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ABSTRACT

Metabolic activation of the dual-tyrosine kinase inhibitor lapatinib by
cytochromes CYP3A4 and CYP3A5 has been implicated in lapatinib-
induced idiosyncratic hepatotoxicity; however, the relative enzyme
contributions have not been established. The objective of this study
was to examine the roles of CYP3A4 and CYP3A5 in lapatinib
bioactivation leading to a reactive, potentially toxic quinoneimine.
Reaction phenotyping experiments were performed using individual
human recombinant P450 enzymes and P450-selective chemical
inhibitors. Lapatinibmetabolites and quinoneimine-glutathione (GSH)
adducts were analyzed using liquid chromatography-tandem mass
spectrometry. A screen of cDNA-expressed P450s confirmed that
CYP3A4 and CYP3A5 are the primary enzymes responsible for
quinoneimine-GSH adduct formation using lapatinib or O-dealky-
lated lapatinib as the substrate. Themeankinetic parameters (Kmand
kcat) of lapatinib O-dealkylation revealed that CYP3A4 was 5.2-fold

more efficient than CYP3A5 at lapatinibO-dealkylation (CYP3A4 kcat/
Km=6.8mM21min21 versusCYP3A5 kcat/Km= 1.3mM21min21). Kinetic
analysis of GSH adduct formation indicated that CYP3A4 was also
4-fold more efficient at quinoneimine-GSH adduct formation as mea-
sured by kcat (maximum relative GSH adduct levels)/Km (CYP3A4 =
0.0082 vs. CYP3A5 = 0.0021). In human liver microsomal (HLM)
incubations, CYP3A4-selective inhibitors SR-9186 and CYP3cide
reduced formation of GSH adducts by 78% and 72%, respectively,
compared with >90% inhibition by the pan-CYP3A inhibitor ketoco-
nazole. The 16%–22% difference between CYP3A- and CYP3A4-
selective inhibition indicates the involvement of remaining CYP3A5
activity in generating reactive metabolites from lapatinib in pooled
HLMs. Collectively, these findings support the conclusion that both
CYP3A4 and CYP3A5 are quantitatively important contributors to
lapatinib bioactivation.

Introduction

Lapatinib is an orally administered dual inhibitor of tyrosine kinases
epidermal growth factor receptor 1 (EGFR) and human epidermal
growth factor receptor 2 (HER2) (Rusnak et al., 2001; Lackey, 2006;
Moy et al., 2007). EGFR and HER2 regulate downstream cell signaling
pathways involved in cell growth, survival, and differentiation. Over-
expression of HER2 is implicated in the pathogenesis of breast cancer
(Yarden and Sliwkowski, 2001; Arteaga et al., 2012). Lapatinib
(Tykerb) was first approved in 2007 for use in combination with
capecitabine for the treatment of advanced or metastatic HER2-
positive breast cancer in patients who are resistant to standard therapy
with anthracycline, a taxane, and the HER2 monoclonal antibody
trastuzumab (Geyer et al., 2006; Kopper, 2008). In addition, lapatinib,
in combination with letrozole, is approved for the treatment of postmen-
opausal women with hormone receptor positive and HER2-positive

advanced breast cancer for whom hormonal therapy is indicated
(Johnston et al., 2009).
A mandatory black-box warning was released in 2008 for lapatinib-

related hepatotoxicity owing to elevations in alanine aminotransferase
(ALT) and aspartate aminotransferase observed in clinical trials and
postmarketing surveillance; in rare cases, the liver injury was fatal
(Tykerb product information: (http://www.accessdata.fda.gov/drugsatf-
da_docs/label/2010/022059s007lbl.pdf). Clinically significant ALT
elevations have been reported in 1.6%–14.3% of patients receiving
lapatinib (Moy et al., 2009; Azim et al., 2013). Lapatinib-induced
hepatotoxicity is idiosyncratic in nature and is predominately hepato-
cellular; fewer cases of cholestasic or mixed liver injury have been
reported (Spraggs et al., 2012). Evidence indicates that activation of the
adaptive immune system is involved in liver injury associated with
lapatinib (Spraggs et al., 2011; Parham et al., 2016); however, the
underlying mechanisms remain unclear.
Previous reports suggest that metabolic activation of lapatinib to a

chemically reactive metabolite may be a key initiating event in lapatinib-
induced hepatotoxicity (Teng et al., 2010; Castellino et al., 2012;
Spraggs et al., 2013). Lapatinib undergoes extensive metabolism by
cytochromes P450 (P450) CYP3A4 and CYP3A5 and, to a lesser extent,
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2C8, through three major routes: O-dealkylation, N-dealkylation, and
N-hydroxylation (Fig. 1) (Takakusa et al., 2011; Castellino et al., 2012)
plus some C-hydroxylation (Barbara et al., 2013). The O-dealkylated
metabolite can be further oxidized to a reactive quinoneimine (Teng
et al., 2010), which may covalently modify cellular proteins, potentially
leading to cell stress and/or immune activation (Park et al., 2005). Both
CYP3A4 and CYP3A5 have been shown to undergo mechanism-based
inactivation by lapatinib (Teng et al., 2010; Chan et al., 2012); however,
different reactive intermediates may be involved (Ho et al., 2015).
Lapatinib is a quasi-irreversible inactivator of CYP3A4 through
formation of ametabolic intermediate complex via a nitroso intermediate
(Takakusa et al., 2011). In contrast, lapatinib may irreversibly inactivate
CYP3A5 through covalent binding of the quinoneimine to the P450
apoprotein (Chan et al., 2012).
Although CYP3A4 and CYP3A5 are considered to be primarily

responsible for lapatinib bioactivation, the relative contributions of each
enzyme have not been well defined. CYP3A4 and CYP3A5 share 84%
sequence similarity and display overlap in substrate specificity;
however, they differ in expression and product regioselectivity
(Aoyama et al., 1989; Wrighton et al., 1990; Gorski et al., 1994).
CYP3A4 is the most abundantly expressed P450 in adult human liver
and intestine (Shimada et al., 1994; Kolars et al., 1994; Guengerich,

1999), whereas CYP3A5 is highly polymorphic with significant
interindividual variation in enzyme expression (Wrighton et al., 1990;
Kuehl et al., 2001; Lamba et al., 2002). The major CYP3A5 variant
allele is CYP3A5*3, and individuals who are homozygous for the
CYP3A5*3 allele (CYP3A5*3/*3) have low to undetectable levels of
CYP3A5 protein compared with individuals who carry the CYP3A5*1
“wild-type” allele (Kuehl et al., 2001; Lamba et al., 2002). The
frequency of CYP3A5 expression (carriers of CYP3A5*1 allele) is
10%–33% in the white population, 33% in Japanese, and 50–60% in
African Americans (Kuehl et al., 2001; Lamba et al., 2002). CYP3A5
may account for greater than 50% of the total CYP3A content in
CYP3A5*1 carriers and may contribute significantly to the overall
CYP3A activity in some cases (Kuehl et al., 2001; Lin et al., 2002).
Determining the roles of CYP3A4 and CYP3A5 in lapatinib

bioactivation should improve understanding the clinical impact of
CYP3A5 polymorphism on reactive metabolite generation and provide
further insight into the factors that may influence individual risk for
lapatinib-induced hepatotoxicity. Herein we have undertaken reaction
phenotyping studies using human recombinant P450 enzymes and
human liver microsomes (HLMs) in the presence of P450-selective
inhibitors, including the CYP3A4-selective inhibitors SR-9186 and
CYP3cide (Li et al., 2012; Walsky et al., 2012), to quantitatively

Fig. 1. Proposed metabolic pathway of lapatinib. (Adapted from Hardy et al., 2014.) MI, metabolic intermediate.
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characterize the enzymatic contributions of CYP3A4 and CYP3A5 to
lapatinib metabolism and bioactivation.

Materials and Methods

General Reagents

Lapatinib (free base) was purchased fromLCLaboratories (Woburn,MA). The
O-dealkylated metabolite of lapatinib (LAP-OH) was chemically synthesized
from lapatinib as described previously (Teng et al., 2010). Deuterium-labeled
standards of lapatinib ([2H4]lapatinib, d4-lapatinib, C-20147) and O-dealkylated
lapatinib ([2H4]O-dealkylated lapatinib, d4-LAP-OH, C-10309) were provided by
CoNCERT Pharmaceuticals (Lexington, MA) (Fig. 2). Stock solutions of
lapatinib and LAP-OH were prepared in dimethylsulfoxide (DMSO). L-Glutathi-
one (reduced, GSH) and chemical inhibitors a-naphthoflavone (7,8-benzofla-
vone), ticlopidine •HCl, sulfaphenazole, quinidine, 4-methylpyrazole •HCl, and
ketoconazole were purchased from Sigma-Aldrich (St. Louis, MO). CYP3cide
was purchased from Toronto Research Chemicals, Inc. (Toronto, ON, CAN), and
SR-9186 was provided as a gift from Dr. Michael Cameron (Scripps Research
Institute, Jupiter, FL). All other chemicals and reagents were of analytical grade
and were purchased from standard commercial sources. Working solutions of
lapatinib, LAP-OH, and chemical inhibitors were prepared from DMSO stocks,
diluted into acetonitrile, to make up a solution in 1:9 DMSO/acetonitrile (v/v),
unless otherwise stated.

