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Abstract Sorafenib is a novel, small-molecule anticancer
compound that inhibits tumor cell proliferation by tar-
geting Raf in the Raf/MEK/ERK signalling pathway,
and inhibits angiogenesis by targeting tyrosine kinases
such as vascular-endothelial growth factor receptor
(VEGFR-2 and VEGFR-3) and platelet-derived growth
factor receptor (PDGFR). In vitro microsomal data
indicate that sorafenib is metabolized by two pathways:
phase I oxidation mediated by cytochrome P450 (CYP)
3A4; and phase II conjugation mediated by UGT1A9.
Approximately 50% of an orally administered dose is
recovered as unchanged drug in the feces, due to either
biliary excretion or lack of absorption. The aim of this
study was to evaluate the effect of CYP3A inhibition by
ketoconazole on sorafenib pharmacokinetics. This was
an open-label, non-randomized, 2-period, one-way
crossover study in sixteen healthy male subjects. A single
50 mg dose of sorafenib was administered alone (period
1) and in combination with ketoconazole 400 mg once
daily (period 2) (ketoconazole was given for 7 days, and
a single 50 mg sorafenib dose was administered con-
comitantly on day 4). No clinically relevant change in
pharmacokinetics of sorafenib and no clinically relevant
adverse events or laboratory abnormalities were ob-
served in this study upon co-administration of the two
drugs. Plasma concentrations of the main CYP3A4
generated metabolite, sorafenib N-oxide, decreased
considerably upon ketoconazole co-administration. This
effect is in accordance with the in vitro finding that
CYP3A4 is the primary enzyme for sorafenib N-oxide
formation. Further, these data indicate that blocking
sorafenib metabolism by the CYP3A4 pathway will not

lead to an increase in sorafenib exposure. This is con-
sistent with data from a clinical mass-balance study that
showed 15% of the administered dose was eliminated by
glucuronidation, compared to less than 5% eliminated
as oxidative metabolites. Since there was no increase in
sorafenib exposure following concomitant administra-
tion of the highly potent CYP3A4 inhibitor ketoconaz-
ole with low dose sorafenib, it is postulated that higher
therapeutic doses of sorafenib may be safely co-admin-
istered with ketoconazole, as well as with other inhibi-
tors of CYP3A.
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Introduction

Sorafenib (4-{4-[3-(4-chloro-3-trifluoromethyl-phenyl)
ureido]phenoxy} pyridine 2-carboxylic acid methyla-
mide 4-methylbenzenesulfonate) is a novel oral Raf ki-
nase and vascular-endothelial growth factor receptor
(VEGFR) inhibitor that prevents tumor growth by
combining two anticancer activities: inhibition of tumor
cell proliferation and tumor angiogenesis [9]. Sorafenib
inhibits tumor cell proliferation by targeting the Raf/
MEK/ERK signaling pathway at the level of Raf kinase,
and exerts an anti-angiogenic effect by targeting the
receptor tyrosine kinases VEGFR-2, VEGFR-3 and
platelet-derived growth factor receptor (PDGFR), and
their associated signaling cascades [9].

Sorafenib has a mean half-life ranging from approx-
imately 25 to 48 h. Following oral administration of
[14C]-sorafenib tosylate to healthy volunteers, approxi-
mately 19% of the dose is excreted in urine, almost
exclusively as glucuronide conjugates of parent drug or
metabolites; and 77% in feces (50% as unchanged drug).
Approximately 17% of circulating radioactivity in
plasma was in the form of sorafenib N-oxide. Sorafenib
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undergoes glucuronidation by the UGT1A9 pathway
and Phase I oxidative metabolism by the cytochrome
P4503A4 (CYP3A4) enzyme system (data on file). The
CYP3A4 isoform is responsible for the oxidation of
more than half of all marketed drugs [8] and has been
identified as the major CYP isoform involved in the
oxidative metabolism of sorafenib (data on file). The
metabolic scheme for sorafenib is shown in Fig. 1. So-
rafenib N-oxide was the major Phase I metabolite
formed in vitro and also the main circulating metabolite
in human plasma. In addition, N-methylhydroxylation,
N-demethylation and combinations of all three meta-
bolic reactions led to minor metabolites both in vitro
and in vivo. In addition to oxidative metabolism, �15%
of the administered dose of sorafenib was eliminated by
glucuronidation, a Phase II metabolic pathway.

