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1. INTRODUCTION
Cytochrome P450s (CYPs) constitute a superfamily of heme-
containing enzymes that catalyze the oxidative metabolism of
structurally diverse molecules including drugs, chemical
carcinogens, steroids, and fatty acids.1 CYP1A2, 2C9, 2C19,
2D6, and 3A4/3A5 participate in the metabolism of ∼80% of
marketed drugs, and more than half of these agents are
metabolized by the CYP3A family. Modulation of CYP activity
via induction or inhibition by xenobiotics (including drugs) can
lead to clinical drug−drug interactions (DDIs) with con-
sequences ranging from loss of efficacy to the introduction of
adverse effects, respectively, for coadministered drugs. The
drug that causes changes in CYP activity is referred to as the
“perpetrator” or “precipitant” of DDI, whereas the coadminis-
tered drug that is affected by the change in CYP activity is
referred to as the “victim” or “object” of DDI. DDIs arising from
CYP inhibition are more frequent and, in some cases, have
resulted in the withdrawal of the marketed perpetrator drug
(e.g., the antihypertensive agent mibefradil), especially those
drugs associated with potent inhibition of the major
constitutively expressed human CYP enzyme CYP3A4. Removal
of a drug from the marketplace due to DDI issues is usually
based on (a) the nature and frequency of the pharmacokinetic
(PK) interaction leading to safety concerns, (b) availability of
alternative medications without DDI liability, and (c) the
pharmacologic benefits of the perpetrator drug that do not
significantly outweigh the risks in the population.
CYP inhibitors can be categorized as reversible (competitive

or noncompetitive), quasi-irreversible, or irreversible in nature.
Reversible inhibition usually involves two or more agents
competing for binding at the active site of a CYP isozyme,
with one drug inhibiting the metabolism of the other agent. In
contrast, drugs converted to electrophilic reactive metabolites
(RMs) by CYP may interact with the CYP quasi-irreversibly or
irreversibly leading to enzyme destruction. The inactivated CYP
is catalytically incompetent and must be replenished by newly
synthesized protein. The phenomenon is oftentimes referred to
as time-dependent inhibition (TDI), mechanism-based inactiva-
tion (MBI), and/or suicide inactivation. Compared to reversible
CYP inhibition, drug-induced MBI of CYPs presents a greater
safety concern because of the increased propensity for PK
interactions upon multiple dosing and the sustained duration of
these interactions after discontinuation of the mechanism-based
inactivator. Furthermore, depending on the fraction of the

mechanism-based inactivator that is metabolized by the
inactivated CYP, an additional clinical consequence could
involve nonstationary increases in systemic exposure of the
inactivator itself after multiple doses. Finally, covalent
modification of CYP enzymes by RMs can also lead to hapten
formation and, in some cases, can trigger an autoimmune
response in susceptible patients.
The importance of mitigating DDI risks particularly with

respect to CYP TDI has been recognized by the regulatory
agencies (e.g., United States Food and Drug Administration
guidance documents) and by pharmaceutical companies
(position papers by member companies of the Pharmaceutical
Research and Manufacturers of America (PhRMA)).2 Given the
concern around PK interactions through TDI of CYP isoforms,
in vitro CYP TDI is routinely assessed as part of lead
optimization efforts in preclinical drug discovery. Identification
of an in vitro CYP TDI liability, however, can raise several
questions such as the following: What is the mechanism of TDI?
Does it involve the formation of RMs? Is there a 1:1 correlation
between CYP TDI and RM formation (as measured from RM
trapping studies using nucleophiles)? What is the likelihood that
a CYP time-dependent inhibitor will also cause toxicity? What
are the DDI risk mitigation options when dealing with CYP
inactivators in drug discovery: compound progression or
termination? Several drugs exhibit in vitro TDI of CYP
enzymes, but only a fraction of them cause clinical DDIs.
Hence, when do we initiate labor-intensive medicinal chemistry
efforts to design compounds devoid of CYP TDI liability? What
are the best methods to precisely predict the occurrence of
clinical DDIs with drug candidates that inactivate CYP
enzymes? What are (if any) the qualifying considerations for
clinical progression of a CYP time-dependent inactivator with
projected clinical DDI risks? In an effort to address these
questions and hopefully provide answers to some of them, we
embarked on the present venture wherein we highlight the
current state-of-the-art knowledge in this field with a special
emphasis on (a) available biochemical and mechanistic
approaches in drug discovery to examine TDI/MBI of CYP
isozymes with new chemical entities, (b) structure−activity
relationship (SAR) studies with marketed drugs associated with
DDIs via CYP inactivation, (c) case studies of medicinal
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chemistry tactics to abrogate CYP inactivation liability, (d)
strategies for progression of CYP MBI-positive drug candidates,
and (e) the utility of in silico methodology, including the use of
physiologically based PK (PBPK) simulators, in drug discovery
to predict the magnitude of clinical DDI risks anticipated with
new clinical candidates.

2. METHODOLOGY TO EVALUATE CYP MBI IN DRUG
DISCOVERY

2.1. Determination of Kinetic Rate Constants for CYP
Inactivation. By definition, time-dependent enzyme inhibitors
are compounds that display an increasing degree of enzyme
inhibition upon increased duration of preincubation with the
enzyme. Mechanism-based inactivators represent a subset of
time-dependent inhibitors where the inhibitory effects not only
are time-dependent but also require metabolism (to a reactive
intermediate) by the enzyme that is ultimately inactivated. In the
case of CYP enzymes, a source of NADPH cofactor is required
to generate MBI. The process leading to MBI is irreversible, and
catalytic activity cannot be restored by dialysis or gel filtration.
From a drug discovery standpoint, characterization of the CYP
inactivation kinetics is essential for quantitative predictions of
clinical DDI potential of TDI-positive drug candidates.
Furthermore, quantitative comparison of inactivation kinetics
can be useful for rank ordering compounds and establishing SAR
for CYP TDI within a chemical series. In subsequent discussions
throughout the review, we will reserve the terminology
“mechanism-based inactivator” or “MBI” only in cases where
the biochemical basis of time-dependent CYP inactivation
(i.e., the mechanism of inactivation) has been characterized.
The rest of the compounds will be simply referred to as “time-
dependent inhibitors” or “TDIs”.
The important kinetic constants for assessing potential

severity of CYP inactivation include the maximal inactivation
rate constant (kinact), inactivator concentration that yields half of
the maximum inactivation rate (KI), and the partition
coefficient. In vitro experimental protocols3−7 to measure kinact
and KI for major human CYP enzymes are labor-intensive and
are generally not amenable to high-throughput screening in
early drug discovery programs. Examination of TDI of CYP
activity requires two sequential incubations. The first incubation
contains the enzyme source (i.e., liver microsomes, hepatocytes,
recombinant expression system, or purified reconstituted
system), NADPH, and the putative inactivator (i.e., “inactivation
incubation”).3−9 Periodically, aliquots from the inactivation
incubation mixture are added to a second incubation containing
a probe substrate of the CYP isozyme at a high concentration
that approaches saturation (e.g., 10 × KM, the substrate concen-
tration that yields half of the maximum rate of catalysis). The
probe substrate concentration is kept high to minimize
reversible CYP inhibition by the inactivator. The secondary
reaction mixture is incubated for a set period of time after which
the reaction is quenched and the product of metabolism of the
probe CYP substrate is measured (i.e., the “activity incubation”).
In most instances, the inactivation incubation is diluted into the
activity incubation.8 In other cases, the probe CYP substrate
is added to the inactivation incubation mixture to start the
activity incubation.3 To determine kinact and KI, a minimum of
six inactivator concentrations and six inactivation incubation
time points should be included. The percentage of activity
remaining after inactivation relative to the one measured in the
absence of inactivator is calculated. This percentage is plotted

versus inactivation incubation time to yield a series of first order
decay curves (Figure 1A).

These curves are then fitted to the function
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The values for kobs are the first order rate constants for loss of
CYP activity (A) at each inactivator concentration. These are
plotted versus the inactivator concentrations used in the
inactivation incubation (Figure 1B), and the data are fit to the
function
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The term kobs,[I]=0 describes the decline in activity that is
typically observed for CYP enzymes when incubated with
NADPH in the absence of substrate. From this analysis, the
terms KI and kinact can be estimated. From a drug discovery
standpoint, large kinact and small KI values generally increase the
likelihood of DDIs resulting from CYP inactivation. In
preclinical drug discovery, efficiency of CYP inactivation within
a given chemical series can be gauged from the kinact/KI ratio.
The partition coefficient is a measure of inactivation efficiency
and also can be a useful parameter to obtain for rank-ordering
CYP inactivators. Mechanism-based inactivators are substrates
of the enzymes they inactivate. The partition coefficient
represents the ratio of the number of inactivator molecules
that get metabolized relative to the number of enzyme

Figure 1. Depiction of a CYP TDI experiment to generate kinact and KI
values: (A) measurement of loss of CYP activity over time; (B) plot of
kobs values versus inactivator concentration used in estimation of kinact
and KI.
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molecules inactivated. As an inactivator is metabolized, it can
be released from the CYP enzyme (as a metabolite) or it can
covalently attach to the protein causing inactivation. A highly
efficient inactivator will be more prone to the latter event and
thus have a low partition ratio. The partition ratio is determined
by measuring (a) the inactivation rate and converting the value
to moles of enzyme inactivated per unit time and (b) the
consumption of the inactivator during incubation (moles of
inactivator consumed per unit time). The ratio of these two
values represents the partition ratio.
2.2. “Abbreviated” Methodology for Examining CYP

TDI in Drug Discovery. In order to satisfy compound
throughput requirements in early drug discovery, methods for
quantitative assessment of CYP TDI without the need for
generating KI and kinact values have been described. The “scaled-
down” methods typically are used to detect (a) time-dependent
loss of CYP activity following incubation at a single compound
concentration and/or (b) a shift in the IC50 following
preincubation at multiple concentrations of the compound of
interest. The simplest approach for quantitative assessment of
CYP inactivation requires four experimental measurements: (a)
the effect of a single concentration of the test compound on
catalytic activity of CYP upon preincubation with the enzyme
source and NADPH cofactor for a set duration of time, (b) the
effect of the same concentration on CYP activity as in (a) but
without preincubation, (c) a control incubation involving
preincubation of the enzyme with NADPH for the same set
time as in (a) but lacking the test compound, and (d) a control
incubation of enzyme and NADPH without preincubation and
in the absence of the test compound. Typical incubation times
and inactivator concentrations are 30−60 min and 10−60 μM,
respectively. CYP activity in (a) is compared to those in (b) and
(c), with all three normalized to CYP activity in (d). Replicates
of each are necessary to provide statistical power in stating that
TDI is real (not an artifact). Incubation in (b) is necessary to
ensure the possibility that potent reversible inhibition is not
mistaken for TDI. Incubation in (c) is necessary to ensure that
the spontaneous loss of activity that is frequently observed when
CYP is incubated with NADPH (possibly due to generation of
reactive oxygen species) is not mistaken for TDI. There are
several possible outcomes for such an abbreviated protocol, and
some of these are depicted in Figure 2.

An experimental design that resides between a complete KI
and kinact determination and the aforementioned simple four-
incubation approach is the “IC50 shift” measurement. In this
experiment, multiple concentrations of the test compound are
preincubated with the CYP source in the presence and absence
of NADPH for a preset time period (usually ∼30 min), followed
by measurement of activity using a probe CYP substrate
concentration at its KM value.3,5,10−12 This is a prototypical
design for estimating IC50 values for reversible CYP inhibition
except for the preincubation step. The two-step process can be
accomplished either by diluting the inactivation incubations into
a solution containing probe CYP substrate or by adding a
concentrated substrate solution to the inactivation incubation.3

The IC50 values calculated in the presence and absence of
NADPH cofactor are compared; a decrease in IC50 upon
preincubation is suggestive of TDI (Figure 3). Because the

degree of the change in IC50 is dependent on the experimental
design, individual laboratories must calibrate the data against
well-established CYP inactivators. Among the various assays
used to assess CYP TDI, the IC50 shift experiment is most
commonly used because of its relative ease of execution in a
drug discovery setting. However, such an experimental protocol
is best utilized to probe SAR for CYP inactivation in hit-to-lead

Figure 2. Six possible outcomes when testing for CYP TDI in a simplified “one concentration” approach. Compound 1 depicts TDI with some
reversible inhibition component. Compound 2 is also a time-dependent inactivator but shows no detectable reversible inhibition. Compound 3 is
neither a time-dependent inactivator nor a reversible inhibitor. Compound 4 is a potent reversible inhibitor. Compound 5 is a reversible inhibitor
that is consumed during the preincubation. Compound 6 is an activator (i.e., it stimulates the activity of CYP). (a) The test compound is
preincubated with CYP enzyme and NADPH. (b) The test compound is not preincubated with CYP enzyme. (c) CYP preincubation is in the
absence of test compound and in the presence of NADPH. (d) Results from the control (no test compound and no preincubation) are shown.

Figure 3. Graphical representation of an IC50 shift experiment to
identify TDIs of CYP enzymes.
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optimization and not for the quantitative prediction of clinical
DDIs. Additional discussion on the latter topic is provided in
section 6 of this Perspective.
2.3. Mechanistic Investigation of Factors Leading to

CYP TDI. CYP TDI usually proceeds through metabolic
activation (also referred to as bioactivation) of a functional
group to a RM. As seen in Table 1, there is a common theme

with respect to substituents (also referred to as structural alerts
and/or toxicophores) associated with CYP inactivation as well
as idiosyncratic drug toxicity.13 However, in contrast with
nonspecific protein reactivity of RMs, mechanism-based
inactivators of CYP enzymes are highly specific because (a)
the inactivator must first bind reversibly to the enzyme and
must satisfy all the constraints imposed on normal substrates of

Table 1. Illustrations of Functional Groups Associated with Mechanism-Based Inactivation of CYP Enzymesa
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the enzyme, (b) it must be acceptable as a substrate and thus
undergo bioactivation to a RM, and finally, (c) the resulting
reactive species must irreversibly modify the enzyme and
permanently remove it from the catalytic pool. Mechanism-
based CYP inactivators can be categorized into four
mechanistically distinct classes: (a) compounds that quasi-
irreversibly bind to the prosthetic heme iron atom, (b)
compounds that alkylate (or arylate) the apoprotein, (c)
compounds that alkylate (or arylate) the porphyrin framework
of the heme, and (d) compounds that degrade the prosthetic
heme group to products that can, in some cases, themselves
modify the apoprotein.13 This mechanistic classification is not
rigid, as in the course of CYP metabolism, a compound could
simultaneously partition into more than one inhibitory
trajectories. Experiments that probe the mechanism underlying
the time-dependence requirement for CYP inhibition usually
yield critical information in designing compounds devoid of the
liability, since the cause of the problem can be isolated and fixed
through iterative structural modification.
2.3.1. Quasi-Irreversible Inactivation of CYP Enzymes.

