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Inhibition of Hepatic CYP2D6 by the Active N-Oxide Metabolite of Sorafenib
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Abstract. The multikinase inhibitor sorafenib (SOR) is used to treat patients with
hepatocellular and renal carcinomas. SOR undergoes CYP-mediated biotransformation to a
pharmacologically active N-oxide metabolite (SNO) that has been shown to accumulate to
varying extents in individuals. Kinase inhibitors like SOR are frequently coadministered with
a range of other drugs to improve the efficacy of anticancer drug therapy and to treat
comorbidities. Recent evidence has suggested that SNO is more effective than SOR as an
inhibitor of CYP3A4-mediated midazolam 1′-hydroxylation. CYP2D6 is also reportedly
inhibited by SOR. The present study assessed the possibility that SNO might contribute to
CYP2D6 inhibition. The inhibition kinetics of CYP2D6-mediated dextromethorphan O-
demethylation were analyzed in human hepatic microsomes, with SNO found to be ~ 19-fold
more active than SOR (Kis 1.8 ± 0.3 μM and 34 ± 11 μM, respectively). Molecular docking
studies of SOR and SNO were undertaken using multiple crystal structures of CYP2D6. Both
molecules mediated interactions with key amino acid residues in putative substrate
recognition sites of CYP2D6. However, a larger number of H-bonding interactions was
noted between the N-oxide moiety of SNO and active site residues that account for its
greater inhibition potency. These findings suggest that SNO has the potential to contribute to
pharmacokinetic interactions involving SOR, perhaps in those individuals in whom SNO
accumulates.

KEY WORDS: CYP2D6 inhibition; dextromethorphan O-demethylation; metabolite inhibition;
molecular docking; sorafenib; sorafenib N-oxide.

INTRODUCTION

The multi-kinase inhibitor sorafenib (SOR) is valuable in
the clinical treatment of hepatic and renal carcinomas (1,2);
Fig. 1). Compared to conventional cytotoxic anticancer
agents, kinase inhibitor drugs like SOR are generally well
tolerated. However, dose-limiting toxicities, such as the hand-
foot syndrome, and pharmacokinetic drug-drug interactions
(DDIs) occur in some patients who receive SOR. These

events may require dosage interruptions or the termination of
SOR therapy (1–3).

Human cytochrome P450 (CYP) CYP3A4 mediates the
hepatic biotransformation of SOR to its active metabolite
SOR N-oxide (SNO; Fig. 1), which is a major pathway of
SOR elimination (4,5). Pharmacokinetic studies have demon-
strated wide interindividual variation in the clearance of SOR
and that both SOR and SNO accumulate to varying extents in
patients on repeated dosage (3,6–9). Kinase inhibitors like
SOR are also now being used increasingly in combination
with other drugs to achieve improved anticancer efficacy and
for the treatment of coincident clinical conditions; this
increases the possibility of DDIs.

In some patients, high serum concentrations of the major
SOR metabolite SNO are produced (8). We found recently
that CYP3A4 was inhibited more effectively by SNO than by
the parent drug SOR (10), which suggests that patients that
produce more SNO may be at greater risk of pharmacokinetic
DDIs. The overproduction and accumulation of the metabo-
lite SNO could also elicit DDIs involving other CYPs. Indeed,
a large number of therapeutic agents are contraindicated with
SOR (https://www.drugs.com/drug-interactions/sorafenib-
index.html), including some that are substrates for the
polymorphic CYP2D6 that mediates the oxidative elimination
of many drugs. From the company literature, SOR is
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considered to be a moderately effective inhibitor of CYP2D6
https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/
021923s008s009lbl.pdf, but it is presently unclear whether the
metabolite SNO also inhibits this important enzyme.

