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Abstract

Because of the inability to predict and quantify the risk of idiosyncratic
adverse drug reactions (IADRs) and because reactive metabolites (RMs) are
thought to be responsible for the pathogenesis of some IADRs, the potential
for RM formation within new chemical entities is routinely examined with
the ultimate goal of eliminating or reducing the liability through iterative
design. Likewise, avoidance of structural alerts is almost a standard practice
in drug design. However, the perceived safety concerns associated with the
use of structural alerts and/or RM screening tools as standalone predictors of
toxicity risks may be overexaggerated. Numerous marketed drugs form RMs
but do not cause idiosyncratic toxicity. In this review article, we present a
critique of the structural alert/RM concept as applied in drug discovery and
evaluate the evidence linking structural alerts and RMs to observed toxic
effects. Pragmatic risk mitigation strategies to aid the advancement of drug
candidates that carry a RM liability are also discussed.
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INTRODUCTION

The formation of electrophilic reactive metabolites (RMs) is considered to be an undesirable fea-
ture in drug candidates. This notion arises from evidence linking RM liability with mechanism-
based inactivation of cytochrome P450 (CYP) isoforms, which can result in clinical drug-drug
interactions (DDIs) (1) and/or covalent modification of DNA that results in mutagenicity (2).
Furthermore, it is now widely accepted that RMs, as opposed to the parent molecules from which
they are derived, can also be responsible for the etiology of some idiosyncratic adverse drug reac-
tions (IADRs) (3–6). The term idiosyncratic simply implies that little is known about the underlying
mechanism and that the toxicity is unpredictable. IADRs can manifest in drug-treated patients as
rare and sometimes life-threatening reactions that cannot be explained by the primary pharmacol-
ogy of the drug. For instance, felbamate is used to treat convulsions but can cause aplastic anemia
and hepatotoxicity. Many IADRs are immune mediated and occur in very low frequency in a small
subset of patients either acutely or as a delayed response. The observations that certain IADRs
(e.g., hypersensitivity associated with the antiretroviral agent abacavir, hepatotoxicity associated
with the nonsteroidal anti-inflammatory drug lumiracoxib and the antiretroviral drug nevirapine)
are linked to specific human leukocyte antigen (HLA) genes (7–9) provide compelling evidence
for the immune-mediated nature of these toxicities. The precise mechanisms of IADRs remain
unclear; however, the vast majority may be caused by immunogenic conjugates formed via the co-
valent interaction of a RM with cellular proteins, resulting in cellular dysfunction or an immune
response via the formation of a hapten (10). The link between RM formation and drug toxicity
first became evident from studies on the hepatotoxic anti-inflammatory agent acetaminophen.
Mechanistic studies, which have served as a gold standard for drug toxicity assessment over the
decades (11), established the CYP-mediated oxidation of acetaminophen to a reactive quinone-
imine species that could deplete levels of the endogenous antioxidant glutathione (GSH) and/or
bind covalently to liver biomacromolecules, leading to hepatotoxicity. Idiosyncratic toxicities are,
by definition, difficult to reproduce in the human population, and there are few, if any, generally ap-
plicable animal models for examining them (12). Consequently, reliably predicting the occurrence
of IADRs with new drug candidates represents a significant challenge in preclinical drug discovery
and development. Under the basic premise that a molecule devoid of RM formation could mitigate
idiosyncratic toxicity risks, in vitro screens [e.g., reactive metabolite trapping with GSH and/or
protein covalent binding in NADPH-supplemented human liver microsomes (HLM)] have been
implemented to assess CYP-mediated RM formation for new molecular entities with the ultimate
goal of minimizing or eliminating this liability through iterative medicinal chemistry (13, 14).

THE STRUCTURAL ALERT/REACTIVE METABOLITE CONCEPT IN
DRUG DESIGN: WHAT HAS RETROSPECTIVE STRUCTURE
TOXICITY ANALYSIS TAUGHT US?

