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AIMS
Axitinib is a potent and selective second generation inhibitor of
vascular endothelial growth factor receptors 1, 2 and 3 approved for
second line treatment of advanced renal cell carcinoma. The objectives
of this analysis were to assess plasma pharmacokinetics and identify
covariates that may explain variability in axitinib disposition following
single dose administration in healthy volunteers.

METHODS
Plasma concentration–time data from 337 healthy volunteers in 10
phase I studies were analyzed, using non-linear mixed effects
modelling (NONMEM) to estimate population pharmacokinetic
parameters and evaluate relationships between parameters and food,
formulation, demographic factors, measures of renal and hepatic
function and metabolic genotypes (UGT1A1*28 and CYP2C19).

RESULTS
A two compartment structural model with first order absorption and
lag time best described axitinib pharmacokinetics. Population
estimates for systemic clearance (CL), central volume of distribution
(Vc), absorption rate constant (ka) and absolute bioavailability (F) were
17.0 l h−1, 45.3 l, 0.523 h−1 and 46.5%, respectively. With axitinib Form IV,
ka and F increased in the fasted state by 207% and 33.8%, respectively.
For Form XLI (marketed formulation), F was 15% lower compared with
Form IV. CL was not significantly influenced by any of the covariates
studied. Body weight significantly affected Vc, but the effect was within
the estimated interindividual variability for Vc.

CONCLUSIONS
The analysis established a model that adequately characterizes axitinib
pharmacokinetics in healthy volunteers. Vc was found to increase with
body weight. However, no change in plasma exposures is expected
with change in body weight; hence no dose adjustment is warranted.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Axitinib is a potent and selective second

generation inhibitor of vascular endothelial
growth factor receptors 1, 2 and 3.

• It has demonstrated superior efficacy over
sorafenib in a randomized phase III clinical
trial in patients with metastatic renal cell
carcinoma (mRCC), whose disease
progressed following one prior first line
systemic therapy.

WHAT THIS STUDY ADDS
• A population pharmacokinetic model was

developed and the effects of various
demographics, measures of renal and
hepatic function and genetic factors on
axitinib disposition were evaluated in
healthy volunteers in the absence of
confounding factors that are often
associated with cancer patients.

• Of the covariates tested, body weight was
found to affect significantly interindividual
variability in axitinib pharmacokinetics.

• The model developed here is useful in
assessing the impact of other factors on
axitinib plasma exposure.
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Introduction

Axitinib is a potent and selective second generation
inhibitor of vascular endothelial growth factor receptors
(VEGFR) 1, 2 and 3 [1–3]. In several phase II clinical studies,
this anti-angiogenic agent has shown antitumour activity
as a single agent against various solid tumours, including
metastatic renal cell carcinoma (mRCC), thyroid cancer
and non-small cell lung cancer [4–7]. Axitinib is generally
well tolerated, with a safety profile similar to that
reported for other anti-angiogenic tyrosine kinase inhibi-
tors, such as sorafenib and sunitinib [8, 9]. Recently, in a
randomized phase III clinical trial (AXIS), axitinib demon-
strated superior efficacy over sorafenib as second line
therapy for mRCC [10]. Axitinib is now approved in the
United States for the treatment of advanced RCC after
failure of a prior systemic therapy. It is also approved in
several other countries.

A pharmacokinetic (PK) analysis in the first-in-human
phase I dose-finding study, in which patients with
advanced solid tumours received axitinib doses ranging
from 5 mg twice daily up to 30 mg twice daily, demon-
strated that plasma concentrations for axitinib reached a
peak within 2 to 6 h after oral dosing and declined with a
clinically relevant plasma half-life of 2 to 5 h in the fed state
[11]. The rate and extent of absorption were higher in the
fasted state. Axitinib PK were dose-dependent up to 20 mg
twice daily. The maximum tolerated dose was determined
to be 5 mg twice daily and recommended as a starting
dose in subsequent phase II clinical trials. Axitinib dose
increase (to a maximum of 10 mg twice daily) or reduction
is permitted, based on individual tolerability. Studies have
been conducted using two different crystal polymorphs
for axitinib, Form IV and Form XLI, film-coated immediate-
release (FCIR) tablets, in either fed or fasted states. Form
XLI, with greater thermodynamic stability, improved
photostability and more favourable physical properties, is
the commercial formulation.

Axitinib is metabolized in the liver, primarily by
cytochrome P450 (CYP) 3A4 and 3A5, and to a lesser
extent, by CYP1A2 and CYP2C19 (<10% each), and uridine
diphosphate glucuronosyltransferase (UGT) 1A1 [12]. The
two major metabolites identified in human plasma follow-
ing administration of a radiolabelled axitinib were M7
(N-glucuronide) and M12 (sulfoxide product), both of
which were considered pharmacologically inactive since
these metabolites were ≥400-fold less active against
phosphorylation of VEGFR-2 compared with axitinib [13].
While in vitro studies have shown axitinib to be a weak
substrate for efflux transporters, P-glycoprotein and breast
cancer resistance protein, axitinib is not expected to inhibit
these transporters at the therapeutic plasma concentra-
tions [13]. Axitinib elimination occurs mainly via
hepatobiliary excretion.