Quasi-irreversible inactivation occurs when the reactive species

complexes with the ferrous form of heme (product of reduction
of resting state ferric enzyme by NADPH-CYP reductase) in a
tight, noncovalent interaction. Such metabolite-intermediate
(MI) complexes exhibit a very distinctive CYP UV−visible
spectrum shift in the Soret region between 448 and 460 nm
when the heme iron is in the ferrous state. MI complexes are
catalytically inactive; the ferrous form of the enzyme can no
longer bind to carbon monoxide, which represents a diagnostic
test to assess whether CYP TDI occurs via MI complex
formation. Quasi-irreversible inactivation in vitro via MI complex
formation is reversible after dialysis. In vivo, however, such a
complex is known to be so stable that inactivated CYP enzyme is
generally unavailable for drug metabolism. As a result, DDIs due
to quasi-irreversible inhibitors are more prominent after multiple
dosing than those of reversible inhibitors.14 Primary amines
and 1,3-benzodioxole (methylenedioxyphenyl) derivatives are
the most common quasi-irreversible CYP inactivators. Primary
amines are oxidized to nitroso metabolites (via the intermediate
hydroxylamine metabolites), which can form a MI complex with
the ferrous form of the heme iron atom (Scheme 1).15 Although
a primary amine substituent is required, secondary and tertiary

Table 1. continued

a(§) Hydroxyl installed through prior CYP metabolism. (‡) Forms amine cation radial, then aromatizes releasing the active alkyl radical species. In
the case of verapamil, formation of the nitroso intermediate requires N-dealkylation of the parent molecule.

Scheme 1. Quasi-Irreversible CYP Inactivation and Formation of MI Complex by Amines and 1,3-Benzodioxoles
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amines can serve as suitable precursors for MI complexation
provided they are N-dealkylated to primary amines. Nitroso−
heme complexes can be dissipated in vitro upon treating the
inactivated CYP with potassium ferricyanide, which oxidizes the
iron to the ferric state and liberates the active carbon monoxide-
binding CYP enzyme.16 The ferrous to ferric transition weakens
the complex, indicating that the reactive species, like carbon
monoxide, only strongly coordinates to the ferrous iron. MI
complexes from aromatic amines differ from those of alkylamines
in that they can be dissipated by the addition of sodium
dithionite. The crystal structure of a complex between a nitroso
compound and a model iron porphyrin shows, as expected, that
the nitrogen rather than the oxygen atom of the nitroso group is
bound to the iron. MI complex formation with 1,3-benzodioxole
derivatives occurs through a carbene intermediate, formed via
hydrogen atom abstraction from the methylene carbon or by
elimination of water from a hydroxymethylene intermediate
(Scheme 1).17 The hydroxymethylene intermediate can also
undergo demethylenation, yielding a catechol intermediate and
formic acid. Oxidation of the catechol metabolite to the
electrophilic o-quinone can also result in CYP inactivation
through covalent modification of an active site residue(s) in
CYP.18 Similar to amines, the 1,3-benzodioxole-CYP MI
complex is characterized by a different absorption spectrum
with maxima at 427 and 455 nm.17 It is noteworthy to point out
that potassium ferricyanide does not disrupt the carbene−heme
complex of 1,3-benzodioxoles. SAR studies on a series of
4-alkoxy-1,3-benzodioxole analogues reveal that the size and
lipophilicity of the alkoxy group is an important determinant of
the complex stability; alkyl chains of one to three carbon atoms
yield unstable complexes, whereas those with longer alkyl chains
are stable.19

2.3.2. Covalent Modification of Heme Prosthetic Group
and/or Apoprotein in CYP Enzymes. TDI of CYP activity can
also arise through covalent adduction of the RM to the heme
prosthetic group and/or to an active site amino acid residue in
the apoprotein. While the pyrrole nitrogens that make up the
heme porphyrin ring are not very nucleophilic (especially in
comparison to many cellular components), the generation of
extremely reactive species (e.g., free radicals, ketenes) in
proximity to the heme prosthetic group can lead to facile
alkylation of the porphyrin ring. Changes in the integrity of the
porphyrin ring system can be examined by UV/visible
spectroscopy, liquid chromatography tandem mass spectrometry
(LC−MS/MS), and carbon monoxide binding studies. Inacti-
vated apoprotein retains its ability to bind carbon monoxide,
which provides a convenient method to distinguish protein
adducts from heme modifiers. Analysis of modified heme was
pioneered by Ortiz de Montellano and co-workers, and this
technique has been used to map the orientation of the heme
within the CYP active site.20 Alkenes, alkynes, hydrazines, and
cyclopropylamines are common functional groups associated
with heme alkylation. The CYP-catalyzed oxidation of terminal
olefins is often associated with N-alkylation of the prosthetic
heme as well as apoprotein modifications leading to enzyme
inactivation. Studies with 5-allyl barbiturates such as secobarbital
(see Table 1) demonstrated that the oxidative metabolism on the
olefin results in the comparable loss of CYP activity and heme
content and accumulation of “green pigments” identified as
abnormal loss of porphyrins.21 In the case of secobarbital, the
reactive species derived from olefin oxidation is partitioned
between heme N-alkylation and apoprotein modification.21 It has
been speculated that a secobarbital-derived cation radical

intermediate formed upon olefin oxidation by CYP covalently
adducts to the heme prosthetic group or a aminoacid residue in
proximity, prior to collapsing to the stable epoxide metabolite
observed in the microsomal incubations and in vivo. The finding
that amobarbital (a saturated analogue of secobarbital) is not a
CYP inactivator is consistent with the proposed mechanism of
CYP inactivation involving bioactivation of the olefinic double
bond to a reactive intermediate. In contrast with the mechanistic
observations on secobarbital and related sedatives, investigations
into the mechanism of CYP inactivation by the allylic phenol
derivative and anti-inflammatory agent alclofenac (see Table 1)
revealed that the synthetic standard of the epoxide metabolite of
alclofenac detected in human and mouse urine demonstrated
TDI of CYP activity in a NADPH-independent fashion.22 This
observation suggests that the electrophilic epoxide covalently
modifies CYP directly and does not require further metabolic
processing to a reactive species.
CYP inactivation by the hydrazine derivative phenelzine

(Table 1) results in the generation of the N-(2-phenylethyl)-
protoporphyrin IX heme adduct, which presumably arises
through covalent interaction of the heme with the 2-phenethyl
radical species (Scheme 2).23 The chemical oxidation of

1-aminobenzotriazole (ABT), which is often used to probe
the role of CYP enzymes in drug metabolism, yields benzyne, an
exceedingly reactive species, and two molecules of dinitrogen
(Scheme 2). The observation that benzyne is bound across two
of the nitrogen atoms of the prosthetic heme isolated from
inactivated CYP enzymes suggests that the enzyme-catalyzed
oxidation of ABT follows the same reaction pathway.24 It is
unclear whether ABT oxidation to benzyne proceeds via
hydroxylation of the exocyclic nitrogen or electron abstraction
to afford a radical or a radical cation, but a notable similarity
exists between the inactivation mechanism proposed for ABT
and related 1,1-disubstituted hydrazines.
Besides heme modification, the RM can also selectively react

with CYP apoprotein. Apoprotein modification will result in
alteration of the CYP enzymatic activity or, more likely, the
complete inactivation of CYP. Inactivated CYP apoprotein can
be denatured and subjected to high resolution LC−MS/MS
analysis to identify the specific region of the polypeptide
modification, which amino acid(s) has been specifically
adducted, and the structure of the adduct.25 The protein can
be further subjected to partial digestion with specific enzymes,
such as trypsin, to yield peptides that can be analyzed by LC−
MS/MS. Comparison of the mass spectral data from control and
treated CYPs can pinpoint the site of modification, the specific

Scheme 2. Heme Alkylation and Arylation by Hydrazine
Derivatives
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amino acid(s) modified, and the nature of the RM formed in
the course of metabolism. Dihaloalkanes, furans, phenols, and
thiophenes are common functional groups responsible for
apoprotein modification.13 The broad spectrum antibacterial
agent chloramphenicol (Scheme 3) was among the first CYP
inactivators shown to act by irreversible apoprotein modifica-
tion.26 Proteolytic digestion of enzyme inactivated by [14C]-
chloramphenicol revealed a single 14C-modified amino acid.
The release of lysine and chloramphenicol fragments (oxalic
acid and a N-substituted oxamic acid) upon alkaline hydrolysis
of the modified amino acid and the observation that the
difluoromethyl derivative does not inactivate CYP suggest that
chloramphenicol is oxidatively dechlorinated to the reactive
acylating agent oxamyl chloride that either acylates a critical
lysine residue or is hydrolyzed to the stable oxamic acid
derivative depicted in Scheme 3.27

Modified CYP apoprotein can be potentially immunogenic.28

As with any covalently modified protein, it is postulated that an
immune response to the modified CYP enzyme can generate
CYP-specific antibodies. The antihypertensive drug dihydral-
azine (Figure 4) is associated with immunoallergic hepatitis

typically characterized by the appearance of anti-CYP1A2
autoantibodies in the sera of susceptible patients.29 The finding
is consistent with the in vitro observations on CYP1A2 covalent
modification by a RM of dihydralazine, which leads to the
formation of a neoantigen that triggers an immune response
characterized by autoantibodies against CYP1A2.30 Likewise,
the inhaled anesthetic halothane (Figure 4) is associated with a
rare but severe form of hepatitis characterized by the presence
of serum antibodies that react with CYP2E1.31 The clinical
observation is consistent with the major role of human CYP2E1
in the oxidative dehalogenation of halothane to a reactive
trifluoroacetyl chloride species, which acylates the CYP isoform,
resulting in enzyme inactivation.32

From a mechanistic standpoint, understanding the bio-
transformation pathways for TDI-positives can yield critical
insight into the mechanism(s) of apoprotein inactivation. The
RM generated in the course of oxidative metabolism can
partition between enzyme inactivation and/or release from the
active site to ultimately form a stable metabolite, which can be

detected in the course of metabolite identification studies. For
instance, the reactive ketene generated from the metabolic
activation of an alkyne can be hydrolyzed to the stable acetic
acid metabolite amenable to characterization. Likewise, in
incubations containing exogenous nucleophiles (e.g., reduced
glutathione (GSH), semicarbazide, methoxylamine, cyanide),
the characterization of stable conjugates of RMs that diffuse out
of the CYP active site provides circumstantial evidence for their
formation and potential involvement in the activation process.
Elucidation of the structures of these stable RM conjugates
provides an insight into the metabolism process that leads to
CYP inactivation.

2.3.3. Covalent Modification of CYP by Heme Fragments.
During the catalytic oxidation of some substrates (e.g., carbon
tetrachloride), some CYP enzymes are inactivated via a process
in which fragments of the heme are irreversibly bound to
apoprotein.33 The features that predispose CYPs to cross-
linking between a heme fragment(s) and the apoprotein remain
unclear. Studies with carbon tetrachloride suggest that
generation of free radical species is important but not sufficient,
since not all CYP enzymes that form radical species undergo
MBI via heme fragmentation.34

3. REPRESENTATIVE EXAMPLES OF MARKETED
DRUGS ASSOCIATED WITH MBI OF CYP ENZYMES

3.1. Quasi-Irreversible Inactivation by Drugs. Parox-
etine and tadalafil (Scheme 4) are two noteworthy examples of
drugs that inactivate CYP2D6 and CYP3A4, respectively, via
MI complex formation through a carbene intermediate.12,35

The major metabolic pathway of paroxetine in humans also
involves CYP2D6-mediated 1,3-benzodioxole ring scission to a
catechol intermediate, which is converted to the corresponding
guaiacol isomers via the action of catechol-O-methyltransferase
(COMT).36 GSH conjugates resulting from Michael addition
of the thiol nucleophile to electrophilic o-quinone species also
have been characterized in human liver microsome (HLM)
incubations of paroxetine.36 Because CYP2D6 is responsible for
paroxetine metabolism, MBI of CYP2D6 activity by paroxetine
is associated with nonstationary PK in CYP2D6 extensive
metabolizers.37 In other words, paroxetine inactivates its own
clearance mechanism, which results in reduced clearance and
high accumulation with repeated administration. Likewise, DDIs
with coadministered drugs whose clearance is mediated by
CYP2D6 have been demonstrated. Examples of characterized
clinical DDIs with paroxetine include interactions with desip-
ramine,38 metoprolol,39 risperidone,40 and atomoxetine,41 where
the clearance of the affected drugs is impaired by 5- to 8-fold.
The fold increases in the area under the plasma concentration

Scheme 3. CYP Apoprotein Acylation by the Broad-Spectrum Antibiotic Chloramphenicol

Figure 4. Immunogenic drugs dihydralazine and halothane.
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versus time curve (AUC) of the victim drug(s) appear to be in
reasonable agreement with the values obtained upon scaling of
the in vitro kinetic constants for CYP2D6 MBI by paroxetine.42

In contrast with the observations on paroxetine, the clinical PK
of midazolam and lovastatin, probe substrates of CYP3A4, are
unaffected by up to 14 days of tadalafil administration, despite
the CYP3A4 liability.35 The reason(s) for the in vitro−in vivo
discrepancy with tadalafil remains unclear. Besides MBI, tadalafil
also induces CYP3A4 activity in vitro,35 and it is possible that
simultaneous induction and inactivation of CYP3A4 could
counterbalance the DDI resulting from the CYP inactivation
component.
There are several literature examples on structurally diverse

aliphatic amine-based drugs that form MI complexes with CYP
enzymes. The mechanism of inactivation is thought to involve
metabolism of the amine substituent to a nitrosoalkane inter-
mediate, although this has not been firmly established in some

cases. In almost all instances, the amine motif is also crucial for
primary pharmacology. An interesting SAR feature that
emerges from mechanistic studies on CYP MBI by amines is
the lack of a direct correlation between N-dealkylation by a
CYP enzyme and inactivation of that same CYP enzyme via MI
complex formation. For example, N-demethylation of fluox-
etine to norfluoxetine is catalyzed by CYP2D6, but the process
is not accompanied by MBI of the isozyme. At present, it is not
known why some CYP enzymes are capable of oxidizing the
parent alkylamine drug to inhibitory metabolites but are
incapable of forming an MI complex.
Verapamil is a calcium channel blocker that is N-dealkylated

by CYP3A4 into two major metabolites N-desalkylverapamil
D-617 (1) and norverpamil (Scheme 5).43 Both parent drug
and metabolites form MI complexes with CYP3A4, resulting
in the MBI of the enzyme. On the basis of the kinact to KI ratio,
the efficiency of inactivation is norverapamil > verapamil > 1.