Supersomes (baculovirus-infected insect cell microsomes) containing cDNA-
expressed human CYP1A2, CYP2B6, CYP2C8, CYP2C9*1, CYP2C19,
CYP2D6*1, CYP2E1, CYP3A4, and CYP3A5, coexpressed with P450 reductase
and cytochrome b5, except CYP1A2 and CYP2D6*1 (expressed without
cytochrome b5), were purchased from BD Biosciences or Corning Discovery
Labware, Inc. (Woburn, MA). Pooled HLMs (150-Donor Ultra Pooled, mixed
gender) were purchased from BD Biosciences or Corning Discovery Labware,
Inc. In addition, pooled HLM fractions from 10 human liver samples (four males,
five females, one unknown gender) provided by Dr. F. Peter Guengerich
(Vanderbilt University) through the Tennessee Donor Services (Nashville, TN)

were prepared according to a protocol previously described (Guengerich and
Bartleson, 2008). An NADPH-regenerating system (solution A: 26 mMNADP+,
66mMglucose 6-phosphate, 66mMMgCl2 inwater; solution B: 40U/ml glucose
6-phosphate dehydrogenase in 5 mM sodium citrate) was purchased from BD
Biosciences or Corning Discovery Labware, Inc.

Characterization of Deuterium-Labeled Analogs of Lapatinib and
O-Dealkylated Lapatinib

Synthesis and characterization of deuterium-labeled analogs of lapatinib (d4-
lapatinib) and O-dealkylated lapatinib (d4-LAP-OH) (structures shown in Fig. 2)
were carried out by CoNCERT Pharmaceuticals. The mass spectral data and 1H
NMR data for d4-lapatinib (C-20147, CoNCERT Pharmaceuticals, Inc.) were
consistent with a fully deuterated d4-lapatinib. In comparison with the NMR
spectrum for d0-lapatinib, in the C-20147 NMR spectrum, the –O-CH2-signal was
absent. The –NH-CH2-signal was also absent, and the remaining -CH2-SO2-
signal was collapsed to a singlet, indicating no hydrogens present on the adjacent
position. D4-LAP-OH (C-10309, CoNCERT Pharmaceuticals, Inc.) was prepared
from the appropriate d4-lapatinib (C-20076, N-(3-chloro-4-((3-fluorobenzyl)-
oxy)phenyl)-6-(5-(((2-(methylsulfonyl)ethyl-1,1-d2)amino)methyl-d2)furan-2-
yl)quinazolin-4-amine) by cleaving the unneeded fluorobenzyl moiety, and the
deuterium composition present at the depicted sites did not change during the
reaction. Themass spectral data and 1HNMRdata for the precursor C-20076were
consistent with significant deuteration at the two depicted sites. In comparison
with the NMR spectrum for d0-lapatinib, in the C-20076 NMR spectrum, the
–NH-CH2-CH2- signal was absent, and the remaining -CH2-SO2- signal was
collapsed to a singlet, indicating no hydrogens present on the adjacent position.
Additionally, in the C-20076 NMR spectrum, the –NH2-CH2-furyl signal was
present as a minor peak integrating to approximately 12% H, indicating
approximately 88% D incorporation at that position.

Lapatinib Depletion by cDNA-Expressed CYP3A4 and CYP3A5

Lapatinib (1 mM) was incubated with human recombinant CYP3A4 and
CYP3A5 enzymes (20 nM) in 0.10 M potassium phosphate buffer (pH 7.4).
Incubations were prewarmed for 5 minutes in a shaking water bath at 37�C, and
reactions were initiated by addition of the NADPH-regenerating system (final
reaction volume, 1.0 ml; final concentration of organic solvent, 0.1% DMSO,
0.9% acetonitrile, v/v). Aliquots (100 ml) of the reaction mixture were removed at
time points 0, 1, 2.5, 5, 10, 15, 20, 30, and 45minutes and combined with an equal
volume of ice-cold acetonitrile (containing 1 mg/ml of d4-lapatinib, internal
standard) to quench the reaction. The samples were mixed with a vortex device,
placed on ice 5–10 minutes, and centrifuged (20 minutes at 20,000g at 4�C). The
supernatants were analyzed by liquid chromatography-tandemmass spectrometry
(LC-MS/MS) (method B, see Analysis of Lapatinib and Metabolites by
LC-MS/MS) to measure relative levels of the remaining parent drug. Control
incubations were performed without the NADPH-regenerating system. Two
independent experiments were performed on separate days, and each experiment
was conducted in triplicate. Similar results were obtained from both independent
experiments. The data shown are from a single experiment conducted in triplicate
on one day (n = 3).

Time-Course for Lapatinib Metabolite Formation

Lapatinib (5 mM) was incubated with human recombinant CYP3A4 and
CYP3A5 (20 nM) in 0.10 M potassium phosphate buffer (pH 7.4). The time
course of metabolite formation was examined in two separate experiments, one
with shorter incubation times (0.5, 1, 2, and 5 minutes) and the secondwith longer
incubation times (2, 5, 10, 20, and 30 minutes), each conducted in triplicate
(n = 3), except at 30 minutes, which was in duplicate (n = 2) on the same day.
Incubations were prewarmed for 5 minutes in a shaking water bath at 37�C, and
reactions were initiated by the addition of the NADPH-regenerating system (final
reaction volume, 1.0 ml; final concentration of organic solvent, 0.05% DMSO,
0.45% acetonitrile, v/v). At each time point, aliquots (100 ml) were removed and
combined with an equal volume of ice-cold acetonitrile (containing 100 ng/ml of
d4-LAP-OH, internal standard) to quench the reaction. The sample was mixed
with a vortex device, placed on ice 5–10 minutes, and centrifuged (20 minutes at
20,000g at 4�C). The supernatants were analyzed by LC-MS/MS (method A) to
measure the relative levels of formation of the primary metabolites of lapatinib:
O-dealkylated lapatinib (LAP-OH), N-dealkyl-lapatinib (N-dealkyl-LAP), and

Fig. 2. Chemical structures of deuterium-labeled lapatinib and O-dealkylated
lapatinib, internal standards. Compounds were synthesized by CoNCERT Pharma-
ceuticals, Inc.
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N-hydroxy lapatinib (N-OH-LAP). Control incubations were without the
NADPH-regenerating system. The data shown are the pooled data from the two
experiments over the full time course (0.5, 1, 2, 5, 10, 20, and 30 minutes).

Relative Contributions of CYP Enzymes to Formation of Lapatinib
Primary Metabolites and Reactive Metabolite-GSH Adducts

Lapatinib (5 mM) or LAP-OH (5 mM) was incubated with a panel of cDNA-
expressed human P450 supersomes (CYP1A2, CYP2B6, CYP2C8, CYP2C9*1,
CYP2C19, CYP2D6*1, CYP2E1, CYP3A4, and CYP3A5) (20 nM) in 0.10 M
potassium phosphate buffer (pH 7.4) with and without supplementation with
5 mMGSH. Incubations were prewarmed for 5 minutes in a shaking water bath at
37�C. Reactions were initiated by addition of the NADPH-regenerating system
(final reaction volume 200 ml) and continued for 2 minutes (without GSH) or
20minutes (with GSH supplementation). For 2-minute incubationswith lapatinib,
the final concentration of organic solvent 0.1%DMSO, 0.9% acetonitrile, v/v. For
20-minute incubations with lapatinib, the final concentration of organic solvent
0.05% DMSO, 0.45% acetonitrile, v/v. After the incubation period, two volumes
(400 ml) of ice-cold acetonitrile (containing 100 ng/ml of d4-LAP-OH or d4-
lapatinib, internal standards) were added to quench the reaction. The sample was
mixed with a vortex device, placed on ice 5–10 minutes, and centrifuged
(20 minutes at 20,000g at 4�C). The supernatants were analyzed by LC-MS/MS
(method A) to measure the relative levels of metabolite formation. To measure
reactive metabolite-GSH adducts, the supernatants were dried under a gentle
stream of nitrogen (N2 gas) using a Biotage TurboVap system (Charlotte, NC)
with water bath heated to 37�C for approximately 90 minutes. As much as
possible, sample sets within a single experiment were dried for the same time
period (;90 minutes) to ensure consistency. The remaining sample residue was
redissolved in 100 ml of 3:7 acetonitrile/water (v/v), mixed with a vortex device,
and centrifuged for 5 minutes. The supernatants were analyzed by LC-MS/MS
(method A for incubations with LAP-OH and method C for incubations with
lapatinib) to measure relative levels of metabolite formation. Control incubations
werewithout theNADPH-regenerating system. For each condition tested, a single
experiment was conducted in triplicate on 1 day (n = 3). For the 20-minute
incubation with lapatinib, measurement of relative metabolite levels, including
primary metabolites and reactive metabolite-GSH adducts, was determined from
the same experiment.

Kinetic Assays with cDNA-Expressed CYP3A4 and CYP3A5

The kinetic parameters for lapatinibO-dealkylation and reactive quinoneimine-
GSH adduct formation were determined using two to three different lots each of
human recombinant CYP3A4 and CYP3A5 supersomes (BD Biosciences and
Corning Discovery Labware, Inc.). The testosterone 6b-hydroxylase activity
(marker of CYP3A activity) for each lot was measured by BD Biosciences and
Corning Discovery Labware, Inc., and reported as follows: testosterone 6b-
hydroxylase activities for CYP3A4 supersomes lots 3288855, 5224002,
5322004 were 170, 180, and 150 pmol product/(min� pmol P450), respectively;
and testosterone 6b-hydroxylase activities for CYP3A5 Supersomes lots
4191001, 5258001, and 5350002 were 68, 49, 22 pmol product/(min � pmol
P450), respectively. The reported NADPH-cytochrome c reductase activity
ranged 2600–5200 nmol/(min � mg protein) between different enzyme lots
(BD Biosciences and Corning Discovery Labware, Inc.).