The potential for drug-drug interactions between
concurrently administered CYP3A4 substrates and
CYP3A4 inhibitors is high due to the contribution of the
CYP3A4 enzyme to the metabolism of a wide range of
drugs [15]. Further, like many new cytostatic anticancer
agents, sorafenib has a relatively wide therapeutic index
and is administered to patients with cancer who may be
taking other concomitant medications. At doses that are
above the recommended Phase III dose, there is an in-
creased incidence of dose limiting toxicities such as
hand-foot syndrome, fatigue and diarrhea. In vitro
studies suggest that CYP3A4 is the primary Phase I
oxidative pathway in the metabolism of sorafenib..
However, the relative contribution of the CYP3A4
pathway to the overall elimination of sorafenib was not
known. Therefore, it was considered important to assess
the extent to which modulation of CYP3A4 activity by
other drugs may alter sorafenib exposure.

Ketoconazole is an imidazole antifungal drug that
potently inhibits CYP3A enzymes both in vitro and

in vivo [15, 16]. As a result, ketoconazole is widely used
as a prototypical CYP3A inhibitor [1]. The primary
objective of this study was to determine the effect of
ketoconazole administration on the single-dose phar-
macokinetics of 50 mg sorafenib in healthy volunteers.
A sub-therapeutic dose of sorafenib was used in this
study for safety reasons, because this was the first study
to assess the interaction of sorafenib with a potent
CYP3A inhibitor in healthy human volunteers and there
was a concern about the potential magnitude of inter-
action. The secondary objective was to assess the clinical
implications of co-administering sorafenib with CYP3A
inhibitors based on the exposure and safety information
obtained from this study.

Methods

Study design

This was an open-label, non-randomized, 2-period, one-
way crossover study conducted in healthy male volun-
teers, in which sorafenib was administered alone (period
1) and concomitantly with ketoconazole (period 2) to
determine the effect of potent CYP3A enzyme inhibition
on sorafenib pharmacokinetics. A one-way crossover
design was used for safety reasons to ensure that the
subjects tolerated the single dose of sorafenib, prior to
administration of the combination treatment. The study
protocol was approved by the Heartland Institutional
Review Board, Lenexa, KS and the study was conducted
at Quintiles Phase I Services, Lenexa, KS in accordance
with FDA guidelines for Good Clinical Practice (GCP).
All subjects gave written informed consent prior to
participating in this single-center study.
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Fig. 1 Structure of the drug substance sorafenib (BAY 43-9006) which was administered as the tosylate salt (BAY 54-9085)
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On day 1 of period 1, all subjects received a single
oral dose of sorafenib tosylate 50 mg tablet (calculated
as free base sorafenib). After at least a 10-day washout,
400 mg ketoconazole (Nizoral, Janssen Pharmaceutica,
Titusville, NJ; Batch 91P0982E) was administered for
three consecutive days in period 2. On day 4 in period 2,
a single dose of sorafenib tosylate 50 mg tablet (calcu-
lated as free base sorafenib) from the same batch as in
period 1 was co-administered with 400 mg ketoconazole.
Sorafenib doses were administered in the fasted state
with 240 ml of water. Ketoconazole was administered
for three additional days in period 2 (days 5, 6 and 7) to
maintain CYP3A inhibition for the duration of blood
sampling. Blood samples (5 ml) for the determination of
sorafenib and its metabolite concentrations in plasma
were collected before and 0.5, 1, 2, 3, 4, 6, 8, 12, 16, 24,
48, 72, 96, 120, and 168 h after drug administration.
Samples were prepared by centrifugation to obtain
plasma, which was frozen at �20� C until analysis.

During period 1, subjects remained in the clinic from
the evening of Day-1 until the morning of day 5. The
final sorafenib dose was given on day 4. Subjects re-
turned to the clinic for a brief visit on the mornings of
days 6 (48 h) and 8 (96 h)to have blood drawn for so-
rafenib pharmacokinetics. During period 2, subjects re-
mained in the clinic from the evening of Day-1 until the
morning of day 8. They returned to the clinic on the
mornings of days 9 (120 h) and 11 (168 h) for sorafenib
pharmacokinetic sample collection.

