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BACKGROUND AND PURPOSE
Imatinib is a clinically important inhibitor of tyrosine kinases that are dysregulated in chronic myelogenous leukaemia and
gastrointestinal stromal tumours. Inter-individual variation in imatinib pharmacokinetics is extensive, and influences drug
safety and efficacy. Hepatic cytochrome P450 (CYP) 3A4 has been implicated in imatinib N-demethylation, but the clearance
of imatinib decreases during prolonged therapy. CYP3A phenotype correlates with imatinib clearance at the commencement
of therapy, but not at steady state. The present study evaluated the possibility that multiple CYPs may contribute to imatinib
oxidation in liver.

EXPERIMENTAL APPROACH
Imatinib biotransformation in human liver microsomes (n = 20) and by cDNA-expressed CYPs was determined by LC–MS.
Relationships between imatinib N-demethylation and other drug metabolizing CYPs were assessed.

KEY RESULTS
N-desmethylimatinib formation was correlated with microsomal oxidation of the CYP3A4 substrates testosterone (r = 0.60; P
< 0.01) and midazolam (r = 0.46; P < 0.05), and the CYP2C8 substrate paclitaxel (r = 0.58; P < 0.01). cDNA-derived CYPs
2C8, 3A4, 3A5 and 3A7 supported imatinib N-demethylation, but 10 other CYPs were inactive; in kinetic studies, CYP2C8 was
a high-affinity enzyme with a catalytic efficiency ~15-fold greater than those of CYPs 3A4 and 3A5. The CYP3A inhibitors
ketoconazole and troleandomycin, and the CYP2C8 inhibitors quercetin and paclitaxel decreased imatinib oxidation. From
molecular modelling, the imatinib structure could be superimposed on a pharmacophore for CYP2C8 substrates.

CONCLUSIONS AND IMPLICATIONS
CYP2C8 and CYPs 3A contribute to imatinib N-demethylation in human liver. The involvement of CYP2C8 may account in
part for the wide inter-patient variation in imatinib pharmacokinetics observed in clinical practice.

Abbreviations
CYP, cytochrome P450; fu, fraction unbound; LC–MS/MS, liquid chromatography–tandem mass spectrometry

Introduction

Imatinib mesylate (Gleevec) is the prototype of a
new class of oncology drugs that target tyrosine
kinases that are dysregulated in chronic myelog-
enous leukaemia and gastrointestinal stromal

tumors (Druker et al., 1996; Demetri et al., 2002). In
contrast to more established cytotoxic drugs that are
administered according to cycles that are separated
by drug-free recovery periods, treatment with ima-
tinib is continous. Although the drug is generally
well tolerated, adverse events in some patients are
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severe and include the hand–foot syndrome, hepa-
totoxicity and cardiotoxicity (Guilhot, 2004; Ayoub
et al., 2005; Kerkela et al., 2006). The development
of drug resistance with imatinib is also significant
and has been associated with the emergence of new
clonal populations of tumour cells carrying addi-
tional oncogenic mutations (Deininger, 2008).
However, pharmacokinetic mechanisms, such as the
failure to maintain effective therapeutic concen-
trations of the drug in serum, may also
contribute to imatinib resistance (Apperley, 2007;
Blasdel et al., 2007; Goldman, 2007). Moreover,
pharmacokinetic–pharmacodynamic relationships
have been established recently for imatinib, thereby
justifying the use of serum concentration data in
deciding patient dosage (Delbaldo et al., 2006;
Picard et al., 2007).

The pharmacokinetic elimination of imatinib is
subject to extensive inter-individual variation, and
dose adjustment is achieved by trial and error
after therapy has commenced. Dose optimization
based on both drug pharmacokinetics and pharma-
cogenetic variation in the pathways of imatinib
biotransformation may enhance the safety and
efficacy of imatinib therapy in patients. Imatinib is
metabolized primarily by hepatic oxidation to
N-desmethylimatinib (or CGP74588; Figure 1),
which is also pharmacologically active (Peng et al.,
2005). An important role for cytochrome P450
(CYP) 3A (nomenclature follows Alexander et al.,
2009) in this pathway is supported by clinical find-
ings, including drug interactions with other CYP
substrates and inducers (Peng et al., 2002; O’Brien
et al., 2003; Bolton et al., 2004; Dutreix et al., 2004;
van Erp et al., 2007). Moreover, in vivo CYP3A phe-
notype, as reflected by the clearance of the CYP3A
substrates erythromycin and midazolam, was corre-
lated with imatinib clearance at the commencement
of therapy (Gurney et al., 2007). However, at steady
state (day 28 of therapy), imatinib clearance was no
longer correlated with CYP3A phenotype. In view of
the reported capacity of imatinib to inhibit CYP3A
(O’Brien et al., 2003) and the accumulation of ima-