Scheme 4. Structures of Paroxetine and Tadalafil and Proposed Mechanism of CYP2D6 Inactivation by Paroxetine

Scheme 5. Amine-Based Drugs That Form MI Complex with CYP Enzymes Resulting in MBI
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The observations of nonstationary PK, due to autoinactivation,
and clinical DDIs, due to CYP3A4 MBI, are consistent with the
role of CYP3A4 in verapamil metabolism.44 Thus, in healthy
volunteers, the oral AUCs of drugs metabolized by CYP3A4
such as midazolam, cyclosporin A, simvastatin, and buspirone
increase 2- to 6-fold after multiple doses of verapamil.
Long-term treatment with the calcium channel blocker

diltiazem (Scheme 5) also leads to DDIs resulting in lowered
clearance of CYP3A4 substrates.45 Diltiazem is extensively
metabolized in humans via multiple pathways including
N-demethylation, O-demethylation, and cleavage of the ester
linkage.46 N-Desmethyl diltiazem is the major metabolite of
diltiazem in humans that undergoes further N-demethylation to
yield a primary amine metabolite. In HLM, the products of
sequential N-demethylation competitively inhibit CYP3A4
activity with Ki values of 2.0 and 0.1 μM.46 In addition, TDI
of CYP3A4 activity has also been reported in HLM for both
diltiazem and the N-demethylated secondary amine metabo-
lite.47,48 Jones et al.47 demonstrated that TDI of CYP3A4
activity by diltiazem occurs primarily via MI complex formation
in a NADPH-dependent fashion. Increased TDI of CYP3A4 is
also associated with loss of parent drug and simultaneous
accumulation of the N-demethylated metabolites, with the
secondary amine metabolite being significantly more potent as
a CYP3A4 inactivator than the parent drug.48 The structure of
the species that is responsible for TDI via MI complex forma-
tion is not known but can be assumed to be a nitroso inter-
mediate. It has been suggested that the N-demethylated
metabolites produced via CYP3A4-catalyzed metabolism of
diltiazem may accumulate during chronic therapy and lead to
inhibition of the enzyme in vivo.
The tertiary amine derivative amiodarone (Scheme 5) is a

class III antiarrhythmic agent, which is widely used in
conjunction with other drugs. While few drugs, if any, have
been shown to affect amiodarone PK, amiodarone itself has
significant effects on the PK and PD of coadministered drugs
that are metabolized by CYP1A2, CYP2C9, CYP2D6, and
CYP3A4.49 MI complex formation with rodent CYP enzymes is
consistent with the metabolism of the tertiary amine group in
amiodarone to the nitrosoalkane intermediate.50 In humans,
amiodarone is metabolized by CYP3A4 (with additional
involvement from CYP2C8 and CYP2D6) to N-desethylamio-
darone, which appears to inactivate CYP isozymes distinct from
those inactivated by the parent drug. The in vitro inactivation
profiling of CYPs in human hepatic tissue has not been fully
resolved with amiodarone. In one instance, amiodarone (but
not N-desethylamiodarone) was shown to exhibit CYP3A4
TDI, whereas in a recent report, CYP3A4 TDI was
demonstrated with both the parent drug and metabolite.51,52

N-Desethylamiodarone, but not amiodarone, is consistently
reported as a mechanism-based inactivator of CYP2D6, which
highlights the importance of studying metabolites separately as
inactivators of CYP enzymes.51,52 Amiodarone also inactivates
CYP2C8 and CYP2C9;52,53 however, spectral studies have not
detected MI complex formation or heme loss with CYP2C8.53

CYP2C9 has similar time- and concentration-dependent
inactivation by both amiodarone and N-desethylamiodarone.
It is likely that N-desethylamiodarone formation is essential for
CYP2C9 inactivation, as a correlation has been found between
the warfarin dose and plasma concentrations of N-desethyl-
amiodarone but not with amiodarone concentration.54

Similar to amiodarone, the selective serotonin reuptake
inhibitor fluoxetine (Scheme 5) is a substrate and inhibitor of

multiple CYP enzymes. The principal route of fluoxetine
metabolism is via N-demethylation to norfluoxetine, which is
catalyzed mainly by CYP2D6 along with some contributions
from other isoforms, including CYP3A4 and CYP2C9.55 Both
fluoxetine and norfluoxetine reversibly inhibit multiple CYP
enzymes including CYP2D6, CYP2C19, and CYP3A4, with
norfluoxetine displaying greater potency relative to the parent
drug.56 In addition to reversible inhibition, TDI of CYP3A4
and CYP2C19 activity has also been demonstrated with
fluoxetine in HLM and human hepatocytes.9 Recently, Stresser
et al.57 reported that norfluoxetine also exhibits TDI of
CYP2C19 activity in HLM, suggesting that conversion of
fluoxetine to norfluoxetine represents a metabolic pathway
leading to TDI. Interestingly, CYP2D6 and CYP2C9 both form
norfluoxetine efficiently but are not inactivated in the presence
of fluoxetine. More so, fluoxetine demonstrates TDI of
CYP2C19 activity but is a very poor substrate.51 It is possible
that norfluoxetine formed by CYP2D6 and CYP2C9 is released
and then inactivates other enzymes such as CYP3A4 and
CYP2C19. The mechanism of TDI by fluoxetine/norfluoxetine
in human hepatic tissue is unclear but most likely represents MI
complex formation with a nitrosoalkane intermediate based on
evidence presented using rat microsomal protein.58 Overall, the
case studies with tertiary amines illustrate the critical role that
N-dealkylated metabolites play in CYP inactivation; therefore,
from a drug discovery perspective, quantitative accounting for
all N-dealkylated metabolites and individual assessment of
parent drug and metabolites for MBI of all major human CYP
isoforms are important for quantitative understanding and
predictions of in vivo CYP inactivation. With the exception of
certain macrolide drugs (e.g., erythromycin), PK profiling of
most alkylamine drugs reveals the presence of N-dealkylated
metabolites in circulation, often at plasma concentrations
significantly higher than that of the parent drug.
Several members of the macrolide class of antibacterial agents,

which contain a tertiary amine group, are also known to form
MI complexes with CYP3A4 following sequential metabolism to
the nitrosoalkane intermediate.59 In humans, numerous PK
interactions with CYP3A4 substrates upon coadministration
with macrolides have been noted.60 On the basis of their affinity
for CYP3A4 and their propensity to cause DDIs, macrolides
may be classified into three different categories (Figure 5). The
first category (e.g., troleandomycin, erythromycin, clarithro-
mycin) comprises macrolides that are particularly prone toward
MI complexation with CYP3A4 via the intermediate nitroso-
alkanes.9,61 The second group (e.g., josamycin, flurithromycin,
roxithromycin, midecamycin, and miocamycin) forms MI
complexes with CYP3A4 to a lesser extent and rarely causes
DDIs.62,63 The last group (e.g., spiramycin, rokitamycin,
dirithromycin, and azithromycin) does not inactivate CYP3A4
and does not cause DDIs.64 SAR studies have shown that a high
log P and a nonhindered readily accessible N,N-dimethylamino
group appear to be important properties for MI complex
formation with macrolides. For example, introduction of bulky
functional groups in position 3 in erythromycin dramatically
decreases MI complex formation with rat CYP3A enzymes,
whereas introducing substituents simultaneously at the 3 and 2′
positions (adjacent to the N,N-dimethylamino group) virtually
blocked CYP3A inactivation via MI complex formation.65

An additional trend that emerges from these SAR analyses is
that 14-membered macrolides (e.g., troleandomycin, erythro-
mycin, and clarithromycin) are more prone to MI complex
formation than are 15- or 16-membered macrolides (e.g.,
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micomycin, midecamycin, spiramycin, and josamycin). The
structure of CYP3A4−erythromycin cocrystal has been solved,
and electron density corresponding to the macrolide ring could
be identified close to the heme group in one of the molecules in
the asymmetric unit.66 Furthermore, the protein undergoes
dramatic conformational changes upon erythromycin binding
with an increase in the active site volume by >80%.66 As such,
the extreme flexibility revealed upon binding of inhibitor to
enzyme also challenges any prospective attempt to apply
computational design tools without the support of relevant
experimental data.
From an SAR standpoint, the antidepressant duloxetine

(Scheme 6) provides an interesting perspective. Paris et al.
reported that duloxetine causes reversible inhibition as well as
TDI of multiple CYP enzymes including CYP1A2, 2B6, 2C19,
and 3A4 in an IC50 shift assay format in HLM.67 However,
attempts to estimate kinetic constants for CYP TDI by
duloxetine utilizing a sequential incubation protocol failed to
detect the time−dependent component.68 Certainly, clinical data
support the latter findings wherein duloxetine is more prone to
PK interactions as a victim drug rather than a perpetrator.69

Structurally, duloxetine contains an N-methyl group and a
thiophene ring, which can inactivate CYP enzymes via MI
complex formation (amine → nitrosoalkane) and/or apoprotein
covalent modification through RM (thiophene → thiophene
S-oxide, thiophene epoxide, sulfenic acid, etc.) generation.
However, both amine and the thiophene substituents are inert
to oxidative metabolism by CYP enzymes in humans. Instead,
duloxetine biotransformation in humans proceeds through
CYP1A2-catalyzed hydroxylations of the naphthyl ring at the

4-, 5-, or 6-position, yielding reactive epoxide intermediates that
have been trapped with GSH in HLM.70 Despite the RM
liability, duloxetine does not appear to be associated with TDI of
CYP1A2 activity. The duloxetine example highlights key points
to take into account when assessing CYP TDI in drug discovery:
(a) not all RM-positive compounds will lead to MBI of CYP
isoforms that catalyze their formation and (b) the presence of a
prototypic structural alert(s) in a molecule does not necessarily
translate into a CYP MBI-positive compound. The hypothesis
must be tested experimentally through the conduct of a CYP
TDI experiment.
As a class, HIV protease inhibitors are frequently associated

with PK interactions when coadministered with other acquired
immune deficiency syndrome-related therapeutic agents, such
as hypolipidemics, macrolide antibiotics, calcium channel
blockers, and hormones.71 All the currently available HIV
protease inhibitors are metabolized mainly by CYP3A4 and
are potent competitive inhibitors of the isozyme.71 Protease
inhibitors such as ritonavir, nelfinavir, amprenavir, lopinavir,
and saquinavir (Figure 6) are also associated with potent
TDI of CYP3A4 activity in HLM (ritonavir, kinact = 0.4 min−1,
KI = 0.17 μM; nelfinavir, kinact = 0.22 min−1, KI = 1.0 μM;
amprenavir, kinact = 0.59 min−1, KI = 0.37 μM; lopinavir, kinact =
0.11 min−1, KI = 1.0 μM; saquinavir, kinact = 0.26 min−1, KI =
0.65 μM).72,73 Indinavir appears to be the only protease
inhibitor devoid of CYP3A4 TDI, although the drug is a potent
competitive inhibitor of the isozyme.72 Within the chemical
class, ritonavir is the most potent (lowest KI) and most efficient
inactivator (highest kinact/KI). In fact, ritonavir is one of the
most potent mechanism-based inactivators of CYP3A4 ever

Figure 5. SAR analysis for MI complexation of macrolides with CYP3A4.
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characterized among drug substances. On the basis of spectral
determinations, MI complex formation with the ferrous heme
iron atom in CYP3A4 has been observed for some protease
inhibitors, although structural details on the metabolite(s)
involved in MI complex formation remain unresolved for most
compounds. With the exception of amprenavir and ritonavir,
which contain structural motifs (aniline in amprenavir and
thiazole rings in ritonavir) capable of metabolism-dependent
CYP interactions, other protease inhibitors do not contain
prototypical functional groups associated with MI complex
formation.72,73 In the case of nelfinavir, the catechol metabolite
generated via oxidation of the cresol moiety by CYP3A4 was
considered unlikely to be responsible for CYP inactivation, as
the addition of COMT cofactor S-adenosyl methionine did not
protect against CYP3A4 inactivation in HLM.73 Furthemore,
separate preincubation of the catechol metabolite in NADPH-
supplemented HLM did lead to MBI of CYP3A4 activity.73

Lack of MI complex formation with lopinavir and saquinavir,
coupled with the protective effect of GSH and reactive oxygen
scavengers against inactivation, suggests an inactivation
mechanism involving the formation of RMs and/or reactive
oxygen species. With ritonavir, SAR studies reveal that CYP3A4
MBI requires the presence of both the 5-thiazolyl and 2-(1-
methylethyl)thiazolyl groups.74 Consistent with the SAR
observations, Ma et al.75 recently demonstrated the CYP3A4-
mediated ring scission of ritonavir’s thiazole rings, which results
in the formation of the corresponding stable glyoxal derivatives
as metabolites (Figure 6). On the basis of these experimental
observations, it is possible that the initial oxidation step
involving epoxidation of the thiazole rings in ritonavir
(prerequisite for thiazole ring scission by CYP enzymes) by
CYP3A4 also results in covalent modification of the heme or
apoprotein. Given its potent inhibitory effects on CYP3A4,
ritonavir is used as a booster of other protease inhibitors.71 The
use of low-dose ritonavir with a second HIV protease inhibitor
allows the achievement of a PK benefit that leads to increased

systemic exposure, creating a higher genetic barrier to
resistance. Boosting of protease inhibitors has become common
practice and is recommended in treatment guidelines with
most protease inhibitors. Like ritonavir, the thiazole analogue
cobicistat (Figure 6) is a mechanism-based inactivator of
CYP3A4 and is currently in phase III trials to boost systemic
exposure of protease inhibitors (notably the HIV integrase
inhibitor elvitegravir). In contrast with ritonavir, cobicistat has
no anti-HIV activity of its own.76

3.2. Covalent Modification of Heme and/or Apopro-
tein by Drugs. The nontricyclic antidepressant nefazodone
(Scheme 7) is a substrate and potent inhibitor (reversible and
time-dependent) of CYP3A4 in HLM (IC50 values for
competitive and TDI of 1.5 and 0.015 μM, respectively,
estimated from the IC50 shift assay format).77,78 Consistent
with the in vitro observations, nefazodone is associated with
nonstationary PK upon dose escalation79 and increases maximal
plasma concentrations (Cmax) and AUC of diverse CYP3A4
substrates upon coadministration in humans,79,80 some of
which are life-threatening (e.g., cases of rhabdomyolysis
associated with simvastatin and nefazodone use).81 In addition
to the CYP3A4 TDI, nefazodone use has been associated with
numerous cases of idiosyncratic hepatotoxicity, many of which
required liver transplantation and/or resulted in fatalities.82

Nefazodone use has been banned in many countries in the
European Union and Canada, and the generic version carries a
black box warning (BBW) label in the United States. Both of
nefazodone’s liabilities including CYP3A4 TDI and hepatotox-
icity have been linked to its metabolism to RMs capable of
covalently modifying CYP3A4 and other critical proteins in
hepatic tissue.83 The mechanism of RM formation involves
metabolism of p-hydroxynefazodone, a circulating metabolite
of nefazodone in humans, to reactive quinonoid species
(quinoneiminium and p-benzoquinone derivatives), which
can be trapped as GSH conjugates in HLM incubations
(Scheme 7).77,78

Scheme 6. Oxidative Bioactivation of Duloxetine by CYP1A2 Does Not Lead to MBI of the Isozyme
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From a SAR standpoint, structurally related antidepressants
trazodone, aripiprazole, and buspirone exhibit little to no CYP3A4
TDI in vitro (Figure 7).84 Side-by-side analysis of nefazodone and
aripiprazole in the IC50 shift assay indicates that aripiprazole is
devoid of CYP3A4 TDI seen with nefazodone.78 The diminished

and/or lack of CYP3A4 inactivation with these agents is
consistent with the absence of PK interactions with CYP3A4
substrates. Like nefazodone, trazodone also contains the
3-chlorophenylpiperazine ring, which is oxidatively metabo-
lized by CYP3A4 to p-hydroxytrazodone, a major urinary

Figure 6. HIV protease inhibitors that cause TDI of CYP3A4.