The present study assessed the relative capacities of SOR
and SNO to inhibit CYP2D6-mediated dextromethorphan O-
demethylation in human liver microsomes. From kinetic
studies, the principal finding to emerge was that SNO was ~
19-fold more effective than SOR as a CYP2D6 inhibitor. In
docking studies, SNO and SOR interacted with key amino
acid residues in the catalytic site of CYP2D6 that are
associated with ligand binding. The estimated affinity was
greater for SNO than SOR because additional H-bonds were
formed between active sites residues and the N-oxide moiety.
These findings suggest that SNO has the capacity to
contribute to CYP2D6 inhibition in patients who receive
treatment with SOR.

MATERIALS AND METHODS

Drugs and Chemicals

The syn t he s e s o f SOR (4 - [ 4 - ( [ 4 - c h l o ro - 3 -
(trifluoromethyl)phenyl]carbamoylamino)phenoxy]-N-
methylpyridine-2-carboxamide) and SNO have been de-
scribed previously (11). Dextromethorphan, midazolam, and
biochemicals were purchased from Sigma-Aldrich (Castle
Hill, NSW, Australia). [4-14C]-Testosterone (37 kBq/μCi)
was obtained from Perkin Elmer (Glen Waverley, VIC,
Australia). 1′-Hydroxymidazolam was from Cerilliant
(Round Rock, TX, USA), while other CYP metabolites
were from Sigma. Microsomal fractions containing cDNA-
expressed CYP2D6 in insect cells were purchased from BD
Biosciences (Supersomes; North Ryde, NSW, Australia).
HPLC grade solvents and general reagents were obtained
from LabScan (Lomb Scientific, Taren Point, NSW, Austra-
lia) or Ajax Chemicals (Sydney, NSW, Australia).

Liver Donors and the Preparation of Microsomal Fractions

This study was reviewed and approved by the University
of Sydney Human Ethics committee in accordance with the
guidelines from the World Medical Association. Human
hepatic microsomal fractions were prepared by ultracentrifu-
gation (12), using tissue from three liver donors and obtained
through the Australian and Queensland Liver Transplant
Programs (Royal Prince Alfred Hospital, Sydney, NSW, and
Princess Alexandria Hospital, Brisbane, Queensland, respec-
tively). Small quantities of normal tissue were collected
during surgical liver resection, perfused immediately with
cold Viaspan solution (DuPont, Wilmington, DE, USA), and
transferred to liquid nitrogen. Liver microsomal protein was
quantified by established methods (13).

CYP Substrate Oxidation Assays in Human Liver
Microsomes

Dextromethorphan O-demethylation activity was deter-
mined by LC-MS/MS, as described previously (14). Incuba-
tions (37 °C, microsomal protein 150 μg, 0–48 μM
dextromethorphan, NADPH 1 mM, 30 min) were conducted
in 0.1 M potassium phosphate buffer (pH 7.4; 0.25 mL). After
solid-phase extraction on Bond Elut C18 cartridges (Agilent
Technologies, Mulgrave, VIC, Australia) samples were ap-
plied to an Altima C18 5 μ 150 × 2.1 mm column (Alltech
Associates, Castle Hill, NSW, Australia) and were eluted
using a mobile phase of 50% aqueous acetonitrile, containing
0.1% formic acid; the flow rate was 0.3 mL/min, and the data
were analyzed using Xcalibur 1.2 (Thermo Fisher, Waltham,
MA).

Microsomal SNO formation was determined by LC-MS/
MS, as described previously (5). Incubations (37 °C, 75 μg
protein, 75 μM SOR, NADPH 1 mM, 20 min) were
conducted in 0.1 M potassium phosphate buffer (pH 7.4,
0.25 mL). After addition of acetonitrile (0.5 mL) and
centrifugation (600 g, 5 min), samples were applied to an
XTerra MS C18 3.5 μ column 150 × 2.1 mm column (Waters,

Fig. 1. SOR and its biotransformation to the principal metabolite SNO
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Rydalmere, NSW, Australia). The mobile phase was 65%
aqueous acetonitrile and 0.1% formic acid, which was
increased to 100% acetonitrile after 30 s, before being
returned to the starting composition after 2 min; the flow
rate was 0.3 mL/min and the data were analyzed using
Xcalibur 1.2.