Lapatinib O-Dealkylation. Lapatinib (0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10, 25, 50,
and 100 mM) was incubated with 20 nMCYP3A4 supersomes (lots 5224002 and
5322004) and CYP3A5 supersomes (lots 5258001 and 5350002) for 2 minutes to
determine the rates of LAP-OH formation. Preliminary experiments were
conducted to determine the linearity of metabolite formation with respect to time
and protein concentration. Reactions were initiated by the addition of the
NADPH-regenerating system (final incubation volume, 200 ml; final concentra-
tion of organic solvent, 0.1% DMSO, 0.9% acetonitrile, v/v). After 2 minutes,
reactions were terminated by the addition of an equal volume of ice-cold
acetonitrile (containing 100 ng/ml d4-LAP-OH). The samples were mixed with a
vortex device and centrifuged (20 minutes at 20,000g at 4�C). The supernatants
were analyzed by LC-MS/MS (method C) to measure LAP-OH formation. Two
independent experiments each for CYP3A4 and CYP3A5 supersomes were
performed. For each lot of enzyme, a single experiment was conducted in
triplicate on 1 day (n = 3). Experiments with different lots of each enzyme were
conducted and analyzed by LC-MS/MS on separate days. The pooled values

(n = 6 for each enzyme) from the two experiments were used to determine the
mean kinetic parameters (Km, kcat).

An authentic chemically synthesized standard of LAP-OH permitted the
quantitation of LAP-OH formation using a standard curve. A 10-point standard
curve was prepared by adding known concentrations of LAP-OH (final
concentrations 1.0 ng/ml to 1000 ng/ml; final concentration of organic solvent,
0.1% DMSO, 0.9% acetonitrile, v/v) to 0.10 M potassium phosphate buffer (pH
7.4) with a mixture of heat-inactivated (boiled) CYP3A4 and CYP3A5 Super-
somes (20 nM). This standard mix, prepared in duplicate for each concentration,
was incubated for 2 minutes in a shaking water bath at 37�C, similar to the
experimental samples; then an equal volume of ice-cold acetonitrile (containing
100 ng/ml d4-LAP-OH) was added to each sample. The LAP-OH standards were
prepared beforehand and stored at220�Cuntil LC-MS/MS analysis. For each day
of LC-MS/MS analysis of the experimental samples from kinetic assays, the same
LAP-OH standards were analyzed along with the experimental samples from day
to day to assess inter-day variability.

Reactive Metabolite-GSH Adduct Formation. Lapatinib (0.1, 0.25, 0.5, 1.0,
2.5, 5.0, 10, 25, 50, and 100 mM) was incubated with 20 nM CYP3A4
Supersomes (lots no. 3288855, 5224002, and 5322004) andCYP3A5 supersomes
(lots 4191001, 5258001, and 5350002) supplemented with 5 mM GSH and the
NADPH-regenerating system for 20 minutes to determine the relative rates of
reactive quinoneimine-GSH adduct formation. Preliminary experiments were
conducted to determine the linearity of reactive metabolite-GSH adduct formation
with respect to time and protein concentration. Reactions were initiated by the
addition of the NADPH-regenerating system (final incubation volume 200 ml;
final concentration of organic solvent, 0.1%DMSO, 0.9% acetonitrile, v/v). After
20 minutes, reactions were terminated by addition of two volumes of ice-cold
acetonitrile (containing 100 ng/ml d4-LAP-OH). The samples were mixed with a
vortex device and centrifuged (20 minutes at 20,000g at 4�C). The supernatants
were dried under a gentle stream of nitrogen for approximately 90 minutes using a
Biotage TurboVap system (Charlotte, NC) with a heated water bath at 37�C. The
remaining sample residue was redissolved in 100 ml of 3:7 acetonitrile/water
(v/v), mixedwith a vortex device, and centrifuged for 5 minutes. The supernatants
were analyzed by LC-MS/MS (method C) to measure relative levels of metabolite
formation. The ratio of peak areas for GSH adducts to internal standard were
calculated to provide a relative measurement of metabolite formation because an
authentic chemical standard of the quinoneimine-GSH adduct was not available.
Independent experiments with three different lots each of CYP3A4 and CYP3A5
supersomes were performed on separate days. For each lot of enzyme (CYP3A4
lots 3288855 and 5224002; CYP3A5 lots 4191001 and 5258001), a single
experiment was conducted in duplicate or triplicate on 1 day (n = 2 to 3).
Experiments with one lot of CYP3A4 and one lot of CYP3A5 supersomes each
were conducted and analyzed by LC-MS/MS on the same day for comparison. For
CYP3A4 lot 5322004 and CYP3A5 lot 5350002, two and three independent
experiments for each lot, respectively, were conducted in triplicate and analyzed
by LC-MS/MS on separate days to evaluate interday variability. The combined
values (n = 11 for each enzyme) from four independent experiments were pooled
to determine the mean kinetic parameters, apparent Km and kcat (maximum
relative GSH levels, peak area ratio). When determining relative levels of GSH
adducts, a standard sample of d4-LAP-OH was run each day at the beginning,
middle, and end of the LC-MS/MS sequence to evaluate intraday consistency of
the LC-MS/MS signal.

Effect of P450 Chemical Inhibitors on Lapatinib Metabolite Formation

Lapatinib (5 mM) or LAP-OH (5 mM) was incubated with 150-donor pooled
HLMs (0.1 mg/ml) supplemented with 5 mM GSH in the presence of P450-
selective chemical inhibitors to determine the effect on metabolite formation. The
following chemical inhibitors were used to block the respective P450: a-naph-
thoflavone (1 mM, CYP1A2), ticlopidine (5 mM, CYP2B6 and CYP2C19),
sulfaphenazole (5mM, CYP2C9), quinidine (2mM, CYP2D6), 4-methylpyrazole
(100 mM, CYP2E1), and ketoconazole (1 mM, CYP3A). Control incubations
were carried out with vehicle (1:9 DMSO/acetonitrile, v/v) in the absence of
inhibitor. The final concentration of organic solvent for each incubation was 0.1%
DMSO, 0.9% acetonitrile (v/v). Reactions were initiated by the addition of the
NADPH-regenerating system (final reaction volume, 200 ml) and continued for
20 minutes. After the incubation period, reactions were quenched by the addition
of two volumes (400 ml) of ice-cold acetonitrile (containing 100 ng/ml of
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d4-lapatinib, internal standard) to quench the reaction. Samples were prepared as
described above. Relative levels of lapatinib metabolites and GSH adducts were
measured by LC-MS/MS (method C) and compared with vehicle control
incubations without inhibitor. The percent control of GSH adduct formation
was calculated relative to vehicle control incubations with no inhibitor. For
incubations with lapatinib, a single experiment was conducted in triplicate on
1 day (n = 3). For incubations with LAP-OH, two independent experiments were
performed on two separate days, and each experiment was conducted in triplicate.
The combined data from both experiments are shown (n = 6).

Effect of CYP3A4-Selective Inhibitors on Lapatinib Metabolite Formation

In a separate series of experiments, the CYP3A4-selective inhibitors SR-9186
(Li et al., 2012) and CYP3cide (Walsky et al., 2012) were used to distinguish the
roles of CYP3A4 versus CYP3A5 in lapatinib metabolism. SR-9186 is a
competitive CYP3A4 inhibitor (Li et al., 2012), and CYP3cide is a time-
dependent CYP3A4 inactivator. Ketoconazole was used as a competitive pan-
CYP3A inhibitor to establish baseline CYP3A contribution. For experiments with
SR-9186, working solutions of the inhibitor were prepared in 1:9 DMSO/aceto-
nitrile (v/v), and reactions were carried out in glass vials to prevent compound
binding to plastic (Li et al., 2012). Lapatinib (5mM)was incubated with 10-donor
pooled human liver microsomes (0.1 mg protein/ml), 5 mM GSH in the presence
of SR-9186 (2.5 mM), ketoconazole (1 mM), or vehicle (1:9 DMSO/acetonitrile).
The final concentration of organic solvent for each incubation was 0.1% DMSO,
0.9% acetonitrile (v/v). Reactions were initiated by the addition of the NADPH-
regenerating system (final reaction volume, 200 ml). After a 20-minute
incubation, reactions were quenched by the addition of two volumes (400 ml) of
ice-cold acetonitrile (containing 100 ng/ml of d4-lapatinib, internal standard).
Sample preparation was similar to that described here. Relative levels of reactive
metabolite-GSH adducts were measured by LC-MS/MS (method C) analysis. The
percent control GSH adduct formation was calculated relative to vehicle control
incubations with no inhibitor. A single experiment was conducted in triplicate on
one day (n = 3).

Experiments with CYP3cide involved a two-step time-dependent inactivation
procedure, similar to that described by Walsky et al. (2012). Briefly, the primary
incubation contained CYP3cide (0.5 mM, diluted from 10 mM solution in 1:10
methanol/water) or vehicle (1:10 methanol/water, v/v) with 10-donor or 150-
donor pooled HLMs (final concentration, 1.0 mg protein/ml) in 0.10M potassium
phosphate buffer (pH 7.4). The inactivationmixturewas prewarmed for 5minutes,
and the reaction was initiated by the addition of the NADPH-regenerating system
(final reaction volume, 100 ml; final organic solvent, 0.5% methanol). After a
5-minute incubation, a 20-ml aliquot of the primary reaction mixture was diluted
1:10 into a secondary reaction mixture containing 5 mM lapatinib, the NADPH
regenerating system, and 5 mM GSH with or without ketoconazole (1 mM final
concentration; diluted from 200 mM solution in acetonitrile). The final volume of
the secondary incubation was 200 ml, with a final protein concentration of 0.1 mg
protein/ml. The final concentration of organic solvent for the secondary
incubation was 0.05% DMSO, 0.95% acetonitrile, and 0.05% methanol (v/v/v).
The secondary reaction was allowed to proceed for 20 minutes. Reactions were
quenched by the addition of two volumes (400 ml) of ice-cold acetonitrile
(containing 100 ng/ml of d4-lapatinib or 100 ng/ml of d4-O-dealkylated lapatinib,
internal standards). The relative levels of reactive metabolite-GSH adduct
formation were measured by LC-MS/MS (method C) analysis and compared
with vehicle control incubations. For incubations with CYP3cide, two in-
dependent experiments were performed on 2 separate days. The first experiment
was carried out using 10-donor pooled HLMs, and the second experiment was
repeated with 150-donor pooled HLMs. Each experiment was conducted in
triplicate. The data shown for CYP3cide are compiled from the two independent
experiments (n = 6).