Because the link between RM formation and idiosyncratic toxicity is not well understood, one
tactic frequently adopted in drug discovery is that of avoidance. The term avoidance refers to
a philosophical argument wherein certain functional groups (known as structural alerts or toxi-
cophores) must be excluded from drug design, irrespective of whether these substituents would
offer pharmacologic (e.g., improved intrinsic potency), pharmacokinetic (e.g., low plasma clear-
ance), and/or biopharmaceutical (e.g., improved aqueous solubility) advantages. The concept
of structural alerts (extensively reviewed in Reference 15) originated from studies that charac-
terized the mechanism of RM formation within numerous drugs associated with idiosyncratic
toxicity. An analysis of 68 drugs recalled or associated with a black box warning (BBW) for
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Figure 1
Structure-toxicity relationships for the dibenzodiazepine derivatives: clozapine versus loxapine and quetiapine. Abbreviations: GSH,
glutathione; IADR, idiosyncratic adverse drug reaction.

idiosyncratic toxicity indicated that 55 (80.8%) contained one or more structural alerts, and
evidence for RM formation [characterization of adducts with biological nucleophiles such as
GSH and/or covalent binding to target organ tissue (e.g., liver microsomes)] was provided for
36 out of the 55 drugs (65%) (16). A prominent structural alert in the analysis was the aniline/
anilide motif, which was present in ∼30 out of the 68 (44%) toxic drugs. Among all known structural
alerts, the aniline/anilide motif is perhaps most notorious for its association with mutagenicity,
direct organ toxicity, methemoglobinemia, and immunogenic allergenic toxicity (17).

A compelling argument for chemotype-specific toxicity is also evident from structure-activity
relationship (SAR) studies, wherein the absence of RM liability is consistent with the improved
safety profile of successor drugs. For instance, whereas clozapine use is limited by a high
incidence of agranulocytosis and hepatotoxicity, quetiapine and loxapine are not associated with
these adverse events. Clozapine exhibits covalent binding to human neutrophils in vitro via the
myeloperoxidase-catalyzed oxidation of the dibenzodiazepine ring to a reactive iminium ion,
which covalently binds to target tissue and GSH (Figure 1) (18, 19). Proteins covalently modified
with clozapine have been detected in neutrophils of patients being treated with clozapine; this
finding reaffirms the relevance of the in vitro studies (19). In the cases of quetiapine and loxapine,
the bridging nitrogen atom is replaced with a sulfur or oxygen atom (Figure 1); consequently,
these drugs cannot form a reactive iminium species (20). Although anecdotal for the most part, the
structure-toxicity relationships suggest that avoiding structural alerts in drug design would lead
to therapeutic agents that do not cause IADRs. In fact, knowledge-based systems such as Derek
for Windows that are used to predict the toxicity of a chemical from its structure have evolved
from such findings. Predictions from knowledge-based systems, however, can be misleading at
times. For example, 2-aminopyridine and 2-aminopyrimidine are not predicted to be structural
alerts in Derek and are commonly utilized in drug discovery as aniline replacements. Certainly,
the 2-aminopyrimidine scaffold found in the anxiolytic agent buspirone is not metabolized to
a RM, unlike the aniline derivative and RM-positive hepatotoxin nefazodone (Figure 2) (21).
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However, an exception to the rule is the two-electron oxidation of the 2-aminopyridine group
in trimethoprim to an electrophilic imine-methide species, which is a causative factor in the
idiosyncratic toxicity associated with this antibacterial drug (Figure 2) (22). As novel (and
proprietary) functional groups are continuously sought in drug design, unanticipated bioactivated
pathways leading to RMs may emerge and thus expand the existing knowledge on structural alerts.

As such, the application of the structural alert concept in drug design has several shortcomings.
First, not all compounds possessing structural alerts are metabolized to RMs. The likelihood of
RM formation depends on the binding pose of the compound in the catalytic site of the drug-
metabolizing enzyme (e.g., CYP) and the subsequent positioning of the structural alert toward
metabolism to a RM. Metabolism may occur at a site other than the structural alert and lead to
nonreactive products. For example, both sudoxicam and meloxicam (Figure 3) contain the 2-
aminothiazole structural alert, but only sudoxicam forms the reactive acylthiourea, which appears
to be responsible for its hepatotoxicity (23). Although the 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 (and
carboxylic acid) metabolites constitutes the major metabolic fate of meloxicam in humans (24).
Additionally, alternative routes of drug clearance could also influence the metabolism of structural
alerts, as in the cases of ranitidine and pramipexole (Figure 3). Both drugs are eliminated by urinary
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excretion primarily in unchanged parent form (25, 26), and no RM formation is seen on the furan
and 2-aminothiazole structural alerts. Notably, ranitidine and pramipexole are marketed as agents
for the treatment of peptic ulcers and Parkinson’s disease and generally do not cause IADRs.

