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6.1 BIOACTIVATION AND OXIDATIVE STRESS SUMMARY

Drug metabolism generally renders drug molecules less reactive and increases their
hydrophilicity, assisting the drug, and its metabolites’ elimination from the body. Drug
metabolism can also uncover more pharmacologically reactive groups, thereby making
the metabolite more reactive than the parent compound (prodrug). Reactive metabo-
lites (RMs) can also be created by the metabolism of certain drugs. RMs are generally
short lived and are bioinactivated by conjugation reactions with glutathione (GSH).
If cellular stores of GSH become depleted or its production has been impaired, RMs,
created by this bioactivation of the parent compound, can covalently bind with cel-
Iular macromolecules and/or induce oxidative stress, which are important initiators of
toxicity.

The propensity of a drug molecule to be bioactivated is a function of its chemistry.
A number of functional groups have been identified that are frequently associated with
bioactivation and subsequent drug-induced toxicity (Table 6.1). In some instances,
these structural fragments are crucial to the potency and pharmacological selectivity of
the compound. However, the mere presence of these moieties in a drug or compound
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TABLE 6.1 Examples of Drugs Causing Off-target Clinical Adverse Drug Reactions

and the Reactive Intermediates Involved

Drug Adverse Reaction RM

Amodiaquine Hepatotoxicity Quinone imine

Paracetamol Hepatotoxicity Quinone Imine

Halothane Hepatotoxicity Acyl halide

Diclofenac Hepatotoxicity Quinone imine/acyl glucuronide
Tacrine Hepatotoxicity Quinone methide
Indomethacin Hepatotoxicity Quinone imine/chloro-indole
Valproic acid Hepatotoxicity a, B-Unsaturated carbonyl
Vesnarinone Hepatotoxicity Iminium ion

Phenacetin Hepatotoxicity Quinone imine

Phenytoin Teratogenicity/hepatotoxicity Free radical

Clozapine Agranulocytosis Nitrenium ion

Aminopyrene Agranulocytosis iminium

Ticlopidine Agranulocytosis S-oxide

Sulfamethoxazole Toxic epidermal necrolysis Hydroxylamine/nitroso
Lamotrigine Toxic epidermal necrolysis epoxide

Carbamazepine Hypersensitivity Quinone imine/epoxide
Tienilic acid Hypersensitivity S-oxide

Felbamate Aplastic anemia Atropaldehyde

Remoxipride Aplastic anemia Hydroquinone

does not automatically result in bioactivation and toxicity [1]. A combinatory effect
of a number of other factors will ultimately determine whether a RM will be either
detoxified and eliminated or cause toxicity. Dose and duration of therapy of a drug
will control the levels of exposure to the drug a patient receives; genetic factors may
also affect rates of RM formation, cellular defense mechanisms, and susceptibility to
immune-mediated toxicities; and environmental factors and disease state of a patient
can influence their ability to detoxify and/or eliminate RMs.

This chapter is focused on the role of drug metabolism and bioactivation in oxidative
stress and adverse drug reactions (ADRs). These main themes are discussed in a general
manner and then further explored, as case studies, to demonstrate these principles.

6.2 DRUG METABOLISM AND BIOACTIVATION

Drug metabolism and bioactivation are catalyzed by a range of enzymes that occur
naturally in the body and have endogenous substrates. Metabolism is divided into
two phases. Phase I involves the functionalization of the drug; functional groups are
added or revealed, thereby making the metabolite more water soluble and available
for conjugation (phase II metabolism). Phase II metabolism involves conjugation of
the phase I metabolite, at the functional groups, rendering them less reactive and more
easily eliminated.

6.2.1 Involvement of Cytochrome P450 Enzymes in Bioactivation

The cytochrome P450 (CYP) superfamily of enzymes is responsible for the majority
of phase I metabolism and is, therefore, responsible for the majority of RM formation
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[2,3]. Within this enzyme superfamily exist a number of isoforms that differ in substrate
specificity. Expression of different CYP isoforms varies between species, sex, and
individual and can be altered through environmental changes, diet, and disease state [4].
Each organ, in a single individual, will have a different complement of CYP isoforms,
making them differentially susceptible to drug-induced toxicity [2]. The CYP enzymes
are found predominantly in the liver and most drug biotransformation occurs here,
making the liver a frequent target of drug-induced toxicity [5].

Quantitatively, the CYP isoforms in the endoplasmic reticulum are the most
important group of enzymes involved in this process. However, products of phase II
metabolism can also lead to toxicity [6]. Additionally, non-CYP oxidative enzymes,
such as myeloperoxidase and prostaglandin H synthetase, have been implicated in the
bioactivation of drugs and other chemicals [7], the metabolites of which are thought
to be responsible for observed toxicity, for example, clozapine and agranulocytosis,
benzene, and aplastic anemia [8§—11].

6.3 REACTIVE METABOLITES OF DRUG MOLECULES
AND INITIATION OF TOXICITY

The concept that small organic molecules can undergo bioactivation to electrophiles and
free radicals, and elicit toxicity by covalent modification of cellular macromolecules,
has its basis in chemical carcinogenicity and the pioneering work of the Millers [12,13],
who studied the hepatotoxic effects of p-dimethylaminoazobenzene in the rat and found
that aminoazo dyes become tightly bound to the protein constituents of liver tissue.
The application of such concepts to human drug-induced hepatotoxicity was established
through the studies of Brodie, Gillette, and Mitchell on the covalent binding to hepatic
proteins of toxic doses (samples were obtained from overdose patients) of the widely
used analgesic acetaminophen (APAP) [14,15].

6.3.1 Chemical Nature of Reactive Drug Metabolites

RMs may be broadly classified as either electrophiles or free radicals [16]. In the
vast majority of cases, the ultimate reactive species is electrophilic in nature [1], for
example, epoxides and quinones. Electrophiles are reactive because they are elec-
tron deficient and have either a high positive charge density (hard electrophiles) or a
low positive charge density (soft electrophiles) at the electrophilic center [17]. RMs
that possess unpaired electrons can be described as free radicals. Free radicals usu-
ally abstract a hydrogen atom from other molecules rather than becoming covalently
bound; however, they can also add to double bonds [6]. Free radical reactions can
be self-propagating: abstraction of a hydrogen atom from a lipid can initiate a chain
reaction leading to lipid peroxidation, oxidative stress, or modification of other types
of biological molecules by free radicals [7].

6.3.2 Mechanisms Underlying Drug-Induced Toxicity

RMs have the ability to interact with cellular proteins, lipids, and nucleic acids, leading
to protein dysfunction, lipid peroxidation, DNA damage, and oxidative stress (Fig. 6.1)
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Figure 6.1 Relationship between drug metabolism and toxicity. Toxicity may accrue through
accumulation of parent drug or, via metabolic activation, through the formation of a chemi-
cally reactive metabolite, which, if not detoxified, can effect covalent modification of biological
macromolecules. The identity of the target macromolecule and the functional consequence of
its modification will dictate the resulting toxicological response [18]. (See color insert.)

[18]. Additionally, the metabolites may induce disruption of ionic gradients and intra-
cellular calcium stores, resulting in mitochondrial dysfunction and loss of energy
production. This impairment of cellular function can result in cell death and possible
liver failure [18].

6.4 ADVERSE DRUG REACTIONS

ADRs are defined as a response to a drug that is noxious, unintended, or undesired
occurring at doses normally used for the prevention, diagnosis, or treatment of dis-
ease [19]. Despite intensive investigation in the fields of chemical toxicology and
molecular biology, ADRs remain a major complication of drug therapy [20,21]. ADRs
account for a significant number of hospital admissions each year and contribute to
patient morbidity and mortality [21]. A pilot study investigating hospital in-patient
ADR development found that 19% of patients suffered an ADR, the majority of which
were avoidable [22]. In addition, ADRs represent a major issue for pharmaceutical
industries, accounting for 30% of compound attrition during the drug development
process [23]. Drug toxicity can mimic natural disease and almost any body system can
be adversely affected by drugs [24].
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6.4.1 Classification of Adverse Drug Reactions

ADRs can be classified as “on-target” or “off-target/idiosyncratic” reactions [25-27].
On-target reactions can be predicted from the known primary or secondary pharma-
cology of the drug and often represent an exaggeration of the pharmacological effect
of the drug. They show simple and clear dose—response relationships and, therefore,
can usually be avoided by dose reduction and are only rarely life threatening [26]. In
contrast, idiosyncratic adverse reactions cannot be predicted from knowledge of the
basic pharmacology of the drug. They are extremely host-dependent and uncommon
reactions [28].

Drug—drug interactions can influence both pharmacodynamic (PD) and pharmacoki-
netic (PK) properties of coadministered drugs. An understanding of the role of DDIs in
on-target toxicity requires an understanding of PKPD properties of all coadministered
agents. Pharmacodynamic interactions can produce synergistic and additive effects,
leading to toxicology. For example, consumption of alcohol while taking antihistamines
causing drowsiness can lead to impaired psychomotor skills [29]. PK interactions influ-
ence concentration of drug by alteration in absorption, distribution, metabolism, and
elimination of one agent by another. Coadministration of a drug with an agent that
inhibits its clearance mechanisms leads to an increase in plasma levels, potentially
hitting a toxic threshold. The anticoagulant warfarin is metabolized by CYP enzymes
in the liver, specifically CYP2C9 and CYP3A4. Therefore, agents that inhibit either of
these two enzymes, such as fluconazole [30], will lead to an increase in prothrombin
time and possible bleeding.