tinib during therapy (Gurney et al., 2007), it is pos-
sible that other CYPs may contribute to imatinib
N-demethylation; this may also be responsible in
part for the observed inter-individual differences in
efficacy and toxicity of the drug (Peng et al., 2005;
Gardner et al., 2006). The present study evaluated
the participation of a range of CYPs in imatinib
N-demethylation in human liver. From a series of
approaches including estimation of metabolite
formation in human liver microsomes and cDNA-
expressed CYPs, as well as the use of pharmacologi-
cal inhibitors of specific CYPs, the principal finding
to emerge was that CYP2C8 and CYP3A mediate the
oxidation of imatinib in human samples.

Methods

Liver donors and preparation of
microsomal fractions
The present study was approved by institutional
ethics committees in accordance with the Declara-
tion of Helsinki. Human liver was obtained as
surplus material during orthotopic transplantation
or from biopsies from the normal margin during
liver resection (Queensland and Australian Liver
Transplant Programs, Princess Alexandria Hospital,
Brisbane, Queensland, and Royal Prince Alfred
Hospital, Sydney, NSW, Australia, respectively).
Tissue was perfused with Viaspan solution at 4°C
(DuPont, Wilmington, DE, USA), and transported to
the laboratory on ice. Hepatic microsomes were pre-
pared (Murray et al., 1983) and microsomal protein
was determined as described previously (Lowry
et al., 1951).

Liquid chromatography–tandem mass
spectrometry (LC–MS/MS) analysis of
imatinib N-demethylation by human CYPs
LC–MS/MS was used to quantify imatinib
N-demethylation. Separation was achieved on a
Hewlett Packard 1090 Liquid Chromatograph (Palo
Alto, CA, USA) using an Altima C18 5m column

Figure 1
CYP-dependent oxidation of imatinib to N-desmethylimatinib.
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(150 ¥ 2.1 mm i.d.; Alltech Associates, Castle Hill,
NSW, Australia). The mobile phase was 90% aqueous
methanol containing 0.5% ammonium acetate at a
flow rate of 0.3 mL·min-1. The LC–MS interface
(Finnigan MAT TSQ 7000 system; San Jose, CA, USA)
used electrospray ionization operating in positive
ionization mode with high-purity nitrogen (BOC,
Sydney, NSW, Australia) as the sheath gas at 80 psi,
and ultra-high-purity argon (BOC) as the collisional
gas at 2.2 mtorr. The spray current was 4.5 kV and
the temperature of the heated capillary was 275°C,
with selected reaction monitoring for quantification
of the ion transitions of 494.1 to 394.1 for imatinib,
480.2 to 394.1 for N-desmethylimatinib and 502.2 to
394.1 for imatinib-d8. Collision energies of 28 eV
were used for imatinib and its metabolite, and 30 eV
for imatinib-d8. Xcalibur 1.2 Core Data Software and
Finnigan XSQ MS 1.1 instrument software were used
in data acquisition and analysis.

Varian Bond Elut Plexa solid-phase extraction
cartridges (1 mL, Varian Australia Pty Ltd, Mulgrave,
Victoria, Australia) were used for isolation of ima-
tinib and its N-desmethyl metabolite in conjunction
with a Gilson ASPEC XL4 solid-phase instrument
(Villiers-le-Bel, France) under the control of 735
Sampler software package version 6.0 (Solassol et al.,
2006). Cartridges were preconditioned with metha-
nol (1.25 mL ¥ 2) and water (1.25 mL ¥ 2), and then
the samples (0.5 mL) were loaded and washed with
5% aqueous methanol (2 ¥ 2 mL aliquots) prior to
elution with methanol (3 ¥ 1.25 mL aliquots). Pos-
sible matrix effects were assessed by adding authen-
tic standards to blank microsomal fractions.
Calibration curves were constructed for imatinib
that had been extracted from microsomal fractions
using six different concentrations in triplicate over
the range 100–5000 ng·mL-1. In addition, replicate
concentrations (50, 100, 1000 ng·mL-1) were analy-
sed in six different human liver microsomal
samples. Intra- and inter-day precision and accuracy
for imatinib and N-desmethylimatinib were esti-
mated on three separate days.