Analysis of Lapatinib and Metabolites by LC-MS/MS

LC-MS/MS Method A. A Waters Micromass Quattro Micro II triple
quadrupolemass spectrometer (Waters Corporation,Milford,MA) coupled to two
Shimadzu LC-10AD pumps with a gradient controller and a Shimazdu SIL-
10ADvp autoinjector (Shimadzu, Columbia, MD) was used at the University of
Washington School of Pharmacy, Mass Spectrometry Center for the analysis of
lapatinib and its metabolites. A 30-ml aliquot of each sample was injected into the
equilibrated high-performance liquid chromatography (HPLC) system. Solvents

A and B were Optima LC/MS-grade water (Fisher Scientific, Pittsburg, PA) with
0.1% (v/v) trifluoroacetic acid and Optima LC/MS-grade acetonitrile (Fisher
Scientific, Pittsburgh, PA) with 0.1% (v/v) trifluoroacetic acid, respectively.
Analyte separation was achieved with an Agilent Zorbax SB-C18 column (5 mm,
150 mm � 2.1 mm) (Agilent Technologies, Santa Clara, CA) at a flow rate of
0.3 ml/min. The gradient program was as follows: 15% B (0–1.0 minute), linear
gradient from 5% to 95% B (1.0–4.5 minutes), 95% B (4.5–6.0 minutes), and
returned to 5% B (7.10–8.0 minutes) (all v/v). The total run time was 8 minutes.
The eluent was introduced directly into the mass spectrometer via electrospray
ionization in positive ion mode. The MS spectral data were analyzed and
deconvoluted using MassLynx version 4.1 (Waters Corporation, Milford, MA).

LC-MS/MS Methods B and C. A Thermo TSQQuantum Triple Quadrupole
mass spectrometer (Thermo Fisher Scientific, Waltham, MA) interfaced with an
HPLC system and a Thermo PAL autoinjection system was used at the Lipscomb
University College of Pharmacy, Pharmaceutical Sciences Bioanalytical Core, for
analysis of lapatinib and its metabolites. A 20-ml aliquot of each sample was
injected into the equilibrated HPLC column. Solvents A and B were Optima
LC/MS-grade water (Fisher Scientific) with 0.1% (v/v) formic acid and Optima
LC/MS-grade acetonitrile (Fisher Scientific) with 0.1% (v/v) formic acid,
respectively. Two HPLC methods were used for analyte separation with different
C18 columns and gradient programs. Method B used an Agilent Zorbax SB-C18
column (5mm, 150 mm� 2.1mm) (Agilent Technologies, Santa Clara, CA) with
a flow rate of 0.3 ml/min and column oven temperature of 30�C. The gradient
program was as follows: 15% B (0–1.0 minutes), linear gradient from 5% to 95%
B (1.0–4.5 minutes), 95% B (4.5–6.0 minutes), and returned to 5% B (7.10–
8.0 minutes) (all v/v). Method C used a Kinetex C18 or EVO C18 column (2.6
mm, 50 mm� 2.1 mm, 100 Å) (Phenomenex Inc., Torrance, CA) with a flow rate
of 0.3 ml/min and a column oven temperature of 30�C. The gradient program for
analysis of lapatinib and its metabolites was as follows: 5% B (0–1.0 minute),
linear gradient from 5% to 95% B (1.0–3.5 minutes), 95% B (4.0–4.5 minutes),
and returned to 5% B (4.5–5.0 minutes) (all v/v). This latter method provided a
shorter run time (5 minutes) while maintaining analyte separation. For both
methods, the eluent was introduced directly into the mass spectrometer via
electrospray ionization in positive ion mode. The MS spectral data were analyzed
and deconvoluted using Thermo Xcalibur software 2.0 (Thermo Fisher Scientific,
Waltham, MA).

Detection and Quantitation of Lapatinib and Metabolites

For each LC-MS/MSmethod described here, lapatinib and its metabolites were
selectively detected using multiple (selected) reaction monitoring (MRM). The
following precursors to product MRM transitions were used for the detection of
lapatinib and lapatinib metabolites based on structurally specific fragmentation
obtained from collision-induced dissociation with collision energy 18–30 V: m/z
581.6→ 365 for lapatinib,m/z 473→ 350 forO-dealkylated lapatinib (LAP-OH);
m/z 475 → 366 for N-dealkyl lapatinib (N-dealkyl-LAP), m/z 597 → 458 for
N-hydroxy lapatinib (N-OH-LAP), and m/z 778 → 655 for quinoneimine-GSH
adducts, as previously described (Hardy et al., 2014). The MRM transitions for
stable isotope-labeled internal standards were: d4-lapatinib m/z 585 → 365, and
d4-LAP-OH m/z 477 → 352. (Fig. 3). The retention time for LC-MS/MS peaks
varied slightly from day to day (e.g., lapatinib retention time on one day was
2.37 minutes, and on another day, the retention time was 2.56 minutes (Fig. 3, A
and B); however, this may be due to slight variations in mobile phase
composition, and so forth. Peak areas for each analyte were determined using
the peak detection (autointegration) function in Thermo Xcalibur or MassLynx
software. The MRM peak area ratio corresponding to the drug/metabolite analyte
peak area over the internal standard peak area was used for quantitative and
semiquantitative analysis of lapatinib and metabolites.

Data Analysis

Substrate depletion data for recombinant CYP3A4 and CYP3A5 were fitted to
biexponential (two-phase) and monoexponential (one-phase) decay models,
respectively, through nonlinear regression analysis using GraphPad Prism
6 (GraphPad Software Inc., San Diego, CA). All experiments were performed
with three replicate samples (triplicate) unless otherwise stated. Data presented are
means6 S.D. unless otherwise stated. The rate constants (k, kfast, and kslow) were
estimated using GraphPad Prism 6 software to determine the relative rates of
lapatinib depletion by metabolism. Goodness of fit was assessed by the R2 value
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and visual examination of the data. Kinetic assays for lapatinibO-dealkylation and
reactive metabolite-GSH adduct formation were carried out with two independent
experiments (for LAP-OH) or four independent experiments (for GSH adducts),
and each experiment was conducted in duplicate or triplicate (n = 2 or 3). Standard
curve fitting for LAP-OH quantitation was accomplished by linear regression
analysis (LAP-OH/d4-LAP-OH peak area ratio versus LAP-OH concentration)
using Microsoft Excel. Similar results for the standard curve were obtained on
each day of LC-MS/MS analysis. Because an analytical standard of the
quinoneimine-GSH adduct was not available to quantify the rate of product
formation, the maximum relative GSH adduct levels were estimated based on the
LC-MRM peak area ratio. Peak area ratio was calculated by determining the ratio
of GSH adduct peak area to d4-LAP-OH internal standard peak area (GSH
adduct/d4-LAP-OH).

Eadie-Hofstee plots (velocity versus velocity/[S]) were constructed to
determine whether the kinetic profiles for LAP-OH and GSH adduct formation
followed the Michaelis-Menten model (Houston and Kenworthy, 2000;
Hutzler and Tracy, 2002; Atkins, 2005). Visual examination of the data for

CYP3A4 and CYP3A5 indicated linear relationships between metabolite
formation rate and rate/substrate concentration (except at the lowest substrate
concentrations, in which sensitivity of metabolite detection was low). Curve fit
was evaluated using Akaike’s Information Criterion and extra sum-of-squares
F test from nonlinear regression analysis in GraphPad Prism 6 to select the
“best-fit”model (Ramirez et al., 2004; Vuppugalla andMehvar, 2005). Kinetic
profiles for CYP3A4 and CYP3A5 were compared between the Michaelis-
Menten, substrate inhibition, and two-site binding models. In each case, the
Michaelis-Menten equation was the preferred model. Thus, kinetic data were
fit to the Michaelis-Menten equation, and the mean Km and kcat values were
determined using nonlinear regression analysis with GraphPad Prism 6.
Apparent Km and kcat values were expressed as mean 6 S.E.M.). The kinetic
profiles generated from each substrate saturation experiment were compared
using an extra sum-of-squares F test (GraphPad Prism 6) to evaluate interday
and intraday variability as well as to compare kinetic parameters from lot-to-lot
of recombinant enzymes. Grubbs’ test (a = 0.05) for outlier detection
(GraphPad Prism 6 software) was used to identify outliers in the data sets

Fig. 3. Representative LC-MS/MS chromato-
grams from analysis of lapatinib and lapatinib
metabolites. Selected/MRM was used for the
detection of lapatinib and its metabolites. The
specific precursor to product transitions for
parent drug, metabolites, and internal standards
are shown. (A) MRM analysis with d4-lapatinib
as the internal standard. (B) MRM analysis with
d4-LAP-OH as the internal standard. Peak areas
were determined using the peak detection
(autointegration) function in Thermo Xcalibur
Qual Browser software (Thermo Fisher Scien-
tific, Waltham, MA).
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obtained from repeated kinetic assays. The mean kinetic parameters (Km and
kcat) from LAP-OH and GSH adduct formation were compared between
CYP3A4 versus CYP3A5 supersomes using an unpaired two-tailed t test. The
mean values from chemical inhibition experiments with pooled HLMs were
compared with control incubations without inhibitor or to incubations with
other inhibitors using an unpaired two-tailed t test. Correlation analysis was
performed using the Pearson r correlation test in GraphPad Prism to compare
enzyme activities by enzyme lots with the kinetic parameters of GSH
adduct formation (relative kcat/Km). Statistical significance was established
as P , 0.05.