6.4.2 Idiosyncratic Adverse Drug Reactions

Idiosyncratic drug reactions represent a major problem for the pharmaceutical industry
because they add significant uncertainty to the process of drug development and can
ultimately lead to drug withdrawal or warnings in drug labeling [31,32]. They are
particularly difficult to deal with because they are likely to be discovered late in
development or after the drug has been approved; this has important implications as
the latter a drug fails, the more expensive is the failure [33,34]. Drug attrition rates are
at their highest; the overall success rate for approval of a new chemical entity (NCE)
is 11% and with 62% of attrition occurring at phase II clinical trials, the financial cost
is huge [32]. During 1975-2000, over 10% of newly approved drugs in the United
States were withdrawn or given black-box warnings [31]. In 1991, adverse PK and
bioavailability results contributed to a total of 40% of attrition. In 2000, this had
been reduced to 10%, but lack of efficacy and safety each contribute to 30% of drug
attrition [32].

The exact mechanisms of idiosyncratic drug reactions are still unclear; however,
it is believed that some idiosyncratic reactions are initiated by RM [28,35], which
bind covalently to macromolecules and either cause direct cell damage or trigger an
immune response leading to cell death [34,36,37]. Therefore, the propensity of a NCE to
undergo bioactivation needs to be determined at an early stage of the drug development
process. Considerable efforts have been made to develop screening systems for RM
based on subcellular liver fractions [38,39] or isolated hepatocytes [39]. However, a
noninvasive, generic, and quantitative method for assessing bioactivation of drugs in
experimental animals, human volunteers, and patients is not currently available.
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6.5 ADVERSE DRUG REACTIONS, BIOACTIVATION,
AND OXIDATIVE STRESS

It is a widely accepted hypothesis that some idiosyncratic reactions are initiated by RM
[28,35], which bind covalently to macromolecules and either cause direct cell damage
or trigger an immune response leading to cell death [34,36,37]. Metabolic activation
of drug molecules to electrophilic RM can contribute to stress in the cell and interfere
with normal cellular homeostasis. Drug-induced oxidative stress can be defined as an
imbalance between prooxidants and antioxidants in a cell caused by either parent drug
or a reactive intermediate of metabolism [40,41]. Oxidative stress is most commonly
mediated by reactive oxygen species (ROS); these include the oxygen free radicals,
superoxide anion (O, "), hydroxyl radical (HO"), and nonradical hydrogen peroxide
(H>0;) [42]. Other species and processes that can mediate oxidative stress include
reactive nitrogen species (RNS), RMs of xenobiotics, reduced transition metals, y-
radiation in the presence of oxygen, activated neutrophils, UV light, and by-products
of lipid peroxidation [43]. Oxidative stress can lead to cell damage through a number
of mechanisms including lipid peroxidation, protein oxidation, DNA oxidation, and
mitochondrial damage [44]. Products of oxidative damage can also have prooxidative
effects, thereby propagating oxidative damage in the cell [45].

6.5.1 Generation of Reactive Oxygen Species

ROS are generated, in small amounts, in the cell by normal physiological processes
[46]. The mitochondria serves as a source of ROS through the electron transport chain,
which has redox centers that can leak electrons to molecular oxygen generating O, "
[47-49]. Peroxisomes contain high amounts of H,O; that can leak out into the cytosol
if degradation via catalase is inefficient [5S0—52]. A number of enzymatic processes
can increase the amount of oxidants in the cell, including the CYP monooxygenase
system [53]. This enzyme system oxidizes xenobiotics in phase I metabolism; however,
incomplete oxidation of a substrate can lead to reduction of O, [54]. Electrons can
also escape from flavins in the NADPH/P450 reductase enzyme [55]. The cell has
an extensive antioxidant defense system that is put into play when an imbalance in
pro- and antioxidant species is detected [41,56,57]. These systems can degrade ROS,
provide ROS scavengers, prevent/repair oxidation of lipids, and maintain the thiol
status of the cell [44].

6.5.2 Cellular Defense against Drug-Induced Oxidative Stress

Once cellular stress has been detected, the cell can activate an immediate adaptive
defense response via the upregulation of gene expression that is mediated by transcrip-
tion factors such as activator protein-1 (AP-1) [58], nuclear factor k B (NFkB) [59],
and nuclear factor erythroid-2 p45-related factor 2 (Nrf2) [60,61]. These are regulatory
proteins that often reside in the cytoplasm and translocate to the nucleus on activation
where they bind to specific DNA sequences or response elements within gene promoter
regions. They can then recruit RNA polymerase and other binding proteins to initiate
gene transcription [62]. Activation and translocation of a transcription factor is often
oxidant and thiol status sensitive. GSH synthesis is highly inducible on conditions of
oxidative stress and GSH depletion. Transcription factor controlling the expression of
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enzymes involved in GSH synthesis can be directly activated by electrophilic species
that conjugate to GSH depletion as a positive feedback mechanism of the adaptive
response [63,64].

Although oxidative stress alone is not enough to kill a cell, all, the ability of RM to
bind to cellular macromolecules, initiate oxidative stress, and promote GSH depletion,
contribute to damage to key intracellular organelles and can subsequently lead to cell
death.

6.5.3 The Role of Glutathione in Cellular Defense

GSH is a tripeptide, derived from the amino acids cysteine, glutamate, and glycine.
It is a major endogenous antioxidant within hepatocytes owing to its free thiol group
and its relatively high abundance (~10mM in hepatocytes). It is present in two forms:
reduced (GSH) and oxidized (GSSG). The change in the ratio between the two forms
is directly reflective of intracellular redox alterations [65]. GSH homeostasis within
hepatocytes is maintained through GSH synthesis and utilization. Synthesis occurs
in the cytosol through a two-step ATP consuming reaction. The first step comprises
the synthesis of y-glutamylcysteine. This occurs through the condensation of cysteine
and glutamate, catalyzed by y-glutamylcysteinyl ligase. GSH synthetase then further
catalyzes the formation of GSH from y-glutamylcysteine and glycine [66,67]. It is then
used either as an enzyme cosubstrate or as a scavenger molecule in the presence of an
oxidized substrate, resulting in the formation of GSSG. Under normal physiological
conditions, GSSG can then be recycled back to GSH by the enzyme GSH reductase
(Fig. 6.2) [67].

GSH is critical for cellular function and cell survival, playing a major determinant
of redox potential. The antioxidant role of GSH is to quench endogenous oxidative
species and to overcome exogenous oxidative stress. Increased levels of ROS occur
as a result of infection, inflammation, xenobiotics, and intracellular stress. This is
potentially hazardous for the cell as ROS can oxidize proteins, lipids, and DNA, causing
oxidative damage. GSH also acts as a hydrogen donor for GSH peroxidase. This
enzyme is responsible for the subsequent conversion of H,O, to water in parallel
with catalase. The level of GSH consequently has a direct impact on the function of
GSH peroxidase. GSH peroxidase also plays a role in the repair of lipid peroxidation.
Additionally, GSH acts as a scavenger of RNS such as peroxynitrite (ONOO™). An
imbalance of endogenous oxidants and antioxidants could result in oxidative stress,
emphasizing the crucial role GSH plays in cellular defense. Furthermore, GSH can act
as a cofactor substrate in conjugation reactions of xenobiotics under the catalysis of
GSH transferases. This acts as a detoxifying mechanism enabling the exportation of
drugs and xenobiotics through the multidrug-resistance-associated transporter family
[67]. As GSH plays a fundamental role in cellular defense, perturbation of cellular
levels can to lead to oxidative stress and/or potential irreversible binding of RMs to
cellular macromolecules, resulting in direct cell toxicity or an immunological reaction.

6.5.4 Reactive Metabolites and Mechanisms and Consequences
of Oxidative Stress

The formation of RM through bioactivation of drug molecules can push the balance
toward a more oxidative environment in the cell by stimulating overproduction of ROS,
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Figure 6.2 Enzyme regulation of GSH synthesis and recycling pathway. GSH is synthesized
by a two-step ATP-dependent pathway. y-Glutamylcysteine is formed from L-glutamate and
cysteine, which is catalyzed by Glutamylcysteine ligase y-GCL (1). Glycine is then added at the
C-terminal of y-glutamylcysteine through the catalysis of GSH synthetase (2). Redox cycling
between GSH and GSSG is mediated by GSH reductase and GSH peroxidase [68]. Source:
Adapted from DeLeve et al., 1991.

introduction of electrophilic species, and disruption of thiol status. Some mechanisms
by which ROS and other prooxidant species can be generated and how they cause
oxidative damage to cellular organelles and macromolecules are outlined below; often,
these mechanisms propagate and amplify the oxidative insult.

6.5.4.1 Redox Cycling of Drug Metabolites and Their Role in ROS Generation.
RM of xenobiotics can increase ROS by redox cycling, as in the classic case of
paraquat [69,70]. Oxidative stress arises when the xenobiotic is reduced by reductases
to a semiquinone radical that reduces molecular oxygen to superoxide radicals and
reforms the drug or metabolite; repeated reduction and oxidation of a xenobiotic can
generate cytotoxic levels of hydrogen peroxide and GSSG [44,71]. Structures capable
of redox cycling include catechols and other quinone compounds, iron chelates, and
aromatic nitro compounds [72]. Iron chelators, administered in cases of iron over-
load following blood transfusion, are associated with redox-cycling-mediated toxicity
[73]. Drug-induced redox cycling is often associated with quinone moieties in the drug
molecules. Cytotoxicity of quinones has been attributed to free radical generation and
to arylation of cellular nucleophiles. For redox-cycling quinones, cell injury is asso-
ciated with mitochondrial permeability transition, whereas arylating quinones directly
depolarize the mitochondrial membrane and deplete ATP [74]. The quinone containing
anticancer agent doxorubicin (Adriamycin) induced a dose-limiting cardiotoxicity by



ADVERSE DRUG REACTIONS, BIOACTIVATION, AND OXIDATIVE STRESS 9

inducing reactive species in the heart via redox cycling of the drug at complex I of the
electron transport chain [75]. Diclofenac (DCF) quinone-imine-related redox cycling
has been implicated in DCF-induced hepatotoxicity [76]. Redox cycling can instigate
lipid peroxidation through the generation of ROS.