Second, because the categorization of structural alerts is knowledge based, avoiding as-yet-
unknown structures that can form RMs is not possible. For example, the mechanism for RM
formation within the anticonvulsant felbamate, which is associated with aplastic anemia and hep-
atotoxicity, involves the formation of the electrophilic α,β-unsaturated 2-phenylpropenal via an
uncharacteristic multistep process (Figure 4) (27). Evidence for the occurrence of this pathway
in vivo has arisen from the characterization of urinary mercapturic acid conjugates following fel-
bamate administration to humans (28). As seen in Figure 4, felbamate is devoid of prototypical
structural alerts.

Third, and more importantly, structural alerts fall into one of two categories: ones that form
RMs versus all others. There is no clear distinction as to when a particular functional group is
viewed as a structural alert. The vast majority of marketed drugs possess a phenyl ring, which is
a structural alert because its biotransformation to the corresponding phenol metabolite proceeds
through a reactive epoxide intermediate, which can be trapped with GSH in some cases (15, 16).
Removing simple phenyl rings from the repertoire of substituents in drug design is practically
impossible, and mankind would be deprived of countless useful therapies if phenyl-containing
drugs had not been developed because of the phenyl ring’s status as a structural alert.

Finally, the simplistic notion that the absence of a structural alert and/or RM liability in a
drug candidate serves as a guarantee of its safety is not necessarily true. There is no evidence
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that the idiosyncratic hepatotoxicity associated with the recalled thrombin inhibitor ximelagatran
(Figure 5) is associated with RM formation, and the drug does not exhibit any alerts in its
chemical structure (29). Likewise, there are no structural alerts or evidence for RM formation
within drugs such as chlormezanone, isoxicam, pemoline, and flecainide (Figure 5), which have
been withdrawn owing to idiosyncratic toxicity (16). The widely prescribed antihyperlipidemic
agent niacin (Figure 5) does not contain conventional structural alerts but possesses the highest
potential for hepatotoxicity when administered in the sustained-release form. The hepatotoxic
effects of niacin are related to a high-affinity, low-capacity metabolic pathway that affords
nicotinamide and N-methyl-2- and N-methyl-4-pyridone-5-carboxamide metabolites; thus, the
sustained-release formulation can lead to higher levels of toxic metabolites (30). The alternative
competing metabolic pathway is a low-affinity, high-capacity conjugation pathway (involving
the formation of a glycine amide metabolite) that leads to prostaglandin-mediated vasodilation
and subsequent cutaneous flushing (31). The immediate-release formulation overwhelms the
higher-affinity oxidation pathway, and the majority of the niacin dose is metabolized via the
high-capacity glycine conjugation pathway, leading to a much lower rate of hepatotoxicity (30).

Although structural alerts must be used with caution, particularly at the lead optimization/
candidate selection stage in drug discovery, it is imperative to demonstrate experimentally whether
structural alerts, if present in a molecule of interest, actually are prone to RM formation. In the
case of RM-positive drugs, identifying the biochemical mechanism and the enzymes responsible
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for RM formation is necessary. The information can then be used, as appropriate, to modify the
structure of the RM-positive drugs in order to eliminate the liability. For instance, fluorofelbamate
was specifically designed to eliminate the RM liability of felbamate on the basis of the bioacti-
vation mechanism depicted in Figure 4. The strategic placement of the fluorine atom on the
benzylic position prevents the β-elimination process that affords the α,β-unsaturated aldehyde
(32). Successful case studies involving metabolism-guided design to circumvent RM formation in
drug discovery are abundant in the medicinal chemistry/chemical toxicology literature (33–36).
For instance, in the course of efforts leading to the discovery of taranabant, a selective and potent
inhibitor of the cannabinoid-1 receptor and a Phase III clinical candidate for the treatment of
obesity, the lead compound 1 depicted in Figure 6 revealed a high level of covalent binding to
HLM in a NADPH-dependent fashion, consistent with RM formation. Elucidation of the struc-
ture of the GSH conjugate suggested that the RM was an arene oxide intermediate derived from
epoxidation of the electron-rich phenoxy ring (37). Replacement of the phenoxy ring with the
trifluoromethylpyridyl ring afforded taranabant, which was devoid of RM formation yet retained
potency and selectivity against the cannabinoid-1 receptor.

