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Abstract

Apatinib is a small-molecule tyrosine kinase inhibitor that has been approved for the treatment of patients with advanced-stage gastric cancer or
gastroesophageal junction cancer who have progressed or recurred after at least 2 kinds of systemic chemotherapy. In vitro data indicate that
cytochrome P450 (CYP) 3A4 is the primary CYP isoenzyme involved in the metabolism of apatinib. Pharmacokinetic drug–drug interactions of
apatinib and (1) a CYP3A4 inducer (rifampin) or (2) a CYP3A inhibitor (itraconazole) were clinically evaluated in healthy volunteers. Compared with
the single administration of apatinib, its coadministration with rifampin resulted in a 5.6-fold plasma clearance (CL/F) and 83% decrease in plasma
AUC0–t of apatinib. By contrast, coadministration with itraconazole reduced the CL/F of apatinib by 40% and increased its AUC0–t by 75%. In summary,
a strong CYP3A4 inducer (rifampin) had a strong effect (>5-fold) on the clinical pharmacokinetics of apatinib, whereas a strong CYP3A inhibitor
(itraconazole 100 mg once a day) had a weak effect (1.25- to 2-fold). Whether these effects are of clinical significance needs further research and
information about the exposure–safety and exposure–efficacy relationship of apatinib.
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Apatinib (YN-968D1) is an oral inhibitor of recep-
tor tyrosine kinases that selectively inhibits vascular
endothelial growth factor receptor-2. In 2014, the use
of apatinib was approved by the Chinese Food and
Drug Administration for the treatment of patients
with advanced-stage gastric cancer or gastroesophageal
junction cancer who have progressed or recurred after
at least 2 kinds of systemic chemotherapy. The clinical
efficacy of apatinib was reported in patients with breast
cancer, gliomas, and ovarian cancer.1–3 Apatinib is
currently being evaluated in late-stage clinical trials
for the treatment of hepatocellular and lung cancers.
Apatinib is under development in China, the United
States, Europe, and South Korea. On February 27,
2017, orphan designation was granted by the European
Commission to Sirius Regulatory Consulting Limited
(United Kingdom) for the use of apatinib mesylate in
the treatment of gastric cancer.4

Based on a population pharmacokinetic (PK) analy-
sis in healthy volunteers and patients with solid tumors,
the apparent clearance (CL/F) and apparent volume of
apatinib at steady state are predicted to be 57.8 L/h
and 112.5 L, respectively. The fractions of the dose
in the gut (F1) and central (F2) compartments are
79% and 21%, respectively.5 In a single-center, non-
randomized, open-label study, patients with advanced
colorectal cancer received 28 consecutive days of once-
daily administration of 750mg of apatinibmyslate. The

average elimination half-life of apatinib was 18.6 hours
at steady state. After repeated administration, apatinib
had an AUC0–24 h accumulation ratio of 1.77. Based on
the in vitro data, apatinib is highly bound to human
plasma protein (92.4%).6

Considering that patients with cancer are fre-
quently prescribed multiple medications, whether the
coadministration of apatinib with other drugs would
result in a drug–drug interaction (DDI) must be de-
termined. This potential DDI could decrease or in-
crease the clearance of apatinib and thus increase
or decrease its exposure. Therefore, studies were con-
ducted to identify the clinical relevance of potential
DDIs involving CYP-mediated isoenzyme pathways.
The systemically available apatinib is extensively me-
tabolized in humans, and the proposed primary
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Figure 1. Proposed primary metabolic pathways of apatinib in humans.

metabolic pathway is shown in Figure 1. The primary
metabolites are E-3-hydroxy-apatinib (M1-1), Z-3-
hydroxy-apatinib (M1-2), apatinib-25-N-oxide (M1-6)
and E-3-hydroxy-apatinib-O-glucuronide (M9-2). The
oxidative metabolites of apatinib are formed mainly in
the liver. In vitro metabolism studies with recombinant
human isozymes and inhibition studies with selective
chemical inhibitors of human CYP450 enzymes re-
vealed that the oxidative metabolism of apatinib is
mediated by CYP3A4/5 and, to a lesser extent, by
CYP2D6, CYP2C9, and CYP2E1.6 The contributions
of CYP3A4, CYP2C9, CYP2E1, and CYP2D6 to the
oxidative metabolism of apatinib are 62.6%, 17.0%,
13.1%, and 5.6%, respectively.