Sample size

From an earlier BAYER sorafenib study, the within-
subject standard deviation for the log-transformed
AUC(0–¥) was estimated to be 0.36. For the current
study, with 16 subjects, and assuming a within-subject
SD for log-transformed AUC(0–¥) of 0.36, a 90% con-
fidence interval for the ratio of least squares geometric
means AUC(0–¥) of the two treatments (i.e., sorafenib
administered with or without ketoconazole) would have
a lower/upper limit equal to the observed ratio of means
divided/multiplied by 1.251. If the observed ratio of
means was 1.0, the 90% confidence interval for the ratio
of least squares geometric means AUC(0–¥) of the two
treatments would be (0.799, 1.251).

Although the 90% confidence interval calculated
above approximately met the standard bioequivalence
criteria of the ‘‘no effect’’ bounds 80–125%, this study
was considered an observational trial conducted to
determine the magnitude of change in sorafenib phar-
macokinetics with concomitant ketoconazole adminis-
tration. This is consistent with the FDA’s Guidance for
Industry entitled, ‘‘In Vivo Drug Metabolism/Drug
Interaction Studies—Study Design, Data Analysis, and
Recommendations for Dosing and Labeling’’ [4]. This
study, with 16 subjects, provided adequate information
on the effect of ketoconazole on sorafenib pharmaco-
kinetics.

Subjects

Sixteen healthy male volunteers participated in the
study. Subjects were determined to be healthy on the
basis of a physical examination and laboratory
screening prior to study initiation. Subjects were re-
quired to test negative for a urine drug screen and
also for HIV, Hepatitis B and Hepatitis C. Subjects
with a history of major medical or organ disorder,
recent illness, malignancy, psychiatric or mental illness,
chronic dermatitis or skin condition, clinically signifi-
cant allergic disease, abnormal laboratory values, drug
hypersensitivity or allergies to investigational agents,
or those who had undergone treatment with pre-
scription medication, cimetidine or herbal products
within 14 days of day 1, period 1 were excluded from
the study. Further, use of these products during the
study was prohibited. Subjects who had a history of
drug or alcohol abuse, current smoking (ten cigarettes
or equivalent per day) or excessive consumption of
caffeine containing products (>5 eight ounce cups of
coffee or caffeine containing beverages) or had do-
nated blood or been treated with an investigational
agent within 30 days prior to study commencement
were excluded from the study. Over-the-counter med-
ications were not allowed for 48 h before and 48 h
after dosing in each period. Consumption of grapefruit
or grapefruit juice or products containing grapefruit
juice was not allowed for 72 h before and 72 h after
sorafenib or ketoconazole administration.

Safety assessment

A 12-lead ECG (supine) recording was assessed as part
of the screening process and at the last visit to the clinic
(period 2, day 11). Safety and tolerability were assessed
by clinical laboratory analyses (hematology, chemistry,
and urinalysis), vital sign measurements and wellness
assessment. Hematology and chemistry were performed
as part of the pre-screening (no more than 21 days be-
fore study start) and/or on period 1, Day 1 (pre-dose)
and period 2, Days 1 (pre-dose), 4 (pre-dose), 7 (pre-
dose) and 11 (end of study). Urinalysis was performed as
part of the screening process and at the last visit to the
clinic (period 2, day 11). Vital sign assessments were
performed on period 1, day 1 through 5 and period 2,
day 1 through 7. Wellness assessments were performed
on each visit. All adverse events were documented in
detail.

