6, respectively. Samples 
pooled using a normalized matrix approach and analyzed by high-resolution MS (HRMS) using the 
semiquantitative method revealed exposure multiples of 2.70, 12.0, and 16.0, respectively, which were 
in good agreement (within 10%) compared to the validated bioanalytical method. SCH-A exposure mul-
tiples determined by the same two approaches also exhibited good agreement. A second example evalu-
ated SCH-B and its circulating oxidative metabolite, M7, in dogs (Ma et al. 2010). Exposure multiples 
for M7 determined at doses of 10 and 20 mg/kg (relative to a 100 mg human dose) were 0.703 and 2.36, 
respectively, using a validated bioanalytical method. Like the standard method, the semiquantitative 
HRMS pooling approach established sufficient coverage at the higher dose only, with exposure mul-
tiples determined to be 0.671 and 2.41 at 10 and 20 mg/kg doses, respectively (within 15% of the values 
obtained using the fully quantitative method). These examples demonstrate that exposure multiples may 
be determined using early clinical SAD/MAD samples and multi-dose pre-FIH toxicokinetic samples 
from preclinical safety species. Accurate evaluation of exposure multiples can be obtained for identi-
fied metabolites early in clinical development without the need for synthesized standards and validated 
assays.

While semiquantitative methods can address metabolite coverage questions for specific metabolites, 
there may be circumstances where they do not fully inform on the need to perform additional safety 
studies. As described previously, regulatory guidance provides a threshold (10% of total drug-related 
material in circulation) below which further evaluation may be unnecessary, even if a metabolite lacks 
coverage in preclinical safety species. Semiquantitative approaches may identify such a metabolite; 
however, all circulating drug-related metabolites and parent drug must also be accounted for in order 
to establish whether the 10% threshold has been exceeded. Though HRMS applications can greatly 
enhance the likelihood of capturing many drug-related species (Tiller et al. 2008b; Ma and Chowdhury 
2011), use of radioisotopes provides a definitive advantage in assuring all drug-related material is char-
acterized and quantified.

With the advent of more sensitive and selective LC/MS systems, earlier clinical metabolism studies 
utilizing microdosing may be feasible. An investigation comparing plasma metabolites detected fol-
lowing oral nicardipine administration at doses of 20 mg (clinical dose) or 100 μg (microdose) using a 
randomized cross-over design revealed similar results at both dose levels (Yamane et al. 2009). Based 
on mass transitions specific to 9 metabolites determined from in vitro experiments, 7 metabolites were 
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observed in plasma collected following the 20 mg dose while 6 metabolites were detected in plasma 
following the 100 μg dose. One metabolite, with the lowest abundance following administration of the 
clinical dose, was not observed after microdosing. Moreover, the kinetic profiles of the metabolites 
detected at both dose levels were comparable as well (based on peak area ratios). As with other qualita-
tive approaches, the mass transitions of putative metabolites must be known a priori, unless an HRMS 
approach is utilized. Nevertheless, as technology continues to improve, this approach may continue to 
be informative to address specific questions pertaining to clinical drug metabolism prior to the conduct 
of Phase I experiments.

FIGURE 20.2 A schematic diagram for work procedures and proposed decision tree for assessing human metabolite 
coverage in preclinical safety testing.
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Quantitative Approaches—Plasma

The availability of synthetic standards of key metabolites allows for a more quantitative understand-
ing of the human biotransformation of an NCE during early clinical studies. Timely data on the role of 
circulating metabolites can be instrumental in understanding the pharmacological response of a new 
agent, since active metabolites can significantly impact the intensity, duration, and spectrum of pharma-
cological activity (Fura 2006). In early clinical development, often the challenge is the lack of definitive 
data on which to base selection of relevant metabolite(s) to synthesize and measure. In vitro data using 
human-derived tissue, qualitative or semiquantitative metabolite ID from preclinical or clinical studies, 
or a priori knowledge as to the likelihood of pharmacological activity all may inform a decision to syn-
thesize a given metabolite. In addition, the complexity of biotransformation often impacts the ease with 
which a decision may be made. Circumstances where only a limited number of metabolites are formed 
make this approach more feasible.

In the case of AMG 487, an investigational CXCR3 inhibitor, analysis of in vitro human microsomal 
and hepatocyte incubations showed that only three primary metabolites were formed: a pyridyl N-oxide 
(M1—major) and two minor metabolites (O-deethylated AMG 487 and the O-deethylated AMG 487 
N-oxide). Evaluation of synthetic M1 demonstrated similar potency for CXCR3 inhibition as parent. 
Quantitation of M1 in human plasma samples collected from FIH studies showed this metabolite circu-
lated at levels 2- to 6-fold greater than AMG 487 (Floren et al. 2003). These data highlighted the need 
to evaluate both AMG 487 and M1 concentrations to understand the PK/PD of parent, and to ensure 
the selection of appropriate doses in preclinical safety testing for coverage of M1 concentrations across 
preclinical species. The latter posed a considerable challenge since M1 concentrations were considerably 
lower in the species used for safety testing than in humans. Predicting plasma metabolite concentra-
tions based on in vitro data is not straightforward. This is because plasma metabolite levels are not only 
a function of a metabolite’s formation rate, but are also determined by its elimination rate, sequential 
metabolism (i.e., the availability of the metabolite to blood from the site of formation), and its volume of 
distribution (Houston 1981).

Quantitative Approaches—Excreta

Quantitation of parent and/or metabolites in excreta (urine, bile, feces) provides useful information about 
the routes of elimination of an NCE. This information can be helpful in designing key clinical experi-
ments (e.g., drug-drug interaction trials or studies in special populations). The contribution of metabo-
lism to the overall elimination of a drug can often be inferred by measuring the excretion of parent drug 
in the urine. High recovery of parent drug in urine indicates that renal excretion, rather than metabolism 
and/or biliary secretion pathways (or others), will dominate the elimination of an NCE. The urinary 
recoveries of atenolol, many cephalosporin antibiotics, hydrochlorothiazide, and lisinopril are >90%, 
suggesting that biotransformation of these agents plays only a minor role while renal excretion is domi-
nant in their elimination (Benet et al. 1995).

Efforts to determine mass balance of an NCE solely on the basis of parent drug recovery in excreta 
would be expected to yield incomplete recovery for most drug candidates. Therefore, measuring both 
parent drug and metabolite(s) in excreta provides considerably more insight as to the elimination routes 
of an NCE. In the optimal case of quantitative mass balance, a more detailed description of the elimina-
tion pathways emerges. This was the case with acetaminophen. Following a 1000 mg oral dose of acet-
aminophen, essentially complete (100%) recovery was obtained by measurement of the acetaminophen, 
Phase I oxidative metabolites, and Phase II conjugates (glucuronide, sulfate, and glutathione conjugates) 
excreted in urine over a 24-hour period (Slattery et  al. 1987). In the case of this drug, the complete 
accounting of the dose was aided by the historical understanding of the major metabolites of this com-
pound and their excretion profile. Unfortunately, quantification of drug-related material using cold assay 
techniques rarely results in complete recovery; however, important information can still be obtained from 
early clinical studies. In Phase 1 studies of maribavir, a novel anti-viral agent, less than 2% of the dose 
was excreted in urine as parent drug, while 30%–40% of the dose was recovered as the corresponding 
N-dealkylated metabolite (Wang et al. 2003). In vitro-based phenotyping demonstrated that formation 
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of this N-dealkylated metabolite was mediated almost exclusively by CYP3A4 (Koszalka et al. 2002). 
Despite the incomplete recovery of material in this study, it was clear that CYP3A4-mediated biotrans-
formation contributed significantly to the overall elimination of the drug. Although the exact extent to 
which the elimination of maribavir was dependent on CYP3A4 could not be determined from these data, 
prioritization of CYP3A4-oriented drug-drug interaction studies may be warranted based on these data 
and the intended patient population.

Classically, urinary excretion of parent drug and metabolites has formed the basis of phenotyping 
humans for polymorphic CYP enzymes. For example, urinary ratios of 4-hydroxydebrisoquine to debriso-
quine or dextrorphan to dextromethorphan are often used as a means of determining CYP2D6 pheno-
type (Chladek et al. 2000; Christensen et al. 2003). In the case of atomoxetine, a blocker of presynaptic 
norepinephrine transporter, the 4-hydroxyatomoxetine metabolite was shown to result from CYP2D6-
mediated biotransformation (Ring et al. 2002). A 90 mg oral dose of atomoxetine was administered to 
“extensive” and “poor” CYP2D6 metabolizers (EMs and PMs, respectively). In EMs, approximately 
60% of the oral dose was recovered in urine over 24 hours as either parent, N-desmethylatomoxetine, 
4-hydroxyatomoxetine, or the glucuronide conjugate of 4-hydroxyatomoxetine (Mullen et al. 2005). The 
majority of the dose was recovered as 4-hydroxyatomoxetine (1.2%) and the corresponding glucuronide 
conjugate (59%), suggesting that oxidative metabolism of atomoxetine to 4-hydroxyatomoxetine was a 
key elimination pathway for this drug. In PMs, the total recovery was much lower (11%) and the pattern 
of metabolites recovered was different, as a greater degree of N-desmethylatomoxetin formation and 
excretion of unchanged parent drug was reported (Mullen et al. 2005). The impact of CYP2D6 pheno-
type on the biotransformation of atomoxetin was confirmed subsequently in a radiolabel mass balance 
study (Sauer et al. 2003). It is important to note that low recovery of parent and known metabolites may 
not provide a comprehensive view regarding the disposition of an NCE. Low recovery may be due to 
incomplete absorption of the compound following oral administration, incomplete understanding of the 
elimination routes in humans, or drug-related material being excreted in another matrix.

Quantitative Approaches—Fluorine NMR

Fluorine (19F) NMR provides an alternate means for metabolite quantitation without the prerequisite of 
synthetic reference standards or radiolabeled material. 19F NMR shares some attributes of radiochemi-
cal analysis because the method is highly selective for drug-related material due to the low background 
of endogenous fluorine, and the NMR signal is directly proportional to the number of fluorine nuclei 
in a molecule (Martino et al. 2005). The large range of chemical shifts and the high sensitivity of the 
fluorine nuclei to its environment allows for the differentiation of the various chemical species within a 
biological sample, often without prior chromatographic separation (Bernadou et al. 1985; Martino et al. 
2005). Depending on the sample matrix, only limited sample work up is generally required. Exceptions 
are matrices prone to macromolecular binding (e.g., plasma) and micellar substructures (e.g., bile), which 
can obscure the NMR signal (Martino et al. 2005). The key limitations of 19F NMR compared to LC-MS/
MS and radiochemical techniques are related to access to equipment, lower sensitivity, and increased 
sample volume. Nevertheless, this technique is very powerful in selected instances for studying clinical 
drug metabolism.

Using 19F NMR analysis, a total of 8 metabolites were detected in human urine following oral 
administration of 150 and 800 mg flurbiprofen (Wade et al. 1990). Base hydrolysis abolished the major 
putative metabolite peaks while increasing those corresponding to parent drug and another metabolite, 
suggesting that these were acyl glucuronide conjugates. Further characterization of the second metab-
olite led to its assignment as the glucuronide of 4-hydroxyflurbiprofen. Another case demonstrated the 
utility of LC-19F/1H NMR-MS to identify a novel metabolite of the experimental reverse transcriptase 
inhibitor, BW935U83, in human urine (Shockcor et al. 2000). Analysis of urine samples collected fol-
lowing oral administration of a 1000 mg dose detected parent drug, a known glucuronide conjugate, 
and a second unknown metabolite. This latter metabolite was not detected using LC-MS/MS or 1H 
NMR methods due to background interference from endogenous components. Subsequent structural 
characterization using LC-19F/1H NMR coupled with tandem MS analysis identified this metabolite 
as 3-fluoro-ribolactone, a metabolite believed to be derived from the CYP-mediated cleavage of the 
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nucleoside-sugar bond of the parent molecule (Shockcor et  al. 2000). In the presence of a known 
concentration of standard (e.g., trifluoromethylbenzoic acid, fluoroacetate, trifluoroacetic acid, etc.) 
quantitation of the 19F signal is also possible (Martino et al. 2005).

Several reports have demonstrated good concordance between 14C and 19F NMR mass balance 
approaches in non-clinical species (Monteagudo et al. 2007; Mutlib et al. 2012; Hu et al. 2015). A mass 
balance study of an experimental HIV-1 integrase inhibitor conducted in rats demonstrated comparable 
total recoveries determined by standard radiometric and 19F NMR methods (Monteagudo et al. 2007). 
A good correlation was also observed for the recovery in urine and bile of individual metabolite com-
ponents (e.g., parent, the glucuronide conjugate, and an N-demethylated metabolite). The utility of this 
approach has also been demonstrated in the clinical setting with GSK1325756 (Bloomer et al. 2013). 
Analysis of human bile using 19F NMR following preparative HPLC was able to demonstrate that an 
O-glucuronide metabolite (M11) was the major metabolite in bile, representing 80% of the drug related 
material within the sample collected. Additionally, minor metabolites (2%–5%) and unchanged drug 
(6%) constituted the remainder of the drug related material. The limit of quantitation of the method was 
1% of drug related material. Overall, provided the fluorine substituent is metabolically stable within the 
molecule of interest, 19F NMR represents a useful technique for the quantification of drug metabolites 
without reference standards or radiolabel. For additional information on this technique the reader is 
referred to an excellent review describing 19F NMR application to drug disposition (Martino et al. 2005).

Radiolabel Human ADME Study—Background

Exploratory analyses of clinical samples from standard, non-radiolabel Phase I dose escalation studies can 
provide valuable information about metabolite exposure in certain instances, where in vivo metabolism 
closely follows in vitro prediction and is not overly complicated (see section “Clinical Drug Metabolism 
with Non-Radiolabeled Drug”). In cases where metabolism is not completely understood or may be 
more extensive in vivo than observed in vitro, the obvious concern centers around which metabolites are 
potentially missed in the absence of a detection method specific for exogenous drug-related material. 
Scenarios involving complex metabolic pathways or unknown clearance mechanisms highlight the value 
of radiolabel when dosed in vivo—radioisotopes can be used to identify and quantify all drug-related 
material without the need for metabolite standards and standard curves. These benefits are brought about 
by the fact that the decay of a radioactive isotope and the ability to detect and quantitate radiolabeled 
material is independent of molecular structure. Quantitation of the radioisotope requires only a simple 
measurement of disintegrations per minute (dpm) by liquid scintillation counting (LSC) and the specific 
activity of the radiolabel dose, which is known at the outset of the study. Furthermore, given the very low 
background of naturally-occurring radioisotopes in vivo, unchanged drug and its metabolites are readily 
distinguished from components of the complicated and diverse biological matrices in which they reside.

Drug candidates are most commonly labeled with low-energy radioisotopes of carbon (Carbon-14, 
14C) or hydrogen (Tritium, 3H) to enable characterization of their in vivo ADME properties in humans 
(Dain et al. 1994; Roffey et al. 2007), as well as preclinical species (Marathe et al. 2004; Roffey et al. 
2007). Between these two radioisotopes, 14C is generally preferred due to its relatively high degree of 
chemical stability and detection efficiency by standard LSC when compared to 3H. A potential advantage 
of 3H is the relative ease with which it may be incorporated into an investigational drug; however, the 
possibility of isotope exchange with water must be carefully investigated through additional experimen-
tal efforts (Shaffer and Langer 2007). Whether 14C or 3H is utilized as an isotopic label, specific attention 
must be paid to placement of the label within the molecule. Incorporation of the label at a position of 
chemical or metabolic instability that results in the formation of a very low molecular weight entity (i.e., 
tritiated water, HTO) or volatile entity (i.e., 14CO2) may easily confound interpretation of results or lead 
to poor radiolabel recovery. At a minimum, it is prudent to utilize in vitro cross-species metabolic stabil-
ity data together with chemical stability information and chemical synthesis feasibility assessments to 
optimize placement of the radiolabel.

The dosing of radioisotopes to humans is done with the proper oversight with regard to the safety of 
the study participants. Guidance on the appropriate conduct of studies involving the administration of 



561Clinical Drug Metabolism

radiolabeled drugs to humans is set forth by 21 CFR § 361.1, which mandates protocol review by both an 
FDA-approved Radioactive Drug Research Committee (comprised of a physician specializing in nuclear 
medicine, a specialist in radiation dosimetry and/or safety, and at least three other medical experts) and 
an Institutional Review Board. Radiolabel studies are most frequently conducted in healthy volunteers; 
however, those where narrow therapeutic index agents (i.e., anticancer agents) are administered are gen-
erally conducted in patients (Beumer et al. 2006). The amount of radioactivity given to subjects in a 
single dose must be as low as feasible to achieve study objectives without exceeding 3 rem exposure for 
whole body, active blood-forming organs, lens of the eye, and gonads; and 5 rem exposure for all other 
organs. Annually, these limits increase to 5 and 15 rem, respectively, for sponsors planning multiple-
dose administration (which is less common than single-dose studies). Exposure to radioactivity in human 
is estimated by means of a dosimetry experiment using pre-clinical models, most often rat (Dain et al. 
1994). In a dosimetry experiment, radioactivity exposure is measured for each tissue type either by direct 
quantitation in dissected organs (Potchoiba et  al. 1998) or whole-body autoradioluminography imag-
ing techniques (Sonada et al. 1983; Potchoiba et al. 1995, 1998; Solon and Kraus 2002; Potchoiba and 
Nocerini 2004). A survey of major pharmaceutical companies (circa 1994) revealed that these guidelines 
translate to radioisotope doses ranging from 10 to 300 μCi for 14C (100 μCi most commonly) and 50 to 
1000 μCi for 3H (Dain et al. 1994). Recently, another survey of industry practices pertaining to conduct 
of clinical drug metabolism studies (circa 2008–2012) was conducted and confirmed these same isotopes 
are still commonly utilized as other aspects of ADME study design may continue to evolve (Slatter et al. 
2014). Administration of a radiolabel dose was most often by the oral route, since the intended clinical 
route of dosing is oral for most small molecule drugs. Examples of intravenous (IV) (Harrison et al. 
1993; Nave et al. 1994; Cocquyt et al. 1999; Vree et al. 1999; Johnson et al. 2003; Hoffmann et al. 2007) 
and dermal (Weichers et al. 1990) administration are also present in the literature.

Though the data generated from a radiolabel human ADME study are key to understanding human 
disposition and metabolism of a drug candidate in vivo, the investments required to synthesize radiola-
beled material and to perform the requisite dosimetry analysis are not trivial. Therefore, the timing of the 
radiolabel ADME study with respect to development stage may vary depending on the need to address 
scientific questions early (Phase 1) or the philosophy that the conduct of the study can be performed later 
(Phase 2). Purely from a scientific perspective, earlier would be ideal in order to utilize ADME data to 
design the development plan prospectively in terms of clinical DDI studies and metabolite monitoring 
strategies for toxicology and clinical studies. However, resource limitations or lower confidence in a high 
risk (i.e., unvalidated) therapeutic target may dictate a later human ADME study (Rohatagi et al. 2004). 
Naturally, the decision to collect in vivo human ADME data later in Phase II carries with it a risk that 
unexpected findings may arise, resulting in program delays or termination of the candidate after more 
costly proof-of-concept clinical trials.

Key Deliverables of the Radiolabel Human ADME Study and Examples

Radiolabel human ADME studies provide insight into the disposition and metabolism of a drug candi-
date in three primary ways: (1) determination of mass balance of the drug and drug-related material; 
(2) characterization of routes of elimination and clearance mechanisms of the drug; and (3) identifica-
tion and quantitation of drug metabolites in circulatory and excretory matrices. Each element of the 
study is discussed in detail in this section with specific examples to highlight both typical findings and 
unexpected outcomes at the conclusion of the study. Details and recommendations regarding the design 
and conduct of the studies, with specifics about sample work-up and analysis, are reviewed elsewhere 
(Rohatagi et al. 2004; Beumer et al. 2006).

Mass Balance

The most straightforward human ADME deliverable is the determination of mass balance. Careful char-
acterization of the dose administered to each subject measured against the total recovery of radioac-
tivity in excretory matrices from each subject determines this outcome. If total recovery approaches 
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or exceeds 85%–90% of dose, the consensus in the ADME discipline would be that mass balance is 
complete (Sunzel 2004; Rohatagi et al. 2004; Beumer et al. 2006). Celecoxib (Celebrex®), a well-known 
cyclooxygenase-2 inhibitor, was administered to eight healthy volunteers at a 300 mg dose containing 
approximately 100 μCi of 14C-labeled drug (Paulson et al. 2000). Total recovery of dose was an accept-
able 85%, with 27% excreted in urine and 58% excreted in feces. Profiling of these matrices revealed 
metabolism as the major clearance route with only three major metabolites. In the case of valdecoxib 
(Bextra®), a closely related analog with similar pharmacology, a 50  mg dose containing 100  μCi of 
14C-labeled drug was administered as a single dose to eight volunteers, and 94% recovery was achieved 
(76% in urine and 18% in feces). Valdecoxib exhibited more extensive metabolism than celecoxib, with 
more than 10 metabolites observed; nonetheless, complete recovery was achieved. Therefore, in the 
absence of other factors, the degree of metabolism is not necessarily a determinant of recovery (note: 
for valdecoxib the majority of radioactivity in the form of metabolites was excreted in urine). Together, 
celecoxib and valdecoxib are representative of a large number of human 14C mass balance studies with 
successful recoveries (Roffey et al. 2007).

Potential reasons for lower recovery in a human radiolabel ADME study include limitations brought 
about by the excretion profile of the investigational drug and the pharmacology related to the drug and 
its target. Imatinib (Gleevec®), a tyrosine kinase inhibitor effective in the treatment of certain cancers, 
was administered at a 200 mg dose (free-base equivalent) containing 32 μCi of 14C drug (Gschwind et al. 
2005). Recovery of radiolabeled dose hit a plateau by day 7, and continued collections through day 11 
resulted in little additional radioisotope retrieval. At the end of the study, approximately 68% of drug-
related material was found in feces and approximately 13% in urine, with total recovery lower than the 
consensus 85% goal. Investigators hypothesized that recovery was limited by a slow terminal elimina-
tion half-life in feces estimated at 3 weeks. A likely driving force behind the prolonged fecal elimination 
was the concurrent observation that the terminal elimination half-life of radioactivity in plasma was 
57 hours, suggesting that excretion would continue via the fecal route for a protracted period. This is 
consistent with data tabulated from a review of radiolabeled ADME studies that demonstrated an inverse 
relationship between plasma half-life and recovery of total dose (Roffey et al. 2007). It was shown that 
compounds exhibiting radioactivity plasma half-lives of <50 hours achieved mass balance (defined as 
>85% recovery) about 80% of the time, meaning those compounds with radioactivity half-lives in plasma 
exceeding 50 hours (like imatinib) were much less likely to achieve full recovery.

Aside from technical challenges associated with recovery in the fecal matrix (e.g., inter-subject vari-
ability in time course of excretion, high sample mass, sample consistency, etc.), additional reasons cited 
for low mass balance recoveries were tissue sequestration, phospholipid affinity, and subject compli-
ance. Alendronate (Fosamax®), a bisphosphonate inhibitor of osteoclast-mediated bone resorption used 
in the treatment of osteoporosis, provides a good example of tissue sequestration limiting recovery of 
a radiolabeled dose as a result of pharmacology (Cocquyt et al. 1999). Clinically relevant alendronate 
doses given in animal models revealed unsaturable uptake in bone tissue, the site of action, with esti-
mated elimination half-lives of more than 200 days in rats and 1000 days in dogs (Lin et al. 1991). In 
these species, approximately half of the administered dose was excreted unchanged in urine. In human, 
a pharmacokinetic study at a 30  mg/kg IV dose (7.5  mg/day  ×  4 consecutive days; unlabeled drug) 
revealed prolonged urinary excretion similar to preclinical species with detectable drug 18 months after 
dosing (Khan et al. 1997). A follow-on clinical investigation was subsequently carried out in the con-
text of a 14C-ADME study (performed in oncology patients), where a 10 mg IV dose containing 26 μCi 
14C-labeled alendronate was administered to 12 patients (Cocquyt et al. 1999). Observations from the 
earlier pharmacokinetic study were confirmed, as 47% of the radiolabeled dose was recovered in urine 
within 3 days and negligible dose was excreted in feces. Incomplete recovery was attributed to a high 
degree of distribution to bone. By way of comparison to alendronate, tigecycline (Tygacil®), a first-in-
class glycylcycline antibiotic, distributed extensively to bone in rats after a single IV dose (Tombs 1999). 
A human tigecycline ADME study was subsequently conducted with a radiolabeled dose (50 μCi IV) 
administered to six study subjects who had been dosed previously with non-labeled compound to reach 
steady-state (Hoffmann et  al. 2007). In this case, recovery was considered complete (excluding two 
subjects who had incomplete fecal sample collection), with 92% of total dose excreted predominantly in 
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feces and more sparingly in urine. These findings demonstrate that, in contrast to alendronate, saturable 
tissue distribution of tigecycline may be overcome by dosing to steady-state prior to administration of the 
labeled dose in order to improve mass balance recovery.

Molecules that form covalent bonds with their therapeutic target, or other proteins non-specifically, may 
 represent a challenge in terms of definitive mass balance. As a class, thiol-containing angiotensin- 
converting enzyme (ACE) inhibitors generally exhibit lower recoveries than other non-thiol compounds. 
The free thiol present in this group of ACE inhibitors binds to the zinc atom at the active site of the 
enzyme and is important with respect to mechanism of action. However, free thiols also react with sulfur-
containing moieties present in other proteins and small molecules, which serves as the basis for con-
cern in terms of recovery of drug-related material. With no requirement for bioactivation processes, the 
entire dose is available to form disulfide linkages or react with endogenous molecules in other ways (i.e., 
nucleophilic addition reactions). The investigational drug gemopatrilat, a more recent entry to the thiol-
containing ACE inhibitor class, was dosed orally to humans at a dose of 50 mg containing 112 μCi of 
14C-labeled drug (Wait et al. 2006). A sustained presence of total radioactivity was observed in plasma 
(half-life of 85 hours), and only 77% of the administered dose was recovered. Investigators specified 
that approximately half of the drug-derived radioactivity in circulation was bound via disulfide bonds 
to protein, as determined by extraction recovery experiments in the presence and absence of reducing 
equivalents. This was likely the main cause for low recovery of gemopatrilat and was also suspected 
to limit recovery of omapatrilat (Iyer et  al. 2001) and captopril (Capoten®) (Kripalani et  al.  1980). 
In contrast to free thiol-containing pharmaceutical agents, compounds that require metabolic bioactiva-
tion to generate thiol-containing metabolites that bind to proteins in circulation (or in tissues) tend to 
exhibit much higher recoveries. Clopidogrel (Plavix®) is a thienopyridine compound that antagonizes 
platelet aggregation by means of binding to the platelet P2Y12 receptor via disulfide linkage (Savi et al. 
2000). Unlike gemopatrilat, clopidogrel requires cytochrome P450 (CYP)-mediated biotransformation 
to convert the thienopyridine moiety to one exhibiting a free thiol—the active form of the drug (see 
Figure 20.3). [14C]Clopidogrel human ADME studies were conducted in six healthy volunteers at a dose 
of 75 mg containing 76 μCi radiolabeled drug (Lins et al. 1999). Despite the established on-mechanism 
covalent binding to P2Y12 receptor (and presumably other circulatory components), mass balance was 
achieved at a level of 92% of dose, excreted almost equally in urine and feces. Elimination half-life in 
plasma was a prolonged 338 hours. Prasugrel (Effient®), an irreversible P2Y12 inhibitor very similar 
in nature to clopidogrel, is also essentially a pro-drug that requires both hydrolysis and CYP activ-
ity to transform it into a free thiol (Rehmel et al. 2006; Farid et al. 2007). In a study utilizing [14C]
prasugrel administered as an oral dose of 15 mg (containing 100 μCi radioactivity), 95% mass bal-
ance was achieved with the majority of recovery occurring in urine. Like clopidogrel, a substantial 
fraction of radioactivity in plasma was covalently bound to protein and the terminal radioactivity 
half-life in plasma was >180 hours.

FIGURE 20.3 Metabolism of Clopidogrel to form a thiol-containing active metabolite.
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Aside from thiol-containing compounds, the investigational drug maxipost (BMS-204352) for treat-
ment of ischemic stroke serves as an example of metabolic activation involving covalent bond formation 
to plasma proteins via a mechanism other than disulfide bond formation. CYP-mediated O-demethylation 
of maxipost forms a phenol that undergoes subsequent CYP-mediated bioactivation to generate a qui-
none methide, which was shown to bind covalently to macromolecules (Zhang et al. 2003), as depicted 
in Figure 20.4. IV dosing of maxipost (10 mg) containing 50 μCi 14C-labeled drug resulted in 97% recov-
ery over 14 days (37% in urine and 60% in feces) (Zhang et al. 2005). In this case, significant covalent 
binding to plasma protein (particularly at later time points) coincided with a terminal plasma half-life 
in excess of 250 hours, which together did not limit radioactivity excretion to the extent it would cause 
low mass balance recovery. Overall, compounds that initially contain a protein-reactive functional group 
(e.g., thiol) tend to stand a poor chance of achieving mass balance, perhaps due to the high fraction of 
dose available for covalent binding. Conversely, for compounds where bioactivation is a prerequisite for 
covalent binding, it is more likely that a lower fraction of dose is cleared exclusively via bioactivation 
and complete recovery is commonly observed. Additional examples of compounds known to undergo 
bioactivation (and exhibit toxicity) are summarized in a comprehensive review focusing on mass balance 
outcomes in pre-clinical and human species (Roffey et al. 2007). A consensus view is that low recovery 
in a mass balance study is not a reliable indicator of an in vivo bioactivation clearance pathway.

Characterization of Drug Clearance

A second major deliverable from the radiolabel human ADME study is the characterization of drug clear-
ance. This assessment mainly involves the quantitative determination of whether the administered dose is 
primarily excreted unchanged, or whether the majority of dose is excreted in the form of metabolites. When 
metabolism is a primary clearance route, the identity of the metabolites is expected to provide insight into 
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the classes of enzymes responsible. A thorough example of the characterization of metabolic clearance in 
the design and conduct of a radiolabel human ADME study can be seen with the investigational drug traxo-
prodil, a potential treatment for the prevention of neuronal death associated with brain injury (Johnson et al. 
2003). Typical of CNS drugs, traxoprodil contains a tertiary basic amine as part of a lipophilic scaffold—a 
common feature in CYP2D6 substrates. In light of this and the inter-subject variability in pharmacoki-
netic behavior observed during early Phase 1 clinical trials, the investigators chose to examine the role of 
CYP2D6 in the metabolic clearance of traxoprodil in vitro and in vivo, enrolling both PM and EM CYP2D6 
phenotypes in a 14C ADME study. In vitro data showed a relatively low microsomal Km of 1.7 μM (Vmax 
of 0.66 nmol/nmol/min), and confirmation of a major contribution to in vitro metabolism by CYP2D6 was 
made on the basis of correlation analyses, inhibition of microsomal turnover by quinidine, and traxoprodil 
metabolism by recombinant enzyme. In vivo data generated from a single IV infusion of a 50 mg (100 μCi) 
dose revealed lower mass balance recovery in EM subjects when compared to PM subjects (61% and 89%, 
respectively), with the majority of drug-related material excreted in urine. Metabolite profiling in urine 
from PM subjects revealed predominantly parent drug and its direct glucuronide conjugate (M6), while EM 
subjects displayed only low levels of unchanged parent drug accompanied by two major metabolites (M7 
and M14) formed via CYP-mediated oxidation and subsequent Phase II metabolic processes (as shown in 
Figure 20.5). Plasma and fecal matrices further demonstrated an abundance of Phase I metabolites (and 
their conjugates) in EMs, while metabolites in PMs arose mainly from Phase II conjugation of traxopro-
dil itself. Quantitative recovery of individual metabolites as a percentage of dose in EM and PM subjects 
is summarized in Table 20.1. With regard to persistence of drug in circulation, traxoprodil had a 3-hour 
half-life in EM subjects and a much longer 27-hour half-life in PM subjects. Interestingly, in EMs, plasma 
half-life of total radioactivity was estimated to be >140 hours, which by comparison to other previously 
mentioned examples, may partly explain the low recovery in these subjects. Overall, the results of the in vivo 
study highlighted the role of metabolism in the clearance of traxoprodil, most importantly contributions by 
CYP2D6 as a key enzyme in the metabolic pathway.

A heavy reliance on any single clearance pathway increases the risk of a pharmacokinetic DDI (Ito 
et al. 2005). The traxoprodil example further serves to demonstrate the added value of the 14C-ADME 
study where, in the absence of a specific clinical DDI study, insight may be gained into the poten-
tial for a meaningful DDI. As a comparison of the PM and EM data indicated, reduced capacity for 
CYP2D6-mediated metabolism was directly linked to increased traxoprodil exposure in circulation for 
the PM subjects (Johnson et al. 2003). Therefore, co-administered agents with a more potent CYP2D6 
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interaction (with respect to Km) may be expected to affect traxoprodil exposure similarly. Such data are 
very valuable in the development process as they are an important factor in assessing the clinical utility 
of a compound with regard to the kinds of therapeutic agents likely to be co-administered. In the case 
of traxoprodil and at least one other investigational agent (Colizza et al. 2007), enrollment of a special 
population in the radiolabel study (CYP2D6 PMs) allowed for a quantitative assessment of the role of a 
specific enzyme and its potential for pharmacokinetic DDI in human.

Biliary excretion and its contribution to clearance is directly measurable in radiolabel ADME studies in 
pre-clinical species due to the availability of bile duct cannulated animals. In human, this information is 
far more challenging to obtain, leaving investigators to infer human biliary clearance on the basis of cross-
species extrapolation and/or characterization of drug-related material in feces collected during a standard 
radiolabel human ADME study. While this method is potentially simplified when dosing occurs through 
the IV route, most compounds are dosed orally where it is impossible to distinguish unabsorbed dose in 
feces from that excreted unchanged in bile or that secreted in the intestine. Recent advances in medical 
technology involving the use of oroentric or modified nasogastric tubes (Ghibellini et al. 2006), however, 
have led to a non-surgical method of obtaining bile from healthy subjects participating in radiolabel stud-
ies (see section “Clinical Drug Metabolism with Non-Radiolabeled Drug”). Such a technique was applied 
to the investigation of montelukast (Singulair®) (Balani et al. 1997). Two cohorts were enrolled in a 14C 
radiolabel study; one was orally administered a 102 mg dose (84 μCi) and another was orally administered 
a 55 mg dose (122 μCi). The first cohort was studied in accordance with a “typical” protocol, while the 
second underwent bile collection for either a 2–8-hour interval post-dose (fasted) or a 6–12-hour interval 
post-dose (fed). Results from the second cohort demonstrated little biliary excretion of parent drug with 
much more significant levels of oxidative montelukast metabolites in bile, thereby confirming metabolism 
as the primary contributor to clearance of absorbed dose. Results from the “typical” study design followed 
in the first cohort showed trace recovery of dose in urine and 86% recovery in feces, consistent with biliary 
excretion of absorbed dose (in the form of metabolites) and fecal excretion of unabsorbed drug. By collect-
ing bile in the second cohort, investigators were also able to characterize biliary metabolites in the absence 
of any influence from metabolism by intestinal microbes. Though similar data may have been obtained by 
utilizing surgical cholecystectomy candidates or patients with biliary T-tubes (as in the case of atorvastatin 
(Lipitor®) [Pool 1999] and irinotecan [Slatter et al. 2000]), these special patient populations may present 
additional challenges due to either enrollment difficulty or the nature of their pre-existing conditions.

Another example of a radiolabel human ADME study that included bile collection utilizing a method 
similar to the montelukast study involved the investigational dual PPARα/γ activator, muraglitazar 
(Wang et al. 2006; Zhang et al. 2007). In the case of muraglitazar, radiolabel ADME studies in pre-
clinical species showed a significant role for glucuronidation in the clearance of the drug, as evidenced 
by high levels of glucuronides in bile from these species. Interestingly, fecal extracts showed little in the 

TABLE 20.1

Mean Recovery of Traxoprodil Metabolites in CYP2D6 Extensive 
Metabolizer (EM) and Poor Metabolizer (PM) Subjects.

Mean Recovery (% Administered Dose)

Component EM Subjects (n = 4) PM Subjects (n = 2)

M6 0.68 25

M7 8.8 ND

M13 2.8 ND

M14 39 ND

M18 ND 1.4

M19 ND 12

Traxoprodil 7.1 50

Source: Johnson, K. et al., Drug Metab. Dispos., 31, 76–87, 2003.
ND = Not detected
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way of glucuronides, presumably as a result of gluronidase activity present in gut microbes or chemical 
instability. Of particular interest was acyl glucuronide formation at the carboxylic acid moiety, which 
was readily detected in bile but proved elusive in the fecal matrix. Investigators sought confirmation 
of in vivo acyl glucuronide formation in humans, choosing to sample bile during the course of a [14C]
muraglitazar study. A single 20 mg (103 μCi) oral dose was administered to study participants, with col-
lection of bile, urine, feces, and plasma. Feces was determined to be the major route of elimination of 
drug-related material (>90%), with urine playing only a very minor role (<5%). Total recovery of radiola-
beled dose was approximately 94% in both bile-sampled subjects and those with conventional collection. 
Human bile contained a substantial fraction of administered dose (40%), and many of these components 
were found to be acyl glucuronides. These data confirmed a role for glucuronidation in the clearance of 
muraglitazar that may otherwise have gone underestimated if fecal elimination had been relied upon 
solely, as feces contained either low or undetectable levels of these metabolites.

Identification of Circulating Metabolites

The third major deliverable derived from radiolabel human ADME data is the identification and quantita-
tion of drug metabolites in circulatory and excretory matrices. As mentioned in the previous section, the 
identity of metabolites present in any matrix provides essential information about the biotransformation 
pathways involved in the clearance of an NCE. However, circulating metabolites in plasma (or blood) gen-
erally receive a higher degree of attention as they contribute to systemic exposure. If active, metabolites in 
circulation may help drive the intended pharmacological effect, or cause toxicity by exaggeration of on-tar-
get pharmacology. Conversely, toxicity may be the result of unintended off-target pharmacology or chemi-
cal toxicity. FDA and EMA guidance focusing specifically on metabolite-related toxicity (described in 
detail in section “Evolving Regulatory Environment and Clinical Drug Metabolism”) sets forth the expec-
tation that any metabolite in circulation at exposures exceeding 10% total drug-related material must be 
independently evaluated for toxicity unless coverage can be verified in pre-clinical toxicology studies. The 
value of radiolabel in this regard is that contributions of each metabolite to circulating radioactivity can be 
quantitatively assessed cross-species to distinguish any metabolites in human that are not adequately cov-
ered in pre-clinical toxicology studies. Upon confirmation of structural identity, metabolites can be syn-
thesized, if necessary, and tested in accordance with regulatory guidance. CP-122,721, an investigational 
neurokinin-1 (NK1) receptor antagonist evaluated for the treatment of various neurological conditions, 
was administered to healthy volunteers as part of a radiolabel human ADME study (Colizza et al. 2007). 
A 30 mg (100 μCi) [14C]CP-122,721 dose was extensively metabolized, with recovery of radiolabeled 
drug primarily in urine (>70%) in the form of several oxidative metabolites. One of these, a carboxylic 
acid cleavage product (5-trifluoromethoxy salicylic acid) formed via O-demethylation, N-dealkylation, 
and subsequent oxidation, was only a minor component accounting for <5% of the administered dose. A 
potentially unimportant metabolite at first glance, investigators determined that this low-level excretory 
component was present in circulation as a major contributor to circulating radioactivity (>50% in EM 
subjects and 29% in PM subjects), far exceeding parent drug levels. Complete mass-spectral and NMR 
characterization definitively established the identity of this important metabolite, which was subsequently 
confirmed with synthetic standard. Though inactive in terms of NK1 antagonism, off-target toxicity associ-
ated with this metabolite could not be excluded since it was not observed in pre-clinical toxicology species 
(Kamel et al. 2006). In the case of CP-122,721, the radiolabel human ADME study led to the discovery of 
a significant human-specific metabolite due to its systemic exposure in circulation. Such a finding would 
likely require further evaluation according to current FDA and EMA guidance.

Current and Emerging Technologies Applied 
in Clinical Drug Metabolism Studies

Current practice for the quantification of unlabeled analytes and the structure elucidation of metabolites 
employs the use of liquid chromatography (LC) coupled with atmospheric pressure ionization (API) 
tandem mass spectrometry (MS/MS), collectively abbreviated LC-API/MS/MS. Where radioisotopes 
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are assayed, in-line radiochemical flow detectors are readily integrated into these analytical systems to 
aid in metabolite identification efforts. Ultra-high-performance liquid chromatography (UPLC) is the 
primary front-end LC separation technology used for analysis of small molecules, particularly metabo-
lite identification applications. Better peak resolution and shorter analysis times (via higher pressures) 
are achieved relative to the more classical high-performance liquid chromatography (HPLC) variant. 
The most widely-employed API technique for drug-like analytes is electrospray ionization (ESI), since 
it is well-suited for ionization of a diverse array of molecules in the liquid state as they exit the LC 
system and enter the ion source of the MS instrument. In addition to ESI, atmospheric pressure chemi-
cal ionization (APCI) is important for certain analytes (most notably steroids), where ionization occurs 
by chemical reaction in the gas phase. Tandem MS experiments following ion formation can be per-
formed in a variety of ways, as advances in technology relating to ion optics continue to introduce 
powerful new MS instruments to the ADME laboratory. A versatile and nearly ubiquitous platform is 
the triple quadrupole mass spectrometer (TQMS), which is both an exemplary quantitative instrument 
and a metabolite identification platform. The use of TQMS for metabolite identification, however, has 
diminished in recent years giving way to linear ion trap instruments, like the Q-Trap and LTQ, which 
are ideal for metabolite identification applications given their MS3 and MSn and capabilities, respec-
tively. Finally, quadrupole time-of-flight (QTOF) and Orbitrap instruments bring high-resolution MS 
capabilities to bear when more definitive elemental composition data describing metabolites and their 
fragment ions are required, or for some semiquantitative full-scan methods discussed previously (see 
section “Semiquantitative Plasma Analysis for Metabolite Exposure Determination”). High resolution 
instruments are also routinely utilized to more selectively distinguish drug-related material from biologi-
cal background by means of mass-defect filtering techniques (Zhu et al. 2006, 2007; Zhang et al. 2007; 
Ruan et al. 2008; Tiller et al. 2008a), which makes them a platform of choice for metabolite identification 
in FIH exploratory experiments as well as later-stage definitive studies. More detailed reviews of these 
technologies, and others associated with drug metabolism studies have been published recently (Papac 
and Shahrokh 2001; Kamel and Prakash 2006; Prakash et al. 2007). Overall, LC-API/MS/MS technol-
ogy encompasses a variety of instrument platforms and experimental approaches that may be viewed as 
complimentary to one another. The specialized ADME analytical laboratory is best served if all these 
tools are available and applied according to the needs of the challenge at-hand.

Despite the availability of numerous MS platforms ranging from unit mass to high-resolution, the 
ability to unequivocally identify metabolites using MS technology is ultimately limited by the nature of 
the metabolite and the extent to which its tandem MS (or MSn) fragments are informative with respect 
to structure. Definitive structure elucidation often requires nuclear magnetic resonance (NMR) spec-
troscopy for correct assignment of stereochemical or isomeric configurations, which are rarely readily 
apparent on the basis of MS data alone. 1H and 13C nuclei are among the more common targets for NMR 
experiments, which by virtue of either homonuclear or heteronuclear design are well-suited to establish 
bond connectivity and molecular structure if adequate sample is available. Particularly in cases where 
metabolites are of high interest, either due to their relative abundance or potential for toxicity, defini-
tive structure assignment is critical and underlies the importance of close alignment between ADME 
scientists and the NMR spectroscopist. For additional discussion, the reader is directed to (refer to NMR-
focused chapter).