Midazolam 1′-hydroxylation was determined by LC-MS/
MS, as described previously (14). Incubations (37 °C, 100 μg
protein, 5 μM midazolam, 1 mM NADPH, 5 min) were
conducted in 0.1 M potassium phosphate buffer (pH 7.4,
0.5 mL). After solid-phase extraction on Bond Elut C18
cartridges (Agilent Technologies) samples were applied to an
Altima C18 5 μ 150 × 2.1 mm column (Alltech Associates).
The mobile phase was 50% aqueous acetonitrile, containing
0.1% formic acid; the flow rate was 0.3 mL/min and the data
were analyzed using Xcalibur 1.2.

Testosterone hydroxylation was determined by scintilla-
tion spectrometry, as described previously (15). Incubations
(37 °C, 150 μg protein, 50 μM 14C-testosterone [0.18 μCi],
1 mM NADPH, 2.5 min) were conducted in 0.1 M potassium
phosphate buffer (pH 7.4, 0.5 mL). After extraction with
chloroform, samples were subjected to thin-layer chromatog-
raphy on silica gel 60 F254 plates (20 cm × 20 cm × 0.25 mm;
Merck, Darmstadt, Germany) and were then resolved in
dichloromethane/acetone (4:1), followed by chloroform/ethyl
acetate/ethanol (4:1:0.7); radioactive metabolites were located
by autoradiography (15).

Kinetics of Inhibition of CYP2D6-Dependent Dextromethor-
phan O-Demethylation by SOR and SNO

Kinetic studies of dextromethorphan O-demethylation in
human liver microsomes were conducted over the dextrome-
thorphan range 0–48 μM. The kinetics of dextrorphan
formation (V) as a function of dextromethorphan (S)
concentration were analyzed by nonlinear regression; r2

values were determined for all regression lines (GraphPad
Prism 5; San Diego, CA). Data were analyzed further using
the methods of Lineweaver-Burk and Dixon with corre-
sponding replots to characterize the mode of inhibition (16).
Ki values were obtained from the x-intercepts of Lineweaver-
Burk slope replots. Total drug concentrations were used
because these have been found to improve the assessment of
DDIs with hydrophobic drugs like dextromethorphan and
SOR that may accumulate in liver (17).

Computational Studies of the Docking of SOR and SNO into
the Active Site of CYP2D6

To account for the structural plasticity of CYP2D6, three
X-ray crystal structures (3TDA, chain A; 4WNU, chain B;
4WNV, chain A) were used in molecular docking studies. The
unresolved residues in the structures, 4WNU (38-50) and
4WNV (48-50) were built using the modloop program
(https://modbase.compbio.ucsf.edu/modloop/) (18). Structures
were prepared by including H-atoms and Kollman all atom
charges using the BioPolymer module of SYBYL (version
X-2.1, Certara, Princeton, NJ, USA). Unresolved residues in
the N- and C-termini of the X-ray structures, which are
distant from the catalytic site, were excluded from the
analysis.

Three-dimensional coordinates of SOR and SNO in sdf
format were obta ined f rom Pubchem (ht tps : / /
pubchem.ncbi.nlm.nih.gov/), and molecular modeling was
achieved using SYBYL, installed on a Red Hat Linux 6.9
OS workstation. After assignment of Gasteiger–Huckel
partial atomic charges (19), energy minimization was per-
formed using Powell’s conjugate gradient method in conjunc-
tion with a Tripos 5.2 force field (20,21). A minimum energy
difference of 0.001 kcal/mol was set as the convergence
criterion.

Molecular docking experiments were conducted using the
Surflex-Dock docking suite (22) as previously reported (5,23).
The resulting binding poses were ranked according to the total
score (SYBYL Surflex-Dock). The dissociation constants (Kd)
for SOR and SNO docked in CYP2D6 crystal structures were
estimated as described by Pham and Jain (24).

Statistics

Data are expressed throughout as means ± SEM of
individual estimates as indicated.