Bioanalytical methods

A validated LC/MS/MS method, specific for the mea-
surement of sorafenib and its metabolite concentrations
in human plasma was used. In brief, an aliquot of
plasma (0.2 mL) was transferred into a screw cap culture
tube (13·100 mm), internal standard solution (40 lL)
containing 40 ng of [2H3,

15N]-sorafenib tosylate were
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added and the sample was mixed. Samples were ex-
tracted with methyl-t-butyl ether (2.5 mL) on an auto-
matic shaker at 200 rpm for 15 min and then centrifuged
at 3,000 rpm (3,200 g) for 5 min at 4�C. After centri-
fugation, each test tube was immersed in a dry ice and
acetone bath to flash-freeze the aqueous layer. The or-
ganic solvent was decanted and evaporated to dryness at
50�C under a stream of nitrogen for about 12 min. The
samples were reconstituted in acetonitrile (100 lL) and
transferred to an autosampler vial. An aliquot (10 lL)
of this solution was injected into the LC/MS/MS system.
The mobile phase consisted of 10 mM ammonium ace-
tate (pH=3.0) : acetonitrile (10:90, v/v) and was deliv-
ered at a flow rate of 0.7 ml/min (Perkin Elmer Series
200 LC pump with Series 200 autosampler). The chro-
matography column (Zorbax SB-C8 Column,
4.6·150 mm, 3.5 lm) was maintained at 30�C. Detec-
tion was by tandem mass spectrometry using a Sciex 365
mass spectrometer with a heated nebulizer interface
operating in the multiple reaction monitoring, positive
ion mode. The calibration range for the method was 0.01
to 12 mg/L for sorafenib and 0.01 to 2.5 mg/L for so-
rafenib N-oxide. The lower limit of quantitation (LOQ)
for sorafenib and its metabolite was 0.01 mg/L and the
intra- and inter-day coefficients of variation were less
than 8%. The accuracy and precision at the lowest cal-
ibrator (0.01 mg/L) were 99.4% and 4.2% respectively
for sorafenib and 98.7% and 2.62% respectively for
sorafenib N-oxide. Quality control samples were ana-
lyzed along with the samples of analytes of interest.

Pharmacokinetic and statistical analysis

Pharmacokinetic parameters were calculated using
standard non-compartmental methods. The following
parameters were determined from the plasma concen-
tration-time profiles of sorafenib and its N-oxide
metabolite: maximum observed plasma concentration
(Cmax); the area under the plasma concentration-time
curve (AUC) from time 0 to the last quantifiable con-
centration at time t (AUC(0–t)), determined by the log-
linear trapezoidal rule; and AUC extrapolated to infinity
(AUC(0–¥)), calculated as AUC(0–t)+Cn/kz, where kz is
the terminal elimination rate constant determined by
regression analysis, and Cn is the last measurable con-
centration. The half-life (t1/2) was calculated as 0.693/kz.

Descriptive statistics of plasma concentrations and
the derived pharmacokinetic parameters were calculated
for sorafenib given alone and in combination with ke-
toconazole. The natural logarithms of AUC(0–¥) and
Cmax and other derived pharmacokinetic variables were
analyzed using analysis of variance (ANOVA) with
terms for treatment and subject. A 90% two-sided
confidence interval (CI) for the ratio of geometric means
of the two treatment conditions was calculated. Equality
of means was evaluated at the 0.05 significance level.

Statistical analyses were performed using SAS, version
8.0 (SAS Institute, Cary, NC, USA).

Results

Patient baseline statistics/demographics

The study was conducted in healthy male subjects with a
mean (± SD) age of 28±9 years (range 21–45 years).
The mean (± SD) weight was 81±12.6 kg (range 56–
101 kg); the mean (± SD) body mass index was
25.8±3.2 (range 19.8–31.6) and the mean (± SD) height
was 176.2±5.9 cm (range 167–183 cm). There were 12
Caucasians and four African Americans. One subject
who discontinued prematurely was an African American
male, who weighed 101 kg, and was 183 cm tall.