Scheme 7. Proposed Mechanism of CYP3A4 Inactivation by the Tricyclic Antidepressant Nefazodone
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metabolite in humans. A reactive quinoneiminium species
obtained from the two-electron oxidation of the p-hydroxytrazodone
metabolite has been trapped with GSH in HLM (Scheme 8).85

In addition, the detection of a dihydrodiol metabolite of trazo-
done in human urine is suggestive of a second bioactivation
sequence involving the formation of an electrophilic epoxide
on the triazolopyridinone moiety present in the drug. Indeed,
HLM and recombinant CYP3A4 incubations of trazodone

in the presence of GSH have led to the detection of stable
dihydrodiol and a GSH conjugate derived from epoxide
ring-opening.85 While the bioactivation pattern of trazodone
bears resemblance to nefazodone, the degree of CYP3A4
inactivation by trazodone is significantly weaker.84 The reason(s)
for this disconnect is unclear. One possibility is that trazodone is
less susceptible to CYP3A4-catalyzed metabolism/bioactivation
than nefazodone because of its lower lipophilicity. With
aripiprazole, CYP3A4-mediated aromatic hydroxylation on the
2,3-dichlorophenylpiperazine ring leads to the p-hydroxyaripi-
prazole circulating metabolite, which can also form a
quinoneiminium species similar to nefazodone. However, failure
to detect GSH adducts derived from conjugation with the
p-hydroxyaripiprazole metabolite in HLM suggests that the
secondary oxidation does not occur.78 In contrast, sequential
metabolism of the pendent acetanilide motif in aripiprazole by
CYP3A4 does lead to a reactive quinoneimine intermediate in
HLM. Despite this liability, aripiprazole does not inactivate
CYP3A4 nor is it associated with life-threatening hepatotox-
icity.78,84 Aripiprazole is more lipophilic than nefazodone
(Figure 7) and is more tightly bound to microsome and plasma
protein, a phenomenon that may reduce the overall rate of
metabolism because of a significant reduction in free fraction
available for metabolism. The markedly improved safety profile
of aripiprazole (versus nefazodone) can be potentially explained
by the vast improvement in human PK (aripiprazole, oral
bioavailability of 87%; clearance of 0.8 mL min−1 kg−1, half-life of
75 h; nefazodone, oral bioavailability of 20%, clearance of 7.5 mL
min−1 kg−1, half-life of 1 h) via a reduction in propensity for
CYP3A4-mediated metabolism/bioactivation, phenomena that
ultimately translate to a significantly lower efficacious daily
dose (10−15 mg) compared with nefazodone (200−600 mg).
Finally, buspirone possesses a pyrimidinylpiperazine motif in
lieu of the 3-chlorophenylpiperazine scaffold in nefazodone.

Figure 7. Chemical structures, physicochemical properties, and
CYP3A4 TDI data for nontricyclic antidepressants. Structural
elements in blue represent the region susceptible to RM formation
by CYP3A4. TPSA refers to topological polar surface area. Initial
observed inactivation rate (kobs) at a single inactivator concentration of
10 μM is as reported in ref 84.

Scheme 8. Metabolism of Nontricyclic Antidepressants Trazodone and Aripiprazole by CYP3A4 to RMs
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While p-hydroxybuspirone represents a major circulating
metabolite in human, lack of CYP3A4 TDI and/or detection
of GSH conjugates in HLM incubations of buspirone suggests
that p-hydroxybuspirone does not succumb to RM formation in
a manner similar to that observed with p-hydroxynefazodone.77

Absence of RM formation with buspirone is consistent with ab
initio calculations, which suggest that a weaker resonance
stabilization of the oxidation products and the greater acidity
make p-hydroxybuspirone less favorable for the two-electron
oxidation process.77

Certain multitargeted tyrosine kinase (TK) inhibitors (e.g.,
imatinib, dasatinib, erlotinib, lapatinib, etc.), which are
frequently used in the treatment of cancer, also cause PK
interactions with CYP3A4 substrates.86 Because TK inhibitors
are usually prescribed for prolonged periods in patients with
comorbidities, the risks of DDIs tend to significantly increase
with comedications in this patient population. Imatinib
(Scheme 9) was the first rationally designed TK inhibitor,
which revolutionized the treatment of chronic myelogenous
leukemia, advanced gastrointestinal stromal tumors, and other
hematological diseases. Inhibitory effects of imatinib against
CYP3A4 have been investigated in a clinical DDI study with
simvastatin, wherein imatinib (400 mg daily) decreased
simvastatin clearance by 70%, suggesting a strong CYP3A4
inhibitory effect in vivo.87 Imatinib (400−600 mg daily) also
reduces CYP3A4 activity in patients by 10−70%, as reflected in
the erythromycin breath test.88 The clinical observations are
consistent with TDI (kinact = 0.07 min−1; KI = 14.3 μM) of
CYP3A4-catalyzed midazolam 1′-hydroxylation in vitro.89 The
active N-desmethylimatinib metabolite (i.e., CGP74588) is not a

time-dependent inactivator of CYP3A4.89 The precise mecha-
nism of CYP3A4 inactivation by imatinib remains unclear. It is
possible that RMs (e.g., imine methide) derived from the
bioactivation of the alkylaniline/acetanilide motif are responsible
for enzyme modification. Certainly hydroxylation of the benzylic
methyl group is a known metabolic fate of imatinib in humans.
From a SAR standpoint, nilotinib is structurally related to
imatinib and is a second-generation TK inhibitor approved for
the treatment of chronic myelogenous leukemia resistant to,
or intolerant of, prior treatment that included imatinib. PK
interactions with substrates of CYP3A4, CYP2C8/2C9, and
CYP2D6 have been attributed to nilotinib’s competitive
inhibitory effects against the respective CYP isozymes.90 The
propensity of nilotinib to cause TDI of CYPs is presently
unknown; the chemical structure of nilotinib preserves the
aminopyrimidine and amide pharmacophores of imatinib but
incorporates substituents alternative to the basic N-methyl-
piperazine ring in imatinib, thereby leading to greater
lipophilicity. Like imatinib, nilotinib is cleared in humans via
oxidative metabolism by CYP3A4, but information on the bio-
transformation pathways is not available.90 Likewise, pazopanib
is the newest TK inhibitor approved for the treatment of
advanced or metastatic renal cell carcinoma. Pazopanib is
associated with severe and fatal hepatotoxicity resulting in a
BBW label. Pazopanib is primarily cleared in humans via
metabolism by CYP3A4; however, details on its biotransforma-
tion pathways and/or ability to cause CYP3A4 TDI have not
been published.
Dasatinib (Scheme 9) has been approved for the treatment

of imatinib-resistant acute myeloid leukemia. Increases in

Scheme 9. Pyrimidine-Based Tyrosine Kinase Inhibitors Imatinib and Dasatinib as Time- and Concentration-Dependent
Inactivators of CYP3A4
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simvastatin Cmax and AUC upon coadministration of dasatinib
suggest CYP3A4 inhibitory effects similar to those of
imatinib.86 Li et al.91 established TDI of CYP3A4 activity
(kinact = 0.034 min−1 and KI = 6.3 μM) by dasatinib in HLM.
The mechanism is thought to involve CYP3A4-mediated
p-hydroxylation of the 2-chloro-6-methylphenyl ring (the
major metabolite of dasatinib in humans) followed by further
oxidation to the reactive quinoneimine. Formation of a reactive
imine methide is also detected but appears to be a minor
bioactivation pathway. Characterization of stable GSH adducts
of these RMs in HLM incubations of dasatinib provides
evidence for the proposed bioactivation pathway. From a SAR
standpoint, modifications on the piperazine or methylpyrimi-
dine rings of dasatinib do not abolish CYP3A4 TDI, but
consistent with the inactivation mechanism, simultaneously
removing the methyl group and blocking the para-position of
the chloromethylphenyl ring with a chlorine atom eliminate
CYP3A4 inactivation.91

TDI of CYP3A4 has also been reported with the TK inhibitor
lapatinib (Scheme 10),92 which is used in the treatment of
advanced metastatic breast cancer. Lapatinib also carries a BBW
for idiosyncratic hepatotoxicity including rare cases of liver-
related fatalities that can occur several days to a month after
initiation of treatment. In vitro lapatinib is extensively
metabolized by CYP3A4 and, to a lesser extent, CYP2C8 to
yield products of O- and N-dealkylation.92 O-Dealkylation of
lapatinib in humans generates a p-hydroxyaniline derivative that
is oxidized by CYP3A4 to a reactive quinoneimine intermediate
amenable to trapping by GSH (Scheme 10, pathway A).92 It has

been proposed that lapatanib bioactivation to the quinoneimine
metabolite could trigger downstream reactions leading to liver
injury.92 In contrast, the mechanism of CYP3A4 inactivation by
lapatinib (kinact = 0.02 min−1 and KI = 1.7 μM) is thought to
occur via quasi-irreversible MI complex formation (and not via
adduction of the reactive quinoneimine metabolite to
apoprotein or heme).93 An increase in the signature Soret
absorbance at ∼455 nm and restoration of enzymatic activity
with potassium ferricyanide support this hypothesis. In addition,
products of amine oxidation that include the lapatanib
hydroxylamine and the oxime form of N-dealkylated lapatinib
have been characterized, suggesting that a nitroso intermedi-
ate(s) derived from these metabolites is involved in MI complex
formation (Scheme 10, pathways B and C).93 Because lapatinib
is a CYP3A4 substrate, MBI of CYP3A4 translates into
nonstationary increases in systemic exposure of the drug upon
repeated dosing in humans.92

The observations on lapatinib bioactivation parallel that
for other structurally related TK inhibitors such as gefitinib
and erlotinib, which form reactive quinonoid intermediates
(Scheme 11) and where hepatotoxicity is a side effect of
treatment.94,95 Gefitinib is a p-fluoroaniline derivative that
undergoes a CYP3A4-mediated oxidative defluorination to the
corresponding quinoneimine species.94 In the case of erlotinib,
the p-hydroxyaniline metabolite generated via a CYP3A4-
mediated oxidation of its 3-ethynylaniline motif is oxidized
further to the quinoneimine.95 Evidence for formation of
reactive quinonoid intermediates has been obtained by virtue of
GSH trapping studies.94,95 Interestingly, metabolism of erlotinib

Scheme 10. Proposed Mechanism of CYP3A4 Inactivation and Idiosyncratic Hepatotoxicity Associated with the Tyrosine
Kinase Inhibitor Lapatinib
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(but not gefitinib) is accompanied by TDI of CYP3A4 (kinact =
0.035−0.09 min−1; KI = 6.3−22 μM).95 Furthermore, CYP3A4
inactivation by erlotinib is consistent with a reported case of
rhabdomyolysis arising from an interaction between erlotinib
and the CYP3A4 substrate simvastatin.96 SAR studies suggest
that CYP3A4 TDI is not dependent upon oxidation of the
alkyne group to a reactive oxirene or ketene species, since
replacement of the alkyne with a cyano functionality does not
abolish CYP3A4 inactivation.95 However, the role of the alkyne
in CYP3A4 inactivation cannot be entirely dismissed given that
oxidation of this functionality to the corresponding arylacetic
acid is a known metabolic fate of erlotinib in humans (see
Scheme 11)95 and is catalyzed by several human CYPs (e.g.,
CYP2D6 and CYP1A1/1A2) in addition to CYP3A4. It is
possible that oxidation of the alkyne may act as a second route
of CYP3A4 inactivation.
Time-dependent inactivation of CYP3A4 (in addition to com-

petitive inhibitory effects on CYP3A4, CYP2D6, and CYP2C19)
has also been demonstrated with sorafenib (Figure 8),84 which

has been approved for the treatment of hepatocellular
carcinoma. In patients, sorafenib at 400 mg twice daily alters
the systemic exposures of probe CYP3A4, CYP2D6, and/or

CYP2C19 substrates. However, differences in PK are sufficiently
small that a clinically significant in vivo inhibition of these CYP
isoenzymes is deemed unlikely.97 Lack of clinical DDIs despite
potent in vitro inhibitory effects on CYP3A4 can be explained
on the basis of mass balance studies, which indicate that most
of the sorafenib dose (∼65%) in humans is subject to fecal
excretion (in the unchanged form) and phase II glucuronidation
by UGT1A9, with minimal contribution (∼5%) from
CYP3A4.98 The mechanism of CYP3A4 TDI by sorafenib
remains unknown; sorafenib N-oxide, which is formed by
CYP3A4, is the main circulating metabolite in humans and
has in vitro potency similar to that of sorafenib.99 Sunitinib
(Figure 8) is a multitargeted receptor TK inhibitor that is
used in the treatment of renal cell carcinoma as well as gastro-
intestinal stromal tumor. Available evidence suggests that
sunitinib is metabolized mainly by CYP3A4 but does not
cause TDI of CYP3A4 activity, a phenomenon that is consistent
with lack of DDIs with CYP3A4 substrates in the clinic.84,86

Tetrahydrothienopyridines ticlopidine, clopidogrel, and
prasugrel (Scheme 12) are prodrugs, which require bio-
transformation into “active” reactive metabolites for antithrom-
botic activity. Metabolites of ticlopidine and clopidogrel are
produced via a CYP-catalyzed oxidation (principally mediated
by CYP2C19) involving initial conversion to the corresponding
thiolactone metabolites followed by S-oxidation and subsequent
ring scission to the free thiol derivatives, which form a covalent
disulfide linkage with a cysteinyl residue on the P2Y12 receptor
in platelets.100 Recently, Dansette et al.101 studied the pathway
associated with the thiolactone ring scission in tetrahydro-
thienopyridines and identified the intermediate sulfenic acid
species via trapping studies in HLM using dimedone as a nucleo-
phile (Scheme 12).101 Subsequent reduction of the sulfenic acid
intermediate by GSH could lead to the pharmacologically active

Scheme 11. Bioactivation of the TK Inhibitors Gefitinib and Erlotinib by CYP3A4 That Leads to MBI with Erlotinib (but Not
Gefitinib)

Figure 8. Structures of tyrosine kinase inhibitors sorafenib (CYP3A4
TDI +ve) and sunitinib (CYP3A4 TDI −ve).
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thiol derivatives (see Scheme 12). In vitro metabolic processing
of ticlopidine and clopidogrel into RMs also leads to TDI of
CYP2C19 activity (ticlopidine, kinact = 0.07 min−1, KI = 3.3 μM;
clopidogrel, kinact = 0.055 min−1, KI = 14.3 μM).102,103 Since
inactivation is only discerned with the parent prodrugs and not
with the respective thiolactone metabolites, it is likely that
thiophene ring oxidation to the thiolactone metabolites
generates reactive species (e.g., thiophene S-oxide and/or
thiophene epoxide) that inactivate CYP2C19.102 Recent reports
have shown that the clinical pharmacological effect of
clopidogrel is affected by the polymorphically expressed
CYP2C19 genotype.104 Furthermore, Kurihara et al.105 reported
that CYP2C19 is one of the CYP enzymes responsible for the
oxidation of clopidogrel and its thiolactone in vitro. Collectively,
these observations suggest that the oxidative metabolism of
clopidogrel by CYP2C19 to yield the active metabolite and the
inactivation of CYP2C19 occur simultaneously.
From a DDI perspective, it is interesting to note that most