Another example pertains to the discovery of the first glucokinase activator, piragliatin
(Figure 6), which has shown 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 dia-
betes (38). The prototype candidate RO0281675 (Figure 6) was withdrawn from Phase I clinical
trials owing to its narrow safety margin in preclinical toxicology studies. In chronic toxicology
studies in rats and dogs, RO0281675 caused reversible hepatic lipidosis, which was believed to
occur via the metabolism of the 2-aminothiazole motif to a thiourea metabolite. The hypothesis
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was further substantiated on the basis of two observations: (a) the thiourea derivative was formed
as a metabolite upon incubating RO0281675 in NADPH-supplemented liver microsomes from
preclinical species and humans, and (b) five-day toxicity studies in rats with an authentic stan-
dard of the thiourea metabolite led to hepatic lipidosis in a manner similar to that noted with
RO0281675. Subsequent SAR studies seeking thiazole ring replacements led to the identification
of a pyrazine-based lead analog, labeled compound 2 in Figure 6. In vitro metabolite identifica-
tion revealed several oxidative metabolites on the cyclopentyl ring of compound 2, which were
synthesized and shown to possess pharmacological activity comparable with that of the compound
itself. Additional profiling of in vitro and in vivo safety and efficacy of the oxidative metabolites
led to the selection of piragliatin as the clinical candidate. Subchronic and chronic toxicology
studies with piragliatin in rats and dogs revealed no evidence of hepatic lipidosis. Furthermore,
piragliatin is relatively less lipophilic than compound 2 (clog P of compound 2 = 2.69 versus clog
P of piragliatin = 0.47) and exhibits superior oral absorption (lower plasma clearance leading to
increased oral absorption) in preclinical species and humans. In practice, however, the exercise of
eliminating or reducing RM formation is not trivial; medicinal chemistry tactics to eliminate RM
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formation could confer a detrimental effect on pharmacology (e.g., changes in agonist/antagonist
behavior, subtype selectivity for target receptor or enzyme) and/or pharmacokinetic attributes. In
our experience, if the structural alert can be readily replaced with an alternative moiety without
significant loss of desired pharmacology/pharmacokinetic attributes, then doing so is advisable.
As a result, the need for additional risk assessment beyond the standard drug safety package as
well as further internal debate on this topic for the remainder of the development program could
be avoided.

Although the strategy of circumventing IADR risks via removing RM liability represents a
pragmatic starting point in drug design, there is growing concern that the perceived safety hazards
associated with structural alerts and RM-positive compounds may be overexaggerated. Several
blockbuster drugs contain structural alerts and form RMs but do not cause idiosyncratic toxicity,
suggesting that the structural alert concept and RM screening tools in drug discovery may be too
stringent and thus could halt the advancement of novel medicines. A survey of 108 structurally
distinct drugs that were among the most prescribed in 2009 revealed that 58 (53%) contained
structural alerts, and evidence for RM formation has been provided in 24 out of the 58 (41%)
cases (16). Likewise, 13 out of the 15 small-molecule drugs, which constitute the top drugs based
on total sales in 2009, possess structural alerts. In vitro and/or in vivo experimental evidence for
RM formation has been presented for 10 out of the 13 drugs (16). Overall, the analysis indicates
that the percentage of structural alert–positive and/or RM-positive drugs in the most-prescribed
or total-sales drug category is largely similar to that noted for drugs recalled or associated with
a BBW. The alerts are fairly diverse in nature and include aniline/anilide, thiophene, olefin,
and quinone precursors found in the toxic drugs. In the case of the top-ranked drug (on the
basis of dispensed prescriptions and sales) atorvastatin (Lipitor R©) (Figure 7), CYP3A4-catalyzed
monohydroxylation on the acetanilide structural alert leads to the formation of the active ortho-
and para-hydroxyacetanilide metabolites (39), which can be oxidized to reactive quinone-imine
species in a manner similar to that noted for acetaminophen. The observation that atorvastatin
covalently binds to HLM in a NADPH-dependent fashion partially validates the hypothesis (40).
Interestingly, atorvastatin was ranked number one in terms of dispensed prescriptions and total
sales for 2009.