When the use of radiolabel is employed in clinical ADME studies, quantitation of drug-related mate-
rial in biological matrices is most commonly performed by standard LSC techniques. Using traditional 
LSC methodologies, detection and quantification of radioisotope is a function of radioactive decay (dis-
integrations), and robust measurements require a reasonable quantity of material (doses in the μCi range) 
and/or sufficiently long counting times in order to accurately determine disintegrations per minute. 
Though history has proven this approach to be widely successful, continued efforts to reduce the levels 
of radioactivity dosed to humans (and to minimize radioactive waste) have recently led to the utilization 
of a technology platform new to the ADME field. With its roots in carbon dating and varied earth science 
applications, accelerator mass spectrometry (AMS) directly measures 14C/12C radioisotope ratios at the 
atomic level with no dependence on isotope decay for detection (Lappin and Garner 2005; Vogel 2005). 
Biological samples are oxidized completely to CO2, which may be analyzed directly or subsequently 
reduced to solid carbon prior to being subjected to ionization by a cesium sputter source, mass selection, 
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collision at high voltage to break down carbon hydride isobars (e.g., 12CH2, 13CH), and detection. Using 
AMS, samples containing approximately 1 mg of carbon can be reliably assayed for 14C at attomole 
(10−18) levels with good accuracy and precision. At such low isotope levels, LSC detection would not be 
a viable option, since decay of 14C nuclei would occur less frequently than 1 per hour (Vogel 2005). This 
enhanced sensitivity relative to conventional radiometric detection has allowed for administration of 14C 
doses on the order of 100 nCi in pre-clinical and human radiolabel ADME studies, which is far below 
doses used in conventional ADME experiments (Lappin and Garner 2005). The benefit of lower, “trace” 
level doses are that they are similar to the naturally occurring 14C levels in human (Lappin and Garner 
2005) and generally do not require dosimetry calculations (Turteltaub and Vogel 2000). Therefore, these 
truly minimal radiolabel doses facilitate earlier timing for definitive ADME studies in human, if desired. 
Sub-μCi doses may also enable administration of radiolabeled drug candidates that are highly potent, 
those exhibiting significant tissue retention or long half-life, or those prone to radiolytic degradation. In 
addition to 14C, AMS has also been adapted to measure trace quantities of other radioisotopes like 3H 
(Chiarappa-Zucca et al. 2002; Vogel and Love 2005), making it a versatile technology for many biophar-
maceutical and toxicological applications.

AMS validation studies and applications in ADME and toxicology experiments have been described 
in the literature regularly in the past several years. A comparison of conventional LSC analysis and AMS 
detection of [14C]fluconazole (Diflucan®) and [14C]fluticasone (Flonase®) in circulatory, urinary, and fecal 
matrices from human and rat revealed good agreement between the two approaches (Garner et al. 2000). 
In one experiment, samples analyzed by LSC required nearly 12,000-fold dilution prior to AMS analy-
sis, where a similar result was achieved. AMS was subsequently used in a clinical study to establish a 
94% mass balance recovery of an investigational farnesyl transferase inhibitor, R115777, administered at 
a dose of 50 mg containing only 34 nCi of radioactivity (Garner et al. 2002). Profiles of drug and human 
metabolites (reconstructed from LC fractions) were also obtained in urine, feces, and plasma. Similar 
success was observed with ixabepilone (Ixempra®), a microtubule stabilizing agent, which achieved a 
recovery of 77% dose after administration of only 80 nCi of radiolabel (70 mg) (Beumer et al. 2007). 
In this example, AMS was selected due to the high radiolytic degradation observed at specific activities 
required for the administration of a 100 uCi dose. Investigators measured total plasma 14C pharmacoki-
netics by AMS and pharmacokinetics of ixabepilone by LC-MS/MS to establish a major contribution to 
circulating 14C. Subsequently, LC-AMS was used to produce a quantitative profile of metabolites circu-
lating in plasma as well as metabolites present in excreta (Comezoglu et al. 2009).

In a recent study conducted to determine the ADME profile of cerlapirdine, only low doses of 
radioactivity were acceptable based on dosimetry calculations as a result of prolonged retention in 
pigmented tissues (Tse et  al. 2014). In this case, a dose of 200  nCi was administered alongside 
approximately 5 mg of unlabeled material. The results achieved similar outcomes to more traditional 
ADME studies (i.e., good recovery, determination of excretion routes, and profiling of metabolites); 
however, compromises due to low levels of radioactivity were required. For instance, plasma samples 
were pooled across time points as well as subjects, resulting in the loss of the metabolite time course 
data and inter subject variability information. The authors suggest that good outcomes were achieved 
in this study due to the uncomplicated biotransformation pathways for this compound (i.e., two major 
metabolites).

Utility of AMS detection applied in a circumstance where radioactivity dose was limited by low clear-
ance was demonstrated in an ADME study with vismodegib (Graham et al. 2011). In addition to long 
plasma half-life precluding the administration of high levels of radioactivity due to dosimetry constraints 
(radioactive dose was 1000 nCi), low levels of radioactivity were expected to be excreted over long peri-
ods of time resulting in dilution of the radioactive signal and limiting the likelihood of good recovery. 
Notably, however, recovery from urine and feces was good (>85%) over a 56-day period. LC-AMS was 
also used to generate the profile of vismodegib metabolites. In another example, AMS was used for quan-
titation of radioactivity following the administration of the peptide drug, [14C]etelcalcetide (Subramanian 
et al. 2016). A dose of 10 mg (710 nCi) was administered to patients with chronic kidney disease under-
going dialysis. Blood, dialysate, urine, and feces were collected for 176 days. An estimated 67% of the 
radioactivity was recovered, with the bulk (60%) recovered in dialysis. AMS enabled the measurement 
of low levels of radioactivity in high volumes of dialysate.
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AMS was also successfully utilized in the determination of nelfinavir (Viracept®) bioavailability in 
humans (Sarapa et al. 2005), and for the quantitation of in vivo DNA adduct formation in human colon tis-
sue after administration of tamoxifen (Nolvadex®) (Brown et al. 2007). DNA adducts were also observed 
in rodents using AMS technology after the dosing of various halogenated hydrocarbons (Watanabe et al. 
2007). For additional information about AMS applications in drug metabolism, the reader is directed to 
(refer to AMS-focused chapter).

Looking forward, both regulatory drivers (FDA and EMA guidance on Safety Testing of Metabolites) 
and technology developments (LC-MS/MS and AMS) continue to provide added impetus for early human 
ADME studies through implementation of microdosing strategies. While drug metabolism scientists work-
ing within this environment recognize the need for high quality, progressive science, and push for rigor-
ous characterization of NCEs on the registration pathway, caveats remain to the general application of 
microdosing in clinical drug metabolism studies. Firstly, administration of microdose quantities of an 
NCE may only provide insight into pharmacokinetic behavior and metabolism characteristics of a mol-
ecule that are relevant at very low (i.e., non-pharmacological) doses. Without a complete understanding 
of whether clearance processes are linear or non-linear across a wide dose range, there are risks associ-
ated with heavy reliance on microdose data in early development. Studies have been conducted to evalu-
ate dose-linearity between microdoses and more pharmacologically relevant doses (Sandhu et al. 2004; 
Balani et al. 2006; Lappin et al. 2006; Vlaming et al. 2015), and for many compounds dose linearity 
has been demonstrated. However, each novel NCE presents a unique challenge whereby prediction of 
linear pharmacokinetics over a wide dose range (microdose to pharmacological dose) may be difficult. 
Secondly, AMS instrumentation and enabling technology is not widely available commercially, and a 
robust LC (or other) interface remains an active area of research to simplify sample work-flows and 
improve throughput. A combustion interface using an elemental analyzer was recently described, capable 
of enabling AMS analysis of 70 samples daily (van Duijn et al. 2014). In routine practice, however, AMS 
analyses remain cumbersome due to the need for fraction collection, graphitization, and other technical 
steps involved in sample processing. Off-site or CRO-based collaborations may require sample shipment.

Whether or not microdoses will routinely provide sufficient metabolite quantities for more definitive 
metabolite characterization by standard LC-MS/MS techniques or NMR is also unclear. What remains cer-
tain is that clinical drug metabolism studies provide key information about the disposition of potential drug 
molecules that may impact the evaluation of their safety and efficacy. Earlier characterization of human 
ADME properties, perhaps even in the context of exploratory IND (eIND) filings, may ultimately become 
routine for compounds or programs where this information forms the basis of critical success factors.
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21
Managing Metabolic Activation 
Issues in Drug Discovery

Sanjeev Kumar, Kaushik Mitra, and Thomas A. Baillie

Overview: Relevance of Metabolic Activation in Drug Safety and Toxicity

Adverse safety findings occur at both preclinical and clinical stages of drug candidate evaluation, where 
they contribute significantly to attrition in the overall drug development process. As such, considerable 
efforts are devoted by the pharmaceutical industry to understand the underlying mechanisms of toxic-
ity with a view to being able to predict a priori, those structural and biological characteristics of a new 
chemical entity that are likely to elicit a toxic response, and to incorporate these considerations into 
drug design activities [1–5]. While it is apparent that molecular mechanisms of drug-induced toxicity 
are numerous, it is now generally accepted that the metabolism of chemically stable drug candidates to 
highly reactive, electrophilic intermediates represents one risk factor for serious adverse reactions, nota-
bly those involving the metabolically active organ systems such as liver, skin, and hematological systems 
with drug-induced liver injury (DILI) being the most prevalent and of greatest concern. The underlying 
hypothesis for these adverse effects is that the covalent modification of proteins by reactive metabo-
lites can either cause direct toxicity by negatively impacting critical protein function or convert these 
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endogenous proteins into haptens that, in susceptible individuals, can trigger an immune-mediated 
response that is manifest as an “idiosyncratic toxicity [6–8].” These idiosyncratic toxicities generally 
are not detected during preclinical safety evaluation, have a low clinical incidence (1 in 10000 or more), 
and may only become apparent during large scale clinical trials when a significant resource investment 
has already been made in the drug candidate or, even worse, after a compound has been introduced onto 
the market, thus posing a significant patient hazard as well as economic loss for the sponsor company.

Based on these observations, screening strategies were implemented by many companies in the early 
2000s to detect reactive metabolite formation from new chemical entities, either through appropriate 
in vitro incubations supplemented with nucleophilic “trapping agents” or by the characterization of glu-
tathione (GSH) adducts or N-acetylcysteine conjugates in animals dosed in vivo with the experimental 
compound [9]. While these studies provide data largely of a qualitative nature and afford an insight into 
the molecular structure of the reactive intermediates in question, quantitative information on the meta-
bolic activation process generally requires the synthesis of a radiolabeled analog of the drug candidate 
to assess metabolism-dependent covalent binding to cellular proteins [10]. Collectively, these approaches 
form the basis of “avoidance” strategies in drug discovery whose goal is not only to eliminate from con-
sideration those molecules that undergo appreciable metabolic activation, but also to develop an apprecia-
tion of the structural motifs that typically are associated with bioactivation for intervention by medicinal 
chemists. In addition, a substantial body of information has accumulated over the years on so-called 
“structural alerts” for bioactivation and their prevalence in both experimental agents and approved drugs 
that exhibit various types of toxicity [11]. For example, functional groups such as anilines, precursors 
of quinones and related electrophiles, hydrazines, thiophenes, furans, terminal olefins and alkynes, and 
nitroaromatics frequently undergo metabolism to reactive species that have been implicated in the tox-
icity of their respective parent molecules [12,13]. Mechanistic studies with representative examples of 
compounds containing these functional groups have yielded a wealth of information on the underlying 
biochemical processes leading to metabolic activation and on the identities of the reactive metabolites 
themselves. Substituted thiophenes, for example, have received much attention in this regard in view of the 
presence of this heterocycle in several approved drugs [14]; in some cases (e.g., tienilic acid), oxidation of 
the thiophene ring is associated with liver toxicity, which led to removal of the compound from the mar-
ket [15], while in others (e.g., prasugrel), the product of thiophene ring oxidation actually is responsible 
for the pharmacological activity of the drug through thiolation of the P2Y12 purinoreceptor on the surface 
of blood platelets [16,17]. The latter example serves to illustrate one of the core complexities of the meta-
bolic activation phenomenon, namely that reactive intermediates are not always toxic to the host cell, and 
the specific determinants of a toxic versus non-toxic response to individual reactive species are poorly 
understood. In general, it appears that covalent binding of reactive drug metabolites to critical cellular 
macromolecules, when combined with certain host-specific genetic, environmental, and/or disease fac-
tors, can render certain individuals more susceptible to drug-induced idiosyncratic toxicity [18]. Since it 
is not possible to identify these individual-specific factors during preclinical safety testing and map their 
relationship to drug-induced idiosyncratic toxicity, our ability to predict the potential for these toxicities 
remains limited. Consequently, efforts to avoid, or at least minimize, exposure to reactive intermediates 
represent a reasonable approach towards reducing the potential for toxicity during drug development 
[2–5], although it is acknowledged that toxicological triggers and mechanisms can be numerous and, in 
many cases, may not involve metabolic activation of the drug candidate.

Over the past decade, considerable progress has been made in addressing the limitations of the avoid-
ance strategy and further refining the process of managing metabolic activation issues in drug discovery. 
These efforts stemmed from the observation that the extent of drug bioactivation and/or covalent binding 
of drug-related material to liver proteins alone did not differentiate effectively between hepatotoxic and 
non-hepatotoxic drugs and other factors likely contributed to hepatotoxicity risk [19,20]. Thus, it was 
proposed that using bioactivation alone to assess toxicity risk could lead to discontinuation of develop-
ment of potentially safe and effective drug candidates or to the implementation of lead optimization 
efforts that are not truly warranted. The ensuing work over the past 5–10 years has focused on integrating 
bioactivation risk with other drug candidate attributes, such as total daily dose and fractional clearance 
to reactive species that together determine daily total body burden of reactive species. Additional indices 
that have been considered include mitochondrial and cellular effects of drug candidates in metabolically 
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competent cell systems as key indicators of cell health, as well as other risk factors for drug-induced liver 
injury (DILI) such as the effects on bile salt homeostasis via inhibition of bile salt export pump (BSEP). 
Collectively, these integrative approaches aim to enhance the predictive power of broader preclinical 
assessment of toxicity risk that includes bioactivation as one contributing factor [21–28]. With the limited 
amount of literature available on this topic at the present time, it is encouraging to note that integrative 
approaches that take into account the multifactorial nature of drug toxicity and integrate bioactivation 
risk into a broader context do appear to perform better in differentiating between high versus low toxicity 
risk compounds [25]. It should be acknowledged, however, that much still remains to be learned about 
the multiplicity of factors that combine to cause tissue injury, and this probably will require the adoption 
of systems pharmacology/toxicology approaches employing contemporary toxicogenomics and asso-
ciated bioinformatics tools [29], toxicity biomarkers [30,31], and novel, more physiologically relevant 
in vitro systems, such as organoids and/or microfluidic “organs-on-chips,” to assess these effects [32].

In contrast to the more complex relationship between metabolic activation and idiosyncratic or target 
organ toxicities, there are other important drug attributes that can be more directly impacted by chemi-
cally reactive metabolites. The role of electrophilic metabolites in genotoxicity and carcinogenesis is 
well established for structural motifs such as polycyclic aromatic hydrocarbons and aromatic amines 
[33,34]. For example, a number of quinone and/or quinone methide reactive intermediates derived from 
estrogens and the “anti-estrogen” tamoxifen have been shown to bind to DNA bases and induce DNA 
damage [35,36]. Similarly, there are numerous examples where cytochrome P450-mediated formation of 
reactive metabolites and their subsequent irreversible binding to the apoprotein and/or prosthetic heme 
leads to suicide inactivation of the enzyme, which is manifested as time-dependent or mechanism-based 
P450 inhibition [37,38]. This suicide inactivation of P450 enzymes has been responsible for many seri-
ous drug-drug interactions, notably those involving the CYP3A4 enzyme, and have even led to market 
withdrawals (e.g., mibefradil). Thus, reducing the formation of chemically reactive metabolites can often 
provide a direct and rational approach for minimizing such adverse drug properties during pharmaceuti-
cal lead optimization.

Progress in assessing the role of metabolic activation as a causative factor in drug toxicity has been 
greatly facilitated by the strides that have been made in recent years in the analytical techniques 
employed for the detection, identification, and quantitative assessments of reactive metabolites, notably 
those based on the use liquid chromatography-tandem mass spectrometry (LC-MS/MS) [39]. Adducts 
to GSH and other low molecular weight nucleophiles provide indirect evidence of the structures of 
electrophilic intermediates, a critical piece of information for medicinal chemists involved in the ratio-
nal design of drug candidates that are refractory to metabolic activation. Developments in the field of 
proteomics mass spectrometry can now provide information on the identities of covalent drug-protein 
adducts. While still challenging from an analytical standpoint, this field of research is evolving rapidly and 
promises to provide insights into the macromolecular targets of reactive intermediates and potential epit-
opes on proteins that may be involved in triggering an immune response through activation of T-cells [40].

In the following sections of this chapter, we elaborate on aspects of reactive metabolite formation in 
the context of pharmaceutical research and development. Specifically, we address topics related to mini-
mizing the metabolic activation potential of new chemical entities, approaches to evaluate risk associ-
ated with bioactivation, and the impact of reactive metabolite formation on decision-making in the drug 
discovery process.

Minimizing Metabolic Activation in Drug Discovery

Several qualitative and quantitative tools are available for the assessment and remediation of the pro-
pensity of drug candidates to form reactive intermediates. The qualitative assessment identifies the 
reactive metabolite(s) in question, with particular attention to the sub-structural motif that is involved in 
bioactivation. This information guides the introduction of appropriate structural modifications to block 
the undesired metabolic pathway(s). A quantitative assessment serves a dual purpose; firstly, it allows 
appropriate comparisons to be drawn among different candidates as improvements are made in struc-
ture; and secondly, it allows an absolute assessment of risk in terms of body burden of reactive species. 
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In order to provide meaningful and actionable information in a timely manner, industrial drug metabo-
lism scientists utilize one or more of the available tools in a fit-for-purpose manner depending upon the 
stage of the discovery process and the question being addressed. Table 21.1 above lists the tools that 
scientists have at their disposal, along with the resource implications, achievable throughput, nature of 
the output they provide, and the timing of the analysis in a typical drug discovery project. 

The following sections discuss the merits and limitations of each of these tools in detail.

Chemical Structural Alerts

Certain chemical substructures are particularly prone to forming reactive electrophilic metabolites 
capable of covalently binding to cellular macromolecules. Examples of these, as noted above, include 
anilines, hydrazines, nitroarenes, α,b-unsaturated carbonyls, thiophenes, terminal alkenes, or alkynes. 
Circumstantial evidence in the literature links bioactivation of these functional groups to various forms 
of toxicity observed with certain drugs (e.g., ticlodipine, tienilic acid and zileuton for thiophene; carbuta-
mide, procainamide, and tocainide for aniline; phenelzine, hydralazine, dihydralazine, and isoniazid for 
hydrazine; chloramphenicol, tolcapone, flutamide, and metronidazole for nitroaromatics, etc.) [11,41–43]. In 
some cases, replacement of the offending substructure with a metabolically benign functional group has 
indeed led to a safer and less toxic second-generation agent, lending support to the idea that formation 
of reactive metabolites was a key feature in the toxicity of the original agent. For example, the antidia-
betic agent, carbutamide, was withdrawn from the market due to severe bone marrow toxicity; however, 
replacement of the aniline moiety of carbutamide with a toluene substituent led to the discovery of tol-
butamide, which is devoid of this toxicity. Similarly, the antiarrhythmics, procainamide and tocainide, 
both contain an aniline substructure and cause bone marrow aplasia and lupus syndrome, while a closely 
related congener, flecainide, lacks the aniline motif and is devoid of these toxicities. This subject has 
been reviewed in depth in several articles [11,42–44]. It should be noted that, as a result of medicinal 
chemistry efforts to access novel chemical space in support of drug discovery programs, new structural 

TABLE 21.1

Summary of Available Methods to Assess and Minimize the Potential for Metabolic Activation During 
Drug Discovery

Methods Purpose Timing Resource

In silico

Chemical structural alerts 
(Qualitative)

Information on potential risk based on structural analogy to 
known offenders

Early Low

In silico analysis of structure 
and toxicity risk 
(Qualitative/Quantitative)

Identifies compounds with known alerts Early Low

Experimental 

Metabolism studies 
(Qualitative/Quantitative)

Identification of putative reactive intermediates from in vitro 
or in vivo studies as trapped products

Early to late Medium

Acyl glucuronide half-life 
(Quantitative)

Stability of an acyl glucuronide to hydrolyze to parent 
molecule or undergo rearrangement to ring opened products

Early to late Low

Protein/amino acid adduct 
identification (Quantitative)

Identification of the conjugate of the drug to a peptide/amino 
acid residue following digestion of the adducted protein

Mid to late High

Covalent binding 
(Quantitative)

Measurement of the amount of drug-related material covalently 
bound to protein under defined experimental conditions

Mid High

Quantitative trapping assays 
(Quantitative)

Estimate of the amount of putative reactive intermediate 
formed under defined experimental conditions using 
radioactive or fluorescent labeled trapping agents

Early to late Medium

Toxicogenomics 
(Qualitative)

Analysis of the transcriptome, proteome and metabolome from 
in vitro or in vivo drug-exposed tissues to assess risk relative 
to a standard validated set of DILI-causing drugs

Mid to late High
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alerts are being recognized on an ongoing basis and require continued vigilance from drug metabolism 
scientists. For example, it has been reported that boronic acid-containing structures such as those found 
in the proteasome inhibitors bortezomib and ixazomib can become bioactivated to chemically reactive 
imine amide derivatives [45]. Also, while the potential for metabolic activation of the carboxylic acid 
moiety through conversion to the corresponding acyl glucuronide has been recognized for many years 
[46], recent studies have pointed to a potential role for coenzyme A [47,48] and GSH-linked thioesters 
[49] as reactive metabolites of carboxylic acids, and even the intermediate acyl adenylate that is the 
immediate precursor of the acyl-CoA could serve as an intracellular electrophile [50,51]. Other examples 
of such recently discovered structural alerts include the thiazolidinedione, pyrazinone, isoxazole, and 
piperazine functionalities, as well as N-substituted piperidines and ureas [52–56]. It should be borne 
in mind, however, that the mere presence of a structural alert does not necessarily mean that a given 
molecule will undergo metabolism to a reactive intermediate since the functional group in question 
may not be accessible to drug metabolizing enzymes—this needs to be determined on a case-by-case 
basis through appropriate experimentation. Thus, strict avoidance of structural alerts in drug design is 
an overly conservative approach that could severely limit the exploration of the full chemical space for 
structure-activity relationships (SAR) in the discovery of optimal drug candidates. Instead, it is rec-
ommended that the analysis of structural alerts should be performed in conjunction with appropriate 
and timely experimental investigation in order to assess the risk associated with the molecule in ques-
tion. Such experiments may involve metabolite identification studies in vitro and analysis of elimination 
routes of the drug candidate in vivo. The exact nature of these experiments and their timing varies across 
pharmaceutical companies, but it is generally accepted that assessment of the perceived risk associated 
with a structural alert should be performed early in the lead optimization phase.

In Silico Assessment of Toxicity Risk

In silico analysis of toxicity risk encompasses a range of predictive, integrative and visualization tools 
that may utilize prior knowledge as well as empirical or mechanistic modeling (e.g., Quantitative 
Structure Activity Relationships [QSAR]; molecular docking). Sophisticated software applications such 
as TIBCO® Spotfire can be valuable to visualize and correlate multi-parametric data. In the future, one 
could imagine the construction of a user-friendly interface where a large number of compounds with 
clinical DILI or genetic toxicity can be associated with known bioactivation mechanisms, physicochemi-
cal properties, specific structural motifs, drug elimination pathways, dose levels, population distribu-
tions and genetic descriptors.

Relatively mature in silico tools are available for assessing the risk of genetic toxicity such that gen-
eral recommendations of their use are included in regulatory guidelines. The recent ICH M7 regulatory 
guideline recommends that the genetic toxicity risk assessment should be performed using two QSAR 
prediction methodologies complementing each other: a statistical- and an expert rule-based method 
[57,58]. The application of two orthogonal models increases sensitivity and coverage. DEREK Nexus 
(The Deductive Estimation of Risk from Existing Knowledge, an expert rule-based system) and Sarah 
Nexus (a statistical system), when analyzed against several public and proprietary databases, displayed 
70%–85% agreement. In addition, when agreements were achieved between the two methods, accuracy 
of mutagenicity predictions was found to be as high as 90% [59]. Software such as DEREK can be used 
to differentiate a potentially genotoxic aromatic amine from a benign one; such applications are useful 
in early drug discovery when more resource-intensive evaluations (such as the Ames assay) of many non-
optimized leads may not be warranted. It is not fully understood why aromatic amines differing only in 
the position of a methyl group or a ring nitrogen, often contrary to electronic principles, can show con-
trasting mutagenic properties. Molecular modeling approaches can be applied to gain insight into such 
unanticipated mechanisms. For example, activation of amines by CYP1A2 has been extensively studied 
to delineate whether Ar-NH2 to Ar-NH-OH conversion occurs via a radical or an anionic pathway. Such 
mechanistic information can provide useful hints regarding the electronics of the drug molecule and 
potentially help in the design of safer drug candidates [60–62]. In an Amgen AKT program suffer-
ing from bioactivation issues involving an aminothiazole scaffold, Gaussian calculations were used to 
measure the relative energies of epoxidation, the suspected offending metabolic pathway. Coupled with 
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metabolite identification and covalent binding studies, such analysis helped guide appropriate SAR efforts 
to yield a molecule lacking bioactivation liability [63]. Furthermore, the accuracy of in silico tools for pre-
diction of drug metabolism such as MetasiteTM (Molecular Discovery Ltd., Pinner, Middlesex, UK) and 
Meteor NexusTM (Lhasa Ltd., Leeds, UK) is also steadily improving and these tools can be used in con-
junction with the above described molecular modeling or genetic toxicity assessment software to assess 
toxicity risks with potential metabolites of drug candidates at early stages of drug discovery.

Newer advanced system-based approaches such as the one exemplified by the DILIsym® group 
(Research Triangle Park, NC, USA) strive to assess the risk of a more complex toxicity endpoint, namely 
DILI, during drug discovery and development. The DILIsym® software encompasses a mechanistic 
computational model of DILI the structure of which includes key liver cells (e.g., hepatocytes, Kupffer 
cells), intracellular biochemical systems (e.g., mitochondrial dysfunction), and whole-body dynamics 
(drug distribution and metabolism) and allows in vitro to in vivo extrapolation as well as preclinical 
to clinical translation of DILI risk based on prior knowledge. In addition to representing physiological 
data for preclinical species and humans, DILIsym® also includes indices of inter-individual variability. 
Using a simulated human population, DILIsym® successfully differentiated clinical outcomes between 
the hepatotoxic agent, tolcapone, and its structurally-related but non-hepatotoxic analog, entacapone. In 
a simulated population receiving recommended clinical doses of the two drugs, serum alanine trans-
aminase (ALT) >3 times the upper limit of normal (ULN) were observed in 2.2% of the population 
for tolcapone, while no simulated patients on entacapone experienced serum ALT >3 times ULN [64]. 
As these software tools become more data rich, it is envisioned that they will provide enhanced predic-
tive power for a larger selection of molecules and add to the arsenal of available predictive tools.

Liquid Chromatography-Mass Spectrometry (LC-MS) Based Identification 
of Chemically-Reactive Metabolites via “Trapping” Studies

LC-MS based approaches likely represent the single most important tool for assessing bioactivation 
liabilities in a drug discovery setting. An early intervention entails incubation of a number of drug 
candidates with appropriately cofactor-fortified liver preparations (e.g., hepatocytes, microsomes, or S9) 
from selected preclinical species and humans. The reactive electrophilic species formed from drug can-
didates generally do not exhibit sufficient stability to be detected as such and, therefore, they need to 
be captured following adduction with small nucleophiles that are included as “traps” in the incubation. 
Some exceptions are reactive species such as acyl glucuronides or CoA thioesters and, rarely, some epox-
ides that may exhibit sufficient stability under the analytical conditions being employed, allowing their 
direct detection. The underlying assumption of the “trapping” approach is that the reactive species that 
are trapped by surrogate small molecule trapping agents will also covalently bind to biological macro-
molecules. The tripeptide glutathione (γ-glutamylcysteinylglycine, GSH) is the most common trapping 
agent used in such applications, where its cysteinyl thiol nucleophilic center reacts covalently with the 
electrophilic intermediate, such as the aromatic epoxide 1 shown in Figure 21.1. As an extension of this 
approach, other thiols, such as N-acetylcysteine, cysteine, and 2-mercaptoethanol, have also been used 
in such studies [39,65]. Interestingly, cysteine has been shown to react via both its thiol and amine func-
tional groups to trap bifunctional electrophiles. For example, the enedial intermediate 2 from the furan-
containing compound, ipomeanine, is trapped by cysteine to form a cyclic adduct (Figure 21.1) [66]. It is 
to be noted that these thiol derivatives are “soft” nucleophiles and react readily with “soft” electrophiles 
(e.g., quinones, epoxides; Figure 21.1), but they are not efficient at trapping “hard” electrophiles such as 
iminium ions and other reactive species such as electrophilic carbonyls (e.g., aldehydes and activated 
ketones). These latter reactive intermediates are more efficiently trapped by the non-thiol hard nucleo-
philes such as cyanide, semicarbazide, methoxyamine, and DNA bases. 

Cyanide has been used to trap “hard” electrophiles such as iminium ions resulting from metabolic acti-
vation of compounds such as S-nicotine (intermediate 3 in Figure 21.2a) and other alicyclic tertiary amines 
[67]. For compounds suspected to yield aldehydes as reactive intermediates, the most commonly used 
trapping agents include semicarbazide and methoxyamine. For example, furan-containing compounds 
undergo oxidative ring opening to form aldehyde intermediates (represented by compound 4, Figure 21.2b), 
which can be trapped by methoxyamine and semicarbazide [44,68]. An  interesting  product  from 
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semicarbazide trapping of the furan-derived intermediate 5 of pulegone is the tetrahydrocinnoline deriv-
ative 6, supposedly arising from condensation of one molecule of semicarbazide with the γ-ketoenal 
intermediate 7 of furan ring metabolism (Figure 21.2c) [69]. 

The LC-MS analysis of adducts of drug candidates with trapping agents typically involves two steps. 
In the first step, the molecular mass of the adduct is determined from the m/z value of its molecular ion 
and, in the second, a product ion spectrum is generated by collision-induced dissociation (CID) of the 
parent ion to determine the sub-structural motif(s) involved in bioactivation. Advances in mass spec-
trometry and separation technologies over the last decade have provided drug metabolism scientists 
with extremely sensitive and reliable tools for detection of small amounts of metabolites in complex 
biological matrices. In the positive ionization mode, neutral fragment loss and precursor ion scans are 
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the most commonly employed modes for the detection of molecular ions of adducts. Neutral loss scan 
methodology capitalizes on the observation that most GSH adducts typically lose a neutral fragment of 
129 Da (loss of pyroglutamic acid) in positive ion mode. The sensitivity of this detection can be increased 
by using modified GSH (e.g., glutathione ethyl ester) as the trapping agent [70], whereas high-resolution 
mass spectrometry-based approaches can help increase specificity of detection by triggering a product ion 
scan of the relevant precursor ion when a neutral loss of 129.0426 Da is detected (within preset mass error 
windows) [71]. It should be appreciated that not all GSH adducts lose a neutral fragment of 129 Da upon 
CID (e.g., aliphatic and benzylic thioethers frequently eliminate the intact GSH molecule corresponding 
to a neutral loss of 307 Da), and awareness of bioactivation chemistry is necessary while employing these 
screening methodologies. In negative ion mode, glutathione adducts produce an abundant anion at m/z 272 
(deprotonated γ-glutamyl-dehydroalanyl-glycine), precursor ion scanning of which that provides sensitive 
and specific detection of GSH adducts [72]. The neutral loss scans also have been used to detect non-thiol 
adducts of drug candidates; for example, a high-throughput method that employs the neutral loss of 27 Da 
to detect cyanide adducts of a series of compounds forming iminium ions has been reported [73].

In addition to the above “older” methods, high-resolution mass spectrometry-based approaches capital-
ize on the similarity of the mass between the parent molecule and its metabolites, and on the fact that 
most xenobiotics exhibit negative mass-defects relative to endogenous materials; thus, by defining preset 
filter windows, ions that fall outside the mass defect range can be filtered out and compound-of-interest-
related ions selected over those from the matrix to further increase the specificity, speed and throughput 
of detection [74–76].

Another commonly used approach for the identification of molecular ion(s) of adducts is a knowledge-
based search for the expected masses from full scan MS data. Rule-based algorithms are available within 
the LC-MS software to generate exhaustive lists of masses of expected metabolites, the detection of 
which can be used to trigger further CID scans to provide structural information [77]. Variations of 
these methods include the use of equimolar mixtures of naturally occurring and stable-isotope-labeled 
GSH (which incorporates [13C2,15N]glycine) as a trapping agent in microsomal incubations, such that the 
resulting adducts are readily detectable via the “isotopic signature” with enhanced specificity [78–80].

The trapping assays discussed above generally provide only qualitative information on the formation 
of the reactive intermediate. In order to make comparisons across compounds during drug discovery 
optimization process, some level of quantitative information on the amounts of reactive species formed/
trapped is desirable. In order to derive semi-quantitative data from trapping assays, various approaches 
have been reported that include the use of a quaternary ammonium derivative of GSH carrying a fixed 
positive charge that reduces ionization efficiency differences across thiol adducts from different drug 
candidates, or use of a fluorescent dansylated GSH as the trapping agent, which allows quantitation of 
the adduct amounts via fluorescence detection [81,82].

The discussion above has focused on the identification of reactive intermediates formed from drug 
candidates via (usually P450-mediated) oxidative metabolism. While oxidation represents the most 
prolific pathway for the generation of reactive species, other metabolic routes also can generate reac-
tive species capable of covalent binding to macromolecules. For example, several drugs containing the 
carboxylic acid moiety form conjugates with amino acids such as glycine, taurine, and glutamine, and 
this is presumed to involve an electrophilic acyl coenzyme A (CoA) thioester intermediate [47,83–85]. 
The potential for these electrophilic CoA thioesters to covalently modify nucleophilic sites on proteins 
has been demonstrated in vivo in the rat [83]. In a drug discovery setting, CoA adduct formation can 
be investigated in freshly isolated hepatocytes or in hepatic microsomes supplemented with CoASH, 
Mg2+ and ATP as cofactors [83–85]. While the LC-MS detection of CoA adducts is relatively straight-
forward due to their large molecular mass (addition of 749 Da to the carboxylic acid) and characteristic 
CID fragmentation, these conjugates tend to be labile and special precautions need to be taken during 
sample handling. Carboxylic acids can also undergo bioactivation via glucuronic acid conjugation to 
form acyl glucuronides, the reactivity that is further discussed in section “Assessment of Reactivity of 
Acyl Glucuronides.”

In addition to proteins, low molecular weight electrophiles formed from xenobiotics can also covalently 
bind to DNA, with the potential consequences of mutagenicity and carcinogenicity. DNA modifications 
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generally are detected as adducts to individual bases following digestion of the adducted DNA strands. 
Several selective estrogen receptor modulators (SERMs) are known to form such adducts. For example, 
guanine adducts of tamoxifen that are postulated to be formed via transient carbocation, quinone or 
quinone methide intermediates have been observed in endometrial tissues from patients taking the 
drug [86]. Chemically prepared quinone methides of desmethyl arzoxifene and acolbifene have been 
shown to form adducts in vitro when incubated with deoxynucleosides [87,88]. In drug discovery, drug 
candidates sometimes test positive in early mutagenicity testing in a metabolism-dependent manner 
(Ames bacterial mutagenicity assay in the presence of liver S9 fractions). In such instances, follow-up 
metabolism studies can be conducted using DNA bases (e.g., guanine) as trapping agents to identify the 
biotransformation step(s) responsible for the generation of the DNA-damaging electrophile(s) in concert 
with mutagenicity assay results and an SAR developed to alleviate the liability. In addition, metabolism 
studies can be used proactively to eliminate potentially problematic pathways and help lower risk to the 
pipeline. In a recent Merck Research Laboratories (MRL) drug discovery program, the aminoisoxazole 
compound 8 (Figure 21.3) represented a promising lead. The hydrolysis product diaminoisoxazole 9 
and N-O cleaved derivative of the parent 10 were found to be prominent metabolites. This observation 
led to the deduction that, although not detected (perhaps due to lack of LC retention), the N-O cleaved 
aniline 11 is a likely metabolite. Compound 11 was synthesized and assessed for mutagenicity in the 
Ames assay, along with compounds 8 and 9. While compounds 8 and 9 were negative, compound 11 
was found to be Ames positive, demonstrating that the release of the aniline, coupled with the cleav-
age of the isoxazole ring, generated a mutagenic moiety. Subsequent SAR studies led to a follow-up 
molecule that lacked the potential to form this mutagenic metabolite. Note that compound 11 was not 
experimentally observed as a metabolite of candidate 8, but its presence was anticipated via mecha-
nistic understanding of the available metabolism data. Thus, insight into the biotransformation route 
allowed proactive assessment of mutagenicity risk at a very early stage. 

Another area where trapping studies can be helpful is to design out P450 time-dependent inhibition 
(TDI) during lead optimization where one or more reactive species formed from metabolism of the 
drug candidate bind to P450 heme or apoprotein and result in irreversible inactivation of the enzyme. 
Compound 12 was found to be a very potent time-dependent inhibitor of CYP3A4. In order to identify 
the potential reactive metabolite responsible for the observed TDI, compound 12 was incubated at a 
high concentration (50 μM) with 200 pmol of recombinant human CYP3A4 supplemented with GSH 
(5 mM), and the supernatant concentrated to allow detection of small amounts of adduct(s). LC-MS 
analysis of this sample identified compound 13 as a glutathione adduct. The proposed mechanism to 
form adduct 13 involves hydroxylation of one of the urea nitrogens as the first step. Subsequent flow of 
electrons from the second urea nitrogen releases the hydroxylamine moiety 14 as a good leaving group 
and produces a highly reactive isocyanate derivative 15. Intermediate 15 is trapped by GSH to form prod-
uct 13 (Figure 21.4). It was hypothesized that the isocyanate 15 is responsible for the observed TDI. In 
addition, the aromatic hydroxylamine may be further oxidized to the corresponding nitroso derivative 16 
that can also play a role in CYP TDI via coordination to the heme iron. The conclusion that urea bioac-
tivation is the causal step for CYP3A4 TDI was supported by subsequent SAR studies, where follow-up 
compounds lacking the urea function were devoid of any enzyme inhibition. This example illustrates 
the value of fit-for-purpose studies and application of knowledge of bioactivation mechanisms to solve 
important lead optimization challenges. 
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Assessment of Reactivity of Acyl Glucuronides

Acyl glucuronidation represents a common elimination pathway of carboxylic acid-containing drugs. 
While acyl glucuronides can react with nucleophiles, they are sufficiently stable to allow their synthe-
sis, isolation and characterization. The reactivity of acyl glucuronides can involve two mechanisms: 
firstly, transacylation (Figure 21.5a) where the sugar moiety of the acyl glucuronide 17 is replaced by a 
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protein to produce amide 18, and secondly, acyl migration within the glucuronide conjugate 17 to form 
hemiacetal intermediates (e.g., 19) that exist in equilibrium with ring-opened aldehyde isomers (e.g., 20) 
(Figure 21.5b). These aldehyde species can react with proteins to form imines (e.g., 21) that are then 
stabilized via Amadori rearrangement to an amine 22 [48]. The potential of such transacylation and 
acyl migration processes is thought to be dependent on the electrophilicity of the carbonyl group of the 
glucuronide. 

A measure of the stability, or the half-life, of the acyl glucuronide and its ability to undergo acyl migra-
tion to yield isomeric conjugates can be used to estimate its potential for reacting with protein residues. 
A typical experiment would entail the preparation of an authentic standard of the acyl glucuronide and 
determination of its half-life in aqueous buffer in the absence of any protein. Acyl glucuronides gener-
ated biosynthetically in vitro or in vivo have also been used in cases where preparation of the pure syn-
thetic standard is complex. In an analysis of 21 molecules spanning the spectrum of DILI risk, the cut-off 
value of the acyl glucuronide half-life, which separated safe drugs from those withdrawn from market, 
was calculated to be 3.6 hours [46]. It is important to recognize that the panel of drugs included in this 
analysis ranged in dose 10–4000 mg and had multiple mechanisms of bioactivation, including the forma-
tion of reactive CoA intermediates that are known to form protein adducts that could also contribute to 
liver toxicity. It is nonetheless noteworthy that the acyl glucuronide half-life did appear to correlate with 
the potential for liver toxicity, supporting the approach of measuring the acyl glucuronide reactivity as a 
tool for de-risking carboxylic acid containing drug candidates for potential DILI liabilities.

Detection and Identification of Drug-Protein Adducts

The most direct approach to assessing the bioactivation potential of a drug candidate is the identification 
and quantification of the adduct(s) formed between the chemically-reactive species and protein or DNA, 
the macromolecules considered most relevant to toxicological consequences of bioactivation. However, 
the throughput and speed of currently available technologies for this purpose is not adequate for a fast-
paced drug discovery setting, and hence such an approach is not commonly used. However, methodolo-
gies are available to help understand protein adduction mechanisms in cases where traditional trapping 
studies do not provide actionable data. As in the case of GSH conjugates, the structures of drug-protein 
adducts reveal the identities of the reactive intermediates from which they were derived. As an example, 
radiolabeled compound 23 (Figure 21.6) irreversibly modified liver and kidney proteins in the rat in vivo 
in a dose- and time-dependent manner. Following nonspecific proteolytic digestion of liver and kidney 
proteins with pronase, a single major amino acid adduct was obtained. From LC-MS and NMR data, 
this adduct 25 was found to be the product of a novel metabolic activation pathway, where the azetidine 
moiety underwent oxidative ring opening to afford an α,b-unsaturated aldehyde 24, with subsequent 
conjugation to the ɛ-amino group of a lysine residue. Further digestion studies of rat liver homogenates 
led to the identification of the adducted peptide, which was further deduced to originate from covalent 
labeling of acyl-CoA synthetase-1 (ACSL1) [89]. 

Other examples of recent work in this area include a study on the suite of proteins in the human liver that 
become adducted upon exposure to the reactive metabolite of acetaminophen in vitro, showing that four 
mitochondrial oxidative stress related proteins (GATM, PARK7, PRDX6, and VDAC2) are targets [90], 
and an investigation into the identities of protein adducts in patients given the antiretroviral drug abaca-
vir that revealed the formation of novel intramolecular cross-linked adducts to human serum albumin 
resulting from its reaction with an electrophilic α,b-unsaturated aldehyde metabolite of the drug [91]. 
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Similarly, characterization of the protein adducts from isoniazid [92], a widely-used anti-tubercular 
agent that causes liver injury, has provided evidence in support of a revised theory of the mechanism by 
which this drug undergoes bioactivation [93].

Application of Covalent Binding Studies in Drug Discovery

The above LC-MS based approaches aimed at evaluating the potential for bioactivation risk currently 
provide, at best, qualitative or semi-quantitative information, and are not likely to be applicable univer-
sally for studying all types of reactive intermediates. The current “gold standard” approach for reliably 
quantifying the extent of drug-protein adduction remains the traditional covalent binding studies that 
are conducted with radiolabeled analogs of drug candidates. The requirement for synthesis of a radiola-
beled analog of the drug candidate makes these studies low-throughput, costly and not amenable to the 
rapid screening strategies desired in a drug discovery setting. Thus, covalent binding studies generally 
are conducted as a second step in the lead optimization process following synthesis of radiolabeled 
analogs of a limited number of more mature lead candidates. The usual approach involves measuring 
the extent of covalent binding of drug-related material to animal and human liver microsomal protein or 
hepatocytes in vitro, and to liver and plasma proteins from animals in vivo [10,94]. The covalent binding 
data (expressed as pmol equiv/mg protein) obtained from these assays are indicative of the propensity 
of the drug candidate to form reactive species that are capable of covalent adduction to proteins under 
both in vitro and in vivo conditions. The data generated in hepatocytes and in vivo are considered more 
meaningful since they utilize a more complete biological system with all relevant metabolic pathways 
and native protective mechanisms (e.g., GSH conjugation, quinone reductases). In particular, studies 
in human hepatocytes, in principle, provide data in a system that is most relevant to the clinical situ-
ation. Studies in vivo allow factors such as dose, systemic exposure, blood-to-liver partitioning, and 
plasma protein binding to be taken into account. Furthermore, the key to correct interpretation of the 
covalent binding data is the qualitative and quantitative understanding of bioactivation routes of the 
drug in animals and humans. This information can serve to “bridge” the preclinical data to man and 
help project potential exposure of humans to chemically reactive metabolites after administration of 
the drug candidate at a clinically relevant dose. These covalent binding studies, albeit somewhat crude 
in terms of their relevance to predicting toxicological outcomes, afford a means during drug discovery 
to differentiate lead candidates in terms of their potential to generate reactive species in animal safety 
testing and eventually in humans. Over the past 10–15 years, this approach has been utilized frequently 
across the pharmaceutical industry to measure and minimize the potential for metabolic activation in 
drug candidates [2,54,65,95].