(>70%) of the clopidogrel daily dose in humans is rapidly
hydrolyzed by human carboxylesterases to the inactive carboxylic

acid metabolite, which does not cause TDI of CYP2C19
activity.106 Furthermore, both clopidogrel and ticlopidine cause
CYP2C19 inactivation but only ticlopidine is associated with a
5.0- to 6.2-fold increase in the AUC of the probe CYP2C19
substrate omeprazole in extensive metabolizers.103 Lack of DDIs
via CYP2C19 inactivation by clopidogrel appears to be in
reasonable agreement with the predicted fold increase in AUC of
∼1.0 with CYP2C19 substrates, presumably due to the extremely
low unbound circulating concentrations.103 In contrast with the
observations on ticlopidine and clopidogrel metabolism,
prasugrel does not inactivate CYP2C19. The thiolactone meta-
bolite (R-138727) of prasugrel is produced via an esterase-
mediated hydrolysis (as opposed to the action of CYP enzymes)
followed by CYP oxidation to afford the thiol metabolite
R-95913 (Scheme 13).107 The process of ester bond cleavage is
so facile that the parent drug is not detected in vivo. Consistent
with this overall behavior, prasugrel does not cause TDI of
CYP2C19 and is not expected to cause DDIs in vivo.103

In addition to CYP2C19 inactivation, clopidogrel, ticlopidine,
and their respective thiolactone metabolites also lead to

Scheme 12. Postulated Mechanism of CYP2C19 Inactivation by Tetrahydrothienopyridine Antithombotic Drugs Clopidogrel
and Ticlopidine

Scheme 13. Metabolism of Prasugrel Leading to Its Pharmacologically Active Metabolite
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MBI of CYP2B6 activity in vitro.108 In particular, clopidogrel is
highly potent and selective for CYP2B6 inactivation in HLM,
with KI and kinact of 0.5 μM and 0.35 min−1, respectively.109

These findings make clopidogrel the most potent mechanism-
based inhibitor known for CYP2B6. Mass spectral analysis of
CYP2B6 that had been inactivated by either clopidogrel or the
thiolactone metabolite showed an increase in the mass of the
protein by ∼350 Da, which is consistent with the addition of the
thiol metabolite of clopidogrel to CYP2B6.110 Peptide mapping
of tryptic digests of the inactivated CYP2B6 suggests Cys475 as
the site of covalent modification possibly via disulfide bond
formation. Consistent with this observation, mutation of Cys475
to a serine residue eliminated the formation of the protein adduct
and prevented the C475S variant from MBI by the thiolactone
metabolite of clopidogrel. Interestingly, this mutation does not
prevent the C475S variant from being inactivated by clopidogrel.
Furthermore, inactivation of both wild-type CYP2B6 and C475S
by clopidogrel, but not by the thiolactone metabolite, leads to
the loss of the heme, which accounts for most of the loss of the
catalytic activity. Collectively, these results suggest that
clopidogrel inactivates CYP2B6 primarily through destruction
of the heme, whereas the thiolactone metabolite of clopidogrel
inactivates CYP2B6 through covalent modification of Cys475.
Recent clinical studies have demonstrated that ticlopidine and
clopidogrel are potent inhibitors of CYP2B6 in humans as
judged by the increase in systemic exposure to bupropion, an
antidepressant drug and specific substrate for CYP2B6, by 85
and 60%, respectively, and a decrease in the systemic exposure of
the metabolite hydroxybupropion by 84 and 52%, respectively.111

Against this backdrop, the thiolactone metabolite of prasugrel is
10- to 22-fold less potent, respectively, as a time−dependent
inactivator of CYP2B6 than ticlopidine and clopidogrel.108

Consistent with this in vitro finding, prasugrel was found to be a
weak inhibitor of CYP2B6 activity in humans, with the exposure
of bupropion increased by 18% and that of hydroxybupropion
decreased by 23%.112

The CYP inactivation mechanism of gemfibrozil (Scheme 14)
is perhaps one of the most interesting ones, since it involves a
phase II metabolite of the parent drug. Gemfibrozil belongs to a
class of drugs known as fibrates, which are used in the treatment
of dyslipidemia. Although in vitro studies in HLM demonstrate
that gemfibrozil is a more potent reversible inhibitor of CYP2C9
(IC50 = 9.6 μM) than CYP2C8 (IC50 = 95 μM) activity,113,114

results from in vivo DDI studies reveal opposing trends.
Gemfibrozil increases the systemic exposure of CYP2C8
substrates such as cerivastatin, repaglinide, rosiglitazone, and
pioglitazone but has no effect on the PK of the CYP2C9
substrate warfarin.115−117 This discrepancy has been explained
by demonstrating that the major metabolite of gemfibrozil, i.e.,
gemfibrozil-1-O-β-glucuronide, is a more potent inhibitor of
CYP2C8 in vitro, relative to gemfibrozil (IC50 of 4.1 and 28 μM,
respectively, for gemfibrozil glucuronide and the parent
drug).118 In subsequent studies, Ogilvie et al.119 demonstrated
that preincubation of the glucuronide metabolite with NADPH-
supplemented HLM further lowered the IC50 from 24 to 1.8 μM
for inhibition of CYP2C8 activity, which is consistent with TDI.
Associated kinact and KI for TDI of CYP2C8 activity in HLM
by gemfibrozil glucuronide were 0.21 min−1 and 20−52 μM,

Scheme 14. MBI of CYP2C8 by the Gemfibrozil-1-O-β-glucuronide Metabolite of Gemfibrozil
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respectively. The TDI of CYP2C8 was not observed with gemfi-
brozil, and neither the substrate nor the metabolite demon-
strated TDI of CYP2C9. Furthermore, the NADPH depen-
dence ruled out the possibility that CYP2C8 was inactivated via
direct covalent adduction with the acyl glucuronide metabolite,
which is electrophilic in nature. Consistent with the in vitro
observations on CYP2C8 TDI, Tornio et al.120 reported that
volunteers who ingested 0.25 mg of repaglinide up to 12 h
following a 600 mg dose of gemfibrozil demonstrated sustained
(and significant) increase in repaglinide plasma concentrations
compared to that observed in volunteers who ingested re-
paglinide and gemfibrozil simultaneously. At 12 h postadministra-
tion of gemfibrozil, plasma concentrations of gemfibrozil and its
glucuronide were only 5−10% of their peak values. It was
argued that the long-lasting DDI was likely due to CYP2C8
MBI by the gemfibrozil glucuronide metabolite. As such, the
inhibitory effect in humans is rapid and occurs 1 h after
gemfibrozil administration.121 The mechanism of CYP2C8
inactivation was initially thought to involve covalent adduction
of the apoprotein by a quinone methide species generated from
the aromatic hydroxylation of the 2′,5′-dimethylphenoxy group
in gemfibrozil glucuronide.119 However, LC−MS/MS analysis
of inactivated CYP2C8 following reaction with gemfibrozil
glucuronide and NAPDH did not reveal such an adduct to the
apoprotein but instead provided evidence for the direct covalent
adduction of a benzylic carbon on the 2′,5′-dimethylphenoxy
group to the heme prosthetic group of the CYP.122 The
regiospecificity of substrate addition to the heme group was not
confirmed experimentally, but computational modeling experi-
ments indicated that the γ-meso position was the most likely site
of modification. The metabolite profile, which consisted of two
benzyl alcohol metabolites and a 4′-hydroxygemfibrozil glucuro-
nide metabolite, indicated that CYP-mediated oxidation of the
glucuronide metabolite was localized to the 2′,5′-dimethylphen-
oxy group. Overall, the results are consistent with an
inactivation mechanism wherein gemfibrozil glucuronide is
oxidized to a benzyl radical intermediate, which evades oxygen
rebound, and adds to the γ-meso position of heme (Scheme 14).
The proposed mechanism is also consistent with SAR studies,
wherein replacement of the aromatic methyl groups in
gemfibrozil glucuronide with trifluoromethyl functionalities
abolishes MBI of CYP2C8.123 An additional SAR perspective

stems from the fact that commonly prescribed fibrates, in
particular fenofibrate, (Scheme 14), have not been associated
with TDI of CYP2C8, although the drug is prone to glucuroni-
dation following hydrolytic cleavage of its ester linkage to the active
component, fenofibric acid. Likewise, acylglucuronide derivatives
of structurally diverse drugs (e.g., nonsteroidal anti-inflammatory
agents, statins) are devoid of CYP2C8 inactivation.123 Finally,
it is noteworthy to comment on the possibility that DDIs with
gemfibrozil could also arise via non-CYP mechanisms, involving
inhibition of (i) organic anion transporting polypeptide 2 by the
parent drug and its glucuronide118 and (ii) uridine glucuronosyl
transferase (UGT) mediated glucuronidation of victim drugs.124

For instance, the most pronounced gemfibrozil interactions have
been observed with repaglinide and cerivastatin, which are only
partially metabolized by CYP2C8. Finally, the ability of
gemfibrozil to induce CYP2C8 (in addition to inhibitory effects)
may further complicate the ability to retrospectively predict the
magnitude of clinical DDIs.125

Raloxifene (Scheme 15) is a selective estrogen receptor
modulator that is used in the treatment of osteoporosis in post-
menopausal women. Raloxifene is a well-characterized mechanism-
based inactivator of CYP3A4 activity (kinact and KI of
0.16 min−1 and 9.9 μM, respectively) in HLM.126−129 In vitro,
raloxifene is metabolized by CYP3A4 to produce several
electrophilic species including a diquinone methide intermedi-
ate that can be trapped with GSH.126 The process is also
accompanied by microsomal covalent binding and irreversible
inactivation of CYP3A4.126−129 Mass spectral analyses indicate
that a single equivalent of raloxifene is bound to the intact CYP
apoprotein.127 Furthermore, analysis of peptides following
digestion with proteinase K revealed covalent binding to
Cys239 presumably via the diquinone methide intermedi-
ate.127,128 The findings are consistent with the observation that
iodoacetamide or N-(1-pyrene)iodoacetamide (cysteine-specific
alkylating agents) prevents CYP3A4 TDI by raloxifene. Analysis
of the structure of raloxifene metabolites along with CYP3A4
active site docking studies using a computational model defined
by X-ray crystal structure data suggests that the binding occurs
on the pendent phenyl group.128 Interestingly, CYP3A5, which
lacks the Cys239 residue (corresponding residue is Ser239), is
resistant to MBI by raloxifene, a finding that is associated with a
significant increase in GSH conjugates of raloxifene compared

Scheme 15. Explanation for the Lack of Clinical DDIs with Raloxifene Despite in Vitro MBI of CYP3A4
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with that for CYP3A4. Contrary to the findings of Baer et al.,127

a second group of investigators identified the nucleophilic OH
group of Tyr75 in CYP3A4 as the site of adduction to raloxifene
diquinone methide.128 Despite the in vitro observations on
CYP3A4 MBI, raloxifene is not associated with significant DDIs
with CYP3A4 substrates (raloxifene package insert). A probable
reason for the discrepancy is that the principal clearance
mechanism of raloxifene in humans is via phenolic glucu-
ronidation that is mediated by intestinal UGT 1A enzymes
(Scheme 15).130 Thus, the likelihood of raloxifene bioactivation
leading to CYP3A4 MBI in vivo is in question when compared
with the efficiency of the glucuronidation in the small intestine.
This section cannot be complete without a final and perhaps

the most important account of life-threatening DDIs arising via
CYP3A4 MBI with mibefradil (Figure 9), a nondihydropyridine

calcium channel blocker approved for the treatment of
hypertension. Within months of approval in the United States
in 1997, there were several reports of significant PK interactions
between mibefradil and drugs primarily metabolized by
CYP3A4. In one instance, a single dose of the dihydropyridine
nifedipine was consumed 24 h after the last dose of mibefradil.
The ensuing hypotension and bradycardia were refractory to all
available therapy, and the patient died within 24 h of ingesting
the dihydropyridine.131 Plasma concentrations of drugs such as
simvastatin, tacrolimus, cyclosporine, and digoxin also exhibited
a marked increase when coadministered with mibefradil.132

Mibefradil was voluntarily withdrawn from the market within
the first year of its release because of the heightened potential
for rhabdomyolysis, renal failure, or bradycardia upon
coadministration with other drugs.133 Soon after withdrawal
from the market, mibefradil was characterized as a potent
reversible (IC50 of 0.3−2.0 μM) and time-dependent (kinact =
0.4 min−1; KI = 2.3 μM) inhibitor of CYP3A4 activity in
vitro.134 The mechanism of TDI has been the subject of much
debate; mibefradil is cleared primarily through hepatic
metabolism via N-dealkylation of the tertiary amine motif,
hydroxylation on the benzimidazole moiety, and hydrolytic
cleavage of the ester side chain.135 MI complex formation
between the N-dealkylated metabolite and the heme prosthetic
group in CYP3A4 has been ruled out given the lack of a
concomitant increase in Soret absorbance at 455 nm.136

Likewise, failure to detect adducts in NADPH-supplemented
CYP3A4 incubations of mibefradil and nucleophiles (e.g., GSH,
cyanide, amines) negates the possibility of RM formation (e.g.,
quinoneimine generation via oxidation of the hydroxybenzimid-
azole metabolite).136 Foti et al.136 recently demonstrated that
the NADPH- and time-dependent inactivation of CYP3A4
activity by mibefradil correlated well with the time-dependent
loss of carbon monoxide binding, which, coupled with the
lack of stable heme and/or apoprotein adducts, suggests heme
destruction/fragmentation as the putative mechanism of

inactivation in a manner similar to that of carbon tetra-
chloride.56,57 The mibefradil case illustrates the degree of
complexity in probing mechanisms of CYP inactivation and
also provides an important perspective in maintaining
appropriate vigilance and awareness of DDIs, particularly for
recently released medications.

4. MEDICINAL CHEMISTRY TACTICS TOWARD
MINIMIZING/ELIMINATING CYP MBI IN DRUG
DISCOVERY

Insights into the mechanism(s) underlying time-dependent CYP
inhibition are a practical starting point for the rational design of
compounds to circumvent CYP inactivation. However, eliminat-
ing CYP inactivation in lead chemical matter is not a trivial
exercise; designing compounds to design out undesired CYP
inhibitory effects could introduce a detrimental effect on
primary pharmacology (e.g., changes in agonist/antagonist
behavior and/or subtype selectivity for target receptor or
enzyme) and otherwise attractive pharmacokinetic attributes.
Chemical intervention strategies to abolish CYP inactivation
liability must be an iterative process, the success of which will be
heavily dependent on a close working relationship between
medicinal chemists, pharmacologists, and drug metabolism
scientists, as evident from the examples in this section.
Several publications have demonstrated tactics to minimize

and/or eliminate CYP TDI without affecting primary
pharmacology and/or disposition characteristics. Solutions
range from modulation of lipophilicity resulting in diminished
rates of metabolism (and bioactivation to RMs) to virtually
eliminating the potential for RM formation via functional group
manipulations. Alterations in physicochemical properties within
MBI-positive compounds will diminish rates of enzyme
inactivation but may not completely eliminate the liability. An
illustration of such an approach is evident in the work of Magee
et al.,137 wherein both the high metabolic turnover and CYP3A4
TDI associated with the third generation macrolide (ketolide)
antibiotic telithromycin are improved by modulation of
physicochemical properties (Figure 10). As described in section 3,
CYP3A4 inactivation by macrolides such as telithromycin

Figure 9. Structure of nondihydropyridine calcium antagonist
mibefradil, a potent mechanism-based inactivator of CYP3A4.