In some cases, RM formation is essential to the pharmacological activity of a drug. In the
case of the blockbuster cardiovascular drug and P2Y12 purinoreceptor antagonist clopidogrel, the
thiophene structural alert is metabolized by a CYP enzyme or enzymes to a pharmacologically
active RM (speculated to be an electrophilic sulfenic acid). This RM forms a covalent disulfide
linkage with a cysteinyl residue on the P2Y12 receptor in platelets, leading to inhibition of platelet
aggregation (Figure 7) (41, 42). Similar to clopidogrel, the antidepressant duloxetine contains a
pendant thiophene ring, which can be oxidized by CYP to RMs. Indeed, incubation of duloxetine in
NADPH- and GSH-supplemented HLM indicated the presence of several GSH conjugates (43).
Interestingly, structural characterization of these conjugates reveals that GSH adduction occurs on
the naphthalene ring rather than on the thiophene ring and likely proceeds via a reactive epoxide
intermediate (Figure 7).

In humans, the antidepressant paroxetine is metabolized by CYP2D6 on the 1,3-benzodioxole
structural alert to a catechol intermediate (44). The process also leads to the mechanism-based
inactivation of the CYP isozyme and DDIs with CYP2D6 substrates in the clinic (45). In vitro
studies with [3H]-paroxetine have demonstrated the NADPH-dependent covalent binding to
human liver microsomal and S9 proteins and have also demonstrated the characterization of
GSH conjugates of reactive quinone metabolites (Figure 8) (46). The selective estrogen receptor
modulator raloxifene is metabolized by CYP3A4 on the phenolic structural alerts to yield reactive
quinone species that can be trapped with GSH (47). The process is also accompanied by the
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Examples of commercial blockbuster drugs that form RMs. Structural alerts are highlighted in red. Abbreviations: CYP, cytochrome
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mechanism-based inactivation of CYP3A4. Cyclobenzaprine is a skeletal muscle relaxant, which
is metabolized on the olefin structural alert to yield the corresponding dihydrodiol metabolite
in significant quantities in human urine (Figure 8) (48). The formation of the dihydrodiol
metabolite is consistent with olefin epoxidation as a rate-limiting step.

In addition to the above analysis, examination of the structural trends for recently approved
drugs (2009–present) revealed the presence of structural alerts in several cases (Figure 9). Fore-
most among these is the thiophene structural alert in the sodium glucose cotransporter 2 inhibitor
and antidiabetic agent canagliflozin. However, its principal elimination mechanism in humans
involves glucuronidation (on the sugar moiety) by UGT (uridine diphosphate glucose glucurono-
syltransferase) enzymes (49). The lack of GSH conjugate formation in canagliflozin incubations
in HLM suggests that the thiophene ring is latent to CYP metabolism (A.S. Kalgutkar, unpub-
lished observations). The selective direct factor Xa inhibitors apixaban and rivaroxaban are new
oral anticoagulants that contain structural alerts ( para-methoxyaniline and bis-anilide motifs in
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apixaban; chlorothiophene and bis-anilide motifs in rivaroxaban). Human mass balance studies
using [14C]-apixaban and rivaroxaban indicate that the alerts in those compounds are not subject
to metabolism and/or RM formation (50, 51). In the case of rivaroxaban, the pendant chlorothio-
phene motif is essential for pharmacology and cannot be replaced. The aniline structural alert is
also present in the oral direct thrombin inhibitor dabigatran. However, dabigatran is not subject
to oxidative metabolism by CYP enzymes in humans (52).

The remainder of drugs flagged for structural alert presence (depicted in Figure 9) have been
approved for various oncology indications. Enzalutamide is an androgen receptor antagonist used
in the treatment of metastatic castration-resistant prostate cancer. Radiolabeled mass balance
studies in humans with [14C]-enzalutamide revealed N-dealkylation and amide bond hydrolysis
as the principal routes of metabolism (53). The thiourea structural alert in enzalutamide is not
subject to metabolism. Pomalidomide is a thalidomide derivative and has been approved for the
treatment of relapsed and refractory multiple myeloma. In humans, a significant proportion of the
metabolism occurs on the aniline structural alert (via the catalytic action of CYP1A2 and CYP3A4)
to yield the corresponding ortho- and para-hydroxyaniline derivatives as stable metabolites (54).
However, GSH conjugates of the quinone-imine species (the two-electron oxidation product of
the hydroxyaniline metabolites of pomalidomide) have not been observed in HLM incubations
(55). The ortho-hydroxyaniline metabolite of pomalidomide is subject to glucuronidation and is
one of the major metabolites in human excreta.