6.5.4.2 Role of Lipid Peroxidation in Generation and Propagation of ROS and
Involvement in Cellular Damage. RM can initiate lipid peroxidation either directly
if the RM is electrophilic or indirectly by increasing the generation of free radicals
[16,77]. Lipid peroxidation can damage biological membranes [78], leading to further
damage to the cell through increased permeability of the plasma membrane or the
membranes of organelles [79]. Hepatotoxic mechanisms of carbon tetrachloride are
thought to be mediated through lipid peroxidation and disruption of cellular homeosta-
sis, which can lead to disruption of the cytoskeleton, cell signaling, and gene expression
pathways [80,81]. Incubation of paraquat with liver microsomes or a system containing
NADPH-cytochrome ¢ reductase, NADPH, and microsomal lipid greatly increases the
formation of malonaldehyde; the amount of malonaldehyde formed in these studies was
dependent on the concentration of paraquat in the incubation mixture [82,83]. Oxidative
stress has been implicated in the hepatotoxicity associated with the aromatic antiepilep-
tic drugs, carbamazepine, phenytoin, and phenobarbital, as their metabolites increased
malondialdehyde levels, oxidation of cardiolipin, oxidation of sulfhydryl proteins, and
alteration of the cellular redox status [84].

6.5.4.3 Mitochondrial Dysfunction as a Consequence of Drug-induced Oxidative
Stress. Products of lipid peroxidation, ROS, and electrophilic RMs can disrupt mito-
chondrial function through membrane damage, uncoupling oxidative phosphorylation
[85,86] and critical protein oxidation [87], leading to depletion of cellular ATP lev-
els that could ultimately lead to apoptosis and necrosis [49]. The anti-HIV drug class
of nucleoside reverse transcriptase inhibitors (NRTIs), used to inhibit viral replication
in host cells, induces a variety of serious ADRs including lactic acidosis and cardio
and skeletal myopathies [88]. These prodrugs are phosphorylated into the active state
and are believed to induce ADR though mitochondrial dysfunction and altered mito-
chondrial DNA [88]. Nefazodone is an antidepressant that was withdrawn from the
market in 2004 owing to severe cases of hepatotoxicity resulting in 1 case of liver fail-
ure resulting in death or transplant per 250,000—300,000 patient years. The effect of
nefazodone on the mitochondria and resulting hepatotoxicity has been investigated in
isolated oxidative phosphorylation (OXPHOS) complexes, HepG2 cells, and sandwich
human hepatocytes [89], in which it has been demonstrated that in isolated OXPHOS
complexes nefazodone inhibits complex I.

6.5.4.4 Glutathione and Thiol Status Disruption in Drug-Induced Oxidative Stress.
As discussed previously, drug metabolites are generally electrophilic species and can
form GSH conjugates either enzymatically or nonenzymatically [90]. During alular
GSH depletion, such as that seen during high RM exposure, other thiol groups, espe-
cially those on critical proteins, can become adducted or vulnerable to oxidation,
cross-linking, and formation of mixed disulfides. APAP provides a good example of
how thiol status is critical for the successful handling of electrophilic drug intermediates
(Section 6.7.1).
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6.5.4.5 Irreversible Binding of Reactive Metabolites to Cellular Macromolecules.
RMs usually have a low electron density (electrophilic) and as a result are capable
of reacting with nucleophiles, molecular centers of high electron density. Nucleophilic
targets are dependent on whether the electrophile is chemically defined as hard or soft.
Hard electrophiles tend to react with nucleophilic N, O, and C in biological molecules.
Hard electrophiles are likely to be genotoxic as they have the potential to react with
DNA, forming DNA adducts [91]. This acts as the initiatory stage of carcinogenesis
when the mechanism is genotoxic. Aflatoxin B; is a genotoxic carcinogen, which is
bioactivated to 8,9 epoxide metabolite, which is then able to bind to DNA, forming B -
N7-guanine adducts [92,93]. This emphasizes both the importance of drug bioactivation
and covalent binding in aflatoxin B causation of drug-induced liver injury (DILI).
Soft electrophiles react more readily with sulfur and target cellular protein. Target
proteins for adduction usually contain strong nucleophilic sites such as cysteine thiols,
lysine amines, histidine imidazoles, and protein N-terminal amines [94-96]. As dis-
cussed previously, GSH plays a crucial role in protecting the thiol status of the cell by
quenching endogenous oxidative species such as some drug RMs. However, in some
cases, RM can overwhelm the GSH store and cellular GSH levels can become depleted,
as in the case of APAP. The depletion of hepatic GSH has been shown to be an oblig-
atory step to enable N-acetyl-p-benzoquinone imine (NAPQI) to covalently modify
and potentially inhibit the function of a number of critical proteins within cells, leading
to cell death and has been discussed previously [97]. A number of therapeutic drugs
have been reported to undergo irreversible binding to various target proteins despite
having different chemical structures and pharmacological actions. Metabolic bioacti-
vation is usually a prerequisite, resulting in the formation of RMs, which are able to
bind to proteins by nucleophilic substitution and/or Schiff base formation [98—100].
Irreversible binding with cellular protein has been well documented in retrospective
association with drug toxicity, with a number of drugs incriminated, including APAP,
amodiaquine, and clozapine [101-103]. However, protein adduct formation does not
always lead to toxicity. This concept is best illustrated by APAP and its structural
isomer 3’-hydroxyacetanilide (N -acetyl-m-aminophenol, 3-acetamidophenol; AMAP),
where AMAP at the same molar dose as APAP was found to covalently bind to cellular
protein and yet did not result in toxicity. The RM of APAP and AMAP, a quinone
imine (NAPQI) and quinone, respectively, are chemically similar species, yet there is
an intrinsic difference between them that accounts for the difference in ability to cause
hepatotoxicity [104]. This introduced the concept of the critical protein hypothesis,
delineating certain proteins as critical targets in hepatotoxicity [18,105]. Supporting
this, the RM of APAP, NAPQI binds to a number of proteins. In mice, one of the
major targets of NAPQI is urate oxidase, an enzyme lost during primate evolution.
As a result, it is thought unlikely that irreversible binding to urate oxidase represents
a role in APAP-induced hepatotoxicity in mice, as both humans and mice develop
centrilobular necrosis with similar per kilogram doses [106]. This highlights the need
to identify the critical protein adducts involved in the mechanism of DILI.
Drug-protein adducts can act as neoantigens and induce immune-mediated toxicity.
Halothane is the best-studied drug with respect to immunoallergic hepatitis. A signifi-
cant proportion of patients exposed to this inhalation anesthetic develop asymptomatic
rises in transaminases. Fulminant irreversible hepatitis is a rare but life-threatening
phenomenon. Most of the patients recorded in the literature with immunoallergic hep-
atitis had more than one exposure [107]. Antibodies have been detected in such patients
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that recognize autoantigens and neoantigens created by trifluoroacetylation of hepatic
proteins. Preincubation of halothane pretreated, but not control, rabbit hepatocytes with
sera from patients with halothane-induced fulminant hepatic failure rendered the hepa-
tocytes susceptible to the cytotoxic effects of normal lymphocytes in vitro [108]. This
phenomenon was not observed in control hepatocytes. It is, thus, likely that drug-
specific T cells may play a role in the pathogenesis of hepatocyte injury, but direct
evidence for this lacks.

Halothane is metabolized by CYP2EI, such as APAP, but forms a chemically reac-
tive acyl halide and bioactivation to the acyl halide is substantial as it is the only
metabolic route available. It is hypothesized that the formation of the acyl halide trig-
gers an immune response. Evidence for this concept of an immune trigger is both
direct and indirect, with drug-specific antibodies showing that the drug has initiated
an immune response in affected patients and newer metabolically inert inhaled anes-
thetics, such as enflurane and isoflurane, being rarely associated with hepatotoxicity
(Fig. 6.3). Target proteins modified by the acyl halide have been identified with the
principal chemical modification trifluoroacetylation of lysine residue [109—112]. Chem-
ical modification of protein(s) is associated with the immune response observed with
halothane hepatitis; however, there is no conclusive evidence that the antibodies medi-
ate liver injury. Antidrug antibodies have also been observed with idiosyncratic drug
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Figure 6.3 Metabolic bioactivation of inhaled anesthetics potential of new inhaled anesthetics
to cause immune-mediated hepatotoxicity in man correlates with extent of metabolic bioacti-

vation and liver protein adduct formation, which can be quantified experimentally (in vivo/in
Vitro).
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TABLE 6.2 Idiosyncratic Drug Reactions with Evidence of Immune

Involvement
Drug Class Drug Name Is There Evidence to
Support Immune Involvement?
Anesthetic Halothane Yes
Analgesic Diclofenac Yes/no
Sulindac Yes
Antibiotic Amoxicillin Yes
Erythromycins Yes
Minocycline Yes
Nitrofluantoin Yes
Rifampicin Yes/no
Anticonvulsant Phenytoin Yes
Phenothiazines Yes
Antiepileptic Carbamazepine Yes/no
Antihypertensive Dihydralazine Yes
Methyldopa Yes
Tienilic acid Yes
Antithyroid Propylthiouracil Yes
Depression Tricyclic antidepressants Yes
Gout Allopurinol Yes
Hypertension ACE inhibitors Yes

Source: Amended from Ref. 115.

reactions to tienilic acid [113] and dihydralazine [114], but there is equivocal evidence
that DILI such as that caused by halothane is immune mediated. Most of the infor-
mation available is compatible with the hapten hypothesis where the drug undergoes
bioactivation in hepatocytes leading to drug—protein conjugate formation in the liver.
The current theory suggests that the occurrence of idiosyncratic drug hypersensitivity
in man represents interplay between a number of factors, which include the chem-
istry of the drug, drug metabolism, and the immune system of the patient (Table 6.2).
Whether cytokines may be useful biomarkers in such idiosyncratic cases is currently
unknown, as is the mechanistic details. However, if the hapten hypothesis is correct
it is clear that the inflammatory response induced by chemical insult such as APAP
overdose compared to that of idiosyncratic DILI may be very different.