RESULTS

Human Liver Donors and Rates of Oxidation of
Dextromethorphan and Other CYP Substrates in
Microsomal Fractions

Liver tissue from 3 individual donors was available for
the present study (designated HL8, HL13 and HL19).
Limited information on demographic factors (age 16, gender
female) and drug history (prednisone) was available for one
donor (HL8), but no information was available for donors
HL13 or HL19. Rates of CYP2D6-mediated dextromethor-
phan O-demethylation were quantitifed in the livers and
varied over a ~ 4.4-fold range (14–61 pmol dextrorphan
formation/mg protein/min; Table I). In comparison, micro-
somal SNO formation varied 7.5-fold in the fractions (22.4–
169 pmol/mg protein/min), and midazolam 1′-hydroxylation
and testosterone 6β-hydroxylation varied over ~ 7.8- and 22-
fold ranges, respectively (Table I).

Kinetics of the Inhibition of Microsomal CYP2D6-
Dependent O-Demethylation of Dextromethorphan by SOR
and its Major Oxidized Metabolite SNO

The Km value for microsomal dextromethorphan O-
demethylation was 4.7 ± 1.0 μM (Fig. 2a), while the Vmax for
dextrorphan formation was 51 ± 19 pmol dextrorphan/min/mg
protein (n = 3); these values are compatible with those
reported previously (25). In preliminary microsomal studies,
IC50 values of 12 ± 5 μM and > 50 μM were obtained for SNO
and SOR, respectively, at a dextromethorphan concentration
of 16 μM. In confirmation of these findings, the IC50s for SNO
and SOR against cDNA-expressed human CYP2D6 were 13
± 1 μM and > 50 μM, respectively (not shown). Kinetic studies
were done using the available livers to evaluate inhibitory
mechanisms in greater detail, and the data were fitted to
alternate models of inhibition (GraphPad Prism 5). The
optimal fit was obtained for linear-mixed inhibition kinetics,
as described by the Henri-Michaelis-Menten equation:
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Lineweaver-Burk plots (Fig. 2b, c) and their slope
replots (Fig. 2d) confirmed that the mode of inhibition for
both SNO and SOR was linear-mixed (16). Kis were obtained
from the x-intercepts on Lineweaver-Burk slope replots (Fig.
2d) and were 1.8 ± 0.3 μM and 34 ± 11 μM for SNO and SOR,
respectively. The factor α describes the increase in the
equilibrium constants Km and Ki by inhibitor and substrate,
respectively (16; Fig. 3); α values were 9 ± 2 and 25 ± 6 for
SNO and SOR, respectively.

Computational Modeling of Docking of SOR and SNO with
CYP2D6

Thirteen X-ray crystal structures of the wild-type human
CYP2D6 are available with five having been derived in the
presence of a bound inhibitor (quinine, quinidine,
prinomastat (2 independent structures), ajmalicine). Based
on the present kinetic data, it was postulated that SOR and
SNO might inhibit CYP2D6 by binding in similar orientations
to those noted for other inhibitors in the CYP2D6 X-ray
complexes. Additionally, in view of the structural flexibility of
the CYP2D6 binding site, we performed molecular docking of
SOR and SNO with three CYP2D6 X-ray crystal structures
that were resolved in the presence of inhibitors—3TDA
(Fig. 4a, b), 4WNU (Fig. 4c, d), and 4WNV (Fig. 4e, f).
Docking of SOR in the 3TDA structure revealed two key H-
bonding interactions between the urea nitrogens and the
carboxylate side chain of Glu 216 (Fig. 4a). In the docked
pose of SOR, the trifluoromethyl-substituted phenyl ring was
involved in hydrophobic/π-π interactions with Phe 120,
whereas the central phenyl ring of SOR also formed π-π
interactions with Phe 483. The fluorine atoms in the aromatic
CF3 group are also potential H-bond acceptors for Ser 304.
The picolinamide system in SOR forms π-π interactions with
the aromatic residues Phe 51, Phe 58, and Phe 481, while the
O atom of picolinamide group is H-bonded with Thr 54.
Other residues that line the binding site and participate in
hydrophobic interactions include Val 49, Leu 71, Leu 73, Val
78, Leu 121, Leu 213, Val 308, Leu 372, Val 374, and Ile 396.
The binding interactions of the docked poses of SOR in the
4WNU and 4WNV structures were similar, although there
was a noticeable difference in the orientation of the