Bosutinib, cabozantinib, pazopanib, ponatinib, crizotinib, and vandetanib are tyrosine kinase
inhibitors. In humans, bosutinib is metabolized primarily by CYP3A4 to yield N-desmethyl
bosutinib and oxydechlorinated bosutinib as major circulating metabolites. The oxydechlorinated
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bosutinib metabolite is an ortho-hydroxyaniline derivative with the potential to form a quinone-
imine species. However, there are no literature reports that provide evidence for the formation
of electrophilic quinone species in the course of bosutinib metabolism. Cabozantinib was granted
orphan drug status by the United States Food and Drug Administration (FDA) in 2011 and
approved in 2012 for the treatment of medullary thyroid cancer. Cabozantinib contains two struc-
tural alerts: anilide and dialkoxyether. However, the primary pathway of cabozantinib clearance
in humans involves N-oxidation by CYP3A4 (56) and does not appear to involve metabolism of
either of the two structural alerts. Pazopanib and ponatinib have been approved for the treatment
of renal cell/soft tissue carcinoma and chronic myeloid leukemia, respectively. The two drugs are
associated with severe and sometimes fatal hepatotoxicity in clinical studies, which resulted in
BBW labels (57, 58). A GSH conjugate has been detected in HLM incubations of pazopanib (59).
Whether the RM is generated from a two-electron oxidation of the para-methylaniline structural
alert in pazopanib is not clear. The metabolism of ponatinib proceeds via CYP-mediated
N-demethylation and N-oxidation pathways. In addition, amide bond hydrolysis affords the
corresponding carboxylic acid and amine (aniline) derivatives as metabolites (60). There are
no reports on the oxidation of the aniline metabolite to a RM or RMs as a causative factor to
account for the hepatotoxicity associated with ponatinib. Several structural alerts are also found
in crizotinib (ortho-alkoxyaniline) and vandetanib (aniline, bromobenzene, and dialkoxyaromatic).
Oxidative metabolism plays a significant role in the elimination of crizotinib in humans.
Metabolic profiling demonstrated that crizotinib and a lactam metabolite (formed via oxidation
of the piperidine ring) were the principal circulating components in plasma. Other metabolites,
representing <10% of circulating radioactivity individually, included glucuronide and sulfate
conjugates of O-desalkyl crizotinib and O-desalkyl crizotinib lactam. The O-desalkyl crizotinib
metabolite is a hydroxyaniline derivative and possible precursor of electrophilic quinone-imine
species. In the case of vandetanib, there is no evidence for metabolism on any of the structural
alerts. Unchanged vandetanib, vandetanib N-oxide, and N-desmethyl vandetanib are the principal
components detected in plasma and excreta following oral administration of vandetanib to humans
(61).

The last two illustrations of recently approved drugs that contain structural alerts, carfilzomib
and ibrutinib, are intrinsically electrophilic in nature. Carfilzomib is a selective and irreversible
proteasome inhibitor that has been approved for the treatment of multiple myeloma. Carfilzomib
is intrinsically electrophilic in nature owing to the presence of the epoxyketone group that ir-
reversibly binds to the 20S proteasome (62). Despite its electrophilic nature and a high daily
intravenous dose (900 mg), carfilzomib has demonstrated a favorable safety profile and significant
antitumor activity in patients with relapsed and refractory multiple myeloma. In humans, carfil-
zomib has a short half-life (t1/2 ∼ 30 min) and is cleared largely extrahepatically via peptidase
cleavage and hydrolysis of the electrophilic epoxide (63). In vitro, carfilzomib demonstrates time-
and concentration-dependent inhibition of human CYP3A4, consistent with mechanism-based
inactivation (63). Direct alkylation of the enzyme by the epoxyketone moiety can be ruled out be-
cause enzyme inhibition requires NADPH cofactor. This observation suggests that carfilzomib is
metabolized by CYP3A4 to a reactive species that covalently adducts to the CYP protein. RM trap-
ping studies have not been performed with carfilzomib. In early 2013, the FDA granted ibrutinib
breakthrough-therapy designations as a monotherapy for patients with two B cell malignancies:
patients with relapsed or refractory mantle cell lymphoma who have received prior therapy and
patients with Waldenström’s macroglobulinemia. In November 2013, ibrutinib was approved for
the treatment of mantle cell lymphoma. Ibrutinib is an orally administered selective covalent in-
hibitor of Bruton’s tyrosine kinase. Like carfilzomib, ibrutinib is intrinsically electrophilic owing
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to the presence of the acrylamide substituent that covalently binds to a cysteine residue in the
tyrosine kinase (64).