Axitinib PK following a single dose have been studied
in more than 500 healthy volunteers [13–18] and approxi-

mately 90 patients with advanced solid tumours [11,
19–22]. As seen with other orally administered drugs,
including tyrosine kinase inhibitors [23–25], axitinib PK
were variable in healthy volunteers as well as in cancer
patients. Since not only toxicity but also clinical benefit of
axitinib may be affected by its plasma exposure, it is critical
to identify clinical factors (e.g. demographic factors such as
age, body weight, gender and race) that contribute to
the variability in axitinib PK. Additionally, genetic
polymorphisms that are associated with decreased drug-
metabolizing enzyme or transporter activity have been
characterised. Thus, any factors that affect the activity
and/or expression of these enzymes and transporters
could potentially contribute to the variability in axitinib
plasma exposure, resulting in altered clinical efficacy
and/or toxicity.

A population PK approach is often used to develop a
model to describe PK of a drug and to investigate potential
covariates that may contribute to PK variability. Although
the ultimate goal of conducting a population PK analysis is
to identify factors responsible for PK variability in a target
patient population, an analysis using data from patients is
often confounded by the effect of concomitant medica-
tions and/or treatment for comorbidity,compromised end-
stage organ function or underlying disease. Thus, the aims
of this population PK analysis were to develop a model
that adequately describes axitinib plasma PK following
oral, single dose administration in healthy volunteers only
and to evaluate the potential influence of demographics,
measures of renal and hepatic function and genetic factors
in drug metabolizing enzymes.

Methods

Study design
Details of the 10 phase I studies included in the current
analysis are summarized in Table 1. For some studies, only
subsets of the data that were clinically relevant were
included in the analysis. All clinical studies were approved
by the Institutional Review Boards (IRBs) or ethics commit-
tees and were conducted in accordance with the Declara-
tion of Helsinki and Good Clinical Practice Guidelines. The
IRBs were as follows: study 1, the Research Consultants’
Review Committee, Austin, TX, USA, studies 2 and 3, PRACS
Institute IRB, Fargo, ND, USA, study 4, RCRC IRB, Austin, TX,
USA, study 5, IntegReview, Austin, TX, USA, study 6, Aspire
IRB, La Mesa, CA, USA and study 8, Independent Investiga-
tional Review Board, Inc, Plantation, FL, USA. The ethics
committee for study 9 was Comite d’Ethique de l’Hôpital
Erasme, Bruxelles, Belgium and for studies 7 and 10, Comite
d’Ethique de l’Hôpital Erasme, Bruxelles, Belgium and
Parkway Independent Ethics Committee, Parkway Hospi-
tals, Singapore. Written informed consent was obtained
from all subjects prior to study entry.
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PK assessments
Serial blood samples for PK analysis were collected before
dosing and at various time intervals following administra-
tion of a single dose of axitinib (Table 1). Axitinib concen-
trations were determined in plasma samples, using a
validated high performance liquid chromatography with
tandem mass spectrometric detection method (Charles
River Discovery and Development Services, Shrewsbury,
MA, USA) [11]. Linear range, precision (% coefficient of vari-
ation) and bias (% relative error) were 0.1–25 ng ml−1,<16%
and <13%, respectively, in studies 1, 2, 3, 4 and 6, 0.1–
100 ng ml−1, <16% and <13%, respectively, in study 5 and
0.5–100 ng ml−1,<8% and <7%,respectively, in studies 7,8,9
and 10.

Pharmacogenomic assessments
DNA was extracted from whole blood using the Qiagen’s
QIAamp® kit (QIAGEN, Hilden, Germany). Genotyping for
UGT1A1*28 variant (seven TA repeats) was conducted
using the MassARRAY® assay (Sequenom Inc, San Diego,
CA, USA). The MassEXTEND® assay (Sequenom Inc) used a
beadless and label-free primer extension chemistry to
generate allele-specific diagnostic products. Following
extension reaction, MassEXTEND® clean resin was added
to the reaction to remove extraneous salts. Aliquots (15 nl)
of samples were spotted onto the 384-SpectroCHIP™
bioarray pad, placed into the matrix-assisted laser
desorption/ionization–time of flight mass spectrometry
(MALDI-TOF-MS) and the mass and correlating genotype
were determined in real time with MassARRAY RT® soft-
ware (SpectroTYPER™ v 3.1; Sequenom Inc).

Genotyping for the CYP2C19*2 (G681A), *3 (G636A), and
*17 (C-806T) alleles was conducted with validatedTaqMan®
Allelic Discrimination assays (applied biosystems™, Life
Technologies Corp, Carlsbad, CA, USA) [26], using oligonu-
cleotide probes labelled with a 5′ reporter dye (VIC or FAM
[6-carboxyfluoroscein]) and a 3′-quencher dye (TAMRA
[6-carboxytetramethylrhodamine] or a non-fluorescent
quencher), following the manufacturer’s instructions.