In vitro studies reported that apatinib is metabolized
primarily by CYP3A4 and an inhibitor of CYP3A4
and CYP2C9. Therefore, the effect of potent CYP3A4
inducers and inhibitors on apatinib PK must be quan-
tified in vivo. Two clinical studies were conducted on
healthy volunteers. These studies investigated the PK of
a single dose of apatinib administered with and without
either rifampin, a potent CYP3A4 inducer (study 1), or
itraconazole, a potent CYP3A inhibitor (study 2).

Methods
Clinical Studies

Ethics. Study protocol and informed consent doc-
uments were reviewed and approved by the Ethics
Committees of Shanghai Xuhui Central Hospital. The
design andmonitoring of clinical studies complied with
the ethical principles of Good Clinical Practice, in

Table 1. Key Inclusion and Exclusion Criteria for Clinical Studies

Inclusion Criteria Exclusion Criteria

� Aged 18–45 years.
� BMI � 19 and � 24

kg/m2.
� In good health,

without heart, liver,
kidney, digestive tract,
nervous system, and
other medical history.

� Physical examinations,
vital signs, routine
laboratory tests,
12-lead
electrocardiograms,
chest x-ray check
normal or abnormal
but no clinical
significance.

� Written informed
consent.

� Clinically significant abnormalities in
laboratory tests.

� Use of any prescription medications or
over-the-counter preparations within
14 days.

� Intake of alcohol, grapefruit, xanthine, or
caffeine within 2 days.

� History of surgeries or conditions that
could have interfered with or altered GI
absorption, distribution, metabolism, or
excretion of the study drug.

� Infection with human immunodeficiency
virus (HIV), hepatitis B, hepatitis C, or
syphilis virus.

� Had any significant medical condition or
gastrointestinal disease, hypertension, or
diarrhea.

� Drug or alcohol abuse, smoker who
consumes more than 10 cigarettes per day.

� Pregnant or breastfeeding or woman of
reproductive potential not using effective
contraception during study and for
3 months following the end of study.

accordance with the Declaration of Helsinki. Written
informed consent was obtained from the study partici-
pants before the initiation of study procedures.

Study Design. Key inclusion and exclusion criteria
for the studies are provided in Table 1. Studies 1 and
2 were phase 1, single-center, open-label, 2-treatment,
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Figure 2. Schematic diagrams of study design.

fixed-sequence DDI studies on healthy volunteers.
Study 1 assessed the effect of CYP3A4 induction by
rifampin on the single-dose PK of 750 mg of oral
apatinib mesylate, whereas study 2 evaluated the in-
fluence of CYP3A inhibition by itraconazole on the
single-dose PK of 250 mg of oral apatinib mesylate.
The design of the 2 studies is shown in Figure 2.
A single dose of apatinib alone was administered to
subjects during treatment period 1 for both studies. A
single dose of apatinib was administered concomitantly
with a continuous daily dosage of 600 mg of rifampin
(study 1) or 100 mg of itraconazole (study 2) during
treatment period 2. Subjects were confined to the study
site throughout the study.

All subjects underwent pre- and poststudy medi-
cal assessments consisting of physical examinations,
routine laboratory tests, vital signs, and 12-lead elec-
trocardiograms. Timing of study drug administration
is shown in Figure 2. In both studies, blood samples
(3 mL) were collected � 30 minutes before apatinib
administration and 0.5, 1.0, 1.5, 2, 3, 4, 6, 8, 12, 24, 48,
and 72 hours after dosing for each treatment period for
the analysis of apatinib, M1-1, M1-2, M1-6, and M9-2
plasma concentrations.

Analytical Methods. The plasma samples were stored
at -70°C and analyzed within the storage stability
period. Plasma concentrations of apatinib, M1-1, M1-
2, M1-6, andM9-2 were assessed using validated liquid
chromatography–tandem mass spectrometry methods.
The analysis was conducted on the basis of a published
analytical method with modifications as follows. Stable
isotope-labeled internal standards were used, the time
of analysis was shortened, and the linear range of
analytes was changed. Apatinib concentrations were
reported as free-base equivalent.7

