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Abstract

Sorafenib and sunitinib are novel small-molecule molecularly targeted anticancer
drugs that inhibit multiple tyrosine kinases. These medicines have shown survival
benefits in advanced renal cell carcinomas, as well as in advanced hepatocellular
carcinomas and gastrointestinal stromal tumors, respectively. Effects of sorafenib
and sunitinib on midazolam 1’-hydroxylation catalyzed by human CYP3A4 or
CYP3A5 were investigated. Sorafenib and sunitinib inhibited metabolic reactions
catalyzed by recombinant CYP3A4. Midazolam hydroxylation was also inhibited in
human liver microsomes harboring the CYP3A5*3/*3 genotype (poor CYP3A5
expressor). In contrast, midazolam 1’-hydroxylation catalyzed by recombinant
CYP3A5 was enhanced by the coexistence of sorafenib or sunitinib in a
concentration-dependent manner, with saturation occurring around 10 pM.
Midazolam hydroxylation was also enhanced in human liver microsomal samples
harboring the CYP3A5*1/*1 genotype (extensive CYP3A5 expressor). Sorafenib
N-oxidation and sunitinib N-deethylation, the primary routes of metabolism, were
predominantly catalyzed by CYP3A4, but not by CYP3A5. Preincubation period of
sorafenib and sunitinib before the midazolam addition in reaction mixture did not
affect the enhancement of CYP3A5-catalyzed midazolam hydroxylation, indicating
that the enhancement was caused by parent sorafenib and sunitinib. Docking
studies with a CYP3A5 homology model based on the structure of CYP3A4

revealed that midazolam closely docked to the heme of CYP3A5 as compared with
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sorafenib or sunitinib, suggesting that these anticancer drugs act as enhancers, not
as substrates. Our results thus showed that sorafenib and sunitinib activated
midazolam 1’-hydroxylation by CYP3A5, but inhibited that by CYP3A4. Unexpected
drug interactions involving sorafenib and sunitinib might occur via hetrotropic

cooperativity of CYP3Ab.
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Introduction

Cytochrome P450 (P450 or CYP) is a heme-containing enzyme that catalyzes
the oxidation of a wide variety of endogenous and exogenous compounds, including
therapeutic drugs, carcinogens, and other xenobiotics (Nelson et al.,, 1996).
CYP3A4, one of the major forms, is the most abundant P450 expressed in human
livers (Shimada et al., 1994) as well as in small intestine (Kolars et al., 1992).
CYP3A4 has been shown to participate in the metabolism of more than 30% of all
therapeutic drugs or 50% of therapeutic drugs that undergo biotransformation
(Lamba et al., 2002b; Matsumura et al., 2004). In adults, CYP3A5 is polymorphically
expressed in approximately 10% to 40% of Caucasians, 33% of Japanese, and 50%
of African Americans (Lamba et al., 2002a). The relative amount of CYP3AD5 to total
hepatic CYP3A protein varies, but can exceed 50% (Kuehl et al., 2001). CYP3A5
shares 84% amino-acid-sequence homology with CYP3A4. CYP3A5 and CYP3A4
overlap in their substrate specificities, but the relative importance of CYP3A5 and
CYP3A4 in overall CYP3A-mediated metabolism differs between substrates (Lamba
et al., 2002a; Niwa et al., 2008).

Recent progress in the development of molecularly targeted anticancer drugs
has led to the approval of a variety of small-molecule tyrosine kinase inhibitors.
These are orally bioavailable molecules that generally reversibly bind to intracellular
ATP-binding sites of receptor(s) located inside the cell surface or to binding sites of