6.6 BIOMARKERS OF DRUG BIOACTIVATION

Clearly, drug metabolism can play an important initiating step in the development of
ADRs, and RMs have been correlated with the toxicity of several drugs. Therefore, a
major interest in biological and analytical techniques has been to minimize metabolic
activation of drug candidates during the drug discovery process [1,116]. A variety of
experimental approaches have been developed and applied to early optimization phases
through to development stages of lead candidates. These studies are largely based on
the discovery and quantitation of drug conjugates with endogenous molecules and
in vitro trapping agents that serve as indicators of drug safety [117]. By allowing for
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improved decision making, these indicators, referred to as biomarkers, can significantly
improve the efficiency of drug discovery and development. However, these studies are
time consuming and, in some cases, may delay the process of drug discovery without
sufficient improvement in the safety of NCE.

Generally, chemically RMs are detected and estimated indirectly through the irre-
versible binding of uncharacterized radiolabeled material to hepatic protein [118] and/or
the formation of stable metabolites such as GSH conjugates [119]. Until recently, most
assays of RM formation in vivo and in vitro depended on measuring irreversible bind-
ing of radioactivity, using relatively laborious methods of exhaustive solvent extraction
[118-120].

6.6.1 Trapping Agents and In Vitro Biomarkers of Bioactivation

Most RMs are electrophilic in nature because of the inherent reactivity and instability
and can readily be trapped with a suitable nucleophile to form stable adducts; the
strategy of trapping these intermediates in vitro is widely used [121,122]. The in vitro
assay most widely used to screen for RMs is liver microsomes supplemented with
a NADPH/NADPH regenerating system, as cofactor for CYP450-catalyzed reactions
and a trapping agent [116,118]. Table 6.3 lists chemical traps that have been used in
microsomal incubations for several reactive intermediates.

Methods of trapping RMs commonly include the use of GSH, GSH-ethyl ester,
and N-acetyl cysteine (NAC), because of their nucleophilic nature they are able to
conjugate spontaneously with electrophilic compounds. The most widely used trapping
agent, GSH, contains a free sulfydryl group, a soft nucleophile, that can react directly
with soft electrophiles, including quinones, epoxides, nitrenium ions, alkyl halides,
Michael acceptors, and so on to form stable GSH adducts [117,118]. GSH is present
in a concentration of ~10mA in the liver and can conjugate readily with metabolites
with an electrophilic center, generated through the bioactivation by CYP450 enzymes.
Hence, GSH serves as a natural trapping agent for chemically RMs and has been
routinely used in vitro to screen and evaluate RM formation [119].

B-Mercaptoethanol has been successfully used to trap several RMs generated by
microsomes and isolated enzymes. In most cases, where the structure of the inter-
mediate can be deduced, the precursor of the p-mercaptoethanol adduct has been an
o, B-unsaturated carbonyl [123], a quinone [124], or a quinone imine [124].

TABLE 6.3 Examples of Reactive Intermediates and Trapping
Agents in Microsomal Incubation

Trapping Agents Reactive Intermediate

GSH, GSH-ethyl ester, mercaptoethanol, Quinones, enones
cysteine, N-acetyl cysteine

GSH (ester), mercaptoethanol, cysteine Thiophenes

Cyanide Iminium ions

Semicarbazide, methoxylamine Aldehydes, furans

Lysine Imides, aryl halides

lysine + cysteine Furan, epoxide

TEMPO Free radical trap
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GSH-ethyl ester has been used as a more lipophilic thiol [124] and was shown to
increase the mass spectrometry (MS) sensitivity by ~10-fold for the detection of RMs
[124]. Trapping of free radicals employs spin-trapped reagents, for example, electron
paramagnetic resonance spectroscopy in the presence and absence of the spin trap,
5,5-dimethyl-1-pyrroline- N -oxide [125]. Iminium ions can be trapped with cyanide
as well as detection of the trapped intermediate, and commonly the incorporation of
radiolabeled cyanide is used as confirmation of iminium formation [122,126]. Hard
electrophiles such as aldehydes are trapped with hard nucleophiles such as semicar-
bazide [127,128] and methoxylamine [129,130]. Semicarbazide has also been used to
identify furan ring opening and thiophene bioactivation.

While the detection of adducts (GSH/NAC/cyano, etc.) early in the drug discovery
process provides the information about RM formation, it is absolutely essential that the
data need to be placed in proper context before discarding drug candidates associated
with this liability. There are numerous examples of drugs that form GSH conjugates
in these assays and also exhibit covalent protein binding, but which are not associated
with a significant incidence of toxicity. Moreover, toxic drugs that form RMs through
non-CYP-mediated bioactivation process will not be detected by the routinely used
microsomal assays [131].

6.6.2 Mercapturate (NAC) Conjugate as In Vivo Indicators of Drug
Bioactivation

A common mechanism for the detoxification of toxic electrophilic compounds occurs
via GSH conjugation [16]. The GSH conjugates can be further processed into break-
down products such as mercapturate conjugates (Fig. 6.4) and are excreted in urine
[132]. Therefore, mercapturate conjugates are potential biomarkers of bioactivation that
are not dependent on cell death to be released into an accessible compartment (e.g.,
urine) [133]. GSH conjugates are unsuitable biomarkers of metabolic activation in vivo
because they are only very rarely eliminated in urine and seemingly only at very low
concentrations [134]. They have been found as N-acetylated derivatives [135].
Human urinary mercapturates have been recognized for many years as particularly
useful biomarkers in assessments of human exposure to chemically diverse environ-
mental and biogenic electrophiles [132,136,137]. Recently, through the employment
of advanced MS techniques [138], there has been a revival of interest in the bioan-
alytical possibilities of mercapturates [139,140]. Mercapturate biosynthesis (Fig. 6.4)
has been modeled as an interorgan pathway, with the liver serving as the major site of
GSH conjugation and the kidney as the primary site for the conversion of GSH con-
jugates to cysteine conjugates [132,141]; however, in some cases, it can be an entirely
intrahepatic process even in rats [142]. GSH adducts of bendamustine are metabolized
completely in human liver, only the mercapturates and further metabolites appearing in
bile [115]. The cysteine adduct is the sole thioether metabolite of APAP eliminated in
human bile, with the APAP cysteine adduct and mercapturate being excreted in urine
[143]. Any drug mercapturate produced extrahepatically might also be eliminated in
bile: rat liver possesses an efficient mechanism for uptake and biliary excretion of
circulating mercapturates [144]. Although the metabolism of GSH adducts can yield
numerous S-linked products via modifications of the tripeptide moiety [115,135], as
in the case of carbamazepine [145,146] mercapturates are not invariably found among
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Figure 6.4 Metabolic activation of APAP. APAP is primarily detoxified by glucuronidation
and sulfation in the liver. APAP can also undergo conversion to the chemically reactive species
N-acetyl- p-benzoquinone imine (NAPQI) by cytochrome P450. NAPQI can undergo bioinacti-
vation via GSH conjugation, but when GSH stores are depleted, free NAPQI can oxidize and
covalently modify proteins resulting in hepatotoxicity. The toxicological and pharmacological
properties of the molecule are a function of the redox potential of the molecule [151].

the excreted metabolites, and there is evidence for a species-selective absence of car-
bamazepine mercapturates from human urine [145,147]. When considered alongside
the frequent observation that a compound can be metabolized to several GSH adducts
[145,146,148—-150], these findings indicate that a careful analysis of a drug’s metabo-
lites is necessary to identify a thioether derivative suitable for use as a biomarker of
metabolic activation.
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S-Phenyl mercapturic acid and N-methylcarbamoyl mercapturic acids have been
proposed by American Conference of Governmental Industrial Hygienists (ACGIH)
[152] as biomarkers for purposes of evaluating exposure to benzene and N, N-
dimethylformamide, respectively. Among the human pharmaceuticals the mercapturate
conjugates (Fig. 6.5) of APAP [143], phenacetin [153], felbamate [154], and valproic
acid [155] have been used for the quantitative assessment of in vivo bioactivation.

6.7 CASE STUDIES

6.7.1 Acetaminophen

6.7.1.1 The Role of Metabolism in APAP Hepatotoxicity. APAP is a commonly
used analgesic and antipyretic, which is safe at therapeutic doses (4 g/day). The phar-
macological activity is thought to be attributed to the inhibition of cyclooxygenase
activity and a reduction in prostaglandin synthesis [156—158]. However, in cases of
overdose, acute liver failure develops that is owing to centrilobular hepatic necro-
sis. To date, APAP hepatotoxicity still remains a major clinical problem and is the
single biggest cause of acute liver failure in the United Kingdom and United States
[159]. APAP provides an important tool with clinical relevance to study toxicological
consequences of drug metabolism across in vitro, in vivo, and clinical systems.

At therapeutic doses, about 55% and 30% of renally excreted metabolites are as
the glucuronide and sulfate conjugates, respectively [160]. A small proportion of the
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Figure 6.5 Mercapturate biosynthesis pathway. Steps are catalyzed by (a) y-glutamyl-
transpeptidase; (b) dipeptidase: cysteinylglycine dipeptidase, and aminopeptidase; (c) cysteine
conjugate N-acetyltransferase; and (d) N-deacetylase [132]. RX, reactive species; Glu, gluta-
mate; and Gly, glycine.
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therapeutic dose (5%) is bioactivated primarily by CYP2E1 and also CYP3A4 and
CYP1A?2 oxidations to the electrophilic intermediate NAPQI [161]. NAPQI is readily
detoxified by GSH conjugation and is excreted in the urine as a cysteine or mercapturate
product [162].