After conducting simple protein precipitation us-
ing acetonitrile as the precipitation solvent, all an-
alytes and deuterium internal standards were sepa-
rated on a Zorbax Eclipse XDB C18 column (50 ×
4.6 mm, 1.8 μm; Agilent) using acetonitrile: 5 mmol/L
ammonium acetate with 0.2% formic acid as the mo-

bile phase with gradient elution. A chromatographic
total run time of 5 minutes was achieved. Mass
spectrometry detection was conducted through elec-
trospray ionization in positive ion multiple-reaction
monitoring mode. The method showed linearity at a
concentration range of 2.00–2000 ng/mL for apatinib
and M9-2, 1.00–1000 ng/mL for M1-1, and 0.500–
500 ng/mL for M1-2 and M1-6. The lower limit of
quantification for apatinib, M9-2, M1-1, M1-2, and
M1-6 was 2.00, 2.00, 1.00, 0.500, and 0.500 ng/mL,
respectively. Assay performance was monitored using
quality control samples at apatinib/M9-2/M1-1/M1-
2/M1-6 concentrations of 2.00/2.00/1.00/0.500/0.500,
6.00/6.00/3.00/1.50/1.50, 100/100/50.0/25.0/25.0, and
1500/1500/750/375/375 ng/mL for studies 1 and 2. In
all concentrations, the coefficient of variation (CV) and
accuracy were �11.6% and 95%–101% for apatinib,
�7.9% and 96%–100% forM1-1, �9.4% and 96%–99%
for M1-2, �8.2% and 97%–104% for M1-6, and �6.1%
and 95%–101% for M9-2, respectively.

Pharmacokinetic Analyses. Pharmacokinetic parame-
ters were calculated by noncompartmental analysis
usingWinNonlin 6.4 (Pharsight Corp.,Mountain View,
California). Pharmacokinetic parameters included area
under the plasma concentration–time curve from time
zero to the time of the last quantifiable concentra-
tion (AUC0–t), the AUC from time zero to infinity
(AUC0–�), the maximum observed plasma concentra-
tion (Cmax), the time to maximum observed plasma
concentrations (Tmax), apparent terminal elimination
half-life (t1/2z), apparent volume of distribution (Vz/F),
and apparent clearance (CL/F). The primary PK end-
point measures for the 2 studies were Cmax and AUC0–t.

Safety Assessments. Tolerability assessments included
physical examinations, vital sign measurements (in-
cluding body temperature, blood pressure, heart rate,
breathing rate), 12-lead electrocardiograms, echocar-
diograms, and laboratory measurements (including
hematology, serum chemistry, thyroid function test, and
urinalysis). All adverse events (AEs) were recorded and
evaluated by investigators in terms of intensity (mild,
moderate, or severe), duration, severity, outcome, and
relationship to study drug.

Statistical Analyses. For studies 1 and 2, apatinib
primary PK end points were analyzed in the presence
and absence of rifampin and itraconazole, respec-
tively. Statistical analyses were performed using the log-
transformed data of Cmax and AUC. The magnitude
of the DDI was assessed by computing the ratio of
the geometric means of the drug in combination versus
alone and the corresponding 90% confidence intervals
(CIs) based on the log-transformed data. No drug
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interaction would be claimed if the 90%CI for the
ratio of the geometric mean of the PK parameters fell
within 80%–125%. Tmax differences between the single
administration of apatinib and its coadministration
with rifampin or itraconazole were examined using
a nonparametric test (Wilcoxon signed rank test). A
difference was considered significant at P < .05.

Results
Clinical Studies

Demographics. Twenty healthy volunteers, including
14 men and 6 women, enrolled in study 1. All sub-
jects completed treatment period 1, whereas 19 (95%)
completed treatment period 2. One subject withdrew
from the study after the first treatment period (withdrew
consent).Mean age was 25.5 years (range, 18–32 years),
mean height was 166.4 cm (range, 155.0–178.5 cm),
mean body weight was 61.5 kg (range, 48.2–71.4 kg),
andmean bodymass indexwas 22.2 kg/m2 (range, 20.1–
23.9 kg/m2).

Similarly, 20 healthy volunteers, including 16 men
and 4 women, enrolled in study 2. All completed
treatment periods 1 and 2. Mean age was 25.9 years
(range, 20–30 years), mean height was 167.9 cm (range,
154.1–185.9 cm), meanweight was 60.6 kg (range, 49.4–
70.3 kg), and mean body mass index was 21.5 kg/m2

(range, 19.3–23.3 kg/m2).

Effect of Rifampin on the PK of Apatinib (Study 1). The
plasma concentrations and PKparameters for apatinib,
M1-1, M1-2, M1-6, and M9-2 are provided in Figure 3
and Table 2, respectively.