cytoplasmic factors involved in signal transduction, thereby affecting cell
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proliferation, apoptosis, or angiogenesis. Sorafenib and sunitinib (chemical
structures of sorafenib in Wilhelm et al., 2004 and sunitinib in Chow and Eckhardt,
2007) are multikinase inhibitors that target various factors, such as Raf, vascular
endothelial growth factor receptors 1, 2, and 3; platelet-derived growth factor
receptors a and B; FMS-like tyrosine kinase 3; c-Kit protein; and RET receptor,
affecting tumor cell proliferation and tumor angiogenesis (Wilhelm et al., 2004,
Carlomagno et al., 2006; Chow and Eckhardt, 2007; Escudier et al., 2007; Llovet et
al., 2008). Sorafenib is approved by the United States Food and Drug Administration
(FDA) and other global health authorities for the treatment of advanced renal and
hepatocellular carcinomas, because significant survival advantages were confirmed
(Escudier et al., 2007; Llovet et al., 2008). Definitive efficacy of sunitinib has been
demonstrated in advanced renal cell carcinoma and in imatinib-refractory
gastrointestinal stromal tumors, leading to the FDA approval of sunitinib for the
treatment of these diseases (Chow and Eckhardt, 2007). These multikinase
inhibitors are predominantly metabolized by CYP3A4. Sorafenib is known to
undergo N-oxidation by CYP3A4 (Lathia et al., 2006). Sunitinib N-deethylation,
which produces a pharmacologically active metabolite, is also catalyzed by this
drug-metabolizing enzyme (Rock et al., 2007). However, the roles of CYP3AS5 in the
metabolism of these anticancer drugs have not been reported.

Drug-drug interactions have received increasing attention over the past few

decades. A recent survey indicated that approximately 30% of the United States
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population older than 57-years takes at least 5 prescription drugs at any given time
(Qato et al, 2008). Many drug-drug interactions involve inhibition of
drug-metabolizing enzymes and transporters, resulting in increased systemic
exposure and subsequent adverse drug reactions (Zhang et al., 2010). Therefore,
evaluation of drug-drug interaction potential is an essential part of risk assessment
to ensure the safe use of medicines, including sorafenib and sunitinib. Although
information on the effects of CYP3A inhibitors on the metabolism of sorafenib or
sunitinib is available (Lathia et al., 2006) (sorafenib prescribing information by the
FDA, http://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021923s004s005
s006s007Ibl.pdf and sunitinib  prescribing information by the FDA,
http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/021938s010s011s014s
015Ibl.pdf), the potency of sorafenib or sunitinib for modulating CYP3A4- and
CYP3A5-mediated metabolism of other therapeutic drugs has not been reported.

We thus compared the effects of sorafenib and sunitinib on midazolam
1’-hydroxylation, which is catalyzed by both CYP3A4 and CYP3A5. We also
examined the contributions of CYP3A5 to sorafenib N-oxidation and sunitinib

N-deethylation.

Materials and methods
Chemicals. Sorafenib, sorafenib N-oxide, sunitinib, and N-desethylsunitinib

were obtained from Toronto Research Chemicals (North York, Canada). Ranitidine
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hydrochloride and tolnaftate were products of Sigma-Aldrich Japan (Tokyo, Japan).
Midazolam hydrochloride and 1’-hydroxymidazolam were from Daiichi Pure
Chemicals (Tokyo, Japan). Clonazepam was from Wako Pure Chemical Industries
(Osaka, Japan). All chemicals and solvents were of the highest grade commercially
available.

Recombinant human CYP3A4 and CYP3A5, and human liver microsomes.
Recombinant CYP3A4 and CYP3A5 co-expressed with NADPH-P450 reductase
and cytochrome bs in the microsomes of insect cells with baculovirus systems were
purchased from BD Biosciences (Woburn, MA). Insect microsomes were diluted in
100 mM potassium phosphate (pH 7.4). P450 contents were 1000 pmol/mL in both
insect microsomal preparations.

Human liver microsomes (HLM) prepared from an African-American man (56
years) possessing CYP3A5*1/*1 and HLM from a Caucasian woman (54 years)
harboring CYP3A5*3/*3 were obtained from BD Biosciences (Woburn, MA).
Testosterone 6B-hydroxylase activities of the CYP3A5*1/*1 and CYP3A5*3/*3 HLMs
as measured by BD Biosciences (Woburn, MA) were 5.8 and 13.6 nmol/min/mg
protein, respectively. Expression levels of CYP3A4 and CYP3A5 as determined by
Western blotting in the CYP3A5*1/*1 and CYP3A5*3/*3 HLMs were 170 and 13
pmol/mg protein, and 120 pmol/mg protein and under the detection limit,
respectively. All HLMs were diluted in 250 mM sucrose. The microsomal protein