Statistical analysis
Plasma concentration−time data were analyzed using non-
linear mixed effects modelling (NONMEM 7, level 1.0, ICON
Developmental Solutions; Ellicott City, MD, USA) to esti-
mate population PK parameters [mean and interindividual
variability (IIV)] for axitinib and to identify potential
covariates to explain any IIV in the parameters. Analyses
used first order conditional estimation with interaction
(FOCEI). Model selection was based on assessment of diag-
nostic plots and comparison of the NONMEM change of
minimum objective function values (ΔMOF) between
nested models, using the log-likelihood ratio test. The
selected base model was analyzed for covariate influence
on the IIV error terms. The significance of potential
covariates was systematically evaluated in a stepwise
forward selection (ΔMOF >–3.84 points, P < 0.05) followed
by backward elimination process (ΔMOF >10.83 points,
P < 0.001). Simulations were performed to determine the
predicted effect of these covariates.

The predictive performance was evaluated by simulat-
ing data based on the final model and conducting visual
predictive checks (VPCs) between observed and simulated

Table 1
Summary of studies included in axitinib population pharmacokinetic analysis

Study Study design
Enrolled/
analyzed (n)

Treatment (for those included
in analysis) Full PK sampling time points post dosing (h)

1 [14] R, SB, 2-way CO, DDI with ketoconazole 35/32*,† 5 mg, oral, Form IV, o/n fast Pre-dose (0), 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 24, 36, 48
2 [15] OL, food effect on PK 42/41‡ Tx 1: 5 mg, oral, Form IV, o/n fast

Tx 2: 5 mg, oral, Form IV, fed
0, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 16, 24, 36, 48

3 OL, 2-way CO, absolute bioavailability study 16/16 Tx 1: 5 mg, Form IV, oral, o/n fast
Tx 2: 1 mg, Form IV, i.v., o/n fast
Tx 3: 5 mg, Form IV, oral, fed

0, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 16, 24, 36

4 R, OL, CO, relative bioavailability study 40/20§ 5 mg, oral, Form IV, o/n fast 0, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 16, 24, 36

5 R, OL, 2-sequence, 3-period CO,
bioequivalence study

40/40 5 mg, oral, Form IV, o/n fast 0, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 16, 24, 32

6 [16] R, OL, 2-period, 2-Tx CO,
DDI with rifampin

40/40† 5 mg, oral, Form IV, o/n fast 0, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 16, 24, 32

7 R, OL, 4-sequence, 4-period, CO, relative
bioavailability study

56/54¶ Tx 1: 5 mg, oral, Form IV, fed
Tx 2: 5 mg, oral, Form XLI, fed

0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, 24, 32

8 [18] OL, PG, subjects with normal hepatic function
or mild or moderate hepatic impairment

24/8** 5 mg, oral, Form IV, fed 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 12, 16, 24, 36, 48, 96, 144

9 R, OL, 4-sequence, 4-period, CO, relative
bioavailability study

20/20 5 mg, oral, Form IV, fed 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 10, 12, 16, 24, 36, 48

10 R, OL, 2-sequence, 4-period, CO,
bioequivalence study

68/66* 5 mg, oral, Form IV, o/n fast 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 24, 32

Reasons for excluding individual data from analysis: *Did not receive axitinib; †Only data following administration of axitinib alone were included in the analysis; ‡Not completed
the study; §Received axitinib dose <5 mg in a spray-dried dispersion; ¶Received axitinib in a spray-dried dispersion; **Due to impaired hepatic function. CO, crossover; DDI,
drug–drug interaction; i.v., intravenous; OL, open-label; o/n, overnight; PG, parallel-group; PK, pharmacokinetics; R, randomized; SB, single-blind; Tx, treatment.
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data.Evaluation of model robustness was based on relative
standard errors (RSE) of the model parameter estimates
determined by non-parametric bootstrapping (n = 200)
[Perl-speaks NONMEN (PsN), version 3.2.4].

Model development
Log-transformed axitinib plasma concentration–time data
were evaluated using one, two or three compartment
models. The most conservative model was selected at the
P < 0.05 level as evaluated by ΔMOF. IIV was modelled
using an exponential error term on each PK parameter and
was expressed as a percent (%IIV = √ω2 x 100).The residual
error model (for intravenous and oral) was modelled
additively in a logarithmic scale.

During base model development, alternative models
were investigated to improve estimates and to decrease
residual variability (e.g. transit compartment model [27]
instead of a lag-time model and the M3 approach to inves-
tigate below limit of quantitation data [28]). Briefly, the
residual variability did improve slightly using these alter-
native models; however, systemic clearance (CL) was not
different between models [29]. Additionally, longer run
time limited their usefulness when analyzing axitinib
plasma concentration data in large pooled data sets.