In cases of overdose, low-capacity sulfation pathways become saturated and a greater
fraction of the dose undergoes glucuronidation and oxidation. Under these conditions,
NAPQI accumulates and cellular stores of GSH become depleted owing to the shift in
NAPQI formation and GSH synthesis (Fig. 6.6) [162—166]. The standard treatment for
APAP intoxication is NAC, which replaces hepatic GSH after depletion or conjugates
to NAPQI and prevents toxicity, although this is most beneficial if given within 16h
of the overdose.

6.7.1.2 Cellular Consequences of APAP Bioactivation and Bioinactivation. The
depletion of hepatic GSH has been shown to be an obligatory step to enable NAPQI to
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Figure 6.6 Structures of APAP, phenacetin, valproic acid, felbamate, and their mercapturate
conjugates. APAP, acetaminophen; VPA, valproic acid; and FBA, felbamate.
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covalently modify and potentially inhibit the function of a number of critical proteins
within cells, leading to cell death and has been discussed previously [97]. Examples
of critical proteins whose function is inhibited by NAPQI modification include y-
glutamylcysteine ligase catalytic subunit [167], glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) [168], aldehyde dehydrogenase [169], and Ca2+/1\/[g2Jr ATPase [170].
As outlined earlier in the chapter, covalent binding has been hypothesized to contribute
to mitochondrial dysfunction, and the resulting disruption in Ca?>* and ATP homeostasis
is thought to be a critical step in the development of cell death associated with APAP
overdose. Moreover, the importance of mitochondrial protein binding in the mecha-
nism of APAP toxicity is highlighted by observations with the nontoxic regioisomer of
APAP, AMAP. AMAP undergoes an overall similar level of covalent binding but sig-
nificantly less covalent binding to mitochondrial protein than APAP [105]. Therefore,
the extent of covalent binding and which proteins are modified, rather than covalent
binding per se, represent a major factor underlying APAP hepatotoxicity.

The massive chemical stress mediated by an APAP overdose leads to an immediate
adaptive defense response in the hepatocyte. This involves various mechanisms, includ-
ing the nuclear translocation of redox-sensitive transcription factors such as Nrf2, which
“sense” chemical danger and orchestrate cell defense. Thus, with respect to APAP,
Nrf2-dependent genes of immediate significance are those involved in GSH synthe-
sis such as y-glutamate cysteine ligase, GSH transferases, glucuronyltransferases, and
heme oxygenase. Importantly, it has been observed that nuclear translocation occurs at
nontoxic doses of APAP and at time points before overt toxicity [171]. However, with
increasing doses of APAP, there is progressive dislocation of nuclear translocation,
transcription, translation, and protein activity [167] as the rate of drug bioactivation
overwhelms cell defense through the oxidative modification of critical proteins. The
cytoplasmic protein Kelch-like ECH-associated protein 1 (Keapl) directly binds to Nrf2
and represses transcription by promoting proteasome-dependent degradation of the pro-
tein. It has also been demonstrated that Keapl is an adaptor molecule for the ubiquitin
ligase complex and directs the rapid degradation of Nrf2. When cells are exposed
to electrophiles, Nrf2 is liberated from the Keapl-mediated degradation process and
accumulates in the nucleus to activate antioxidant response element (ARE)-mediated
gene transcription [172]. Somatic disruption of the Keapl gene does not interfere
with the development of the morphological and physiological integrity of the liver.
However, specific knockout of the Keapl gene in mouse hepatocytes confers a strong
resistance to drug-induced toxicity [172]. This would indicate that the constitutive acti-
vation of Nrf2 and concomitantly its target genes is advantageous for mice to overcome
xenobiotic toxicity.

6.7.1.3 Inflammation in an Acetaminophen Model of Drug-Induced Liver Injury.
A widely studied model of DILI has been acetaminophen-induced liver injury (AILI)
in mice (Table 6.4). Evidence suggests that the initial hepatocellular damage caused by
NAPQI may lead to the release of cellular contents known as damage-associated molec-
ular patterns. These include High mobility group box protein 1 (HMGB1) and the heat
shock proteins that act as signals that can activate cells of the innate immune system,
which reside in the liver. This, in turn, leads to hepatic infiltration of inflammatory cells
that may contribute to the progression of liver injury by producing proinflammatory
mediators such as cytokines and chemokines as well as reactive oxygen and nitrogen



CASE STUDIES 19

TABLE 6.4 Summary of Inflammatory Models Used in APAP-Induced Hepatotoxicity

References Inflammatory Model(s) Reported Effect

100,101 KC depletion Protection against liver injury at
early time points, more
susceptible at later time points

114 Neutrophil depletion Significantly protected against
liver injury

102 NK/NKT cell depletion Significantly protected against
liver injury

107 Anti-TNF-o/IL-1-o/IL-1ra Increased susceptibility to liver
injury

106 Anti-TNF-a, TNF-p55 receptor Reduced mortality and liver injury

17/~ mice

122 TNFR1~/~ mice Increased susceptibility to liver
injury

109 IFN-y~/~ mice Significantly protected against
liver injury

119 IL-6~/~ mice Increased susceptibility to liver
injury

110 IL-10/4/6=/~ mice Significantly protected against
liver injury

IL-10/4~/~ mice Increased susceptibility to liver

injury

120 IL-137/~ mice Increased susceptibility to liver
injury

112 Anti-TLR9, TLR9™/~, Nalp3~/~ Reduced mortality and liver injury

mice

113 Soluble RAGE Reduced mortality and liver injury

117 LPS Increased susceptibility to liver
injury

species [173]. Neutrophils accumulating in necrotic areas of the liver after APAP over-
dose were first recognized by Mitchell et al., but the relevance of this accumulation
to the pathophysiology is still unclear [174]. A study in C3Heb/FeJ mice revealed
that neutrophils accumulate in the liver shortly after hepatic injury, but there was no
evidence of neutrophil activation. Additionally, antibodies targeted at these cells did
not protect against AILI [175]. In a rat model of AILI, a significant reduction in neu-
trophil accumulation showed no protection of liver injury [176]. These findings are
in contrast to other models in which neutrophils are involved in the course of injury
where pretreatment with an antineutrophil antiserum attenuated AILI in rats [177].
Other studies have demonstrated that mice treated with gadolinium chloride to inac-
tivate Kupffer cells (KCs) [178,179] and liposome/clodronate to deplete KCs [179,180]
are protected against APAP toxicity. Nevertheless, reports suggest that KC depletion
confers protection at early times after APAP treatment [180] but can lead to more
severe injury at later time points [179]. The use of an anti-NK1.1 monoclonal anti-
body to deplete natural killer (NK) cells and natural killer T (NKT) cells significantly
protected mice from APAP toxicity probably owing to the reduction in the levels of
the proinflammatory cytokine IFN-y [181]. However, as has been observed with KC
depletion, there are also conflicting reports suggesting that NK/NKT cells play little
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role in the overall outcome of liver injury in the mouse model of APAP hepatotoxicity
[182,183]. This has been supported by a recent study that suggested NK and NKT
cells only contributed to liver injury when dimethyl sulfoxide was used to solubilize
APAP [183]. Given the contradictory data available on neutrophils and KCs, it is clear
that more studies are required to determine their precise role in DILI.

The involvement of various proinflammatory mediators such as TNF-a [184—186],
IL-1ra [187], and IFN-y [181,188], in promoting tissue damage have been demon-
strated, whereas other cytokines such as IL-10 and IL-4 [189] have been found to be
hepatoprotective in models of APAP hepatotoxicity. Receptors involved in promoting
an inflammatory response such as IL-1 receptor [186], p55 TNF-a receptor-1 [185],
Toll-like receptors TLR4 and -9 [190,191], and receptor for advanced glycation end
products (RAGESs) [192] have been found to be important in promoting an inflammatory
response and subsequent pathogenesis.

6.7.1.4 Comparison of the Inflammatory Response in Animal Models of
Acetaminophen-Induced Liver Injury. Several different models of DILI in which
inflammation has been modulated are being investigated in an attempt to dissect the
processes of inflammation from those on DILI. NK and NKT cells were found to play
a critical role in the severity and progression of AILI (500 mg/kg, i.p.) by secretion
of cytokines and recruitment of inflammatory cells (mainly neutrophils) into the liver
[181,193]. An increase of hepatic neutrophil accumulation as early as 4—6h with a
significant threefold increase by 24h was observed in APAP-treated mice with an
associated increase in mRNA levels for cytokines TNF-a and IFN-y [181]. Depletion
of NK and NKT cells (using an anti-NK/NKT cell antibody or an antineutrophil
antibody) inhibited liver injury with markedly reduced accumulation of neutrophils in
the liver. Subsequent depletion of neutrophils also significantly protected mice against
AILI. However, in a recently published fed CD-1 mouse model of AILI, no evidence
of hepatic inflammatory cell infiltration was observed over a 24 h time course [27].

Nontoxic doses of APAP (100-400 mg/kg, i.p.) administered 2h after a dose of
Lipopolysaccharide LPS (44 x 10° EU/kg) to fasted C57BL6 mice have been shown
to sensitize animals to AILI [194]. Application of LPS led to significantly greater
TNF-a production than APAP alone. With APAP treatment alone there was a modest,
sustained accumulation of neutrophils from 3 to 24 h after 300 mg/kg APAP. However,
neutrophils were not apparent in livers of mice treated with a nontoxic dose of APAP
(175 mg/kg), but significant accumulation occurred when this dose was coadministered
with a noninjurious dose of LPS. Two hours after treatment with LPS (0 h after APAP),
serum TNF-a levels were large and rapidly decreased thereafter, confirming that the
inflammatory response observed in this model was due to LPS [194]. These observa-
tions support the hypothesis that inflammation induced by LPS and associated elevated
levels of TNF-a increase sensitivity to AILI.