picolinamide system (Fig. 4c, e). In the 4WNU structure, the
amido oxygen of SOR forms H-bonds with the hydroxyl
group of Thr 375 and the amido nitrogen forms H-bonds with
Glu 222. Notably, Glu 216 was located further from SOR/
SNO when docked with the 4WNU and 4WNV structures.

Each of the interactions above was also observed for
SNO. Importantly, however, there were additional interac-
tions that produced higher estimated binding affinities for
SNO (Table II). These are calculated Kd values that were
estimated from Surflex docking scores and varied between
crystal structures. Although these values should be
interpreted carefully they were consistently lower for SNO
than for SOR. In 3TDA, the O atom of the N-oxide moiety of
SNO was involved in additional H-bonding interactions with
Thr 54 (Fig. 4b) and with Thr 394 in the 4WNU and 4WNV
structures (Fig. 4d, f). In the 4WNU structure, the O atom of
the picolinamide moiety is H-bonded with Thr 375 (Fig. 4d),
whereas in the 4WNV structure H-bonding with Thr 76 was
noted (Fig. 4f). Further, the orientations of the pyridine ring
and the amide side chain of the picolinamide moiety in SNO
differed somewhat from SOR in these structures. This could
be due to small differences in the orientation of important
amino acid side chains, such as Phe 483, to differences in
secondary structure, and to the conformations of amino acids,
such as residues 49–51, near the helix A in the 4WNU and
4WNVstructures.

DISCUSSION

In previous studies, SNO—the major pharmacologically
active metabolite of SOR—was found to be approximately
twice as potent as the parent drug as an inhibitor of CYP3A4
(10). Whereas SOR has been reported to be a moderate
inhibitor of CYP2D6 (https://www.accessdata.fda.gov/
drugsatfda_docs/label/2010/021923s008s009lbl.pdf), to our
knowledge, inhibition of CYP2D6 by the metabolite SNO
has not been evaluated in detail. In some cases, CYP-
mediated drug metabolites are more effective inhibitors than
the parent drugs. These include highly reactive metabolites
generated during biotransformation of alkylamino,
methylenedioxyphenyl, thionosulfur, phenolic, and unsatu-
rated functional groups in some CYP substrates (26–32), as
well as certain stable metabolites, including N-oxides, that
elicit reversible inhibition of CYPs (33–36). In the present
study, we assessed the possibility that the stable N-oxide
metabolite SNO may contribute to the inhibition of CYP2D6
activity. SNO was markedly more effective than SOR as a
CYP2D6 inhibitor. Dextromethorphan O-demethylation is
widely used as a CYP2D6-selective assay in human liver

Table I. Substrate Oxidations in Human Liver Microsomal Fractions

Donor Dextromethorphan SOR N-oxidation Midazolam Testosterone
O-Demethylation 1′-Hydroxylation 6β-Hydroxylation

(pmol/mg protein/min) (nmol/mg protein/min)
HL8 25 22.4 10 0.1
HL13 14 133 69 0.8
HL19 61 169 78 2.2

Values are means of at least duplicate determinations that varied by < 12%
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microsomes and in phenotyping cocktails in vivo (14,37). We
used the assay in liver microsomes because the CYP enzyme
environment more closely resembles the native situation and
is preferred in DDI studies (38). In contrast, heterologous
systems containing over-expressed recombinant CYPs exhibit
atypical ratios of CYPs to other enzymes, including NADPH-
CYP-reductase, and atypical membrane compositions (38). In
the present study the Ki for SNO against CYP2D6-mediated
dextromethorphan O-demethylation was about 19-fold
smaller than that for SOR, indicating greater affinity for the
enzyme. Because the Km for dextromethorphan was ~

4.5 μM, CYP2D6 has an approximate 4-fold greater affinity
for SNO than for dextromethorphan. In contrast, the affinity
of CYP2D6 for dextromethorphan was ~ 8-fold that of SOR,
which is consistent with the lesser inhibition potency of the
latter. Accordingly, the present findings suggest that SNO is a
significant reversible inhibitor of CYP2D6.