content was 20 mg/mL.
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Effects of sorafenib and sunitinib on midazolam 1’-hydroxylation by
CYP3A4 or CYP3A5. Midazolam 1’-hydroxylation catalyzed by recombinant
CYP3A4 or CYP3A5, or by HLM harboring CYP3A5*1/*1 or *3/*3 was tested as
described elsewhere (Fujita et al., 2005). The metabolite 1’-hydroxymidazolam was
guantified by the methods of Fujita et al. (Fujita et al., 2003). Effects of sorafenib and
sunitinib on midazolam 1’-hydroxylation were examined as described by Fujita et al.
(Fujita et al., 2005). To determine the inhibition constant (K;) of sorafenib or sunitinib
for midazolam 1’-hydroxylation by recombinant CYP3A4, concentrations of
sorafenib and sunitinib ranged from 1 to 10 and 1 to 20 uM, respectively.
Concentrations of midazolam ranging from 5 to 20 uM were used to estimate the K.
Ki values were calculated by nonlinear regression analysis, using the equation (1)
for competitive inhibition with GraphPad Prism version 5 software (GraphPad
Software, La Jolla, CA):

V = Vinax [SI/(Km-(1+[ 1 K)+[S]) ),
where Vv, Vmax [S], Km, and [ | ] are velocity, maximum velocity, substrate
concentration, Michaelis constant, and inhibitor concentration, respectively. K; is
reported herein as the mean £ standard error.

Sorafenib N-oxidation by CYP3A4 or CYP3AS5. Sorafenib N-oxidation by
recombinant CYP3A4 or CYP3A5 was examined as follows. A typical incubation
mixture consisted of 100 mM sodium potassium phosphate buffer (pH 7.4), an

NADPH-generating system (1.3 mM NADP®, 3.3 mM MgCl,, 3.8 mM glucose
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6-phosphate, and 0.4 unit/mL glucose-6-phosphate dehydrogenase), and
recombinant CYP3A4 or CYP3AS5 in a final volume of 0.25 mL. The time-dependent
formation of sorafenib N-oxide was assessed with a sorafenib concentration of 50
MM and a CYP concentration of 20 nM. Sorafenib N-oxide was analyzed by a
computerized Hitachi model 7000 HPLC system (Tokyo, Japan) as described
previously (Afify et al., 2004) with slight modifications. Briefly, the HPLC system was
equipped with a TSK-gel ODS-120T analytical column (4.6 x 250 mm; 4 um;
TOSOH, Tokyo, Japan). The metabolite was quantified by comparing the HPLC
peak area to that of the internal standard tolnaftate. The lower limit of quantification
of sorafenib N-oxide was 0.06 pM. The intra- and inter-assay coefficient variations at
2 UM sorafenib N-oxide were under 4.3% and 4.5%, respectively. Each assay was
performed three times in duplicate.

Sunitinib N-deethylation by CYP3A5 or CYP3A4. Sunitinib N-deethylation by
recombinant CYP3A4 or CYP3A5 was examined using the same methods as
described for sorafenib N-oxidation. The time-dependent formation of
N-desethylsunitinib was assessed at a sunitinib concentration of 200 uM and a P450
concentration of 20 nM. N-desethylsunitinib was analyzed by a computerized HPLC
system (Hitachi model 7000 series, Hitachi, Tokyo, Japan) as described previously
(Blanchet et al., 2009) with minor modifications. Briefly, the HPLC system was
equipped with a YMC-Pack CN analytical column (4.6 x 250 mm; 5 um; YMC, Kyoto,

Japan). The metabolite was quantified by comparing the HPLC peak area to that of
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the internal standard ranitidine. The lower Ilimit of quantification of
N-desethylsunitinib was 0.25 pM. The intra- and inter-assay coefficient variations at
0.8 uM N-desethylsunitinib were under 7.9% and 7.2%, respectively. Each assay
was performed three times in duplicate.