Effect of ketoconazole on sorafenib pharmacokinetics

Fifteen of the 16 subjects completed both treatment
periods and were valid for the pharmacokinetic analysis.
The mean plasma concentration-time profiles of so-
rafenib and sorafenib N-oxide with and without ke-
toconazole are shown in Fig. 2 and the individual
AUC(0–¥) and Cmax data are shown in Fig. 3. The
pharmacokinetic parameter estimates by treatment are
presented in Table I. Two other oxidative metabolites
seen in in vitro studies and described in the introduction
section were below quantitation limits in this study.
Overall, the mean concentration-time profiles of so-
rafenib were similar with and without ketoconazole
(Fig. 2) and co-administration of ketoconazole (400 mg
per day) did not affect the single-dose pharmacokinetics
of sorafenib 50 mg. The geometric means for AUC(0–¥)

and Cmax were marginally smaller in the presence of
ketoconazole. The geometric mean AUC(0–¥) values for
sorafenib were 11.04 and 9.82 mg*h/L, respectively
(Table 1), when administered alone and in combination
with ketoconazole. The corresponding geometric mean
Cmax values for sorafenib were 0.46 and 0.34 mg/L
respectively when administered alone and in combina-
tion with ketoconazole. The terminal elimination t1/2 of
sorafenib was approximately 30 h in each period. The
geometric mean ratio (GMR) (with corresponding 90%
CI in parentheses) for sorafenib AUC(0–¥) was 0.89
(0.69–1.14) and the GMR (with corresponding 90% CI
in parenthesis) for sorafenib Cmax was 0.74 (0.56–0.97).

Although ketoconazole administration did not influ-
ence sorafenib pharmacokinetics, it did affect the phar-
macokinetic profile of the metabolite, sorafenib N-oxide,
as shown in Fig. 2. Whereas sorafenib N-oxide was
measurable following administration of sorafenib alone,
in the presence of ketoconazole, plasma metabolite
concentrations were measurable in only one sample
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from one subject, indicating inhibition of formation of
this metabolite.

Safety and tolerability

Fifteen subjects completed both periods of the study.
One subject did not return to the clinic for period 2 for
reasons unrelated to the drug treatment. All 16 subjects
were valid for the safety evaluation. There were no
clinically relevant changes in vital signs, ECG record-
ings, or laboratory safety parameters for any subject.
Four subjects of sixteen (25%) reported at least one
treatment-emergent adverse event during administration
of sorafenib alone (period 1), compared to five subjects
of fifteen (33%) dosed with the combination of sorafenib
and ketoconazole (period 2). Two subjects of fifteen
(13%) reported at least one treatment-emergent event
during the ketoconazole treatment preceding sorafenib
dosing in period 2. One subject of fifteen (7%) reported

drug-related adverse events during the sorafenib and
ketoconazole combination treatment. The adverse
events included nausea, tremor, and hypotension. No
serious adverse events were reported in this study.
Sporadic laboratory abnormalities were transient and
slight. None of these were deemed to be clinically rele-
vant. No changes or trends with respect to vital signs
were observed in association with sorafenib dosing
across the two periods. There was no individual QT
interval greater than 450 ms. Thus, sorafenib was con-
sidered safe and well tolerated both with and without
ketoconazole administration when administered at a low
dose.

Discussion

Ketoconazole is a potent inhibitor of CYP3A activity [15,
16]. Potent inhibition of CYP3A in vitro has been dem-
onstrated, with an average competitive inhibition con-
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stant (Ki) for 1¢-hydroxymidazolam formation of
14.9 nM in human liver microsomes and 26.7 nM in
cDNA-expressed CYP3A4 [5]. Ketoconazole is classified

as a strong in vivo CYP3A inhibitor on the basis of its
effects on oralmidazolamAUC [1]. Ketoconazole 400 mg
daily for four days caused a 16-fold increase in theAUCof
midazolam after oral administration [10]. Ketoconazole
administration has also been shown tomarkedly affect the
pharmacokinetics of a number of other CYP3A sub-
strates including alprazolam, cisapride, felodipine, lova-
statin, nifedipine, simvastatin, terfenadine, and triazolam
leading to clinically relevant drug-drug interactions [15].
Therefore, ketoconazole was chosen as the inhibitor in
this study to assess the effect of CYP3A4 inhibition on the
pharmacokinetics of sorafenib.