An example of the utility of covalent binding studies is illustrated by compound 26 from a recent drug 
discovery program at MRL, which demonstrated high levels of protein adduction (~800 pmol-eq/mg 
protein) in human hepatocytes. Traditional trapping studies failed to identify the structural moiety that 
was subject to bioactivation and responsible for the observed binding to protein. From pronase-catalyzed 
digestion of the adducted proteins, sulfide product 27 was identified (Figure 21.7). The obligate precur-
sor of product 27 is hypothesized to be the carbon-centered radical intermediate 28, formed by opening 
of the cyclopropyl ring of 26 by a mechanism reminiscent of single electron oxidation of cyclopropyl 
amines. Based on this hypothesis, follow-up molecule 29 was designed and was found to be practically 
devoid of covalent binding (10 pmol-eq/mg) (Figure 21.7) (MRL, unpublished data). 

Higher-Throughput Surrogate Assays for Quantifying the Potential for Bioactivation

Because covalent binding studies with radiolabeled analogs of drug candidates are low-throughput 
and costly, there has been interest within the pharmaceutical industry to develop higher-throughput 
approaches for quantitatively assessing bioactivation potential. In situations where a correlation can be 
established between the extent of covalent binding of drug-related material to protein and the amount 
of adduct(s) detected in LC-MS based trapping assays, use of radiolabeled trapping agents (such as 
[3H]GSH, [35S]GSH, [35S]b-mercaptoethanol and K14CN) have been explored. The resulting radioac-
tive adducts can then be separated from excess trapping agent by appropriate extraction procedures and 
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quantified using plate-based radioactivity detection methods. This assay format is easily amenable to 
automation, thus dramatically increasing the speed and throughput of data generation. It was shown that 
a series of compounds that were bioactivated to electrophilic iminium intermediates, when subjected to 
microsomal incubations fortified with K14CN, produced radiolabeled cyanide adducts the amounts of 
which correlated reasonably well with the covalent binding of these analogs to protein [96]. Similarly, 
a series of compounds that formed reactive intermediates that could be scavenged by GSH, when sub-
jected to microsomal incubations fortified with [35S]b-mercaptoethanol, produced labeled thiol adducts 
the amounts of which afforded a reasonable correlation with the corresponding covalent binding values 
[97]. Similarly, Masubuchi et al. [98] demonstrated a good correlation between the amount of GSH con-
jugates formed (using both unlabeled and [35S]GSH) from a set of 10 model compounds with the extent 
of covalent binding of radiolabeled drug-related material to human and rat liver microsomal protein, and 
to rat liver protein in vivo when systemic exposure (plasma AUC) and plasma free fraction were taken 
into account. A key consideration for the successful utilization of trapping assays for reactive intermedi-
ate screening is the judicious selection of the trapping agent(s) based on a sound understanding of the 
mechanism of bioactivation/covalent binding and the nature of the resulting chemically-reactive species 
(e.g., hard versus soft electrophiles). Such studies can help increase the speed, efficiency and throughput, 
and lower the overall cost of bioactivation studies by significantly reducing the number of radiolabeled 
drug candidates that need to be synthesized for this purpose.

Approaches to Assess Oxidative and Electrophilic Cellular 
Stress Resulting from Drug Bioactivation

As discussed at the outset, a fundamental gap in our knowledge in assessing toxicity risk associated 
with bioactivation is that only some, and not all, reactive metabolites have been implicated in drug tox-
icity. In recent years, efforts have been initiated within the pharmaceutical industry to assess chemical 
mechanisms of bioactivation in combination with the potential downstream effects on cellular health in 
the hope of differentiating problematic forms of bioactivation from those that may be relatively benign. 
Assessment of these downstream effects has included endpoints ranging from simpler readouts, such 
as gross cytotoxicity and effects on mitochondrial function, to more ambitious toxicogenomic, pro-
teomic, and metabolomic assessments that aim to identify broad changes in the biological system in 
response to xenobiotic and reactive metabolite assault. These latter analyses are based on the hypothesis 
that a foreign compound and its bioactivated products would modulate the transcriptome, proteome, or 
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metabolome with a specific signature that could be correlated to toxicological outcome or a lack thereof. 
Such a unique signature may then serve as a predictive biomarker of a downstream toxicity outcome for 
future drug candidates [31,99–101]. The current limited experience in integrating such measures of cel-
lular stress with the potential for bioactivation to enhance the predictive value of these assessments for 
toxicity is discussed later in this chapter under “Bioactivation, Toxicity Risk, and Decision-Making in 
the Pharmaceutical Industry.”

Challenges in Interpreting Bioactivation Risk

As discussed above, a variety of approaches are used within the pharmaceutical industry to assess the 
risk of formation of chemically reactive metabolites from drug candidates. In addition to the funda-
mental challenge of assessing relevance of specific bioactivation pathways to potential toxicity, there 
remain significant difficulties in generating and interpreting human relevant data from these studies 
that can be used objectively to assess risk with individual drug candidates. The LC-MS based trapping 
studies aimed at evaluating the potential for bioactivation currently provide, at best, qualitative or semi-
quantitative information, and are not applicable universally for trapping all types of reactive intermedi-
ates. While these studies can be useful to understand structural features of drug candidates that lead to 
reactive metabolites, it should be recognized that they represent a somewhat artificial system that lacks 
the full physiological complement of various dispositional and detoxifying pathways, and no direct link 
to potential toxicity risk can, or should, be drawn from readouts in these systems. In spite of substantial 
debate and clarification of this point over the past few years [2,24–26,65,102], detection of GSH conju-
gates or downstream products thereof in vitro or in vivo is still frequently mistaken by drug discovery 
teams to represent a marker of toxicity. It should be noted that these thiol products reflect the operation of 
a detoxification pathway for the reactive species and, when detected, indicate that detoxification machin-
ery is functioning to serve its intended purpose. The risk, however, is that this detoxification pathway 
potentially can be overwhelmed in the setting of high doses or certain patient or disease specific situa-
tions and lead to toxicity.

Assessment of inhibition of P450 enzymes in a time-dependent manner is considered an additional 
approach/filter to assess the potential formation of reactive species during drug discovery where irrevers-
ible time-dependent inhibition of the enzyme suggests formation of a reactive species that inactivates 
P450 by binding to prosthetic heme or apoprotein. However, in most companies, this time-dependent 
P450 inhibition assessment is limited to CYP3A due to the prevalent role of this enzyme in drug metabo-
lism and its resulting high importance for drug interaction risk. However, there are multiple examples 
where the reactive species formed by enzymes other than CYP3A have led to time-dependent inhibition 
of a different enzyme and also resulted in toxicity (e.g., tienilic acid [98]).

As discussed previously, covalent binding studies that assess irreversible binding of radioactivity to 
microsomal or hepatocyte protein in vitro or total liver protein in vivo following incubation or adminis-
tration of the radiolabeled drug candidate provide the most reliable quantitative data on its bioactivation 
potential. The following sections discuss some key points that should be considered while generating and 
interpreting appropriate covalent binding data and assessing its relevance for humans.

Acceptable Levels of Covalent Binding

There has been much debate within the pharmaceutical industry as to what constitutes an accept-
able level of covalent binding for a drug candidate. Considering the limitations of our understanding 
of the biochemical mechanisms by which some reactive intermediates may cause toxicities, a simple 
answer to this question remains elusive. Originally, it was proposed by scientists at MRL that a value of 
50 pmol eq/mg protein (under well-defined experimental conditions [10]) be used as an upper-end target 
for advancing drug candidates into development. This target was based on the crude observation that 
the extent of covalent binding of a number of known hepatotoxins (e.g., acetaminophen, bromobenzene, 
furosemide, and 4-ipomeanol) in animal liver, under conditions where liver necrosis was evident, is 
of the order of ~1 nmol equiv/mg protein. Thus, the 50 pmol equiv/mg protein value provides an ~20-fold 
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“safety margin” over the levels of binding that have been associated with frank hepatic necrosis with 
some hepatotoxic agents. It should be emphasized that the 50 pmol equiv/mg protein figure was never 
intended to be a rigid threshold for covalent binding, but rather was proposed as a target value above 
which other considerations would need to be taken into account before progressing a particular drug 
candidate. Subsequent to the MRL publication on this subject, other pharmaceutical companies, such as 
Glaxo SmithKline [26] and AstraZeneca [23], have developed their own protocols for assessing covalent 
binding, which typically involve upper target values higher than 50 pmol equiv/mg protein.

Covalent Binding in Relation to Drug Exposure

An additional point of discussion relates to the assay conditions under which the extent of covalent bind-
ing is measured, including considerations such as the concentration of the drug candidate in incubations 
with liver preparations in vitro and the dose, formulation, bioavailability, and systemic exposure in stud-
ies in vivo. Since the extent of bioactivation of a drug candidate is expected to depend upon the pathways 
and kinetics of its metabolism, which, in turn, could be modulated by its absorption, systemic exposure, 
and tissue (liver) partitioning, it would appear reasonable that these factors be taken into account while 
designing covalent binding studies to cover bounds of intended clinical exposure.

Low Metabolic Turnover

For a substantial fraction of drug candidates, the extent of metabolic turnover during the typical incuba-
tion time period (1–2 hours) in traditional in vitro systems used for covalent binding studies (liver micro-
somes, hepatocytes) is low because a key goal of many drug discovery programs is to decrease rates of 
metabolism and thereby extend elimination half-life in order to achieve once-a-day dosing regimen. The 
low metabolic turnover, in turn, presents challenges in fully assessing the bioactivation potential of lead 
candidates and makes identification of the bioactivation pathways more difficult. This also results in a 
reduced level of confidence in understanding qualitative and quantitative species differences in various 
metabolic pathways (including those involved in bioactivation) across species, leading to a less robust 
“bridging” of preclinical data to the human situation [65]. The newer engineered liver systems and 
organoids that incorporate co-culture of hepatocytes with other liver cell types in a 3D format offer con-
siderable promise in providing more physiologically-relevant preparations with a significantly prolonged 
viability for fully assessing the bioactivation potential of compounds that are not significantly turned 
over in traditional liver preparations [103].

Relationship Between Overall Metabolic Clearance and Bioactivation

Typically, the metabolic pathway(s) that lead to the generation of reactive metabolites represent only one 
component of the overall clearance of the drug candidate. Since different drug candidates display variable 
rates of metabolism and clearance in various in vitro and in vivo assay systems, it is important to under-
stand the fraction of the metabolism that occurs via the bioactivation pathway in order to appropriately 
benchmark different molecules and assess total body burden of reactive species for risk-assessment [25].

Inter-species Differences in Metabolism

While qualitative species-differences in the metabolism of xenobiotics across mammalian species 
are relatively uncommon, differences in the quantitative contribution of various metabolic pathways 
to drug disposition, including those involved in the formation of chemically reactive metabolites, are 
the rule rather than the exception [104]. Thus, it is important to understand the disposition of the drug 
candidate(s) and gain a mechanistic view of the pathways involved in bioactivation and covalent binding 
for accurate assessment of the relevance of covalent binding data generated in animals to humans. In 
this regard, efforts to understand mechanisms of metabolic activation can be of value in rationalizing 
foreign compound-mediated toxicities that are species-specific. Such understanding can, in turn, provide 
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a framework for assessing the risk of certain toxicities in humans that may be mediated through meta-
bolic activation. An elegant illustration of this point is provided by studies with the non-nucleoside HIV 
reverse transcriptase inhibitor, efavirenz, which causes renal tubular epithelial cell necrosis in rats but 
not in cynomolgus monkeys or humans at equivalent or greater systemic exposures [105,106]. The sulfate 
conjugate of hydroxylated efavirenz is metabolized to a cyclopropanol metabolite 30 via oxidation at 
the methine position of the cyclopropane moiety that is linked to an alkyne functionality (Figure 21.8); 
this cyclopropanol metabolite likely serves as a substrate for a rat-specific glutathione-S-transferase(s) 
and results in the addition of GSH to the alkyne moiety of efavirenz in rats to form metabolite 31. 
Interestingly, this pathway is not seen in other species. The GSH conjugate 31 is processed further in 
the rat kidney to a cysteinylglycine conjugate via γ-glutamyltranspeptidase-catalyzed removal of the glu-
tamic acid residue, and the cysteinylglycine conjugate is either excreted in urine or is involved in further 
bioactivation events that eventually lead to nephrotoxicity in the rat. Strong evidence for this hypothesis 
was obtained when decreases in the formation of the cysteinylglycine conjugate, either by suppressing 
the formation of the cyclopropanol metabolite or by inhibiting γ-glutamyltranspeptidase activity, led to 
reductions in the incidence and severity of nephrotoxicity. 

Another striking example of differences in biotransformation across (and within) species was pub-
lished recently by Taub et  al. [107] who reported on the sex-, species-, and tissue-specific metabolic 
activation in male CD-1 mouse kidney of empagliflozin, an SGLT2 inhibitor for the treatment of Type 
2 diabetes (Figure 21.9a). In an effort to account for the formation of renal tumors only in male animals 
in a 2-year mouse carcinogenicity study, but not in female mice or in male or female rats, it was shown 
through in vitro studies that empagliflozin undergoes oxidative metabolism in mouse renal microsomes 
to yield an unstable hemiacetal species 32. This intermediate, generated only in preparations from male 
animals, degrades spontaneously to yield 4-hydroxycrotonaldehyde (Figure 21.9a), a reactive, cytotoxic 
α,b-unsaturated aldehyde that was trapped by GSH and characterized by LC-MS/MS techniques. Since 
glucuronidation is the prevalent pathway of empagliflozin metabolism in humans, and oxidation is minor, 
it was concluded that renal toxicity due to the formation of 4-hydroxycrotonaldehyde from empagliflozin 
would not be expected in humans. A further example of species differences in bioactivation is found in 
a report by Hadi et al. [108] who studied the metabolism and toxicity of 3′-hydroxyacetanilide (AMAP, 
Figure 21.9b), the alleged non-hepatotoxic regioisomer of acetaminophen (APAP, Figure 21.9c). Both 
compounds had been found to undergo CYP-dependent oxidation to reactive quinoid species (APBQ 
and NAPQI, respectively), yet only APAP was believed to be toxic. However, the early toxicology stud-
ies with AMAP had been carried out in mice and hamsters, and when the compound was re-evaluated 
in precision-cut liver slices from rat and human, it proved to be equally or more toxic than APAP. 
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This species difference in AMAP toxicity appears to be related to species differences in exposure to 
the reactive metabolites APBQ and NAPQI, a conclusion that was supported by a subsequent in silico 
analysis of the potential of these two agents to cause liver injury in mice [109]. These examples clearly 
illustrate the value of understanding bioactivation mechanisms and their relationship to toxicity findings 
in preclinical species in order to assess risk in humans.

The points above on practical limitations of the covalent binding data support the notion that rigid 
“cut-off” values for the extent of covalent binding to protein for decision-making in drug discovery are 
inappropriate and should be avoided. The extent of bioactivation and covalent binding should be inter-
preted in light of knowledge of the overall metabolic turnover of the compounds and systemic exposure 
to drug-related material in relation to the target clinical exposure, and species-differences in metabolism 
should be taken into account when extrapolating covalent binding risk to humans.

Bioactivation, Toxicity Risk, and Decision-Making in Pharmaceutical Industry

As noted above, a framework for addressing metabolic activation issues in drug discovery was first 
proposed by Evans et al. [10] and broadly adopted at MRL [2,10,65]. Due to the imprecise relationship 
of metabolic activation with toxicity and the fact that this attribute is only one aspect of the overall 

Cl

O

OH

OHHO

O

O

R

O

O

HO

R

O

OH

O

H
OH

O

H

CYPs
male mouse kidney

β-elimination

(a)

HN

O

OH

HN

O

OH

HO

HN

O

O

O

(b)

HN

O

N

O(c)

OH O

APAP NAPQI

4-OH crotonaldehyde

AMAP 2,5-DHAA APBQ

Empagliflozin

32

OH

FIGURE 21.9 Metabolic activation pathways of (a) empagliflozin, (b) AMAP, and (c) APAP.



594 Handbook of Drug Metabolism

risk/benefit assessment for advancing a particular lead candidate into development, it was advocated 
that covalent binding data should be interpreted in a broader context that includes answers to questions 
such as: Is the drug intended to treat a disabling or life-threatening unmet medical need? Will the drug 
be used acutely, chronically or prophylactically? Is the drug aimed at a novel biological target awaiting 
clinical proof of concept? Does the mechanism of biological action of the drug involve bioactivation and 
covalent binding to its target? (Covalent binding studies for antimicrobials from the b-lactam class and 
for many cytotoxic anticancer agents that act via alkylation of cellular macromolecules would not be 
relevant for risk/benefit assessment). What is the intended patient population (pediatric, elderly)? Is the 
clinical dose likely to be low (≤10 mg/day)? How tractable is the chemical lead with respect to modifica-
tion at the site of bioactivation?

The heightened focus in recent years within the pharmaceutical industry on finding targeted medi-
cines for rare specialty diseases with a high unmet medical need (e.g., cystic fibrosis, Duchenne’s mus-
cular dystrophy, etc. [110]) as well as on discovering personalized treatments for smaller segments of 
the overall disease population, brings an additional point of consideration. These so-called precision 
medicines are likely to be administered to only small segments of the patient population of a few thou-
sand people. Given the average incidence of idiosyncratic toxicity of 1 in 10,000 patients, such precision 
medicines may never be administered to a large enough population to pose a significant population haz-
ard. Furthermore, since patients with many of these rare diseases have no treatment options and face an 
inevitable decline in their health status and quality of life over time, they and their families are generally 
more motivated to accept higher risk in return for the potential for slowing or reversal of their disease 
progression. In such instances, it may appear rational to pursue development of drug candidates that have 
the potential to positively impact the majority of the patient population but carry a small risk for a rare 
idiosyncratic adverse event that cannot be predicted with any degree of certainty.

These mitigating factors notwithstanding, there remains a substantial body of evidence that suggests 
that chemically reactive metabolites play a central role in the direct or idiosyncratic toxicity observed 
with certain drugs. As such, there have been multiple attempts over the past decade to enhance the predic-
tive value of metabolic activation data by integrating this drug property with other risk factors to improve 
overall toxicity risk-assessment and aid in decision-making during drug discovery and development. 
These efforts stemmed from the observation that the absolute values for the amount of covalent binding 
of drug-related material to protein from human liver microsomes, liver S9 and hepatocytes following 
in vitro incubations could not differentiate a set of nine hepatotoxic and nine non-hepatotoxic agents 
[19,20]. However, when total daily dose and the fractional clearance to chemically reactive metabolites 
that covalently bind to protein were used to estimate the total daily body burden of reactive species, 
there was an improvement in parsing hepatotoxic and non-hepatotoxic compounds. Furthermore, human 
hepatocytes appeared somewhat better at making this differentiation relative to liver microsomes and S9 
fractions, which lack the full complement of metabolic and detoxification pathways [19,20]. A similar 
conclusion was reached independently by Usui et al. who compared a set of twelve compounds known 
to cause drug-induced liver injury with twelve other compounds that are considered safe [111]. Covalent 
binding of drug-related radioactivity to protein was measured following incubation of test compounds 
with liver microsomes in the presence or absence of additional cofactors such as UDPGA and GSH, as 
well as in human hepatocytes. A significant amount of overlap was observed in all in vitro systems in 
the covalent binding values of compounds known to cause DILI and those that do not. However, increas-
ing differentiation between hepatotoxic and non-hepatotoxic drugs was achieved when covalent binding 
values were multiplied by the Cmax or total daily dose, with the latter being the best discriminator [111]. 
Nakayama et al. [21] extended this type of analysis to the covalent binding in human liver microsomes, 
hepatocytes and rat liver in vivo of a larger set of 42 marketed drugs in which other types of idiosyncratic 
toxicity, such as neutropenia, agranulocytosis, and Steven Johnson Syndrome, in addition to serious 
liver injury, were considered. When covalent binding in human hepatocytes was plotted against the 
recommended daily dose of each drug, the 42 agents could be parsed into 3 zones denoted as “safe,” 
“toxic” (defined as those withdrawn from market or with a black box warning for idiosyncratic toxicity), 
and those with a warning for idiosyncratic toxicity in their label [21]. This “zone classification system” 
represented an important advance in that it allowed for the identification of compounds with low versus 
high risk of causing liver toxicity, although many compounds fell between these two extremes and could 
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not be accurately classified. Additional variations of integrating the recommended daily dose in risk 
assessment have utilized other measures of assessing metabolic activation such as GSH adduct formation 
and time-dependent P450 inhibition, in addition to covalent binding [27,112]. All of these analyses are 
consistent with the notion that daily total body burden of reactive species, which is determined by the 
fractional metabolism to reactive species and the total daily dose, is an important determinant of the tox-
icity risk posed by metabolic activation. In one analysis [24], it was suggested that the total body burden 
of reactive metabolites should not exceed 1 mg/day, while in another, a more liberal value of <10mg/day was 
proposed as a safe upper limit [113]. Of course, these upper target values are largely empirical in nature, 
but nevertheless provide a useful guide for benchmarking activities. It should be noted that a significant 
limitation of this approach is that there is often a substantial amount of uncertainty in the estimates of the 
clinical dose of drug candidates early in development, thus complicating estimates of the body burden of 
reactive metabolite based on the fractional clearance through the bioactivation pathway.

Clearly, many factors beyond daily dose come into play in the decision to advance into development 
a new chemical entity that is subject to some degree of metabolic activation, such as the expected risk/
benefit ratio of the intended therapy. A case in point is the family of “first generation” tyrosine kinase 
inhibitors (TKIs) for indications in oncology; erlotinib, gefatinib, lapatinib, and dasatinib all are high-
dose TKIs that undergo CYP-mediated metabolism to reactive quinoid species that are believed to play 
a role in drug-induced liver injury [114,115]. Given the life-threatening nature of the disease for which 
these drugs are intended, a higher degree of risk for toxicity may be tolerated, but it is interesting to note 
that newer TKIs, such as the family of EGFR inhibitors being developed for the treatment of non-small 
cell lung carcinoma, are low-dose compounds that are devoid of metabolic activation liabilities, but 
which are designed to covalently modify their molecular target (EGFR with activating mutations and 
deletions) in a highly selective fashion [116]. While the long-term safety of these “second generation” 
agents, e.g., afatinib and osimertinib, remains to be established, preliminary indications are promising.

In all of the above retrospective studies, while it appears possible to differentiate drugs at the extreme 
ends of the risk profile using covalent binding data and recommended daily dose or total body burden 
of reactive metabolites (e.g., <10 mg versus several hundred to >1000 mg daily dose), there remains a 
significant grey area of risk in the middle zone. This limitation is significant given that the majority of 
drug candidates are likely to fall into this daily dose range of 10 to low hundreds of mg and, as noted 
above, the fact that there is often a significant amount of uncertainty in the prediction of pharmacokinetic 
profile and optimal clinical dose at the discovery stage, especially for agents targeting novel biological 
mechanisms.

There has been increasing recognition in recent years that the gap in being able to precisely link meta-
bolic activation and dose (or total body burden of reactive species) to potential toxicity risk is likely due 
to two broad reasons: (1) toxicity is multifactorial in nature and other mechanisms of cellular stress, in 
combination with metabolic activation, lead to toxicity outcomes for certain drugs, and (2) the nature of 
the macromolecular targets modified and the ensuing cellular insult may be a key determinant of toxico-
logical outcomes or lack thereof. Thus, the missing piece in the armamentarium of approaches to assess 
toxicity risk related to metabolic activation may be the assays to assess these additional mechanisms that 
could lead to cellular stress and the tools to evaluate/measure this cellular stress in metabolism-competent 
human relevant systems. Such a broader approach would also need to be complemented with integra-
tive data handling and interpretation for a multifactorial hazard assessment. To this end, Thompson 
et  al. [24] proposed a multi-pronged approach that included evaluation of the inhibitory potential of 
drugs against the bile-salt export pump (BSEP) and multidrug resistance-associated protein 2 (Mrp2) as 
potential mechanisms for cellular stress via effects on hepato-biliary homeostasis, in addition to assess-
ment of total daily burden of reactive species based on covalent binding in vitro to human hepatocyte 
protein as a fraction of overall metabolism and recommended daily dose. Further, CYP3A-dependent 
and metabolism-independent cytotoxicity in THLE cells (SV40 T-antigen-immortalized human liver 
epithelial cells) and cytotoxicity in HepG2 cells, cultured in glucose versus galactose containing media 
to evaluate potential for mitochondrial injury, were included as markers for cellular insult. The data out-
put from each readout was digitized to 0 (no concern) or 1 (concern) based on specific cut-off values for 
various assays and composite risk scores were calculated. When the aggregate in vitro panel scores were 
plotted against total daily body burden of covalent binding for a set of 36 agents, of which 27 are known 
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to have severe or marked concern and 9 with low concern for idiosyncratic toxicity, 4 different risk zones 
in an integrated in vitro hazard matrix could be identified. The compounds were segregated into low 
versus high reactive metabolite burden (using a cut-off of 1 mg/day daily predicted covalent binding) 
and low versus high in vitro panel score (using a cut-off score of 1.5 out of a possible 4). The zone with 
low reactive metabolite burden and a low in vitro panel score contained only low concern compounds, 
whereas the other zones contained all 27 compounds known to exhibit severe or marked concern for idio-
syncratic toxicity, with a small number (2 out of 7) of low concern agents. Overall, this approach allowed 
differentiation between drugs known to cause idiosyncratic toxicity versus those that are considered 
safe with 100% sensitivity and 78% specificity [24]. This work again highlighted the importance of the 
“body burden” of reactive metabolites and suggested that agents that produced less than 1 mg/day of reac-
tive species in humans tended to have a low risk of hepatotoxicity, particularly in the absence of other 
in vitro indices of liver injury. Application of this methodology to a retrospective analysis of the hepato-
toxic properties of three endothelin receptor antagonists, namely sitaxentan, bosentan, and ambrisentan, 
correctly rank-ordered these agents and suggested that multiple mechanisms contribute to the rare, but 
potentially severe, liver injury caused by sitaxentan in humans [117]. Other variations on this approach 
have been published recently where slightly different measures of metabolic activation burden (e.g., GSH 
adduction formation, CYP3A time-dependent inhibition), systemic exposure (e.g., dose, Cmax), and cel-
lular and mitochondrial stress in different cell systems have been used to differentiate between agents 
that have high risk of causing idiosyncratic drug toxicity from those that do not [28,118]. On the other 
hand, a simple empirical approach termed “Rule of Two” proposed by the scientists at the FDA argues 
that compounds with log P ≥ 3 and dose ≥100 mg carry a greater risk for hepatotoxicity; this analysis is 
consistent with the notion that greater lipophilicity can impact cellular partitioning, metabolism profile 
(including bioactivation pathways) and general off-target promiscuous binding to cellular macromol-
ecules [119,120]. A deeper mechanistic analysis of the data presented in this argument would provide 
critical insights for further validation. All of the above studies have further emphasized the multifacto-
rial nature of drug-induced toxicities and serve to reinforce the concept that metabolic activation and 
covalent binding alone do not necessarily translate to a high potential for adverse reactions to a new 
chemical entity. Many of these approaches that account for multiple drug attributes in addition to bio-
activation potential do appear to result in improved risk classification for marketed drugs and could find 
use in drug discovery to enrich for compounds that have a lower overall risk for causing idiosyncratic 
drug toxicity. It should be noted, however, that these methods are likely not suitable in their present form 
for assessing absolute risk of idiosyncratic toxicity with individual compounds and in making definitive 
decisions on advancing or terminating development of drug candidates. Since the drug discovery pro-
cess is a complex multidimensional endeavor that requires concurrent optimization of many molecular 
attributes, it often results in compounds that appear attractive from an efficacy perspective and promise 
to address an important medical need but have other potential risks (e.g., metabolic activation and risk 
of idiosyncratic toxicity) that need to be understood with each individual candidate before making major 
investment decisions. The fact that the above multifactorial risk-assessment approaches, as yet, lack the 
precision to assess this risk with individual compounds is perhaps the reason that such methods have not 
been adopted universally across the pharmaceutical industry. This is especially true for small or mid-size 
companies where there is greater competition for limited resources, a culture of higher tolerance for risks 
that cannot be easily predicted or mitigated, and an urgency to progress projects and portfolio to ensure 
continued investor interest.

The limitations of the current integrative approaches to toxicity risk assessment are likely due to the 
in vitro models and the relatively crude readouts (cytotoxicity) that have been used thus far to assess 
cellular insult. Significant developments have occurred in the past 5 years in both areas that promise 
to enhance the reliability of these multifactorial toxicity risk assessments in the future. In terms of 
improved cellular systems, there has been an explosion in the number of available 3D liver or hepatic 
organoid models that are based on co-cultures of human hepatocytes with other liver cell types. Some 
examples of these systems include Hepatopac® (micropatterned co-culture of hepatocytes with fibro-
blasts; Ascendance Biotechnology, Medford, MA, USA), Hμrel® (co-culture of hepatocytes with non-
parenchymal stromal cells; Hμrel Corporation, North Brunswick, NJ, USA), ExVive3D® (multiple cell 
types including hepatocytes, stellate, and endothelial cells cultured in a spatially controlled manner 
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using NovoGen Bioprinting platform™; Organovo Holdings, Inc., San Diego, CA, USA), LiverChip® 
(microfluidic flow-through co-culture; CN Bio Innovations Ltd., Hertfordshire, UK), and many oth-
ers. These models provide an improved microphysiological environment for hepatocytes and create 
a cellular phenotype that is claimed to be closer to the in vivo situation. Furthermore, many of these 
systems have extended viability that allows their use for several weeks at a time, with stable expression 
of drug metabolizing enzymes and transporters. As a result, these systems should allow assessment of 
cellular drug effects after multiple dosing in the presence of normal processes of detoxification and 
bioactivation to more closely simulate the clinical situation. With advances in stem cell technologies, it 
is also now possible to obtain iPSC-derived hepatocytes from patients [121] who may have experienced 
toxicity; these cells, when cultured in the improved 3D configurations described above, may also allow 
incorporation of patient-specific factors into assessment of toxicity risk. In addition to these improved 
in vitro models, there has also been substantial progress over the past few years in developing novel 
human relevant animal models that can be used to assess toxicity risk due to chemically reactive 
metabolites. These include genetically-engineered and chimeric animals that express single, multiple, 
or the entire complement of human drug metabolizing enzymes and transporters [122]. The chimeric 
mouse models that have the majority of their liver populated with human hepatocytes on an immune-
deficient background are particularly attractive for assessing the risk of hepatotoxicity since they have 
been shown to quantitatively recapitulate human metabolic pathways of many drugs [123,124]. Early 
studies to investigate the utility of these mice for parent drug- or metabolism-dependent liver toxic-
ity show substantial promise and warrant further study with additional hepatotoxic agents [124,125]. 
Future development of these chimeric models also promises to incorporate engraftment of the human 
immune system along with human hepatocytes in the liver, which could, in theory, allow assessment 
of hepatotoxicity that has an immune component in response to an insult from chemically-reactive 
metabolites [126].

As for the improved end-points to assess cellular stress that eventually leads to toxicological outcomes, 
perhaps it is the toxicogenomic, proteomic, and metabolomic approaches that hold the greatest prom-
ise due to their broad potential to provide insights into perturbation of various biological networks in 
response to drug exposure as a prelude to toxicity [31,101,127–130]. These analyses can help recognize 
early patterns of change across a broad range of biological networks in response to toxicants and identify 
potential trigger mechanisms and biomarkers that precede full manifestation of toxicity. There have 
been initial successes with the utilization of these approaches to identify signatures as predictive mark-
ers that may provide a link to toxicity. However, much more work needs to be done to assess whether 
such changes in response to drug exposure in more physiological and metabolically-competent in vitro 
and in vivo models described above can help address the central question in assessing the risk of toxicity 
with metabolic activation as to why only some, and not all, chemically-reactive metabolites lead to drug 
toxicity.

In summary, it has been well understood for many years that metabolic activation is an important risk 
factor in causing direct or indirect immune-mediated idiosyncratic toxicity for some drugs, while in 
other cases it appears to be relatively benign. The challenge during drug discovery is to be able to differ-
entiate these two types of metabolic activation to allow accurate projection of risk for decision-making. 
However, our current state of biological understanding and the available tools are not adequate to allow 
this differentiation, with the exception that dose and total body burden of reactive metabolites appear to 
be important determinants of toxicity risk. As a result, recent approaches for assessing toxicity risk with 
metabolic activation have evolved to include other risk factors and readouts such as dose/exposure, daily 
body burden of reactive species, BSEP inhibition, and measures of cellular stress or cytotoxicity in vari-
ous cell systems to take into account the multifactorial nature of drug toxicity and integrate all of these 
readouts into composite risk scores. These approaches do appear to result in incrementally improved 
toxicity risk classification for marketed drugs. However, in spite of the progress made in recent years, it 
should be acknowledged that our scientific approach to addressing this issue remains rather rudimentary, 
both in terms of the quality of assay systems and readouts that are employed for human risk assessment, 
and in our understanding of the biological mechanisms that result in toxic insult following exposure 
to chemically-reactive metabolites. For these reasons, different pharmaceutical companies appear to 
have adopted different strategies on this issue over the past few years depending upon the availability 
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of resources and their tolerance for risk. These strategies range from routinely optimizing for a reduced 
potential for metabolic activation to not evaluating bioactivation at all and simply relying on routine 
animal toxicology studies to capture the potential for direct toxicities. Assessing the risk of idiosyncratic 
toxicities that appear to be immunologically mediated represents the greatest challenge of all, and we 
are only beginning to understand the complex molecular events by which reactive drug metabolites can 
trigger an adverse reaction through activation of the immune system [18]. Over the past 5 years, exciting 
breakthroughs have begun to occur in developing significantly improved in vitro and in vivo liver models 
that appear to be closer to native human tissue and are able to quantitatively recapitulate human drug 
metabolism pathways. These models, when combined with more robust measures of cellular stress based 
on broader toxicogenomic, proteomic, and/or metabolomic signatures in response to exposure to parent 
drug and metabolite (both stable and chemically-reactive), provide a potentially promising path to a new 
more scientific approach to assessing the role of metabolic activation in drug toxicity and minimizing 
this risk in humans.
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Kinetic Differences between Generated and Preformed 
Metabolites: A Dilemma in Risk Assessment

Thomayant Prueksaritanont and Jiunn H. Lin

Introduction

During the drug development process, monitoring plasma profiles of parent drug and its metabolites in 
the nonclinical toxicology studies are required to ensure adequate systemic exposure to characterize 
organ toxicity and to cover the expected plasma profiles in clinical studies. In some cases, however, 
significant qualitative or quantitative differences in metabolite profiles occur between the test animal 
species and humans because of species differences in drug metabolism. Concerns have arisen regarding 
potential inadequacy of the animal toxicology studies with only parent drugs. In the past few years, the 
issue of drug metabolites in safety testing and the role of metabolites as potential mediators of the toxicity 
of new drug products have gained increased attention by both pharmaceutical companies and regulatory 
agencies [1–4]. After much debate, the Food and Drug Administration (FDA) issued the Guidance for 
Industry on Safety Testing of Drug Metabolites in February 2008, which outlined recommendations 
on when and how to characterize and evaluate the safety of “disproportionate” metabolites of small 
molecule drug products [5]. Metabolites are defined as disproportionate if they present only in humans 
or present at higher plasma concentrations in humans than in the animals used in nonclinical studies. 
In cases where a relevant animal species that forms the metabolites at adequate exposure cannot be 
identified, a bridging study will be required to evaluate safety of the specific metabolite by dosing 
preformed metabolite(s) in animals. The risk assessment of drug metabolites is considered to be part 
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of an investigational new drug (IND) application and recommended to be completed before beginning 
large-scale clinical trials prior to new drug application (NDA) in the United States.

The main objective of this chapter is to examine the kinetic differences between preformed and 
generated metabolites and highlight potential complications associated with the approaches in risk 
assessment of drug metabolites by dosing preformed metabolites. We hope to convey that considerations 
to conduct the metabolite testing be based on knowledge and understanding of the kinetic behavior of 
a metabolite generated in vivo versus those given exogenously, and that this chapter would promote 
continued discussions on finding alternatives/approaches to the proposed nonclinical testing of drug 
metabolites to better ensure the clinical safety of new therapeutic agents.

Theoretical Considerations

From a pharmacokinetic viewpoint, in order to achieve the goals set forth by FDA Guidance, two key 
assumptions have to be met: (i) the kinetic behavior, with respect to the relationship between systemic 
exposure and tissue distribution, of a preformed (synthesized) metabolite administered exogenously is the 
same as that of the metabolite formed in vivo following administration of the parent compound and (ii) 
the kinetics of a preformed metabolite in an animal species selected for nonclinical testing reflect those 
of the corresponding metabolite formed in vivo in humans following administration of its parent. While 
these two assumptions may be valid for many drug metabolites, there are cases that the assumptions 
may not be valid, so that the results of toxicity testing of a drug metabolite can be misleading or fail to 
characterize the true toxicological contribution of the metabolite when formed from the parent.

The processes of absorption, distribution, metabolism, and excretion (ADME) of a compound are 
known to be influenced by (i) the specific characteristics of the compound, including its physicochemical 
properties and ability to interact with transporters, drug-metabolizing enzymes, and binding proteins, 
and (ii) physiological factors, which govern the exposure of the compound to those proteins, such as 
distribution, tissue localization, and organ blood flow [6,7]. While the pharmacokinetics of a preformed 
metabolite, measured as systemic or tissue concentrations as a function of time, will depend largely on the 
ADME properties of the synthesized metabolite per se, the kinetics of a metabolite generated in vivo also 
are influenced by the ADME properties of the parent compound, in addition to its own [6,8]. Therefore, 
differences between the kinetic behavior of a preformed metabolite and the metabolite generated from 
the parent drug could arise because of intrinsic differences between the parent and its metabolite in 
physicochemical properties and/or the nature of their interactions with transporters, drug-metabolizing 
enzymes, and/or binding proteins. Moreover, the kinetics of a preformed metabolite in an animal species 
selected for nonclinical testing may not be the same as those of a metabolite formed in vivo, either in 
that animal species or humans, following administration of the parent, due to species differences in the 
interaction of a compound with transporters, enzymes, or plasma/tissue-binding proteins, and intrinsic 
activities or distribution across organs [9].

There are many physicochemical and biological factors that may contribute to the kinetic differences 
between preformed and generated metabolites [10,11]. This chapter focuses mainly on three major factors, 
namely physicochemical properties, drug transporters, and drug-metabolizing enzymes. In  addition, 
species differences in transporters and drug-metabolizing enzymes and the interplay between transporter 
and metabolizing enzyme are also discussed.

Physicochemical Factors

Lipophilicity is generally considered as a key determinant of permeability across tissue membranes, 
and consequently in determining the extent of drug absorption, distribution to tissues (particularly 
brain), and elimination processes such as hepatic transport and renal reabsorption [10]. Uptake of 
lipophilic compounds across the basolateral membrane usually is very efficient as compared with that 
of hydrophilic molecules. Since metabolites are generally more polar than their parent compounds, they 
commonly experience much greater diffusional barriers to tissues [11,12]. Consequently, the distribution 
of a preformed metabolite to organs and tissues may be more limited than when the metabolite is formed 
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in vivo; thus, it may restrict potential toxicities to somewhat limited tissues, as compared with that 
generated from the parent. Additionally, because of the larger permeability barrier to transverse out of 
cells, the metabolite, once formed in vivo, also has a greater potential to accumulate inside the cells. If 
the site of metabolite formation is tissue specific, the difference in polarity between a metabolite and its 
parent could lead to differences in tissue-specific distribution or retention between the generated versus 
preformed metabolite and, hence, in their tissue-specific toxicity profiles.

Other physicochemical properties that may impact the disposition of a compound include chemical 
stability [13]. If a metabolite is less stable chemically than its parent, administration of the preformed 
metabolite may lead to more limited distribution of the metabolite than is the case when the parent is dosed. 
The distribution of a metabolite formed in vivo is expected to be dependent on the tissue distribution of 
both the parent drug and the metabolizing enzymes responsible for the parent-to-metabolite conversion. 
Furthermore, there are cases when the generated metabolite, because of its instability, leads to regeneration 
of the precursor within the body (“futile cycling”). Many conjugated metabolites (e.g., glucuronides) can 
be hydrolyzed back to their corresponding aglycones either chemically or, more commonly, via the 
action of β-glucuronidase enzymes [14–16]. In such cases, the exposure ratio between a metabolite and 
its parent in the systemic circulation and/or in a given organ following administration of a preformed 
metabolite may differ appreciably from that following administration of the parent, depending on the 
interconversion rate and the efficiency of competing pathways. Additionally, if the locus of formation 
of a labile metabolite differs from that at which it causes toxicity, the tissue distribution (and hence 
toxic effects) of the preformed metabolite would be anticipated to be quite distinct from those of the 
corresponding metabolite generated endogenously. For example, hydroxylamine metabolites of certain 
carcinogenic aromatic amines are themselves carcinogenic. However, when given as the parent aromatic 
amines, the hydroxylamine metabolites are subject to efficient hepatic glucuronidation and subsequent 
“transport” from the liver to the kidney in the form of labile N-glucuronide conjugates. Upon exposure 
of these conjugates to the acidic urinary pH in the bladder, reactive intermediates are generated causing 
bladder-specific tumors [17]. It is very likely that the toxicity profiles would be quite different when the 
parent aromatic amines or N-glucuronides of hydroxylamine are given.

Transporter Factors

The results of a large number of in vivo and in vitro studies indicate that transporters represent an 
important determinant of drug disposition [10]. Drug transporters generally can be separated into two 
major classes—uptake and efflux transporters. Several of these transporters have been demonstrated to 
possess substrate specificities and are known to localize in different tissues/organs [18]. For example, the 
ABC-B family (P-glycoprotein, P-gp, and its relatives) mediates ATP-driven efflux transport of cationic 
and neutral xenobiotics [19], while the ABC-C family (the multidrug resistance associated proteins, MRPs) 
is ATP-driven drug pumps that handle anionic compounds [20,21]. Both are highly expressed in brain and 
several peripheral tissues, particularly excretory organs. A family of polyspecific uptake transporters, the 
organic anion transporting polypeptides, or OATPs [22], which also are prominent in excretory organs 
and barrier epithelia, handle somewhat large hydrophobic organic anions. Human OATP1B1, OATP1B3, 
and rat Oatp1b2, which are known to be expressed exclusively in liver, have been shown to be responsible 
for the selective liver uptake of pravastatin [23,24]. The organic cation and anion transporters, OCTs and 
OATs, respectively, accommodate relatively small molecular weight molecules and exhibit tissue-specific 
expression [25,26]. In humans, OCT1 is expressed ubiquitously with relatively robust expression in the 
liver, and OCT2 is highly expressed in the kidney [27]. In rodents, Oct1 is expressed in both the liver and 
kidney, whereas Oct2 is expressed mainly in the kidney. Recently, the high levels of Oct1/2 in kidney 
have been reported to be responsible for selective tissue retention of tetraethylammonium (TEA) in mouse 
kidney (kidney/plasma ratio ~80) [28], while that of Oct1 has been shown to be associated with high intra-
hepatic concentrations of metformin, resulting in a known potentially lethal side effect, lactic acidosis 
[29]. Similarly, OAT1 and OAT3 are known to be expressed exclusively in kidney tissue. Indeed, OAT1-
mediated renal uptake has been implicated as a contributing factor in the intracellular accumulation of 
adefovir and cidofovir, leading to the nephrotoxicity of these agents [30]. Conceivably, differences in 
tissue-selective exposure or accumulation between a metabolite formed in vivo versus given exogenously 
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would ensue if the metabolite and its parent are substrates of different uptake transporters, which exhibit 
tissue selectivity. Similarly, there may be differences in excretory profiles or tissue localization/exposure 
between preformed and generated metabolites when the metabolite and its parent are substrates of different 
excretory transporters, which are in different tissues.