Figure 10. Reduction in lipophilicity as a tactic to attenuate CYP MBI
liability with ketolide antibiotics.
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results from sequential metabolism of the N,N-dimethyl group
to the corresponding nitroso intermediate that forms an MI
complex with the ferrous form of the heme iron atom. Because
this functional group is required for the antibacterial activity,
replacement or modifications thereof are not tolerated. Thus,
cyclization of the tether connecting the aryl−alkyl group to the
macrocylic ring system in telithromycin and strategic placement
of a nitrogen into the conformationally constrained tether were
utilized as a means to introduce polarity into the telithromycin
scaffold as illustrated with compound 2, which was a weak
CYP3A4 inactivator relative to telithromycin.137 As such, the
key analogues described in this work generally matched the in
vitro potency of telithromycin against the common susceptible-
and macrolide-resistant strains.
Another example of the successful utilization of this tactic is

evident from SAR studies on a series of proline-based
antagonists of the very late antigen-4 receptor (Figure 11).138

The ethyl ester derivative of the lead compound 3 displayed
potent CYP3A4 TDI with a kinact and KI of 0.05 min−1 and
0.4 μM, respectively. Metabolism studies with the parent
carboxylic acid 4 in HLM also revealed covalent binding to
microsomal protein in a NADPH-dependent fashion, consistent
with RM formation. Replacement of the 3,5-dichlorophenyl
group of 3 with a 3-cyanophenyl group (compound 5) resulted
in a net reduction of the clogP from 5.5 to 3.5, a feature that
appeared to be consistent with a somewhat reduced propensity
for CYP3A4 inactivation (kinact = 0.04 min−1 and KI = 1.7 μM)
and covalent binding to HLM. Information pertaining to the
metabolic pathways leading to CYP inactivation by 3 is unclear.
As such, the picomolar whole blood activity and slow
dissociation rates against the receptor displayed by 5 were
shown to be sufficient to overcome the poor animal PK, and
sustained activity as measured by receptor occupancy was
achieved in preclinical species after oral dosing.
Reduction of CYP3A4 inactivation by introducing polarity

was also successfully applied by Westaway and co-workers in
their work leading to the discovery of the first small molecule
agonist of the motilin receptor (see Figure 11).139 The lead

compound 6 revealed TDI of CYP3A4 activity (∼14-fold
decrease in IC50 upon preincubation for 30 min; IC50 at
0−5 min of 20 μM; IC50 at 25−30 min of 1.4 μM) in a manner
consistent with enzyme inactivation. On the basis of the
hypothesis that the CYP interaction is driven by size and
lipophilicity, analogues of 6 were designed with reduced
molecular weight and clogP. Thus, replacement of the pyridyl
and dimethylpiperazine rings of 6 with a two-carbon linker and
(2S)-methylpiperazine ring, respectively, led to compounds
with reduced agonist potency; however, these changes in
combination with a terminal 3-fluoro substituent afforded 7,
which demonstrated an improved CYP3A4 inhibition profile
(<3.2-fold decrease in CYP3A4 IC50 in a 30 min preincubation;
IC50 at 0−5 min of 10 μM; IC50 at 25−30 min of 3.1 μM)
compared to 6 while retaining motilin potency. Further
reduction in the linker size afforded 8, which demonstrated a
notable improvement in agonist potency and preclinical PK
(relative to 6) and drastically attenuated CYP inactivation
(<2-fold decrease in CYP3A4 IC50 in a 30 min preincubation;
IC50 at 0−5 min of 26 μM; IC50 at 25−30 min of 18 μM).
Another example of utilizing lipophilicity modulation to reduce

TDI of CYP enzymes is evident with the 4,4-disubstituted piperi-
dine series as glycine transporter 1 (GlyT1) inhibitors for poten-
tial treatment of schizophrenia.140 Replacing the C-4 phenyl
group in the lead piperidine derivative 9, a time-dependent
CYP inactivator, with the 2-pyridyl group and removing the
metabolically labile chiral methyl and aniline NH2 groups led
to a net reduction in clogP by 0.6 log units and abrogated CYP
inactivation potential in the resulting compound 10 (Figure 11).
An additional 0.8 log unit reduction in lipophilicity was achieved
by replacing one of the aromatic chlorine atoms with two
fluorine atoms leading to 11, which was virtually devoid of CYP
TDI liabilities. Compound 11 also displayed improvements in
aqueous solubility and exhibited GlyT1 potency comparable to
that of 9.
Elimination of CYP TDI caused by covalent modification of

the heme prosthetic group and/or apoprotein by RMs can be
achieved by replacing the structural motif prone to RM

Figure 11. Additional illustrations of physicochemical property manipulations to attenuate MBI of CYP enzymes.
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formation with a metabolically latent functional group or via
strategic placement of a complementary substituent(s) to block
the site of initial metabolism that precludes RM formation. The
potassium ion channel opener 12 provides an excellent example
of successful utilization of an approach to abrogate RM
formation and CYP inactivation (Scheme 16). Replacement of
one of the hydrogen atoms ortho to the morpholine ring in 12
with a fluorine atom (compound 13) eliminated TDI liability
against CYP3A4.141 The lack of CYP3A4 inactivation by 13
appears to be consistent with a bioactivation pathway involving
initial aromatic hydroxylation ortho to the morpholine ring (or
para to the benzylamine methine) in 12. Further two-electron
oxidation of the hydroxylated metabolite by CYP3A4 would
lead to the reactive quinoneiminium or quinone methide
species capable of protein conjugation. The potential formation
of either RM was prevented by introduction of the fluorine
atom. Compound 13 was shown to be devoid of CYP inactiva-
tion while retaining the pharmacologic and PK attributes of the
prototype compound 12.
The second example deals with the orally active insulin-like

growth factor-1 receptor kinase inhibitor BMS-536924 (14)

(Figure 12), whose preclinical development was suspended
because of its liability involving simultaneous inactivation and
induction of CYP3A4 activity.142 To reduce/eliminate CYP
induction and inactivation while retaining oral pharmacology,
morpholine and phenethylamine replacements of 14 were
investigated. The lead optimization process was greatly
facilitated by cocrystallization of the insulin-like growth
factor-1 receptor with several analogues of 14, which suggested
that the morpholine group in 14 is solvent exposed and
therefore could be open to SAR exploration to eliminate CYP
liabilities without affecting potency. Appending various
substituted morpholines did not impact CYP3A4 inactivation
and/or induction. Likewise, replacing the morpholine ring with
appropriate bioisosteres such as piperazines and 4-amino-
piperidines and attenuating the basicity of the distal nitrogen
did not yield an optimal compound that balanced CYP3A4
inactivation, CYP3A4 induction, and oral PK. However, a
significant improvement in CYP3A4 profile was observed when
a C-4 connected piperidine was appended on the benzimid-
azole core in place of morpholine (compound 15, Figure 12).
From a CYP inhibition standpoint, removal of the nitrogen

Scheme 16. Elimination of CYP TDI Liability in the Potassium Ion Channel Opener 12 by Blocking Putative Site(s) of
Bioactivation

Figure 12. Simultaneously abolishing CYP3A4 inactivation and induction liabilities in the insulin-like growth factor-1 receptor kinase inhibitor 14.
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atom that connected the heterocycle to the benzimidazole core
and replacing it with a carbon appeared to have diminished the
affinity for CYP3A4. Alternatively, the SAR observation
suggests that the mechanism of CYP3A4 inactivation could
potentially involve bioactivation of the dianiline-like motif in 14
to an electrophilic quinoneiminium intermediate. Overall,
improvements in preclinical disposition properties and cellular
potency were also observed by reducing the basicity of the
piperidine nitrogen and installing the chloropyrazole side chain
in place of the phenethylamine side chain as illustrated with
compound 16.
In the course of SAR studies on a series of 1-amino-1,2,3,4-

tetrahydronaphthalene-2-carboxylic acid derivatives as selective
agonists for the human melanocortin-4 receptor and potential
antiobesity agents, the lead compound 17 (Scheme 17)
demonstrated potent TDI of CYP3A4 (kinact = 0.08 min−1,
unbound KI = 23 nM).143 Upon concomitant administration
with CYP3A4 substrates in the clinic, increases in the AUC for
the victim drugs were expected to range from 4- to 10-fold as a
result of the TDI. The projected degree of clinical DDI was
considered to be unacceptable for an antiobesity indication, and
as a result, compound 17 was eliminated from consideration as
a development candidate. Studies were undertaken to under-
stand the mechanism underlying 17-mediated CYP3A4 TDI to
guide medicinal chemistry efforts. Incubations of 17 with
recombinant CYP3A4 revealed the formation of a UV peak at
450 nm in a NADPH-dependent fashion; the UV absorbance
increased with time and was reduced to near baseline following
addition of potassium ferricyanide to the incubations. These
observations indicated that an MI complex was formed between
the heme and a RM of 17. The RM was proposed to be the
nitroso intermediate 18, which is obtained from a two-electron
oxidation of the initially formed hydroxylamine metabolite
(Scheme 17). Characterization of a geminal cyanonitroso
adduct 19 in incubations of 17 in NADPH-supplemented and
potassium cyanide supplemented HLM was consistent with
the proposed bioactivation pathway wherein the nitroso inter-
mediate would exist in a tautomeric equilibrium with the

corresponding oxime derivative, which could be oxidized to an
electrophilic nitroso carbocation and trapped by a cyanide
ion.143 On the basis of the insights gained from metabolism
studies, it was envisioned that introducing an alkyl group α to
the basic amine motif would shield this functionality from
oxidation through steric hindrance, thereby reducing the
probability of MI complex formation and CYP3A4 TDI.
Indeed analogue 20 was synthesized and shown to be devoid of
CYP3A4 TDI while retaining the potent and selective
melanocortin-4 receptor agonism observed with 17.
PF-562271 (21) (Scheme 18) is a dual inhibitor of the focal

adhesion kinase and proline-rich tyrosine kinase 2 with potential
utility in the treatment of ovarian cancer and osteoporosis.144,145

In vitro metabolism studies in HLM revealed that 21 is a
CYP3A4 substrate and a time-dependent inactivator (kinact = 0.23
min−1; KI = 12 μM), suggesting that 21 could inhibit its own
clearance mechanism. The mechanism of CYP3A4 inactivation
was shown to occur via a two-electron oxidation of the dianiline
motif to a reactive diimine species, which was trapped with GSH
(Scheme 18).145 Furthermore, compound 21 demonstrated
supraproportional increases in Cmax and AUC upon repeated
dosing in clinical trials, a phenomenon that was consistent with
self-inactivation of its clearance mechanism. Likewise, 21 also
caused >3-fold increase in the AUC of the probe CYP3A4
substrate midazolam in a clinical DDI study. Insights into the
mechanism of CYP3A4 inactivation allowed a rational medicinal
chemistry strategy to reduce/eliminate the MBI liability.145 Thus,
simply exchanging the 5-aminooxindole nitrogen and carbonyl
groups in 21 afforded compounds (e.g., 22 and 23) that were
virtually devoid of CYP3A4 TDI while maintaining kinase
potency. In general, disruption of the electron-rich dianiline
structure present in 21 also mitigated the formation of reactive
diimine metabolites in the SAR studies.145

The chemoattractant receptor inhibitor 24 (Scheme 19), a
candidate for the treatment of asthma, also displayed potent
CYP3A4 TDI.146 In HLM, 24 demonstrated time-, concen-
tration-, and NADPH-dependent inhibition of CYP3A4 activity
with kinact and KI of 0.16 min−1 and 18 μM, respectively.

Scheme 17. Strategy To Eliminate CYP3A4 MBI Liability in the Selective Melanocortin 4 Receptor Agonist 17
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Clinical DDI predictions suggested a 4.3- to 7.5-fold increase in
midazolam exposure at anticipated therapeutic concentrations
of 24. While incubation of 24 with NADPH-supplemented
recombinant CYP3A4 did not lead to MI complex formation,
studies with [35S]24 in HLM revealed that inactivation was
accompanied by an NADPH-dependent increase in covalent
binding to a 55−60 kDa microsomal protein, consistent with
irreversible binding to CYP3A4 apoprotein by a RM of 24. A
GSH adduct 25 was also identified in HLM incubations and
was unambiguously determined via NMR to be derived from
addition of GSH to C-3 of the 2-methylindole moiety. On the
basis of the structure of 25, it was suggested that a 2,3-epoxy-2-
methylindole and/or a diimine is the potential reactive species
responsible for covalent adduction to CYP3A4. Replacement
of the 2-methylindole motif in 24 with an oxindole group
(compound 26) prevented RM formation and abolished TDI
of CYP3A4.

The degree of complexity associated with efforts to abro-
gate CYP3A4 TDI while maintaining potency and PK attri-
butes is illustrated with a series of potent renin inhibitors
(Figure 13).147,148 Lead compounds 27 and 28 and several
related analogues were identified as time-dependent inhibitors
of CYP3A4 (e.g., compound 27, 110 fold shift in CYP3A4 IC50

over a 30 min incubation period, kinact = 0.094 min−1, KI =
3.2 μM). Trapping studies in HLM using exogenous
nucleophiles (e.g., GSH, cyanide, and semicarbazide) did not
prevent CYP3A4 TDI, and were not fruitful in providing
insights into the RM responsible for CYP inactivation. Likewise,
attempts to monitor stable metabolites derived from down-
stream metabolism of RM(s) were unsuccessful. O-Demethyl-
ation of 27 was observed, as well as amide hydrolysis, to reveal a
cyclopropylamine metabolite that could potentially covalently
bind to the heme or apoprotein after oxidation. However,
replacement of the cyclopropyl group with cyclobutyl and/or

Scheme 18. Strategies To Eliminate CYP3A4 TDI by Virtue of Eliminating Reactive Diimine Formation with Oxindole-Based
Focal Adhesion Kinase Inhibitors

Scheme 19. Bioactivation of a 2-Methylindole Derivative 24 to CYP3A4-Reactive Species
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cyclopropylmethyl led to loss of renin inhibitory potency and
did not abolish CYP3A4 TDI. Replacement of the amide
carbonyl with a methylene (compound 29) or replacement of
cyclopropylamine nitrogen with carbon (compound 30)
significantly attenuated CYP3A4 TDI (only 6-fold shift in the
CYP3A4 IC50 for 29 and no TDI discerned with 30) but at the
cost of renin potency. Interestingly, removal of the chlorine atom
from the bottom phenyl ring and attachment of a morpholine
group provided compound 31, a potent renin inhibitor that was
devoid of CYP3A4 TDI. However, the modification also led to
significant HLM instability relative to lead compound 27.
CYP3A4 TDI liability also persisted in the more potent
spirocyclic variants (e.g., compound 32). On the assumption
that TDI was derived from bioactivation of the right-hand
aromatic region, several analogues were prepared to block
metabolic soft spots but without success. Lowering the overall
lipophilicity by installation of polarity to the right-hand phenyl
ring provided compounds (e.g., general structure 33) that
were devoid of CYP3A4 TDI liability. Unfortunately these
compounds failed to provide satisfactory bioavailability in
animal PK studies, and the series was dropped from further
development.
The final and perhaps the most intriguing example is deutera-

tion of CYP MBI-positive drugs as a strategy to attenuate RM
formation and thus diminish the enzyme inactivation process.149

In vitro metabolism studies with the doubly deuterated
paroxetine analogue CTP-347 (34) (Figure 14) demonstrated

little to no CYP2D6 MBI, apparently because of a dramatic reduc-
tion in the formation of the reactive carbene intermediate.149

Compound 34 is currently in clinical trials for the treatment of hot
flashes in menopausal women, and it has also been studied in a
96-patient single- and multiple-ascending dose clinical trial. The
multiple-dose subjects initially received a single dose of dextro-
methorphan (a probe CYP2D6 substrate), followed by 14 days of
treatment with 34, then another single dose of dextromethorphan.
Subjects receiving 34 at 20−40 mg QD retained substantially
greater ability to metabolize dextromethorphan compared to
treatment with paroxetine administered at 20 mg QD (∼15−20%
inhibition of CYP2D6-catalyzed dextromethorphan metabolism to
dextrorphan vs ∼55−60% inhibition of CYP2D6 activity with
paroxetine). As such, this DDI study represents the first clinical
demonstration that deuteration can be utilized to ameliorate CYP
MBI-mediated DDI liabilities in humans.