Fasted transgenic C57BL6 mice lacking anti-inflammatory mediators such as
IL-10, IL-4, IL-6, migration inhibitory factor (MIF), and IL-13 dosed with APAP
(200-300 mg/kg, i.p.) displayed increased susceptibility to AILI [189,,195-197].
Neutrophils were found to accumulate to a greater extent in IL-13 knockout (KO) mice
than wild type (WT) treated with APAP with the level of TNF-a, IL-6, and IFN-y
increased at 4 h in WT and IL-13 KO APAP-treated animals compared to saline-treated
controls [197]. These data suggest a hepatoprotective role for anti-inflammatory
mediators in these models and that the balance between the Thl and Th2 response



CASE STUDIES 21

is an important determinant for AILI. To test this hypothesis, susceptibility to AILI
was compared between two mouse strains, C57BL6 (more susceptible to AILI and
that develop predominantly a Thl response) and BALB/c (less susceptible to AILI
and that develop a Th2 response). About 24 h after exposure to APAP C57BL6 mice
produce high levels of TNF-a (proinflammatory), whereas levels in BALB/c mice
show no difference. On the other hand, IL-6 (anti-inflammatory) levels were higher
in BALB/c than C57BL6 24 h after administration. These data support the hypothesis
that AILI is associated with a Thl-dominant response in Th1/Th2 cytokine balance
and TNF-o may play a role in toxicity [196].

However, the role of TNF-a remains controversial with contradictory reports, sug-
gesting that TNF-a is involved in pathogenesis of DILI [185,186]; it is not involved in
toxicity [27,184,185,187,189—198]; or it has a role in defense against toxicity and repair
[199,200]. Data suggest that as most cytokines the effects of TNF-a in liver toxicity are
pleiotropic with other cytokine networks being involved and it is the interplay between
these different cytokine cascades that determine the nature of the inflammatory response
associated with toxicity. Furthermore, the understanding of the regulatory mechanisms
in the context of DILI that control the potential for damage-associated molecular pat-
tern molecules or cytokines to activate immune cells and initiate an inflammatory
response require further investigation. For example, recent evidence suggests that the
caspase-dependent oxidation of HMGBI is critical for inhibiting its immune stimulatory
potential following apoptosis [27].

As well as APAP, other model hepatotoxins have been used to investigate the role
inflammation plays during DILI (Table 6.5). Given the complexity of interplay between
chemically mediated toxicity and inflammation and the differences observed between
strains of mice, species, and in vivo model pretreatment, further investigation is required
to define the precise role a cytokine has in response to the chemical insult or as part of
the inflammatory response. Once this has been defined, then the value of the cytokine
as a biomarker can be assessed.

6.7.1.5 APAP Toxicity and Circadian Rhythm. Susceptibility to AILI has been
reported to follow a circadian rhythm [201,202]. Rodents administered with APAP at
the start of the circadian light phase (early subjective day) were more protected than
those dosed at the start of the dark phase (early subjective night). This temporal differ-
ence in hepatotoxicity can be explained by concomitant changes in drug disposition.
Hepatic GSH content fluctuates over a 24-h cycle linked closely with feeding patterns.
In rodents, GSH abundance peaks at early morning and reaches a nadir at early night.
This reduction in GSH lowers the potential for the liver to bioinactivate NAPQI and
allows the chemically RM to cause extensive damage as defined by serum biomarkers

TABLE 6.5 Inflammation in Other Models of DILI

DILI Model Inflammatory Factors Investigated References
LPS Neutrophils, TNF-a, Kupffer cells 124126
EtOH Kupffer cells, TNF-a 127-130
Halothane Macrophage inhibitory factor 118
Cocaine + LPS Kupffer cells, nitric oxide 131,132

Galactosamine + LPS TNF-a, TNF-pS5 receptor 133,134
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of DILI. Moreover, it has also been shown that the bioactivation pathway, Cyp2el-
mediated biotransformation of APAP, does not remain constant over the course of the
day. Cyp2el has been shown to exhibit a mild oscillation with an increased expres-
sion at early night. The molecular mechanism underlying Cyp2el oscillation has been
suggested to be linked with hepatocyte nuclear factor 1 o (HNF1a) and the biological
clock [203], but other mechanisms have been suggested, for example, diurnal rhythms
in liver energy status. This parallel of increased bioactivation and reduced bioinactiva-
tion over the light phase in the rodent model increases the exposure of the liver to the
toxic metabolite and suggests the temporal variation in APAP-induced hepatotoxicity.

6.7.2 Nefazodone

Nefazodone is an antidepressant that was withdrawn from the US market in 2004,
following withdrawal in Canada and Europe, owing to incidences of hepatotoxicity.
A black-box warning for hepatotoxicity stated that there was one case of liver failure
resulting in death or transplant per 250,000—300,000 patient years and more than
20 deaths were reported to the FDA [204]. Patients who presented with nefazodone
induced hepatotoxicity did so 1-8 months after commencement of treatment and had
been taking a dose of 200—400 mg daily [204—206]. In those patients with acute liver
failure, histology demonstrated bile duct proliferation, cholestasis, and centrilobular
necrosis [205]. It is still unclear how nefazodone caused hepatotoxicity in man and the
three mechanisms currently presented in the literature are discussed below.

6.7.2.1 Reactive Metabolite Formation and Covalent Binding. Nefazodone is pre-
dominantly metabolized by CYP3A4 [207]. During metabolism in human and rat liver
microsomes, it is bioactivated to several quinone imine and iminium ions that can be
trapped with GSH and cyanide, respectively (Fig. 6.7) [39,208]. The major quinone
imine is formed from hydroxylation para to the piperazinyl nitrogen that can then
undergo two electron addition to form the corresponding quinone imine [208]. The
bioactivation of nefazodone in vitro has led to the investigation of binding to liver
protein as a mechanism of toxicity. It has been shown to covalently bind to human
liver protein in microsomes, S9 fraction, and hepatocytes [39,208,209]. In human liver
microsomes (HLMs), it has been demonstrated to bind at 1364 pmol/mg protein [209],
a level of binding over 20 times that of the 50 pmol/mg threshold, which Evans et al.
suggested as an upper level of “safe” binding. This binding was significantly reduced
to 306 pmol/mg with a mixture of Uridine 5'-diphospho-glucuronic acid (UDPGA)
and GSH and 254 pmol/mg in the more complete metabolizing system of hepatocytes.
Studies that took into the account the intrinsic clearance also showed that there was a
high rate of binding in liver microsomes [210]. Although it has been established that
nefazodone covalent binds to liver protein, there is currently no literature that indicates
which proteins are the binding targets of nefazodone and whether this binding may
contribute to cell death.

6.7.2.2 Role of Bile Salt Export Pump (BSEP) Inhibition in Nefazodone Toxicity.
Nefazodone is predominantly excreted in the bile. Approximately 60% of radiolabeled
nefazodone that was intravenously administered to dogs was excreted in the feces
[211] and in humans 49% of nefazodone was cleared in the urine [212], suggesting
that the other route of clearance was through bile. Bile salt export pump (BSEP) is a
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Figure 6.7 Characterized bioactivation pathway of nefazodone in human liver microsomes
[122].

member of the ATP-binding cassette transporters and mainly responsible for the trans-
port of bile salts and any other cholephilic compounds across hepatocytes from the
blood plasma and into the bile canaliculi [213]. There have been investigations into
the inhibition of BSEP as a cause of nefazodone hepatotoxicity [214]. Sandwich human
hepatocytes, expressed BSEP in membrane vesicles and rats, were used to investigate
the potential for nefazodone to be causing toxicity through inhibition of hepatobiliary
transport [214]. Nefazodone caused a concentration-dependent inhibition of taurocholic
acid in canaliculi with an IC5p = 14 uM [214]. As the hepatocytes were fully capable
of metabolism, it was not clear whether metabolites or parent compound was caus-
ing the inhibition. This led to the investigation of BSEP-mediated transport inhibition
activity in membrane vesicles, which again resulted in concentration-dependent inhi-
bition of taurocholic acid transport with ICso = 9 wM [214]. This suggested that the
parent compound of nefazodone was causing the inhibition and not metabolites. The
authors also explored the toxicity of nefazodone in hepatocytes using protein synthesis
as an indicator of toxicity. Nefazodone produced a concentration-dependent decrease
in protein synthesis. The effect of metabolism on toxicity was also considered, the
authors used 1-aminobenzotriazole (ABT), a nonspecific inhibitor of CYP, to inhibit
the metabolism of nefazodone in hepatocytes [214]. Incubation with nefazodone and
ABT for 24 h resulted in a 45% decrease in total protein synthesis. Nefazodone alone
resulted in almost full recovery after 24 h. This indicates that the bioactivation and
covalent binding of nefazodone may not be the cause for hepatotoxicity.