Enzyme kinetics of sorafenib N-oxidation and sunitinib N-deethylation. In
the assays of sorafenib N-oxidation by recombinant CYP3A4, the CYP content and
reaction time were predetermined with 50 uM sorafenib, based on the linearity
between the microsomal P450 concentration (up to 20 nM) and the reaction time (up
to 5 min) versus the rate of metabolite formation. On the basis of the results, the
CYP content and the reaction time were determined to be 20 nM and 5 min,
respectively. The concentrations of sorafenib for enzyme kinetics ranged from 1.9 to
30 uM for CYP3AA4. In the assays of sunitinib N-deethylation, the protein content
and the reaction time were determined to be 20 nM and 10 min, respectively, for
CYP3A4 expressing microsomes and 20 nM and 20 min, respectively, for CYP3A5
expressing microsomes. The concentrations of sunitinib for enzyme kinetics ranged
from 12.5 to 200 uM for CYP3A4 and from 18.8 to 300 uM for CYP3AS5. Data points
were fitted to the Michaelis-Menten equation by nonlinear least-squares regression
analysis with the use of GraphPad Prism version 5 software (GraphPad Software).
Kinetic constants (Kn and Vmay) are reported as the means = standard error.

Docking simulation of sorafenib or sunitinib into reported structure of

CYP3A4 and a homology model of CYP3AS5. Docking simulation was performed

1
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as described elsewhere (Okada et al., 2009; Shimada et al., 2010). The CYP3A5
primary sequence was aligned with CYP3A4 (Protein Data Bank code 1TQN) in
MOE software (version 2007.09; Chemical Computing Group, Montreal, Canada) to
model a three-dimensional structure (Pearson et al., 2007). Before docking, the
energy of the CYP3A4 or CYP3AG5 structure was minimized by using the CHARM22
force field. Docking simulations were performed for sorafenib or sunitinib binding to
the reported CYP3A4 or a homology model of CYP3AS5 in the presence or absence
of midazolam, using the MMFF94x force field distributed in the MOE Dock software.
Twenty solutions were generated for each docking experiment and were ranked

according to total interaction energy (U value).

Results

Modulation of midazolam 1’-hydroxylation by CYP3A4 or CYP3A5 with
sorafenib or sunitinib. As shown in Figs. 1A and 1C, sorafenib and sunitinib
inhibited midazolam 1’-hydroxylation catalyzed by CYP3A4 in a dose-dependent
manner. We calculated the K; values of sorafenib and sunitinib for midazolam
1'-hydroxylation by CYP3A4. The K; values of sorafenib and sunitinib were
estimated to be 1.7 + 0.3 and 12 + 0.9 uM, respectively. The inhibition of midazolam
1’-hydroxylation by sorafenib or sunitinib was also observed with CYP3A5-deficient
HLM (CYP3A5*3/*3) (Fig. 2A). In contrast, midazolam 1’-hydroxylation by CYP3A5

was enhanced by the coexistence of sorafenib or sunitinib in the reaction mixture
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(Fig. 1B and 1D). The enhancement was dependent on the concentration of
sorafenib or sunitinib, with saturation occurring at a concentration around 10 pM.
Similar enhancement was observed with HLM (CYP3A5*1/*1) expressing CYP3A5
(Fig. 2B). a-Naphthoflavone was used as positive control for the enhancement of
CYP3A activity, since this chemical has been well known to show heterotropic
positive cooperativity for various metabolic reactions catalyzed by CYP3A (Hutzler
and Tracy, 2002). As expected, a-naphthoflavone activated the midazolam
1'-hydroxylation by HLM genotyped for the CYP3A5 gene.

Contributions of CYP3A5 to sorafenib N-oxidation or sunitinib
N-deethylation. To address whether or not the enhancement of CYP3A5-catalyzed
midazolam 1’-hydroxylation was attributed to parent sorafenib or sunitinib, we next
examined the roles of CYP3A5 and CYP3A4 in sorafenib N-oxidation and sunitinib
N-deethylation. The time courses of sorafenib N-oxidation by CYP3A4 or CYP3A5
are shown in Fig. 3A. Sorafenib N-oxidation by CYP3A4 was 17 times higher than
that by CYP3A5 at 20 min of incubation (190 versus 11 nmol/nmol CYP). The
kinetics of CYP3A4-mediated sorafenib metabolism were determined (Fig. 3C). We
could not determine the kinetics of CYP3A5-mediated sorafenib metabolism,
because the velocity of the reaction was not saturated by a concentration of 90 uM.
Sorafenib was not soluble in the solvent used in the present study (1% dimethyl
sulfoxide) at concentrations higher than 90 uM. The apparent K, and Viax values of