It is noteworthy that transporter-mediated drug disposition reflects the dynamic interplay between uptake 
and efflux transporters within any given epithelial cell, where the translocation of drugs across membranes 
may be impeded or facilitated by the presence of transporters on apical or basolateral membranes [31,32]. 
Therefore, for many drugs, the combined and sometimes complementary actions of transporters expressed 
within specific membrane domains of epithelial cells determine the extent and direction of drug movement 
across organs such as the liver, kidney, and brain. It is to be expected that differences between a metabolite 
and its parent in their interactions with uptake and efflux transporters would lead to differences in disposition 
between a preformed metabolite and a metabolite generated in vivo.

Compounding this issue further is the question of species differences in the expression level, functional 
activity, and tissue distribution of transporters. Recent data have revealed that rat liver contains much 
more (~10-fold) Mrp2 protein resulting in a much higher capacity for the biliary excretion of organic 
anions in rats than in humans or other preclinical species [32]. Species differences between rat and 
human OATs also have been reported; hOAT1 accepts cimetidine as a substrate, whereas rOat1 does not 
interact with cimetidine [33–35]. These differences have been associated with species differences in the 
renal elimination of cimetidine, as well as a number of organic anions and cations [34]. Similarly, OCTs 
expressed in the kidney differ between rodents and humans. Both Oct1 (Slc22a1) and Oct2 (Slc22a2) 
are involved in the renal uptake of organic cations on the basolateral membrane of the proximal tubules 
in rodents, whereas OCT2, but not OCT1, is abundant in the human kidney [36]. As a result of species 
differences in drug and metabolite-transporter interactions, it is conceivable that the disposition of a 
preformed metabolite in animals may differ substantially from that of the corresponding metabolite 
formed in vivo in humans following administration of its parent.

Metabolizing Enzyme Factors

Drug-metabolizing enzymes have been shown to exhibit heterogeneity in distribution within an organ. 
An enrichment of cytochromes (CYPs), glutathione-S-transferases (GSTs), carboxylesterases, and UDP-
glucuronyltransferases (UGTs) was demonstrated in the perihepatic venous region of the liver, while 
sulfotransferases (SULTs) were found predominantly in the periportal region [11,37–39]. This zonal 
distribution of enzymes has been proposed, both on theoretical and experimental grounds, to represent one 
determinant of metabolite disposition, resulting in differences in the fate of a preformed metabolite entering 
the liver from the circulation relative to that of the same metabolite formed within the liver. In-depth 
reviews of this topic with specific examples are provided in Pang et al. [11] and Abu-Zahra and Pang [38].

In theory, differences in the disposition between a preformed versus an in vivo generated metabolite, 
especially with respect to formation of downstream metabolites, may result from differences in tissue 
distribution or exposure between the preformed and generated metabolite (as a consequence of the 
aforementioned physicochemical and/or transporter factors). This potential difference in the formation 
of downstream metabolites could be complicated further by the fact that some drug-metabolizing 
enzymes, as is the case with transporters, exhibit tissue-specific expression. Although most CYPs are 
found in the liver, some CYPs are expressed preferentially in extrahepatic tissues, which may lead 
to unique extrahepatic metabolites and tissue-specific consequences in terms of cellular toxicity and 
organ pathology. Among those in the CYP2 gene family, CYP2A6, 2B6, 2C18, and 2J2 are expressed 
preferentially in extrahepatic tissues, including epithelial tissues at the environmental interface such as 
skin, nasal, respiratory, and digestive systems [40,41]. Similarly, UGT1A8 and UGT1A10 are expressed 
exclusively in gastrointestinal tissues, each with a unique distribution pattern [42,43]. SULT1A1 is the 
major adult liver SULT1A subfamily member, whereas SULT1A3 is barely detectable in the adult 
human liver but is highly expressed in jejunum and intestine [44]. In the brain, the cellular and regional 
distribution of drug-metabolizing enzymes is known to be heterogeneous, with the blood–brain interfaces 
bearing special drug-metabolic capacities; MAO-B and class III alcohol dehydrogenase (ADH) appear 
to be highly expressed and active at the blood–CSF barrier in rat and human choroid plexuses [45].
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Additionally, species differences in drug-metabolizing enzyme activities are well recognized 
and the reader is referred to reviews on this topic [9]. These differences may lead to the formation 
of species-selective metabolites, and consequently to species-selective toxicity. An increase in 
CYP-mediated hydroxylation, low esterase activity, and relatively high aldehyde dehydrogenase 
activity in rats relative to humans have been linked to the characteristic toxic effects of felbamate 
in humans, which are not seen in rats [46]. Also, as is the case for the drug transporters, several 
enzymes are known to exhibit species differences in tissue distribution, including acylases (N-acetyl-
L-cysteine-deacetylating enzyme) and GSTs [47,48]. In rats, e.g., a cysteinylglycine adduct formed 
by renal γ-glutamyltranspeptidase-mediated cleavage of a GSH adduct of efavirenz (generated by a 
species-specific GST) was demonstrated to be associated with nephrotoxicity. This kidney toxicity 
was observed only in rats, and not in cynomulgus monkeys or humans [49]. Moreover, some drug-
metabolizing enzymes have been shown to exhibit species differences in intracellular distribution. In 
guinea pig, as in humans, the liver ciprofibroyl-CoA hydrolase is localized in the mitochondrial and 
soluble fractions of cells, while in rats, the enzyme has a microsomal localization [50]. In principle, 
these differences could contribute to tissue-selective exposure and species differences in toxicity 
profiles between the preformed and generated metabolite.

Interplay Between Membrane Permeability/Transporters 
and Drug-Metabolizing Enzymes

As will be evident from the above discussion, the disposition of a compound is dependent on a number 
of factors, including membrane permeability, drug transporters, and drug-metabolizing enzymes. These 
factors work either in concert with or competitively against each other, and it is reasonable to expect 
that differences in the interplay between a metabolite and its parent with these systems would lead to 
differences in the disposition of a preformed metabolite relative to its counterpart generated in vivo. Using 
computer modeling, Miyauchi and coworkers [51] demonstrated that when there is no diffusional barrier 
for the metabolite, differences in the extraction ratio between the preformed and generated metabolite are 
dependent on enzyme activity and could be as large as fivefold. In cases where a diffusional barrier exists 
for the metabolite, a much higher hepatic extraction ratio (up to 10-fold) is observed for the endogenously 
generated metabolite relative to the exogenously dosed preformed metabolite [51]. Recent studies [7,52] 
also have demonstrated the importance of the interplay of uptake and efflux transporters with metabolic 
enzymes in drug disposition as the access of drug molecules to the enzymes is controlled by drug 
transporters. Both transporter activities and localization of enzymes in the liver influenced the mean hepatic 
residence time of a metabolite formed in vivo [53]. In the case of CPT-11, the interplay between esterases, 
UGTs, β-glucuronidases, and the efflux transporter MRP2, has been implicated in the localization of its 
active metabolite, SN-38, in the intestinal tract, leading to diarrhea, the dose-limiting toxicity of CPT-11 
[54,55]. SN-38 is formed by esterases from CPT-11, deactivated by UGTs, excreted via MRP2- and/or P-gp-
mediated biliary excretion, and deconjugated by β-glucuronidases in the intestinal lumen.

The interplay discussed above also has been shown to impact the metabolic pattern and extraction 
ratio of compounds given orally. Thus, luminal administration of phenol yielded phenol glucuronide 
as the primary metabolite, while following vascular administration, sulfation represented the 
primary metabolic pathway of phenol [56]. A much greater overall extraction also was obtained 
following luminal than following vascular administration [56]. This was attributed to a greater and/
or more prolonged exposure of the perorally administered phenol to the apically placed UGTs. Phenol 
required more time to diffuse across the lipid-rich barrier of the ER to access the active site of the 
UGTs, as compared with the readily accessible cytosolic SULTs, whereas the phenol glucuronide, 
being more polar and much larger than its aglycone, experienced a greater diffusional barrier to 
its efflux from the ER lumen. A similar route-of-administration-dependent metabolism, resulting 
from a dynamic interplay between UGTs and efflux transporters, has been reported for morphine 
and its glucuronide metabolite [57]. A logical extension of these observations is that the route of 
administration may have a significant effect on the toxicity profile of a drug metabolite, such that the 
findings from a study in which the preformed metabolite is dosed may not reflect those of a study in 
which the metabolite is generated from the parent.
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Specific Examples

In the section that follows, examples are provided to illustrate the differences in the disposition kinetics 
of a preformed metabolite versus the same metabolite generated in vivo from the parent, either within 
a given animal species or between animals and humans. Where applicable, the consequences of these 
differences in disposition, either pharmacological or toxicological, are highlighted.

Acetaminophen and Phenacetin

Quantitative differences in the sequential metabolism of a preformed metabolite and its counterpart 
generated by metabolism are best exemplified by the case of acetaminophen. Both phenacetin and 
acetaminophen (the O-de-ethylated metabolite of phenacetin) distribute equally and rapidly from blood 
to hepatocytes; i.e., there is little, if any, diffusional barrier in the process [58]. Using the rat isolated 
liver perfusion technique, Pang and Gillette [59] demonstrated that the hepatic extraction ratio (the 
fraction of dose metabolized by the liver during each passage) of [14C]acetaminophen derived from 
[14C] phenacetin was lower than that of preformed [3H]acetaminophen when given exogenously (0.50 
vs. 0.68). These results suggest that the hepatic exposure to acetaminophen formed in vivo would be 
higher than that when preformed acetaminophen is given exogenously, assuming an equimolar molar 
dose of the two species. This lower extraction ratio of generated [14C]acetaminophen was proposed to 
be due to the uneven distribution of the corresponding enzyme systems responsible for the metabolism 
of phenacetin (CYPs) and acetaminophen (UGTs and SULTs). The CYP-mediated O-deethylation of 
phenacetin occurred predominantly in the centrilobular region, while a sequential metabolic step, sulfate 
conjugation, occurred predominantly in the periportal region [58,60]. This hypothesis is consistent with 
computer simulations under various patterns of enzyme distribution and membrane permeability [51,60]. 
It is noteworthy that acetaminophen undergoes oxidative metabolism to a product, namely N-acetyl-
pbenzoquinone imine (NAPQI), that is toxic to the liver [61,62]. Therefore, the hepatic exposure to the 
hepatotoxic intermediate, and consequently hepatotoxicity, would conceivably be significantly greater, 
as a result of greater hepatic exposure to acetaminophen, in animals dosed with acetaminophen than in 
animals given an equimolar amount of phenacetin itself.

Enalaprilat and Enalapril

Unlike the acetaminophen/phenacetin pair, differential effects of a diffusional barrier on generated 
and preformed metabolite kinetics have been reported to be important factors in the disposition of 
enalaprilat, an ACE inhibitor employed for the treatment of hypertension. In animals and humans, 
enalapril, an inactive prodrug, is hydrolyzed completely by carboxylesterases to its polar dicarboxylic 
acid metabolite, enalaprilat [63,64]. Studies in the perfused rat liver with simultaneous delivery of [14C]
enalapril and its active metabolite, [3H]enalaprilat, revealed a marked difference in the biliary recovery 
of the generated [14C]enalaprilat (18% dose) and the preformed [3H]enalaprilat (5% dose). A higher 
hepatic exposure (>3-fold) of enalaprilat was obtained when the compound was generated from the 
parent drug than when given as the preformed metabolite [63]. In a subsequent study using a perfused 
rat liver preparation, these authors showed that the biliary clearance of generated [14C]enalaprilat was 
15-fold higher than the biliary clearance of the preformed [3H]enalaprilat [65]. Similarly, a significant 
difference in the urinary clearance for the generated versus preformed enalaprilat was reported in 
studies using the isolated perfused rat kidney [66]. Collectively, these results suggest that a diffusional 
barrier for enalaprilat served to limit entry of the preformed enalaprilat into hepatocytes or renal 
epithelium cells, thereby decreasing biliary or urinary excretion. This differential diffusional barrier 
between enalapril and enalaprilat is consistent with differences in their physical properties; under 
physiological pH, the dicarboxylic acid metabolite is present in ionized form, which is very polar in 
nature. Both compounds also differ in their ability to interact with OATP1, a drug transporter; thus, 
enalapril, but not enalaprilat, has been shown to be taken up by rat Oatp1a1 and human OATP1B1 and 
OATP1B3 in the liver [67,68].
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Dopamine and L-Dopa

In addition to the liver, a profound difference in tissue-specific distribution and retention between a 
preformed metabolite and the metabolite generated from the parent drug also may occur as a result of 
the presence of a diffusional barrier or specific influx transporters in extrahepatic tissues, as illustrated 
by the penetration of dopamine into the central nervous system (CNS). Many transport systems, which 
play an important role in the uptake of water-soluble nutrients from the blood circulation into the brain, 
are known to be present at the blood–brain barrier (BBB) [69]. The large neutral amino acid carrier 
(LAT) mediates the uptake of phenylalanine and other neutral amino acids from the circulation into 
the brain. L-dopa, used for the treatment of Parkinson’s disease, is a neutral amino acid analog that 
traverses the BBB via the LAT into the brain, where it is decarboxylated to the pharmacologically active 
metabolite, dopamine [70]. Since dopamine is not a substrate for the LAT and is highly water soluble, it 
does not cross the BBB. When given exogenously, dopamine has no therapeutic effect in the treatment 
of Parkinson’s disease.

Nucleotides, Nucleosides, and Nucleoside Prodrugs

Similar to L-dopa, an active uptake system (adenosine nucleoside transporter) is involved in the uptake 
of nucleosides into various tissues where they are converted to the corresponding pharmacologically 
active nucleotides. Since nucleotides are not substrates for adenosine nucleoside transporter and are very 
water soluble, they usually do not cross cell membranes by passive diffusion. Consequently, the tissue 
exposure of nucleotides would be expected to be much higher when given as nucleosides than when 
dosed exogenously as the preformed metabolites (nucleotides). Indeed, following oral administration 
of MRL111, a nucleoside analog, in rats, mice, dogs, and monkeys, the AUC of the active triphosphate 
metabolite in the liver was ~25- to 30-fold higher than the plasma AUC of the parent nucleoside (data on 
file, Merck Research Laboratories). In rat hepatocyte studies, MRL111 showed time- and temperature-
dependent uptake, consistent with the involvement of equilibrative transport into hepatocytes, commonly 
mediated by nucleoside transporters [71].

Tenofovir, a dianion at physiological pH, belongs to a class of nucleotide analogs that exhibit 
prolonged intracellular half-lives [72]. The long intracellular half-life of tenofovir is a result of rapid 
metabolism within the cell to the nucleotide diphosphate, the active metabolite. The low cellular 
permeability of the nucleotide metabolite limits its efflux from cells. The amidate prodrug GS 7340 
was designed to overcome the permeability limitations of tenofovir by masking the dianion with 
a neutral promoiety and increasing the plasma stability of the prodrug relative to its intracellular 
stability. In vivo administration of GS 7340 to dogs resulted in an enhanced distribution to lymphatic 
tissue compared with tenofovir; concentrations of tenofovir in peripheral blood mononuclear cells 
(PBMCs) versus plasma were much higher (>10-fold) following GS 7340 than following tenofovir 
[73]. Consistent with this finding, GS 7340 also was found to distribute widely to lymphatic tissues 
[73]. This expanded distribution and the higher intracellular levels of tenofovir after administration 
of GS 7340 than after tenofovir raises the possibility of safety issues that may not be observed with 
tenofovir itself.

Statin Acids and Lactones

HMG-CoA reductase inhibitors, or “statins,” which target HMG-CoA reductase, the rate-limiting 
enzyme in cholesterol biosynthesis, are used widely for the treatment of hypercholesterolemia and 
hypertriglyceridemia. Except for simvastatin and lovastatin, which are administered in the inactive 
lactone forms, all currently available statins are administered as the pharmacologically active™-hydroxy 
acids. The statin lactones are hydrolyzed to their open acids chemically or enzymatically by esterases or 
paraoxonases [16]. The major physicochemical difference between the lactone and acid form for each 
statin is that the lactone has a higher partition coefficient (log P) or lipophilicity (log D), compared 
with the acid [74,75]. The acid versus lactone forms of statins, including atorvastatin, lovastatin, and 
simvastatin, also have differential activities toward several transporters, including P-gp [76,77].
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Simvastatin is not a P-gp substrate, whereas the acid form of both simvastatin and atorvastatin 
exhibit a moderate level of P-gp-mediated transport [76]. Therefore, it is possible that the superior 
membrane permeability of the statin lactone (due to increased lipophilicity) and its inability to interact 
with P-gp may allow ready access of the lactone form to tissues. Indeed, the acid form of simvastatin 
accumulated in muscle and brain to a greater degree (2–3-fold) when given to dogs as the lactone 
than as the open acid, even though plasma levels of the open acid were comparable in each case 
(data on file, Merck Research Laboratories). In an earlier dog study, the disposition of simvastatin 
lactone also was found to be more hepatoselective than that of simvastatin acid; thus, simvastatin 
lactone exhibited a higher hepatic extraction ratio than simvastatin acid (93% vs. 80%), resulting in a 
lower systemic burden of prodrug and active drug after administration of simvastatin lactone versus 
simvastatin acid [78]. Evidently, treatment with simvastatin lactone is more selective with respect 
to inhibition of hepatic versus extrahepatic HMG-CoA reductase. This was substantiated further by 
the finding that plasma levels of active drug equivalents, after administration of simvastatin acid and 
lactone to dogs at doses that produced a similar degree of cholesterol lowering, are approximately 
10-fold higher when simvastatin acid is given [78]. Hence, the safety or toxicity profile of simvastatin 
acid in dogs may be different when the open acid is given exogenously as compared with when it is 
formed in vivo from the lactone.

Interestingly, the above observation was found to be species specific. As shown in an earlier study 
[78], the half-life of simvastatin in rodent plasma is approximately four minutes due to very rapid 
hydrolysis of the lactone, while essentially no hydrolysis occurs in human or dog plasma. Consistent 
with this observation, the oral bioavailability of the lactone was essentially zero when simvastatin 
was dosed to rodents [78]. Studies on the disposition and metabolism of simvastatin lactone and open 
acid in rodents revealed that the systemic levels of the acid form, active or total HMG-CoA inhibitory 
activity, and total radioactivity following administration of simvastatin acid were similar to those 
observed following dosing with simvastatin lactone in the same species and gender (data on file, 
Merck Research Laboratories). Tissue distribution patterns of radioactivity following a dose of [14C]
simvastatin acid to rats also were similar to those found after [14C]simvastatin lactone was given 
[78]. Thus, the safety or toxicity profile of preformed and metabolically generated simvastatin acid in 
rodents would be expected to be similar. However, this is not likely to be the case in dogs, and possibly 
also in humans.

Morphine and Its Glucuronides

In mammals, morphine, a potent analgesic, is metabolized mainly by glucuronidation to yield morphine-
3-glucuronide (M3G) and morphine-6-glucuronide (M6G). Because of their greater polarity relative to 
the parent aglycone, these conjugates are subject to significant diffusional barriers. Studies using the 
isolated perfused rat liver demonstrated that the hepatic disposition of the pharmacologically inactive 
metabolite M3G is indeed membrane permeability-rate limited; the biliary excretion and extraction ratio 
of hepatically generated M3G is much more efficient (>10-fold) than that of M3G given exogenously 
[79,80]. Additionally, using a loading wash-out design and a physiologically based pharmacokinetic 
model, the volume of distribution of hepatically generated M3G was found to be approximately 50 
times the intracellular space of the rat liver, suggesting that the generated M3G accumulates within 
hepatocytes, consistent with its poor membrane permeability [81].

Unlike M3G, M6G is an opioid agonist that plays a role in the clinical effects of morphine. M6G has 
been shown to exhibit much lower BBB permeability than morphine, as supported by studies showing 
lower brain penetration with M6G than morphine [82]. Also consistent with the limited membrane 
permeability, plasma M6G, unlike morphine, was below detection limits after intracerebroventricular 
injection of M6G, and the apparent elimination clearance of M6G from the cerebrospinal fluid was 10 
times lower than that of morphine after central administration of morphine to rats [83]. Using a brain 
slice uptake method, the same authors showed that morphine was distributed in the brain parenchyma 
cells, whereas M6G was in the extracellular fluid. It has been suggested recently that morphine is a 
substrate for P-gp [84], but M6G may be a substrate for an active uptake transporter and MRP [80,85]. 
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This difference may account for the differential brain distribution between morphine and M6G, 
given that P-gp is expressed mainly in the cerebral capillary endothelium, whereas MRP is expressed 
predominantly elsewhere in the brain [86].

To complicate the matter further, brain UGT(s) is capable of catalyzing the conjugation of morphine 
[87] and exhibits a regioselectivity toward morphine that is different from the liver enzyme. M6G is the 
primary metabolite in brain, whereas M3G is the major conjugate in liver [88]. Additionally, human 
kidney preferentially forms M3G (M3G/M6G ratio ~20) relative to human liver (M3G/M6G ratio ~5) 
[89]. Furthermore, the metabolism of morphine also differs markedly between animal species, and 
between animals and humans [89,90]. Whereas in human and guinea pig liver microsomes fortified with 
UDPGA, both the M3G and M6G are generated, with M3G being the major product, in rat and mouse 
liver microsomes, morphine forms almost exclusively M3G (M3G/M6G ratio ~90). Consequently, the 
distribution of the two isomeric glucuronides to various brain regions or tissues following administration 
of preformed M6G or M3G may be different in animals and humans.

Acyl Glucuronides and Aglycones

Acyl glucuronides are a unique class of electrophilic metabolites, capable of hydrolysis to reform the 
parent aglycone and of intramolecular rearrangement. Both intra- and extrahepatic exposure to acyl 
glucuronides depends not only on the efficiency of competing glucuronidation and hydrolysis processes 
in the liver, but also on the efficiency of the hepatic membrane transport systems. Sallustio et al. [91] used 
the isolated perfused liver preparation to examine the hepatic disposition of the fibrate hypolipidemic 
agent gemfibrozil and its acyl glucuronide metabolite, 1-O-gemfibrozil-β-D-glucuronide (GG). Unlike 
observations with morphine, acetaminophen or 4-nitrophenol and their respective ether glucuronide 
conjugates [79,92], the hepatic extraction ratio of gemfibrozil was found to be lower than that of GG 
(0.09 vs. 0.65, respectively), consistent with its lower unbound fraction in perfusate (0.004), compared 
with that of GG (0.018). The fraction of gemfibrozil excreted in bile as the glucuronide conjugate also 
was lower (0.35 vs. 0.53, respectively) after administration of gemfibrozil than after GG. The relatively 
lower biliary excretion of the hepatically generated GG was attributed to the more efficient sinusoidal 
efflux into perfusate. On the basis of the finding of high concentration gradients (>40) for GG between 
the liver and perfusate and between bile and the liver [93], it was also suggested that the movement of GG 
from perfusate into bile is a two-step concentrative process involving carrier-mediated systems at both 
the sinusoidal and canalicular membranes of hepatocytes, possibly via OATP2 and MRP2, respectively 
[14,91]. Similarly, naproxen acyl glucuronide was excreted in bile in much higher quantities (~25% vs. 
4% of the dose) following administration of naproxen acyl glucuronide than after dosing with naproxen 
[94]. In addition, rearranged isomers of naproxen acyl glucuronide were not observed following naproxen 
administration, whereas they were detected in significant levels in bile (3% of the dose) after naproxen 
acyl glucuronide administration [96].

Acyl glucuronides are intrinsically reactive; following rearrangement, positional isomers can 
react with amino acids of macromolecules to form protein adducts, potentially contributing to 
hepatotoxicity. Dipeptidylpeptidase IV, UGTs, and tubulin have been identified as intra-hepatic targets 
of adduct formation by acyl glucuronides [91,97]. The concentrative effect of carrier-mediated hepatic 
membrane transport observed following dosing with preformed acyl glucuronides, together with the 
detection of their rearranged isomers, suggests that significantly higher intra-hepatic protein adduct 
formation would follow, even in the absence of detectable plasma acyl glucuronide concentrations, 
after administration of the preformed acyl glucuronides than after the corresponding aglycones. Thus, 
it may be anticipated that the toxicity profile obtained following administration of preformed acyl 
glucuronides could be different from (in this case more toxic) that following the respective aglycones, 
even with comparable systemic exposure of the glucuronides. Consistent with this hypothesis, increased 
covalent naproxen-protein adducts in the liver were observed following perfusion of naproxen acyl 
glucuronide, as compared with perfusion with naproxen (0.34%–0.20% of the doses, respectively) in 
an isolated rat liver perfusion system [94]. Similar findings also have been reported with diflunisal and 
diflunisal acyl glucuronide [96].
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Conclusions and Perspectives

Risk assessment of drug metabolites is a complex issue that has been discussed extensively by 
pharmaceutical, academic, and regulatory scientists [1–4,97]. As aforementioned, the kinetic behavior 
of a preformed metabolite given exogenously may differ significantly from that of the corresponding 
metabolite generated endogenously from the parent compound in animals or humans. In some cases, 
this complication may be overcome by administering high doses of preformed metabolites to generate 
sufficient systemic and tissue exposure. However, for hydrophilic metabolites, it may not readily be 
overcome by giving high doses of preformed metabolites because of poor passive permeability and/or 
interactions with specialized transporters and/or drug-metabolizing enzymes. Additionally, potential 
differences in physiological factors such as tissue-selective distribution and species differences in 
transporters and/or metabolizing enzymes could contribute to differences in tissue- and species-specific 
toxicities depending on the compound administered (preformed metabolite vs. metabolite generated 
from the parent drug). It is, therefore, important to better understand the kinetic behavior of a metabolite 
generated in vivo versus that given exogenously before conducting the so-called bridging study to 
evaluate the safety of the drug metabolite.

Over the past few decades, considerable progress has been made in the generation of transgenic animal 
models for drug metabolism studies [98]. Significant qualitative or quantitative differences in metabolite 
profiles between the test animal species and humans could theoretically be addressed by these animal 
models. To date, at least six mouse models expressing human CYP1A1, CYP1A2, CYP2D6, CYP2E1, 
and CYP3A4 have been generated and characterized [98–100]. The usefulness of these mouse models is, 
however, still limited because of variable expression levels and erroneous localization of CYP enzymes. 
More recently, transgenic mouse models expressing human CYP3A4 in a tissue-specific expression 
manner (particularly liver vs. intestine) have been established and initial characterization showed 
promising results [101]. Additionally, a chimeric mouse model with approximately 80% replacement 
by humanized liver has been reported to express functionally active, although not quantitatively as 
compared to, results obtained with human livers, human drug-metabolizing enzymes, and transporters 
[102]. Conceivably, in the next decade humanized mouse lines expressing selected drug transporters and 
metabolizing enzymes in specific tissues could be available for use in risk assessment of drug metabolites 
that are disproportionately higher in humans than in animal species used for toxicity studies.
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Numerical Approaches to Drug Metabolism 
Kinetics and Pharmacokinetics

Ken Korzekwa and Swati Nagar

Introduction

In 1979, Cleland proposed that all kinetic analyses should be conducted using appropriate regression 
methods [1]. This allows for statistical analyses of kinetic parameters. Knowledge of errors in statistical 
parameters allows for the selection of the correct kinetic model (e.g., competitive versus noncompetitive 
inhibition). In reality, the computational capabilities to perform these analyses were not readily available 
at the time and it was several years before nonlinear least-squares were routinely used. A similar situation 
exists today. With the emergence of user-friendly computational software, e.g., Mathematica (Wolfram 
Research, Inc., Mathematica, Version 10.4, Champaign, IL [2016]) and Matlab (The MathWorks, 
Inc., Natick, Massachusetts, United States), enzyme kinetics, pharmacokinetics (PK), and any other 
quantitative modeling effort can be approached using numerical methods. We will loosely define 
numerical methods as methods to solve series of ordinary differential equations (partial differential 
equations will not be discussed here). As discussed below, numerical methods are particularly useful 
for analysis of complex kinetic schemes. This was discussed by Segel [2], but sufficient computational 
capabilities were not routinely available at that time.
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Complex enzyme kinetics can arise from several factors. These include multiple binding sites, 
multiprotein interactions, non-specific substrate–enzyme interactions, and experimental design 
considerations. Of particular importance to this chapter, absorption, distribution, metabolism, and 
excretion (ADME) processes are necessarily driven by non-specific interactions. As opposed to most 
biochemical processes that are designed to accomplish a single biochemical task, the systems that 
distribute, metabolize, and eliminate foreign compounds must contend with the diversity of these 
compounds. For example, most hydrophobic compounds can be metabolized by the Cytochrome P450 
(CYP) enzymes. In humans, most of these metabolic transformations are catalyzed by a very small 
number of enzymes (4–6) [3]. Thus drug metabolizing enzymes, drug transporters, and some ADME-
specific receptors have broader ligand selectivity than most other enzymes, transporters, and receptors.

Similar to ADME enzymes and transporters, membrane partitioning and passive permeability across 
a cellular membrane is driven to a large extent by non-specific interactions. Membrane partitioning has a 
large impact on the volume of distribution of a drug, and membrane permeability determines the rate and 
extent of drug absorption and organ distribution. Primary determinants of membrane partitioning and 
permeability include the hydrophobicity and ionization state of a compound [4]. The specific orientation 
of various functional groups is less important than bulk compound properties.

In pharmacokinetic compartmental modeling, concentration as a function of time profiles, C(t), 
are commonly described by multi-exponential functions. These functions are derived from ordinary 
differential equations (ODEs) and numerical solutions directly from the ODEs are common. The 
advantage of using numerical methods instead of integrated equations is that the complexities of 
physiologic processes (e.g., enzyme, transporter, and membrane kinetics) can be directly incorporated 
into PK models. For example, physiologically-based pharmacokinetic (PBPK) models use numerical 
methods for their solutions [5–7]. Similarly, pharmacodynamic (PD) models can be built and readily 
solved by numerical approaches.

This chapter details the use of numerical methods in simple and complex enzyme kinetics, 
compartmental- and physiologically-based PK models, and PK-PD. The flexibility allowed by the 
numerical method to incorporate various mechanistic complexities into a model and to combine various 
enzyme kinetics, PK, and PD models will be discussed. Model development and validation with rigorous 
statistical analyses will be included and examples of several modeling exercises will be provided.

Michaelis–Menten Kinetics

Assumptions and Limitations

The Michaelis–Menten (MM) equation is the best-known model to describe saturable enzyme kinetics 
[8]. The model for MM kinetics is shown in Scheme 23.1. Scheme 23.1 can be used to derive Eq. 23.1, 
with the assumptions that there is insignificant substrate depletion as well as insignificant reverse reaction 
(the initial rate assumption) and that there is a rapid equilibrium (i.e., the rate of ES dissociation to E and S 
is much faster than its conversion to E and P). Briggs and Haldane revised the derivation by assuming 
that the rate of change of the concentration of the ES complex is zero (the steady-state assumption) with 
no assumption about rapid equilibrium or the rate of reverse reaction [9].

 v
V S

K S
max

m

=
[ ]

+ [ ]
 (23.1)

SCHEME 23.1 Scheme for Michaelis–Menten enzyme kinetics. E: enzyme, S: substrate, ES: enzyme-substrate complex, 
P: product, k1: second order binding constant, k2: first-order debinding constant, k3: first-order rate constant for product formation.
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In Eq. 23.1, v is the initial velocity of the reaction, [S] is the substrate concentration, Vmax is the maximal 
velocity, and Km is the substrate concentration yielding half-maximal velocity. Km is also called the 
Michaelis–Menten constant, or the Michaelis constant. Eq. 23.1 is the rate equation based on ODEs for 
each species in Scheme 23.1. The derivation of Eq. 23.1 along with detailed discussions on the underlying 
assumptions and interpretation of Km are covered by Segel [2].

Use of the steady-state rate equation for MM kinetics is sometimes limited by the underlying assumptions. 
Thus, Eq. 23.1 will hold if substrate depletion is minimal over the duration of an experiment. Experiments 
are recommended to be designed such that there is less than 10% substrate depletion [10]. However, in 
scenarios such as novel substrates being tested or unknown enzyme levels, significant substrate depletion 
may occur. If this occurs, the logarithmic mean of substrate concentration (S = −( )S S LnS St t0 0  instead 
of S) can be used to correctly calculate Km with Eq. 23.1 [11]. Figure 23.1 shows the impact of substrate 
depletion on kinetic parameters estimated with Eq. 23.1 using either S  or S, as well as with numerical 
methods. As can be seen in Figure 23.1, use of Eq. 23.1 with substrate depletion results in inaccurate 
kinetic parameters. Use of either S  or the numerical method gives better and virtually identical estimates.

Another assumption key to the derivation of Eq. 23.1 with the Briggs–Haldane approach is the steady-state 
assumption. It is assumed that the rate of formation of the ES complex is equal to its rate of consumption, such 
that the net rate of change of [ES] with time is zero. Practically, the steady-state assumption is valid at high 
ratios of S0/[E]t (S0: substrate concentration at time zero, Et: total enzyme concentration) and when binding and 
debinding are rapid relative to other steps. Thus, when assays are performed at high substrate concentrations 
relative to low concentrations of enzyme and when equilibrium can be achieved, Eq. 23.1 is valid. Another 
experimental issue that can invalidate the assumptions of the MM equation is enzyme instability. If the enzyme 
system is inherently unstable, equilibrium cannot be achieved, and the steady-state assumption is invalid.

Advantages of the Numerical Method

As stated above, the steady-state rate equation  for MM kinetics is valid under certain simplifying 
assumptions. In contrast, no such assumptions are necessary when working directly with ODEs and 
numerical methods. Figure  23.2 shows an example of analyses of an unstable enzyme that displays 
hyperbolic saturation kinetics using Eq. 23.1 and the numerical solution. For a solution directly from the 
ODEs, an additional rate constant for first-order enzyme loss (k4) is included in the model. Significant 

FIGURE 23.1 MM kinetics with substrate depletion. (a) Velocity versus [S] profiles are depicted. Black closed circles: 
velocity versus [S] data. Light-gray closed circles: velocity versus [ ]S  data. Model fits are shown with solid lines for Eq. 23.1 
with [S] (solid gray), Eq. 23.1 with [ ]S  (solid black), and the numerical method (dashed gray). (b) True (simulated) and model 
estimates of Km and Vmax are listed with the three methods.
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loss of enzyme during an experiment can cause significant changes in estimated parameters. As shown 
in Figure 23.2, parameters resulting from Eq. 23.1 are inaccurate. Also, the numerical method cannot 
be used to solve for k4 using only velocity-[S] data. Enzyme loss still results in a hyperbolic saturation 
curve, and k2, k3, and k4 become highly correlated. Highly correlated parameters will result in very 
large parameter errors and this can be directly observed from the correlation matrix (Figure 23.2e). 
Additional data are required, and an easy solution is to use the preliminary data collected from a time 
linearity study. The velocity-[S] data and time linearity (velocity-time) data can be simultaneously used 
in the numerical method to provide accurate parameter estimates including k4, as shown in Figure 23.2d. 
Another option is to conduct a preincubation–time velocity study to characterize the rate of enzyme loss. 
The enzyme loss rate constant can then be fixed to solve for Km and Vmax.

Another practical advantage of numerical methods is that experimental events can be incorporated into 
the model. For example, while not recommended, if one spills coffee into their CYP incubation, and (1) the 
coffee is tepid (37°C), (2) caffeine is not an inhibitor (not CYP2E1), and (3) the change in volume is known, 
a dilution step can be incorporated into the model and kinetic parameters can be estimated. A more serious 
and relevant example is provided below in section “TDI Modeling with a Dilution Step: An Example.”

Non-Michaelis–Menten Kinetics

Often, atypical or non-MM kinetics are observed with deviation from hyperbolic velocity-[S] relationships 
(e.g., sigmoidal curves, biphasic curves, partial inhibition curves, etc.). Mechanistically, multiple binding sites 
on a protein or multiple ligand molecules binding to the same binding site will often lead to atypical kinetics. 
Non-MM enzyme kinetics have been reported for CYPs, uridine diphospho-glucuronosyltransferases 
(UGTs), sulfotransferases (SULTs), and transporters [12–14]. In ADME, the CYP superfamily of enzymes 
plays an important role in drug oxidation and has been the most well studied system [15]. We will use CYP 
kinetics to exemplify numerical approaches to solve non-MM kinetics in this section.

FIGURE 23.2 MM kinetics with non-specific enzyme loss. (a) Scheme  for MM kinetics with non-specific enzyme loss, 
where k4 is the first-order rate constant for enzyme loss. (b) Plot of product formation rate versus time. A linear fit to the data 
estimates k4 to be 0.2 min−1. (c) Velocity versus [S] profiles are depicted. Black closed circles: velocity versus [S] data. Solid 
lines are model fits with Eq. 23.1 (solid) or the numerical method (dashed). (d) True (simulated) and model estimates of Km and 
Vmax are listed with Eq. 23.1, and the numerical method using either velocity-[S] data alone, with k4 fixed at 0.2 min−1 based on 
data in Figure 23.2b, or simultaneous use of velocity-[S] and velocity-time data. (e) Correlation matrices for model fitting for the 
numerical method using either velocity-[S] data alone (left) or simultaneous use of velocity-[S] and velocity-time data (right).
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Background on CYPs and CYP Kinetics

The CYP superfamily includes numerous functional isozymes in humans, but a relatively small number of 
enzymes—CYPs 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, and 3A4/5—are responsible for most of the 
CYP mediated oxidations. Of these, CYPs 2C9, 2D6, and 3A4 mediate over 90% of human drug oxidations 
[3]. CYPs are understood to be versatile with respect to ligand selectivity, and many drug molecules are 
substrates for the same CYP enzyme. Crystal structures support the conclusion that the active sites of some 
CYPs are very flexible, particularly those involved in the metabolism of xenobiotics [16]. These non-specific 
binding interactions between CYPs and ligands can result in some unusual binding and metabolism kinetics. 
In general, non-hyperbolic saturation kinetics and noncompetitive inhibition kinetics are sometimes observed 
for CYPs. This appears to occur when more than one substrate can simultaneously occupy the active site 
(or multiple regions within the active site). Simultaneous substrate binding to the CYP active site can have 
a marked impact on the observed enzyme kinetics as well as interpretation of kinetic data [17]. Knowledge 
of the catalytic cycle of CYP-mediated oxidation is important in order to understand the resultant complex 
enzyme kinetics. The present discussion focuses on MM and non-MM CYP enzyme kinetic models.

One Substrate Binding Profiles (ESS)

When a single substrate binds a CYP binding site in a 2:1 ratio, an ESS complex is formed (Scheme 23.2). The 
result can be non-hyperbolic saturation kinetics. Scheme 23.2a and b depict two possibilities: two substrate 
molecules bind to the CYP active site in an indistinguishable manner, with the same product resulting 
from both ES and ESS (Scheme 23.2a), and two substrate molecules bind to two independent binding sites 
within the CYP active site with potentially different products or product ratios from each binding event 
(Scheme 23.2b). When a single product is formed in a reaction, Scheme 23.2a and b will fit the data equally 
well. However, when more than one product is formed, Scheme 23.2b can be used to vary product ratios.

SCHEME 23.2 Schemes for multi-binding (ESS) non-MM enzyme kinetics. (a) Two substrate molecules bind to the CYP 
active site in an indistinguishable manner, with the same product resulting from ES and ESS. (b) Two substrate molecules 
bind to two independent binding sites within the CYP active site, possibly resulting in different products or product ratios 
from each binding event.
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In the event of [ESS] formation, saturation profiles can exhibit hyperbolic, sigmoidal, biphasic, or 
substrate inhibition characteristics. Hyperbolic saturation kinetics can be observed when the kinetic 
characteristics of the two binding events are similar. Sigmoidal saturation kinetics can be observed if (A) 
the second substrate molecule binds with a lower Km than the first substrate molecule, (B) if the second 
substrate molecule is metabolized faster than the first, or (C) a combination of both. Biphasic kinetics is 
observed when the second binding event has a higher Km and a higher Vmax than the first event. Finally, 
substrate inhibition is observed when the second binding event has a lower Vmax than the first event.

Multi-substrate Binding Profiles (ESB)

Analogous to ESS kinetics, different substrates can simultaneously bind to the CYPs. Figure  23.3a 
depicts ESB formation, where B is a substrate, inhibitor, or activator. Multi-substrate interactions are 
most apparent during competitive inhibition experiments, generally used to predict drug interactions. 
Profiles that can be observed include complete inhibition, partial inhibition, activation, or a combination 
of activation followed by inhibition. The profiles are generally hyperbolic in nature (Figure 23.3b) and 
are determined by the two binding events (ES and ESB formation) and product formation from these 
species. Multi-substrate binding profiles can be further complicated when S and B can bind twice forming 
ESS and EBB in addition to ESB. When this occurs the velocity profiles can be quite complicated. For 
example, one can observe activation occurring at low [B] and inhibition at high [B]. These models can be 
easily constructed with ODEs without the need for explicit derivation of rate equations.

Numerical Solutions to Multi-substrate Kinetics

A fit of an ESB scheme (Figure 23.3a) to data using the numerical method is shown in Figure 23.3b and 
c and the Mathematica program to solve the ODEs is given on next page. For this kinetic scheme, the fit 
using the numerical method will be identical to the fit to a standard multi-site binding equation:

FIGURE 23.3 Multi-binding (ESB) enzyme kinetics. (a) Scheme  for ESB formation upon multi-binding kinetics. 
B denotes a substrate, an inhibitor, or an activator. (b) A 3D plot of product formation versus [S] and [B]. (c) A double 
reciprocal plot of the data. Data and the numerical solution in Mathematica are provided below.
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where Et is total enzyme concentration, KS = k2/k1, KB = k5/k4, and α is the constant that defines the 
effect of B on S binding to E and the effect of S on B binding to E.
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This will be true for any model provided that the assumptions used to derive the rate equations are 
valid. When one or more of these assumptions cannot be made (e.g., steady-state, initial rates, or rapid-
equilibrium kinetics), the numerical method will provide better results. Also, to any of these models, 
any mechanistic insights to the model can be incorporated by addition or modification of the ODEs. For 
example, an enzyme loss pathway can be added to any model with the addition of a single rate constant.

An important consideration for any enzymatic rate model is the range of the experimental 
concentrations relative to the binding constants. If a significant amount of saturation of a binding site 
is not achieved experimentally, it will not be possible to solve for either the binding constant K or the 
velocity from that species (V). Only the ratio of the two parameters (V/K) can be estimated. This can 
be accomplished by fixing either K (both binding and debinding constants) or V and solving for the 
other. The absolute values of K and V are meaningless and only V/K, the clearance at sub-saturating 
concentrations, has value.

Time-Dependent Inactivation

Overlapping drug metabolism pathways are the most common mechanism for drug-drug interactions 
(DDIs). One of the most difficult DDIs to predict with preclinical data is the time-dependent inhibition 
(TDI) of the CYPs. Unanticipated DDIs can have two important consequences. First, if a DDI is under 
predicted, unsafe drug candidates will be advanced into the clinic. Second, over prediction of DDIs can 
prevent or delay useful drugs from reaching the market.

Since TDIs result in a loss of enzyme over time [18–22], the in vivo impact of TDI is more difficult to 
assess than competitive inhibitors. Whereas the DDI potential of a competitive inhibitor can be predicted 
from free drug concentration at the active site and a binding constant (at least in theory), the DDI potential of 
a TDI will depend on the affinity (KI), inactivation rate (kinact), and rate of enzyme regeneration (kdeg) [22,23]. 
When the substrate and inhibitor display normal hyperbolic binding kinetics and the inhibitor displays simple 
irreversible inactivation, TDIs can be identified by an IC50 shift upon preincubation with the compound in the 
presence of NADPH [20]. However, prediction of in vivo DDIs requires an accurate assessment of KI, kinact, 
and kdeg.
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If the substrate and inhibitor display normal hyperbolic binding kinetics and the inhibitor displays simple 
irreversible inhibition, the binding constant (KI) and inactivation rate constant (kinact) can be determined 
through a replot method [18]. To determine binding and rate constants, enzyme activity is measured at 
several inhibitor concentrations and several preincubation times. The log of percent remaining activity 
versus time is plotted (PRA plot), and the slope for each inhibitor concentration gives the observed rate 
constant (kobs) for enzyme loss. Fitting a hyperbola to a plot of kobs versus inhibitor concentration gives 
the apparent binding constant for the inhibitor (KI) and the kcat for inactivation (kinact). Although this is the 
current method to determine TDI parameters, it has provided limited success in predicting clinical outcomes 
[24–27]. A recent survey of 17 PhRMA (Pharmaceutical Research and Manufacturers of America) member 
companies provides a number of reservations on the current use of TDI methodology [23].