5. IN SILICO PREDICTORS OF CYP TDI POTENTIAL

Visual examination of prototypic functional groups known to be
associated with CYP MBI (e.g., structural alerts) in new chemical
entities usually serves as a preliminary indicator of CYP
inactivation potential. However, not all structural alert-positives
will lead to mechanism-based inactivation of CYP isoforms.
Depending on the physicochemical attributes (molecular weight,
lipophilicity, etc.), compounds may be subject to elimination via
nonmetabolic routes (e.g., biliary and/or renal excretion) and
may have no interaction (substrate and/or inhibitor) with CYP
enzymes. For instance, the phosphodiesterase 4 inhibitor CP-
671,305 (35) contains the 1,3-benzodioxole functional group
(Figure 15) but does not cause TDI of the major human CYP
enzymes.150 Compound 35 is resistant to metabolism in animals
and humans and is primarily cleared via renal and biliary
excretion (in the unchanged form) via active transport.150

Likewise, functionalities capable of alkylating CYPs (e.g.,
aminothiazole) and/or forming an MI complex (e.g., secondary
basic amine) are also present in pramipexole (Figure 15), a non-
ergoline dopamine agonist used to treat early stage Parkinson’s
disease and restless leg syndrome. However, pramipexole is
subject to extensive renal excretion in humans (mediated by

Figure 13. Attempts to eliminate CYP3A4 TDI by removal of metabolic soft spots and/or addition of polarity as illustrated with some renin
inhibitors.

Figure 14. Attenuating CYP MBI liability through deuterium
incorporation at the metabolically labile site.
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transport proteins) and is devoid of CYP-mediated metabolism/
bioactivation leading to enzyme inactivation.151

In theory, MBI can be caused by any molecule that is
bioactivated to a RM by a CYP. However, in reality, not all
RM-positive compounds will covalently modify CYPs (as was
discussed earlier with the antidepressant duloxetine in section
3.2). In many such cases, the RM will escape from the active
site into solution prior to the inactivation step. Upon release
from the CYP active site, the RMs do, however, have the
potential to react nonspecifically with other proteins and/or
DNA. Such an outcome has potential toxicological implications
especially for drugs with high daily doses. The RM can be
detoxified (via reaction with GSH) or covalently adduct to
cellular proteins, resulting in immune-mediated idiosyncratic
toxicity. In extreme cases (depending on the level of RM
generated), depletion of endogenous GSH pools can also lead
to saturation of the detoxication pathway, resulting in toxicity.
This is further exemplified with the hepatotoxin and anti-
inflammatory agent acetaminophen, which is metabolized to an
electrophilic quinoneimine NAPQI by CYP2E1 (Scheme 20).
CYP2E1, however, is not inactivated by acetaminophen during
this process. Instead, NAPQI reacts with GSH and cellular
proteins, causing hepatotoxicity.152 In contrast, 3-hydroxyacet-
anilide, the nonhepatotoxic regioisomer of acetaminophen, is
metabolized by CYP2E1 to the corresponding 3,4-dihydroxy-
and 3,6-dihydroxyacetanilide metabolites, which undergo
further oxidation by CYP2E1 to the reactive 1,4- and 1,2-
benzoquinone species (Scheme 20). In this particular circum-
stance, the bioactivation process is accompanied by irreversible
inactivation of CYP2E1.153

Besides the visual identification of structural alerts previously
associated with CYP MBI, in silico computational methods,
including data-based statistical models and CYP crystal
structure-based quantum and molecular mechanics, have also
been applied to assess TDI potential. Zientek et al.154 described
a CYP3A4 TDI model based on retrospective analysis of
physicochemical descriptors and experimental data acquired
using an automated and abbreviated TDI assay (two con-
centrations of test compounds at two time points). A Laplacian-
corrected Bayesian classification model (a yes/no filter)
categorized the compounds into two classes: positives with
≥25% change in at least one tested concentration over time
(or ≥15% change when ≤70% activity is left after preincubation
for at least one tested concentration) and the rest as negative.
This in silico Bayesian classifier was built on a training set
containing approximately 2000 compounds, which seemed to
be predictive for the same training set compounds with a cross-
validation receiver operator curve value of 0.85. To validate its
real predictive power, the model was then applied to predict an
independent external data set of 27 TDI-positive compounds
from the literature. However, only 11 compounds were
predicted with positive Bayesian scores and the rest with zero
or negative scores. It was suggested that the poor prediction
performance on the selected testing set was caused by limited
structural diversity in the training set; i.e., the compounds,
which failed in the prediction, are relatively dissimilar
(<0.8 structural similarity) to the training set compounds. It
is possible that the model can be improved in performance
when more structurally diverse compounds are included in
the training set. The model did clearly identify several
3-methyleneindazoles and -pyrazoles as positive TDI compo-
nents, which correlates with CYP inactivation discerned with
3-methylindole analogues such as zafirlukast, a well-prescribed
leukotriene receptor antagonist,155 and SPD-304 (37), a small-
molecule tumor necrosis factor-α inhibitor.156

Unlike data-based models, structure-based models can provide
information pertaining to the molecular basis of CYP inactivation
(e.g., identification of critical active site interactions leading to
MBI), which can be useful in iterative design of compounds
without TDI liability. Thus, by use of molecular mechanics,
alkynes such as 4-tert-butylphenylacetylene (BPA), which are
well-established as CYP inactivators, were predicted to covalently

Figure 15. Examples of structural alert-positive compounds that are
not associated with CYP MBI.

Scheme 20. Differences in CYP2E1 MBI by Acetaminophen and Its Regioisomer 3′-Hydroxyacetanilide
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modify a threonine 302 residue in helix I of CYP2B1, 2B4, and
2B6 isoforms, resulting in enzyme inactivation. The predictions
were supported by the structural identification of the covalently
bound adduct and further confirmed by the direct cocrystalliza-
tion of BPA with CYP2B4.157,158 In general, the success of
structure-based prediction using molecular and quantum
mechanics approaches rests on the assumption that the reactive
species generated in the course of metabolism will react with
nucleophilic residues such as lysine, serine, threonine, tyrosine, or
cysteine side chains within the active site, a phenomenon that is
difficult to predict. Figure 16 illustrates the heterogeneity in the
lowest energy binding poses for diverse CYP3A4 inactivators
including furan derivatives L-754,394 (36) (an HIV protease
inhibitor)159 and bergamottin (grapefruit juice component),160

zafirlukast,155 raloxifene,126−128 compound 37,156 and domperidone,
a dopamine receptor antagonist.161 As such, all computational

models including structure-based methods described to date
are mostly retrospective in nature, since they incorporate prior
mechanistic information on CYP inactivation. Without some
prior information, it is virtually impossible to prospectively pre-
dict the ability of new compounds to cause CYP TDI.

6. PREDICTION OF CLINICAL DDI IN DRUG
DISCOVERY USING IN VITRO CYP TDI DATA

6.1. Managing CYP TDI Issues in Drug Discovery.Most
pharmaceutical companies assess CYP TDI/MBI potential with
abbreviated versions of CYP inactivation screens (e.g., IC50 shift
assay) in place to enable the assessment and/or elimination of
the risk prior to candidate selection. While such an approach is
useful for early detection of potent inactivators and for rank
ordering compounds at the lead optimization stage, precise
prediction of in vivo DDI risks from abbreviated CYP TDI

Figure 16. Postulated binding poses of CYP3A4 MBI: (A) bergamottin, (B) raloxifene, (C) zafirlukast, (D) 36, (E) 37, and (F) domperidone that
can lead to RM formation.
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assays is difficult. Several attempts have been made to establish
quantitative relationships between the magnitude of the IC50
shift and clinical DDI risks based on anticipated human
pharmacokinetics.5,162 For instance, Sekiguchi et al.11 inves-
tigated the use of IC50 shift data for 46 marketed drugs as
CYP3A4 inhibitors, 26 of which were determined to be TDI
positive based on an IC50 shift cutoff of 1.3-fold. Using the IC50
data along with the observed clinical DDI data, the authors
established a relationship between the magnitudes of observed
IC50 shift, the ratio of unbound inactivator concentration at
steady state to competitive IC50, and subsequent DDI risk.
A second approach that can be used in a discovery setting is to
estimate DDI using the composite parameter kinact/KI. As
shown in Figure 17, given the ratio of kinact/KI and an estimate

of the unbound plasma concentration of the inactivator [I],
DDI risk assessments can be made relative to an expected

2-fold interaction as shown by the lines at KI values of 1.0, 10,
and 100 μM. In this example, compounds that fall below the line
would have low risk for DDI. Recently Zimmerlin et al.84

reported a good correlation between CYP3A4 TDI data acquired
from IC50 shift and kinact/KI assays and the one obtained from
kobs measurement at a single inactivator concentration of 10 μM
using 400 marketed drugs and 4000 proprietary compounds as
benchmarks. On the basis of comparison to clinical DDI data for
marketed drugs, the authors established a lower limit of kobs =
0.020 min−1 for the assay, with compounds falling above this
threshold flagged as TDI positive. In contrast to the IC50 shift
approach, this method allows for assessments of TDI risk to be
obtained in early discovery such that once the risk is identified,
structural modifications can be made in an attempt to mitigate
the risk prior to compound selection.
From a medicinal chemistry perspective, an optimal approach

to deal with CYP TDI would be to deploy the strategies
outlined in section 4 to design compounds devoid of the
liability. Such an approach serves a dual purpose of abolishing
CYP inactivation liability and eliminating the potential for
formation of protein-reactive metabolites that may cause
idiosyncratic toxicity. It is important to note that prior to
embarking on a laborious exercise to dial out CYP inactivation
and/or RM formation, insights into the anticipated human PK
and the daily dosing regimen for the MBI- and RM-positive
compound are essential. For instance, the estrogenic contra-
ceptive ethinyl estradiol is metabolized by CYP3A4 at the C-17α
terminal alkyne motif to a reactive oxirene species, which
alkylates the heme group and/or protein resulting in the MBI of
the isozyme (Scheme 21).163−165 In addition to acetylene
bioactivation, Park et al.166 have demonstrated the oxidation of
the phenol ring in ethinyl estradiol to an electrophilic o-quinone
species (via the intermediate catechol metabolite) in HLM, a
process that eventually leads to microsomal covalent binding.167

Lack of DDI with CYP3A4 substrates and/or idiosyncratic
toxicity is most likely due to the very low dose (0.035 mg) used
in birth control. Additional qualifying considerations to mitigate

Figure 17. Relationship between the kinact/KI ratio relative to unbound
plasma concentration [I]. Lines represent parameters that would be
expected to result in a 2-fold interaction.

Scheme 21. Metabolism of Ethinyl Estradiol into CYP3A4- and Protein-Reactive Metabolites

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm300065h | J. Med. Chem. 2012, 55, 4896−49334923



the risk of idiosyncratic toxicity due to RM formation have been
the subject of various publications.168,169

6.2. Prediction of Clinical DDI for MBI-Positive
Compounds in Drug Discovery. In the course of iterative
SAR efforts, molecules may emerge with significant improve-
ments in pharmacologic potency, PK, and diminished rates of
CYP inactivation relative to a prototype (e.g., compound 2
relative to telithromycin in Figure 10). However, there may be
instances where compound attributes needed for pharmaco-
logical activity will be inseparable from the properties that cause
CYP TDI (e.g., presence of the thiophene ring in clopidogrel
and the N,N-dimethyl substituents in macrolide antibiotics,
which are associated with pharmacologic action and CYP
inactivation). Likewise, some medicinally important functional
groups that are classified as structural alerts (e.g., aniline) can
be quite challenging to mimic by isosteric replacement. The
aniline motif is widely used in kinase inhibitor design as evident
with TK inhibitors (e.g., lapatinib, sunitinib, and erlotinib),
which are associated with CYP3A4 MBI and idiosyncratic
hepatotoxicity. CYP MBI via RM formation will continue to
emerge in kinase programs, which rely on the aniline group.145

In such scenarios, drug discovery/development scientists might
choose to go forward with a compound that has some degree of
CYP TDI liability, especially if there is reason to believe that
the combination of in vivo exposure needed for efficacy relative
to potency of CYP inactivation will not result in a clinically
relevant DDI.
There have been numerous publications related to strategies

for using in vitro CYP TDI data for prediction of clinical DDI,
with approaches ranging from very simple (three input
parameters) to more complex (four or more input parame-
ters).2,9,43,170 All in vitro and in vivo prediction approaches have
in common three basic inputs: a measure of potency of inhibition
(e.g., KI), a measure of rate of inactivation (e.g., kinact), and a
measure of in vivo drug concentration (e.g., [I]). Approaches to
predicting DDIs can be categorized into two general types, static
and dynamic. Static approaches assume that the concentration of
inhibitor does not change over time, while dynamic approaches
incorporate changes in inhibitor concentration with time and
may also incorporate other system dynamics.
6.2.1. Static Models. One of the earliest attempts at practical

application of in vitro data for clinical DDI prediction was
published by Mayhew et al. in 2000.9 The well-stirred model
was adapted for extrapolation of in vitro intrinsic clearance
(CLint) to in vivo AUC, in addition to terms describing the
effect of the CYP inactivator (KI and kinact) on the degradation
rate of the enzyme. This relatively simple model requires one
constant (kdeg, the degradation rate constant for the CYP
isoform of interest) and three variable input parameters (in
vitro KI, kinact, and [I]) as shown in eq 1 (the static model for
prediction of change in AUC of a probe substrate in the
presence of a time-dependent inhibitor):
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where AUC and AUC′ represent the area under the curve of
object drug in the absence and presence of inactivator,
respectively, CLint and CL′int represent intrinsic clearance of
the object drug in the absence and presence of inactivator,
respectively, and [E]ss and [E]′ss represent the concentration of