Following development of the base model, a total of 11
covariates of clinical interest were systematically evaluated
in a stepwise forward selection and significant covariates
were combined in a full model. This was followed by back-
ward elimination and significant covariates were retained
in the final model. The continuous covariates evaluated
were age, body weight, serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST), bilirubin and
creatinine clearance (CLcr, using Cockcroft–Gault equa-
tion), whereas the binary covariates evaluated were
gender, race, smoking status, UGT1A1*28 genotype and
CYP2C19 inferred phenotype. All of these variables were
investigated for potential effect on axitinib CL.Only gender
and body weight were investigated for potential effect on
central volume of distribution (Vc). Continuous covariates
were modelled as a power model centred on a median
value:

Typical value X Xreference= × ( )θ θ
1

2

where θ1 is a base parameter value, X is the covariate of
interest, and Xreference is the median value of that covariate.
Binary covariates were incorporated as a linear propor-
tional change:

Typical value Indicator= × + ×( )θ θ1 21

where θ1 is a base parameter value and indicator is a
coding variable equal to 1 when the covariate is present
and 0 when it is absent. θ2 is the proportional change,
coded as relative to the most common covariate value.

Results

Subject characteristics
Axitinib plasma concentration data from 337 healthy vol-
unteers in 10 studies were pooled for the population PK
analysis. Studies varied with respect to formulation of
axitinib (crystal polymorph Form IV vs. Form XLI), route of
administration (oral administration in most studies vs.
intravenous administration in one study) and food status
(fed vs. fasted state) (Table 1). Baseline characteristics and
demographics of subjects included in the analysis are sum-
marized in Table 2.The majority of the subjects were young
(mean age 34.1 years), White (62%), males (93%) and non-
smokers (88%), with normal kidney and liver function as
evidenced by mean CLcr (117.2 ml min−1) and serum con-
centrations of AST (23.9 U l−1), ALT (24.1 U l−1) and bilirubin
(0.8 mg dl−1) within normal ranges.

Subjects were genotyped for three single nucleotide
polymorphisms in the CYP2C19 gene (*2, *3, *17) and the
number of TA repeats in the promoter region of UGT1A1
gene (UGT1A1*28). The three main genotypes were deriv-
ed for the UGT1A1*28 polymorphism based on the number
(6 or 7) ofTA repeats:(1)TA6/TA6 (homozygous wild-type),(2)
TA6/TA7 (heterozygous) or (3)TA7/TA7 (homozygous variant).
Of subjects genotyped for UGT1A1*28, 51% were catego-
rized as ‘homozygous wild-type’, 10% as ‘homozygous
variant’ and 32% as ‘heterozygous’ (Table 2). Subjects who
had a number of TA repeats different from 6 or 7 were
classified as ‘other’ (6%). Of subjects analyzed for CYP2C19
inferred phenotype, 93% were extensive metabolizers
(heterozygous CYP2C19 variants), 2% were ultra-rapid
metabolizers (homozygous for CYP2C19*17) and 4% were
poor metabolizers (two null alleles for CYP2C19*2 or *3
variants) (Table 2). Subjects with missing genotypes were
coded as ‘Unknown’ in the data set and were grouped with
the reference group for covariate testing.

PK base model
The base model used to describe axitinib PK was a linear
two compartment structural model defined in terms of CL,
Vc, inter-compartmental clearance (Q), volume of distribu-
tion in the peripheral compartment (Vp), first-order absorp-
tion rate constant (ka) and absorption lag time (tlag).
Absolute bioavailability (F) after oral administration was
estimated using the intravenous data (study 3). The model
included IIV on CL, Vc, Q, Vp and ka and covariance between
CL and Vc, as well as between Q and Vp. The effects of food
and formulation were included in the base model, as they
improved and stabilized the model prior to covariate
testing. PK parameter estimates and 95% confidence inter-
val (CI) (based on standard errors generated from the
NONMEM covariance step) for the base model with food and
formulation effects are provided in Table 3. Large variabil-
ity in axitinib PK was evident from the estimated residual
error standard deviation of 50.9% for oral administration
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and 34.2% for intravenous administration of axitinib, which
could not be reduced by introduction of inter-occasion
variability in the model.

Diagnostic plots of the base model demonstrated a
good balance between the observed concentrations and
the population and individual predictions (Figure 1A, B,
respectively). There was no systematic bias in conditional
weighted residuals over the predicted population concen-
trations as well as over time (Figure 1C, D, respectively).
Since the predicted etas (i.e. IIV random effects) for CL and
Vc did not differ substantially across studies (Figure 2A, B,

respectively), pooling of the 10 studies was retained in the
analysis.

The eta plots suggested potential increases in CL and Vc

with body weight and possible decreases in CL for Asian
ethnicity and age (Figure 2C–F). There were no notable
effects of UGT1A1*28 variant or CYP2C19 inferred pheno-
type (i.e. extensive, ultra-rapid or poor metabolizer) on CL
based on eta plots (Figure 2G, H, respectively). The eta
shrinkage estimates were as follows: 3% for CL, 15% for Vc,
36% for Q, 40% for Vp and 14% for ka. The eta shrinkage
estimate for CL, Vc and ka were considered adequate and
enabled the use of empirical Bayes estimates (EBEs) as a
diagnostic tool to evaluate the predictive performance of
the model [30].