The standard replot method described above requires a number of assumptions, including Michaelis–
Menten kinetics, initial rates, steady-state, and irreversible steps. As described above, CYP kinetics are often 
complex and therefore the numerical method provides significant advantages over the replot method [28,29].

TDI with MM Kinetics

It has been shown previously that the replot method suffers from propagation of errors [28]. Since the 
numerical method considers all data simultaneously, propagation of errors does not occur. Figure 23.4 
shows the results of 500 simulations for MM TDI (Scheme 22.3a) in which random error was introduced 
to the data and the parameters estimated by the replot and numerical methods were determined. As can 
be seen in Figure 23.4, the numerical method has ~8 × less error in KI values than the replot method. The 
kinact values are similar, because the plateau is better defined with experimental data. In fact, we accu-
rately determine both KI and kinact using a 6 × 2 experimental protocol (equivalent to an IC50 shift assay). 
This suggests that when simple MM kinetics are involved, better parameters can be generated with less 
experimental data.

A complicating factor for TDI experiments is the nonspecific loss of enzyme over time (Scheme 23.3b). 
This enzyme loss is observed as a decrease in activity over time in the absence of inhibitor. The replot 
method generally uses the [I] = 0 data as the control against which the remaining data are normalized. 

FIGURE 23.4 Comparison of the replot and numerical methods for TDI with MM kinetics. Probability distribution of 
KI (a–c) and kinact (d–f) estimates is depicted for the numerical (dark gray) and standard replot (light gray) methods, from 
simulated MM data at 10% (a, d), 5% (b, e), and 2.5% (c, f) error. Distribution is shown for 500 runs at each condition. 
(Reproduced with permission Nagar, S. et al., Drug Metab. Dispos., 42, 1575–1586, 2014.)
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This treatment accounts for nonspecific enzyme loss, but propagates error. Nonspecific enzyme loss must 
be explicitly modeled with a first order rate constant in the numerical method. The schemes for MM TDI 
kinetics without or with nonspecific enzyme loss are depicted in Scheme 23.3a and b, respectively. In our 
experience, nonspecific enzyme loss typically follows first-order kinetics. The first-order rate constant 
(k7 in Scheme 23.3b) is easily parameterized by the numerical method, and its inclusion does not hinder 
model optimization. It should be noted, however, that enzyme loss may occur from specific enzyme 
species (e.g., enzyme protection by ligand binding). If additional experimental data are available, this 
can be easily incorporated into the model. In the absence of such data, enzyme loss adds uncertainty to 
the parameterized values of kinact.

TDI with Non-MM Kinetics

As discussed above, CYP kinetics are often non-MM due to multiple binding events. Complex kinetics 
are observed with TDI experiments as well, and more complex models provide additional parameters 
that are required to describe CYP TDI kinetics. An irreversible inhibitor can bind twice to form an 
EII complex or can bind simultaneously with a substrate to form an ESI complex. In these cases, 
sufficient experimental data points are needed in order to provide estimates of multi-binding kinetic 
parameters [29]. Scheme 23.4 depicts TDI models with formation of either an EII (Scheme 23.4a) or an 
ESI (Scheme 23.4b) complex. A number of in vitro TDI experiments modeled with EII kinetics have been 
previously reported [29].

In addition to multi-substrate/inhibitor kinetics, other complexities have been reported for TDI kinetics. 
These include partial, quasi-irreversible intermediate, and sequential metabolism TDI (Scheme 23.5). 
Partial inactivation (Scheme 23.5a) occurs when a TDI binds irreversibly to a CYP apoprotein. This 
binding causes a decrease but not a complete loss in activity [30,31]. Quasi-irreversible intermediate 
kinetics (Scheme 23.5b) result from the formation of a metabolic intermediate complex (MIC) with the 
heme. The first complex is reversible, but is converted to an irreversible complex by further reduction 
of the enzyme [32]. When a TDI is a product of a prior metabolic step, sequential metabolism kinetics 
(Scheme 23.5c) should be used. Each of these complexities results in nonlinear PRA plots. For partial 
inactivation, the log (percent remaining activity) time curves are concave upward, with the curve at each 
[I] approaching the same asymptote [28]. The PRA curves for quasi-irreversible intermediate formation 
are also concave upward, but increasing [I] results in parallel biphasic curves. Many amine-containing 
drugs that form MICs require an initial de-alkylation reaction prior to forming the nitroso TDI [33]. 

SCHEME 23.3 Scheme for TDI with MM kinetics. (a) TDI with MM kinetics, and (b) TDI with MM kinetics and non-
specific enzyme loss. Non-specific enzyme loss is modeled with k7, a first-order rate constant.
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The result is a short lag time prior to inactivation. Often, the appropriate kinetic model can be identified 
from the shape of the PRA plot. However, model selection should always be based on objective statistical 
criteria as discussed below.

TDI Modeling with a Dilution Step: An Example

In vitro TDI experiments are often conducted with a dilution step after the primary incubation with 
inactivator, in order to minimize competitive inhibition during the secondary incubation (addition of 
substrate). While a dilution step is not necessary when using the numerical method to obtain kinetic 
parameters, if conducted as part of the experiment it can be easily incorporated into the modeling 
procedure. An example of substrate addition for the secondary incubation with dilution for an EII model 
is presented in a Mathematica file below.

SCHEME 23.5 Schemes for TDI with non-MM complex kinetics. (a) TDI with partial inactivation. (b) TDI with quasi-
irreversible intermediate formation. (c) TDI with sequential metabolism to form the inactivator.

SCHEME 23.4 Schemes for TDI with non-MM multi-binding kinetics. (a) TDI with formation of EII complex. (b) TDI 
with formation of ESI complex.
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Incorporating Numerical Enzyme Models in Pharmacokinetic Models

Analogous to enzyme kinetics, compartmental PK models can utilize either integrated C(t) equations 
or directly use the ODEs. Fitting ODEs to PK data provide identical results as fitting the integrated C(t) 
equations, provided that identical weighting schemes are used. Numerical methods in compartmental PK 
modeling are commonly utilized in commercial software packages. The principal advantage of working 
with ODEs is that numerical enzyme kinetic models can seamlessly be incorporated into PK models. 
When clearance is modeled directly from the central compartment in a compartmental PK model, 
the ODEs of the enzyme kinetic model can be directly linked to central compartment concentrations. 
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If the clearance organ is not part of the central compartment, i.e. the drug is permeability rate limited, 
or if the drug is a transporter substrate, the organ may need to be modeled explicitly. These models are 
usually referred to as hybrid PBPK models. In this case, the enzyme kinetics ODEs can be linked to 
intracellular organ concentrations [34].

Practical Aspects of Numerical Approaches to Drug Metabolism Kinetics

There are several steps that can help in the construction and parameterization of kinetic models for drug 
metabolism.

 1. First and foremost, it is useful to plot the data in an appropriate format to determine the best 
starting model. Eadie-Hofstee plots are useful to analyze saturation kinetics. For inhibition 
kinetics, a double reciprocal or Dixon plot, and for TDI, a PRA plot should be used. For enzyme 
inhibition kinetics, most multi-substrate/inhibitor interactions result in mixed inhibition 
kinetics (i.e., changes in both the slope and intercept of a double reciprocal plot) or in activation. 
For saturation kinetics, ESS models can result in sigmoidal, biphasic, of substrate inhibition 
kinetics. For TDI models, curvature in the PRA plots will determine if quasi-irreversible 
intermediate, partial inactivation, or sequential metabolism models should be used. Although 
more difficult to detect, non-hyperbolic spacing of the different lines of a PRA plot indicates 
that an EII model should be used.

 2. For any enzyme-ligand species in an enzyme kinetic model, at least one on- or off-rate must 
be assumed or measured (e.g., by a surface plasmon resonance assay). For most models, 
experimental on- and off-rates are not available, nor are they required to build a useful 
model. For most CYP oxidations, measured on-rates are much faster than rates of substrate 
oxidation. Since on-rates of 80–490 and 270 µM−1, min−1 have been reported for the binding of 
ketoconazole [35] and podophyllotoxin [32], respectively, we use a value of 270 µM−1, min−1. 
The maximum rate of substrate metabolism by a CYP is ~1 min−1 and Km values are usually in 
the µM range. Therefore, on- and off-rates are much faster than oxidation rates and the Km is 
similar to the binding constant (rapid equilibrium assumption). During model parameterization, 
on-rates are assumed, and off-rates are parameterized, to determine the binding constant (koff/kon). 
In the absence of experimental rate constants, the absolute values of the rate constants are not 
meaningful since one rate constant was assumed. The rapid equilibrium assumption may not 
be valid for reactions with very low Km values. For a 10 nM Km, an on-rate of 270 µM−1, min−1 
will result in an off-rate of 2.7 µM−1, min−1, in the range of many CYP oxidation rates. In this 
case, the Km (or effective Km for complex schemes) will be determined by both the dissociation 
rate constant and the catalytic rate constant. It is noteworthy that for complex schemes, net rate 
constants are useful to describe fluxes through enzyme species [36].

 3. Correlation matrices should be generated and analyzed (see Figure 23.2). Highly correlated 
parameters must be identified since the fitted values of these parameters have no information 
content. This situation generally requires that one or more of the parameters must be fixed. 
Depending on the reason for the modeling exercise, this may or may not change the interpretation 
of the results. For example, a substrate saturation dataset that does not approach saturation cannot 
be used to define Km or Vmax, and the parameters will be highly correlated. However, Vmax/Km 
will be meaningful, and if the relevant substrate concentrations in vivo do not approach the Km, 
Vmax/Km will define the intrinsic clearance for the process (Vmax/Km × S = rate of metabolism). 
Correlation is particularly common when circular pathways exist (e.g., Scheme 23.4b). Also, 
greater error in the experimental data will tend to mask highly correlated variables and can 
cause independent parameters to appear correlated.

 4. Any model should be fit to a dataset using the appropriate weighting scheme. Generally, 1/Y 
weighting is used to account for increasing errors with increasing values of Y. If the residuals are 
increasing with increasing Y and random for the logarithm of Y, 1/Y weighting is appropriate. 
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Model selection should be based on statistical analyses. The goodness of fit for a given dataset 
and a given model can be determined by any error-based function such as RMSE, SSE, R2, 
etc. When selecting between multiple models objective selection criteria such as AICc or BICc 
should be used. AICcs can essentially compare models for the same dataset. We should point 
out that using AICc to compare models when a parameter has been fixed in one model and is 
optimized in another is not appropriate. Finally, residual plots are useful to highlight model 
deficiencies.

 5. Simulation is a powerful tool. When many parameters are being optimized, simulations can be 
used to search for starting estimates. Also, after a model has been constructed, simulated datasets 
can be generated with and without random error to explore the covariance between parameters. 
When conducting sensitivity analyses, simulations can be conducted over a range of selected 
parameters and the impact on the other parameters and overall model fit can be determined.

Summary

Numerical methods provide a flexible and powerful approach to model drug metabolism processes. Rate 
and integrated equations remain useful and provide clear and useful relationships for model components. 
However, experimental and model complexities may preclude their derivation and use without 
simplifying assumptions. ODEs can be easily written for most time-dependent biological processes in 
drug metabolism and pharmacokinetics. Current computational software packages allow for the solution 
of complex systems directly from the ODEs.

Both MM and non-MM enzyme kinetic models can be parameterized with the numerical method 
without the need for simplifying assumptions. When events occur within an experiment (e.g., dilution 
in a TDI experiment), these events can be readily incorporated into the models. Finally, the ODEs for 
enzyme kinetic models can be seamlessly added to PK models including compartmental, PBPK, and 
hybrid models. With the availability of user-friendly interfaces, robust optimizers, and improved qual-
ity and quantity of experimental data, we expect that numerical approaches will become the standard 
modeling approach in drug metabolism science.
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Introduction

Many currently marketed drugs produce metabolites that are pharmacologically active, enhancing 
efficacy or toxicity, or exhibiting a completely different type of pharmacological profile. Aberra Fura has 
suggested that approximately 22% of the top 50 drugs prescribed in the US in 2003 produced metabolites 
that significantly affected their pharmacodynamics (PD), pharmacokinetics (PK), or both [1]. In our own 
assessment of the literature for the top 100 prescribed drugs reported for 2013–2014, we found that ~39% 
produce at least one active metabolite. Given the importance of active metabolites in drug safety and 
efficacy, extending the patent life of a drug or becoming drug leads in their own right, it is important to 
identify active metabolites early in the drug development process.

It is in this context that we wish to distinguish between the terms active metabolite and prodrug, where 
the former refers to a pharmacologically active metabolic product from an active parent drug, and the 
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latter refers to an active metabolic product produced from an inactive parent drug. For simplicity, we 
will limit our discussion to active metabolites as defined above.

It has been known for some time that metabolites can affect the efficacy or toxicity of a parent drug 
[2]. However, until recently [3] there has not been concerted efforts to identify active metabolites early 
in the drug discovery and development process. In addition to regulatory guidance that has focused on 
identification of all significant human metabolites, there is a growing appreciation of how active metabolites 
can influence safety and efficacy through dispositional effects—i.e., distribution, pharmacokinetics, and 
elimination, as well as pharmacodynamics (Figure 24.1). While not all active metabolites contribute 
substantially to the safety or efficacy of any particular drug, their study is worthwhile in at least two 
additional aspects. Firstly, understanding their receptor specificity and how they elicit their effect often 
contributes to an understanding of the mechanism of action of the parent drug. Secondly, in situations 
where a parent drug may fail in late stage clinical trials, due to toxicity, PK, or other concerns, the active 
metabolite has the potential to serve as an effective back-up candidate.

Active metabolite identification often occurs in various phases of the drug discovery and development 
process. In early drug discovery, identification of active metabolites can be useful in order to identify 
leads with improved absorption, distribution, metabolism, excretion (ADME), and PD properties over 
the parent drug. In the clinical phase of the drug development cycle, identification of active metabolites 
with plasma half-lives longer than the parent can potentially increase the therapeutic advantage of a drug 
by allowing for a significant decrease in dose, thereby decreasing the risk for toxic off-target side effects. 
Thus, in order to have a comprehensive understanding of mechanism of action and disposition of any 
new drug candidate, one must first elucidate the role of potentially active metabolites.

Active metabolites can be roughly grouped into three main categories based on their pharmacological 
and/or toxicological properties. Category 1 represents metabolites that illicit a pharmacological response 
similar to the parent drug. The effect from the active metabolite may be similar, greater, or less than the 
parent drug, but is likely to involve the same or a closely related receptor. Category 2 are metabolites 
whose spectrum of pharmacological activity is entirely different than that of the parent drug. In this case, 
the metabolite either has opposing activity at the same receptor as the parent drug or targets an entirely 
different receptor. Category 3 is comprised of toxic active metabolites. This includes both reactive 
metabolites and metabolites that exhibit their toxicity directly.

Therefore, production of active metabolites must be considered in any new drug development program 
due to their potential impact on pharmacodynamics, pharmacokinetics, toxicity, and prospect as new 
drug leads.

Active 
metabolite 

Improved biochemical 
properties (stability, solubility) 

Improved or new 
pharmacological properties 

(target affinity and specificity) 

Improved PK/PD properties 
(tissue distribution, 

bioavailability, rate of clearance) 

Toxicological 
properties (safety) 

Potential Drug-
drug interactions 

FIGURE 24.1 Importance of active metabolites in drug development.
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How Are Active Metabolites Formed?

Active metabolites are formed from the typical biotransformation reactions that have been described 
in detail in other chapters of this volume. These include Phase I oxidation/reduction reactions and, 
in certain cases, Phase II conjugation reactions. Although the Phase I reactions that produce active 
metabolites are mediated primarily by cytochrome P450 enzymes, they can occasionally be catalyzed 
by non-CYP enzymes [2], such as FMOs [4–7], esterases, peroxidases, or reductases [2,8]. Examples of 
active metabolites formed from the top 100 prescribed drugs for 2013–2014 can be found in Table 24.1.

In order for a metabolite to become “active,” the chemical change imparted to the parent drug must be 
such that it does not eliminate the biological activity of the drug. These modifications typically result in 
a change in receptor specificity or affinity. Therefore, they tend to be either minor modifications of the 
drug in the region of receptor binding, such as heteroatom dealkylation or oxidation, or modifications in a 
region of the drug that is not critical for receptor binding, but may enhance the molecule’s pharmacokinetic 
properties. This, of course, is to be distinguished from the usual occurrence where an oxidative modification 
either interferes with receptor binding or leads to a significant alteration of physiochemical properties, 
thereby leading to decreased pharmacodynamic and/or pharmacokinetic performance.

Next, we will examine some examples of active metabolites, each chosen because they reinforce one 
or more of the general conclusions that can be made regarding active metabolite formation. For a more 
complete list of active metabolites that are formed from common drugs, the reader is directed to the 
excellent review by Obach [9].

Examples of Phase I Active Metabolites

Given the chemical versatility of oxidation reactions performed by cytochromes P450 and other Phase I 
enzymes [2,10], it is perhaps not surprising that drug oxidation can lead to the production of active metabolites. 
The variety of oxidative cytochrome P450 reactions reported include, but are not limited to: aliphatic and 
aromatic hydroxylations, epoxidations, N- and O-dealkylations, heteroatom oxidations, and even reductions 
[2,10]. There are examples from the literature of each type of reaction generating active metabolites from the 
respective parent drug. Here, we will provide a limited set of examples of drugs producing active metabolites 
through Phase I oxidative metabolism in order to illustrate some of the principles outlined above.

Aliphatic or Aromatic Hydroxylation

The addition of an alcohol to a drug at a position not critical for target binding may increase the metabolic 
stability and/or effect its intrinsic pharmacological activity. An example of this is one of the active 
metabolites of the selective estrogen-receptor modulator tamoxifen, 4-hydroxytamoxifen (Figure 24.2) 
[6,11–15]. 4-Hydroxytamoxifen is a major tamoxifen metabolite produced by CYP2D6 [14]. It has been 
reported to exhibit equivalent or greater potency than the parent drug and is thought to significantly 
contribute to the pharmacological activity of tamoxifen in vivo [16–18]. As confirmation of this, reduced 
efficacy was observed in CYP2D6 poor metabolizer patients or those taking drugs acting as CYP2D6 
competitive inhibitors [19,20]. Here, confidence of assigning pharmacological activity to the metabolite 
was greatly increased by knowledge of the particular CYP metabolic pathway involved in tamoxifen 
oxidation. However, the case of tamoxifen activity is somewhat more complicated as at least one other 
metabolite is also responsible for its in vivo effect (described below).

In some instances, the active metabolite may not have a higher affinity for the target receptor, but it may still 
substantially contribute to the pharmacological effect due to altered PK. Such is the case with the anxiolytic 
agent buspirone and its active metabolite, 6-hydroxybuspirone [21,22]. Buspirone is rapidly converted to 
6-hydroxybuspirone and its metabolite circulates at much higher effective concentrations, and for longer 
duration, than the parent compound resulting in an increased contribution to the biological activity of the drug.

Another example of hydroxyl metabolites contributing significantly to the efficacy of a drug are the active 
metabolites of the HMG-CoA reductase inhibitor, atorvastatin [23,24]. Atorvastatin is predominantly 
metabolized by CYP3A4 to form active 2-hydroxy and 4-hydroxy metabolites (Figure 24.3), in addition to 
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several beta-oxidation products [25–27]. Hydroxylations at the 2 and 4 positions do not appear to effect the 
observed pharmacological activity [27] but have been reported to extend the drug’s plasma half-life [28].

Similarly, the antidepressant drug bupropion undergoes CYP metabolism to form the active metabolite 
hydroxybupropion [29,30]. However, in this case the hydroxy metabolite seems to have equivalent or increased 
activity at the receptor over the parent drug, in addition to an increased half-life [30–32]. Two other, less 
active metabolites are also produced through reductive mechanisms [29,30]. In yet another instance, the non-
sedating antihistamine terfenadine undergoes sequential oxidation to the carboxylic acid active metabolite, 
fexofenadine [33,34]. While this metabolite has approximately 4-fold lower affinity at the H1 receptor [35], 
due to extensive first pass metabolism, fexofenadine contributes substantially to the observed pharmacological 
effect. This serendipitous discovery overcame a substantial liability of the parent drug, as terfenadine was 
withdrawn from clinical use due to serious cardiac toxicity [36]. This illustrates the critical importance of 
screening for active metabolites early in the drug development process to potentially address unforeseen in 
vivo toxicities associated with the parent drug. Finally, the hydroxylation of the androgen receptor antagonist 
flutamide to 2-hydroxyflutamide produces a metabolite that has greater potency and a longer duration of 
pharmacological activity than the parent drug [37,38]. Interestingly, this hydroxylation occurs on the alkyl side 
chain of the drug, suggesting that this region of the molecule may be important in receptor binding.

Epoxidation

While epoxide metabolites are less likely to contribute to drug efficacy than hydroxylated ones, 
primarily due to their increased chemical reactivity and lower stability, there are some important 
examples of epoxides as active metabolites [39]. Probably the most well-known is the epoxide formed 
from carbamazepine, carbamazepine-10,11-epoxide [40]. Carbamazepine, a drug used clinically 
to treat epileptic seizures since the late 1950s, is oxidized by CYP3A isoforms to produce the 
carbamazepine-10,11-epoxide [40]. While the epoxide metabolite has comparable affinity for the 
intended receptor, the voltage gated sodium channels in the brain, it quickly undergoes hydrolysis 
to the diol form, which is inactive [41]. This leads to lower circulating concentrations of the active 
epoxide metabolite, approximately 20% of the parent drug. Despite this, carbamazepine-10,11-epoxide 
is thought to contribute to as much as one third of the observed pharmacological response in vivo [42]. 
The drug mometasone furoate, used in the treatment of inflammatory skin disorders, also forms an 
active epoxide metabolite, mometasone-9,11-epoxide [43]. In this case, the epoxide metabolite is a very 
short-lived species, with plasma levels dramatically decreasing with time and the metabolite being 
difficult to detect using standard methods [44]. While the mometasone-9,11-epoxide metabolite has a 
somewhat lower affinity to the receptor as the parent drug, it is still thought to contribute significantly 
to the biological activity of the drug. Toxicities associated with the epoxide metabolite of mometasone 
have not been reported [44,45].

Heteroatom Dealkylation and Oxidation

Heteroatom dealkylation, particularly N- and O-dealkylation, is quite common, energetically favorable, 
reactions carried out on drugs by cytochrome P450 enzymes [2]. These can include dealkylation of secondary 
and tertiary amines, as well as C-O bond cleavage to obtain the alcohol and the ketone or aldehyde. These 
are an important class of reactions, given the prevalence of nitrogen and oxygen substituents in a large 
number of drugs, including many psychotropics. Sulfur (S)-dealkylation, which can also occur, is less 
commonly observed in part due to the lower abundance of sulfur substituents present in drugs.

In most cases, a drug metabolite will retain at least some of its activity after an N- or O-dealkylation event. 
One important example of this is the N-demethylated metabolite of tamoxifen, known as endoxifen [15]. As 
mentioned earlier, it is now understood that the majority of tamoxifen’s antiestrogenic activity comes from 
the metabolites endoxifen and 4-hydroxytamoxifen. Endoxifen has been demonstrated to be at least 100 
times as more potent than the parent drug [16]. Interestingly, tamoxifen first undergoes N-demethylation 
(or hydroxylation), then followed by hydroxylation (or N-demethylation) to produce the N-demethylated, 
hydroxylated secondary metabolite, endoxifen [18]. In this case, even a secondary metabolite with multiple 
modifications can still demonstrate substantial activity. Tamoxifen is metabolized by CYP2D6 to produce the 
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4-hydroxy metabolite (see above), whereas CYP3A4 is thought to be responsible for producing the observed 
N-demethylation event (Figure  24.2). Therefore, the circulating levels of endoxifen can be considerably 
impacted by CYP2D6 polymorphisms. Indeed, it has been observed that CYP2D6 poor metabolizers have 
worse clinical outcomes in response to tamoxifen therapy than do CYP2D6 extensive metabolizers [46].

In the case of the analgesic codeine, O-demethylation, performed primarily by CYP2D6, produces 
morphine (Figure 24.4) [47,48]. Morphine has a 600-fold higher affinity for the μ-opioid receptor 
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than codeine [49–51]. Additionally, the metabolite exhibits a longer half-life than the parent drug, 
contributing to a 40-fold greater total exposure level [52]. However, N-demethylation to norcodeine 
produces an inactive metabolite. Since activation of the drug is also CYP2D6 dependent, there is 
a large degree of interindividual variability in the analgesic response. This discrepancy has led to 
tragic consequences, such as the case of a new mother who was an ultra-rapid CYP2D6 metabolizer 
and had been prescribed a standard dose of codeine [53]. Morphine quickly accumulated in her 
breast milk and caused the overdose of her newborn infant. This again underscores the fact that 
CYP genotype can have a significant impact on the type and amount of active metabolite produced. 
Additionally, both tamoxifen and codeine produce active metabolites that are significantly more 
potent than the parent drug.

Buspirone, a serotonin 5-HT type 1A receptor partial agonist used to treat anxiety and depressive 
disorders, is N-dealkylated by CYP3A4 to form the 1-(2-pyrimidyl)-piperazine (1-PP) active metabolite 
[54,55]. While this metabolite binds to the 5-HT1A with a lower affinity than the parent compound, it is 
a α2-adrenoreceptor antagonist and likely plays an important role in the anxiolytic effects of buspirone, 
in addition to the 6-hydroxybuspirone metabolite discussed above [56–58].

The antidepressant serotonin 5-HT2A receptor antagonist nefazodone is extensively metabolized by 
CYP3A4 to the metabolites hydroxynefazodone, triazoledione, and m-chlorophenylpiperazine (mCPP) 
[59,60]. While hydroxynefazodone and triazoledione display similar activity to nefazodone, m-CPP, 
formed by N-dealkylation at the piperazinyl nitrogen, is a psychoactive drug in its own right. Belonging 
to the phenylpiperazine class, it binds to a broad array of 5-HT and adrenergic receptors with varying 
affinities. In particular, this active metabolite of nefazodone is a potent 5-HT1A and a 5-HT2C agonist 
[61,62]. Due to these disparate activities, it produces a number of negative psychotropic effects such as 
anxiety, loss of appetite, and headaches [63]. While the psychedelic effects attributed to m-CPP are due 
to 5-HT2A receptor activation, the negative side effects are likely mediated by its actions on the 5-HT2C 
receptor [64,65].

One of the first benzodiazepines to be synthesized in the 1950s, chlordiazepoxide, undergoes 
N-demethylation to produce the pharmacologically active desmethyl (desmethyldiazepam) and 
desmethylhydroxy (oxazepam) metabolites [66,67]. Indeed, much of chlordiazepoxide’s sedative and 
hypnotic properties can be attributed to active metabolites of the parent drug, most prominently the 
desmethyl metabolite. While the parent compound has a medium to long half-life (on the order of 
5–30 hr), desmethyldiazepam has a much longer half-life, from 36 to 200 hr [68]. It is again important to 
note here that multiple, and sequential, oxidations of a drug can produce a metabolite that is more active 
than the parent drug. This is particularly true of psychotropic drugs.

Oxidation of sulfur containing moieties in drugs can also generate active metabolites. One example of 
this is the S-oxidation of the antipsychotic, thioridazine, to produce mesoridazine [69]. While both the 
parent drug and the active metabolite target the D2, D3, and D4 dopamine receptors, mesoridazine has 
higher affinity than thioridazine [68,70].

Additionally, mesoridazine is less protein bound than thioridazine, thereby increasing its probability 
to bind at the dopamine receptor [71]. This led to the development of mesoridazine as a stand-alone drug, 
although it was withdrawn from the US market in 2004 due to serious cardiac side effects, including 
irregular heart beat and QT-prolongation [72]. Further oxidation of the sulfur atom to the sulfone leads 
to another, somewhat less active metabolite, sulforidazine [73].

Similarly, N-oxidation produces active metabolites much in the same way as S-oxidation. For instance, 
N-oxidation of the anti-inflammatory drug roflumilast produces the active metabolite roflumilast-N-
oxide [74]. Pharmacokinetic modeling studies have suggested that the N-oxide metabolite contributes up 
to 93% of the pharmacological activity of the drug [9].

Hydrolysis

Hydrolysis of esters and amide moieties in drugs can also produce active metabolites. One classic example 
of this is the ester hydrolysis of the analgesic acetylsalicylic acid (aspirin) to salicylic acid [75]. In most 
individuals, more than 50% of the aspirin dose is converted into salicylic acid, which provides most of 
the pharmacological effect observed with this drug. Another example is the hydrolysis of cefotaxime, 
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which generates the active metabolite desacetyl cefotaxime. This is the major metabolite, accounting for 
15%–25% of the administered dose of the parent drug and is thought to provide a significant contribution 
to the drug’s activity [76]. Esterification, in fact, has been a primary method to convert an existing drug 
into a prodrug to alter its PK or toxicity profile.

Reduction

While reduction can be cytochrome P450-mediated, it is more commonly performed by reductases. For 
example, the electron transfer partner of cytochrome P450 enzymes, cytochrome P450 reductase (CPR) 
is responsible for reduction of a number of drugs and plays a role in active metabolite formation for 
several of them. One such instance is acetoheximide, where the carbonyl is reduced to a hydroxyl group 
[77]. The resulting metabolite, hydroxyhexamide, has been demonstrated to decrease plasma glucose 
and increase circulating insulin levels in rats. Interestingly, both the (R) and (S) enantiomers of the 
metabolite were found to be biologically active. Cytochrome P450 reductase is also known to reductively 
activate several antineoplastic agents, such as anthracycline antibiotic adriamycin [78]. Similarly, CPR 
reduces mitomycin C to produce the active metabolite that is responsible for DNA alkylation [79]. The 
antipsychotic agent haloperidol, used in the treatment of schizophrenia, also undergoes a reversible 
reduction mediated by CPR to form an active metabolite [80]. While this metabolite is less active than 
the parent compound, it demonstrates increased stability and may be responsible for the long terminal 
half-life of the drug in vivo. In the case of dolasetron, a serotonin receptor antagonist, reduction of 
the carbonyl on the parent drug produces the active metabolite hydrodolasetron, which is thought to 
be responsible for the majority of the antiemetic activity of the drug [81]. Dolasetron is substantially 
metabolized in vivo to produce the alcohol metabolite leading to higher circulating concentrations of the 
metabolite over the parent drug. This, in conjunction with the fact that the metabolite has between 20- and 
60-fold greater affinity for the serotonin receptor than the parent compound [82], supports the conclusion 
that the entire in vivo efficacy of the drug is due to production of the hydrodolasetron metabolite. The 
antidepressant and smoking cessation adjuvant bupropion produces several active metabolites, including 
the reduced form of the drug, dihydrobupropion [83]. While it’s unclear how much of the observed 
pharmacological effect is directly due to dihydrobupropion versus the parent drug, in part because the 
mechanism of action has yet to be completely elucidated, its reported circulating concentration is in the 
micromolar range suggesting that it may make a substantial contribution [84].

Other reductases are also responsible for producing active metabolites, such as the activation of 
idarubicin to idarubicinol by aldo-keto reductase [85]. Idarubicinol has been previously determined to be 
equipotent to the parent drug, idarubicin. Also, glutathione reductase is thought to catalyze the reduction 
of the anti-alcoholic drug disulfiram to the active metabolite diethyldithio carbamate [86,87].

Phase II Active Metabolites

In addition to oxidation, dealkylation, and reduction, active metabolites can also be generated through 
Phase II conjugation reactions. While this is a less common pathway for active metabolite production, it 
is important for a number of drugs from different classes. In most circumstances, conjugation of a drug at 
a site of receptor interaction has the effect of diminishing or blocking the interaction entirely. However, 
in some cases it can enhance the interaction and prolong the circulating half-life of the drug. Also, 
depending on the stability of the conjugate, the original parent drug species may be regenerated through 
enterohepatic cycling, providing another pathway for extending the effects of the parent compound.

Glucuronidation

After oxidation, glucuronidation is second most common metabolic fate for a drug. Glucuronidation is 
an enzymatic process mediated by UDP-glucuronosyltransferases (UGTs) that conjugates a glucuronide 
moiety to an O or N and, occasionally, S heteroatom functional group. This often occurs after the parent 
drug has undergone oxidation, as discussed above, and generally produces a more hydrophilic species 
that is more readily excreted. However, the more hydrophobic drug conjugates that are excreted into the 



650 Handbook of Drug Metabolism

bile are susceptible to hydrolysis by b-glucuronidase enzymes present in the intestine. The hydrolyzed 
drug may then be reabsorbed into the intestine, leading to enterohepatic cycling [88].

Perhaps the most famous example of an active glucuronide drug conjugate is the glucuronidation of 
the opiate analgesic morphine to produce morphine-6-glucuronide (M6G) via the enzyme UGT2B7 
(Figure 24.4) [89,90]. While almost 10% of the given dose is converted into this Phase II conjugate, its 
circulating concentration is estimated to be equivalent to the parent drug primarily due to its longer half-
life [91]. In in vitro receptor activation studies, the M6G conjugate demonstrated equivalent potency in 
activating the μ–opioid receptor when compared with the parent drug [92]. Interestingly, there is some 
data to suggest that the M6G conjugate is more likely to enter the brain due to a conformational switch 
that increases the lipophilicity while reducing hydration, which may account for some of its activity [93]. 
However, the possible involvement of a specific transporter cannot be ruled out, as this has proven to be 
a convenient way for glucuronide conjugates to enter cells.

An additional example of an active glucuronide metabolite is the O-glucuronide conjugate of the 
anticoagulant factor Xa inhibitor, darexaban. Darexaban-O-glucuronide is a major pharmacologically 
active metabolite that is present in plasma after oral administration of darexaban [94–96]. Previous 
studies have implicated UGT1A9 as the predominant isoform involved in the production of darexaban-
O-glucuronide, suggesting that mutant alleles in this particular gene may be partially responsible for 
different clinical responses observed with the drug [94].

Sulfation

Another Phase II modification, that of the addition of a sulfate group mediated by sulfotransferases, can 
also result in the production of active metabolites. Sulfotransferases are a class of conjugation enzymes 
that utilize the co-factor 3′-phosphoadenosine-5′-phosphosulfate (PAPS) to attach a sulfate group to 
either an alcohol or amine functional group on the drug of interest [97]. These functional groups are 
either generated or exposed by Phase I oxidative enzymes, such as the cytochrome P450 family. As 
in the case of glucuronidation, sulfation typically abolishes the pharmacological activity of a drug. 
However, it has been known for some time that sulfation is an important step in the bioactivation of 
certain procarcinogens, such as aromatic amines and benzylic alcohols. Additionally, there is significant 
inter-individual genetic variability associated with sulfotranferase expression and function, leading to 
variation in enzymatic activity. In addition to producing active glucuronide metabolites, both morphine 
and codeine undergo sulfation at the C6 position to produce active metabolites [98,99]. For its part, 
morphine-6-sulfate has been found to be a 30-fold more potent analgesic than morphine at the μ–
opiate receptors following intracerebroventricular administration [98,100]. Codeine-6-sulfate also has 
analgesic activity, but it is only 1/10th as potent as the parent compound. Additionally, it has the ability 
to induce seizures in a rodent model when given at doses below full analgesic activity, limiting its utility 
as a potential drug candidate [98]. Therefore, while morphine-6-sulfate has potent analgesic properties 
similar to the morpine-6-glucuronide conjugate, codeine-6-sulfate is unlikely to be therapeutically 
useful due to its toxicity component.

The antihypertensive vasodilator and hair growth agent minoxidil is also modified by sulfotransferases 
to produce the active metabolite minoxidil sulfate [101]. Minoxidil sulfate is produced mainly by 
SULT1A1 and is thought to be responsible for most of the pharmacological activity associated with the 
drug [101]. In regard to the promotion of hair growth, the principle indication for current use of the drug, 
a number of studies have shown that the amount of sulfotransferase activity in treated hair follicles can 
accurately predict the hair growth response, demonstrating the importance of the sulfated metabolite 
[102,103].

Acetylation

Acetylation is a common metabolic mechanism for the elimination of drugs and other xenobiotics, 
particularly those containing primary amines. This includes primary aromatic amines, hydrazines, 
hydrazides, sulfonamides, and primary aliphatic amines. This reaction involves the transfer of the acetyl 
group from acetyl-CoA to the parent drug or Phase I drug metabolite by hepatic N-acetyltransferases 
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(NATs). Again, as seen with glucuronidation and with glutathionylation (below), this reaction typically 
terminates the biological activity of the drug under most circumstances, with a few exceptions. One of these 
is the antiarrhythmic drug procainamide, which undergoes acetylation to produce N-acetylprocainamide 
[104]. The circulating half-life of N-acetylprocainamide is significantly longer than procainamide 
(upwards of 15 hr), and it is substantially less protein bound than the parent drug. Since NATs are known 
to exhibit a high degree of genetic variation, studies have been conducted to understand what role this 
plays in the pharmacological response to the drug [105]. The results of one such study indicated that the 
NAT2* (fast acetylator) genotype was more positively correlated with clinical drug response than other 
NAT genotypes occurring in the population examined.

Glutathionylation

Glutathionylation, or attachment of the tri-peptide glutathione (GSH) to a drug substrate, is often mediated 
by glutathione-S-transferase (GST) enzymes [106]. Given that this is such a significant modification of 
the parent drug, often leading to changes in the compound’s electrostatics and sterics, it rarely gives rise 
to active metabolites. An exception to this is the GSH-conjugated metabolite of the antiplatelet aggregator 
P2Y12 antagonist, clopidogrel. Clopidogrel is bioactivated to its pharmacologically active metabolite 
initially by hepatic cytochrome P450 enzymes, predominantly CYP2C19 through two sequential 
oxidation steps [107–110]. In the first step, clopidogrel is mono-oxygenated to yield 2-oxo-clopidogrel, 
which is pharmacologically inactive. In the second step, 2-oxo-clopidogrel is further oxidized to yield 
an unstable sulfenic acid intermediate. Reduction of the sulfenic acid by GSH leads to opening of the 
thiolactone ring to yield a glutathione conjugate. While it is not currently known if this GSH conjugate is 
active in itself, it provides the substrate for a thiol-disulfide exchange to occur to produce the penultimate 
active metabolite that then forms a disulfide bridge with the platelet P2Y12 ADP receptor.

On occasion, GSH adduction can lead to a decomposition of the parent drug to produce an active 
metabolite. An example of this occurs with the immunosuppressive agent, azathioprine. Azathioprine is 
glutathionylated by hepatic GST enzymes to produce 1-methyl-4-nitro-5-(N-acetyl-S-cysteinyl)imidazole 
adduct and 6-mercaptopurine [111,112]. Classic studies by Elion’s lab and others demonstrated that the 
majority of the immunosuppressive activity of azathioprine was indeed due to the 6-mercaptopurine 
metabolite [113–115].

Sub-Classes of Active Metabolites

Drugs That Form Multiple Active Metabolites Contributing 
to the Pharmacological Effect (Category 1)

As noted above, there are many cases in which a drug will produce multiple active metabolites. This 
is especially true for drugs that have high affinity for their particular receptor(s) and undergo extensive 
Phase I metabolism. Tamoxifen is a case in point, where at least three metabolites are known to 
contribute to the pharmacological effect. These include 4-hydroxytamoxifen, N-desmethyltamoxifen, 
and endoxifen (Figure 24.2). While their individual receptor affinities may vary greatly, from 500 nM 
for N-desmethyltamoxifen to 3 nM for 4-hydroxytamoxifen and endoxifen, together they are responsible 
for the majority of the pharmacological activity associated with the drug. As Obach points out [9], it is 
interesting to note that tamoxifen had been in clinical use for a number of years before it was discovered that 
much of its biological activity was due to active metabolites. This underscores the need for identification 
of all active, or potentially active, metabolites for a particular drug early in the development process.

Another example of a drug that forms multiple active metabolites responsible for much of the observed 
pharmacological activity is codeine (Figure 24.4). As in the case with tamoxifen, through metabolism 
of the parent drug (to morphine) and further metabolism of the active metabolite (to morphine-6-
glucuronide), a more potent and longer lasting effect is observed than would otherwise be achieved with 
the parent compound alone [116,117]. This is particularly interesting, and unusual, in that the observed 
effects are due to both Phase I and Phase II metabolites.
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In the case of the benzodiazepine sedative chlordiazepoxide, at least four different metabolites are 
thought to contribute to its activity at the benzodiazepine receptor, including: norchlordiazepoxide, 
demoxepam, desmethyldiazepam, and oxazepam [68]. In particular, the half-life of desmethyldiazepam 
has been determined to be between 36 and 200 hr dramatically extending the action of the drug [118]. The 
half-life of the parent drug has been reported to significantly increase in the elderly, which may suggest 
altered metabolism in this population and/or decreased efficiency in clearing the active metabolites [119].

As noted earlier, another psychotropic drug, the antipsychotic thioridazine produces at least two known 
metabolites that are pharmacologically active, mesoridazine and sulforidazine. As with the examples 
noted above, these metabolites have greater affinity for the target receptor than the parent drug [120]. In 
contrast to the others, these metabolites are unique in that the oxidation occurs on the sulfur atom, which 
leads to decreased protein binding and greater bioavailability.

The phenomenon of multiple active metabolites being produced from a single parent drug seems 
to occur more often with psychotropic agents than with other drug classes. This may have more to do 
with the nature of the types of receptors and their interaction with a particular drug than the actual 
drugs themselves. Additionally, due to the fact that many of the drugs in this class are cytochrome P450 
CYP2D6 substrates, the effect of genetic polymorphisms in certain individuals can be an important 
determinant of efficacy.

Drugs That Form Metabolites with Pharmacological Activity 
Significantly Different from the Parent Drug (Category 2)

Under certain circumstances, active metabolites may take on an altered activity profile when compared 
with the parent drug. This occurs with clomipramine, a tricyclic antidepressant used clinically for over fifty 
years. Oxidation of clomipramine produces three hydroxylated active metabolites: 8-hydroxyclomipramine, 
norclomipramine, and 8-hydroxynorclomipramine. While clomipramine and 8-hydroxyclomipramine 
are potent serotonin reuptake inhibitors, norclomipramine and 8-hydroxynorclomipramine are more 
effective at inhibiting uptake at the norepinephrine receptor [121–123]. A similar pattern occurs with 
another tricyclic antidepressant, amitriptyline, which is N-demethylated to produce nortriptyline, which 
has been approved as a drug in its own right, and then further metabolized to 10-hydroxynortriptyline. 
Studies have demonstrated that while amitriptyline is more active at the serotonin transporter than 
the norepinephrine transporter, both nortriptyline and 10-hydroxynortriptyline are more active at the 
norepinephrine transporter than the serotonin transporter [124]. Since the highly polymorphic CYP2D6 
enzyme is primarily responsible for metabolism of both amitriptyline and nortriptyline, inter-individual 
genetic variability can impact the clinical response.

In the case of the angiotensin II receptor antagonist losartan, the cytochrome P450 isoforms CYP3A4 
and CYP2C9 oxidize the parent drug to produce an aldehyde metabolite that has angiotensin II receptor-
independent anti-inflammatory and anti-aggregatory properties [125]. Additionally, losartan can be 
further metabolized to produce the 5-carboxylic acid metabolite, designated as EXP3174. Approximately 
14% of the oral dose is transformed into this metabolite, which exhibits a long half-life, 6–8 hr, and 
functions as a noncompetitive antagonist at the AT1 receptor, contributing to some of the pharmacological 
effects observed with losartan. EXP3174 has been shown to be 10–40 times more potent in blocking AT1 
receptors than losartan itself [125].

Drugs That Form Toxic Metabolites (Category 3)

Generation of active metabolites may not always lead to a beneficial pharmacological effect. In some 
cases, the metabolites themselves may be toxic. One of the oldest and best known examples of this 
is generation of the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) from the analgesic 
acetaminophen [126–128]. Under normal conditions, acetaminophen is metabolized to produce the 
glucuronide conjugate, ~55% of total, (as catalyzed by UGT1A1 and UGT1A6), the sulfate conjugate, 
~25% (as catalyzed by SULT1A1), and the reactive NAPQI (~15%; produced predominantly by CYP2E1) 
[126]. Under normal circumstances, the electrophilic NAPQI reacts with excess cellular glutathione and 
is detoxified in this fashion. However, under conditions when the glucuronide and sulfate conjugation 
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systems are overwhelmed, as occurs in the case of a clinical overdose, cellular glutathione is depleted 
and toxicity results from formation of protein adducts with the NAPQI conjugate and increased 
oxidative stress [129]. This, in turn, can lead to cellular necrosis and hepatotoxicity. The bioactivation 
of acetaminophen is a prototypical example of metabolic activation of a drug to a reactive species. 
Furthermore, the metabolism of drugs to reactive intermediates, followed by covalent binding to cellular 
components, is generally considered to be the basis for many of the idiosyncratic toxicities caused by 
some drugs [130,131]. Examples of this are numerous and beyond the scope of this chapter, but many 
excellent reviews exist on the subject [132–134].