Results

Lapatinib Substrate Depletion by CYP3A4 and CYP3A5. The
depletion of lapatinib over time by human recombinant CYP3A4 and
CYP3A5 was determined to estimate the relative effectiveness of each
enzyme in the overall metabolism of lapatinib. In the log-transformed
data, two phases were readily apparent in the depletion profile for
CYP3A4 but not with CYP3A5 (Fig. 4, A and B). In the initial phase of
incubations, the estimated rate constant for lapatinib metabolism by
CYP3A4 was kfast = 2.1 6 0.53 minute21 compared with k = 0.1 6
0.01 minute21 for CYP3A5. Thus, CYP3A4 was approximately
21-times faster than CYP3A5 in the overall metabolism of lapatinib
during this initial phase. Over time, however, the rate of metabolism by
CYP3A4 markedly decreased (CYP3A4 kslow = 0.2 6 0.06 minute21).
Lapatinib Metabolite Formation by CYP3A4 and CYP3A5.

Next, the formation of the primary metabolites of lapatinib by CYP3A4
and CYP3A5 was monitored over time to better understand the kinetics
of metabolite generation. The concentration of lapatinib (5mM) used for

these studies was selected because it is within the therapeutic range of the
drug; the reported peak plasma concentration (Cp,max) after a 1250-mg
daily dose of lapatinib was 4.2 mM (2.4 mg/ml) (range, 2.7–6.5 mM)
(Tykerb product information; http://www.accessdata.fda.gov/drugsatf-
da_docs/label/2010/022059s007lbl.pdf). The primary metabolites mon-
itored herein were products of lapatinib O-dealkylation to form a
phenolic metabolite (LAP-OH), N-hydroxylation to form a secondary
hydroxylamine (N-OH-LAP), and N-dealkylation giving rise to a
primary amine (N-dealkyl-LAP). The time course for metabolite
formation differed markedly between CYP3A4 and CYP3A5 (Fig. 4,
C and D). In CYP3A4 incubations, each metabolite was formed rapidly
and in a linear manner during the early phase of the incubation (0.5–
2minutes). Product formation plateaued around 10minutes, withN-OH-
LAP levels decreasing markedly (Fig. 4C). In CYP3A5 incubations,
LAP-OH was the predominant metabolite formed with relative levels
increasing linearly up to 10 minutes. After 30 minutes of incubation, the
levels of LAP-OH formed by CYP3A5 were approximately 2-fold
higher than levels by CYP3A4 (Fig. 4D).
Relative Contribution of P450 Enzymes to Lapatinib Metabo-

lism. To further evaluate which P450 enzymes contribute to the
metabolism of lapatinib, the drug was incubated with a panel of
individual cDNA-expressed P450 enzymes. Two incubation times,
2 minutes and 20 minutes, were selected to capture differences in
metabolite profile with time. CYP3A4 and CYP3A5were essentially the
only P450 enzymes to form the primary oxidative metabolites of
lapatinib (LAP-OH,N-OH-LAP, and N-dealkyl-LAP) (Fig. 5, A and B);
however, CYP3A4 and CYP3A5 displayed striking differences in the
relative profile of metabolites generated (Fig. 5, A and B). At 2 minutes,

Fig. 4. Lapatinib depletion and metabolite formation by CYP3A4 and CYP3A5. (A and B) Lapatinib (1 mM) was incubated with cDNA-expressed human recombinant
CYP3A4 or CYP3A5 (20 nM) with the NADPH-regenerating system over time (1–45 minutes). Samples were analyzed by LC-MS/MS (method B) to determine the
percentage of remaining lapatinib. (A) Percent remaining lapatinib and (B) natural log (ln) transformation of percent remaining lapatinib. Data shown were obtained from a
single experiment conducted in triplicate. Each data point indicates the mean6 S.D. (n = 3). (C and D) Lapatinib (5 mM) was incubated with (C) CYP3A4 and (D) CYP3A5
(20 nM) over time (0.5–30 minutes) to determine the rates of metabolite formation. Relative levels of metabolite were determined using LC-MS/MS analysis (method A).
The peak area ratio (metabolite/internal standard) for each metabolite is presented. Data were obtained from a single experiment conducted in triplicate, except at 30 minutes,
which was in duplicate. Each data point indicates the mean 6 S.D. (n = 2 or 3).
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CYP3A4 formed theO-dealkylated, N-hydroxylated, and N-dealkylated
products of lapatinib to a similar extent, whereas CYP3A5 showed
selectivity for the O-dealkylation pathway. Markedly higher levels (12-
fold) of N-OH-LAP and N-dealkyl-LAP were formed by CYP3A4
compared with CYP3A5 (Fig. 5A). During the 20-minute incubation
with lapatinib, the product ratios for LAP-OH, N-OH-LAP, and
N-dealkyl-LAP formation by CYP3A5/CYP3A4 were 1.25, 0.29, and
0.30, respectively (Fig. 5B).
GSH Trapping Studies with Individual P450 Enzymes. The

bioactivation of lapatinib to form the reactive quinoneimine metabolite
occurs via two steps: 1) O-dealkylation of lapatinib forms the phenolic
metabolite (LAP-OH), which contains a p-hydroxyaniline moiety; and
2) further oxidation generates the electrophilic quinoneimine product
(Teng et al., 2010). GSH adducts of the putative quinoneimine were
previously identified in GSH trapping studies from the incubation of
lapatinib or O-dealkylated lapatinib with HLMs and recombinant
CYP3A enzymes (Teng et al., 2010; Chan et al., 2012). To determine
the relative contribution of individual P450 enzymes to the formation of
the reactive quinoneimine, GSH trapping studies were performed with a
panel of cDNA-expressed P450 enzymes using both lapatinib and
LAP-OH as substrates. The results of this analysis confirm previous
findings that both CYP3A4 and CYP3A5 can form reactive metabolite-
GSH adducts from lapatinib or LAP-OH (Fig. 5, C and D). Interestingly,
CYP2D6 also contributed to GSH adduct formation from LAP-OH but
not from lapatinib (Fig. 5D).

Kinetic Analysis of Lapatinib O-Dealkylation and Reactive
Metabolite-GSH Adduct Formation by CYP3A4 and CYP3A5.
Whereas previous studies have shown that both CYP3A4 and
CYP3A5 are capable of lapatinib bioactivation to form the reactive
quinoneimine (Teng et al., 2010; Chan et al., 2012), the relative
contribution of each enzyme has not been quantitatively determined.
Thus, to provide a quantitative assessment of the roles of CYP3A4 and
CYP3A5 in lapatinib bioactivation, the kinetic parameters of lapatinib
O-dealkylation and quinoneimine-GSH adduct formation were exam-
ined using CYP3A4 and CYP3A5 supersomes. For LAP-OH forma-
tion, a short (2-minute) incubation period was used to ensure the
linearity of product formation with respect to time and enzyme
concentration. Kinetic parameters apparent Km and kcat for LAP-OH
formation were estimated using two different lots of each of
recombinant CYP3A4 and CYP3A5. The mean apparent Km and kcat
values for CYP3A4 were 2.7 6 0.96 mM and 16 6 0.74 min21,
respectively, and the mean Km and kcat for CYP3A5 were 1.7 6 0.60
mMand 1.96 0.15 min21 (mean6 S.E.M., n = 2 lots for each enzyme,
from two independent experiments), respectively. Differences in the
mean apparent Km values for were not statistically significant (P =
0.5040, n = 2, unpaired two-tailed t test); however, the mean kcat values
indicate that CYP3A4 turned over lapatinib more rapidly compared
with CYP3A5 (P = 0.0029, n = 2). Overall, CYP3A4 displayed a 5.2-
fold higher catalytic efficiency (CYP3A4 kcat/Km = 6.8 6 2.2 mM21

min21, mean 6 S.E.M., n = 2) compared with CYP3A5 (CYP3A5

Fig. 5. Relative contribution of P450 enzymes to lapatinib metabolism. (A) Lapatinib (5 mM) was incubated with each of a panel of human recombinant P450 enzymes
(20 nM) for 2 minutes or (B and C) for 20 minutes supplemented with 5 mM GSH. (A) Formation of primary lapatinib metabolites (2-minute incubation) was determined
using LC-MS/MS analysis (method A). (B) Formation of primary lapatinib metabolites and (C) reactive metabolite-GSH adducts from lapatinib (20-minute incubation) were
determined using LC-MS/MS analysis (method C). (D) LAP-OH (5 mM) was incubated with each of a panel of human recombinant P450 enzymes (20 nM) supplemented
with 5 mM GSH for 20 minutes. Formation of reactive metabolite-GSH adducts from LAP-OH was determined using LC-MS/MS analysis (method A). The peak area ratio
(metabolite/internal standard) for each metabolite is presented. For each graph, data were obtained from a single experiment conducted in triplicate. Bars indicate the mean6
S.D. (n = 3).
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kcat/Km = 1.36 0.53 mM21 min21, mean6 S.E.M., n = 2) (P = 0.1327,
unpaired two-tailed t test) (Fig. 6A).
To evaluate interday variability in LC-MS/MS analysis of kinetic