DEALING WITH REACTIVE METABOLITES IN DRUG
DISCOVERY—THE PATH FORWARD

The mere presence of structural alerts cannot in itself predict the type, severity, or incidence
of IADRs associated with drugs. Likewise, RM screening tools (exogenous trapping with nucle-
ophiles and/or protein covalent binding in HLM) are not intended to predict toxicity; rather,
they are meant merely to 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 conjugates) and toxicity in humans are extremely rare.
Although GSH adducts and/or downstream mercapturic 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 are likely to be more informative about the in vivo safety risk than covalent
binding studies in vitro remains to be established. This uncertainty arises from 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 hazards and risks 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, to determine cause and effect with respect to RM formation in humans, and
subsequently to determine clinical outcome. Although reducing exposure to RMs 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
(discussed below) provide additional valuable information that can be used in a weight-of-evidence
approach toward risk assessment and management. For example, when a structural alert prone to
RM formation is essential for intrinsic pharmacologic potency and cannot be replaced, additional
information needs to be considered.

The fact that certain classes of drugs, such as the thienopyridine antithrombotics (e.g., clopi-
dogrel), rely on RMs for pharmacological action underscores the concept that bioactivation per se
need not equate to a toxicological response. Overall, this conundrum raises a fundamental ques-
tion: Why are some RM-positive drugs safe, whereas others are not? A limitation of the in vitro
RM screens is that they are typically conducted in HLM (in the presence and absence of NADPH
cofactor); thus, they examine only CYP-catalyzed RM formation. In some instances, RM forma-
tion may be observed in microsomes in a CYP-dependent fashion, but in vivo, the compound
may undergo a distinctly different and perhaps more facile metabolic fate that circumvents RM
formation. For instance, both paroxetine and raloxifene form GSH conjugates and covalently bind
to HLM in a CYP-dependent fashion; however, in vivo, the quinone precursors are metabolized
principally via competing O-methylation and glucuronidation pathways, respectively (44, 65). It
is tempting to speculate that in the modern drug discovery paradigm, paroxetine and raloxifene
would likely not be considered as candidates for clinical development because of the high degree of
microsomal covalent binding and GSH adduct formation (66). Minimizing false positives requires
that initial RM assessments in HLM be followed by more detailed studies in fully integrated in
vitro biological matrices such as hepatocytes and/or liver S9 fractions from both human and animal
species (67). Establishing a clear understanding of the in vivo clearance mechanisms in animals and
how they relate to RM formation in in vitro matrices would lead to data-driven decision making
with regard to compound selection.
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Low-daily-dose drugs do not exhibit the IADR liability associated with high-daily-dose drugs. Structural
alerts are highlighted in red. Abbreviations: IADR, idiosyncratic adverse drug reaction; RM, reactive
metabolite.