Full model and final model
The potential impacts of body weight, gender, age, race,
smoking status (i.e. evaluation of CYP1A2 induction), CLcr,
ALT, AST, bilirubin, UGT1A1*28 polymorphism and CYP2C19
metabolizing status on axitinib CL and of body weight and
gender on Vc were then systematically evaluated in a
stepwise forward selection process. The full model
included body weight on CL [point estimate (%RSE): 0.558
(34%)] and Vc [1.11 (12%)] and Asian ethnicity [–0.106
(41%)] and age [–0.168 (34%)] on CL. However, they
accounted only for a small portion of the %IIV in CL and Vc,
which decreased (for base to full model) from 52.0% to
50.2% and from 37.4% to 30.5% for CL and Vc, respectively.
Inclusion of gender, age, smoking status, CLcr, ALT, AST, bili-
rubin, UGT1A1*28 polymorphism and CYP2C19 metaboliz-
ing status did not alter MOF substantially and, hence, they
were not considered as significant covariates. The PK
parameter estimates for the full model were similar to
those for the base model (data not shown).

The final model was reached in three backward elimi-
nation steps. After accounting for the food effect on ka and
F for Form IV and formulation effect (Form IV vs. Form XLI)
on F, body weight on Vc was the only significant covariate
retained in the final model.The PK parameter estimates for
the final model were similar to those for the base model
(Table 3). The eta shrinkage estimates were also low and
considered adequate for using EBEs for diagnostic plots:
shrinkage estimate was 3% for CL, 13% for Vc, 35% for Q,
40% for Vp and 12% for ka. As with the base model, diag-
nostic plots for the final model did not reveal any major
concerns with the relationship between observed and pre-
dicted data (Figure 3A–D). In the final model, population
estimates (%IIV) for axitinib CL and Vc were 17.0 l h−1

(52.2%) and 45.3 l (30.8%), respectively. The estimated tlag

from axitinib administration to the start of the first order
absorption was 0.457 h. Population mean estimates (%IIV)
for Q and Vp were 1.74 l h−1 (63.7%) and 45.9 l (103%),
respectively. Although IIV estimates were high for Q
and Vp, their influence on the tail portion of the
concentration−time curve was modest,as demonstrated in
simulation of variability in Q and Vp (data not shown). The

Table 2
Demographics and baseline characteristics of subjects, route of adminis-
tration, formulation, and fed/fasted state included in axitinib population
pharmacokinetic analysis

Characteristic n = 337

Gender, n (%)
Male 315 (93)
Female 22 (7)

Race, n (%)
White 208 (62)
Black 28 (8)
Asian (excluding Japanese) 59 (18)
Japanese 20 (6)
Hispanic 11 (3)
Others 11 (3)

Smoking status, n (%)
Non-smoker 297 (88)
Ex-smoker 40 (12)

UGT1A1*28 genotype, n (%)*
Homozygous wild-type (TA6/TA6) 173 (51)
Heterozygous (TA6/TA7) 107 (32)
Homozygous variant (TA7/TA7) 35 (10)
Other† 21 (6)
Unknown‡ 1 (N/A)

CYP2C19 inferred phenotype, n (%)*
Extensive metabolizer 312 (93)
Ultra-rapid metabolizer 8 (2)
Poor metabolizer 15 (4)
Unknown‡ 2 (N/A)

Age (years) median (mean ± SD) 31.0 (34.1 ± 11.6)

Weight (kg) median (mean ± SD) 75.0 (76.7 ± 11.6)
CLcr (ml min–1) median (mean ± SD) 115.7 (117.2 ± 24.5)

AST (U l–1) median (mean ± SD) 23.0 (23.9 ± 7.9)
ALT (U l–1) median (mean ± SD) 22.0 (24.1 ± 9.9)

Bilirubin (mg dl–1) median (mean ± SD) 0.7 (0.8 ± 0.4)
Route of administration, Form, Fed/Fasted, n (%)§
Oral, Form IV, Fasted 231 (69)
Oral, Form IV, Fed 138 (41)
Oral, Form XLI, Fed 54 (16)
i.v., Form IV, Fasted 16 (5)

*Percentage was calculated from the total number of subjects with genotype or
inferred phenotype data. †Three main genotypes were derived for the
UGT1A1*28 polymorphism based on the number (i.e. 6 or 7) of promoter TA
repeats: (1) TA6/TA6 (homozygous wild-type), (2) TA6/TA7 (heterozygous) or (3)
TA7/TA7 (homozygous variant). All other polymorphisms (i.e. number of TA repeats
different from 6 or 7) were classified as ‘other.’ ‡No genotyping samples were
collected. These subjects were grouped with the reference group during the
covariate testing. §Studies varied with respect to route of administration, formu-
lation and fed/fasted; hence, subjects who crossed over to different treatments
were counted more than once. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CLcr, creatinine clearance; i.v., intravenous; N/A, not applicable.
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RSE for the model parameter estimates were also obtained
from non-parametric bootstrap of 200 samples and
showed that the estimates were not statistically different
from those of the NONMEM covariance step (Table 3).