assays, the formation of LAP-OH by CYP3A5 supersomes (lot
5258001) from a single experiment conducted in triplicate on 1 day
was analyzed by LC-MS/MS (single injection of each triplicate sample)
on two separate days. The kinetic parameters, apparentKm and kcat, from
day 1 of LC-MS/MS analysis were 1.06 0.54mMand 2.06 0.22min21,
respectively, and the apparent Km and kcat from day 2 of LC-MS/MS
analysis were 1.5 6 0.81 mM and 2.2 6 0.26 min21, respectively.
Comparison of the nonlinear regression fit to the Michaelis-Menten
model for each data set using the extra sum-of-squares F test in
GraphPad Prism 6 software indicated that the differences in apparent Km

and kcat values were not statistically significant (comparison of apparent
Km values, P = 0.5950, F = 0.2860; comparison of kcat, P = 0.7235, F =
0.1264). The mean Km and kcat for CYP3A5 lot 52580001 from the
2 days of LC-MS/MS analysis were 1.2 6 0.23 mM and 2.1 6
0.058 min21 (mean 6 S.E.M.).
For quinoneimine-GSH adduct formation, a 20-minute incubation

period was used because product formation was found to be linear over
this time period (data not shown). The kinetic parameters, apparent Km

and kcat (maximum relative GSH adduct levels), were estimated by GSH
adduct peak area/d4-LAP-OH internal standard peak area to obtain the
peak area ratio. Preliminary kinetic data from CYP3A4 and CYP3A5
supersomes suggested that CYP3A5 was more efficient at forming
quinoneimine-GSH adducts from lapatinib compared with CYP3A4
(data not shown). When this analysis was repeated with three different
lots each of CYP3A4 and CYP3A5 supersomes, the relative kcat (peak
area ratio) values for CYP3A5 were markedly lower compared with
preliminary studies. The data shown in Figs. 6B are the mean values
from three different lots each of CYP3A4 and CYP3A5 supersomes
(independent experiments were conducted with each lot of enzyme in
duplicate or triplicate). For the three newer enzyme lots, the mean
apparent Km values for GSH adduct formation by CYP3A4 and
CYP3A5 supersomes were 6.0 6 0.77 mM and 4.1 6 0.82 mM (mean 6
S.E.M., n = 3), respectively. Differences in the apparent Km values for
CYP3A4 and CYP3A5were not statistically significant (P = 0.1646, n =
3, unpaired two-tailed t test). Themean kcat (peak area ratio) for CYP3A4
(0.048 6 0.010, mean 6 S.E.M., n = 3) was significantly higher
compared with the mean kcat for CYP3A5 (0.0075 6 0.0012, mean 6
S.E.M., n = 3) (P = 0.0160, unpaired two-tailed t test). Using the mean
values for these parameters indicated that CYP3A4 was the more
efficient bioactivating enzyme by a factor of 4-fold as measured by kcat/
Km (CYP3A4 = 0.0082 6 0.0018 vs. CYP3A5 = 0.0021 6 0.00065,
mean6 S.E.M., n = 3) (P = 0.0316, unpaired two-tailed t test) (Fig. 6B).
To evaluate interday variability in kinetic assays for GSH adduct

formation, independent experiments with CYP3A4 lot 5322004 and
CYP3A5 lot 5350002 conducted in triplicate were repeated and
analyzed by LC-MS/MS on separate days for comparison. The apparent
Km and kcat (peak area ratio) values for CYP3A4 lot 5322004 from
experiment day 1 were 7.66 2.2 mM and 0.0656 0.0053 (LC-MS/MS
analysis of the same samples was repeated on two separate days), and the
apparentKm and kcat (peak area ratio) values from experiment day 2 were
7.2 6 1.6 mM and 0.058 6 0.0036 (LC-MS/MS analysis on a single
day). The mean estimated apparent Km and kcat values for CYP3A4 lot
5322004 from the two independent experiments were 7.56 1.4mM and
0.062 6 0.0032 (n = two independent experiments), respectively.
Comparison of the data sets obtained from experiment days 1 and
2 using nonlinear regression fit to the Michaelis-Menten model and
analyzed with the extra sum-of-squares F test in GraphPad Prism
6 software indicated that the differences in apparent Km and kcat values
were not statistically significant (apparent Km values 7.6 6 2.2 mM vs.
7.26 1.6mM, P = 0.8705, F = 0.02680; and kcat values 0.0656 0.0053
vs. 0.058 6 0.0036, P = 0.3024, F = 1.083). The estimated kcat/Km

values (0.0085 vs. 0.0081) from the repeated experiments were also
similar.
For CYP3A5 lot 5350002, three independent experiments were

conducted on separate days to assess day-to-day variation. The apparent
Km and kcat (peak area ratio) values for GSH adduct formation by
CYP3A5 lot 5350002 from experiment day 1 were 3.9 6 1.9 mM and
0.0050 6 0.00061, respectively; however, when the experiment was
repeated on a second day, the estimated apparent Km and kcat (peak area
ratio) were 20.06 5.5 mM and 0.0106 0.0010, respectively. This large
difference in apparent Km suggested an experimental error, and the
experiment was repeated a third time. The apparent Km and kcat values
from experiment day 3 were 7.1 6 1.4 mM and 0.0055 6 0.00030,
respectively. Analysis of the apparent Km values (2.56 0.60, 5.06 1.2,
2.96 1.7, 20.06 5.5, and 7.16 1.4mM) from the five total experiments
with CYP3A5 supersomes using Grubbs’ test to detect outliers with
GraphPad Prism 6 software indicated that the high apparentKm (20mM)
from experiment day 2 with CYP3A5 lot 5350002 was an outlier
compared with the data from other experiments. This wide variationmay
be due to experimental error in the assay. Thus, data from experiment

Fig. 6. Kinetics of lapatinib O-dealkylation and reactive metabolite-GSH adduct
formation by CYP3A4 and CYP3A5. (A) Lapatinib (0.1-100 mM) was incubated
with two different lots each of human recombinant CYP3A4 and CYP3A5 (20 nM)
supplemented with an NADPH-regenerating system for 2 minutes. Formation of
O-dealkylated lapatinib (LAP-OH) was measured by LC-MS/MS (Method C).
LAP-OH was quantified using an authentic chemical standard. Two independent
experiments were conducted in triplicate with two lots each of CYP3A4 and
CYP3A5 supersomes. Data points indicate the mean6 S.E.M. (n = 6). (B) Lapatinib
(0.1–100 mM) was incubated with three different lots each of human recombinant
CYP3A4 and CYP3A5 (20 nM) supplemented with 5 mM GSH and an NADPH-
regenerating system for 20 minutes. Relative levels of reactive metabolite-GSH
adducts were measured by LC-MS/MS (method C). The GSH adduct peak area ratio
(GSH adduct/d4-LAP-OH internal standard) is shown. Data shown are from four
independent experiments conducted in duplicate or triplicate with three lots each of
CYP3A4 and CYP3A5 supersomes. Data points indicate the mean 6 S.E.M.
(n = 11).
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day 2 with CYP3A5 lot 5350002 were excluded from the calculation of
mean apparent Km and kcat parameters for GSH adduct formation by
CYP3A5. Comparison of the data obtained from CYP3A5 lot
5350002 experiment days 1 and 3 using nonlinear regression fit to the
Michaelis-Menten model and analyzed with the extra sum-of-squares F
test in GraphPad Prism 6 software indicated that the differences in
apparent Km and kcat values were not statistically significant (apparent
Km values 3.96 1.9 mM vs. 7.16 1.4 mM, P = 0.2628, F = 1.279; and
kcat values 0.0050 6 0.00061 vs. 0.0055 6 0.00030, P = 0.5008, F =
0.4592). The mean estimated apparent Km and kcat values from
experiment days 1 and 3 with CYP3A5 lot 5350002 were 5.5 6 1.6
mM and 0.0052 6 0.00025 (n = 2 independent experiments),
respectively.
To evaluate intraday variability in LC-MS/MS analysis, samples from

a single experiment (CYP3A5 lot 5350002) conducted in triplicate
(n = 3) on one day were analyzed by two repeat injections on the
LC-MS/MS system on the same day. The apparent Km and kcat (peak
area ratio) fromLC-MS/MS sequence 1were 6.96 1.7mMand 0.00606
0.00040, respectively, and the apparent Km and kcat values from
sequence 2 were 7.3 6 1.7 mM and 0.0050 6 0.00032, respectively. The
mean apparentKm and kcat values from the two injectionswere 7.16 1.4mM
and 0.0055 6 0.00028. Comparison of the data sets obtained from
LC-MS/MS injections 1 and 2 using nonlinear regression fit with the
extra sum-of-squares F test in GraphPad Prism software indicated that
the differences in apparent Km and kcat values were not statistically
significant (apparent Km values 6.9 6 1.7 mM vs. 7.3 6 1.7 mM, P =
0.8706, F = 0.02676; and kcat values 0.0060 6 0.00040 vs. 0.0050 6
0.00032, P = 0.0607, F = 3.664). In addition, the internal standard
(d4-LAP-OH) peak areas were compared between each set of triplicate
samples from two separate experiments examining the kinetics of GSH
adduct formation by CYP3A4 and CYP3A5 supersomes. The experi-
mental samples in this analysis were analyzed by LC-MS/MS on the
same day. No remarkable difference was seen in the internal standard
peak areas between each set of triplicate samples (single injection for
each sample) run sequentially within a single experiment. The mean
internal standard peak areas between the two separate experiments
analyzed on the same day were compared using an unpaired two-tailed
t test, and the mean values were not statistically different (P = 0.5436).
During the course of the study, differences in the kinetic parameters