We evaluated the binding mode and binding interactions
of SOR and SNO within CYP2D6 using molecular docking
studies. Three X-ray crystal structures of CYP2D6 were used
in order to account for CYP2D6 active site plasticity. The
binding interactions of SNO and SOR across the three

Fig. 2. Kinetic analysis of the inhibition of human microsomal CYP2D6-mediated dextromethor-
phan O-demethylation by SOR and SNO. a Michaelis-Menten plot of dextromethorphan O-
demethylation. b Lineweaver-Burk plot at SOR concentrations (filled circles) 0 μM, (filled squares)
10 μM, (filled triangles) 30 μM, (empty circles) 50 μM. c Lineweaver-Burk plot at SNO
concentrations (filled circles) 0 μM, (filled squares) 10 μM, (filled triangles) 30 μM, (empty circles)
50 μM. d Lineweaver-Burk slope replots for SOR and SNO. A representative analysis conducted in
one of three individual microsomal fractions is shown. Values are means of at least duplicate
determinations that varied by < 12%

Fig. 3. Michaelis-Menten equilibria showing formation of CYP2D6-inhibitor/substrate
complexes and linear mixed-type reversible inhibition of CYP2D6-dependent dextrome-
thorphan O-demethylation; [inhibitor] refers to either SOR or SNO
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structures were similar. CYP2D6 residues involved in inter-
actions with SOR and SNO, and the location of protein
helical domains, β-sheets, and putative substrate recognition
sites (SRS; 39) are shown in Fig. 5.

Amino acids that interacted with SOR and SNO were
located in SRS-1 (which spans residues 99–125), SRS-2

(which spans 213–219), SRS-4 (which spans 294–312), SRS-5
(which spans 369–377), and SRS-6 (which spans 481–488), but
not SRS-3. In SRS-1, the residues Phe 120 and Leu 121were
involved in SOR/SNO interactions, as were Leu 213 and Glu
216 from SRS-2; Ser 304 and Val 308 from SRS-4; Leu 372,
Val 374, and Thr 375 from SRS-5; and Phe 481 and Phe 483
from SRS-6. A number of residues (Val 49, Phe 51, Phe 58,
Thr 54, Leu 71, Leu 73, Thr 76, Val 78, Glu 222, and Thr 394)
were also involved in SOR/SNO interactions but were outside
SRS regions. Some of these CYP2D6 residues involved in
SOR/SNO interactions have also been identified in previous
homology modeling studies of the interactions with other
CYP2D6 substrates and inhibitors with the enzyme. These
include Glu 216 in SRS-2, Ser 304 in SRS-4, Val 374 in SRS-5,
and Phe 481 and Phe 483 in SRS-6 (40–42). Glu 216 sits at the
top of the active site cavity and has been proposed to be a
recognition residue for basic ligands that enter the binding
pocket of the enzyme. Phe 481 and Phe 483 are proposed to
make hydrophobic interactions with the aromatic regions of

Fig. 4. Binding modes of SOR and SNO in X-ray structures of CYP2D6 enzyme, key binding site
residues are displayed (C atoms in green). a, b 3TDA. c, d 4WNU. e, f 4WNV. C atoms in SOR and
SNO are represented as sticks in magenta and orange, respectively. The CYP heme is shown in ball
and stick format. O, N, F, and Cl are shown in red, blue, cyan, and green, respectively

Table II. Estimated Binding Constants for the Interaction of SOR
and SNO with CYP2D6

CYP2D6 X-ray Kd (μM)

Structure SOR SNO SOR/SNO

3TDA 25.2 0.032 785
4WNU 0.40 0.008 50
4WNV 1.26 0.063 20
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substrates. The SRS-1 residues Phe 120 and Leu 121, SRS-2
residue Leu 213, and SRS-4 residue Ser 304 are also proposed
to be involved in substrate recognition. Indeed, Phe 120 in
SRS-1 reportedly controls the orientation of substrates with
respect to the CYP heme catalytic center and the regioselec-
tivity of substrate oxidation (42,43).