When axitinib was administered as crystal polymorph
Form IV, ka and F increased by 207% and 33.8%, respec-
tively, in the fasted state compared with the fed state.
When administered as Form XLI in the fed state, F was
reduced by 15% (as shown by the negative value −0.147 in
Table 3) compared with Form IV. A food effect for Form XLI
could not be tested since data from a prospective food
effect study with Form XLI was not available at the time of
this analysis.

The model predicted increases in Vc of axitinib with
body weight. The typical Vc can be defined by:

Vc
758l Weight 75 kg= × ( )45 3 0 0. . .

where 75.0 kg is the population median body weight.
Based on the 95% CI, in an individual with a low body
weight of 62 kg (10th percentile), Vc is predicted to
decrease by 10% to 17% relative to a subject with median
75 kg body weight. Conversely, for an individual with a

high body weight of 93 kg (90th percentile), Vc is expected
to be 13% to 23% higher compared with an individual with
a median 75 kg body weight. However, these changes are
less than the estimated IIV of 30.8% for Vc. Furthermore, the
effect on Vc alone does not affect overall axitinib exposure
(area under plasma concentration–time curve).

To assess further the effect of body weight on Vc, simu-
lations were performed to predict steady-state exposures
of axitinib at 5 mg oral dosing in Form XLI administered in
the fed state. The results were obtained for subjects with
body weight at the 10th or 90th percentile and compared
with subjects with median body weight. The typical peak
plasma concentration (Cmax) for a lighter weight subject
was found to increase by approximately 7% (from 19.3 to
20.6 ng ml−1) relative to a subject with median body
weight, whereas Cmax for a heavier subject is predicted to
decrease by approximately 8% (from 19.3 to 17.9 ng ml−1).
These changes in Cmax were considered of limited clinical
significance.

Predictive performance of final model
The final model was evaluated by VPCs from 1000 NONMEM

simulations, with IIV and residual variability included. VPCs

Table 3
Axitinib pharmacokinetic parameter estimates for base and final models

Parameter
Base Final
Estimate %RSE* 95% CI† Estimate %RSE* 95% CI†

Structural model parameters
CL (l h−1) 17.1 8.2 14.6, 20.1 17.0 6.6 (8.2) 14.9, 19.4
Vc (l) 46.6 7.6 40.2, 54.0 45.3 6.4 (8.3) 40.0, 51.3
Weight effect on Vc – – – 0.758 14 (14) 0.556, 0.960
Q (l h−1) 1.73 8.2 1.47, 2.03 1.74 9.2 (16) 1.45, 2.08
Vp (l) 44.7 20 30.5, 65.6 45.9 25 (57) 28.0, 75.3
ka (h−1) Form IV, Fed 0.530 6.8 0.464, 0.605 0.523 7.6 (7.0) 0.450, 0.607
Fasting 2.10 13 1.55, 2.65 2.07 14 (14) 1.49, 2.65
F, Form IV, Fed 0.469 7.8 0.403, 0.546 0.465 7.2 (8.4) 0.403, 0.536
Fasting 0.323 15 0.228, 0.418 0.338 15 (14) 0.240, 0.436
Form XLI −0.147 24 −0.216, −0.0780 −0.150 23 (23) −0.219, −0.0814
tlag (h)‡ 0.457 0.32 0.454, 0.460 0.457 – –

Interindividual variability model parameters§
ω2 CL 0.270 11 0.216, 0.337 0.272 14 (11) 0.208, 0.355
ω2 Vc 0.140 15 0.104, 0.188 0.0949 25 (18) 0.0579, 0.155
ω2 Q 0.380 23 0.244, 0.591 0.406 22 (27) 0.266, 0.619
ω2 Vp 1.06 34 0.549, 2.05 1.07 33 (44) 0.566, 2.02
ω2 ka 0.476 14 0.360, 0.629 0.506 13 (13) 0.392, 0.654
ω CL ω Vc 0.158 14 0.114, 0.202 0.141 22 (15) 0.0812, 0.201
ω Q ω Vp 0.593 28 0.272, 0.914 0.619 26 (35) 0.300, 0.938

Residual error model parameters
Oral, % 50.9 2.7 48.3, 53.7 50.9 2.7 (2.9) 48.3, 53.7
Intravenous, % 34.2 15 25.5, 45.9 34.8 16 (14) 25.4, 47.7

*%RSE of model parameter estimates obtained from the NONMEM covariance step. %RSE shown in parenthesis for the final model were obtained from non-parametric bootstrap
of 200 samples (91% successful minimization). †Confidence interval was calculated as estimate × exp (± 1.96 %RSE/100), or for quantities that could be positive or negative
(covariate parameters and covariances), it was calculated as estimate ± 1.96 %RSE/100 to allow the interval to span 0. ‡The final model was run again with tlag fixed to 0.457 in
order to obtain a successful covariance step and calculate %RSE. Estimates with fixed tlag matched the final run or differed by no more than 2 in the last significant digit.
§Interindividual variability was calculated as √ω2 × 100. CI, confidence interval; CL, systemic clearance; F, absolute bioavailability; ka, first-order rate of absorption; Q, peripheral
clearance; RSE, relative standard error; tlag, absorption lag time; Vc, central volume of distribution; Vp, peripheral volume of distribution.
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were stratified by study and shown in Figure 4 (representa-
tives from four studies). The observed data fell mostly
within the 95% CI of the simulated data. Based on these
plots, the population model was considered to fit the data
reasonably well.