Sorafenib is a novel Raf kinase and VEGFR inhibitor
that is being investigated for use in a variety of cancers
[3, 6, 7, 11, 13]. Sorafenib is eliminated by a combination
of CYP3A4-mediated oxidative metabolism, Phase II
glucuronidation, and (possibly) biliary secretion, with
glucuronidated metabolites accounting for approxi-
mately 19% of an oral dose. After co-administration of
a single dose of sorafenib on a background of daily
dosing with ketoconazole, there was no increase in so-
rafenib AUC and Cmax mean values, and no change in
terminal elimination half-life, compared to administra-
tion of sorafenib alone. There was a small decrease in
mean sorafenib AUC when co-administered with ke-
toconazole. Because of sorafenib’s intra-subject vari-
ability, some subjects showed an increase in AUC(0–¥)

whereas other subjects showed a decrease in AUC(0–¥)

upon co-administration of sorafenib with ketoconazole.
The maximum increase in exposure, in one subject, was
a 3-fold increase in AUC. There were no adverse events
as a result of this increase. Sorafenib is well tolerated
over a 10-fold range of exposures in clinical studies in
cancer patients. The change in exposure seen in these
subjects is well within this range and is not likely to lead
to safety or tolerability issues in the clinical setting [14].

The formation of sorafenib N-oxide was decreased by
ketoconazole, consistent with ketoconazole’s known
activity as a CYP3A inhibitor. However, this decrease
did not result in an increase in sorafenib plasma con-
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Table 1 Pharmacokinetic parameters (geometric mean, % CV) of sorafenib and sorafenib N-oxide following administration of a single
50 mg dose either alone or in combination with ketoconazole

Parameter Sorafenib only Sorafenib + ketoconazole Geometric mean
ratio (90% CI)
(combination: sorafenib alone)

N Geometric mean (% CV) N Geometric mean (% CV)

Sorafenib
AUC0–¥ (mg*h/L) 15 11.04 (48%) 15 9.82 (60%) 0.89 (0.69–1.14)
AUC(0–t) (mg*h/L) 15 10.28 (50%) 15 8.81 (66%) 0.86 (0.66–1.11)
Cmax (mg/L) 15 0.46 (48%) 15 0.34 (54%) 0.74 (0.56–0.97)
t1/2 (h) 15 29.0 (35%) 14 30.2 (30%) 1.01 (0.80–1.29)
Sorafenib N-oxide
AUC0–¥ (mg*h/L) 11 3.30 (63%) 0 NDa NDa

AUC(0–t) (mg*h/L) 13 1.11 (152%) 1 —b NDa

Cmax (mg/L) 13 0.07 (97%) 1 0.01b NDa

t1/2 (h) 5 30.0 (28%) 0 NDa NDa

aND-Not determined since levels of sorafenib N-oxide were below the limit of quantitation (LOQ)
bSorafenib N-oxide concentrations were detected in a single sample from 1 subject only
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centrations. The effect of ketoconazole is more pro-
nounced on high clearance drugs [2] that are exclusively
metabolized by the CYP3A4 pathway. This is consistent
with sorafenib either being a low clearance drug and/or a
drug that is not predominantly eliminated by CYP3A4
metabolism. In vitro metabolism studies with human
hepatocytes have shown that sorafenib is metabolized to
form an N-oxide by the CYP3A4 pathway. Additionally,
sorafenib is metabolized by the Phase II glucuronidation
pathway. In vivo mass balance studies in humans using
radiolabeled sorafenib, have demonstrated that�19% of
the administered dose is excreted in the urine, primarily
as sorafenib glucuronide (�15% of dose), and �77% of
the drug dose is eliminated in the feces. Neither the N-
oxide metabolite nor the glucuronide metabolite of so-
rafenib are detected in feces. This may be due to insta-
bility of these metabolites in the presence of bacterial
reductases and bacterial glucuronidases present in the GI
tract. Therefore, the actual fraction of administered dose
excreted in feces by the oxidative or glucuronidation
pathway may have been underestimated in the mass
balance study. However, available urinary excretion data
indicates that glucuronidation plays an important role in
the elimination of sorafenib. Data from this study
showing that blocking the CYP3A4 based oxidative
pathway does not lead to an increase in sorafenib expo-
sure, affirms the importance of the glucuronidation
pathway in sorafenib’s elimination. Glucuronidation is
not considered a limiting pathway under normal physi-
ologic conditions and is not saturated under normal
circumstances. Therefore, even though observed data
indicates that sorafenib glucuronide elimination ac-
counts for only 15% of the dose when the drug is given
alone, more sorafenib could be eliminated by this path-
way if the CYP3A4 based oxidative pathway is blocked.
Given the importance of the glucuronidation pathway in
the elimination of sorafenib and that it is not saturated
under normal circumstances, the likelihood of an in-
crease in sorafenib exposure following inhibition of the
CYP3A pathway is low.