In the 3TDA structure H-bonding interactions were
noted between the urea nitrogens of SOR and the carboxyl-
ate side chain of Glu 216 (Fig. 4a). The fluorine atoms in the
aromatic CF3 group are also potential H-bond acceptors for
Ser 304 while the O atom of the picolinamide group is H-
bonded with Thr 54. The CF3-substituted phenyl ring formed
hydrophobic/π-π interactions with Phe 120, whereas the
central aromatic system of SOR also formed π-π interactions
with Phe 483. The picolinamide system in SOR also forms π-π
interactions with the aromatic residues Phe 51, Phe 58, and
Phe 481, while additional hydrophobic interactions involve
Val 49, Leu 71, Leu 73, Val 78, Leu 121, Leu 213, Val 308, Leu
372, Val 374, and Ile 396. The docking of SOR in the 4WNU
and 4WNV structures was very similar to 3TDA, although the
orientation of the picolinamide system differed somewhat and
further H-bonds between the amido oxygen and the hydroxyl
group of Thr 375 and the amido nitrogen and the carboxylate
of Glu 222 were possible. However, there were no interac-
tions between Glu 216 and either SOR or SNO in the 4WNU
and 4WNV structures.

From kinetic studies the interaction of CYP2D6 with
SNO was of higher affinity than that with SOR. In accord
with these findings additional binding interactions emerged
from the SNO-CYP2D6 docking analysis, although these
varied somewhat between the different crystal structures. The
O atom of the N-oxide group of SNO was involved in H-
bonding with Thr 54 in the 3TDA structure and with Thr 394
in the 4WNU and 4WNV structures. In addition, docking
studies in different X-ray structures revealed differences in
the orientation of the pyridine and the amido side chain of

the picolinamide moiety of SNO/SOR. This could be due to
altered conformations of side chain (e.g., Phe 481, Phe 483)
and backbone (e.g., Val 49, Phe 51) residues in the active site.
The estimated Kd values from Surflex analysis of the docking
of SNO with CYP2D6 were greater than those for SOR in
each the three structures (Table II). Although these model-
derived values should be interpreted with caution because
they are protein structure-dependent (24,44), this suggests
that SNO interacts more efficiently than SOR with CYP2D6.
It is also noteworthy that the sites of metabolism in SOR were
~ 20 Å from the heme moiety; this is in agreement with the
lack of SOR biotransformation by CYP2D6.

The coadministration of SOR and a large number of
other drugs is contraindicated due to the possibility of DDIs
(https:/ /www.drugs.com/drug-interactions/sorafenib-
index.html); several of these other drugs are CYP2D6
substrates. At present, there is little information regarding
the potential impact of SOR on the pharmacokinetics of these
contraindicated drugs, but there is evidence that the incidence
of adverse effects is increased. Recent studies have suggested
that there may be potential interactions between SOR and
other drugs that are eliminated, at least in part, by CYP2D6.
Thus, SOR has been combined with the histone deacetylase
inhibitor and CYP2D6 substrate panobinostat (45) in several
clinical studies. One patient with advanced hepatocellular
carcinoma received the combination (46,47). There was some
evidence of improved efficacy, but treatment was terminated
due to toxicity. This study was part of a larger clinical trial but
no results have yet been reported (NCT00823290). In patients
with advanced HCC another trial with the combination was
also terminated due to severe dose-limiting toxicity after the
enrolment of the first three patients (48; NCT00873002).