Establishing the Presence of an Active Metabolite

Over the past thirty years, metabolic profiling and identification have been accelerated to the forefront of 
the drug development process [135]. This is due, at least in part, for the need to select the most relevant 
animal model that recapitulates human drug metabolite exposure. It also provides an opportunity to 
identify and characterize active metabolites early in drug development and before a final candidate 
molecule is selected [136].

In any active metabolite identification program, there are several questions that first need to be 
addressed before accessing the overall impact of the active metabolite on the drug development process. 
Is the active metabolite a major metabolite? In many cases, it may not be. This may pose a particular 
challenge for bioanalytical identification and production scale-up for further testing.

Understanding the metabolic disposition, PK, and toxicity of metabolites can simultaneously help 
limit the liability of prospective drug candidates and provide an opportunity for structure guided 
lead discovery and optimization. This is now a recommended part of any new drug development 
program [3].

Despite the difficulties involved in identification of active metabolites, there are certain unique 
structural and functional characteristics generally shared by most active metabolites that may aid in 
their identification. Firstly, in most cases the active metabolite bears a large structural similarity to the 
parent drug compound. Secondly, compounds that are extensively metabolized by Phase I enzymes are 
more likely to generate active metabolites that those that primarily undergo Phase II metabolism, as 
noted above. An exception to this is when oxidation occurs on a functional group that is important for 
the drug’s structure-activity relationship. In these cases, it is unlikely that an active metabolite will be 
formed (at least one with similar activity to the parent drug).

In addition to their identification, due to their importance as potential drug leads or toxicants, 
active metabolites need to be identified and characterized as to their intrinsic potency, bioavailability, 
pharmacokinetics, distribution, and clearance. These fundamental physiochemical properties may differ 
dramatically from the parent drug. Many times this may pose a challenge, due to the limited amount of 
metabolite formed, its inherent instability, or the difficulty involved in synthesizing it.

Experimental clues from pre-clinical and phase I clinical studies can be useful in indicating the 
presence of an active metabolite (Figure 24.5) [1]. Once all of the metabolites of a particular drug 
have been identified, a good knowledge of the SAR combined with a substantial amount of chemical 
and biological intuition, can be instrumental in identifying putative active metabolites even before 
animal studies have begun. As noted above, many active metabolites structurally resemble the parent 
drug, so these types of metabolites would be the first under consideration in trying to identify an 
active metabolite.

After animal studies have begun, much more data can be brought to bear to identify active metabolites 
of the drug being examined. Often, a pharmacological response significantly greater than predicted 
by PK modeling or in vitro bioassay data may suggest the involvement of an active metabolite. This is 
perhaps particularly notable when testing an analog series where only one compound is producing an 
active metabolite. Similarly, if a drug that has been predicted to have a short half-life tends to exhibit a 
sustained effect in vivo, it also may suggest the involvement of an active metabolite. As mentioned above, 
drugs that are extensively metabolized by Phase I enzymes are more likely to produce active metabolites 
than those that are metabolized via other pathways. For a sub-set of these drugs that experience 
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significant first pass metabolism, the circulating metabolite concentration normally is higher when the 
drug is administered orally versus intravenously. Therefore, if increased pharmacodynamic activity 
is observed when the drug is given orally versus intravenously, this might suggest the involvement of 
active metabolites in the pharmacological response. Likewise, when compounds or drugs that are known 
to stimulate or induce Phase I metabolism are given concurrently and are observed to increase the 
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pharmacological activity of a drug candidate instead of decreasing it, it is possible an active metabolite 
might be involved. This would also be the case if a particular drug candidate demonstrated increased 
activity in a cohort of patients who are extensive metabolizers of the drug. Conversely, if the specific 
metabolic pathway is known, cytochrome P450 isoform selective inhibitors can be used to probe for 
active metabolites by blocking metabolite formation when dosed simultaneously. In this instance, one 
would expect to observe a decrease in the pharmacodynamic response. Additionally, if the metabolic 
pathway is known, PD/PK and metabolic data can be examined to determine if there are genetic 
outliers in the drug response, due to poor or extensive metabolizers of the drug, which may suggest the 
involvement of an active metabolite. This is likely to be more common with drugs that are predominantly 
metabolized by a single pathway. Unintended pharmacological or toxic responses may also be indicative 
of an active metabolite, particularly when the metabolite is acting on a different biological target than the 
parent drug. Finally, any other factors that may affect metabolism, such as age, gender, diet, drug-drug 
interactions, or specific pathology, that lead to a difference in drug response may point to the involvement 
of an active metabolite.

Methods to Characterize and Quantify Active Metabolites

Metabolite characterization is often hampered by either lack of a sufficient quantity of material for 
characterization and/or a robust separation procedure. Historically, high performance/ultra-high 
performance liquid chromatography coupled mass spectrometry (HPLC/UHPLC-MS) has been the 
workhorse technique for metabolite identification and separation. However, over the past few years 
nuclear magnetic resonance (NMR) combined with novel biomimetic methods have given us new tools 
with increased potential for characterization of active metabolites.

While significant challenges still remain to identify all of the important metabolites of a candidate 
drug, HPLC-MS and now more commonly UHPLC-MS, remain the primary methods of metabolite 
structural elucidation and quantification [137]. They are typically employed in the pre-clinical phase of 
drug development after the drug candidate has been incubated in the presence of animal and human liver 
microsomes (HLMs) or hepatocytes, or dosed in a model animal species. Parent drug and metabolites 
are extracted from supernatant, cell media, or body fluids (in the case of animal dosing) and quantified 
using authentic metabolic standards (when available).

Alternatively, metabolism of a radiolabeled drug candidate can be evaluated using a HPLC coupled 
with a radiometric detector and a mass spectrometer, by splitting the LC-eluent between the two detectors, 
for a more comprehensive understanding of the drug’s disposition [138]. However, the cost and difficultly 
of synthesis of the radiolabeled drug may be prohibitive during the early pre-clinical stages.

Cost-effective approaches to identifying and characterizing active metabolites can be employed even 
during early stages of drug development. One such approach involves standard HPLC/UHPLC-MS 
identification of the metabolite combined with a diverter valve that allows half of the eluent to be 
collected with an automated fraction collector for off-line bioactivity studies at the target receptor [1,9]. 
In this way, the LC-MS chromatogram can be compared to the target receptor bioactivity profile in order 
to generate an “activitygram” that relates the LC-MS peak to some specific pharmacological activity of 
the drug in question. While the quantity of metabolite isolated by this approach is necessarily limited, 
once the active metabolite has been identified production scale-up may be accomplished by using either 
a bioreactor [139,140] or biomimetic [141,142] approach. A similar method was successfully employed to 
detect binding of active metabolites of tamoxifen using a fluorescence-based displacement assay [143–
145]. Using this method, 15 active metabolites were identified, including five primary and ten secondary 
metabolites, and six with an unknown order of metabolism [144].

In vitro bioreactors can be set up in most laboratories that are routinely performing drug metabolism 
studies [146]. Typically, these consist of: (1) mg to gram quantities of lead drug compound, (2) a metabolite 
generation system (either recombinant CYP enzymes, such as SupersomesTM, yeast microsomes, E. coli 
expressed enzyme, HLMs, or hepatocytes—in general, if the CYP generating the metabolite is known, 
a recombinant system is preferred over HLMs or hepatocytes due to its superior metabolite generating 
capacity), and (3) a preparative HPLC system (most analytical HPLC systems can be converted into a 
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preparative HPLC system simply by adding a semi-preparative or preparative column and adjusting 
the flow rate) [9]. This type of analytical characterization is also amenable to a high-throughput format 
using a 96-well microtiter plate, as previously described [143]. In this system, drug-metabolite mixtures 
are first separated and collected into fractions into 96-well plates. The fractions may then be assayed for 
activity in a receptor binding assay.

More recently, methods have been developed to incorporate a flow-based approach for generating and 
characterizing metabolites using an analytical-based chip method, aka the “liver-on-a-chip” [147,148]. 
This is a micro-fabricated device that contains hepatic cells expressing drug metabolizing enzymes in 
line with an analytical capture system; typically HPLC-MS, but newer modalities could also incorporate 
NMR. This has the advantage that a metabolite may be generated and analyzed using a single system with 
minimal user involvement. These types of approaches are preferred for metabolites that are intractable 
using traditional synthetic techniques.

An alternative to production of active metabolites by an in vitro bioreactor system is the recent 
development of biomimetic systems to generate metabolites [141]. These systems utilize a diverse array 
of organometallic catalysts and oxidants arranged in a microtiter plate format to perform oxidative 
chemistry on the drug of interest. Metabolite production involves a three-step method involving screening, 
optimization, and reaction scale-up. Since the biomimetic chemistry uses organic solvents, the reactions 
can be conducted with a much higher concentration of drug than a microsomal reaction, increasing the 
yields of the active metabolite [141]. Additionally, the biomimetic system is generally more amenable 
to scale-up than a comparative HLM system. However, since the system uses a non-biological catalyst 
it may not always be able to generate the metabolite of interest in sufficient quantity or with the proper 
stereochemistry. Depending on the efficiency of the reaction and the amount of metabolite needed for 
downstream applications, the biomimetic system may be more (or less) cost-effective than bioreactor 
metabolite generation.

Once the metabolite has been successfully purified and concentrated for bioactivity assays, the 
problem of concentration determination remains. Mutlib and colleagues have described a clever solution 
to this problem using a quantitative NMR (qNMR) approach [149–151]. Since 1H NMR can provide a 
direct measurement of the absolute number of 1H in a drug metabolite, and since the absolute number 
of 1H is proportional to the absolute number of metabolite molecules in solution, the total concentration 
of metabolite may be determined by obtaining a quantitative 1H NMR spectrum using the aSICCO 
(artificial Signal Insertion for Calculation of Concentration Observed) method [149] in combination with 
a known internal standard, typically maleic acid [149,152]. An added advantage of this method is that, 
since NMR is a non-destructive technique, the sample can be used in downstream applications such as 
in vitro and in vivo bioassays [150].

Full structural and functional characterization of the metabolite also allows for the possibility of late 
stage lead diversification [153]. A variety of related structural analogues is necessary for a complete 
understanding of the structure activity relationships (SAR) and mechanism of action of a drug. However, 
this can be an expensive and time-consuming undertaking. Since metabolism introduces chemical 
“handles,” via functional groups such as hydroxyl groups or epoxides into a variety of locations on 
the drug of interest, these can be exploited in a semi-synthetic fashion to quickly generate new drug 
analogues. Combined with a recombinant enzyme method to scale up production of any metabolite, this 
can be a powerful tool for drug discovery and development. An instructive example of this technique was 
recently published by Obach and colleagues where they utilized generated deoxyfluorinated metabolites 
of midazolam, celecoxib, ramelteon, and risperidone that demonstrated increased metabolic stability 
[153]. In the same fashion, Bright and colleagues used a microbial cytochrome P450 biotransformation 
system combined with Suzuki–Miyaura coupling reactions to introduce fluorine at particular metabolic 
“hotspots” to increase the metabolic half-life of certain compounds [154].

Another advancement that has taken place in recent years has been the improved implementation 
of computational techniques to identify and predict drug metabolites [155]. With the increasing 
sophistication and availability of software to reliably predict sites of metabolism on new drug entities, 
this opens the possibility of predicting a priori potential active metabolites. In this regard, the use 
of principal component analysis (PCA) and pattern recognition techniques to obtain a new SAR for 
potential active metabolites can help to guide medicinal chemistry design of new drugs [156–158].
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Conclusions

Forty years ago, Drayer et al. produced a list of approximately 50 drugs that were recognized to have 
active metabolites [159]. Since that time, the number of drugs with known active metabolites has 
expanded dramatically, along with our knowledge of how to identify and characterize them. Given the 
recent advancements in NMR, LC-MS, and separation technologies, the prospects are bright for future 
identification of as yet unknown active metabolites of existing and future drugs. As such, it is critical that 
active metabolite identification and characterization be included in any drug discovery and development 
program. Knowledge of the PD and PK properties of each active metabolite will provide enhanced 
opportunities for new drug leads and second-generation drug candidates.

Just as important, in some cases, active metabolites may lead to toxicities that need to be addressed 
early in the drug development cycle.

A vital challenge moving forward is to identify the in vivo pharmacology of critical active metabolites 
in a cost effective and expeditious manner. As analytical sensitivity and in line analysis techniques 
improve, this is quickly becoming an achievable goal.
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25
ADME of Antibody Drug Conjugates

Jiajie Yu, Cinthia Pastuskovas, and Brooke M. Rock

Introduction: Understanding ADME Properties of ADCs

Antibody drug conjugates (ADCs) represent a relatively new therapeutic modality, mainly focused 
towards the treatment of cancer. ADCs are monoclonal antibodies with covalently bound cytotoxic 
drugs. In general terms the ADC is designed to bind to antigens that are overly expressed on cancer 
cells, but minimally expressed on healthy cells. The targeted delivery and use of highly potent cytotoxic 
carries the hope of killing the cancer cells with minimal systemic toxicities. The concept of ADCs was 
first validated in the clinic with gemtuzumab ozogamicin, a conjugate of an anti-CD33 antibody and 
the cytotoxic agent calicheamicin, and was approved for bone cancer by the FDA in 2000. The product 
was recently withdrawn from the market after raised safety concerns and its failure to demonstrate 
benefit to patients. In 2011, Brentuximab vedotin (Adcetris™) was approved for Hodgkin’s disease and 
anaplastic large cell lymphoma. Later that year, ado-trastuzumab emtansine (Kadcyla™) was approved 
for metastatic HER2 positive breast cancer [1,2].

In general, ADCs are comprised of an IgG antibody conjugated to a drug via a linker. Two distinct 
classes of linkers are available: cleavable, and non-cleavable. Most cleavable linkers ADCs release the 
drug from the antibody following internalization of the ADC into the endo-lysosomal pathway where 
protease recognition, disulfide reduction, or a change in pH leads to linker-drug cleavage [3–5]. Highly 
potent drugs including monomethyl auristatin E, pyrrolobenzodiazepines, and the maytansinoids often 
employ cleavable linkers [6–8]. Release of highly potent drugs from cleavable linkers lead to bystander 
activity, as the released drugs can cross cell membranes of target and non-target cells [5]. Both the ADC 
itself or the released drug of a cleavable-linker based ADC can contribute to toxicity [9].

ADCs with non-cleavable linkers internalize into cells followed by antibody catabolism in lysosomes 
to generate amino acid-linker-drug [10–12]. Amino acid-linker-drug catabolites containing maytansine, 
such as Lysine-MCC-DM1, are transported from the lysosome to the cytoplasm by the lysosomal 
transporter SLC46A3 [13]. Once the catabolite reaches the cytoplasm the catabolite inhibits tubulin 
polymerization, which leads to cell death. Lysine-MCC-DM1, the catabolite of non-cleavable linker 
ADC Ab-MCC-DM1, is significantly less potent in cell-based assays than DM1 itself [14]. Non-cleavable 
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linker ADC potency is derived solely from internalization and production of the catabolite as non-
cleavable linker-ADC catabolites do not readily enter cells and therefore do not exhibit bystander activity 
[5]. The poor cell membrane permeability and lack of metabolism suggest that non-cleavable linker ADC 
toxicity is primarily due to the ADC, in contrast to cleavable linker ADCs where both the released drug 
and the ADC itself can mediate the toxicity (Figure 25.1).

The majority of ADCs currently in clinical trials are conjugated to antibody native lysines or cysteines, which 
generate heterogeneous drug antibody ratio (DAR) profiles [15]. Purified fractions of cleavable monomethyl 
auristatin E (MMAE) conjugates with different DARs demonstrated that ADC half-life and therapeutic index 
inversely correlated with DAR [16]. Much of the current focus of ADC optimization is directed toward the 
generation of homogeneous site-specific ADCs using different techniques such as engineered cysteines, non-
natural amino acids, enzymes, or reagents to bridge native disulfides in an attempt to improve therapeutic 
index [17–23]. Junutula et al. demonstrated that the pharmacokinetic profile and therapeutic index of a site-
specific cysteine antibody drug conjugate was superior to a heterogeneous ADC [20].

The promise of ADCs is still rapidly evolving with many ADC drug candidates in preclinical and 
clinical development stages across the industry. The development of this emerging class of bio-therapeutics 
has been challenging particular in regard to appropriate bioanalytical techniques, biodistribution studies, 
and development of PK-PD modeling to inform both safety and efficacy; an overview of these challenges 
and successes is discussed through the remainder of this chapter.
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FIGURE 25.1 (a) General structure of non-cleavable antibody maytansiod conjugate. (b) Mechanism of ADC activ-
ity where (A) localization of ADC to the tumor cell, (B) binding of ADC to specific antigen, (C) internalization into the 
endosome release the antigen from ADC, (D) catabolism of ADC in the lysosome, (E) release of Lys-MCC-DM1 into the 
cytoplasm, and (F) binding of Lys-MCC-DM1to tubulin resulting in cell cycle arrest and apoptosis.
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Biodistribution Studies and Analytical Techniques 
for Characterization of ADCs

Understanding the kinetics of distribution of ADCs to normal and disease tissues is critical for interpreting 
the safety and efficacy. Over the past few decades, strategies to accomplish this pre-clinically have been 
established in the setting of drug discovery and development and have proven instrumental in providing 
valuable information regarding the mechanism of action, identification of off-target tissues, and kinetics 
of distribution to tumor relative to normal tissues, as well as providing insight into mechanisms of 
clearance.

The biodistribution of an ADC is driven by both the biological and biophysical features of the antibody 
and the small molecule, respectively [24]. In cancer therapy, the antigen binding domain of the antibody 
is designed to target an epitope uniquely expressed by the tumor, or otherwise with a low expression in 
healthy tissues, to enable efficient delivery of the conjugated cytotoxic molecule intracellularly following 
antibody internalization [25,26]. If working properly, systemic exposure to the cytotoxic molecule is 
minimized. However, the therapeutic window of an ADC can be impacted by partial or full de-conjugation 
of the linker-drug from the ADC regardless of the linkage type, cleavable and non-cleavable [27–29], 
poor antibody internalization, and binding of the ADC to normal tissues.

ADC tissue distribution is driven by the targeting properties of the antibody and as such its distribution 
is led through the lymphatic system resulting in substantial ADC concentrations in the blood and highly 
vascularized tissues at earlier time points: liver, lungs, heart, and kidneys. As these early concentrations 
are dependent on blood extravasation through the tissues, concentrations are expected to decrease over 
time in parallel with the blood kinetic profiles. These observations have demonstrated to be consistent 
among data reported with different ADCs containing a variety of linkers and cytotoxic drugs [30–34]. 
However, conjugation of the antibody to the cytotoxic drug, by conventional and/or engineered strategies 
can impact the properties of the antibody including its overall charge, hydrophobicity, and polarity, which 
in turn may change the expected ADC tissue distribution. Changes of the antibody molecular charge can 
have an impact on the antibody distribution phase and clearance (e.g., increases in molecular charge can 
lead to a faster distribution phase and, therefore, faster clearance relative to those antibodies with lower 
charge [35]). On the other hand, lowering binding affinity for FcRn can shorten systemic circulation of 
the antibody and increase catabolism in liver and spleen [36]. Therefore, tissue distribution studies in 
preclinical models are specifically designed to compare the tissue disposition of the ADC relative to that 
of the unconjugated antibody.

Methodologies to assess ADC biodistribution have been developed from both the small and large 
molecule fields to provide information on the distribution and fate of the ADC when in an in vivo 
system. The modalities utilized to evaluate ADC tissue distribution in preclinical models have involved 
ex vivo and in vivo methodologies such as the traditional cut and count and autoradiography (i.e., 
whole-body autoradiography) and micro-positron emission tomography (micro-PET) and single photon 
emission computed tomography (SPECT), respectively. These approaches require the use of radioactive 
isotopes to label either the antibody and/or the cytotoxic component of the ADC. Among the most 
common radioactive probes to label the antibody portion of the ADC are 125I and 111In, where the latter 
is attached to the antibody via a chelator (tetraxetan [DOTA] or pentetic acid  [DTPA]). Based on the 
physicochemical properties of the radioactive probes, 125I allows measurements of the antibody binding 
to the cell surface while metal ions such as 111In are retained and accumulate within the cell upon 
internalization [37,38] ADC distribution can be effectively characterized by using either of these probes 
independently [30,39,40] or as a mixture to demonstrate ADC distribution to normal tissues relative 
to antigen and as proof-of-concept of receptor internalization in non-binding species, for the study of 
antigen-independent distribution, or in xenograft models by comparing tumor uptake of the conjugated 
versus unconjugated mAb [32,41].
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One of these antibody candidates for an ADC was developed against STEAP1, a cell surface antigen 
overexpressed in prostate cancer with limited expression in normal tissues. Distribution in rats showed no 
substantial changes in tissue uptake between the unconjugated and conjugated antibody, except a trend 
for hepatic uptake of the conjugated most likely due to the metabolism of the small molecule (Boswell 
et al., 2011).

Mandler et al. (2004) provides a good example of the characterization of ADC distribution relative to 
unconjugated antibody in xenograft models, where tumor specific uptake between Herceptin and H-GA, 
an ADC consisting of Herceptin conjugated to geldanamycin (GA) was evaluated. In this study, both 
unconjugated Herceptin and Herceptin in the ADC were labeled with 111In and 125I in order to identify tumor 
associated internalized and bound fractions, respectively. Data revealed similar tumor uptake suggesting 
that Herceptin targeting properties were not affected by the linkage chemistry to geldanamycin  (GA) 
(Figure 25.2).

Micro-PET imaging from antibodies labeled with positron zirconium-89 (89Zr) have also been studied 
in preclinical and clinical settings to obtain non-invasive, real-time data about ADC distribution and tumor 
targeting. Importantly, the tracking of 89Zr-antibody has been used as a tool to assess antibody internal-
ization and target expression to predict patient response to the ADC version of the antibody [42–45].

Other modalities pertain to non-invasive methodologies, such as fluorescence molecular tomography 
(FMT), which uses the near infrared (NIR) spectral region (600–900 nm) where the biologic component 
of the ADC is labeled with a fluorescent dye. Although at the cost of losing resolution, gains such as 
avoiding the labor-intensive requirements implied on the synthesis of the radiolabeled compounds and 
the use of a large number of animals have proven to be of advantage. In addition, the ability of assessing 
multiple fluorophores simultaneously due to the wide spectra has been consider a plus. Examples of this 
modality used in the context of ADC whole-body biodistribution are reported by Giddabasappa et al. [46], 
using IRDye 800 CW and fluorophore VivoTag 680XL (VT680), demonstrating no significant differences 
in biodistribution, PK, or tumor targeting between naked antibody and ADC. A trend to higher tumor 
accumulation of the signal in the antibody group was hypothesized to be due to the ADC-induced tumor 
growth inhibition or cell killing. Liver accumulation of the signal in both antibody and ADC groups was 
attributed to the metabolism of VT680 (Figure 25.3).
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FIGURE 25.2 Tissue distribution of 111In-Herceptin and 111In-Herceptin-GA at 4  days after IV administration in 
xenografts bearing mice. Tumor uptake between naked and conjugated antibody did not show significant differences 
(p = 0.077). Inset depict kinetics in blood relative to tumor at 1, 2, and 4 days of 111In-Herceptin-GA administration. 
(From Mandler, R. et al., Cancer Res., 64, 1460–1467.)
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Relevance of Target Expression in Healthy and Pathological Tissues

Together with the stability of the linker in circulation and the unchanged targeting properties of the 
mAb due to conjugation, target expression is of particular consideration when selecting an antibody as a 
candidate for the design of an ADC. Due to the potency of the cytotoxic drug, even low expression of the 
target in normal tissues may limit the ADC therapeutic window [47]. In order to reduce ADC binding 
to healthy tissues and to enhance uptake by tumors, it appears possible to pre-block antibody binding 
to non-target tissues by pre-dosing with unconjugated antibody. This approach has been successfully 
implemented by radio-immunotherapy in preclinical and clinical studies [48–50], in which saturation of 
the non-target sites was achieved by pre-dosing of the unconjugated antibody. Hence, identification of 
target expression in normal tissues does not necessarily prevent achievement of a reasonable therapeutic 
window. In a case study with an anti-TENB2 antibody directed against another prostate cancer antigen, 
TENB2, and candidate antibody for an ADC, Boswell et al. 2013 identified normal tissue expression 
of TENB2. Thus, an unconjugated anti-TENB2 dose-escalation study in mice bearing tumors was 
performed to select the optimal pre-dose level based on the ability of the antibody to saturate specific 
binding in normal tissues without hampering 111In-TENB2 ADC tumor uptake and subsequent efficacy 
(Boswell et al. 2012a). These results are depicted by SPECT/CT (Figure 25.3).

FIGURE 25.3 SPECT/CT fusion images of xenograft bearing mice showing the impact of pre-treatment with 0, 1, or 
10 mg/kg of anti-TENB2 or 10 mg/kg of STEAP antibody (control antibody), 24 hrs prior to the intravenous administration 
of 111In-anti-TENB2-MMAE (3 mg/kg) at 24 or 72 hrs. Pre-treatment with another anti-prostate cancer antibody did not 
impact tumor uptake of anti-TENB2. Tumor-to-heart ratio increased over time, depicting the increase of anti-TENB2 ADC 
associated signal in tumor against the decrease in blood and highly perfused organs, i.e., heart. (From Boswell, K.A. et al., 
Breast, 21, 701–706, 2012.)
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Complementing Biodistribution with ADC Catabolism

ADCs can be catabolized in a variety of ways, depending on their antibody, linker and drug components, 
thereby releasing distinct species that can contribute to both efficacy and toxicity. Novel technologies are 
increasingly being applied to better characterize the catabolic fate of the ADC and therefore complement 
biodistribution data conventionally referred to as “total.” Concomitantly, bioanalytical methods, such 
as immunoassays or LC-MS, have been applied to investigate the concentrations of an ADC as intact, 
products of catabolism, or identification of relevant metabolites in different biological matrices. Multiple 
review articles have addressed the complexities of ADC analyte mixtures and the need for multiple and 
diverse analytical techniques used for characterization.

Studies to characterize the ADME properties of an ADC typically use radioactivity labels such as 14C 
and 3H on the cytotoxic drug. Case studies of this type where biodistribution is complemented with ADC 
metabolism and excretion are described by Pastuskovas et al. (2005) and Shen et al. (2012). In the first 
case, the study was aimed to characterize the tissue distribution, metabolism and route of elimination of 
Herceptin-Val-Cit-[14C]MMAE after intravenous administration in rats. Tissue distribution was assessed 
by quantitative whole-body autoradiography showing that ADC followed a distribution similar to that of 
an antibody in a non-binding species. Persistence of radioactivity in rapidly dividing cells tissues, such 
as the thymus by day 7, was associated to the cytotoxic drug (Figure 25.4). Overall, tissue distribution 
data reinforced the understanding of the antibody as the driver of ADC distribution in tissues. These data 
were complemented with characterization of the ADC biotransformation and it postulated feces as the 
main route of elimination of the free drug (Figure 25.5).

In addition, Shen et al. (2012) investigated trastuzumab-MCC-[3H]DM1 distribution, metabolism and 
excretion in rats after intravenous administration. Tissue distribution was evaluated by cut and count and 
results demonstrated, as shown before, that the ADC distributed non-specifically to highly vascularized 
tissues, with no evidence of accumulation or retention. These data were complemented by evidences of 
DM1 elimination by fecal/biliary route and identification of catabolites that agreed with those found in 
patients with Her2-positive cancer receiving the ADC as treatment.

Diversified bioanalytical assays and considerate biodistribution studies will continue to expand the 
understanding of ADCs, and the potential to increase therapeutic window to ultimately treat disease as 
well as inform more accurate PK-PD modeling.

FIGURE 25.4 Whole-body FMT images depicting Tumor targeting and clearance of 5T4-Ab-VT680 and 
5T4-ADC-VT680  at different time points after intravenous administration in tumor bearing mice. Arrows show the 
location of tumor (T) and liver (L). (From Giddabasappa et al., 2016.)
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Utilizing PK-PD Modeling to Inform Efficacy of ADCs

Due to the multi-components of the ADC and its complex disposition at organ and cellular levels, a 
quantitative understanding and evaluation of the ADC PK-PD relationship are needed in the early stages 
of development to optimize the ADC design, assess target feasibility, and guide translational studies.

Early attempts of developing PK-PD models for ADCs started with the semi-mechanistic modeling 
approaches. For example, Jumbe et al. developed a PK-PD model for trastuzumab-DM1 (T-DM1) [51]. In 
this study, the conventional two-compartment model was used to describe T-DM1 PK and a transit tumor 
killing model was used to model the efficacy. PK and PD models were sequentially fitted to various 
mice studies. The final model was used to evaluate the optimal dosing regimen in the clinical study. 
A similar approach has been used to study the clinically efficacious concentration for an anti-5T4 ADC 
[52]. Population modeling combining the two-compartment PK model with a transit PD model was also 
utilized to analyze patient platelet profile in the clinical development [53].

FIGURE 25.5 Representative sagittal autoradiograms at different sectioning levels of a rat showing the distribution of 
Herceptin-Val-Cit-[14C] MMAE at different time points post-administration of a single dose of the ADC. Heat map depicts 
radioactivity concentrations. (From Pastuskovas, C.V. et al., Cancer Res., 65, 1195–1196, 2005.)
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Chudasama et al. developed a semi-mechanistic population model focused solely on pharmacokinetics 
to characterize T-DM1 deconjugation [54]. In this model, the pharmacokinetics of individual ADC 
species with different DAR values were described using the two-compartment model and individual 
ADC species were connected with first-order deconjugation rates (Figure 25.6). The model was used 
to explain why T-DM1 had shorter terminal half-life than Trastuzumab™ in clinical studies. Bender 
et al. later on extended this approach and measured individual DAR moieties in preclinical in vitro and 
in vivo studies to elucidate T-DM1 pharmacokinetics in detail [55]. Following these studies, Lu et al. 
added a payload PK compartment to the existing model that the final model was able to characterize total 
ADC, conjugated ADC and free payload PK of an anti-CD79b-MMAE ADC in the preclinical study 
[56]. Sukumanran et al. correlated the clearance of individual DAR moieties with its DAR values and 
investigated the impact of conjugation-site dependent payload deconjugation on PK and the tumor killing 
efficacy [57]. The same group also applied the similar modeling approach for predicting human PK of an 
anti-STEAP1-vc-MMAE ADC [58].

More mechanistic models were also developed with increasing model complexity. Shah et al. developed 
a multiscale model by modeling ADC and free payload physiological disposition separately [59]. In this 
study, the ADC and free payload disposition were modeled at tissue and cellular levels (Figure 25.7). While 
the two-compartment model was used to fit the plasma PK of both ADC and free payload, a published 
tumor disposition model [60,61] was adapted to describe ADC and free payload transport between 
plasma and tumor. At the tumor cellular level, the ADC binding to antigen, bound ADC internalization, 
free payload transport, and free payload binding with cellular target were also considered. The total 
tumor payload concentration was linked to a transit tumor killing model for modeling efficacy. The final 
PK-PD model was used to predict clinical progression free survival rates and complete response rates for 
Brentuximab-vedotin as well as the tumor concentration of ADC and free payload for the anti-5T4 ADC 
[59,62]. Later on, the same model was used to predict clinical responses of Inotuzumab ozogamicin [63]. 
Additional efforts have been made to integrate more cellular disposition mechanisms into the model [64].

FIGURE 25.6 Model structure diagram of the multiscale PK-PD model developed for predicting ADC clinical outcomes 
using preclinical measurements.
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The target-mediated drug disposition (TMDD) model, which has been frequently used for 
characterizing antibody non-linear PK [65], was also being adapted to describe PK of ADCs. 
Gibiansky et al. applied the TMDD modeling approach to individual DAR species of the ADC [66]. In 
this study, payload deconjugation was assumed to occur only in the central compartment. Individual 
DAR species were assumed to have same distribution parameters and target binding kinetics, while 
the non-specific clearance and payload deconjugation rate of individual DAR species were allowed 
to be different. The general TMDD model has also been simplified with quassi-equilibrium, quassi-
steady-state and Michaelis–Menten approximations in order to improve the parameter identifiability 
and estimation precision.

Whole-body physiologically based pharmacokinetic (PBPK) models have been frequently used to 
characterize tissue specific toxicity and PD at the site of action for both small molecule and monoclonal 
antibodies [67,68]. Developing whole-body PBPK model for ADC is more complicated since the 
disposition of intact ADC, free antibody and free freeload all would need to be considered. While it is 
challenging, Cilliers et al. developed a multiscale PBPK model to describe ADC disposition at tissue 
and cellular levels. In this study, a published PBPK model was combined with the aforementioned tumor 
disposition model and in vivo biodistribution studies were performed to validate model. The model was 
used to study the tumor penetration of the T-DM1 ADC and suggested that when free payload is potent 
enough, lowing the DAR of the ADC or co-administration of a monoclonal antibody that competes 
the same target with the ADC may improve the ADC tumor penetration hence potentially improve the 
efficacy [69]. Interestingly, a minimal PBPK model with reduced model complexity that describe both 
ADC and free payload PK was also developed based on the commercially available software Simcyp® to 
assess DDI risks of the free payload [70].

Overall, PK-PD modeling of ADCs is still a relatively new field and requires understanding of both 
monoclonal antibodies and small molecular payloads physiological disposition. It is unlikely that a one-
size-fits-all modeling strategy would be developed. The choice of model needs to be determined based 
on the purpose of the study, data availability, and understanding of the physiology. The “right” model 
could be very helpful for optimizing ADC design, evaluating target, identifying key issues, and guiding 
the preclinical and clinical developments.

Conclusions

Antibody-drug conjugates are targeted therapeutic conjugates that employ antibodies for its specificity 
and long half-life, and small molecules for their cytotoxic effect. Even though ADCs have been 
investigated for decades, there are numerous knowledge gaps in understanding the relationship 
between selective delivery and toxicity. For example, the optimum difference in the expression of target 
required between the tumor and normal tissues for a better therapeutic index of an ADC is unknown. 

FIGURE 25.7 Model structure diagram a semi-mechanistic with the consideration of individual ADC species with 
different DAR values.
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Utilizing biodistribution studies along with implementing accurate PK-PD modeling will begin to aid in 
establishing a quantitative relationship between ADC dose and PK of different analytes in plasma, tumor, 
and other tissues. Ultimately, establishing these relationships will improve the therapeutic outcomes of 
ADCs across the stages of drug development.
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Managing Reactive Metabolites in Drug 
Discovery and Development

Amit S. Kalgutkar

Introduction

The biotransformation of relatively innocuous chemicals to electrophilic reactive metabolites (RMs), 
commonly referred to as bioactivation, is viewed as an unfavorable feature in drug candidates given 
the propensity of RMs to covalently modify of DNA resulting in genotoxicity (Dobo et al., 2009) and/
or inactivate cytochrome P450 (CYP) isoform(s) leading to clinical drug-drug interactions (DDIs) 
(Orr et  al., 2012). In addition, it is now widely accepted that the generation of an RM is an obliga-
tory step in the pathogenesis of some idiosyncratic adverse drug reactions (IADRs) (Guengerich and 
MacDonald, 2007; Li and Uetrecht, 2010; Uetrecht, 2008). IADRs can manifest as rare and sometimes 
life-threatening reactions (e.g., drug-induced liver injury [DILI], skin rashes, and blood dyscracias) in 
drug-treated patients that cannot be explained by the primary pharmacology of the drug. For instance, 
nefazodone is used to treat depression but can cause DILI (Kalgutkar et al., 2005a). Many IADRs are 
immune mediated and occur in very low frequency (1 in 10,000 or 1 in 100,000) in a small subset of 
patients either acutely or as a delayed response. IADRs, by definition, are difficult to reproduce in the 
human population and there are few, if any, generally applicable animal models for examining these 
toxicities in preclinical discovery/development (Uetrecht, 2006). Consequently, these reactions are often 
not detected until the drug has gained broad exposure in a large patient population. Amongst all IADRs, 
DILI remains a leading cause of acute hepatic failure and a major reason for withdrawal of marketed 
therapeutic agents (Leise et al., 2014).

The underlying mechanisms of IADRs remain unclear. However, it is believed that the vast majority 
are caused by immunogenic conjugates formed via the covalent interaction of an RM with cellular 
proteins resulting in direct cellular dysfunction or an immune response via the formation of a hapten 
(Uetrecht and Naisbitt, 2013). The observations that certain IADRs (e.g., hypersensitivity associated 
with the antiretroviral agent abacavir) are linked to specific human leukocyte antigen (HLA) genes 
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provide compelling evidence for the immune-mediated component of these toxicities (Ogese et  al., 
2016). As such, the link between RM formation and drug toxicity was first demonstrated in studies 
on the hepatotoxic anti-inflammatory agent acetaminophen. Mechanistic studies, which established the 
CYP-mediated oxidation of the p-hydroxyacetanilide moiety in acetaminophen to a reactive quinone-
imine species, which can cause hepatotoxicity via depletion of endogenous glutathione (GSH) pools 
and/or covalent binding to hepatic proteins, have served as a gold standard for drug toxicity assessment 
over the decades (Park et al., 2005).

Screening for Reactive Metabolites in Preclinical Discovery

Predicting the IADR potential of new drug candidates is practically difficult, if not impossible. Under 
the basic premise that a drug candidate devoid of RM formation could mitigate IADR risks, proto-
cols have been implemented by pharmaceutical companies to evaluate RM formation potential of new 
chemical entities (NCEs) with the goal of minimizing or eliminating the liability by rational structural 
modifications on the NCE (Argikar et al., 2011; Kalgutkar and Dalvie, 2015; Park et al., 2011; Prakash 
et al., 2008; Stachulski et al., 2013; Thompson et al., 2012, 2016). Tactics to evaluate the generation of 
RMs via oxidative metabolism of NCEs has been previously reviewed (Evans et al., 2004); incubation of 
the radiolabeled (14C or 3H-labeled) NCE with NADPH-supplemented human liver microsomes and/or 
human hepatocytes followed by quantification of the amount of un-extractable radioactivity (presumably 
due to covalent binding of the electrophilic RM to hepatic proteins) constitute prototypic methods. Lack 
of availability of radiolabeled material particularly in early preclinical discovery, however, precludes 
routine application of this method for screening vast numbers of NCEs. A more convenient solution, 
which is also flexible to a high-throughput screening format, is the implementation of assays in which 
nucleophilic trapping reagents are included in NADPH-supplemented liver microsomal incubations with 
NCEs, and the trapped electrophiles (RM-nucleophile adducts) are detected using liquid chromatogra-
phy tandem mass spectrometry (LC/MSMS) (Argoti et al., 2005; Ma and Subramanian, 2006). Soft elec-
trophiles (e.g., epoxides, quinones, quinone-imines, quinone-methides, etc.) generated via the oxidative 
bioactivation of phenyl, phenolic, amino-, and alkylphenolic substituents can be trapped with nucleo-
philes of comparable softness (e.g., GSH or cysteine) in RM screens. In contrast, hard nucleophiles such 
as cyanide and amines (e.g., semicarbazide or methoxylamine) are frequently utilized to trap hard elec-
trophiles (e.g., iminiums and aldehydes) that result from the oxidative bioactivation of cyclic (or acylic) 
amines and primary alcohols (Kalgutkar, 2005b, 2017). In some instances, soft sulfydryl nucleophiles 
(e.g., GSH and cysteine) have also been utilized to trap aldehydes to yield cyclized thiazolidine adducts 
(Inoue et al., 2015; Lenz et al., 2014).

Excluding Toxicophores in Drug Design

Besides the implementation of RM screens, exclusion of certain functional groups (referred to as 
structural alerts or toxicophores) that are either intrinsically electrophilic or are known to undergo 
enzyme-catalyzed bioactivation to RMs is a standard modus operandi in modern medicinal chemistry. 
The categorization of functional groups as toxicophores (Kalgutkar et al., 2005b) has originated from 
numerous mechanistic studies on pathways leading to RM formation with drugs associated with idio-
syncratic toxicity (associated with a black box warning (BBW) or recalled from commercial use). Out 
of 68 drugs recalled or associated with a BBW for idiosyncratic toxicity, 55 (80.8%) contained one or 
more toxicophores, and evidence for RM formation (characterization of stable adducts with nucleo-
philes and/or covalent binding to target organ tissue (e.g., liver microsomes)) is available for 36 out 
of the 55 drugs (65%) (Stepan et al., 2011). In this meta-analysis, the aniline/anilide motif emerged 
as a prominent toxicophore, which was present in more than half of the toxic drugs (Kalgutkar, 
2015; Stepan et  al., 2011). Amongst all known toxicophores, the aniline/anilide motif is perhaps 
most notorious for its association with mutagenicity, direct organ toxicity, methemoglobinemia, and 
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immunogenic allergenic toxicity (Shamovsky et  al., 2012). Bioactivation pathways of the aniline/
anilide motif leading to RMs have been previously reviewed (Kalgutkar, 2015).

A persuasive argument for chemotype driven toxicity also becomes evident from structure-activity 
relationship (SAR) studies, wherein absence of RM liability is consistent with the improved safety pro-
file of successor drugs (Kalgutkar, 2011; Kalgutkar and Didiuk, 2009; Stepan et al., 2011). For instance, 
the high incidence of agranulocytosis and hepatotoxicity noted with clozapine use in the clinic is rarely 
encountered with the structural analogs quetiapine and loxapine. In vitro, clozapine undergoes oxidative 
bioactivation on its dibenzodiazepine ring via the action of myeloperoxidase (MPO) enzyme to afford 
a reactive iminium ion 1, which covalently binds to target tissue (e.g., human neutrophils) and GSH to 
yield adduct 2 (Figure 26.1) (Gardner et al., 1998; Liu and Uetrecht, 1995). Proteins covalently modified 
with clozapine have been detected in neutrophils of patients being treated with the drug, which reaffirms 
the relevance of the in vitro studies (Gardner et al., 1998). In the case of quetiapine and loxapine, the 
bridging nitrogen atom is replaced with a sulfur or oxygen atom (Figure 26.1). Consequently, these drugs 
cannot form a reactive iminium species (Uetrecht et al., 1997). Although anecdotal for the most part, 
such structure-toxicity relationships suggest that avoiding toxicophores in drug design would yield small 
molecule therapeutics potentially devoid of IADRs.

There are several shortcomings on the application of the toxicophore concept in drug design. First and 
perhaps most importantly, there is no clear distinction as to when a particular functional motif is viewed 
as a toxicophore. This is because toxicophores are divided into a simple binary categorization; ones that 
form RMs versus all other functional groups. The vast majority of marketed medicinal agents possess a 
phenyl ring, which is a toxicophore. Oxidative metabolism of the phenyl ring to the corresponding phenol 
metabolite by CYP enzymes proceeds through a reactive epoxide intermediate, which can be trapped 
with GSH (Kalgutkar et al., 2005b; Stepan et al., 2011). It is essentially impossible to remove simple aryl 
rings from the collection of organic functional groups in drug design, and mankind would be deprived of 
myriad useful drugs if compounds containing a phenyl ring were suspended from development because 
a phenyl ring is considered to be a toxicophore.

Second, since the categorization of toxicophores is knowledge-based, it is not possible to avoid as yet 
unknown structures that can form RMs. For example, the mechanism for RM formation with the anticon-
vulsant felbamate, which is associated with aplastic anemia and hepatotoxicity, involves the formation 
of the electrophilic α,b-unsaturated aldehyde 2-phenylpropenal (3) via an atypical bioactivation pathway 

FIGURE 26.1 Structure-toxicity relationships for dibenzodiazepine class of antipsychotic agents—Clozapine versus 
loxapine and quetiapine.
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shown in Figure 26.2 (Dieckhaus et al., 2002). Evidence for the occurrence of this pathway in vivo has 
been demonstrated via the characterization of urinary mercapturic acid conjugates (e.g., adduct 4) fol-
lowing felbamate administration to humans (Thompson et al., 1999). As seen in Figure 26.2,  felbamate 
is devoid of prototypic toxicophores. The enzyme(s) responsible for felbamate bioactivation in humans 
remain to be characterized.