Cmax was achieved at a median Tmax of 3.0 hours
when apatinib was used alone and at a median Tmax of
2.0 hours in the presence of rifampin. The Tmax of apa-
tinib did not differ between the single administration of
apatinib and its coadministration with rifampin. When
coadministered with rifampin, the CL/F of apatinib
was 5.6-fold higher than when administering apatinib
alone. In addition, the mean t1/2z for apatinib decreased
from 11.2 to 5.44 hours following rifampin coadminis-
tration.

The 90%CI for the ratio of geometric means (with
vs without rifampin) of the Cmax of apatinib did not
fall within the 80%–125% boundary, suggesting that
inducing first-pass metabolism by rifampin contributed
to decreased plasma concentrations of apatinib. More-
over, the 90%CIs for the ratio of geometric means
(with vs without rifampin) of the AUC0–t of apatinib
did not fall within the 80%–125% boundary; AUC0–t

was reduced by 83%. Combined with the decrease in
t1/2z, this result suggested that rifampin significantly
increased the metabolic clearance of apatinib.

The Cmax values of M1-6 and M9-2 were increased
by 25% and 25%, respectively, whereas those of M1-1
and M1-2 were reduced by 16% and 40%, respectively.
The AUC0–t values of M1-1, M1-2, M1-6, and M9-2
were reduced by 78%, 83%, 67%, and 60%, respectively.

Effect of Itraconazole on the PK of Apatinib (Study 2).
Plasma concentrations and PKparameters for apatinib,
M1-1, M1-2, M1-6, and M9-2 are provided in Figure 4
and Table 3, respectively. Cmax was achieved at amedian
Tmax of 1.5 hours when apatinib was administered
with or without itraconazole. The Tmax of apatinib
did not differ between the single administration of
apatinib and its coadministration with itraconazole.
TheCL/F of apatinib coadministeredwith itraconazole
was 40% lower than that when apatinib was given alone.
The mean t1/2z for apatinib increased from 7.79 hours
to 10.0 hours when coadministered with itraconazole.
The 90%CI for the ratio of geometric means (with
vs without itraconazole) of the Cmax of apatinib did
not fall within the 80%–125% boundary, suggesting
that inhibiting first-pass metabolism by itraconazole
contributed to increased plasma concentrations of apa-
tinib. In addition, the 90%CIs for the ratio of geometric
means (with vs without itraconazole) of AUC0–t of
apatinib did not fall within the 80%–125% boundary,
indicating that itraconazole influenced the extent of
exposure of apatinib; AUC0–t of apatinib increased by
75% following its coadministration with itraconazole
compared with single administration. Combined with
the increase in t1/2z, these results suggested that itra-
conazole decreased the metabolic clearance of apatinib.

The Cmax values of M1-1 andM9-2 were reduced by
10% and 2.5%, respectively, whereas those of M1-2 and
M1-6 were increased by 42% and 12%, respectively. The
AUC0–t values of M1-1, M1-2, M1-6, and M9-2 were
increased by 58%, 111%, 46%, and 28%, respectively.

Safety Summary. Overall, no deaths or serious AEs
were reported throughout the study. All treatment-
related AEs were of mild intensity and did not require
dose adjustment or medical treatment. None of the
subjects withdrew because of AEs. In study 1, urine dis-
coloration was reported in all subjects during treatment
with rifampin and disappeared after discontinuation
of rifampin. Other treatment-related AEs, reported in
5 subjects (25.0%), included nausea, vomiting, bitter
taste, and increased blood bilirubin. Only increased
blood bilirubin occurred during treatment with ap-
atinib alone; other treatment-related AEs occurred
during treatment with rifampin alone. Five subjects
(25.0%) reported 1 or more treatment-related AEs
during study 2, including increased serum bilirubin,
increased alanine aminotransferase, hyperuricemia, hy-
pertriglyceridemia, and oral mucositis. Only 1 oral
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Figure 3. Mean (SD) plasma concentration–time profiles of (A) apatinib, (B) M1-1, (C) M1-2, (D) M1-6, and (E) M9-2 following administration of
750 mg apatinib mesylate with or without rifampin in healthy adults. Semilogarithmic axes.

mucositis occurred during treatment with itraconazole
alone; other treatment-related AEs occurred during
treatment with apatinib alone or with apatinib plus
itraconazole.