6.7.2.3 Role of Mitochondrial Dysfunction in Nefazodone Toxicity. Increasingly,
mitochondrial toxicity is being implicated in drug-induced organ toxicity. Patients with
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underlying mitochondrial diseases may not have any symptoms until additional stress is
placed on the mitochondria, such as drug-induced oxidative stress, that results in organ
toxicity. As described earlier, the effect that nefazodone has on the mitochondria and the
resulting hepatotoxicity has been investigated in isolated OXPHOS complexes, HepG2
cells, and sandwich human hepatocytes [89]. It has been demonstrated that in isolated
OXPHOS complexes nefazodone inhibits complex I (IC5p = 14 puM) [89]. Using cul-
ture medium in which the primary energy source, glucose, has been replaced with
galactose, HepG2 cells, which are more reliant on oxidative phosphorylation, exhibits
100% depletion of ATP when treated with 200 wM nefazodone [89]. A concentration
curve in galactose grown HepG2 cells results in an IC59 = 9 uM [89]. The HepG2 cells
did not express CYP3A4, again suggesting that metabolism is not required for toxicity.
Investigations of mitochondrial injury were also carried out in sandwich human hepato-
cytes. This resulted in significant cell loss, increased ROS, elimination of mitochondrial
membrane potential, and depletion of intracellular GSH [89]. Maximum plasma con-
centrations of 2—4 M has been reported in patients taking 200—400 mg/day, although
there is no available data on plasma:liver ratio of nefazodone [215]. However, if nefa-
zodone does inhibit its own excretion as discussed above, then accumulation in the
liver could reach levels similar to that seen in vitro.

6.7.3 Acyl Glucuronides

Human populations are exposed to numerous chemical entities possessing a carboxylic
acid moiety, including nonsteroidal anti-inflammatory drugs (NSAIDs), hypolipidemic
drugs (clofibrate), anticonvulsants (valproic acid), and diuretics (furosemide). Sev-
eral carboxylic acid drugs have been withdrawn from the market over the years as
a consequence of rare but occasionally severe adverse effects. From a toxicologi-
cal perspective, attention has been focused on the bioactivation of this functional
group to form RMs, namely, coenzyme A thioesters and acyl glucuronides (AGs)
[63], implicating drug bioactivation as an early step in the pathogenesis of ensuing
adverse effects. Acyl glucuronidation represents one of the metabolic pathways in
the elimination of many carboxylic-acid-containing drugs and metabolites [216], and
therefore as a physiological clearance process is potentially important to the pharma-
cological effects of those compounds. This reaction is catalyzed by multiple human
UDP-glucuronosyltransferases (UGTs) [217,218]. Generally, glucuronides are not only
less biologically active than the parent aglycone [219] but also subject to more rapid
biliary excretion because of their enhanced affinity for transporter proteins [220—225].
However, AGs represent an exception to this accepted principle, possessing intrin-
sic electrophilic reactivity. This reactivity is manifested through three main pathways:
hydrolysis; acyl migration, and irreversible binding with cellular macromolecules. As
a number of carboxylated drugs known to form AG metabolites are associated with
ADRs in patients, AGs have come to be almost generically implicated in the pos-
sible causation of these toxicities. Although bioactivation liabilities connected with
oxidative metabolism appear to have caused concern much more frequently than acyl
glucuronidation [116] and initiate increasingly sophisticated structural optimization
programs to minimize bioactivation [226], medicinal chemists have still derived reas-
surance from any evidence that an AG metabolite of a new drug is relatively stable
[117,227,228]. As a further indication of an established perception of toxicological risk,
attempts to connect drug metabolites with the toxicity that has forced the withdrawal
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of a compound from development, as in the recent case of torcetrapib [229], still con-
sider the possible involvement of AGs. Torcetrapib, a cholesteryl ester transfer protein
inhibitor, was terminated in phase 3 trials because of an unexpected increase in cardio-
vascular events and death [230]. Administration of torcetrapib was shown to acutely
increase blood pressure in both rodent and nonrodent species [230]. Glucuronide con-
jugates of two major carboxylic acid metabolites can be detected in different species
[229]. What may be characterized as a lingering but ill-defined anxiety seems to sur-
round drugs that are metabolized extensively to AGs in humans. Nevertheless, with the
notable exception of the acute enteral toxicity of DCF in rats [231], the toxicological
implications of AG formation have not been delineated clearly in vivo. Certainly, the
use of probenecid [232] and the recent developments of bicifadine [233] and deferasirox
[234] have continued, despite these drugs being metabolized by humans to unstable
AGs.

6.7.3.1 Acyl Glucuronide Reactivity. The reactivity of an AG derives ultimately
from the electrophilicity of its ester carbonyl group resulting in hydrolysis to the parent
aglycone, intramolecular rearrangement, and intermolecular transacylation reactions. A
structure effect on the degree of reactivity has been demonstrated with the rate order:
acetic acid > propionic acid > benzoic acid derivatives. It was proposed that this
order could be attributed to the inherent electronic and steric properties of each specific
aglycone [235]. Consequently, as a number of drugs are associated with AG formation
but not necessarily toxicity, the reactivity of the corresponding AGs has been under
much investigation with the aim to delineate a relationship between AG reactivity and
ensuing toxicity.

1-B-O-Acyl glucuronides may undergo intramolecular rearrangement through the
migration of the acyl group to positions C-2, C-3, and C-4 of the carbohydrate moi-
ety [236] (Fig. 6.8). The mechanism is thought to involve nucleophilic attack by
the hydroxyl group on the adjacent carbon to generate an o-acid ester intermedi-
ate [237,238]. The intramolecular rearrangement of AGs is of particular importance
because it leads to re-exposure of the hemiacetal function of the glucuronic acid moi-
ety, thus allowing two chemical reactions: anomerization and nonenzymatic glycation
[239]. Stability and, therefore, reactivity of the AG could potentially have significant
implications on the likelihood of a drug causing toxicity.

In addition, 1-B-O-acyl glucuronides are particularly susceptible to hydrolysis,
resulting in the release of the parent aglycone. A number of catalysts, including
B-glucuronidases, nonspecific esterases, serum albumin, and hydroxide ion, can be
involved in this reaction. The rate of hydrolysis is dependent on a range of parameters
including pH, temperature, and aglycone structure [241]. It has been determined that
the rate of hydrolysis, in parallel with acyl migration, can be a relevant parameter to
investigate in connection to AG reactivity with cellular macromolecules [242]. An
almost linear correlation (r> = 0.995) between the overall degradation rate (hydrolysis
and intramolecular rearrangement) of AGs and the amount of drug bound to Human
serum albumin (HSA) in vitro was reported for 9AGs. Subsequent investigations of
AG reactivity also resulted in similar results with an improved correlation obtained
when the fraction of bound drug (as a percentage of initial glucuronide present)
was plotted against the degradation rate [235,243]. Exact degradation half-lives are
variable across the AGs and is most likely dependent on the structure of the aglycone
[244].
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Figure 6.8 Mechanisms of AG rearrangement and covalent binding to protein. Rearrangement
of the AG is shown, as the aglycone moves around the ring to the 2-, 3-, and 4-glucuronide
positions. An example of rearrangement between the f and o positions is shown by the 3-isomer,
with its corresponding covalent binding to protein via the glycation mechanism. This also occurs
for the 2- and 4-isomers. Covalent modification of protein by the transacylation pathway is
represented by the 18 isomer. RCOO™ represents the aglycone. X represents nucleophilic groups
on proteins susceptible to covalent adduct formation from the AG through transacylation. Source:
Adapted from Bailey et al. [240]. (See color insert.)

The electrophilic properties of AGs also enable them to covalently bind to specific
nucleophilic sites on biological macromolecules. While this reaction is considered to
be a quantitatively a minor pathway of AGs, it has been implicated in the underlying
mechanism of toxicity of certain carboxylic-acid-containing drugs such as hypersen-
sitivity reactions [237,,245-247]. Specifically, these immune-mediated reactions are
governed by the generation of neoantigens, formed as a result of RMs binding to hep-
atic protein. These immunogenic adducts are then recognized by the immune system
and elicit either antibody [107,173] or cytotoxic T-cell responses [173,245].

Several studies have been carried out to elucidate the mechanism for the formation
of protein covalent adducts, with two pathways identified. The first is a transacylation
mechanism involving nucleophilic displacement of the glucuronic acid from the ester
group by macromolecular nucleophilic sites such as —NH, of lysine residues [248],
—SH of cysteine residues [249], or —OH groups from tyrosine residues [250]. An alter-
native mechanism reported is the glycation pathway, where the aglycone moiety forms a
protein adduct via the glucuronic acid moiety. Specifically, this requires acyl migration
before binding, enabling the ring opening of the carbohydrate moiety and subsequent
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anomerization. This results in the formation of open-chain aldehyde intermediates and
the further condensation of the aldehyde group with the amine groups on lysines or
DNA nucleosides to form imines (Schiff bases), which can further undergo rearrange-
ment to a more stable 1-amino-keto-product (Amadori rearrangement) [251-254].

The formation of protein adducts is not only limited to plasma protein alone but
can also involve other organs including the liver, kidney, skeletal muscle, and intes-
tine, indicated by a number of animal studies [255,256]. Therefore, the formation of
AGs could have implications in specific organ-directed toxicities and also systemic
hypersensitivity reactions through both the binding to specific organs and plasma pro-
tein. However, the toxicological significance of covalent binding between drug and
macromolecule remain speculative and still require definitive proof as protein adduct
formation does not always lead to toxicity. This concept is best illustrated by APAP
and its structural isomer AMAP, where AMAP at the same molar dose as APAP was
found to covalently bind to cellular protein and yet did not result in toxicity. This
introduced the concept of the critical protein hypothesis, delineating certain proteins as
critical targets in hepatotoxicity [18,105]. Supporting this, the RM of APAP, NAPQI
binds to a number of proteins. In mice, one of the major targets of NAPQI is urate
oxidase, an enzyme lost during primate evolution. As a result, it is thought unlikely
that irreversible binding to urate oxidase represents a role in APAP-induced hepatotox-
icity in mice, as both humans and mice develop centrilobular necrosis with similar per
kilogram doses [257]. This highlights the need to identify the critical protein adducts
involved in the mechanism of toxicity.