Imatinib biotransformation in
microsomal fractions
Incubation mixtures (0.2 mL) contained imatinib
(80 mM), microsomal protein (150 mg) and NADPH
(2 mM) in potassium phosphate buffer (0.1 M, pH
7.4). Reactions were run at 37°C for 10 min, and were
terminated with 5% trifluoroacetic acid (5 mL). Ima-
tinib N-demethylation in human hepatic micro-
somes was linear under these conditions. In kinetic
studies, imatinib N-demethylation was determined
over the substrate range 5–200 mM.

The activities of cDNA-expressed CYPs (10 pmol)
in imatinib N-demethylation were determined at

a substrate concentration of 20 mM, except in
kinetic studies where the concentration range was
5–300 mM, in potassium phosphate buffer (0.1 M,
pH 7.4). Although the specific contents of these
systems determined by the manufacturer (pmol
CYP·mg protein-1) varied somewhat, the experimen-
tal data were scaled to pmol·CYP-1, as proposed by
Crespi and Penman (1997). Reactions were initiated
with 1 mM NADPH, and terminated after 60 min
with 5% trifluoroacetic acid and removal to ice.
N-desmethylimatinib was quantified as described
above.

Other microsomal assays of CYP-dependent
substrate oxidation
CYP2B6-dependent bupropion hydroxylation was
determined essentially as described previously
(Loboz et al., 2005), with minor modifications.
Briefly, incubations (37°C, 20 min) contained
microsomal protein (0.15 mg) and bupropion
(500 mM) in potassium phosphate buffer (0.1 M, pH
7.4), and were initiated with 1 mM NADPH. Reac-
tions were terminated with cold acetonitrile (0.8 mL)
and centrifuged at 10 000¥ g for 15 min. The organic
layer was evaporated under a stream of nitrogen and
reconstituted in mobile phase (methanol : phos-
phate buffer (0.05 M, pH 5.5, 65:35) for analysis by
HPLC (Loboz et al., 2005). Chromatography was con-
ducted on a Synergi Polar-RP column, 250 ¥ 4.6 mm
i.d., 4 m particle size (Phenomenex, Lane Cove, NSW,
Australia) at a flow rate of 0.6 mL·min-1. The reten-
tion times of bupropion, hydroxybupropion and the
internal standard timolol were 16.4, 10.6 and
9.3 min respectively. Detection was by dual wave-
length diode array at 254 nm for bupropion and
timolol, and 214 nm for hydroxybupropion.

CYP2C8-mediated paclitaxel 6a-hydroxylation
activity was determined by an adaptation of previous
methods (Vaclavikova et al., 2003). Incubations
(37°C, 90 min) contained microsomal protein
(0.15 mg) and paclitaxel (25 mM) in potassium phos-
phate buffer (0.1 M, pH 7.4), and were initiated with
1 mM NADPH. Reactions were terminated with cold
acetonitrile (1 mL) and centrifuged at 10 000¥ g for
15 min. The organic layer was evaporated under a
stream of nitrogen, reconstituted with 0.1 mL
mobile phase (20 mM ammonium acetate : acetoni-
trile : methanol; 5:3:2) and subjected to HPLC analy-
sis on a Finepak SIL C18-5 column (15 cm ¥ 4.6 mm
i.d.; JASCO, Meadowbank, NSW, Australia) at a flow
rate of 1 mL·min-1 with UV detection at 227 nm.
Retention times for timolol, 6a-hydroxypaclitaxel
and paclitaxel were 8.6, 13 and 19 min respectively.

CYP2A6-dependent coumarin 7-hydroxylation
was estimated by the method by Miles et al. (1990).
Reactions contained microsomal protein (40 mg)
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and coumarin (50 mM) in 0.1 M Tris–chloride buffer,
pH 7.4 (0.2 mL), and were initiated with 0.75 mM
NADPH. After 15 min, reactions were stopped with
6% aqueous trichloroacetic acid, centrifuged at
14 000¥ g for 10 min, and the supernatant (0.5 mL)
was mixed with 3 mL 0.8 M Tris–glycine, pH 9.
Product formation was determined in a FLUOstar
Optima microplate reader (BMG Labtech, Offen-
burg, Germany) with emission and excitation wave-
lengths set at 460 and 376 nm respectively.