Comparison of the daily dosing regimen of toxic versus nontoxic drugs indicates that high-
dose drugs (>100 mg) tend to be the ones that most frequently cause IADRs, whereas low-dose
drugs (<50 mg) rarely are problematic in this regard (whether or not these agents are prone to
RM formation) (16). The vast majority of structural alert–positive and/or RM-positive drugs in
the top 200 list (in terms of dispensed prescriptions and total sales) are low-daily-dose drugs.
The improved safety of low-dose drugs could arise from a marked reduction in the total body
burden of RM exposure via efficient scavenging by GSH (and other competing metabolic path-
ways), such that the reactive species are unlikely to exceed the safety threshold needed for toxicity.
For example, olanzapine (Figure 10) forms a reactive iminium metabolite analogous to the one
observed with clozapine, yet olanzapine is not associated with a significant incidence of agranulo-
cytosis (19). One difference between the two drugs is the daily dose; clozapine is given at a dose
of >300 mg/day, whereas the maximum recommended daily dose of olanzapine is 10 mg/day.
Another example becomes evident upon comparison of the tricyclic antidepressants amineptine
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and tianeptine (Figure 10). Both drugs form reactive arene oxide species, but only amineptine is
hepatotoxic (16, 68, 69). The improved tolerance of tianeptine in the clinic likely arises from the
∼5–6-fold lower recommended dose relative to that of amineptine (daily doses of amineptine and
tianeptine are 200 mg and 37.5 mg, respectively). Likewise, in the case of clopidogrel, the majority
(>70%) of its daily dose of 75 mg is rapidly hydrolyzed by human carboxylesterases to the inactive
carboxylic acid metabolite (∼80–85% of circulating metabolites) (70), which means that only a
small percentage of the parent drug (20 mg or less) is theoretically available for conversion to the
active RM. Indeed, covalent binding to platelets accounts for only 2% of radiolabeled clopidogrel
in human mass balance studies (71). Finally, trametinib (Figure 10), a kinase inhibitor recently
approved for the treatment of patients with unresectable or metastatic melanoma, also falls into
the category of a structural alert–positive agent but a low-daily-dose drug (72). Despite hydrolysis
on the acetanilide alert to the corresponding aniline derivative as a primary metabolic pathway,
no idiosyncratic hepatotoxicity has been noted thus far. This absence of hepatotoxicity could be
ascribed to the very low recommended dosage (2 mg daily). Recent advances in risk assessment
methodologies—such as the estimate of total daily body burden of covalent binding in hepato-
cytes and the zone classification, which takes the clinical dose into consideration—are positive
steps toward quantitative prediction of IADR risks with drug candidates (40, 73, 74). Given this
general trend in which low daily dose is 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 as a means of decreasing the projected clinically effica-
cious plasma concentrations (and hence the dose) and the associated body burden of a parent drug
and its metabolites. However, there will be classes of drugs (e.g., antibacterials, antiretrovirals) for
which this goal will be difficult to achieve.

Numerous drugs form RMs and cause idiosyncratic toxicity, yet they remain on the market and
are widely prescribed because of favorable benefit-risk considerations; for example, Stepan et al.
(16) found that aniline sulfonamide antibacterial agents such as sulfamethoxazole and sulfadoxine,
which carry a BBW for IADRs including skin rashes and hepatotoxicity, are linked to RM for-
mation. As noted in this work, the aniline/anilide motif is widely used in de novo kinase inhibitor
design, as is evident with the recently approved tyrosine kinase inhibitors (see Figure 9). Some
of them (e.g., pazopanib, ponatinib, and sunitinib) are even associated with cases of idiosyncratic
hepatotoxicity, and available circumstantial evidence points toward RM liability as a potential
causative factor in some instances. Lapatinib presents an interesting example that also illustrates
the weight of unmet medical need over the risk of hepatotoxicity. Lapatinib is used in combination
with capecitabine for the 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 quinone-imine species, resulting in covalent modification of the CYP3A4 isozyme (75),
but its recommended daily dose is 1.25 grams. These observations suggest that the level of risk
(e.g., idiosyncratic toxicity, DDI risk due to CYP inhibition) that would be deemed acceptable
for drug candidates intended to treat major unmet medical needs, life-threatening diseases,
and/or orphan diseases is significantly higher than the acceptable risk level associated with the
treatment of chronic nondebilitating conditions for which alternate treatment options are already
available. This issue also raises for debate a philosophical question regarding medicinal chemistry
investments in removing structural alerts such as the aniline motif, which is widely utilized in
kinase inhibitor programs and is challenging to mimic by isosteric replacement. The argument
also applies to unprecedented pharmacologic targets or molecules that carry a significant risk with
regard to predicted human pharmacokinetics, whose primary goal is to first demonstrate early
signs of efficacy in the clinic and/or adequate systemic exposure. For such programs, RM-positive
molecules can be advanced into first-in-human studies as probes to address pharmacokinetics
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and proof of mechanism, provided they are deemed safe in standard preclinical toxicology
studies. While proof of mechanism is being obtained, additional efforts can be invested in the
identification of backup molecules that are devoid of RM formation. An illustration of such tactics
is evident in our work on the RM-positive 5-trifluoromethylpyrido[4,3-d]pyrimidin-4(3H)-one
short-acting series of calcium receptor antagonists. In these efforts, achieving a narrow window
of human pharmacokinetics for safety and efficacy was a primary driver of success (76, 77).
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