clearing enzyme in the absence and presence of inactivator,
respectively. Mayhew et al. validated the model by precisely
predicting clinical DDIs for fluoxetine, clarithromycin, and
N-desmethyl diltiazem coadministered with CYP3A4 sub-
strates.9 The model was also applied to assess the risk of
clinically relevant DDI for a series of ketolide compounds, using
telithromycin (Figure 10) as a positive control.137 Using eq 1, a
kinact of 0.04 min−1, a KI of 2.4 μM, a [I] of 0.17 μM (average
unbound plasma concentration for telithromycin at steady
state), and kdeg of 0.0005 min−1 led to a predicted 6.2-fold
increase in AUC for a CYP3A substrate in the presence of
telithromycin. This prediction is in good agreement with the
observed ∼6.0-fold increase in midazolam AUC observed in
clinical DDI study with telithromycin and midazolam and
hence lends validity to the use of eq 1 for DDI prediction of the
newer ketolides.137 The basic model described by eq 1 is still
commonly applied to DDI predictions, although numerous
refinements and adaptations have been added to improve the
accuracy of the DDI predictions. For example, a term
describing the fraction of the object drug that is metabolized
by the inactivated CYP ( fm,CYP) is commonly incorporated in
the model to account for object drugs with additional clearance
pathways.43 For example, midazolam is cleared almost
exclusively by CYP3A4 metabolism ( fm,CYP3A4 ≈ 0.94), whereas
alprazolam is cleared predominantly by CYP3A4 metabolism
( fm,CYP3A4 ≈ 0.80) but has an additional renal excretion
component (fraction cleared renally is ∼0.20).170 Therefore, a
CYP3A4 inactivator would be expected to produce DDI of
greater magnitude with midazolam than with alprazolam, which
is in agreement with clinical DDI observations.170 Incorpo-
ration of fm,CYP was applied in the DDI risk assessment in
the melanocortin 4 receptor example described previously
(Scheme 17). In this latter example, the predicted increase in
AUC of a CYP3A4 substrate ( fm,CYP = 1) in the presence of 17
was 4- to 10-fold. This predicted interaction precluded further
preclinical development of this compound.143 In addition to
fm,CYP, the static model has been further refined by incorporating
a term describing potential interactions at the level of the
intestine for orally administered drugs. The term Fg is used to
describe the fraction of drug that escapes gut extraction in the
absence of a CYP inactivator. Since CYP3A4 is expressed in the
human intestine, a compound that is metabolized to a significant
extent in the intestine would have a low Fg; hence, a model that
takes into account the effect of intestinal CYP3A4 inhibition for
an orally administered CYP3A4 inactivator and object drug
would theoretically produce a more accurate prediction.
Therefore, eq 1 can be adapted to incorporate fm,CYP and Fg,
as shown in eq 2 (static model for predicting effect of time-
dependent inhibitor on AUC of probe substrate, with
incorporation of fm,CYP and Fg parameters),
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and described in detail in several recent publications.2,43,170

Note that for the first bracketed term in eq 2, the [I] used would
be the estimated hepatic concentration of inhibitor, for which
the unbound maximal plasma concentration is used as a
surrogate. For the second bracketed term in eq 2, the [I] used
would be the gut concentration of inhibitor, which can be
estimated based on dose and fraction absorbed, as described
previously.6

The model depicted in eq 2 has been applied toward DDI
risk assessment for the FAK inhibitors described previously in
section 4 (compound 21, Scheme 18). The model was used to
describe the increase in AUC of a coadministered CYP3A4
substrate (midazolam) and also used to describe the
accumulation of 21 upon repeat dose administration, due
to autoinactivation. The model predicted a 3.4- to 12-fold
accumulation, if both hepatic and gut terms were included, and
a 2.1- to 7.4-fold accumulation if only the hepatic term was
included. The prediction using the hepatic term only was in line
with the observed drug accumulation of 1.9- to 5.7-fold.171 The
ability to validate the model using experimental data from the
lead candidate 21 increased confidence in the use of this model
for DDI risk assessment for backup FAK inhibitors. The
approaches described above can be applied to predict DDI for
compounds that are time-dependent inactivators of CYPs.
However, it is entirely possible that a compound inhibits CYP
in a reversible and irreversible fashion. For example, ritonavir is
both a competitive and a time-dependent inhibitor of CYP3A4
activity. Consequently, equations used to predict DDI may be
adapted to include both the time-dependent component (e.g.,
eqs 1 and 2) and a reversible inhibition component, typically
represented by eq 3 (static model for predicting effect of
reversible inhibitor on AUC of probe substrate),
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where AUC, AUC′, and [I] are as described above, and in this
case Ki represents the inhibition constant for reversible
inhibition.172

In addition to CYP inhibition, compounds can also cause CYP
induction, which increases the amount of enzyme expressed. It is
not uncommon for CYP inhibitors to simultaneously induce
CYP expression. This typically occurs via compound binding to
the pregnane X receptor or constitutive androstane receptor
resulting in increased CYP gene transcription. Enzyme induction
is thought to be a protective mechanism whereby the nuclear
receptors act as “xenosensors” to detect foreign chemicals and
increase the capacity of the body’s drug metabolizing enzymes.
Hence, it is not surprising that there is overlap between the
substrate specificity of CYPs and the ligand selectivity of
xenosensing nuclear receptors. The equations used to predict
DDI may also be adapted to include a term to account for
enzyme induction, represented by eq 4 (static model for
predicting effect of enzyme induction on AUC of a probe
substrate),
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where AUC, AUC′, and [I] are as described previously, Emax
represents the maximum fold induction determined in an in vitro
induction assay, and EC50 represents the concentration of inducer
producing half-maximal induction in vitro. More details regarding

prediction of induction can be found in a recent review on this
topic.173

In an effort to allow for multiple CYP interaction
mechanisms in the DDI prediction, a combined DDI prediction
model has been proposed by Fahmi and co-workers.174 This
combined or “net effect” model incorporates terms for TDI
(represented by eq 1), reversible inhibition (represented by eq 3),
and induction (represented by eq 4), as well as fm,CYP and
intestinal interaction terms as shown in eq 5 (net effect model
for DDI prediction,174 with terms for TDI, reversible inhibition,
and induction represented by eqs 1, 3, and 4, respectively).
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In the net effect model, the first term describes the impact of
TDI, reversible inhibition, and/or induction at the level of the
liver while the second multiplier is used to represent interaction
at the level of the intestine. Hence for the first bracketed term
in eq 5, the [I] used would be the estimated hepatic con-
centration of inhibitor, for which the unbound maximal plasma
concentration is used as a surrogate. For the second bracketed
term in eq 5, the [I] used would be the gut concentration of
inhibitor, which can be estimated based on dose and fraction
absorbed, as described previously.174

6.2.2. Dynamic Models. It is important to note that the
static models described above address the extent of DDI under
equilibrium, steady-state conditions, using a representative
member of the human population by applying an average of the
systemic blood concentrations at steady state (represented by
[I] in the above equations). With the increased availability of
PBPK modeling software, which may also include population
based capabilities, more investigators are applying dynamic
approaches to the prediction of DDI. These dynamic
approaches allow one to link the time course of predicted
precipitant and object liver and intestine exposure to the known
CYP3A4 interaction mechanism. Several PBPK prediction
software platforms are available, including but not limited to
PK-Sim, GastroPlus, Cloe Predict, and Simcyp. These software
platforms were developed to enable modeling and simulation of
human PK and tissue distribution and, in the case of Simcyp,
the capability to simulate the PK and ADME variability across a
population (for a recent review on application of PBPK models
in drug discovery and development, see Jones et al.175). Several
of the software platforms also include a framework for
integration of CYP metabolism and inhibition data, thereby
enabling DDI prediction. For example, researchers from FDA
recently published utilization of Simcyp to develop a PBPK
model for telithromycin. The model incorporated parameters
describing time-dependent inhibition of CYP3A4 in order to
accurately describe telithromycin PK nonlinearity and DDI
with midazolam.176 Relative to the predictive models discussed
previously, predictions with Simcyp require more comprehen-
sive input data such as physiochemical properties, absorption,
distribution, and elimination information and hence are most
often applied to predictions for later stage compounds. For
example, Simcyp was utilized in the planning and design of
DDI trials for the recently approved anaplastic lymphoma
kinase inhibitor crizotinib, which showed time-dependent
inactivation of CYP3A4 in vitro (Pfizer, unpublished results).

6.2.3. Prediction Uncertainty. Although the more complex
DDI models such as the net effect model and PBPK models
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should theoretically produce a more accurate prediction of DDI
than simpler models, in practice this is not always the case. The
impacts of reversible and time-dependent inhibition and
induction on overall AUC change are multiplicative, but so are
the errors associated with each of these estimates. In addition,
there is error associated with each of the variables that make up
the TDI, reversible inhibition, and induction terms. For example,
Ki, KI, and kinact values can vary from laboratory to laboratory,
depending on how the inhibition experiment is conducted (e.g.,
microsomal protein concentration, probe substrate concentra-
tion, incubation time, etc). Furthermore, the kdeg for CYP3A4
cannot be measured directly, and several different approaches
toward determining this value indirectly have been applied.177

Hence, the value of kdeg used in DDI calculations can vary.
The value of [I], inhibitor concentration in vivo, is another

variable that cannot be directly measured, and there are several
approaches for estimating the appropriate [I] for liver and for
intestine. For example, the Cmax concentration, corrected for
plasma protein binding, is commonly used as an estimation of
[I] in the liver. Intestinal [I] may be estimated based on dose,
rate of absorption, and fraction absorbed. Unbound hepatic
inlet concentration or total plasma concentrations are also
sometimes used as estimates for [I]. There is no consensus on
the correct estimate of [I] in vivo, and typically models are
validated against a set of compounds with known DDI in order
to assess which measures of [I] work best for a given prediction
method.
Another source of uncertainty in DDI prediction is the role

of competing metabolic pathways for the perpetrator drug. For
example, as described in section 3.2, raloxifene is a strong
CYP3A4 inactivator in vitro and using standard prediction
methods would be predicted to cause DDI with CYP3A4
substrates in vivo. However, if one factors in competing
metabolic pathways, in this case intestinal glucuronidation, a
more accurate prediction is achieved.178

Finally the value for Fg, the fraction of object drug that
escapes gut extraction, can have a large impact on DDI
predictions for object drugs undergoing significant gut
metabolism. However, Fg is determined indirectly and is difficult
to estimate accurately. The impact of Fg on DDI prediction is
exemplified in a recent publication focused on prediction of
AUC change for simvastatin in the presence of imatinib.89

A version of the static eq 5 was used for the prediction, and
since simvastatin undergoes significant gut metabolism, the Fg
term was incorporated. However, published estimates of Fg for
simvastatin vary from 0.14 to 0.66, yielding a range of DDI
predictions of approximately 5-fold, depending on whether the
low or high end estimate of Fg was used. This example illustrates
the difficulty in accurately estimating one of the parameters used
in making prospective DDI predictions. Given the number of
additional parameters that need to be measured/estimated, it is
not surprising that over- or underpredictions are common.
6.2.4. Which TDI Prediction Approaches Work Best? In

practice, there is variable success with the predictivity of models
described above, depending on the attributes of the molecules
being evaluated. For example, when developing SAR for CYP
TDI or for selecting among a number of compounds in early
drug discovery, application of rank order of kinact/KI or
preincubation IC50 may be appropriate (Figure 17). However,
at candidate selection stage, more quantitative estimates of DDI
potential will be needed for CYP MBI positives. For late stage
candidates, a number of scenarios are possible (Figure 18). For
example, for compounds that have measurable CYP3A4 TDI in

vitro but do not show relevant reversible CYP3A4 inhibition or
induction, the simpler prediction model described in eqs 1 or 2
might be as accurate as or more accurate than the models
incorporating additional variables (eq 5 or PBPK models). The
ketolide example described above is a good illustration of this
phenomenon. Since most marketed macrolides and ketolides
display CYP TDI but are not potent competitive inhibitors or
inducers, the marketed agents can be used as reference
compounds using eq 1. As such, this was utilized as a tactic
for predicting DDI for a series of second generation
ketolides.137 For compounds and/or chemical series that
exhibit CYP TDI in addition to competitive CYP inhibition
and/or induction, the more complicated models will be needed.
The performance of the net effect model (eq 5) was compared
to that of Simcyp for prediction of DDI with midazolam for 30
compounds with varying degrees of competitive and time-
dependent CYP inhibition and/or CYP induction.179 For the
overall data set, both approaches performed about equally well,
with average geometric mean fold errors of 1.74 and 1.55 for
net effect model and Simcyp, respectively. However, both
models yielded several significant over- or underpredictions for
some compounds. This latter fact highlights the important
point that currently no single model works for all compounds.
Therefore, drug development teams need to make thoughtful
decisions regarding which models they will apply to their DDI
risk assessment strategies, and their choice may vary depending
on the chemical series in question. Another important
consideration is the amount of data available at various stages
in the drug development process. Most TDI prediction
methods, including the methods described above, were
evaluated using a set of marketed compounds, which are
relatively well-understood in terms of TDI, DDI, physicochem-
ical, and PK parameters that need to be incorporated into the
models. However, for early stage compounds, many of these
aspects may be unknown, and drug discovery scientists need to
rely on predicted values, particularly with respect to PK
parameters. In these cases, PBPK models may not be as
powerful, since there is generally a higher degree of uncertainty
for many of the input variables. In such scenarios, it might be
more prudent to use a simpler model such as eq 5, using an
estimate of average unbound efficacious concentration as [I].

7. CONCLUDING REMARKS

Increasing use of drugs in polypharmacy settings calls for more
in-depth understanding of the biochemical interactions that can
lead to increased toxicity or loss of pharmacological effect.

Figure 18. Suggested strategies for dealing with time-dependent CYP
inactivation in drug discovery.
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Factors such as patient population, medications that are likely to
be coadministered in that population, and the elimination
mechanisms of concomitantly administered medications have to
be taken into account to determine the potential for a DDI.
Polypharmacy especially in the aging population significantly
increases the risk of CYP DDIs, leading to decreased therapeutic
efficacy via enzyme induction or increased incidence of toxicity
via enzyme inhibition/inactivation. With respect to time-
dependent CYP inhibition caused by the formation of CYP-
reactive intermediates, most drug discovery efforts exercise the
appropriate caution with regard to incorporating structural alerts
in drug design. However, it is likely that unanticipated oxidative
metabolism yielding reactive species will emerge, as increasingly
novel and proprietary functional groups are continuously sought
in drug design. A pragmatic starting point to deal with CYP TDI
in early discovery should involve mechanistic studies to elucidate
the biochemical/molecular basis for enzyme inactivation,
followed by rational structural manipulations and iterative SAR
analysis for CYP TDI. Hopefully, this will result in the
identification of structural types wherein the TDI liability has
been eliminated or drastically reduced, relative to the
prototype(s). In cases where the functional group(s) responsible
for CYP inactivation is required for primary pharmacology,
project teams could choose to go forward with a compound that
has some degree of CYP TDI liability, especially if there is reason
to believe that the combination of in vivo systemic exposure
needed for efficacy relative to potency of CYP inactivation will
not result in a clinically relevant DDI. In the latter case,
confidence in the ability to predict clinical DDI from in vitro
DDI data becomes a critical component in the decision to
advance an in vitro CYP TDI positive compound into the clinic.
Although much progress has been made in DDI prediction
capabilities, there exists uncertainty in several of the input
parameters that are used to generate the prediction, and hence,
over- or underprediction of DDI is not uncommon. In order to
decrease the prediction uncertainty, more work is needed to
understand prediction parameters and to know which parameters
are most important for a given compound or series of
compounds. The combination of mechanistic understanding of
TDI and confidence in a predicted lack of clinically relevant DDI
will enable drug discovery and development teams to progress
more safe and effective therapies to patients.
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