Other microsomal assays were conducted as
follows: testosterone 6b-hydroxylation (mediated
by CYP3A) (Murray, 1992), dextromethorphan O-
demethylation (CYP2D6) (Zhang et al., 2008),
7-ethoxyresorufin O-deethylation (CYP1A2) (Zhang
et al., 2008), N,N-dimethylnitrosamine N-
demethylation (CYP2E1) (Murray et al., 1994), lauric
acid 12-hydroxylation (CYP4A11) (Su et al., 2005),
midazolam 1′-hydroxylation (CYP3A) (Zhang et al.,
2008) and tolbutamide 4-hydroxylation (CYP2C9)
(Murray et al., 1994). The unbound fraction (fu) of
imatinib in microsomal fractions was determined in
Microcon YM-10 devices (10 kDa molecular weight
cut-off; Millipore Corp., Bedford, MA, USA) using
80 mM imatinib and 150 mg microsomal protein, as
described by Zhang et al. (2007).

Computational methods
All molecules investigated in this study were built
with the molecular modelling and graphical user
interface package, Maestro 9.0, unless otherwise
stated. Each structure was subsequently minimized
using the OPLS_2005 forcefield with a constant
dielectric of 1.0. All calculations were performed on
an Intel Xeon workstation using the SUSE11.1 Linux
operating system.

Pharmacophore preparation was carried out
using PHASE 3.0 in the Maestro modelling environ-
ment. A maximum of 100 conformations was gen-
erated for imatinib, sampling the torsional space
that may contain possible active conformers. This
was achieved using a combination of Monte Carlo
Minimum and low-mode conformational searching,
in conjugation with the OPLS_2005 force field,
GB/SA solvation treatment and a minimum atom
deviation of 1.0 Å. This was conducted to exhaus-
tively search all conformational space in a water-
solvated environment. Minimized structures were
filtered with a maximum relative energy difference
of 10.0 kcal·mol-1 to exclude redundant conformers.

Statistical analyses
Data are expressed throughout as means � SEM. CYP
activities were estimated in individual human
hepatic fractions and cDNA-expressed systems in
incubations at least in duplicate. Initial Shapiro–Wilk

testing established that the hepatic microsomal data
were not normally distributed. Differences between
sample groups were detected with the Mann–
Whitney U-test, and subsequent non-parametric sta-
tistical analyses were performed (Statview; Abacus
Concepts, Berkeley, CA, USA). Kinetic analysis was
performed with GraphPad Prism (GraphPad Software
Inc., La Jolla, CA, USA).

Materials
Imatinib mesylate, N-desmethylimatinib and
imatinib-d8 (internal standard) were gifts from
Novartis (Basel, Switzerland). [14C]-Testosterone
(specific activity: 57–59 mCi·mmol-1), Hyper
Film-MP and ASC-II scintillant were purchased from
PerkinElmer (Rowville, VIC, Australia). Bupropion
hydrochloride and hydroxybupropion were gifts
from GlaxoSmithKline (Ermington, NSW, Australia).
6b-Hydroxypaclitaxel and 1′-hydroxymidazolam
were purchased from Toronto Research Chemicals
Inc. (North York, ON, Canada). All other CYP sub-
strates, metabolites and inhibitors, as well as all
biochemicals, were purchased from Sigma Aldrich
(Castle Hill, NSW, Australia). Analytical reagent
grade and HPLC grade solvents were from Lomb
Scientific (Sydney, NSW, Australia). Silica gel 60
F254 plates for thin-layer chromatography were
from Crown Scientific (Moorebank, NSW, Australia).
cDNA-derived human CYPs expressed in human
lymphoblastoid cell lines (CYPs 1A1, 1A2, 2C9,
2C19, 2D6, 2E1 and 3A4; for CYP3A4, the specific
content was 42 pmol·mg protein-1) and insect cell
microsomes (CYPs 1B1, 2A6, 2B6, 2C8, 3A5, 3A7
and 4A11; for CYPs 2C8, 3A5 and 3A7, the specific
contents were 400, 250 and 180 pmol·mg protein-1,
respectively) were obtained from Gentest Corp.
(Woburn, MA, USA). Control microsomes were pre-
pared from cells that had been transfected with
blank expression vector alone.

Results

Microsomal CYP-dependent imatinib
N-demethylation in human liver
An LC–MS/MS assay was developed for use in the
characterization of imatinib N-demethylation by
human CYPs; a representative chromatogram for the
analysis is shown in Figure 2. By solid-phase extrac-
tion, the recovery of imatinib was 84–113% (CV <
10%), and N-desmethylimatinib was 78–83%
(CV � 5%); using solid-phase extraction prevented
matrix effects. Calibration curves for extracted ima-
tinib were linear (r2 > 0.999) over the range 100–
5000 ng·mL-1. The intra- and inter-day precision and
accuracy for imatinib and N-desmethylimatinib were
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estimated. Coefficients of variation for these param-
eters were in the range 0–13% of the nominal con-
centration in all cases (the acceptable limit is 15%),
and the limit of quantitation was 50 ng·mL-1. In
separate studies, the fu for imatinib in micro-
somal fractions was estimated by ultrafiltration to
be 6.2%.