sorafenib N-oxidation by CYP3A4 were 6.1 £ 0.7 pyM, and 18 + 0.7 nmol/min/nmol
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CYP3A4, respectively. The intrinsic metabolic clearance calculated with the K, and
Vmax Values obtained for CYP3A4 was 3.0 uL/min/pmol CYP3A4.

The time courses of sunitinib N-deethylation examined with CYP3A4 or CYP3A5
are shown in Fig. 3B. Sunitinib N-deethylation was 3.0 times higher with CYP3A4
than with CYP3A5 at 20 min of incubation (1100 versus 370 nmol/nmol CYP3A).
The kinetics of CYP3A4- or CYP3A5-mediated sunitinib metabolism were estimated
(Fig. 3D). The apparent K, and Vmax values of sunitinib N-deethylation by CYP3A4
and CYP3A5 were 32 + 3.3 and 110 £+ 12 pM, and 97 + 3.3 and 35 + 1.7
nmol/min/nmol CYP3A, respectively. The intrinsic metabolic clearance calculated
with the Ky, and Vmax values obtained with CYP3A4 was 10 times higher than that
obtained with CYP3A5 (3.0 versus 0.3 pL/min/pmol CYP3A).

Thus, we found that sorafenib and sunitinib are substrates for CYP3A4, but not
for CYP3A5. The parent compounds sorafenib and sunitinib are activators of
CYP3A5-mediated midazolam 1’-hydroxylation.

Effects of preincubation of sorafenib or sunitinib on CYP3A5-catalyzed
midazolam 1’-hydroxylation. To further test whether or not enhancement of
midazolam 1’-hydroxylation by recombinant CYP3A5 was caused by parent
sorafenib or sunitinib, effects of the elongation of preincubation of sorafenib or
sunitinib with NADPH on midazolam 1’-hydroxylation by CYP3A5 were examined.
As expected, enhancement of midazolam 1’-hydroxylation was not affected by the

elongation of preincubation period (Fig. 4).
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Docking simulation of sorafenib or sunitinib into CYP3A4 and CYP3AS5. The
human CYP3A4 crystal structure allowed generation of a homology model of
CYP3AD5, derived with the MOE program. The top-rank docking model of sorafenib
or sunitinib with or without midazolam in CYP3A4 and CYP3A5 was used. Docking
simulation of sorafenib or sunitinib into CYP3A4 and CYP3A5 was first performed
without midazolam. Moieties in sorafenib and sunitinib, which are metabolized by
CYP3A4, closely docked to the heme of CYP3A4 (Fig. 5A and 5C) with low U
energy values (-36.0 and -42.6). In contrast, these moieties were found far from the
heme of CYP3A5 (Fig. 5B and 5D; -25.6 and -37.2, respectively).

In the presence of midazolam, sorafenib or sunitinib molecule were also located
at a similar distance from the heme of CYP3A4 (Fig. 6A and 6C) with a relatively
high U energy values. In contrast, midazolam closely docked to the heme of

CYP3AS5 even in the presence of sorafenib or sunitinib (Fig. 6B and 6D).

Discussion
The present study demonstrated that sorafenib and sunitinib inhibited midazolam
1’-hydroxylation catalyzed by CYP3A4, but enhanced that catalyzed by CYP3A5
(Figs 1 and 2). The enhancement of midazolam 1’-hydroxylation by CYP3A5 was
most likely caused by parent sorafenib and sunitinib, not by their metabolites,
because these small-molecule tyrosine kinase inhibitors were only slightly

metabolized by this drug-metabolizing enzyme (Fig. 3). In addition, the
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enhancement of midazolam 1’-hydroxylation was not affected by the preincubation
period of either sorafenib or sunitinib with NADPH and CYP3A5 (Fig. 4). This
result further supports the notion that the enhancement of midazolam
1’-hydroxylation by CYP3A5 was induced by parent sorafenib or sunitinib.