Discussion
Themetabolism of apatinib in humans exhibits stereos-
electivity. Apatinib was primarily catalyzed byCYP3A4
and CYP3A5 to form M1-2, and a small amount
of M1-1 was produced by the catalysis of CYP2D6,
CYP3A4, andCYP3A5.During the catalysis of alcohol
dehydrogenase, M1-1 and M1-2 can form the dehydro-
genation product M5-4, and the reaction rate of M1-
1 is faster than M1-2. M5-4 can be further reduced
to M1-1 and M1-2 under aldehyde–ketone reductase
and tends to generate additional M1-1, resulting in
the higher system exposure of M1-1 than of M1-2.

UDP-glucuronosyltransferase (UGT) 2B7 catalyzes
M1-1 to form substantial O-glucuronide conjugates
(M9-2), whereas UGT1A4 and UGT2B7 catalyze M1-
2 to form small amounts of O-glucuronide conjugates
(M9-1). In vitro studies indicated that CYP3A4 is the
main enzyme involved in the metabolism of apatinib
to M1-2.6 Therefore, the PK drug interactions of apa-
tinib during coadministration with a CYP3A4 inducer
(rifampin) and a CYP3A inhibitor (itraconazole) were
investigated in 2 separate clinical studies.

Determining the steady-state PK of apatinib in
the absence and presence of CYP3A4 inducers or
inhibitors is the preferred methodology to assess PK
drug interactions in these studies. This study design
is not appropriate for cancer patients because of the
potential to reduce or increase the exposure to apatinib,
thereby leading to decreased efficacy or increased toxic-
ity, respectively. Apatinib has an acceptable tolerability



6 The Journal of Clinical Pharmacology / Vol 00 No 0 2017

Table 2. Pharmacokinetic Parameters and Statistical Analyses of Apatinib, M1-1, M1-2, M1-6, and M9-2 Following Administration of 750 mg Apatinib
Mesylate Without or With Rifampin

Apatinib Mesylate 750 mg

Analyte Parameter Summary Statistic Alone (n = 19) + Rifampin (n = 19) Ratio (%) 90%CI of Ratio

Apatinib Cmax, ng/mL Gmean (CV%) 681 (62.2) 265 (64.4) 39.0 32.2–47.1
AUC0–t,μg·h/mL Gmean (CV%) 6.86 (76.1) 1.16 (74.7) 16.9 14.0–20.5
AUC0–�,μg·h/mL Gmean (CV%) 7.15 (74.7) 1.22 (72.1) 17.0 14.2–20.4
Tmax, h Median (range) 3.00 (1.00-4.00) 2.00 (1.00-4.00)
t1/2z, h Mean (SD) 11.2 (3.8) 5.44 (1.56)
Vz/F, L Mean (SD) 2220 (2100) 5680 (4170)
CL/F, L/h Mean (SD) 130 (92) 726 (478)

M1-1 Cmax, ng/mL Gmean (CV%) 197 (53.8) 166 (48.9) 84.2 73.6–96.5
AUC0–t,μg·h/mL Gmean (CV%) 4.07 (57.4) 0.874 (54.3) 21.5 18.7–24.6
AUC0–�,μg·h/mL Gmean (CV%) 4.30 (56.3) 0.908 (52.6) 21.1 18.3–24.3
Tmax, h Median (range) 4.00 (1.00-6.00) 2.00 (1.00-4.00)
t1/2z, h Mean (SD) 15.1 (10.3) 8.79 (7.97)

M1-2 Cmax, ng/mL Gmean (CV%) 66.2 (54.2) 39.4 (53.5) 59.6 52.2–68.0
AUC0–t,μg·h/mL Gmean (CV%) 1.45 (50.6) 0.248 (52.3) 17.1 14.7–20.0
AUC0–�,μg·h/mL Gmean (CV%) 1.58 (50.7) 0.274 (48.1) 17.3 15.0–20.0
Tmax, h Median (range) 3.00 (1.50-4.00) 2.00 (1.00-4.00)
t1/2z, h Mean (SD) 18.7 (12.2) 11.9 (8.5)

M1-6 Cma–x, ng/mL GMean (CV%) 50.1 (69.9) 62.8 (63.3) 125.3 106.3–147.7
AUC0–t,μg·h/mL GMean (CV%) 1.94 (60.5) 0.637 (60.0) 32.8 28.0–38.4
AUC0–�,μg·h/mL GMean (CV%) 2.36 (61.9)a 0.673 (56.4) 29.3a 24.5–35.1
Tmax, h Median (range) 6.00 (3.00-24.0) 3.00 (1.00-4.00)
t1/2z, h Mean (SD) 23.9 (13.8)a 9.30 (6.53)