Since the effect of co-administration of ketoconazole
on the pharmacokinetics of sorafenib was unknown,
the 50 mg dose was intentionally selected for safety
reasons to avoid potential over-exposure of the com-
pound in healthy volunteers. Higher sorafenib doses
have been used in the clinic with 400 mg bid being the
dose used in Phase III trials. Throughout the dosing
range, up to clinically evaluated doses of 800 mg bid,
the ratio’s of Cmax and AUC of CYP3A4 mediated
oxidative metabolites to the Cmax and AUC of so-
rafenib are similar, indicating linearity of CYP3A4
mediated metabolism at and above the therapeutic dose
(unpublished data). If the CYP3A4 pathway were
blocked by ketoconazole, when administering thera-
peutic doses of sorafenib, more sorafenib would likely
get metabolized by the glucuronidation pathway. Since
glucuronidation is a high capacity pathway, it is not
expected to saturate at higher sorafenib doses and
therefore a large CYP3A4-mediated interaction would

not be expected following administration of CYP3A4
inhibitors. Data from this study indicate that a low
dose of sorafenib can be safely co-administered with
drugs known to inhibit CYP3A-mediated metabolism
(e.g., azole antifungals including ketoconazole). The
interaction between the therapeutic dose (400 mg bid)
of sorafenib with ketoconazole has not been investi-
gated. The fraction of sorafenib that is metabolized by
the Phase I oxidative pathway appears to be low, i.e.,
<30%, (data on file). It is also metabolized by Phase II
glucuronidation. Therefore, the likelihood of a clini-
cally significant increase in sorafenib exposure, at the
therapeutic dose, when administered with a CYP3A4
inhibitor is low [12].

Consistent with the comparable sorafenib plasma
concentrations seen in the presence and absence of ke-
toconazole, no differences in the side effect profile were
observed in the two treatment periods. No clinically
relevant drug-related adverse events or laboratory
abnormalities were observed in this study. Based on the
pharmacokinetic and safety data obtained from this
study, the results suggest that sorafenib may be safely
administered at low dose with drugs known to inhibit
CYP3A-mediated metabolism and that no dose adjust-
ment may be necessary during concomitant therapy.
Additionally, the likelihood of a clinically significant
increase in sorafenib exposure, at the therapeutic dose, is
low. In a recently completed clinical trial, patients who
received 400 mg bid sorafenib chronically with CYP3A4
inhibitors had a similar safety profile to those who did
not receive CYP3A4 inhibitors.

Conclusions

This study demonstrated that co-administration of the
strong CYP3A inhibitor ketoconazole had no effect on
the AUC(0–¥) and Cmax of sorafenib at a single 50 mg
dose. Consistent with ketoconazole’s known activity as
an inhibitor of CYP3A, the formation of the Phase I
oxidative metabolite, sorafenib N-oxide, was decreased
by ketoconazole. However, this decrease did not result
in a corresponding increase in plasma concentrations of
sorafenib, possibly because other elimination pathways
(e.g., glucuronidation) may also play a significant role in
sorafenib elimination. Upon co-administration of a
single 50 mg dose of sorafenib with ketoconazole, there
was no apparent change in sorafenib exposure or its side
effect profile. This study indicates that no dose adjust-
ment of sorafenib is necessary upon co-administration
with ketoconazole. Although this study investigated a
50 mg sorafenib dose, rather than the currently pro-
posed therapeutic dose of 400 mg, the results are con-
sidered relevant to the higher dose because (a) the
relative contribution of CYP3A4 to sorafenib elimina-
tion is fairly stable over the dose range of 50 to
400 mg,and (b) sorafenib has alternate elimination
pathways that account for a significant fraction of the
administered dose. It is considered unlikely that ke-
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toconazole would produce a clinically significant in-
crease in sorafenib exposure.
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