The enhancement of metabolic reactions in the presence of modulator(s), a
phenomenon referred to as heterotropic cooperativity, involves two different ligands
in the active site of a CYP enzyme (Hutzler and Tracy, 2002; Isin and Guengerich,
2006). Heterotropic cooperativity in CYP3AS5 was recently reported by Okada et al.
(Okada et al., 2009). In their study, thalidomide greatly enhanced midazolam
1’-hydroxylation and cyclosporine A oxidation by CYP3AS5, consistent with our
findings. These results suggest that a typical ligand universally induces heterotropic
cooperativity in CYP3A5-mediated metabolism. Interestingly, however, in our other
experiments using erlotinib, a small-molecule tyrosine kinase inhibitor of epidermal
growth factor receptor, as a substrate of CYP3A4 and CYP3A5 (Li et al., 2007), both
sorafenib and sunitinib inhibited erlotinib O-desmethylation (data not shown). Our
results suggest that that the heterotropic cooperativity in CYP3A5-mediated
metabolism associated with sorafenib or sunitinib may depend on metabolic
reactions catalyzed by CYP3AS5. Further studies are needed to confirm this point.

Mechanisms underlying the modulation of CYP3A4- and CYP3A5-mediated
midazolam 1’-hydroxylation by sorafenib or sunitinib may be partly explained by the

results of docking simulation. As shown in Fig. 6A and 6C, sorafenib or sunitinib
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seemed to interfere with the binding of midazolam to the heme of CYP3A4, since
these anticancer drugs and midazolam were located at similar distances from the
heme of CYP3A4. These results suggest that sorafenib or sunitinib competitively
inhibit CYP3A4-catalyzed midazolam 1’-hydroxylation.

In contrast, midazolam preferentially docked closely to the heme of CYP3A5,
even in the coexistence of sorafenib or sunitinib (Fig. 6B and 6D). Therefore,
sorafenib or sunitinib appears not to inhibit CYP3A5-mediated midazolam
1’-hydroxylation. These anticancer drugs located far from the heme may induce
heterotropic cooperativity in CYP3A5-mediated metabolism, although the detailed
mechanisms remain unclear.

We found that sorafenib and sunitinib were extensively metabolized by CYP3A4,
but not by CYP3A5 (Fig. 3). The docking model showed that the functional groups in
sorafenib and sunitinib that are metabolized by CYP3A4 docked close to the heme
of the enzyme, but were located far from the heme of CYP3A5 (Fig. 5). These
results supported the observations that sorafenib and sunitinib were good
substrates of CYP3A4, but not of CYP3AS.

Roles of CYP3A4 and CYP3AS5 in the sorafenib and sunitinib metabolisms were
examined with HLM (CYP3A5*1/*1) expressing CYP3A5 and CYP3A5-deficient
HLM (CYP3A5*3/*3), respectively. Sorafenib N-oxidation by CYP3A5*1/*1 and
CYP3A5*3/*3 HLMs were 0.32 £ 0.010 and 0.72 = 0.021 pmol/min/mg protein,

respectively (n=3). Sunitinib N-deethylation by CYP3A5*1/*1 and CYP3A5*3/*3
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HLMs were 1.6 + 0.027 and 4.9 £ 0.16 pmol/min/mg protein, respectively (n=3).
Respective sorafenib and sunitinib concentrations were 10 and 100 pM, and
incubation period was 10 min. These results suggest that the contribution of
CYP3AS to the metabolisms of sorafenib and sunitinib might be low, which supports
the results obtained with recombinant CYP3A4 and CYP3A5. However, it might be
difficult to quantitatively evaluate the contributions of CYP3A4 and CYP3AS5 to the
metabolisms of sorafenib and sunitinib because of the reasons such as different
levels of CYP3A4 expression in these microsomal preparations. Therefore, we
examined the roles of CYP3A4 and CYP3A5 in the sorafenib N-oxidation and
sunitinib N-deethylation with recombinant CYP3A4 and CYP3A5.