Twenty individual microsomal fractions were
available for the present study. Median N-
desmethylimatinib formation was 21 pmol·mg
protein-1·min-1, and the range was 15–65 pmol·mg
protein-1·min-1 (Table 1). As shown in Figure 3, the
formation of N-desmethylimatinib was corre-
lated with CYP3A-mediated testosterone 6b-
hydroxylation (Spearman’s correlation coefficient
r = 0.60, P < 0.01; Figure 3A) and midazolam
1′-hydroxylation (r = 0.46, P < 0.05; Figure 3B),
as well as CYP2C8-mediated paclitaxel 6a-
hydroxylation (r = 0.58, P < 0.01; Figure 3C) and
CYP2C9-dependent tolbutamide 4-hydroxylation
(r = 0.57, P < 0.01), but not with oxidation of dex-
tromethorphan (CYP2D6), coumarin (CYP2A6),
bupropion (CYP2B6), resorufin (CYP1A2), N,N-
dimethylnitrosamine (CYP2E1) or lauric acid
(CYP4A11) (not shown). In these samples, paclitaxel
6a-hydroxylation was not significantly correlated
with testosterone 6b-hydroxylation (r = 0.38, P =
0.10) or midazolam 1′-hydroxylation (r = 0.22,
P = 0.36).

In kinetic studies, imatinib N-demethylation was
estimated at a range of substrate concentrations
(5–200 mM). From non-linear regression, the appar-
ent Km range in five individual microsomal frac-
tions was 22–55 mM, and the Vmax was 85–175 pmol
N-desmethylimatinib·mg protein-1·min-1 with cata-
lytic efficiencies (Vmax/Km) in the range 2.0–6.7
pmol N-desmethylimatinib·mg protein-1·min-1·mM-1

(GraphPad Prism 5). A representative kinetic analy-
sis undertaken in HL42 microsomes is shown in
Figure 4A.

Metabolism of imatinib by individual
cDNA-derived human CYPs
As shown in Figure 4B, cDNA-derived CYPs 2C8,
3A4, 3A5 and to a lesser extent 3A7 catalysed ima-
tinib N-demethylation (155, 83, 66 and 22 pmol
product·pmol CYP-1·h-1, respectively), but CYPs
1A1, 1A2, 1B1, 2A6, 2B6, 2C9, 2C19, 2D6, 2E1 and
4A11 were essentially inactive (Figure 4B). Kinetic
parameters for imatinib N-demethylation by cDNA-
derived CYP2C8, CYP3A4 and CYP3A5 were deter-
mined over an imatinib concentration range of
5–300 mM (Figure 4C). The apparent Km for CYP2C8
was 1.4 mM, which was over an order of magnitude
lower than those for CYP3A4 and CYP3A5 (44 and
43 mM respectively). The Vmax values for CYPs 2C8,
3A4 and 3A5 were 24.5, 52.5 and 44.1 pmol
product·pmol CYP-1·h-1, respectively, which give

Figure 2
LC–MS/MS traces of (A) imatinib, (B) N-desmethylimatinib and (C) imatinib-d8 (internal standard) following solid-phase extraction of a human
sample that had the authentic analytes added (as described in Methods).
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Table 1
Individual variation in oxidation of imatinib and CYP-specific substrates in human hepatic microsomes