Discussion

This analysis utilized a population-based approach to
assess the plasma PK of axitinib using pooled data from
337 healthy volunteers in 10 phase I clinical studies. The
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Figure 1
Diagnostic plots for the base model: (A) observed vs. population predicted concentrations; (B) observed vs. individual predicted concentrations; (C)
conditional weighted residuals vs. population predicted concentrations; (D) conditional weighted residuals vs. time. Dashed lines represent lines of identity
(A,B) or null value (C,D) and solid lines depict smooth (LOESS) trends. LOESS, locally weighted scatter plot smoothing

M. Garrett et al.

486 / 77:3 / Br J Clin Pharmacol



second objective was to evaluate the effect of clinically
relevant covariates that may explain variability in plasma
exposure following administration of a single 5 mg oral
dose of axitinib in healthy subjects. Since other tyrosine

kinase inhibitors have previously reported correlations
between drug exposure and increased toxicity and/or effi-
cacy [23, 24], it is critical to identify demographic, biologic
and/or genetic factors that contribute to the variability in
axitinib PK.

The disposition of axitinib was best characterized by a
linear, two compartment model with first order absorption
and lag time. The lag time from dose administration to the
beginning of the first order absorption was estimated to be
0.457 h.CL (%IIV) and Vc (%IIV) were estimated to be 17 l h−1

(52.2%) and 45.3 l (30.8%), respectively. Various covariates
were tested throughout the modelling process for poten-
tial effects on axitinib CL and Vc. The effects of food and
different crystal polymorph formulations were evaluated
on ka and F. In earlier clinical trials,axitinib was administered
as crystal polymorph Form IV FCIR tablets. Subsequently, a
new crystal polymorph Form XLI with more favourable
properties was discovered,evaluated as a clinical candidate
and implemented for commercial use. The population PK
results showed that for Form IV, ka and F of axitinib were
increased by 207% and 33.8%, respectively, in the fasted
state compared with the fed state. In the fed state,F of Form
XLI was 15% lower than that of Form IV. The food effect on
Form XLI could not be tested in this analysis since data from
the study measuring plasma PK for Form XLI administered
with food vs. after fasting were not available at the time of
this analysis. Recently, however, results of the food effect
study directly comparing the two crystal polymorph for-
mulations showed that the food effect was not clinically
meaningful for Form XLI [15]. Hence, the recommendation
is that axitinib can be taken with or without food.

After inclusion of the aforementioned effects in the
model, body weight was found to affect significantly
axitinib Vc. However, the predicted changes based on body
weight were less than the estimated IIV of 30.8% for Vc. In
addition, the effect of body weight on Vc translates margin-
ally to altered Cmax, but not to overall plasma exposures.
Taken together, these data indicate that no dosing adjust-
ment of axitinib is needed based on body weight. None of
the other covariates studied, including demographic
factors such as age,gender,race,measures of renal (CLcr) and
hepatic function (AST,ALT or bilirubin) and metabolic geno-
types and inferred phenotypes (UGT1A1*28 and CYP2C19,
respectively), was found to affect significantly the disposi-
tion of axitinib. It is of note that when axitinib PK data from
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young healthy volunteers were expanded to include addi-
tional data from patients with advanced renal cell carci-
noma,age over 60 years and Japanese ethnicity were found
to be associated with decreased CL by ∼20% [31]. However,
together, they accounted for <5% of the CL. Furthermore,
simulations showed substantial overlap between the con-

centration profiles of >60-year-old Japanese with light
body weight and those of <60-year-old heavy non-
Japanese. Hence no dose adjustments are recommended
on the basis of age or race.

The absence of significant association between axitinib
CL and CLcr, AST, ALT or bilirubin in healthy volunteers was
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not unexpected, since the levels of these laboratory meas-
urements were within normal ranges, indicative of normal
kidney and liver function. In this population PK analysis,
only laboratory values of AST, ALT and bilirubin were used
as markers of hepatic function. However, a formal hepatic
impairment study was previously conducted in subjects
using the Child-Pugh classification (a more comprehensive
assessment of hepatic function). That study showed that
mild hepatic impairment did not alter axitinib plasma
exposures compared with normal hepatic function.
However, subjects with moderate hepatic impairment
demonstrated a two-fold higher axitinib plasma exposure,
necessitating axitinib dose adjustments in these patients

[18]. Smoking status was included in this analysis since
smoking is known to induce CYP1A2, which is partly
responsible for axitinib metabolism. The lack of effect of
smoking on axitinib CL observed in healthy volunteers in
this analysis is similar to the finding reported for another
tyrosine kinase inhibitor, imatinib, which is also metabo-
lized partly by CYP1A2, in cancer patients [32]. Interest-
ingly, smoking was found to be associated with increased
risks of adverse effects and reduced overall survival in
those cancer patients treated with imatinib.