M9-2 Cmax, ng/mL GMean (CV%) 781 (40.7) 973 (60.8) 124.6 107.9–143.9
AUC0–t,μg·h/mL GMean (CV%) 23.7 (42.9) 9.54 (55.2) 40.2 34.6–46.6
AUC0–�,μg·h/mL GMean (CV%) 24.7 (42.2) 9.69 (54.2) 39.2 33.8–45.6
Tmax, h Median (range) 6.00 (4.00-12.0) 4.00 (1.50-4.00)
t1/2z, h Mean (SD) 13.6 (6.0) 8.45 (6.29)

Cmax,maximum observed concentration;AUC0–t, area under the concentration–time curve from time zero to the last measurable concentration point;AUC0–� ,
area under the concentration–time curve from time zero to infinity; Tmax, time of the maximum concentration; t1/2z, apparent terminal elimination half-life; Vz/F,
apparent volume of distribution; CL/F, apparent clearance; GMean, geometric mean; CV, coefficient of variation; mean, arithmetic mean; SD, standard deviation;
CI, confidence interval.
aOnly 18 healthy volunteers had evaluable area under the concentration–time from zero to infinity and apparent terminal elimination half-life.

profile that permits single doses (750 mg) to be ad-
ministered to healthy volunteers without the significant
risk of adverse reactions; however, multiple doses at
therapeutic levels may result in unacceptable adverse
effects in this population. Therefore, these studies were
conducted in healthy volunteers using single doses of
apatinib with or without steady-state levels of rifampin
and itraconazole.

Rifampin induces several drug-metabolizing
enzymes, including CYP1A2, CYP2A6, CYP2B6,
CYP2C9, CYP3A4, UGTs, glutathione-S-transferases,
and aldehyde dehydrogenase, and some drug trans-
porters, such as P-glycoprotein (P-gp), multidrug
resistance protein 2, and organic anion-transporting
polypeptide 2.8,9 A dose of 600 mg once-daily
rifampin is recommended by the US Food and Drug
Administration Guidance for Industry in evaluating
the potential drug interactions that involve CYP3A4
induction.10

A rifampin dose at 600mg once daily significantly re-
duces the exposure for other tyrosine kinase inhibitors

such as imatinib, nilotinib, dasatinib, gefitinib, and
erlotinib, which are CYP3A4 substrates.11–15

A daily administration of rifampin (600 mg) can
induce maximum CYP3A4 induction on day 7.16 In
study 1, rifampin was administered for 7 days, and
then continued for an additional 3 days to maintain the
maximal levels of induction during the 3-day apatinib
PK sampling in treatment period 2.

The geometric mean values of apatinib Cmax and
AUC0–t were markedly reduced during coadministra-
tion with rifampin compared with those during single
doses administered alone; the result is nonequivalent.
The t1/2z value was also reduced in the presence of ri-
fampin. A reduced level of apatinib exposure combined
with a shorter t1/2z is indicative of an increase in first-
pass metabolism, systemic clearance, or both because
of the induction of CYP3A4 by rifampin.

However, the AUC0–t values of M1-1, M1-2, M1-6,
and M9-2 were markedly reduced. The Cmax values of
M1-1 andM1-2 were reduced by 16% and 40%, respec-
tively, whereas those of M1-6 and M9-2 were increased
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Figure 4. Mean (SD) plasma concentration–time profiles of (A) apatinib, (B) M1-1, (C) M1-2, (D) M1-6, and (E) M9-2 following administration of
250 mg apatinib mesylate with or without itraconazole in healthy adults. Semilogarithmic axes.

by 25%. The t1/2z of M1-1, M1-2, M1-6, and M9-2
was also reduced in the presence of rifampin, which
indicates that rifampin also induces themetabolism and
excretion of M1-1, M1-2, M1-6, and M9-2. In vitro
studies indicated that M1-1, M1-2, and M1-6 can be
further metabolized by CYP3A4 (unpublished data).
When accounting for differences in molecular weight,
the ratio of geometric mean AUC0–t betweenM1-1 and
M1-2 increased from 2.81 to 3.52 following coadminis-
tration. Rifampin can induce UGT2B7 activity. When
accounting for differences inmolecular weight, the ratio
of the geometricmeanAUC0–t betweenM9-2 andM1-1
increased from 4.08 to 7.65 following coadministration.
In vitro studies revealed that M1-1, M1-2, and M1-6
are P-gp and breast cancer resistance protein (BCRP)
substrates (unpublished data). Rifampin may induce
P-gp-mediated excretion, thereby reducing the AUC0–t

and t1/2z of M1-1, M1-2, and M1-6. Given that M9-2 is

theO-glucuronide conjugate of M1-1, the exposures of
M1-1 and M9-2 were reduced accordingly.