Liver sample Medications of donor

Imatinib
N-demethylation

Midazolam
1�-hydroxylation

Paclitaxel
6a-hydroxylation

Testosterone
6b-hydroxylation

pmol·mg
protein-1·min-1

pmol·mg
protein-1·min-1

pmol·mg
protein-1·min-1

nmol·mg
protein-1·min-1

HL4 None 24 0.45 27 3.33

HL16 Dopamine, desmopressin 29 1.07 32 1.42

HL17* Bismuth subnitrate, sucralphate 20 1.03 61 0.12

HL19 None 24 0.3 62 1.07

HL21 Unknown 22 1.03 22 0.39

HL24 flucloxacillin, ceftriaxone 65 4.31 19 2.4

HL26 Dopamine, imipenem 35 3.06 54 0.95

HL28 Unknown 20 0.06 10 0.12

HL29 Simvastatin 32 1.73 96 2.17

HL30 Adrenaline, ranitidine, penicillin 16 0.91 21 0.26

HL31* Dexamethasone, dopamine,
desmopressin

30 0.79 68 0.83

HL35* Dopamine 18 0.37 25 0.23

HL36 Unknown 18 0.67 16 0.68

HL42 Unknown 21 0.3 23 0.4

HL43 Unknown 33 1.3 49 1.04

HL45 Unknown 15 0.34 22 0.93

HL46 Unknown 17 1.08 14 0.93

HL47 Unknown 15 0.31 19 0.23

HL48 Unknown 16 0.62 22 0.78

HL49 Unknown 20 0.5 37 0.98

Median 21 0.73 24 0.88

Range (15–65) (0.06–4.31) (10–96) (0.12–3.33)

Data were derived in at least duplicate incubations that varied by <8% from the stated mean values.
*Smoker.
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Figure 3
Linear relationships between microsomal imatinib N-demethylation and (A) CYP3A-dependent testosterone 6b-hydroxylation, (B) CYP3A-
dependent midazolam 1′-hydroxylation and (C) CYP2C8-dependent paclitaxel 6a-hydroxylation.
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rise to catalytic efficiency values for CYP2C8
(Vmax/Km = 17.5 pmol product·pmol CYP-1·h-1·mM-1),
CYP3A4 (Vmax/Km = 1.2 pmol product·pmol
CYP-1·h-1·mM-1) and CYP3A5 (Vmax/Km = 1.0 pmol
product·pmol CYP-1·h-1·mM-1). These findings
suggest that CYP2C8 is about 15-fold more effi-
cient than CYP3A4 and CYP3A5 in imatinib
N-demethylation.

Modulation of imatinib N-demethylation by
substrates and inhibitors of CYPs
The contributions of CYPs to imatinib
N-demethylation were evaluated further using CYP-
specific inhibitors. Inhibition was most extensive
when human hepatic microsomes (HL4, HL17,
HL47; Table 1) were incubated with the CYP3A
inhibitors troleandomycin (250 mM; 24–47% of
control activity in the absence of inhibitors) and

ketoconazole (2 mM; 28–58% of control; Figure 5A).
Significant inhibition was also observed with agents
that modulate CYP2C8 activity, including quercetin
(20 mM; 49–76% of control activity in the absence
of inhibitors) and paclitaxel (45 mM; 42–54% of
control). Indeed, further analysis undertaken in
nine individual microsomal fractions revealed
a relationship between relative CYP2C8/CYP3A
activity and the susceptibility of imatinib
N-demethylation to the CYP2C8 inhibitor quer-
cetin (r = 0.78, P < 0.02; Figure 5B). In contrast,
and as shown in Figure 5A, minimal inhibition
of microsomal imatinib N-demethylation was pro-
duced by inhibitors of CYP2C9 (sulphaphenazole,
10 mM and sulphamethoxazole, 500 mM), CYP1A2
(a-naphthoflavone, 10 mM and fluvoxamine,
10 mM) and CYP2D6 (quinidine, 5 mM and timolol,
250 mM).
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(A) Representative kinetic analysis of hepatic microsomal imatinib N-demethylation in HL42, (B) imatinib N-demethylation mediated by
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were derived in at least duplicate incubations that varied by <8% from the stated mean values.

Figure 5
(A) Effects of CYP-specific inhibitors on imatinib N-demethylation (mean � SEM in n = 3 individual hepatic microsomes), and (B) relationship
between relative microsomal CYP2C8/CYP3A4 activities and susceptibility to inhibition by the CYP2C8 inhibitor quercetin (20 mM; n = 9 individual
microsomal fractions).
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Modelling
Pharmacophore models were created using a single
reference structure, that of imatinib, and using an
automated procedure, in which common pharma-
cophoric groups were exhaustively perceived among
a set of low-energy relatives produced from a con-
formational search of all rotable bonds within ima-
tinib. The hypotheses were then scored according
to various geometric and heuristic criteria, yielding
the top-ranked pharmacophore hypothesis. This
scoring procedure returned an RMSD for the
CYP2C8 hypothesis between collective conformers
and pharmacophoric groups of less than 0.6 Å.
Thus, imatinib fitted the proposed CYP2C8 pharma-
cophore well for features that included the polar
group (blue sphere; Figure 6) and the hydrophobic/
ring (green sphere), while the hydrogen bond accep-
tors (red spheres) for the amine and the pyridine
were less well fitted. In contrast, the reported phar-
macophore model for CYP3A4 did not fit imatinib
functionalities particularly well, with the exception
of the carbonyl H-bond acceptor; the alignment of
the H-bond acceptor (red sphere) with the pyrimi-
dine nitrogen in imatinib is an artefact arising from
modification of the orientation to enhance clarity.