Finally, not all toxicophores will be necessarily bioactivated to RMs. The selective direct fac-
tor Xa inhibitors and anticoagulants apixaban and rivaroxaban (Figure  26.3) contain toxicophores 
(p-methoxyaniline and bis-anilide motifs in apixaban; chlorothiophene and bis-anilide motifs in rivar-
oxaban). Human mass balance studies using 14C radiolabeled apixaban and rivaroxaban reveal that the 
toxicophores in apixaban and rivaroxaban are not prone to metabolism, thus negating the possibility of 
RM formation (Weinz et al., 2009; Zhang et al., 2009). In the case of rivaroxaban, the pendant chloro-
thiophene motif is essential for pharmacology and cannot be replaced. The aniline toxicophore is also 

FIGURE 26.3 Anticoagulants apixaban, rivaroxaban, and dabigatran possess toxicophores but do not form RMs.

FIGURE 26.2 Bioactivation of the anticonvulsant felbamate to a reactive α,b-unsaturated aldehyde 3.
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present in the oral direct thrombin inhibitor dabigatran (see Figure 26.3). However, dabigatran is not 
subject to oxidative metabolism by CYP enzymes in humans (Stangier, 2008).

The likelihood of RM formation will depend on the binding pose of the NCE in the catalytic active 
site of the metabolizing enzyme (e.g., CYP) and subsequent positioning of the toxicophore towards the 
catalytic center to yield an RM. Thus, it is entirely possible that metabolism could potentially occur at a 
region distinct from the toxicophore and lead to non-reactive products as metabolites. For instance, the 
2-aminothiazole toxicophore is present in the enol-carboxamide class of non-steroidal anti-inflammatory 
drugs sudoxicam and meloxicam, but only sudoxicam is oxidized by CYP enzyme(s) to the reactive 
acylthiourea intermediate 7 via the epoxide and diol intermediate 5 and 6, respectively (Figure 26.4). 
The acylthiourea 7 appears to be responsible for sudoxicam hepatoxicity (Obach et al., 2008a). Although 
introduction of a methyl group at the C-5 position on the thiazole ring in meloxicam is the only structural 
difference, the change dramatically alters the metabolic profile. Oxidation of the C-5 methyl group to the 
alcohol 8 and carboxylic acid 9 metabolites constitutes the major metabolic fate of meloxicam in humans 
(Figure 26.4) (Davies and Skjodt, 1999). Additionally, elimination mechanisms other than metabolism 
could be a principal mitigating factor with regards to bioactivation. For example, ranitidine and prami-
pexole (Figure 26.4) are primarily eliminated by urinary excretion in unchanged parent form (Bell et al., 
1980; Diao et al., 2010) and no evidence for bioactivation to RMs has been deciphered on the furan and 
2-aminothiazole toxicophores present in these drugs. It is noteworthy to point out that ranitidine and 
pramipexole are marketed agents for the treatment of peptic ulcers and Parkinson’s disease, and are 
generally devoid of IADRs.

Elimination of RM Liability in Preclinical Drug Discovery

While toxicophores must be used with caution particularly at the chemical lead optimization stage, it 
is pivotal to experimentally determine their susceptibility to form RMs. For RM-positive compounds, 
the structure of the reactive species (usually inferred from the characterization of a stable adduct(s) with 
nucleophiles), the biochemical pathway(s) and the enzyme(s) responsible for their generation must be 
determined. The information can then be used, as appropriate, for structural modifications aimed at 
eliminating the liability. In practice, however, eliminating or reducing RM formation in a lead chem-
ical series is not trivial; medicinal chemistry solutions to eliminate RM formation could result in a 

FIGURE 26.4 Examples of drugs that contain toxicophores but do not form RMs.
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detrimental effect on primary pharmacology (e.g., changes in subtype selectivity for target receptor 
or enzyme, agonist/antagonist behavior) and/or pharmacokinetic attributes (e.g., attenuation of aque-
ous solubility or passive cell permeability). If the toxicophore can be readily replaced with an alternate 
functional group without a significant loss of primary pharmacology/pharmacokinetic properties, then 
it is advisable to do so and thereby avoid the need for additional risk assessment beyond standard drug 
safety packages and further internal debate on this topic for the remainder of the development program.

Reports on the metabolism-guided drug design to abolish RM formation in a preclinical drug dis-
covery setting are abundant in the medicinal chemistry/chemical toxicology literature, and a few are 
discussed below as illustrations. The first example focuses on pyrazinone-based corticotrophin- releasing 
factor-1 (CRF1) receptor antagonists and potential antidepressant/anti-anxiolytic drugs (Hartz et  al., 
2009a, 2009b, 2010; Zhuo et al., 2010). In the course of SAR studies, pyrazinone 10 (Figure 26.5) was 
found to possess good pharmacokinetics and pharmacodynamics properties in rodent models of anxiety 
(Hartz et al., 2009a). However, extensive oxidative metabolism including the formation of GSH adducts 
was noted in subsequent in vivo disposition studies on 10 in bile duct-cannulated rats (Hartz et al., 2009b; 
Zhuo et al., 2010). A major component of the elimination mechanism of 10 in rats (~40% of drug-related 
material recovered in rat bile) comprised of conjugation with GSH, consistent with RM formation in 
vivo (Zhuo et  al., 2010). Two distinct bioactivation mechanisms (both mediated by CYP enzyme(s)) 
were elucidated from subsequent in vitro studies on 10 using NADPH-supplemented liver microsomes 
(Figure 26.5): (a) oxidation on the chloropyrazinone ring to yield an electrophilic epoxide 11 that was 
trapped with GSH to generate stable adduct 12 and (b) O-dealkylation of the difluoromethylphenoxy 
moiety to afford phenol 13, followed by a two-electron oxidation to generate a reactive quinone-imine 
species 14, which reacted with GSH in a 1,4-Michael fashion to yield adduct 15. This bioactivation path-
way is analogous to the one described with the 2,6-dichloro-4-hydroxyaniline analogs and non-steroidal 
anti-inflammatory drugs diclofenac and lumiracoxib (Li et al., 2008; Tang et al., 1999). On the basis of 
this information, medicinal chemistry strategies were initiated with the goal of eliminating the bioac-
tivation liability in 10. Quinone-imine formation was eliminated by replacing the 2,6-dichloroaniline 
motif with a bioisosteric pyridyl group, whereas epoxide formation on the 5-chloropyrazinone ring was 
attenuated by replacing the chlorine atom with the more strongly electron-withdrawing cyano group. 
Out of this exercise emerged 16 (Figure 26.5) with sufficiently diminished RM formation both rat and 
human liver microsomes (Hartz et al., 2009b). Consistent with the in vitro finding, <2%–4% of GSH 
conjugates were recovered in rat bile following in vivo administration of 16. Compound 16 also retained 
all of the primary pharmacology and pharmacokinetic properties of the lead compound 10 (Hartz et al., 
2009b, 2010). As such, replacement of the phenyl ring with a pyridyl group is frequently utilized in 

FIGURE 26.5 Metabolism-guided efforts in reducing RM formation with a pyrazinone-based corticotropin-releasing 
factor-1 receptor antagonist 10.
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medicinal chemistry to attenuate the formation of reactive quinonoid species derived from oxidation of 
electron-rich aromatic systems (e.g., aminophenols, catechols, etc.) (Kalgutkar et al., 2010).

The second illustration depicts strategies towards eliminating bioactivation of the electron rich 
4-hydroxyaniline motif in the antimalarial agent amodiaquine 17 (Figure 26.6) (Maggs et al., 1987, 1998; 
O’Neill et al., 1994, 2003, 2009a; Tingle et al., 1995). Several cases of hepatotoxicity and agranulocyto-
sis have been noted with the clinical use of 17, and the detection of IgG antibodies in patients exposed to 
17 is consistent with immune-mediated hypersensitivity reactions (Neftel et al., 1986; Schulthess et al., 
1983). The immune-mediated toxicity is thought to arise from the bioactivation of the 4-hydroxyaniline 
motif in 17 to a reactive quinone-imine species 18, which can covalently bind to cellular proteins or 
GSH (Figure 26.6). Exchanging the C′-4-phenolic OH group with a fluorine atom results in 19 that does 
not undergo the obligatory two-electron oxidation process to the electrophilic quinone-imine species 
(Figure 26.6) (O’Neill et al., 1994; Tingle et al., 1995). In addition, isomerization of the 3′ and 4′ sub-
stituents in 17 affords analogs 20 and 21 (Figure 26.6), which do not form RMs (judged from the lack of 
formation of GSH conjugates) (O’Neill et al., 2003, 2009a). Compound 21, in particular, was identified 
as a candidate for further development based on potent activity versus chloroquine-sensitive and resistant 
parasites, moderate to excellent oral bioavailability, low toxicity in in vitro studies and an acceptable 
safety profile (Davis et al., 2009; O’Neill et al., 2009a, 2009b).

The third example pertains to the discovery efforts on taranabant (23, Figure 26.6), a selective 
and potent inhibitor of the cannabinoid-1 receptor, which has been studied in phase III clinical trials 
for the treatment of obesity. The lead compound 22 (Figure 26.6) revealed a high level of covalent 
binding to human liver microsomes in a NADPH-dependent fashion, consistent with CYP-mediated 
formation of RM(s). Elucidation of the structure of the GSH conjugate obtained in subsequent trap-
ping studies in liver microsomes suggested that the RM was an epoxide intermediate derived from 
a CYP-mediated oxidation of the electron-rich phenoxy ring (Hagmann, 2008). Replacement of the 

FIGURE 26.6 Case studies on elimination of bioactivation liability in lead chemical series.
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phenoxy ring in 22 with a trifuoromethylpyridyl ring afforded 23, which was devoid of RM forma-
tion, while retaining potency and selectivity against the cannabinoid-1 receptor.

The final example revolves around the discovery of the first glucokinase activator, piragliatin (27, 
Figure  26.6), which has demonstrated efficacy (e.g., lowering of pre- and postprandial glucose levels, 
improvements in insulin secretory profile) in phase II clinical trials in patients with type 2 diabetes (Sarabu 
et al., 2012). The prototype candidate RO0281675 (24, Figure 26.6) was withdrawn from phase I clinical 
studies due to its narrow safety margin in preclinical toxicology studies. RO0281675 caused reversible 
hepatic lipidosis in chronic toxicology studies in rats and dogs, which was believed to occur via the metabo-
lism of the 2-aminothiazole motif to the reactive thiourea metabolite (25). The hypothesis was further 
substantiated on the basis of two observations: (a) the thiourea derivative 25 was formed as a metabolite 
upon incubating 24 in NADPH-supplemented liver microsomes from preclinical species and humans, and 
(b) five day toxicity studies in rats with an authentic standard of 25 led to hepatic lipidosis in a manner 
similar to that noted with 24. Subsequent SAR studies seeking thiazole ring replacements led to the identi-
fication of a pyrazine-based lead analog 26 (Figure 26.6). In vitro metabolite identification on 26 revealed 
several oxidative metabolites on the cyclopentyl ring, which were synthesized and shown to possess phar-
macological activity comparable to 26. Additional profiling of in vitro and in vivo safety and efficacy of 
the oxidative metabolites led to the selection of piragliatin (27) as the clinical candidate. Subchronic and 
chronic toxicology studies with 27 in rats and dogs revealed no evidence of hepatic lipidosis. Furthermore, 
27 is relatively less lipophilic than 26 (clog P of 26 = 2.69 vs. clog P of 27 = 0.47) and exhibits superior oral 
absorption (lower plasma clearance leading to increased oral absorption) in preclinical species and humans.

Critical Evaluation of the Toxicophore Concept 
as Utilized in Medicinal Chemistry

Potentially alleviating IADR risks by eliminating RM formation may represent a viable starting point in 
drug design, but there is a growing concern that the perceived safety risks associated with incorporation 
of a toxicophore and RM-positive compounds may be over accentuated. First of all, it is important to note 
that the lack of a toxicophore and/or RM formation in a drug candidate does not serve as a warranty of 
its safety. There is no evidence that the idiosyncratic DILI associated with the recalled thrombin inhibi-
tor ximelagatran (Figure 26.7) is associated with RM formation and, as such, the drug does not contain 
any toxicophores in its chemical structure (Testa et al., 2007). Likewise, there are no toxicophores and 
no evidence for RM formation with drugs such as pemoline (DILI), chlormezanone (toxic epidermal 
necrolysis), and isoxicam (toxic epidermal necrolysis) (Figure 26.7), which have been withdrawn due to 
idiosyncratic toxicity (Stepan et al., 2011).

Several marketed blockbuster drugs also contain toxicophores and form RMs, but are rarely associated 
with idiosyncratic toxicity. Out of 108 structurally distinct and most prescribed small molecule drugs in 

FIGURE 26.7 Drugs associated with idiosyncratic toxicity that do not contain toxicophores and are devoid of RM 
formation.
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2009, 58 (53%) contained toxicophores and evidence for RM formation was provided in 24 out of the 58 
(41%) cases (Stepan et al., 2011). Likewise, 13 out of the 15 small molecule drugs, which constituted the 
most sold drugs in 2009, were found to contain toxicophores in their structures. In vitro and/or in vivo 
experimental evidence for RM formation has been presented for 10 out of the 13 drugs (Stepan et al., 
2011). The toxicophores are fairly diverse in nature and include aniline/anilide, thiophene, olefin, and 
quinone precursors found in the toxic drugs. Atorvastatin, clopidogrel, and duloxetine (Figure 26.8) are 
perhaps the most provocative illustrations of marketed blockbuster agents that contain toxicophores and 
are prone to RM formation. In the case of atorvastatin, monohydroxylation(s) on the acetanilide toxico-
phore by CYP3A4 yields the pharmacologically active ortho- and para-hydroxyacetanilide metabolites 
(Lannernas, 2003), which can be further oxidized to reactive quinone-imine species in a manner similar 
to that noted for the anti-inflammatory agent acetaminophen. The observation that atorvastatin cova-
lently binds to human liver microsomes in a NADPH-dependent fashion partially validates the bioacti-
vation hypothesis (Nakayama et al., 2009). It is interesting to note that atorvastatin was ranked number 
one in terms of dispensed prescriptions and total sales for 2009. The P2Y12 purinoreceptor antagonist 
and clot-buster agent clopidogrel contains the thiophene ring toxicophore, which is metabolized by CYP 
enzyme(s) to a pharmacologically active RM (speculated to be an electrophilic sulfenic acid 28), which 
forms a covalent disulfide linkage with a cysteinyl residue on the P2Y12 receptor in platelets, leading to 
inhibition of platelet aggregation (Dansette et al., 2009, 2012; Savi et al., 1994, 2006). Similar to clopi-
dogrel, the anti-depressant duloxetine possesses a pendant thiophene ring, which can be potentially oxi-
dized by CYP to reactive species. Incubation of duloxetine in NADPH- and GSH-supplemented human 
liver microsomes has indicated the presence of several GSH conjugates (e.g., compound 30) derived from 
adduction of the sulfydryl nucleophile to arene oxide intermediates (e.g., compound 29) on the naphtha-
lene ring (Wu et al., 2010). The thiophene ring in duloxetine does not appear to be prone to oxidative bio-
activation. Overall, the analysis by Stepan et al. (2011) reveals that the percentage of toxicophore- and/or 

FIGURE 26.8 Bioactivation of blockbuster marketed drugs atorvastatin, clopidogrel, and duloxetine.
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RM-positive compounds in the most prescribed or total sales drug category is largely similar to that 
noted for drugs recalled or associated with a BBW for idiosyncratic toxicity. These observations also 
imply that the toxicophore concept and RM screening tools in preclinical drug discovery may be too 
rigorous and in its current form could halt the progression of novel and much-needed medicines.

Total Daily Dose as a Mitigating Factor for IADRs

Influence of the administered total daily dose on IADRs has been a topic of discussion across several 
reviews (Boelsterli, 2003; Dalvie et al., 2015; Kalgutkar and Dalvie, 2015; Lammert et al., 2008; Stepan 
et al., 2011; Uetrecht, 2000). Comparison of the daily dosing regimen of drugs associated with idiosyn-
cratic toxicity versus drugs rarely associated with this liability indicates that high dose drugs (>100 mg) 
tend to be the ones that most frequently lead to IADRs, while low dose drugs (<50  mg) are rarely 
problematic in this regard (whether or not these agents are prone to RM formation) (Stepan et al., 2011). 
Among US prescription medicines, a statistically significant relationship has also been noted between 
daily dose of oral medicines and reports of liver failure (p = 0.009), liver transplantation (p < 0.001), and 
death caused by DILI (p = 0.004). Of 598 eligible Swedish DILI cases, 9% belonged to the ≤10 mg/day 
group, 14.2% to the 11–49 mg/day group, and 77% of cases were caused by medications given at dose 
≥50 mg/day (Lammert et al., 2008).

The meta-analysis by Stepan et  al. (2011) indicates that the vast majority of toxicophore- and/or 
RM-positive drugs in the top 200 list (prescription/sales) are low total daily dose drugs. Thus, olan-
zapine (Figure 26.9), which is not associated with a significant incidence of agranulocytosis, forms a 
reactive iminium metabolite analogous to the one observed with clozapine (Gardner et al., 1998). A key 
difference between the two drugs is the total daily dose; clozapine is dosed at >300 mg/day, while the 
maximum recommended daily dose of olanzapine is 10  mg/day. Likewise, the tricyclic antidepres-
sants amineptine and tianeptine (Figure 26.9) form reactive arene oxide species but only amineptine 
is hepatotoxic (Fromenty and Pessayre 1995; Genève et al., 1987; Stepan et al., 2011). The improved 
tolerance of tianeptine in the clinic has been speculated to arise from the ~5–6-fold lower recom-
mended dose (daily doses of amineptine and tianeptine are 200 and 37.5 mg, respectively) (Stepan et al., 
2011). A similar argument has been made for DILI differences between the three thiazolidinedione 
(TZD) derivatives and anti-diabetic agents troglitazone, pioglitazone, and rosiglitazone (Figure 26.9). 
All three agents are prone to bioactivation on the TZD ring framework yielding reactive species in vitro 
(Alvarez-Sanchez et al., 2006; Baughman et al., 2005; He et al., 2004; Kassahun et al., 2001). However, 
pioglitazone and rosiglitazone are not associated with idiosyncratic DILI noted in the clinical use of 
troglitazone. A plausible explanation is the lower total daily doses of pioglitazone and rosiglitazone 
relative to troglitazone (troglitazone, 200–600 mg; pioglitazone, 30 mg; rosiglitazone, 8 mg). Finally, 
in the case of clopidogrel, the majority (>70%) of its daily dose of 75 mg is undergoes rapid ester hydro-
lysis by carboxylesterases to yield an inactive carboxylic acid metabolite (~ 80%–85% of circulating 
metabolites) (Farid et al., 2010). This observation implies that only a small percentage of the parent 
drug (20  mg or less) is theoretically available for conversion to the pharmacologically active RM. 
Indeed, covalent binding to platelets accounts for only 2% of radiolabeled clopidogrel in human mass 
balance studies (Plavix® package insert).

Competing Detoxication Pathways of Metabolism

In vitro RM screens (conducted in GSH- and NADPH-supplemented human liver microsomes) are only 
capable of inspecting oxidative bioactivation mediated by CYP enzymes. In some instances, CYP-
dependent RM formation may be observed in microsomes, but in vivo, the compound may undergo 
a distinctly different and perhaps more facile metabolic fate that by-passes and/or competes with RM 
formation (Dalvie et al., 2015). The more diverse the competing metabolic routes for a NCE, the lesser 
the fraction metabolized via the bioactivation pathway leading to RM. This phenomenon is illustrated 
further with the anti-depressant paroxetine and the selective estrogen receptor modulator raloxifene, 
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FIGURE 26.9 Impact of low total daily dose on IADR potential of drugs that contain toxicophores and/or form RMs. 
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marketed agents that are rarely associated with IADRs, and are part of the “most-prescribed” list of med-
ications in 2009. Paroxetine is metabolized by CYP2D6 on the 1,3-benzdioxole toxicophore to a catechol 
intermediate 31 in humans (Haddock et al., 1989); a process that also leads to the mechanism-based inac-
tivation of the CYP isozyme and DDIs with CYP2D6 substrates in the clinic (Venkatakrishnan et al., 
2005). In vitro studies with [3H]-paroxetine have demonstrated the NADPH-dependent covalent binding 
to human liver microsomal and S9 proteins, and the characterization of GSH conjugates (e.g., compound 
33) of reactive quinone metabolites (e.g., compound 32) obtained from two-electron oxidation of 31 
(Figure  26.10) (Zhao et  al., 2007). Likewise, the selective estrogen receptor modulator raloxifene is 
metabolized by CYP3A4 on the phenolic structural alerts to yield reactive quinone species 34 that can be 
trapped with GSH (compound 35) (Figure 26.10) (Chen et al., 2002). However in vivo, the quinone pre-
cursors of these two drugs (catechol 31 for paroxetine and parent compound raloxifene) are principally 
metabolized via competing O-methylation and/or glucuronidation pathways, respectively (Figure 26.10) 
(Zhao et al., 2007; Dalvie et al., 2008). In fact, the principal metabolites of paroxetine in humans are 
the O-methylated guaiacol derivatives of paroxetine (compounds 36 and 37), obtained via catechol-
O-methyl transferase-catalyzed methylation of 31 (Haddock et  al., 1989). In the case of raloxifene, 
Dalvie et al. (2008) demonstrated the influence of the competing glucuronidation pathway on covalent 
binding of raloxifene-related RMs to human liver microsomes. The studies revealed that preincubation 
of raloxifene with uridine 5-diphosphoglucuronic acid-fortified human intestinal microsomes reduces 
the amount of [14C]-raloxifene that is covalently bound to liver microsomal proteins. Thus, efficient and 
extensive raloxifene glucuronidation (compounds 38–40) by intestinal uridine glucuronosyltransferase 
UGT 1A10 and 1A8 (Kemp et al., 2002; Kishi et al., 2016) probably limits the amount of drug undergo-
ing bioactivation to the corresponding quinones in the liver. Overall, it is tempting to speculate that in the 
modern drug discovery paradigm, paroxetine and raloxifene would unlikely be considered as candidates 
for clinical development because of the high degree of microsomal covalent binding and GSH adduct 
formation (Obach et al., 2008b).

FIGURE 26.10 Impact of competing detoxication pathways on RM formation and protein covalent binding as illustrated 
with paroxetine and raloxifene.



691Managing Reactive Metabolites in Drug Discovery and Development

These observations point out the importance for detailed follow-up studies in fully integrated in vitro 
biological matrices (e.g., hepatocytes and/or liver S-9 fractions) from both human and animal species 
to minimize false positives generated in preliminary RM screens (Dalvie et al., 2009). Establishing a 
clear understanding of the in vivo clearance mechanisms in animals and how that relates to RM forma-
tion in vitro matrices would lead to data-driven decision making with regards to compound selection. 
Consequently, the improved safety of low total daily dose drugs could potentially arise from a marked 
reduction in the total body burden to RM exposure via efficient detoxication processes involving scav-
enging by the endogenous GSH pool and/or competing metabolic pathways, such that the RMs are 
unlikely to exceed the safety threshold needed for toxicity.

Managing RM Liability of Drug Candidates in Preclinical Discovery

The mere presence of toxicophores cannot in itself predict the type, severity or incidence of IADRs asso-
ciated with drug candidates. Likewise, RM screening tools (exogenous trapping with nucleophiles and/or 
protein covalent binding in human liver microsomes) are not intended to predict toxicity but rather detect 
the formation of RMs, some of which may carry a toxic liability. Experiments that unambiguously define 
a 1:1 relationship between RM formation (e.g., the in vitro and in vivo characterization of GSH conju-
gates) and toxicity in humans are extremely rare. Although GSH adducts and/or downstream mercap-
turic acid metabolites that are measured in vivo represent short-term exposure to RMs, protein adducts 
reflect the internal exposure of cells to RMs in vivo, which is more relevant for risk assessment purposes. 
Whether covalent binding measures in vivo is likely to be more informative of the in vivo safety risk 
than covalent binding studies in vitro, remains to be established. This is because of a paucity of data on 
absolute levels of in vivo covalent binding that could lead to a toxic outcome versus levels of binding 
that are safe. At the present time, there is no consensus on a preclinical discovery strategy to investigate 
safety hazard and risk posed by RM formation for a particular drug candidate in humans. Ultimately, 
only studies in humans can currently be used to unearth mechanisms of serious IADRs, and determine 
“cause and effect” with respect to RM formation in humans and clinical outcome. While reducing expo-
sure to RM is viewed as a pragmatic approach to minimize IADR risks during drug development, these 
strategies should not rely solely on structural alert/RM information, as overall metabolic fate and other 
considerations (e.g., toxicity arising from the parent compound itself via inhibition of critical hepatobili-
ary transport proteins) provide additional valuable information that can be used in a “weight of evidence” 
approach for risk assessment and management. Recent advances in risk assessment methodologies, such 
as the estimate of total daily body burden of covalent binding in hepatocytes or by zone classification 
taking the clinical dose into consideration, are positive steps towards quantitative prediction of IADR 
risks with drug candidates (Bauman et  al., 2009; Schadt et  al., 2015; Thompson et  al., 2012, 2016). 
Given this general trend on low daily dose as a key factor in reducing IADR risks, optimization of lead 
compounds in drug discovery programs should focus on improving intrinsic pharmacologic potency and 
optimizing pharmacokinetics (e.g., reducing metabolic clearance) as a means of decreasing the projected 
clinically efficacious plasma concentrations (and hence the dose) and the associated “body burden” of 
parent drug and its metabolites (Smith and Obach, 2009).

With respect to optimization of oxidative metabolic clearance (i.e., reduction in CYP mediated 
metabolism) of NCEs, it is necessary to emphasize that a correlation has been established between 
DILI and drugs undergoing high hepatic metabolism (Lammert et al., 2010). Out of ~ 207 most widely 
prescribed oral medications in the United States, 12 drugs with no reported hepatic metabolism had 
no reports of liver failure, liver transplantation, or fatal DILI. In contrast, drugs significantly metabo-
lized in the liver (>50% hepatic metabolism, n = 149) had significantly higher frequency of alanine 
aminotransferase >3 times the upper limit of normal (35% vs. 11%, p = 0.001), liver failure (28% vs. 
9%, p = 0.004), and fatal DILI (23% vs. 4%, p = 0.001). When the relationship between DILI and com-
bination of hepatic metabolism and daily dose was examined, compounds with both significant hepatic 
metabolism and daily dose >50  mg (n  =  50) were significantly more hepatotoxic than compounds 
belonging to other groups. Compared with medications without biliary excretion, compounds with 
biliary excretion (n = 50) had significantly higher frequency of jaundice (74% vs. 40%, p = 0.0001). 
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Yu et al. (2014) extended the findings of Lammert et al. (2010) by collecting known CYP-mediated 
metabolism data for 254 orally administered drugs in the Liver Toxicity Knowledge Base Benchmark 
Dataset with a known daily dose and applied logistic regression to identify trends between oxidative 
metabolism and DILI. These authors found that drugs oxidatively metabolized by CYP enzymes have 
a higher likelihood of causing DILI (odds ratio, 3.99; 95% confidence interval, 2.07–7.67; p < 0.0001) 
in a dose-dependent manner. These findings have been recently broadened by Weng et al. (2015) using 
975 oral drugs used worldwide that have a Defined Daily Dose (DDD) designated in the World Health 
Organization’s Anatomical Therapeutic Chemical classification system and whose IADR potential 
and metabolism data are available in the Micromedex Drugdex® compendium. Of the 975 drugs exam-
ined, 49% (n = 478) have the potential to induce at least one type of idiosyncratic DILI (e.g., acute 
liver failure, significant ALT/AST elevation, hepatitis, jaundice, and/or fatal DILI). A higher DDD 
(≥100 mg) was found to be associated with all types of IADRs, and extensive liver metabolism (≥50%) 
was associated with a subset of IADRs including hepatitis, jaundice, and fatal DILI. As was the case 
in the analysis of Stepan et al. (2011), lipophilicity (e.g., log P) did not correlate with IADR incidence 
or severity.

Against this backdrop, it is noteworthy to point out that several marketed drugs generate RMs, cause 
idiosyncratic toxicity, and carry a BBW for adverse reactions (Kalgutkar and Dalvie, 2015). Such 
drugs remain on the market and are widely prescribed because of favorable benefit-risk considerations. 
Lapatinib (Figure 26.11) is one such example that illustrates the weight of unmet medical need over the 
risk of hepatotoxicity. Lapatinib is used in combination with capecitabine for treatment of advanced 
or metastatic breast cancer and is associated with several cases of hepatotoxicity (some resulting in 
fatalities). Not only is the drug bioactivated to a quinoneimine 41 resulting in covalent interactions with 
GSH (compound 42) and CYP3A4 isozyme (Teng et al., 2010; Hardy et al., 2014; Towles et al., 2016), 
its recommended daily dose is 1.25–1.5  g. What these observations suggest is that the level of risk 
(e.g., idiosyncratic toxicity, DDI due to CYP inhibition, etc.) that would deemed acceptable for drug 
candidates intended to treat major unmet medical need, life-threatening diseases, and/or orphan dis-
eases is significantly higher relative to treatment of chronic non-debilitating conditions where alternate 
treatment options are already available. This also raises a philosophical question for debate regarding 
medicinal chemistry investments in removing structural alert(s) such the aniline motif, which is widely 
utilized in kinase inhibitor programs in oncology and is challenging to mimic by isosteric replace-
ment. The risk-benefit argument also applies to unprecedented pharmacologic targets or molecules that 
carry a significant risk with regards to predicted human pharmacokinetics, where the primary goal is to 
first demonstrate early sign of efficacy in the clinic and/or adequate human pharmacokinetics. For such 
programs, RM-positive molecules can be progressed into first-in-human studies as probes to address 

FIGURE 26.11 Bioactivation of the tyrosine kinase inhibitor lapatinib by CYP3A to an RM.
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pharmacokinetics and proof-of-mechanism provided they are deemed safe in standard preclinical toxi-
cology studies. While proof-of-mechanism is being obtained, additional efforts can be invested in the 
identification of back-up molecules that are devoid of RM formation.
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Applications of 14C Accelerator Mass 
Spectrometry in Drug Development

Raju Subramanian and Mark Seymour

Introduction

Accelerator mass spectrometry (AMS) is an ultra-sensitive technique for quantitative analysis of low 
abundance isotopes that has found utility in very-low-level tracer (commonly referred to as microtracer) 
analysis in biological samples using, almost exclusively, 14C (the radioactive isotope of carbon; natural 
isotopic abundance ~10−12%). AMS was developed in the second half of the twentieth century and has 
been widely applied for radiocarbon dating in fields such as archaeology, wherein the 14C-content in 
organic matter within ancient artifacts is measured to determine their age [1]. Since the 1990s, AMS as 
a radiotracer technique has been applied in biomedical research to measure ultra-low concentrations of 
14C in a wide range of biological samples. AMS sensitivity is unmatched because the technique measures 
the mass to charge ratio of atoms and typically an absolute count of approximately 1000 14C atoms in a 
sample provides an adequate signal-to-noise ratio for a valid measurement. An overview of biomedical 
AMS methodology is provided in the next section. This atom level measurement yields a method capable 
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FIGURE 27.1 Biomedical accelerator mass spectrometry modes of operation. Biological samples may be analyzed intact 
(Direct AMS), to determine total 14C following analyte extraction and/or chromatographic separation (LC+AMS), to quan-
tify specific analyte(s). The modes of operation are explained in the text. (Adapted with permission from Seymour, M.A., 
J Labelled Comp. Radiopharm., 59, 640–647, 2016.)

of quantifying 14C concentrations in the range of 10−16 to 10−18 g/mL. At a practical level this equates to 
lower limits of quantification (LLOQs) for total 14C measurements in biological samples (direct AMS; 
see Figure 27.1) 300–1000-fold lower than those typically obtained using liquid scintillation counting 
[2,3]. Despite impressive and on-going improvements in “conventional” liquid chromatography-tandem 
mass spectrometry (LC-MS/MS), the sensitivity of LC+AMS remains orders of magnitude lower, with 
LLOQs routinely in the sub-pg/mL range for the quantification of a specific small molecule analyte using 
LC+AMS [4].

AMS is now an established bioanalytical technique in pharmaceutical development and has two major 
advantages [5]. Firstly, prior to AMS analysis, each sample irrespective of the biomatrix origin is con-
verted to one single ultimate analyte—initially carbon dioxide, which in most cases is then reduced to 
solid carbon (graphite). The analyte response is based on carbon atom counting; therefore, it is constant 
and unaffected by sample type—ionization is not compound specific and is unaffected by matrix com-
ponents. Secondly, AMS measures the 14C amount in each biomatrix that was introduced with the dosing 
and is independent of the total mass of analyte present.

AMS has found a wide range of applications in drug development [2–9] and examples from select 
categories are presented in later sections. These applications include, but are not limited to:

• Intravenous (IV) and extravascular pharmacokinetics (PK): Determination of fundamental PK 
parameters; absolute bioavailability following single dose and at steady-state following repeat 
doses.

• PK following low absorption routes of delivery: Ocular, dermal, intranasal.

• Disposition (absorption, distribution, metabolism and excretion; ADME) characterization in 
healthy subjects and vulnerable populations: These include studies where human dosimetry is 
dose limiting; where a drug is eliminated slowly or rapidly; where the 14C-labeled compound 
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is unstable due to radiolysis; or where the radioactive dosed is limited by the study population; 
for, e.g., pediatric studies, studies in cancer patients, etc.

• Early read on metabolite safety liability in humans: Adding a microtracer to early clinical stud-
ies provides assurance that no human-disproportionate metabolites, which are not covered by 
existing safety toxicology data, will be uncovered late in development.

• Specimen limited analysis: Pediatric PK and disposition; PK at the target site of action—for 
example, peripheral blood mononuclear cells, cerebrospinal fluid, biopsy tissues.

• Drug-drug interactions.

• Drug polymorphisms.

• Tracing endogenous compound PK/turnover.

In this chapter, the utility of these applications in the context of pharmaceutical development is dis-
cussed: what information can AMS provide, and how can it be integrated with other techniques to add 
real value?

Analytical Methodology

An overview of biomedical AMS modes of operation is presented in Figure 27.1. The core concept of 14C-
AMS detection [10] and the considerations for bioanalytical method development and validation have 
been described recently [2,11]. Two types of workflows are followed. In the “direct AMS” mode, the total 
14C content is determined by AMS in the intact biological sample. Alternately, in the “LC+AMS” mode, 
the biological sample is prepared for and then fractionated via liquid chromatographic separation (HPLC 
or UPLC). The 14C content in each fraction is then determined by AMS. LC+AMS can be sub-divided 
into bioanalytical and profiling modes. In the former, one or more fractions containing specific analyte(s) 
is analyzed; in the latter, all fractions across the chromatographic run are analyzed. In all modes, a com-
mon sample preparation process is used whereby the sample is combusted to convert all the carbon in the 
sample to carbon dioxide. The CO2 is then either reduced to elemental carbon (graphitized) and loaded 
into the ion source or introduced directly into the ion source of the AMS instrument.

A carbon carrier (diluent) is typically added to each sample when the amount of natural carbon in the 
sample is small or highly variable [12,13]. An example of sample preparation for AMS is as follows [14]:

• 14C-depleted carbon carrier (sodium benzoate) is added as necessary during sample preparation 
to achieve approximately 2 mg of carbon.

• Dialysate (25 to 500  μL), 10-fold diluted urine (100  μL), plasma or 10-fold diluted plasma 
(60 μL), blood (20 μL), and lyophilized feces (2 to 4 mg) were directly analyzed by AMS.

• Each sample was prepared in quartz sample tubes, which were heat-sealed under vacuum and 
then heated for 2 hours at 900°C to oxidize all carbon in the sample to CO2.

• The CO2 was then cryogenically transferred and sealed into an evacuated glass tube containing 
reducing agent (TiH2 and Zn), with cobalt powder as catalyst.

• Samples were heated for 4 hours at 500°C, then for 6 hours at 550°C, reducing CO2 to solid 
carbon (graphite).

• The resultant graphite/cobalt mixture was pressed into aluminum cathodes.

• The prepared cathodes were placed in the ion source of a 250 kV single-stage AMS (National 
Electrostatics Corp., Middleton, WI).

• In the ion source, a Cs+ ion beam was focused onto the surface of the pressed graphite, produc-
ing carbon ions, These are passed through a selection magnet that sequentially pulses the three 
isotopes of carbon (14C, 13C, and 12C) into the accelerator, where the ions are accelerated to a 
sufficiently high kinetic energy to allow separation in a detecting mass spectrometer. The three 
isotopes are quantified in separate detectors, and the instrument reports the results as isotope 
ratios (e.g., 14C: 12C, and 13C: 12C; Figure 27.1).
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TABLE 27.1

Typical Doses for AMS Tracer Studies

Dose Paradigm

14C Tracer

Mass of Non-Radiolabeled 
Dose (mg)

Total Mass 
Administered (mg)

Radioactivity 
(µCi) Mass (mg)

Macrodose with microtracera 0.2–1 0.0014c–0.1 10–100d 10–100

Macrodose with microtracer—
concomitant dosingb

0.2–1 0.0014c–0.1 10–100d 10–100

Microdose with microtracer 0.2–1 0.0014c–0.1 NA 0.0014–0.1e

NA = not applicable
a 14C tracer dose and non-radiolabeled dose are typically co-formulated and administered as a single dose.
b 14C tracer dose and non-radiolabeled dose administered separately, e.g., by different dose routes.
c Based on maximum theoretical specific radioactivity for incorporation of a single 14C atom into molecule with molecular 

weight = 450 g/mol.
d Typical values; actual dose depends on study type and therapeutic dose.
e Maximum = 100 μg (30 nmol for protein); must not exceed 1/100th of dose calculated to give pharmacological effect.

All carbon from biological sources contains background levels of 14C measurable by AMS. Therefore, in 
order to quantify 14C arising from exogenously administered 14C-labeled compounds, background 14C:12C 
ratios must be measured in relevant background material, e.g., predose samples, and subtracted from the 
ratios determined for post dose sample.

The sample processing to prepare the aluminum cathode for each sample is time and labor intensive—
it takes a 1–3 days to prepare a batch of up to 134 cathodes [15], although experienced analysts can easily 
sustain a production rate of two or more batches of samples ready for analysis per working day. Several 
groups have recently introduced automated combustion AMS methods, wherein the CO2 formed from 
initial combustion of the sample is infused directly into the ion source of the AMS [16–19]. In the most 
advanced automated method [17], a solid sample formed by placing the biomedical sample in a tin foil 
cup and evaporated to dryness is introduced to an elemental analyzer and then combusted to CO2. The 
liberated CO2 is mixed with a helium stream and infused to AMS. This method requires only ~50 μg 
(e.g., equivalent to as little as 2 μL of plasma). Most importantly, this method allows for automated sam-
ple introduction to AMS and enables a significantly faster overall analysis cycle time (including sample 
preparation and AMS analysis) for individual samples. Maximum throughput for the automated CO2 
analysis system is currently at approximately 90 samples per day and set to increase to 160/day (W Vaes, 
TNO, personal communication). It is also likely to provide the basis of a practical on-line interface 
between liquid chromatography and AMS.

Dosing Paradigms in AMS Studies

The disposition and pharmacokinetics of an administered compound is driven by the total mass dose. As 
described above, AMS detects the 14C in each sample and this 14C tracer is introduced with the intrave-
nous or extravascular dose. A “microtracer” 14C amount of <1 μCi, at the time of dose administration, 
is added to the non-radiolabeled dose. The typical dose combinations used in AMS studies are listed in 
Table 27.1.

The mass of non-radiolabeled dose in the total mass administered is selected to meet the aims of 
the study. The non-radiolabeled dose could be a macrodose (>100  μg), in designs defined herein as 
“macrodose with microtracer” studies. Two dosing paradigms are possible here—the 14C tracer and the 
non-radiolabeled dose are administered at the same time via the same route, for example in a human 
ADME study, or the 14C tracer is administered separately and via different routes, for example in an 
absolute bioavailability study. Applications with these two designs are provided in section “Macrodose 
with Microtracer Studies.” Alternately, the non-radiolabeled dose could be a microdose (≤100  μg) 
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defined herein as “microdose with microtracer” studies, and examples of applications using this design 
are provided in section “Microdose with Microtracer Studies.” There is confusion over the use of the 
“microdose” terminology in the literature, where it is incorrectly used when a microtracer radiodose is 
co-administered with a macrodose as well as when the total dose (radiolabeled + non-radiolabeled) is 
below 100 μg [8]. The use of “microtracer” distinguishes these two scenarios.

Macrodose with Microtracer Studies

The sensitivity of 14C AMS detection is ideal for a whole range of PK and disposition studies—by 
adding a microtracer amount of 14C label (Table 27.1) to the administered dose, either by the same or 
a different dose route, the total 14C and the LC-fractionated 14C of the administered compound and 
the 14C-label related analytes of interest (metabolites, additions to endogenous biomarkers) can be fol-
lowed in circulating and excreted biofluids and tissues. A study design with a 14C microtracer delivers 
several advantages [7] over conventional macrotracer designs: enabling tissue dosimetry animal stud-
ies are not needed; the low level of radioactivity means there are no radiological protection concerns 
once the tracer has been administered; and the 14C microtracer dose enables determination of routes of 
excretion and biotransformation pathways in any clinical study. Where the microtracer and macrodose 
are administered by different dose routes, there are additional advantages over stable-isotope or two-
way non-radiolabeled cross-over designs—the microtracer dose is too small to perturb the kinetics of 
the extravascular dose; intravenous formulation is simplified; the plasma compartment mixing of the 
microtracer and macro non-radiolabeled doses ensure equal clearance for the two doses; and lastly, the 
microtracer study delivers in a single arm what used to require two tests with a cross-over design and in 
between wash-out periods wherein the individuals serve as their own control and thereby improves the 
statistical power of the study.

Concomitant Dosing

An area of biomedical AMS that has gained considerable traction within the pharmaceutical develop-
ment industry is that of concomitant clinical dosing, whereby an isotopically labeled intravenous dose 
of test compound and a non-labeled extravascular dose of the same compound are co-administered to 
the same human subject. The AMS technique is particularly well suited to this type of study because it 
measures the 14C-label, not the compound it is attached to, facilitating discrimination between compound 
arising from the two different dose routes. Furthermore, the sensitivity of AMS means that the intrave-
nous dose can be extremely small in mass terms, ensuring that it does not affect the pharmacokinetics of 
the extravascular dose and minimizing the galenic and regulatory hurdles that are often cited as reasons 
for not carrying out intravenous studies during the development of drugs intended for extravascular 
administration in the clinic. The intravenous dose itself is typically below the threshold for a microdose 
(Table 27.1). However, because the extravascular dose is given at a pharmacologically relevant dose, the 
total dose exceeds the microdose definition.

Although the current regulatory guidelines make allowance for sponsors to scientifically justify to 
not include absolute bioavailability data in their regulatory submission [20], the feasibility of using 
the AMS-enabled approach to generate the required intravenous data means the regulatory authorities 
are less likely to accept of rationale in the future. Additionally, from the drug developer’s point of view, 
the fundamental pharmacokinetic information generated, including clearance and volume of distribu-
tion, can be invaluable aids to decision making during the development process.

The principle of the concomitant dosing study design is that the intravenous dose is delivered, usually 
as a short infusion (typically 15–30 minutes), to coincide with the maximum systemic concentrations 
arising from the extravascular dose (i.e., at time to maximum concentration; tmax). Concentrations of the 
test compound arising from each of the dose routes are measured in samples collected from the same 
subject during a single study period. Consequently, the intravenous and extravascular pharmacokinetics 
can both be determined under identical conditions. This is scientifically superior to the traditional cross-
over study design, in which subjects receive separate intravenous and extravascular doses, with a washout 
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Blood samples
over time

Extravascular Dose
(therapeutic dose level)

IV Dose
(≤ 100 μg; 0.2–1 μCi)

Concentration arising from
extravascular dose only

(providing IV dose << extravascular dose)

Concentration arising from
IV dose only

Concentration arising from
IV dose only

FIGURE 27.2 Intravenous 14C microtracer study design. Non-radiolabeled test compound (⚫) light gray is administered, 
at a pharmacologically relevant dose, via an extravascular route. Subsequently, at the expected Tmax of the extravascular 
dose, an intravenous microtracer dose (⚫) dark gray of the 14C-labeled compound is administered to the same subject. 
Plasma, containing compound arising from both dose routes, is obtained at timed intervals after dosing. Concentrations of the 
non-radiolabeled compound, arising from the extravascular dose, are measured using a conventional bioanalytical method; 
plasma concentrations of 14C-labeled compound, arising from the intravenous dose, are determined using LC+AMS. 
Figure kindly provided by Xceleron Inc and reproduced with permission.

period in between. The cross-over study design adds an additional source of variability due to day-to 
day fluctuations and also engenders the potential for errors due to dose-dependent kinetics if the drug 
exposures resulting from the two doses are not closely matched. This can be difficult to achieve, since by 
definition, the bioavailability is unknown. Furthermore, the intravenous dose level for a cross-over study 
is likely to be orders of magnitude higher than for a microtracer study, which can dramatically increase 
the resource (time, money and establishment) required to develop a suitable intravenous formulation.