Among the key enzymes known to be involved in the
metabolism of axitinib, variants reported to date in the
coding region of the CYP3A4 gene are relatively uncommon
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and do not lead to major changes in catalytic function
and/or expression of this enzyme [33–35]. On the other
hand,the CYP3A5, UGT1A1 and CYP2C19 genes have known
genetic polymorphisms that significantly alter the expres-
sion and/or activity of the protein (e.g. the CYP3A5*3 allele
with alternative splicing resulting in loss of activity, the
UGT1A1*28 allele leading to a reduced expression, the
CYP2C19*2 and/or *3 alleles leading to loss of function),
which in turn, affect the PK and/or efficacy of some drugs
[33,36–40]. Thus,potential effects of genetic variants in the
CYP3A5 gene (CYP3A5*3 A6986G) and UGT1A1*28 genes
and the CYP2C19 inferred phenotype on axitinib CL were
evaluated. Although the allelic frequency of CYP3A5*3
A6986G variant in this population was 83%, a preliminary
covariate analysis did not indicate any significant effect of
this genetic polymorphism and therefore, it was not
included in the formal covariate analyses. The incidence of
UGT1A1*28 homozygous variant (10%) or heterozygous
(32%) genotype present in this pooled analysis is consistent
with the distribution of Caucasians (62%) and Asians (23%),
as seen in other study populations [41, 42]. Individuals car-
rying the UGT1A1*28 variant allele have reduced protein
expression,leading to a decreased hepatic conjugation and
subsequent biliary excretion of bilirubin, its endogenous
substrate [43]. Similarly, in those subjects, there is a poten-
tial for reduced glucuronidation (and thus excretion) of
axitinib. Considering that the glucuronide metabolite
accounts for roughly 50% of the circulating axitinib
metabolites, it is surprising that UGT1A1*28 polymorphism
was not identified as a significant covariate for axitinib CL or
Vc. Given that this analysis was conducted in healthy volun-
teers, additional analyses to investigate the effect of
UGT1A1*28 polymorphism on axitinib PK and safety in
cancer patients are warranted. With regard to CYP2C19
metabolizing status,the majority of the subjects (93%) were
categorized as extensive metabolizers, with 2% and 4% of
subjects categorized as ultra-rapid and poor metabolizers,
respectively. Since the number of ultra-rapid or poor
metabolizers in the pooled data set was relatively small, a
lack of the effect of CYP2C19 inferred phenotype on axitinib
PK observed in the current analysis may need a confirma-
tory study using a larger data set. An independently con-
ducted fixed effects meta-analysis of the data set in healthy
volunteers pooled from 11 clinical trials (10 of which were
included in the analysis described here) showed that the
genetic polymorphisms observed for these drug metabo-
lizing enzymes tested, including the CYP3A5, UGT1A1*28
and CYP2C19 genes, or transporters such as P-glycoprotein
and breast cancer resistance protein, were not significant
predictors of the variability in axitinib PK [44].The results of
the covariate analysis for axitinib PK (i.e. a lack of clinically
significant covariates identified in the current study) are
similar to those reported for other tyrosine kinase inhibitors
[24, 25]. In order to optimize clinical benefits of these
tyrosine kinase inhibitors, additional studies are warranted
to evaluate other factors that may affect their disposition.

A notable characteristic of the population model for
axitinib was an IIV of 52.5% for CL and 30.8% for Vc and
intra-subject variability (residual standard deviation) of
50.9% and 34.2% for oral and intravenous administration,
respectively. The exact cause(s) for this IIV in axitinib PK are
yet to be elucidated. However, because axitinib is primarily
metabolized by CYP3A4/5, it is speculated that the major
source of variability may still be differences in CYP3A4/5
expression and/or activity in the liver and intestine (10- to
40-fold variability in expression of CYP3A4/5 has been
reported in healthy subjects [33]). Since axitinib is a low-
extraction drug, the metabolic clearance of axitinib may be
particularly sensitive to variable levels of hepatic and intes-
tinal metabolizing enzymes. Another possible explanation
is variability in plasma binding of axitinib between sub-
jects.With regard to high residual (intra-subject) variability,
it is plausible that differences in dissolution and subse-
quent gastrointestinal absorption of axitinib may be a con-
tributing factor. Since axitinib solubility is pH-dependent,
with solubility declining with increasing pH [11], changes
in pH values in stomach and duodenum may lead to vari-
able dissolution of axitinib. The intra-subject observed
with axitinib PK is comparable with that reported for other
approved orally administered agents in this class, such as
sunitinib, pazopanib and sorafenib [25, 45, 46].

This population PK analysis in healthy volunteers was
the first step in an overall strategy for axitinib dose–
response evaluation in cancer patients. The analysis was
conducted using pooled data from healthy volunteers only
because they provide the cleanest assessment of drug dis-
position in order to avoid confounding factors often seen
in cancer patients, such as those with compromised end-
stage organ function, underlying disease or taking con-
comitant medications for comorbidity that may affect the
metabolism of axitinib. This analysis developed a structural
PK model that adequately characterized the disposition of
axitinib in a controlled population and would be useful in
evaluating population PK analyses in cancer patients.
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