Glucuronides of propionic acids have been reported to be more stable and less
chemically reactive than those formed from acetic acid NSAIDs, generally possessing
a much longer half-life in vitro at physiological pH. It is thought that this can most
likely be attributed to the steric hindrance and electron donating effects of the a-
methyl group [247]. Despite this, Benoxaprofen BNX-AG has been reported to react
with HSA in vitro, forming protein adducts through both transacylation and glycation
pathways [257]. The use of tandem mass spectrometry further enabled the identification
of specific binding sites, which included Lys-159 and Lys-199 to a lesser extent. Ser-
312, Ser-480, and Arg-222 were the other three major binding sites, which reacted
only via nucleophilic displacement.

It is, therefore, well established that AGs are intrinsically reactive electrophiles,
with the potential to bind to cellular macromolecules. However, the contribution of AG
formation to underlying toxicological mechanisms remains unclear and is consequently
under much investigation.

6.7.3.2 Toxicological Implications of Acyl Glucuronides. A number of carboxylate
drugs have been found to undergo extensive metabolism to an AG, but with varying
degrees of toxicity associated with administration. Specifically, the use of DCF has
been associated with a number of adverse effects, the most prominent being induction
of hepatic injury [242,,258-261]. It has been reported that 15% develop abnormal-
ities in aminotransferase plasma levels [258,262]. Cases of severe hepatic reactions
are much rarer in frequency with estimates ranging from 1-2 cases per million pre-
scriptions [263] to 6—18 cases per 100,000 person years [264]. Published cases of
severe DCF hepatotoxicity equate to ~250 reports with a case fatality rate of 10%
[265]. The high case numbers can be attributed to the large number of patients who
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are prescribed DCF worldwide [76]. The injury associated with DCF-induced hepato-
toxicity is consistently hepatocellular, resembling hepatitis, characterized by jaundice,
and to varying degrees, fatigue anorexia, nausea, and vomiting [262]. The underlying
pathogenesis associated with DCF hepatotoxicity is unknown, but drug bioactivation
has been implicated. Consequently, investigations have been undertaken to delineate
the importance of AG reactivity and to a lesser degree AG exposure.

The majority of investigations concerning AG adduct formation have focused on
binding to HSA, which would explain systemic adverse effects associated with carboxy-
late drugs. However, certain drugs are associated with specific organ-related toxicity,
such as DCF, which represents a paradigm for idiosyncratic hepatotoxicity. Conse-
quently, the focus of investigations has centered on assessment of binding directly to
liver macromolecules. In rodents, the majority of adducts were located on the canalic-
ular plasma domain of the hepatocytes [266,267]. In addition, DCF adducts were also
identified on the apical domain of enterocytes; however, it has not be conclusively
proven that these are as a result of AG formation [268]. DCF adduct formation with
enterocytes through acyl glucuronidation has been suggested based on a study by Seitz
et al. [267]whereby administration of bile containing DCF-AG resulted in intestinal
ulcer formation in Multidrug resistance-associated protein 2 MRP2-deficient rats, which
did not occur when DCF alone was administered. The ability of DCF-AG to bind to
serum albumin has yet to be determined in either in vitro or in vivo.

6.7.4 Nevirapine

Nevirapine (NVP) is a highly effective nonnucleoside reverse transcriptase inhibitor
(nnRTI) used in the treatment of HIV-1 infection. NVP is used widely in developing
countries as it is inexpensive and does not require refrigeration; however, it is associated
with clinically restrictive side effects, skin reaction and hepatotoxicity that can occur
either simultaneously or separately. Toxicity is thought to be mediated through RM
formation either directly or through the induction of the immune system. Although
NVP is highly effective, the incidence of severe or life-threatening hepatotoxicity has
lead to the FDA giving a black-box warning. The nature of NVP-induced liver injury
is not clear; cases of hepatotoxicity vary in terms of severity, time to onset, and can
occur with or without a hypersensitivity reactions [269,270]. It is possible that the
late-occurring reactions may be nonimmune in nature, while those occurring in the
first three months may have an immune pathogenesis [271]. The time of onset and
the nature of the NVP-induced skin rash suggest that the reaction is immune mediated
and because of the low incidence it is likely that the reaction may be idiosyncratic
[271,272].

6.7.4.1 Possible Pathways of Nevirapine Bioactivation. There appear to be several
pathways for NVP bioactivation (Fig. 6.9). The cyclopropylamine group has the poten-
tial, via N-dealkylation, to become bioactivated to an aminium cation radical [120].
12-OH NVP, a major metabolite in HLMs, is a substrate for sulfotransferase in rats
[272], and it has been proposed that the sulfate ester dissociates to form a reactive
quinone methide intermediate [272]. The quinone methide could also be generated,
additionally or alternatively, by enzymic oxidation [117]. Hydroxyheteroaryl metabo-
lites [273] are potential precursors of reactive quinone imines [117]. Finally, NVP
might form one or more heteroarene epoxide intermediates in either of the pyridine
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rings. Novel NVP GSH conjugates and mercapturates, potentially formed from multiple
RMs, have been characterized [274]. Mercapturates were isolated from rat bile and
characterized definitively by NMR as thioethers substituted at the C-3 and exocyclic
C-12 positions of the methylpyridoring of NVP. It is proposed that NVP undergoes
bioactivation to arene oxide and quinone methide intermediates [274]. Further evidence
for metabolic activation of NVP includes NADPH-dependent irreversible binding of
radiolabeled drug to rat liver microsomes (RLMs) [120], mechanism-based inhibition
of microsomal CYP3A4 [117], and the metabolism of NVP by HLM and CYP3A4 to
a single GSH adduct [117].

6.7.4.2 Animal Model of Nevirapine-Induced Skin Rash. Uetrecht and colleagues
have characterized extensively a dose-dependent, NVP-induced skin rash in female
Brown Norway (BN) rats that resembles the idiosyncratic cutaneous reaction seen
in humans [275,276] and appears to be immune mediated [277]. The NVP-induced
skin rash in BN rats is similar to that in human in terms of: the time of onset, sex
dimorphism, the fact that incidence increases with dose, that an escalating dose of
NVP can reduce incidence, and that rechallenge in rats and humans results in more
severe rashes than on initial exposure [275]. Chen et al. [272] have proposed that
the skin rash induced by NVP and 12-OH NVP in BN rats may be due to NVP
quinone methide formed through dissociation of 12-OH NVP sulfonate in the skin.
A mild hepatotoxicity, assessed by histopathological and plasma enzyme indicators, is
induced in rats pretreated with NVP or dexamethasone [278]. This implies one or more
NVP metabolites are causal agents of hepatotoxicity but no mechanistic explanation of
the liver injury has emerged. Chen et al. [272] have suggested that the hepatotoxicity
of NVP in humans is due to quinone methide formed in situ by CYP enzymes.

Evidence suggests that the 12-OH NVP pathway is responsible for NVP-induced
skin rash, as administration of 12-OH NVP induces skin rash at 50 mg/kg/day
as opposed to 150 mg/kg/day with NVP [272]. Cotreatment with ABT decreased
urinary excretion of 2-OH NVP, 3-OH NVP, and 4-COOH NVP while increasing
the urinary excretion of 12-OH NVP. The result was the formation of skin rash
at 50mg/kg/day in female BN rats and at 150 mg/kg/day in male BN rats, which
normally unaffected [272]. However, on rechallenge, 12-OH NVP failed to elicit a
skin rash, even if the initial rash was induced by 12-OH NVP [272]. It may be that
NVP is needed to induce the CYP isoforms required for bioactivation to RM.

6.7.4.3 Potential Markers of Nevirapine Bioactivation. Novel NVP GSH conju-
gates and mercapturates, potentially formed from multiple RMs, have been character-
ized [274]. The formation of drug-GSH conjugates is often used as an indicator of
bioactivation. GSH conjugates are generally excreted in the urine as mercapturates.
Drug mercapturates have been used as biomarkers of exposure to an RM [154,155].
The identification of two novel NVP mercapturates in humans and rats and the devel-
opment of a mass spectrometric assay to quantify them pose the opportunity to develop
the mercapturates as biomarkers of NVP-induced skin rash [274]. To justify the use
of a NVP mercapturate as a biomarker of exposure to an RM, a direct link between
mercapturate formation and adverse event must be confirmed; the female BN rat model
of NVP-induced skin rash can be utilized to do this. A direct link between mercap-
turate formation and skin rash incidence could be proved by using specific CYP450
inhibitors to modulate NVP metabolism.
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SUMMARY POINTS

There is overwhelming evidence to suggest bioactivation of drugs to chemically
RMs plays a major role in toxicity and ADRs.

Chemically RMs can induce oxidative stress in the cell by introducing electrophilic
species, stimulating production of ROS and disrupting thiol status through deple-
tion of GSH.

The cell can activate an immediate adaptive defense response via the upregulation
of gene expression when the cell undergoes oxidative stress.

If the oxidative insult overwhelms the cell’s protective mechanisms cell death
can ensue through a number of mechanisms, including mitochondrial dysfunc-
tion, DNA damage, protein binding, and induction of the immune response and
inflammation.

As a result of drug attrition occurring late in drug development—one of the main
reasons for which is related to safety—we need to be able to detect the ability of
a NCE to be bioactivated and whether the reactive intermediate is likely to cause
hazards.

Many pharmaceutical companies have used covalent binding to microsomal pro-
teins as an indicator of a safety liability. However, the degree of covalent binding
in microsomes is an indicator of bioactivation, but is not always indicative of tox-
icity and, hence, is poorly translated into safety outcomes in the clinic covalent
binding. Work is currently ongoing to develop relevant human hepatic cell lines as
an alternative to microsomes with the hope of generating a more physiologically
relevant system and improving clinical translation of data.

The development of clinically relevant biomarkers, which can successfully assess
the propensity of a chemical to cause toxicity and will bridge the “disconnect”
between preclinical in vitro and in vivo studies and clinical studies, in terms of
successful prediction of safety liability, is crucial.
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