The proteasomal inhibitor bortezomib is metabolized in
part by CYP2D6 (49). Three trials assessed this combination
in patients with several cancers. NCT01534260 was a Phase I
dose escalating study and Phase II maximum tolerated dose

Fig. 5. Amino acid sequence of CYP2D6 showing the location of residues implicated in
binding interactions with both SOR and SNO (asterisks) and SNO alone (crosses). Bars
indicate the locations of helical domains and β-sheets (italicized). Amino acid residues in
putative SRS regions are shown in boxes
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study that enrolled 37 patients with acute myelogenous
leukemia. The SOR/bortezomib combination produced seri-
ous toxicity in 18 of the patients and all but one experienced
adverse effects, especially gastrointestinal and dermal toxic-
ities, with neuropenia and fever also produced in some
individuals. In NCT00536575, SOR and bortezomib were
administered to patients with multiple myeloma. Eleven of 13
patients completed that study, although significant adverse
effects again included blood disorders, hypertension, gastro-
intestinal disturbances, fatigue, and severe rashes. A third
study evaluated SOR and bortezomib in patients with
metastatic renal cell carcinoma (NCT01100242). All 17
patients completed the study but experienced significant
adverse effects, including blood disorders, hypertension,
gastrointestinal disorders, dermal toxicities, and neurological
disorders; serious adverse events occurred in six subjects.

SOR has also been combined with endocrine agents,
including the CYP2D6 substrate, tamoxifen, for the treatment
of patients with breast cancer (50). Although the combination
with tamoxifen was generally well tolerated, one patient
discontinued treatment and three others required dose reductions
because of adverse dermatological effects. The observed time to
progression was greater than 6 months and the clinical benefit
rate was 50%, which appeared promising, because single-agent
SOR has limited activity in patients with metastatic breast cancer.
However, a trial of SOR, tamoxifen and cisplatin in melanoma
patients commenced in April 2007 but has not reported results
and may have been discontinued (NCT00492505).

The pharmacokinetics of SOR are complex and exhibit
extensive interindividual variation (6,7). The systemic avail-
abilities of SOR and SNO are increased in some patients who
received prolonged therapy with the drug (4,6–9). Indeed, the
maximal serum concentration (Cmax) of SNO reportedly
reached 8.5 μM in one patient, which is several-fold greater
than the Ki for CYP2D6 inhibition that was estimated in the
present study (8). Several other studies have also reported
that SNO can reach serum concentrations of 1–5 μM in some
patients (7,51,52). Accordingly, there is the potential that
SOR may elicit pharmacokinetic DDIs in patients who
produce high concentrations of SNO. CYP3A4 selectively
oxidizes SOR to SNO in human liver (5). Potential sources of
variation in the activity of the enzyme in vivo include genetic
polymorphisms and exposure to coadministered drugs and
other xenobiotics that are potent inhibitors and inducers (53).
In addition, CYP3A4 function is greater in females and
decreased in liver disease, which has been shown to impair
the oxidation of SOR to SNO (53,54). These factors are likely
to impact on the pharmacokinetics of SOR and the produc-
tion of SNO. It would now be of interest to evaluate these
possibilities directly in clinical studies.

CONCLUSIONS

The present study suggests that SNO is more potent than
SOR as an inhibitor of CYP2D6. In docking studies, SOR
interacted with multiple amino acid residues in CYP2D6,
including putative SRS (37,55). The N-oxide moiety of SNO
was involved in additional interactions, which is consistent
with its greater inhibitory potency. SOR continues to be
evaluated in combination with other anticancer and adjunct
treatments in patients. However, the drug is contraindicated

with a large number of agents and some clinical trials of such
combinations have been terminated because of a high
incidence of adverse effects. Whether this is due to pharma-
cokinetic DDIs has not been established. To complement the
present study, it would now be of interest to assess SNO
production directly in patients who are receiving drug
combinations containing SOR. Moreover, serum SNO mon-
itoring during therapy may enable individual patients to be
identified who might benefit from drug regimen modifications
in order to avoid SOR-mediated DDIs.
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