Itraconazole is a potent inhibitor of CYP3A. Five
repeated administrations of 200 mg of itraconazole
have been shown to increase the plasma exposure of
domperidone by 3.2-fold.17 Four repeated administra-
tions of 200 mg of itraconazole increased the plasma
exposure of atorvastatin acid, atorvastatin lactone, and
felodipine about 3-, 4-, and 6-fold, respectively.18,19 Ke
et al identified itraconazole (200 mg twice daily on day
1, once daily on days 2–6) as acceptable ketoconazole
alternatives.20 The Clinical Pharmacology Leadership
Group recommends an itraconazole dosing regimen of
200 mg once daily with a 3-day run-in period prior
to its coadministration with the substrate. After the
day of substrate coadministration (day 4), itraconazole
dosage must constantly cover 4 to 5 half-lives of the
substrate.21 In study 2, 100 mg of itraconazole was
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Table 3. Pharmacokinetic Parameters and Statistical Analyses of Apatinib, M1-1, M1-2, M1-6, and M9-2 Following Administration of 250 mg Apatinib
Mesylate Without or With Itraconazole

Apatinib Mesylate 250 mg

Analyte Parameter Summary Statistic Alone (n = 20)
+ Itraconazole

(n = 20) Ratio (%) 90%CI of Ratio

Apatinib Cmax, ng/mL GMean (CV%) 371 (44.1) 496 (53.8) 133.7 103.9–171.9
AUC0–t,μg·h/mL GMean (CV%) 2.80 (49.7) 4.88 (57.0) 174.5 135.7–224.3
AUC0–�,μg·h/mL GMean (CV%) 2.94 (50.0) 5.02 (56.1) 170.5 134.3–216.5
Tmax, h Median (range) 1.50 (1.00–3.00) 1.50 (1.00–4.00)
t1/2z, h Mean (SD) 7.79 (1.68) 10.0 (2.3)
Vz/F, L Mean (SD) 1040 (573) 800 (425)
CL/F, L/h Mean (SD) 98.0 (56.1) 59.0 (35.7)

M1-1 Cmax, ng/mL GMean (CV%) 126 (39.0) 113 (30.9) 89.6 76.7–104.8
AUC0–t,μg·h/mL GMean (CV%) 1.95 (44.9) 3.07 (38.1) 157.8 132.9–187.4
AUC0–�,μg·h/mL GMean (CV%) 2.03 (42.5) 3.26 (39.4) 160.3 134.8–190.6
Tmax, h Median (range) 3.50 (1.50–8.00) 4.00 (1.50–8.00)
t1/2z, h Mean (SD) 10.2 (3.2) 14.8 (4.6)

M1-2 Cmax, ng/mL GMean (CV%) 41.8 (31.9) 59.2 (27.9) 141.7 123.0–163.2
AUC0–t,μg·h/mL GMean (CV%) 0.700 (40.2) 1.48 (43.5) 210.7 177.6–250.1
AUC0–�,μg·h/mL GMean (CV%) 0.751 (36.5) 1.54 (46.3) 204.3 173.5–240.6
Tmax, h Median (range) 3.00 (1.00–4.00) 4.00 (3.00–8.00)
t1/2z, h Mean (SD) 11.3 (3.0) 13.3 (3.8)

M1-6 Cmax, ng/mL GMean (CV%) 28.2 (43.0) 31.6 (31.3) 112.0 92.6–135.5
AUC0–t,μg·h/mL GMean (CV%) 0.874 (44.1) 1.27 (41.3) 145.7 122.1–173.8
AUC0–�,μg·h/mL GMean (CV%) 0.898 (43.0)a 1.25 (38.7)b 149.1b 123.9–179.6
Tmax, h Median (range) 4.00 (3.00–24.0) 8.00 (3.00–24.0)
t1/2z, h Mean (SD) 16.1 (7.1)a 15.3 (4.5)b

M9-2 Cmax, ng/mL GMean (CV%) 531 (36.2) 518 (31.7) 97.5 84.0–113.1
AUC0–t,μg·h/mL GMean (CV%) 13.3 (41.5) 17.0 (32.6) 127.8 107.8–151.4
AUC0–�,μg·h/mL GMean (CV%) 13.4 (41.5) 17.8 (34.6) 132.9 111.3–158.7
Tmax, h Median (range) 6.00 (4.00–12.0) 8.00 (4.00–12.0)
t1/2z, h Mean (SD) 9.50 (1.82) 14.9 (4.7)