Discussion and conclusions

The present investigation has demonstrated that
CYPs 3A (Ensembl ID ENSG00000160868 and
ENSG00000106258 for CYPs 3A4 and 3A5, respec-
tively; Alexander et al., 2009) and 2C8 (Ensembl ID
ENSG00000138115) participate in the oxidative
N-demethylation of imatinib in human liver. These
findings arose from experiments with cDNA-
expressed CYPs, correlation of N-desmethylimatinib
formation with rates of microsomal oxidation of

substrates for CYP3A (testosterone and midazolam)
and CYP2C8 (paclitaxel) and the inhibition of
microsomal N-desmethylimatinib formation by the
CYP3A4-specific inhibitors troleandomycin and
ketoconazole, and the CYP2C8-specific inhibitors,
quercetin and paclitaxel. Inhibitors of other CYPs
were inactive.

The catalytic efficiency of CYP2C8 in imatinib
N-demethylation was ~14.6 relative to CYP3A4 (cal-
culated from the Vmax/Km ratios for the enzymes,
17.5/1.2; Figure 4C). Further, because CYP3A
protein constitutes ~30% of total CYP in human
liver compared to only ~7% for CYP2C8 (Shimada
et al., 1994), the relative contribution of CYP2C8 to
overall hepatic imatinib N-demethylation at lower
serum concentrations of the drug may be closer to
~3.4-fold that of CYP3A4 (14.6 ¥ 7/30). During stan-
dard therapy with imatinib (400 mg daily), the
reported maximal serum concentration of the drug
is ~4 mM, which can increase to at least twofold
higher at elevated doses (Peng et al., 2005).
Although the intrahepatic concentration of ima-
tinib during therapy may exceed that in serum,
CYP2C8 is likely to be saturated at lower concentra-
tions (Km ~1.4 mM), while CYPs 3A retain residual
capacity (Km ~43 mM) that may contribute more sig-
nificantly at higher concentrations.

Certain co-administered drugs and herbal agents
are inducers of the hepatic expression of CYPs
3A in vivo (Sueyoshi and Negishi, 2001). Thus, in
many cancer patients who receive concurrent
therapy with other drugs, CYPs 3A may be induced
and may contribute significantly to imatinib
N-demethylation in human liver. Indeed, this is
consistent with previous experimental and clinical
reports in which imatinib was co-administered with
drugs that inhibit or induce CYP3A4 (Peng et al.,
2002; O’Brien et al., 2003; Bolton et al., 2004;

Figure 6
Structure of imatinib fitted to (A) the CYP2C8 and (B) the CYP3A4 pharmacophore models reported by Melet et al. (2004) and Ekins et al. (1999)
respectively. Shown are hydrophobic regions (green sphere), polar groups (blue sphere) and hydrogen bond acceptors (red sphere).
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Dutreix et al., 2004; van Erp et al., 2007). In contrast,
the possibility that drug substrates or inhibitors of
CYP2C8 may impair imatinib clearance does not
appear to have been assessed extensively to date. A
recent FDA report suggests there may be some
potential for inhibition of the biotransformation of
the CYP2C8 substrate paclitaxel by imatinib (FDA,
2001). This point is relevant in light of proposed
trials of the efficacy of combined imatinib and
paclitaxel for the treatment of papillary serous car-
cinoma of the uterus (NIH, 2010). Certainly, in vitro
evidence suggests that this combination may be
of value in decreasing the growth of ovarian
cells in culture (Mundhenke et al., 2008). Thus, in
individuals who express low levels of CYP3A4 in
liver, CYP2C8 may be functionally important,
which could lead to drug interactions with
co-administered CYP2C8 inhibitors. The present
findings that the CYP2C8 inhibitor quercetin was
more likely to impair imatinib N-demethylation in
livers containing high paclitaxel 6a-hydroxylation
activity, relative to CYP3A activity, is consistent
with this possibility. It is also feasible that genetic
variation in CYP2C8 could also affect therapy by
influencing the relative contribution of the enzyme
to imatinib elimination (Bahadur et al., 2002).