When 400 mg sorafenib was given twice daily, plasma concentration of sorafenib
measured after the 14 day reached around 9 pM (maximum and trough
concentrations 10 and 8 uM, respectively) (Minami et al., 2008). Since the activation
of CYP3A5-mediated midazolam 1'-hydroxylation was observed at sorafenib
concentration of 9 uM (Fig. 1B), this medicine may activate the CYP3A5-mediated
metabolism in clinical practice. In contrast, sunitinib might not affect the midazolam
1’-hydroxylation in clinical use, because the maximum plasma concentration
assayed 28 days after the sunitinib treatment (50 mg/daily) was around 0.17 uM
(Shirao et al., 2010).

Considerable interpatient variability exists in the pharmacokinetics of sorafenib

(Minami et al., 2008). Our present results suggest that individual variability in the
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pharmacokinetics of sorafenib might be substantially associated with variable
expression levels of CYP3A4, differing by more than 40 times in the liver and the
small intestine, but might not be linked to genetic polymorphisms seen in CYP3A5
(Lamba et al., 2002a). In support of our hypothesis, CYP3A5*3 allele, which is
associated with no or poor expression of functional CYP3A5 (Kuehl et al., 2001),
was not significantly related to interindividual variability in the pharmacokinetics of
sorafenib (Lind et al., 2010).

In conclusion, we found that sorafenib and sunitinib inhibited midazolam
1’-hydroxylation by CYP3A4, but enhanced that by CYP3A5. The present study
suggests that midazolam metabolism may be increased by sorafenib and sunitinib
through the heterotropic cooperativity of human CYP3A5. Because of the high
frequency of polymorphic CYP3A5 expression in Asians and Africans, a relatively
high frequency of unexpected drug interactions involving sorafenib (and sunitinib)

might occur via CYP3A5 contribution in drug metabolism.
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Legends for figures

Fig. 1. Modulation of midazolam 1’-hydroxylation activities catalyzed by CYP3A4
(A,C, open symbols) or CYP3A5 (B,D, closed symbols) in the presence of sorafenib
(A,B) or sunitinib (C,D).

Midazolam 1’-hydroxylation activities were determined at substrate
concentrations of 5 (O,@®) , 10 (A,A) , and 20 (O,H) uM, respectively. Each point

shows the mean of three independent analyses with standard deviation.

Fig. 2. Effects of sorafenib and sunitinib on midazolam 1'-hydroxylation by human
liver microsomes genotyped for CYP3A5*3/*3 (A) or CYP3A5*1/*1 (B).
Midazolam concentration used was 10 uM. Each data point shows the mean

of triplicate determinations with standard deviation bars.

Fig. 3. Sorafenib N-oxidation and sunitinib N-deethylation activities catalyzed by
CYP3A4 (A,C) or CYP3AS5 (B,D).

Time courses of sorafenib N-oxidation (A) and sunitinib N-deethylation (B)
by CYP3A4 (0) or CYP3AS5 (A) and effects of substrate concentrations on sorafenib
N-oxidation (C) and sunitinib N-deethylation (D) activities by CYP3A4 (0) or CYP3A5
(A) are shown. Each data point represents the mean of triplicate determinations

and is shown with standard deviation bars.
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Fig. 4. Effects of preincubation period with 10 pM of sorafenib (@) or 20 uM of
sunitinib (M) in the presence of NADPH on recombinant CYP3A5-mediated

midazolam hydroxylation activities at a substrate concentration of 10 pM.

Fig. 5. Docking simulation of sorafenib (A,B) or sunitinib (C,D) into CYP3A4 (A,C)
and CYP3AS5 (B,D) in the absence of midazolam.

Drug-P450 interaction energies calculated in Figs. 4A-4D (U, kcal/mol) were
-36.0, -25.6, -42.6, and -37.2, respectably. In the figure, oxygen, nitrogen, fluoride,

and iron atoms are colored with red, blue, green, and light blue, respectively.

Fig. 6. Docking simulation of sorafenib (A,B) or sunitinib (C,D) into CYP3A4 (A,C)
and CYP3A5 (B,D) in the presence of midazolam.
Drug-P450 interaction energies calculated in Figs. 5A-5D (U, kcal/mol) were

77.2, 259, 276, and 360, respectably. Other details are as in Figure 4.
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