for GSH adduct formation were observed between the different lots of
CYP3A4 and CYP3A5 supersomes. Comparison of mean estimated
apparent Km values from nonlinear regression fit was performed by
extra sum-of-squares F test, and the results indicated that differences
in mean apparent Km values between enzyme lots were not statistically
significant: mean apparent Km values for CYP3A4 lots (3288855,
5224002, and 5322004) were 5.66 1.3, 4.96 0.91, and 7.56 2.2 mM
(P = 0.3442, F = 1.077); mean apparent Km values for CYP3A5 lots
(4191001, 5258001, 5350002) were 2.5 6 0.60, 5.0 6 1.2, and 4.8 6
1.2 mM (P = 0.1197, F = 2.167); however, the estimated kcat (peak area
ratio) values between different enzyme lots differed significantly. The
mean kcat (peak area ratio) values for CYP3A4 lots were 0.0556 0.0026,
0.0296 0.0018, and 0.0626 0.0053 (P = 0.0005, F = 8.288); mean kcat
(peak area ratio) values for CYP3A5 lots were 0.0080 6 0.00045,
0.0092 6 0.00059, and 0.0051 6 0.00061 (P , 0.0001, F = 22.03). A
correlation analysis was performed to examine whether differences in
the kinetic parameters between CYP3A4 and CYP3A5 enzyme lots
were correlated with the reported enzyme activity. For CYP3A4 lots
(3288855, 5224002, 5322004), the testosterone 6b-hydroxylase activ-
ities were 170, 180, and 150 pmol product/(min � pmol P450),
respectively, and the mean relative kinetic parameters for GSH adduct
formation (kcat/Km) were 0.0052, 0.011, and 0.0083, respectively.
For CYP3A5 lots (4191001, 5258001, 5350002), the testosterone

6b-hydroxylase activities were 68, 49, 22 pmol product/(min � pmol
P450), respectively, and the mean relative kinetic parameters for GSH
adduct formation (kcat/Km) were 0.0032, 0.0018, and 0.0011, respec-
tively. Overall, the enzyme activity was positively correlated with GSH
adduct formation (r = 0.89; R2 = 0.79; P = 0.0174, n = 6).
Incubation of CYP3A4 with higher concentrations of lapatinib for

20 minutes could be expected to cause substrate inhibition. To test this,
the pooled data obtained from substrate saturation assays with CYP3A4
and CYP3A5 supersomes (three different lots for each enzyme) were
evaluated for curve fit to the Michaelis-Menten model compared with
the substrate inhibition model using nonlinear regression (GraphPad
Prism 6). Data from one out of three of the CYP3A4 lots (lot 5224002)
and one out of three of the CYP3A5 lots (lot 5350002) fit to the substrate
inhibition model; however, the Michaelis-Menten equation was de-
termined to be the preferred model for both sets of data (P = 0.5616, F =
0.3455 for CYP3A4 lot 5224002, and P = 0.2141, F = 1.579 for
CYP3A5 lot 5350002). Data from the remaining lots of CYP3A4 and
CYP3A5 supersomes did not fit to the substrate inhibition model, and
the Michaelis-Menten equation was the preferred model. Thus, an
apparent substrate inhibition was not readily observed for GSH adduct
formation based on the kinetic analysis in this study.
Effect of Chemical Inhibitors on Metabolite Formation. To verify

the results from recombinant P450 enzymes, metabolism studies were
carried out with pooled HLMs in the presence of selective P450
chemical inhibitors. First, lapatinib was incubated with HLMs in the
presence of chemical inhibitors for CYP1A2, CYP2B6/CYP2C19,
CYP2C9, CYP2D6, CYP2E1, and CYP3A4/5. Ketoconazole, a potent
inhibitor of CYP3A4/5, decreased the formation of lapatinib primary
metabolites LAP-OH, N-OH-LAP, and N-dealkyl-LAP by 79%6 15%
(mean 6 S.D., n = 3) (P = 0.0071), 61% 6 8% (P = 0.0015), 90% 6
10% (P = 0.0010), respectively (Fig. 7A).
GSH trapping studies were also performed to determine the effect

of P450 inhibitors on the formation of reactive quinoneimine-GSH
adducts using both lapatinib and LAP-OH as substrates. As shown in
Fig. 7B, ketoconazole decreased the levels of quinoneimine-GSH adducts
formed from lapatinib by 89% 6 19% (mean 6 S.D., n = 3) (P =
0.0096) compared with vehicle control. In incubations with LAP-OH,
ketoconazole reduced the levels of quinoneimine-GSH adducts by
60% 6 8% (mean 6 S.D., n = 6) (P , 0.0001) compared with vehicle
(Fig. 7C). Sulfaphenazole also decreased the formation of GSH adducts
by 45% 6 9% (mean 6 S.D., n = 6) (P = 0.0006) compared with
control. Coincubation with a-naphthoflavone increased the levels of
quinoneimine-GSH adducts to 146% 6 7% (mean 6 S.D., n = 6) (P =
0.0005) of control levels. Although a-naphthoflavone is a known
CYP1A2 inhibitor, these data suggest a possible activation effect on
CYP3A4-mediated LAP-OHmetabolism (Shou et al., 1994). Activation
of lapatinib metabolism by a-naphthoflavone has not been reported
previously. Only coincubation of a-naphthoflavone with LAP-OH, and
not lapatinib, led to a statistically significant increase in generation-
reactive metabolite-GSH adducts compared with vehicle control (Fig.
7C). Coincubation with other inhibitors did not result in a statistically
significant increase in metabolite formation. Although CYP2D6 was
shown to form quinoneimine-GSH adducts from LAP-OH in the
recombinant P450 enzyme screen (Fig. 5D), the CYP2D6 inhibitor
quinidine did not alter the formation of GSH adducts.
Effect of CYP3A4-Selective Inhibitors on Metabolite Formation.

In a separate series of experiments, the CYP3A4-selective inhibitors
SR-9186 and CYP3cide were used to distinguish the contribution of
CYP3A4 versus CYP3A5 to the formation of reactive metabolite-GSH
adducts from lapatinib. SR-9186 is a competitive CYP3A4 inhibitor (Li
et al., 2012), and CYP3cide is a time-dependent mechanism-based
CYP3A4 inactivator (Walsky et al., 2012). Ketoconazole was used as a
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pan-CYP3A inhibitor to estimate the baseline CYP3A contribution.
SR-9186 reduced the formation of GSH adducts by 78% 6 4% (n = 3,
P, 0.0001), andCYP3cide decreasedGSH adducts formation by 72%6
8% (n = 6, P = 0.0004) compared with control (Fig. 8, A and B).
Ketoconazole resulted in .90% inhibition under both experimental
conditions. The difference between inhibition by SR-9186 and ketoco-
nazole was 16% 6 3% (n = 3, P = 0.0038), and the difference between
inhibition by CYP3cide and ketoconazole was 22% 6 8% (n = 6, P =
0.0213), indicative of residual CYP3A5 activity under conditions chosen
to mimic physiologic concentrations of the drug.

Discussion

Lapatinib has two known pathways of bioactivation, which may
contribute to enzyme inactivation, drug-drug interactions, or drug-
induced liver injury (Teng et al., 2010; Takakusa et al., 2011). One
pathway is via N-hydroxylation and N-dealkylation of the secondary
amine to form a reactive nitroso intermediate (Takakusa et al., 2011).
Previous reports indicate that the nitroso intermediate forms a metabolic
intermediate complex with the P450 heme iron resulting in quasi-
irreversible inactivation of CYP3A4 (Takakusa et al., 2011; Barbara
et al., 2013). The second bioactivation pathway is via lapatinib
O-dealkylation and further oxidation to form of a reactive quinoneimine
(Teng et al., 2010). This latter pathway is thought to result in irreversible
inactivation of CYP3A5 and initiate lapatinib immune-mediated
hepatotoxicity through covalent modification of cellular proteins
(Chan et al., 2012). Understanding the relative roles of CYP3A4 and
CYP3A5 in lapatinib bioactivation is relevant becauseCYP3A5 is highly
polymorphic, and CYP3A5 genetic variation may influence interindi-
vidual variability in the generation of reactive metabolites of lapatinib.
This is the first report to use reaction phenotyping approaches and
kinetic (Km, kcat) analyses to provide a quantitative assessment of the
CYP3A4 versus CYP3A5 enzymatic contributions to lapatinib metab-
olism and the formation of reactive quinoneimine-GSH adducts.
Substrate depletion experiments showed that CYP3A4 was more

efficient than CYP3A5 in the overall metabolism of lapatinib; however,
the decreased rate of metabolism by CYP3A4 over time suggests time-
dependent inhibition of the enzyme. Both CYP3A4 and CYP3A5 have
previously been shown to undergo mechanism-based inactivation by
lapatinib in vitro; however, the kinetics of inactivation differ signifi-
cantly between each enzyme (Teng et al., 2010; Chan et al., 2012). The
reported kinact and KI values for CYP3A4 by lapatinib were 0.020 min21

and 1.71 mM (Teng et al., 2010), and the kinact and KI values for
CYP3A5 were 0.023 min21 and 37.6 mM (Chan et al., 2012). Thus, the
estimated kinact/KI ratio is nearly 20-fold higher for CYP3A4 compared
with CYP3A5, indicating that lapatinib inactivates CYP3A4 to a greater
extent than CYP3A5. Other CYP3A substrates, such as dronedarone
(Hong et al., 2016), have also been shown to display differences in
inactivation characteristics for CYP3A4 and CYP3A5. Time-dependent
inhibition of CYP3A4 by lapatinib may be clinically relevant based on
previous studies regarding the pharmacokinetics of lapatinib in vivo. An
increase in lapatinib serum concentrations and t1/2 over time was
reported with multiple dosing, suggesting time-dependent autoinhibition
of lapatinib clearance (Burris et al., 2005).
Previous in silico docking and metabolic profiling studies suggested

that lapatinib N-dealkylation and N-hydroxylation are predominately
catalyzed by CYP3A4, whereas CYP3A5 may preferentially catalyze
the O-dealkylation pathway (Takakusa et al., 2011; Chan et al., 2012;
Barbara et al., 2013). The results of the present study are consistent with
these findings. Both recombinant CYP3A4 and CYP3A5 generated
each of the primary metabolites of lapatinib through N-dealkylation,
N-hydroxylation, and O-dealkylation; however, the time course and