A schematic of the concomitant dosing study design is shown in Figure 27.2. The underlying prin-
ciple in this approach is that the isotopic label attached to the test compound administered intravenously 
enables it to be differentiated analytically from the non-labeled form of the same compound adminis-
tered by a different dosing route (most often oral, but the methodology is applicable to any extravascular 
route) present in the same sample. The earliest studies with this approach used 13C-labeled analogues, for 
example, the determination of the intravenous PK and absolute bioavailability of N-acetylprocainamide 
was published by Strong et al. in 1975 [21]. There are some advantages to using a stable, non-radioactive 
isotope, such as 13C, including not requiring the designated facilities or regulatory approvals necessary 
to handle radioactivity and the ability to quantify both labeled and non-labeled analyte using “conven-
tional” analytical techniques (invariably LC-MS/MS). On the other hand, the use of a single analytical 
platform implies that the lower limits of quantification for both analytes are the same. This limits how 
far the labeled tracer dose can be lowered, increasing the proportion of total circulating compound con-
centration that originates from the intravenous dose (and thereby the likelihood that it will influence the 
pharmacokinetics being measured), and potentially the time and cost of developing a suitable clinical 
formulation for the intravenous dose. Furthermore, because of the relatively high natural abundance of 
stable isotopes (for 13C that is 1.1%), the potential for isotopic interference between the assays must be 
assessed. It should also be noted that, in many cases, the LC-MS/MS assay for the non-labeled analyte 
will use a stable-labeled internal standard (IS). The labeled form used for the intravenous dose has to be 
distinct from the IS and the isotopic interference issue is complicated further.

A key consideration in the decision on which isotope to use is analytical sensitivity and the concentra-
tion range expected for a given mass of drug given intravenously. The latter depends on the volume of 
distribution and clearance of the compound in humans, the very parameters that the study is designed 
to determine and, therefore, are unknown at the study design stage. If, based on estimates from in vitro 
and/or preclinical studies, the expected systemic concentrations are below the LLOQ of the bioanalyti-
cal method to be used for the non-labeled (extravascular) analyte, the options are either to increase the 
intravenous dose or to use an alternative analytical platform, such as AMS, with adequate sensitivity. 
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The issue with increasing the intravenous dose is that this also increases the proportion of total circulat-
ing compound it contributes, raising the likelihood that it will affect the kinetics being measured. In 
practice, it is recommended that the expected concentrations arising from the intravenous dose should be 
≤1% of those arising from the extravascular dose.

As discussed above, the sensitivity of AMS depends on the amount of 14C administered, rather than the 
total mass of compound, in other words the specific radioactivity of the dose. Assuming substitution with 
a single radionuclide atom, the theoretical maximum achievable specific radioactivity for 14C is 62.4 mCi/
mmol; this equates to 125 μCi/mg for a “typical” small molecule drug with a molecular weight of 500 Da. 
In practice, commercially available radiolabeled compounds are typically synthesized at a specific activity 
of around ~100 μCi/mg. Assuming a total radioactivity dose of 1 μCi, the theoretical minimum mass dose 
is therefore just 10 ng. The maximum radioactivity dose depends on the local legal and regulatory frame-
work and, therefore, varies geographically; this amount of radioactivity can generally be administered to 
human subjects without specific regulatory approval. In practice, the challenges involved in preparing and 
administering such an extremely small quantity means that doses are generally between 1 and 10 μg.

Xu et al. [22] note that, because both labeled and non-labeled compounds can be measured simultane-
ously with LC-MS/MS, using a stable label is more cost effective than using 14C, but point out that for com-
pounds with high volumes of distribution and/or poor LC-MS/MS response the use of 14C with LC+AMS 
detection would be indicated. Lappin [8] suggests that, given a typical lower limit of quantification (LLOQ) 
for LC-MS/MS of 10–100 pg/mL, a compound with a volume of distribution of 100 L or greater would 
need to be administered at a dose of more than 100 μg for the resulting circulating concentrations to be high 
enough to enable adequate definition of the pharmacokinetic profile. Interestingly, Lappin’s calculations are 
based on being able to follow the disposition of the compound for a little more than three half-lives, whereas 
it is more usually held that a minimum of five or six half-lives is required. A typical LLOQ for an LC+AMS 
assay in human plasma, assuming a dose of 1 μCi (37 kBq)/10 μg, is around 0.15 pg/mL. With a volume 
of distribution of 100 L, the expected circulating concentration at time zero (C0) is 0.1 μg/L or 100 pg/mL. 
Thus, the LC+AMS assay would easily be capable of quantifying concentrations after three half-lives (i.e., 
12.5 pg/mL), and indeed after six half-lives (1.6 pg/mL) and beyond. It would also have adequate sensitivity 
for a compound with a much higher volume of distribution. In their paper, Xu and co-authors present a deci-
sion tree to assist decision making on whether to choose whether to use 14C- or a stable label. A similar deci-
sion tree, shown in Figure 27.3 [23], builds on this by introducing an assessment of the relative predicted 
concentrations arising from the intravenous and extravascular doses.

The first decision box in Figure 27.3 relates to the fact that a range of additional analyses are facilitated 
by the presence of the 14C in the microtracer. These include:

• Measurement of total 14C in plasma and/or excreta by direct AMS: This can yield informa-
tion on the extent of systemic metabolism and, by comparison with similar data for the extra-
vascular dose route, to help assess the extent of first-pass metabolism [8, 24–28].

• Collection of human bile samples: These samples can be analyzed for total 14C, for radio-
labeled metabolites and/or parent compound. Although only semi-quantitative, because the 
fraction of total bile recovered is unknown and variable, the technique can provide valuable 
insight if an understanding of biliary excretion in human is important for the development of 
the compound, [29,30].

• Collection and analysis of other tissues: Although clinical collection of tissues is limited by 
ethical and technical considerations, if samples can be obtained in the presence of the 14C-tracer 
facilitates quantitative analysis due to the universal applicability of AMS [31–34].

Another key feature of the concomitant dosing study design is that the intravenous microtracer dose is 
administered to coincide with maximum circulating concentration arising from the extravascular dose, 
again in order to ensure that the pharmacokinetics is always driven by the extravascular dose. Ideally, 
the intravenous dose is given as a short infusion (typically 15–30 min), timed to end at the expected tmax 
for the extravascular dose, as this mirrors the absorption phase of the extravascular dose. Additionally, 
calculation of the area under the plasma concentration curve (AUC) for a constant infusion is based 
entirely on observed data, whereas for a bolus dose concentration at time zero (C0) must be estimated by 
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FIGURE 27.3 Decision tree for selection of isotope label for concomitant microtracer studies. (From English, S. et al., 
What’s the Best Way to Measure Absolute Bioavailability? Land O’Lakes Bioanalytical Meeting 2014, Madison, WI, 2014.)

back extrapolation and this can introduce error into the calculation. However, if necessary, for example 
for a test compound that binds extensively to the infusion apparatus, administering the microtracer dose 
as a bolus at tmax is acceptable. Several examples of macrodose with concomitant microtracer dosing are 
among the examples discussed in section “Examples of Macrodose with Microtracer Studies.”

Examples of Macrodose with Microtracer Studies

There are numerous literature examples available in the application categories presented in the intro-
duction section [32,33,35–48]; recent select examples addressing PK and disposition questions utilizing 
macrodose with microtracer amounts are presented below. Additional examples employing IV micro-
tracers are summarized in a recent review [8].

Etelcalcalcetide

Etelcalcetide is an intravenous calcimimetic approved for treatment of secondary hyperthyroidism in 
chronic kidney disease (CKD) patients on hemodialysis [49–52]. Etelcalcetide is a 1048 Da novel syn-
thetic peptide composed of a linear chain of seven D-amino acids (referred to as the “D-amino acid 
backbone”) and an L-cysteine linked to the D-cysteine by a disulfide bond. The PK, biotransformation, 
and excretion in CKD patients on hemodialysis was characterized following a single intravenous dose 
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FIGURE 27.4 Total 14C and etelcalcetide plasma pharmacokinetics following a single intravenous dose in systemic cir-
culation (panel A) and during the first hemodialysis period post dose (panel B). The total 14C and etelcalcetide concen-
trations were determined by AMS and LC-MS/MS, respectively. HD =  hemodialysis. (Adapted with permission from 
Subramanian, R. et al., Clin. Pharmacokinet., 56, 179–192, 2017.)

of [14C]etelcalcetide (10 mg; 710 nCi) [14]. Blood, urine, feces (from each discharge), dialysate (entire 
amounts from each hemodialysis session), and vomit from each emesis session were collected for up to 
approximately 180 days to characterize the PK, mass balance, and biotransformation product profiles of 
etelcalcetide. Blood was also collected from arterial and venous lines during the first hemodialysis ses-
sion following dose administration. The hemodialyzer apparatus (dialysis cartridge and lead lines) were 
saved from each session to assess non-specific binding.

Higher amounts of radioactivity typical for a conventional human ADME study were considered in 
the study design phase for dosing but were not pursued. A microtracer study was compelling for several 
reasons. The PK and disposition needed to be characterized in a vulnerable clinical population. If a 
conventional dose (such as ~100 μCi) was administered, there were concerns in controlling radioac-
tivity contamination should a hospitalization be required—one patient in the study required hospital-
ization and the microtracer dosing obviated the need for contamination controls. The duration of the 
study was uncertain at the time of study design due to significant differences in PK of the molecule in 
healthy subjects versus CKD patients [53,54]—the study was initiated with a 40 day collection period 
and was extended to almost 180 days to achieve the mass balance objective. Lastly, it was important to 
determine the 14C excretion in all matrices and in particular in dialysate, which would have required 
the ultrasensitivity of AMS detection to determine the total 14C in dialysate collections past the initial 
few hemodialysis sessions. AMS sensitivity was remarkable—14C concentrations of ~6.7 fCi/g of 14C 
(~0.06 ng-equivalents of etelcalcetide/g) were quantified in a ~0.35 g dialysate sample prepared from 
~150 kg of dialysate collected on study day 176.

The PK of total 14C and etelcalcetide (determined with an LC-MS/MS method) in systemic circulation 
and during the first hemodialysis session following the IV dose is shown in Figure 27.4, panels A and B, 
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FIGURE 27.5 Cumulative recovery of [14C]etelcalcetide dose in the dialysate following administration of a single intra-
venous dose. (Adapted with permission from Subramanian, R. et al., Clin. Pharmacokinet., 56, 179–192, 2017.)

respectively. The PK for the measured analytes was characterized outside and during hemodialysis periods. 
The mean total 14C elimination half-life was similar for dialysate (~40 days) and plasma (~36 days).

The cumulative excretion in dialysate following the microtracer dose administration is shown in 
Figure 27.5. Mass balance data showed that hemodialysis (approximately 60% of the administered dose; 
89% of the recovered dose) was the predominant clearance and elimination pathway for etelcalcetide. 
A small proportion of the dose was excreted in urine and feces (each <5% of the administered dose). 
Radioactivity was below the limit of quantification even of AMS in the sole vomit sample and only trace 
levels of 14C (0.005% of administered dose) were recovered in extracts from the dialyzer cartridge used 
in the first session.

LC+AMS and LC-HRMS chromatograms from pooled plasma, urine, and dialysate samples were 
acquired in the study. LC+AMS chromatograms from plasma and dialysate are shown in Figure 27.6. 
LC-HRMS chromatograms were acquired with a parallel LC set up to identify the etelcalcetide related 
components. In plasma from the first interdialytic period after dosing, intact etelcalcetide accounted for 
approximately 17% of radioactivity in plasma AUC pool [55]. Serum albumin peptide conjugate (SAPC) 
formed via a covalent disulfide exchange of the L-cysteine in etelcalcetide with the free thiol cysteine 
in serum albumin was the most abundant biotransformation product (73%) in the plasma AUC pool. 
The dialysate profile consisted of all components in plasma except the SAPC as anticipated; SAPC is 
not removed from dialysate because its molecular weight (~67 kDa) is well above the dialyzer cut off 
(~10 kDa).
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FIGURE 27.6 LC+AMS chromatograms. (a) AUC pooled plasma from the 1st interdialytic period. LC separation was 
performed on non-extracted diluted plasma. (b) Dialysate from first hemodialysis session (panel B) following the IV dose. 
Identities of metabolites and SAPC are explained in the reference. (Adapted with permission from Subramanian, R. et al., 
Clin. Pharmacokinet., 56, 179–192, 2017.)

Overall, the cumulative dataset from this study also enabled a drug disposition model that provided a 
quantitative approach to describe the biotransformation, distribution, and elimination of etelcalcetide, a 
unique synthetic D-amino acid peptide, in the relevant patient population [56].

Pomaglumetad Methionil (LY2140023)

Pomaglumetad methionil (LY2140023) is the methionine prodrug of LY404039, a novel metabotropic 
glutamate 2/3 receptor agonist currently in clinical development for the treatment of schizophrenia [27]. 
LY2140023 is actively absorbed in the gastrointestinal (GI) tract with uptake mediated by human peptide 
transporter 1 (PEPT1), and during the GI epithelium transit, the prodrug undergoes complete or partial 
hydrolysis by the esterases. If the GI hydroIysis is incomplete, a significant fraction of the prodrug could 
enter systemic circulation and be taken up in tissue sites that express PEPT1 or PEPT2. The relative con-
tribution of these intestinal and systemic processes is not predicted—in part because the plasma esterase 
activity is high in nonclinical species.

The absolute bioavailability of the prodrug (LY2140023) and the extent of conversion to the active 
form (LY404039) were estimated at presystemic and systemic sites in a two-period clinical study using 
a microtracer approach with AMS detection. In period 1, subjects received a single oral dose of the 
prodrug (80 mg) immediately followed by a 2-hour IV infusion of the [14C]-labeled prodrug (100 μg; 
100 nCi). In period 2, subjects received a single oral dose of the prodrug (80 mg) immediately followed 
by a 2-hour IV infusion of the [14C]-labeled active form (100 μg; 100 nCi). The duration of the infusion 
was chosen so that the oral and IV plasma concentrations peaked at similar times. The plasma concen-
trations of the non-radiolabeled prodrug and the active form were determined by LC-MS/MS and 14C 
concentrations of the prodrug and the active form were determined by LC+AMS.

PK results showed the prodrug mean absolute oral bioavailability was 68%, and the prodrug fraction 
reaching systemic circulation is completely converted to the active form. The simultaneous oral and IV 
dosing approach enabled by the AMS sensitivity to estimate absolute oral bioavailability minimized the 
intrasubject variability and also mitigated issues that may arise due to non-linear kinetics with the tra-
ditional study design to determine absolute bioavailability [8,57]. In the traditional study design, the IV 
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FIGURE 27.7 Plasma pharmacokinetic profile following a single [14C]Lu AF09535 (75 mg; 263 nCi) oral dose in humans. 
Total DRM  =  total 14C concentration determined by direct AMS; Lu AF09535  =  intact test compound concentration 
determined by LC-MS/MS. (Reproduced with permission from Jensen, K.G. et al., Drug Metab. Dispos., 45, 68–75, 2017.)

and oral dosing occur in separate time periods—the IV dose is usually lower due to safety concerns or 
limits in the test compound solubility. The difference in the total IV and oral doses could affect the test 
compound PK if the clearance is dependent on the test compound plasma concentration [57].

Lu AF09535

Lu AF09535 is a negative allosteric modulator of the human metabotropic glutamate 5 receptor and was 
advanced to first-in-human (FIH) studies [28]. In FIH studies, the molecule had very low exposure with the 
first measurable plasma AUC values detected only following administration of a 75-mg single oral dose. 
For this molecule, the human in vivo clearance was predicted to be low, because the intrinsic clearance in 
human liver microsome and hepatocyte was low as did the in vitro and in vivo clearances in the nonclini-
cal species rat, mouse, and dog, along with a high oral bioavailability (60%–70%). Various in vitro-in vivo 
extrapolation approaches, including allometric scaling, also predicted low clearance in human.

The mechanism(s) behind the low human exposure of this molecule was elucidated with a microtracer 
clinical study with AMS detection. [14C]Lu AF09535 (263 nCi) was coadministered with the highest 
non-radiolabeled dose (75 mg) in the FIH study. Plasma, urine, and feces were collected and analyzed in 
the study. Of the administered 14C dose, 80% was recovered in the first 96 hours. Comparison of plasma 
total 14C PK profile obtained by direct AMS analysis and the Lu AF09535 PK obtained by LC-MS/
MS analysis (Figure 27.7) showed that total 14C AUC was 22-fold higher than the intact drug AUC. 
LC+AMS analysis revealed that the test compound was fully absorbed, and the low exposure was caused 
by extensive first pass metabolism. AUC pooled plasma LC+AMS and parallel LC-MS/MS revealed 
that circulating radioactivity was predominantly composed of a multiple oxidative (mono, di, and tri-
hydroxy) metabolites; intact test compound was not detected. Additional in vitro experiments revealed 
the aldehyde oxidase (AO) catalyzed the formation of the primary monohydroxy metabolite. Overall, 
the poor initial prediction of human PK was attributed to difficulty of scaling AO-mediated clearance 
determined from in vitro methods to an in vivo setting.

Vismodegib

Vismodegib is an oral small molecule inhibitor of the hedgehog signaling pathway and is approved for 
the treatment of basal cell carcinoma. Vismodegib exhibited a long elimination half-life (terminal half-
life of ~12 days after a single 150 mg dose) and unique nonlinear plasma pharmacokinetics in cancer 
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patients and healthy subjects [24,58]. Vismodegib steady-state concentrations were achieved much faster 
(within 7 days) than expected (~50 days) and the accumulation was 5-fold lower than expected. Also, 
nonlinearity with respect to dose was observed—an increase in dose from 150 to 270 mg or 540 mg did 
not result in an increase in steady-state concentration. Furthermore, vismodegib binds to plasma α-1-acid 
glycoprotein (AAG) and serum albumin with a 10-fold higher affinity binding to AAG. Thus, two sepa-
rate nonlinear processes were hypothesized to contribute to the observed nonlinearity—solubility lim-
ited absorption and high affinity saturable plasma protein binding. A microtracer approach with AMS 
detection was used to characterize the human ADME and to understand the mechanisms contributing 
to the nonlinear PK in two clinical studies with female human subjects of non-child-bearing potential.

In the human ADME study [58], [14C]Vismodegib (150  mg; 1  μCi) was administered to subjects; 
blood, urine, and feces were collected for 56 days. Intact vismodegib in plasma was determined with 
a LC-MS/MS method. Total 14C in all biomatrices was determined by direct AMS, and 14C metabolite 
profiles were obtained by LC+AMS analysis. Results revealed that vismodegib was slowly eliminated 
by a combination of metabolism and excretion of intact drug through feces. Vismodegib was the most 
dominate component in a plasma AUC pool (98%).

The systemic clearance and absolute bioavailability of vismodegib following single and repeat dosing 
was determined in a separate clinical study [24]. In the first study group, subjects received a single oral 
dose of vismodegib (150 mg) followed by a single IV dose of [14C]vismodegib (10 μg; 500 nCi) at 2 hours 
post the oral dose to match the time to maximum concentration following the oral dose. In the second 
study group, subjects received repeat oral doses of vismodegib (150 mg) once a day for 7 days; subjects 
then received a single IV dose of [14C]vismodegib (10 μg; 500 nCi) at 2 hours post day 7 dose. Plasma 
PK of non-radiolabeled and radiolabeled vismodegib were characterized following the first and last 
microtracer doses, with plasma concentrations determined by LC-MS/MS and LC+AMS respectively. 
Vismodegib protein binding was also measured in plasma obtained after single and repeat doses. Results 
revealed an elimination limited plasma PK following single and repeat doses. The PK profiles follow-
ing oral (vismodegib) and IV ([14C]vismodegib) administration were parallel in both study groups—the 
terminal half-life was similar at approximately 12 days after single dose and at approximately 10 days 
at steady-state after repeating oral dosing. The IV clearance and the volume of distribution at steady-
state after repeating oral doses were 81% and 63% higher, respectively, compared to their values after 
single oral dose. This change in the fundamental PK parameters was explained by the 2.4-fold increase 
in fraction unbound of vismodegib after repeat dosing, likely due to saturable plasma protein binding. 
The absolute bioavailability following single dose was moderate (~32%) and following repeat dosing 
decreased by 77%. This decrease in vismodegib bioavailability was also inferred to be due to poor 
intestinal solubility and slow drug absorption; it was not due to metabolic enzyme induction. Finally, the 
increase in clearance and decrease in bioavailability observed in this study explained the 5-fold lower 
than expected accumulation of vismodegib with continuous repeat dosing.

Recombinant Placental Alkaline Phosphatase

Human recombinant placental alkaline phosphatase (hRESCAP), a recombinant protein (dimer molecu-
lar weight ~110 kDa), is being investigated for treatment of chronic inflammatory diseases. A two phase 
hRESCAP microtracer study was performed to characterize the PK at four doses starting with a micro-
dose leading up to the target therapeutic dose [59]. In the first phase, three healthy human male volun-
teers were administered a single intravenous microdose with microtracer amount of [14C]hRESCAP 
(53 μg; ~16 nCi). In the second phase, three healthy volunteers were administered a single intravenous 
macrodose with microtracer amount of [14C]hRESCAP at three dose levels—a low (~0.4 mg; ~17 nCi), a 
mid (~1.2 mg; ~17 nCi), and a high (~5.3 mg; ~16 nCi) dose with each cohort dosed 1 week apart. Blood 
was collected at predose and regular time points and processed to plasma; the total 14C plasma concen-
trations were determined by automated direct AMS method [17]. A non-compartmental analysis of the 
time -14C concentration data, assuming the dosed hRESCAP was intact, showed the hRESCAP PK was 
linear from the microdose to the therapeutic doses of the protein in healthy volunteers. This study is the 
first published example of the application of the 14C-AMS microtracer dose to a biological therapeutic.
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Saxagliptin and Dapagliflozin

Saxagliptin (Onglyza™) is a dipeptidyl peptidase-4 inhibitor and dapagliflozin is a sodium glucose co-
transporter-2 inhibitor. Both compounds have been developed for the treatment of type 2 diabetes mel-
litus. A concomitant dosing macrodose with microtracer approach was used to determine the absolute 
oral bioavailability of both compounds [26].

In the saxagliptin cohort, eight healthy male subjects each received a single oral dose of non-labeled 
saxagliptin (5 mg) followed by an IV microtracer dose of [14C]saxagliptin (40 μg; <270 nCi; 5 mL of 
solution infused over 15 min, beginning 1 hour after the oral dose). In the dapagliflozin cohort, seven 
subjects each received a single oral dose of dapagliflozin (10 mg), followed after 1 hour by a single intra-
venous dose of [14C]-dapagliflozin (80 μg; ~200 nCi; 0.32 mL of solution infused over 1 min).

Plasma concentrations of radiolabeled saxagliptin and dapagliflozin arising from the 14C-microtracer 
doses were quantified using separate LC+AMS methods. The saxagliptin assay utilized a standard 
curve, generated using standards prepared at known concentrations of [14C]saxagliptin [60], whereas the 
dapagliflozin method used a recovery standard methodology that relies on the absolute 14C-quantitation 
provided by AMS and measurement of the analyte extraction efficiency for each individual sample 
using UV detection [11,15]. Both assays were validated for accuracy, precision, and selectivity using 
scientifically justified, technology-based validation procedures. The LLOQs of the saxagliptin and 
dapagliflozin assays were 1.91 and 9.074 pg/mL, respectively, at the specific radioactivities dosed.

Plasma concentrations of saxagliptin and dapagliflozin arising from the non-radiolabeled oral doses 
were determined using separate validated LC-MS/MS assays. The LLOQs were 0.1 ng/mL for saxa-
gliptin and 1 ng/mL for dapagliflozin, i.e., more than 50- and 100-fold higher than the values for the 
corresponding LC+AMS assays.

The half-life values for the intravenous and oral doses were similar—saxagliptin, 7.5 hours from the 
IV data versus 5.7 hours from the oral data; dapagliflozin, 12.2 hours from the IV data versus 13.7 hours 
from the oral data—and the terminal (elimination) phases of the plasma concentration-time for each 
dose route were parallel. The observed half-life differences for saxagliptin were attributed to differences 
in the sampling schemes used for the two dose routes: when the same time points were used for half-
life determination, the two values for saxagliptin were virtually identical. These results confirmed the 
disposition of extravascular macrodose and concomitantly-administered microtracer dose were same for 
both compounds.

The concomitant microtracer approach allowed an accurate and precise determination of absolute bio-
availability at therapeutically relevant concentrations using a single-period study design—the mean abso-
lute oral bioavailability for saxagliptin and dapagliflozin was 50% and 78%, respectively. Furthermore, 
the approach required less time and resources than traditional study designs. The data generated were 
successfully used in the regulatory submissions for saxagliptin and dapagliflozin.

Microdose with Microtracer Studies

According to the International Council for Harmonization of Technical Requirements for Pharmaceuticals 
for Human Use (ICH) guidance [61], a microdose is a sub-pharmacologic dose of a compound at the time 
of intravenous or extravascular dose administration. In a single dose setting, it is 1/100th of the known or 
anticipated active dose or 100 μg total adult dose, whichever is smaller. In a repeat dose setting, up to 500 μg 
can be administered in ≤5 dose administrations. The sensitivity of 14C AMS detection is ideal in microdose 
studies—by adding a microtracer amount of 14C label (as stated above, typically <1  μCi achieved with 
1–100 μg of 14C-labeled compound) the goals of microdose studies are achieved. Although use of conventional 
LC-MS/MS methods is possible and cheaper, it would require an ultrasensitive analytical method [4,6,22,62].

In a pure microdose study, the sub-therapeutic dose is administered without any additional non-tracer 
dose, i.e., a concomitant dosing microtracer study is not microdosing, despite the fact that the microdos-
ing guidelines are invoked in order to avoid having to carry out route-specific toxicological testing for 
the tracer dose. Furthermore, microdosing does not necessarily involve the use of a microtracer: if suf-
ficient sensitivity is available using conventional bioanalytical platforms these may be used and, indeed, 
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despite the association of biomedical AMS with microdosing from its earliest days, over recent years 
more microdose studies appear to have been supported by LC-MS/MS than by LC+AMS (personal com-
munications) Nevertheless, as already discussed, the inherent sensitivity of AMS means it is an invalu-
able tool whenever dose is restricted (e.g., for a very potent drug), or the required LLOQ is unachievable 
using MS-based assays.

Because the dose administered is, by definition, below the level where any pharmacological effects 
are expected, microdosing is not intended to provide efficacy or safety data. Rather it is a way of 
obtaining human clinical pharmacokinetic data at the earliest possible opportunity, with the mini-
mum amount of enabling pre-clinical effort. Originally conceived by some as a paradigm-shifting 
advance that would completely replace the traditional iterative process of repeating a more extensive 
suite of Phase 1 clinical studies on successive development candidates, microdosing has established 
itself more as a niche application. Thus, it is used mainly in situations where a specific question 
needs to be answered; for example, when the actual human PK of a lead candidate is significantly 
different to that predicted from pre-clinical data and not compatible with the clinical requirements. 
Microdosing can be used to screen several potential back-ups quickly, with very specific go-no-go 
criteria specified.

Three main issues seem to have prevented the wider adoption of microdosing in drug development:

• The inevitable questions about how well sub-pharmacologic dose predicts the PK of the thera-
peutic dose;

• The apparent unreliability, high cost and lack of routine availability of AMS;

• The practical issues around the implementation of microdosing within a highly-regulated 
industry that can significantly reduce the time and cost advantage of the approach.

The question of predictivity has dogged microdosing since it was first conceived and, on the face of it, it 
seems reasonable to ask whether the pharmacokinetics measured will be relevant to the clinical situation 
when, by definition, the drug candidate is administered at a level at least two orders of magnitude below 
the expected therapeutic dose. After all, many drugs are known to exhibit non-dose-linear pharmacoki-
netics, due to saturation of absorption or elimination pathways or through an effect (inhibition or induc-
tion) of the enzymes that mediate their disposition.

Three large research projects have been run to try to generate experimental evidence to inform 
the debate—the CREAM (Consortium for Resourcing and Evaluating AMS Microdosing) trial [63], 
EUMAPP (European Union Microdose AMS Partnership Programme) [36,37], and NEDO-MD (New 
Energy and Industrial Technology Development Organization Microdosing Project) [64]. These studies 
investigated marketed pharmaceuticals and drug candidates withdrawn during clinical development, 
chosen as representative of types of compounds for which the PK at a microdose might not be expected 
to predict PK at the therapeutic dose level (e.g., midazolam, which is subject to extensive first pass 
metabolism) or for which the human data provided by microdosing could be particularly helpful during 
development (e.g., phenobarbital, which has very low clearance that is difficult to predict from pre-
clinical data). There has been some criticism of the fact that these programs did not test compounds 
more representative of the types of chemistries that are seen in more modern drugs. Nevertheless, in 
most cases, the results showed good correlation between the PK at a microdose and the therapeutic doses. 
Where there were discrepancies, generally, these could be explained from a knowledge of the proper-
ties of the compound, and often other parameters for the same compound were well predicted [65]. For 
example, the clearance of the anti-arrhythmia drug propafenone was under-predicted by the microdose [37], 
due to saturation of metabolism by CYP2D6 at the therapeutic dose. However, the plasma half-life was 
dose-proportional within a factor of two, the threshold used to determine whether an observed difference 
was significant.

The NEDO-MD project is interesting because it was not focused solely on AMS. In fact, most of 
the clinical microdosing carried out as part of the project was supported analytically using sensitive 
LC-MS/MS. However, the broader range of endpoints available using of 14C-microtracers supported by 
AMS-detection is fully acknowledged. The NEDO-MD collaborators have also published some inter-
esting work looking at ways in which in vitro data might be used to assess the dose-proportionality of 
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novel compounds in a quantitative mathematical fashion. For example, the relationship between dose-
normalized clinical AUC values at least two doses and dose/Km (termed the linearity index, LIN) for 
P-gp (a membrane transporter that mediates the efflux of oral drugs in the gastrointestinal tract) and 
CYP3A4 (a drug-metabolizing enzyme that is an important determinant of first-pass metabolism) was 
analyzed for 38 compounds. Substrates with a P-gp LIN above 0.77 L or a CYP3A4 LIN above 2.8 L 
exhibited non-linear PK. The authors present a decision tree for predicting non-linear PK based on LIN 
and FaFg (product of the fraction absorbed and the fraction escaping intestinal metabolism), which cor-
rectly predicted linearity or non-linearity for 24/29 drugs [66].

A review published in 2013 [9] found that overall, for those compounds where data had been reported 
both for a microdose and a pharmacologically relevant dose (including the results from CREAM, 
EUMAPP, and NEDO-MD), 100% of the twelve intravenous microdoses identified accurately predicted 
the therapeutic dose pharmacokinetics. The figure was lower for the oral dose route, presumably reflect-
ing the influence of saturable uptake processes. However, at 80% (20 out of a total of 25 administrations 
identified), extravascular microdosing is still significantly better at predicting the human PK of a thera-
peutic dose than the best achievable using modeling techniques (45%, according to a review published 
on behalf of PhRMA in 2011[67]).

One of the reasons that 14C-microdosing has not been adopted wholesale by the pharmaceutical 
industry appears to be a reluctance to commit to the changes in organizational thinking necessary to 
fully realize the potential time and resource savings. For example, the Chemistry, Manufacturing and 
Controls (CMC) section of the 2006 US FDA guidance document on Exploratory IND studies [68] 
states that “although in each phase of a clinical investigational program sufficient information should be 
submitted to ensure the proper identification, strength, quality, purity, and potency of the investigational 
candidate, the amount of information that will provide that assurance will vary with the phase of the 
investigation, the proposed duration of the investigation, the dosage form, and the amount of informa-
tion already available.” However, many drug development companies, particularly the larger ones, have 
internal policies that do not allow deviation from the CMC requirements that apply to the later stages 
of clinical development. As a consequence, the time taken to screen 3–5 candidate compounds using a 
microdosing approach can be increased significantly, to the point where there is little advantage com-
pared to the traditional iterative Phase 1 approach.

Examples of Microdose with Microtracer Studies

There are numerous examples available in the literature [9,37,63,69–75]. A select example is presented 
below.

AR-709

AR-709 is an anti-infective that was being developed to treat lung infections. The developer needed 
answers to two key questions: does the active compound reach the target tissues in the lung and, if so, is 
its oral bioavailability sufficient to make it viable as an orally-administered drug?

The study was carried out in healthy male volunteers with a two-part study design [34]. In part A, four 
subjects each received two single, microdoses of [14C]AR-709 (100 μg, ~200 nCi) 7 days apart: the first 
was administered IV, the second orally. The data were used to calculate oral bioavailability. In part B, 
a separate group of 15 subjects each received a single IV microdose (100 μg, ~200 nCi). In addition to 
blood, bronchial mucosa biopsy (BM), and bronchoalveolar lavage (BAL) samples were collected. BAL 
was collected by introducing a saline solution into the lungs and removing it with a syringe. The aspi-
rated liquid contained fluid (epithelial lining fluid; ELF) and cellular (alveolar macrophages; AM) com-
ponents from the respiratory regions of the lungs. A single set of lung samples was collected from each 
subject, with five subjects being sampled at each of 3-time points after dosing, in a composite design.

Plasma concentrations of total 14C radioactivity and [14C]AR-709 were determined using direct AMS 
and LC+AMS, respectively (Figure  27.8). Based on these data, the absolute oral bioavailability was 
calculated to be just 2.5%.



715Applications of 14C Accelerator Mass Spectrometry in Drug Development

FIGURE 27.8 Plasma concentrations of total 14C radioactivity and AR-709 following oral (panel A) and intravenous 
administration (panel B) of a microdose of [14C]AR-709 (100 μg; 7.4 kBq). Note the difference in both x- and y-scales 
for the two panels. (Reproduced with permission from Lappin, G. et al., Eur. J. Clin. Pharmacol., 69, 1673–1682, 2013.)

Tissue to plasma concentration ratios from Part B, calculated from total 14C measurements made using 
direct AMS, showed that there was a time-dependent concentration of radioactivity in ELF, AM, and 
BM, indicating that AR-709 and/or its metabolites had reached the intended site of action, i.e., the alveoli 
of the lung. Subsequently, AM extracts from were profiled using LC+AMS to determine the number and 
relative amounts of 14C-labeled metabolites present. The majority of the radioactivity was associated 
with unchanged AR-709.

The conclusion from this study was that AR-709 reached the target tissues. However, due to its very 
low oral bioavailability, use of the drug would have been restricted to hospitals and, in view of its 
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relatively narrow spectrum of antibiotic activity, would not have been economically viable. Therefore, 
further development of AR-709 was halted. This study provides a clear example of how microdosing 
can be used to answer specific questions and the results used to make go/no-go decisions during drug 
development.

Pediatric Studies

The conduct of pediatric trials remains a challenge. In addition to the obvious ethical constraints, there 
are significant technical and procedural limitations in large part due to lack of sufficiently sensitive 
analytical methods. The medicines approved for use in children based on pediatric clinical studies 
remains minor, at approximately 20% of the overall number of adult medicines listed in the Physician’s 
Desk Reference [76]. Evolving regulations have increased the number of pediatric clinical studies and 
improved the number of new drugs available for pediatric use in the last decade—for example, approxi-
mately 40% of new molecular entities approved in 2002–2008 also include labeling language for use in 
children [77,78]. A microtracer approach offers a promising alternative [76,79,80]—the exquisite sensi-
tivity of AMS detection allows for facile analysis of the limited bio fluid volumes (blood, ~20 μL; urine 
~100  μL). Pediatric studies with approximately four molecules using a microtracer study design are 
reported in literature [31,81–83]; two most recent examples are presented below.

Ursodiol

Ursodiol is a bile acid used in the treatment of infant cholestasis. Cholestasis is a condition caused by a 
reduction of bile acid flow from the liver to small intestine. The treatment of cholestasis is designed to 
minimize adverse consequences of elevated bilirubin. Orally administered ursodial is effective in treat-
ment of cholestasis in term and preterm neonates, as well as adults. Ursodiol is an endogenous secondary 
bile acid and is a bacterial metabolism product of the primary bile acid chenodeoxycholic acid formed 
in the small intestine. Administration of ursodiol reduces the harmful effects of cholestasis by displac-
ing the more cytotoxic primary bile acids in the bile acid pool. The pharmacokinetics of ursodiol was 
studied in infants following a single microtracer (≤10 nCi) dose administration in two groups of neonates [82]. 
The radioactivity exposure from this microtracer dose was approximately equivalent to 1/8th of a chest 
X-ray and was considered nominal relative to background radiation exposures. The five infants in group 
A, with three born prematurely at 36 weeks gestation and two born at full term, were given three con-
secutive oral microdoses with microtracer amounts of [14C]ursodiol—8 ng (1.0 nCi), 26 ng (3.3 nCi), 
and 80 ng (10 nCi) separated by 48 hours. Blood (0.25 mL at each timepoint; 6 mL total in 6 days; <4% 
of infant’s total blood volume) was collected by an indwelling catheter at predose and at 7-time points 
in 24 hours post dose after each administration. The three infants in group B, all born prematurely at 
36 weeks gestation, were administered a single oral macrodose with a microtracer amount of [14C]urso-
diol (40 mg/kg; 10 nCi). Blood (0.25 mL at each timepoint; up to 1.5 mL total in 14 days) was collected 
by a heel stick or an indwelling catheter at predose and at 4-time points in 24 hours post dose after each 
dose. Serum was collected following clotting of each blood sample, and the total [14C]ursodiol-derived 
radioactivity from each serum sample was determined by direct AMS. Serum LC+AMS analysis was 
not performed in this study but was planned for a future date. A total of 115 total [14C]ursodiol derived 
radioactivity concentration time data points were available and quantifiable by AMS. Assuming the total 
radioactivity represents the intact ursodiol, a PK model describing ursodiol concentrations was devel-
oped using nonlinear mixed-effects modeling.

Acetaminophen

Acetaminophen (Paracetomol) is routinely used as an analgesic and antipyretic in children. A microtracer 
study was conducted in ten infants aged 0.1–83.1 months. These infants were administered a single oral 
[14C]acetaminophen dose of (3.3 nCi/kg) in addition to intravenous therapeutic doses of acetaminophen 
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(15 mg/kg every 6 hours). Blood samples (0.5 mL) were collected via an indwelling catheter at 7-time 
points and processed to plasma. [14C]Acetaminophen and the primary metabolites (acetaminophen gluc-
uronide; acetaminophen-4-sulfate) were determined by automated LC+AMS [17] and intact acetamino-
phen (non-radiolabeled) was determined with an immunoassay. Results showed concentrations of [14C]
acetaminophen were in the same range as previously reported in neonates and children. The average 
[14C]acetaminophen and the metabolite maximal concentrations in these infants were also similar to 
those reported in a previous microdose with microtracer study in adults[72]. The concentration of [14C]
acetaminophen-4-sulfate in a 4-day old neonate was much higher than in a 2.4 year infant, in line with 
developmental changes of acetaminophen metabolism. A follow-up study with 50 additional patients is 
planned to study the developmental changes in acetaminophen disposition further.

Regulatory Acceptance

In general, the regulatory authorities are very accepting of AMS as a suitable methodology for use 
in drug development; many of the examples described in this chapter are from approved drugs. In its 
landmark 2004 publication Challenge and Opportunity on the Critical Path to New Medical Products, 
the US FDA called on the scientists engaged in developing new medicines to develop a “new prod-
uct development toolkit—containing powerful new scientific and technical methods such as animal or 
computer-based predictive models, biomarkers for safety and effectiveness, and new clinical evaluation 
techniques.” The use of 14C-AMS to enable the early and efficient collection of clinical DMPK data is 
surely part of the response to that. Subsequently, regulatory authorities around the globe have introduced 
procedures to facilitate microdosing [68,84]. Almost 25% of the 27 novel drugs approved by the FDA 
in 2013 included some AMS-generated data as part of the supporting dossier [3], and the authors have 
personal experience of regulatory agencies requesting absolute bioavailability data so late in the devel-
opment process that using the concomitant dosing 14C-microtracer approach is the only feasible option. 
LC+AMS has also become accepted as a valid, quantitative bioanalytical tool, albeit not generally 
applied to regulated bioanalysis as defined by bodies such as the European Bioanalytical Forum [85].

Although, on an intellectual level and based on their publications, the regulatory agencies accept AMS 
as a valid technique. It is noted that individual assessors are not necessarily as well versed in the nuances 
of the different applications. For example, in 2011, having submitted data from a macrodose with micro-
tracer AME study to the EMEA in support of a marketing application, one multinational pharmaceutical 
company was surprised to receive the suggestion that they would have to repeat the study on the basis 
of the rapporteur’s concerns about the applicability of “microdose” data. Of course, it was easy enough 
for the company to respond to that question to say that the total mass dose administered level was in 
the pharmacologically relevant range, and it is to be hoped that, the same question would not now arise. 
However, this experience does highlight the need to be aware of the tendency for the non-initiated to 
assume that any AMS-enabled study must be a microdose.

Future Perspective

Smaller, cheaper AMS instruments and adoption of CO2 detection by AMS will continue to increase 
versus the currently more prevalent graphitization technique. This will bring benefits in flexibility and 
cost reduction, e.g., LC+AMS method development and possibly improve throughput. The biggest effect 
is likely to be the development of a practical LC-AMS interface—current “moving wire set-ups” are not 
practical [16]. Adoption of a consensus on LC+AMS validation will also help in adoption of LC+AMS as 
a mainstream tool to address PK questions. The development of alternative technologies for the quantifi-
cation of 14C is also likely. At one time, intracavity optogalvanic spectroscopy seemed promising in this 
area [86], but other researchers have not been able to reproduce the inventor’s findings [87]. Now, ring 
down cavity laser detection seems to be the front runner, offering a potentially lower-cost 14C detector 
with a similar sensitivity to AMS [85] and an approach that eliminates many of the shortcomings of an 
accelerator-based system and would supplement the use of AMS in biomedical research.
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FIGURE 27.9 Microtracer enhanced FIH study design. (Adapted with permission from Seymour, M.A., J. Labelled 
Comp. Radiopharm., 59, 640–647, 2016.)

A judicious incorporation of 14C-labeled microtracer dose(s) can significantly enhance the quality and 
quantity of data obtained from the FIH study [5]. A generic microtracer-enhanced FIH study design is 
presented in Figure 27.9. Dosing cohorts suitable for inclusion of microtracer doses are preselected based 
on the planned-dose escalation strategy and the predicted therapeutic dose level. However, the clinical 
protocol is written to allow flexibility in these selections based on data emerging from earlier cohorts 
as the study progresses. The IV 14C microtracer cohort is designed to generate fundamental PK param-
eters and absolute bioavailability data and is executed as part of the main study, without compromis-
ing its original objectives but generating significant additional data, for example on biotransformation. 
Inclusion of the second 14C dose, administered by the extravascular (therapeutic) dose route, again as part 
of the main study, requires no additional effort or cost for radiosynthesis and in most cases, formulation. 
However, it is possible to design the extravascular 14C microtracer cohort to meet the requirements for a 
definitive human mass balance study, suitable for submission as part of a marketing application. In such 
cases, it is recommended that the extravascular microtracer cohort is dosed in parallel to the main study, 
to allow co-formulation of the 14C compound and non-radiolabeled drug and optimization of the sample 
collection regimen.

Whether as part of a FIH study or another “routine” clinical trial, the microtracer approach with AMS 
detection at a therapeutic dose is now a mature technique, and administration of macrotracer levels of 
radioactivity (typically ~100 μCi) in a separate clinical study is no longer necessary.
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