Cmax, maximum observed concentration; AUC0–t, area under the concentration–time curve from time zero to the last measurable concentration; AUC0–� ,
area under the concentration–time curve from time zero to infinity; Tmax, time of the maximum concentration; t1/2z, apparent terminal elimination half-life; Vz/F,
apparent volume of distribution; CL/F, apparent clearance; GMean, geometric mean; CV, coefficient of variation; mean, arithmetic mean; SD, standard deviation;
CI, confidence interval.
aOnly 18 healthy volunteers had evaluable area under the concentration–time curve from zero to infinity and apparent terminal elimination half-life.
bOnly 15 healthy volunteers had evaluable area under the concentration–time curve from zero to infinity and apparent terminal elimination half-life.

administered for 4 days prior to giving the apatinib dose
and was continued throughout the apatinib PK sam-
pling period to maintain enzyme inhibition. Compared
with 100 mg itraconazole, the risk of severe adverse
events for apatinib in healthy volunteers should be
higher when coadministered with 200 mg itraconazole.
However, using 100 mg once daily itraconazole could
not attain maximize CYP3A inhibition to present the
worst-case DDI scenario, which may result in underes-
timate of apatinib AUC ratio.

When apatinib is coadministered with itraconazole,
it is nonequivalent. In the presence of itraconazole,
Cmax, AUC0–t, and t1/2z of apatinib were all increased
compared with those when apatinib was administered
alone. The AUC0–t of apatinib increased by approx-
imately 75%, which might be because of the change
in the bioavailability coupled with a reduction in the
clearance of apatinib.

Although rifampin significantly reduced the AUC0–t

of apatinib as a result of enzyme induction, itracona-
zole produced a relatively minor effect on its coad-
ministration with apatinib compared with its known
effects on other CYP3A substrates. In vitro studies
confirmed that CYP3A4 is the main enzyme involved
in the metabolism of apatinib. The low ratio of AUC
in the presence and absence of inhibitor is attributed
to 4 factors: the multiple enzymes involved in the
metabolism, the high Km value, the low ratio of
hepatic inhibitor concentration to Ki value, and the
low hepatic extraction.22 The metabolism of apatinib
was catalyzed by multiple enzymes, thereby reducing
the effect of CYP3A inhibitors. In addition, the Km

values associated with CYP3A4 were 0.57, 0.90, and
1.02 μmol/L for the formation of M1-1, M1-2, and
M1-6, respectively.6 TheseKm values are approximately
180, 280, and 320 times greater than the apatinib



Liu et al 9

Cmax observed in patients from study 2. None of the
metabolizing enzymes were saturated when the plasma
levels were lower than the Km values. Another reason
could be the dose of itraconazole that we used. A
dose of 100 and 200 mg itraconazole orally once daily
for 4 days increased the AUC of lovastatin by 15.4-
fold and more than 20-fold, respectively.23,24 A higher
does of itraconazole probably would have led to a
more pronounced interaction. The AUC0–t values of
M1-1, M1-2, M1-6, and M9-2 were increased by 58%,
111%, 46%, and 28%, respectively. In vitro studies
indicated that M1-1, M1-2, and M1-6 are CYP3A4, P-
gp, and BCRP substrates. Itraconazole is an inhibitor
of CYP3A, P-gp, and BCRP.25,26 Itraconazole may also
have inhibited the metabolism and excretion of M1-
1, M1-2, and M1-6, thereby increasing their exposure.
Given thatM9-2 is theO-glucuronide conjugate of M1-
1, the exposure of M9-2 increases with that of M1-1.

Conclusions
In summary, the present study provides a detailed
understanding of the PK drug interaction potential
of apatinib. Coadministration of apatinib with strong
inducers of CYP3A4 and strong inhibitors of CYP3A
may decrease and increase the apatinib plasma con-
centration, respectively. A strong CYP3A4 inducer
(rifampin) had a strong effect (>5-fold) on the clin-
ical pharmacokinetics of apatinib, whereas a strong
CYP3A inhibitor (itraconazole, 100 mg once daily) had
a weak effect (1.25- to 2-fold). Whether these effects
are of clinical significance needs further research and
information about the exposure–safety and exposure–
efficacy relationship of apatinib.
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