Fig. 7. Effect of P450 chemical inhibitors on lapatinib metabolite formation. (A and B)
Lapatinib (5 mM) was incubated with pooled HLMs (0.1 mg/ml) supplemented with
5 mM GSH in the presence or absence of P450 selective chemical inhibitors for
20 minute.s (SeeMaterials and Methods for details regarding P450 inhibitors). (A and B)
Data were obtained from a single experiment conducted in triplicate. Bars indicate the
mean 6 S.D. (n = 3). (C) LAP-OH (5 mM) was incubated with pooled HLMs
(0.1 mg/ml) supplemented with 5 mM GSH in the presence or absence of P450-selective
chemical inhibitors for 20 minutes. Relative metabolite formation was measured by
LC-MS/MS (method C). The percent control metabolite or GSH adduct formation was
calculated relative to vehicle control incubations with no inhibitor. (C) Data were
compiled from two independent experiments, each conducted in triplicate. Bars indicate
the mean 6 S.D. (n = 6). Comparisons of inhibitor versus control were performed using
an unpaired two-tailed t test. **P , 0.01; ***P # 0.001; ****P , 0.0001.
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extent of metabolite generation differed by enzyme. Similar to previous
reports, N-dealkylated and N-hydroxylated metabolites were higher by
CYP3A4 compared with CYP3A5. The marked decline in the levels of
N-OH-LAP during longer incubation times with CYP3A4 may be
because N-OH-LAP can be further oxidized to a nitroso intermediate
(Takakusa et al., 2011; Barbara et al., 2013). On the other hand,
formation of LAP-OH was higher in incubations with CYP3A5
compared with CYP3A4 during longer incubations. One of the differ-
ences between the present and previous studies is that metabolic
incubations in this study were conducted at therapeutic concentrations
of lapatinib (1-–5 mM) to mimic physiologic conditions compared with
previous studies which used higher concentrations (50 mM) of the drug
(Teng et al., 2010; Takakusa et al., 2011; Chan et al., 2012; Barbara
et al., 2013). In addition, attention was given to the time course of
metabolite generation to ensure linearity of product formation.

Teng et al. (2010) and Chan et al. (2012) reported qualitative evidence
for CYP3A4/5-mediated formation of quinoneimine-GSH adducts from
lapatinib. The present study provides quantitative insight into the relative
roles of CYP3A4 and CYP3A5 in lapatinib bioactivation by examining
the kinetics of lapatinib O-dealkylation and quinoneimine-GSH adduct
formation. Using the mean kcat/Km values obtained from kinetic analysis
of two to three separate lots each of cDNA-expressed CYP3A4 and
CYP3A5 indicated that CYP3A4 was 4- to 5-fold more efficient than
CYP3A5 at lapatinib O-dealkylation and quinoneimine-GSH adduct
formation. Variations in the kinetic parameters estimated between
different lots of enzyme could be due to interday variability in kinetic
assays as well as lot-to-lot differences in enzyme activity between
batches of CYP3A4 and CYP3A5 supersomes. Correlation analysis
indicated a positive correlation between testosterone 6b-hydroxylase
activity for the different lots of CYP3A supersomes and GSH adduct
formation, although the sample number was small (n = 6 lots). It was
noted that the reported testosterone 6b-hydroxylase activity was lower
overall for CYP3A5 compared with CYP3A4, which is consistent with
previous studies (Patki et al., 2003).
Microsomal incubations with P450-selective chemical inhibitors

confirmed that CYP3A4 and CYP3A5 are the primary P450s re-
sponsible for quinoneimine-GSH adduct formation using lapatinib or
LAP-OH as the substrate. The observation that sulfaphenazole also
reduced GSH adduct formation from LAP-OH suggests that the
involvement of other P450s in lapatinib bioactivation cannot be ruled
out. The CYP3A4-selective inhibitors SR-9186 and CYP3cide de-
creased quinoneimine-GSH adduct formation to a lesser extent (;20%
less) than the pan-CYP3A inhibitor ketoconazole. This finding indicates
that the remaining CYP3A5 activity in pooled HLMs is likely re-
sponsible for generating the reactive quinoneimine-GSH adducts from
lapatinib.
To date, no studies have been reported on the relationship between

CYP3A genotype and the pharmacokinetics or toxicity of lapatinib
in vivo. We have previously found that in individual CYP3A5-
genotyped human liver microsomes, the levels of reactive quinoneimine-
GSH adducts generated from LAP-OH were 1.7-fold higher in
CYP3A5 expressors (CYP3A5*1 carriers) versus nonexpressors
(CYP3A5*3/*3 livers) (P = 0.03) (Ho et al., 2015). Chan et al. (2014)
also reported 2-fold higher levels of GSH adducts derived from
lapatinib in HLMs from CYP3A5*1/*1 donors compared with
CYP3A5*3/*3 genotyped human liver samples. These data suggest that
CYP3A5 polymorphism may contribute to variations in individual
exposure to the reactive, potentially toxic quinoneimine metabolite of
lapatinib. Whether the differences in reactive metabolite generation
have a clinically significant impact is unknown and will require further
investigation.
Previous reports indicate that the systemic exposure of lapatinib is

significantly altered by coadministration of the CYP3A inhibitor
ketoconazole or the CYP3A4 inducer carbamazepine (Smith et al.,
2009). In addition, Teo et al. (2012) demonstrated that concurrent use of
lapatinib with dexamethasone (CYP3A4 inducer) in metastatic breast
cancer patients increased the risk of lapatinib-induced hepatotoxicity,
suggesting the involvement of CYP3A-mediated bioactivation.We have
previously shown that LAP-OH was more cytotoxic than lapatinib itself
in the HepaRG hepatic cell model (Hardy et al., 2014). CYP3A4
induction by dexamethasone and rifampin potentiated lapatinib-induced
cytotoxicity, which was correlated with increased formation of LAP-OH
and reactive quinoneimine-cysteine conjugates (Hardy et al., 2014).
More recently, Cameron and colleagues showed that O-dealkylated
lapatinib induced mitochondrial stress and activation of the oxidative
stress responsive transcription factor nuclear factor erythroid 2-related
factor 2 (Nrf2) in HepG2 cells (Eno et al., 2016). Lapatinib

Fig. 8. Effect of CYP3A-selective inhibitors on GSH adduct formation. Lapatinib
(5 mM) was incubated with pooled HLMs (0.1 mg/ml) with or without CYP3A
inhibitors in the presence of 5 mM GSH and an NADPH-regenerating system for
20 minutes. (A) SR-9186 (2.5 mM) is a competitive CYP3A4 inhibitor. Data were
obtained from a single experiment conducted in triplicate. Bars indicate the mean 6
S.D. (n = 3). (B) CYP3cide (0.5 mM) is a time-dependent CYP3A4 inactivator
(5 minutes preincubation). Ketoconazole (1 mM) was used as a competitive pan-
CYP3A inhibitor. Relative levels of reactive metabolite-GSH adducts were
measured by LC-MS/MS (method C). The percent control GSH adduct formation
was calculated relative to vehicle control incubations with no inhibitor. Data were
compiled from the two independent experiments; each experiment was conducted in
triplicate. Bars indicate the mean 6 S.D. (n = 6).
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administration to Nrf2-knockout and control mice led to elevated liver
transaminases, which levels returned to baseline after repeat dosing in
control mice but continued to rise in Nrf2 knockout mice, indicating that
Nrf2 may be involved in cellular defense against lapatinib-induced
hepatotoxicity (Eno et al., 2016).
Several mechanisms have been proposed to play a role in the

development of lapatinib-induced hepatotoxicity, and it is likely that
multiple pathways are involved. One pathway is through lapatinib
O-dealkylation and subsequent oxidation to the reactive quinoneimine,
which may result in covalent protein modification, potentially leading to
direct cell stress or activation of immune responses (Park et al., 2005).
Evidence for immune-mediated toxicity has been shown through a series
of pharmacogenomic investigations, in which the human leukocyte
antigen (HLA) allele HLA-DRB1*07:01 (and HLA-DQA1*02:01) was
found to be associated with severe hepatotoxicity in a subset of
metastatic breast cancer patients treated with lapatinib (Spraggs et al.,
2011; Spraggs et al., 2012; Spraggs et al., 2013; Schaid et al., 2014;
Parham et al., 2016). Activation of the adaptive immune response
triggered by covalent binding of drug and/or reactive metabolites to
cellular proteins leading to hapten formation and HLA recognition has
been suggested as a potential mechanism (Spraggs et al., 2011). An
alternative hypothesis was recently presented to suggest that lapatinib
itself may trigger immune activation by enhancing ligand binding to
HLA-DRB1*07:01 (Hirasawa et al., 2015). Inhibition of the bile salt
export pump by LAP-OH (Castellino et al., 2012) and induction of
mitochondrial impairment (Eno et al., 2016) have also been suggested to
contribute to liver injury. Additional studies are required to elucidate the
actual mechanisms involved.
In summary, we have shown that both CYP3A4 and CYP3A5 are

quantitatively important contributors to the bioactivation of lapatinib to
form reactive quinoneimine metabolites. Further studies are needed to
explore the bioactivation, inactivation, and transport pathways of
lapatinib in vivo to identify the factors that may contribute to
lapatinib-induced hepatotoxicity in clinical settings.
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