There have been suggestions that other CYPs may
contribute to imatinib N-demethylation in human
liver. Using cDNA-expressed systems, it has been
proposed that the polymorphic CYP2D6 may con-
tribute to the activity (van Erp et al., 2007) and the
manufacturer’s literature reports that imatinib may
be a substrate or inhibitor of several CYPs (FDA,
2006), but roles for CYPs other than CYP2C8 and
CYPs 3A were not evident from the present study.
The reasons for this are unclear, but the present study
adopted a coordinated series of experimental
approaches to test the involvement of several CYPs
in imatinib N-demethylation. For example, in the
case of CYP2D6, it is noteworthy that imatinib
N-demethylation in human liver microsomes was
not correlated with the CYP2D6-mediated O-
demethylation of dextromethorphan, and was
refractory to the CYP2D6 inhibitors quinidine and
timolol. Moreover, it was reported recently that
inhibitory effects of imatinib co-administration on
the pharmacokinetics of metoprolol, which is meta-
bolized in part by CYP2D6, were unrelated to
CYP2D6 status (Wang et al., 2008). Considered
together, there appears to be little evidence of a major
role for CYP2D6 in imatinib clearance in vivo.

The dimensions of the substrate-binding cavities
of CYPs 3A4 and 2C8 have been derived from crystal
structures and have been reported recently. Both
enzymes have large active sites of ~1400 Å3, which is
consistent with their abilities to accommodate large

bulky substrates that are not oxidized by other CYPs
(Schoch et al., 2004; Yano et al., 2004). The structure
of CYP3A4 is more open than CYP2C8 in the region
adjacent to the CYP haem moiety, at which oxygen
activation occurs during catalysis (Yano et al., 2004);
this may account for the wider substrate specificity of
CYP3A4 compared with CYP2C8. Pharmacophoric
models for substrates of both CYP3A4 and CYP2C8
have also been described (Ekins et al., 1999; Ridder-
strom et al., 2001; Melet et al., 2004). These models
have identified structural features within typical sub-
strates that promote interactions with the enzymes,
including hydrophobic/aromatic stretches and
polar/hydrogen-binding moieties within the mol-
ecules that facilitate interactions with particular
active site residues. In the present study, two of these
pharmacophore models were used in an attempt to
account for the roles of CYPs 2C8 and 3A4 in ima-
tinib oxidation. Nineteen low-energy conformers of
imatinib were generated and overlayed with the
pharmacophore models for CYP2C8 and CYP3A4 of
Melet et al. (2004) and Ekins et al. (1999) respectively.
The conformations of imatinib when fitted to these
models are shown in Figure 6; for purposes of clarity,
imatinib only is shown in the figure.

Imatinib was superimposed on the proposed
CYP2C8 pharmacophore and exhibited significant
overlap with the polar residue (blue sphere) and the
hydrophobic or ring region (green sphere). The
reported pharmacophore model for CYP3A4 fitted
the structural features of imatinib less well, with the
possible exception of the carbonyl H-bond acceptor.
Considered together, the CYP2C8 pharmacophoric
model accommodates imatinib more completely
than the corresponding CYP3A4 model. There are
several factors that may underlie this situation.
From the present study, CYP2C8 has emerged as a
high-affinity catalyst towards imatinib oxidation
relative to the lower-affinity CYP3A4; this may
account for the superior overlap of the imatinib
structure with those of other CYP2C8 substrates.
Moreover, at least two binding modes have been
described for CYP3A4 on the basis of kinetic and
inhibitor studies (Shou et al., 1999). The relation-
ship of imatinib binding to the active regions of
the enzyme remains to be clarified. Considered
together, CYP3A4 is a versatile catalyst that has a
more accessible active site than CYP2C8, and con-
tributes to the biotransformation of many drugs. In
the case of imatinib, it emerges as an enzyme of
lower affinity, but greater capacity than CYP2C8.

In summary, the present investigation has found
that CYPs 3A and 2C8 participate in the hepatic
formation of N-demethylimatinib, an active
metabolite of the parent drug. This is based on
findings with cDNA-expressed CYPs, correlation
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approaches that revealed relationships between
imatinib N-demethylation and microsomal oxida-
tion of CYP3A and CYP2C8 substrates and the
inhibition of N-desmethylimatinib formation by
CYP3A4- and CYP2C8-specific inhibitors. The par-
ticipation of CYP2C8 and CYP3A in imatinib oxida-
tion in human liver may account in part for the
wide inter-patient variation in imatinib elimination
that is observed during therapy with the drug.
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