Drug Design, Development and Therapy

Dove

ORIGINAL RESEARCH

Effects of Apatinib on the Pharmacokinetics of
Nifedipine and Warfarin in Patients with Advanced

Solid Tumors

Yun-Ting Zhu'*
Zan Teng®?*
Yi-Fan Zhang®'
Wei Li'

Li-Xia Guo'
Yun-Peng Liu
Xiu-Juan Quz'3
Quan-Ren Wang*
Si-Yuan Mao*
Xiao-Yan Chen'
Da-Fang Zhong'

2,3

'State Key Laboratory of Drug Research,
Shanghai Institute of Materia Medica,
Chinese Academy of Sciences, Shanghai,
People’s Republic of China; 2Department
of Medical Oncology, The First Hospital
of China Medical University, Shenyang,
People’s Republic of China; 3Key
Laboratory of Anticancer Drugs and
Biotherapy of Liaoning Province, The
First Hospital of China Medical
University, Shenyang, People’s Republic of
China; 4Department of Clinical Research
and Development, Jiangsu Hengrui
Medicine Co.,, Ltd., Shanghai, People’s
Republic of China

*These authors contributed equally to
this work

Correspondence: Yi-Fan Zhang;

Da-Fang Zhong

State Key Laboratory of Drug Research,
Shanghai Institute of Materia Medica,
Chinese Academy of Sciences, 501 Haike
Road, Shanghai 201203, People’s Republic
of China

Tel/Fax +86 21 50800738

Email yfzhang@simm.ac.cn;
dfzhong@simm.ac.cn

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

Background and Purpose: Apatinib is a small-molecule tyrosine kinase inhibitor for the
treatment of recurrent or progressive advanced-stage gastric adenocarcinoma or gastroeso-
phageal junction cancer. The in vitro inhibition studies suggested that apatinib exerted potent
inhibition on CYP3A4 and CYP2C9. To evaluate the potential of apatinib as a perpetrator in
CYP450-based drug—drug interactions in vivo, nifedipine and warfarin were, respectively,
selected in the present study as the probe substrates of CYP3A4 and CYP2C9 for clinical
drug—drug interaction studies. Since hypertension and thrombus are common adverse effects
of vascular targeting anticancer agents, nifedipine and warfarin are usually coadministered
with apatinib in clinical practice.

Methods: A single-center, open-label, single-arm, and self-controlled trial was conducted in
patients with advanced solid tumors. The patients received a single dose of 30 mg nifedipine
on Day 1/14 and a single dose of 3 mg warfarin on Day 3/16. On Day 9-21, the subjects
received a daily dose of 750 mg apatinib, respectively. The pharmacokinetics of nifedipine
and warfarin in the absence or presence of apatinib was, respectively, investigated.
Results: Compared with the single oral administration, coadministration with apatinib
contributed to the significant increases of AUC( 45, and C,,,« of nifedipine by 83% (90%
confidence interval [CI] 1.46-2.31) and 64% (90% CI 1.34-2.01), respectively. Similarly,
coadministration with apatinib contributed to the significant increases of AUC,_ and C . of
S-warfarin by 92% (90% CI 1.68-2.18) and 24% (90% CI 1.10-1.39), respectively.
Conclusion: Concomitant apatinib administration resulted in significant increases in systemic
exposure to nifedipine and S-warfarin. Owing to the risk of pharmacokinetic drug—drug
interactions based on CYP3A4/CYP2C9 inhibition by apatinib, caution is advised in the
concurrent use of apatinib with either CYP2C9 or CYP3A4 substrates.

Keywords: apatinib, drug-drug interaction, CYP3A4, CYP2C9, nifedipine, warfarin

Introduction

Apatinib is a small-molecule vascular endothelial growth factor receptor (VEGFR)
tyrosine kinase inhibitor, which was approved by the Chinese Food and Drug
Administration in 2014 to treat the patients suffering from recurrent or progressive
advanced-stage gastric adenocarcinoma or gastroesophageal junction cancer after
receiving at least 2 systematic chemotherapy regimens. Apatinib suppresses tumor
growth by angiogenesis blocking through the inhibition of the activity of VEGFR
tyrosine kinases.'” Despite the agreeable clinical efficacy of apatinib, further
research of its potential involvement in drug—drug interactions (DDIs) is needed
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since cancer patients normally receive combination thera-
pies. Risk evaluation of the potential DDIs associated with
apatinib will also be of great significance to its rational
clinical administration.

As the substrate of CYP450 isoforms, apatinib was
reported to be mainly metabolized via CYP3A4 to form
hydroxylated and N-oxide metabolites.> The contribution
of CYP3A4 to the in vitro metabolism of apatinib was
62.6%. Coadministration with itraconazole (a potent
CYP3A inhibitor) or rifampin (a potent CYP3A inducer)
significantly affected the plasma concentrations of apatinib
in humans: itraconazole increased the AUC,_ by 75%,
whereas rifampin decreased the AUC, ; by 83%, which
indicated the high potential of apatinib as a victim for
DDIs associated with CYP3A.*

In this study, the inhibition potencies of apatinib on
CYP450 isoforms and its potential for clinical DDIs based
on CYP450 inhibition were investigated. Our previous
in vitro inhibition studies suggested that apatinib exerted
potent inhibition on CYP3A4 and CYP2C9, with the ICs,
values 0of 0.44, 1.80, and 0.83 uM for CYP2C9 (tolbutamide
hydroxylation), CYP3A4 (midazolam hydroxylation), and
CYP3A4
Further inhibition studies demonstrated that the K; values
of apatinib for CYP2C9 (tolbutamide hydroxylation),
CYP3A4 (midazolam hydroxylation), and CYP3 A4 (testos-
terone hydroxylation) were 0.31, 0.71, and 0.27 uM, respec-
tively (data not published). CYP3A4 and CYP2C9 are vital
drug-metabolizing enzymes for humans as they are respon-

(testosterone  hydroxylation), respectively.

sible for the metabolism of vast clinically used agents.” The
results of the in vitro inhibition studies indicated that apa-
tinib might influence the exposures of CYP3A4 and
CYP2C9 substrates when adopting combination therapies,
thus leading to clinical efficacy and safety issues. However,
detailed in vivo information of apatinib as CYP3A4 and
CYP2C9 inhibitor is lacking.

To evaluate the potential of apatinib as a perpetrator in
CYP450-based DDIs, nifedipine and warfarin were,
respectively, selected in the present study as the probe
substrates of CYP3A4 and CYP2C9 for clinical DDI stu-
dies. Nifedipine is a typical substrate of CYP3A4 and
commonly used antihypertensive drug in clinical practice.
For the patients who receive apatinib, hypertension is
a commonly reported adverse event, and nifedipine is
most frequently prescribed due to its satisfactory antihy-
pertensive efficacy. Thus, the investigation of the potential
DDI between apatinib and nifedipine is of great signifi-
cance to clinical practice. Warfarin is prescribed as an

anticoagulant drug, and an increased risk for arterial
thromboembolic events (ATEs) has been linked to the
use of the therapy targeting tumor vasculatures including
apatinib.® Moreover, warfarin is the index substrate of
CYP2C9 with a narrow therapeutic index.” The effect of
apatinib on warfarin could be representative of the effects
on other sensitive CYP2C9 substrates. In addition, it has
been reported that the combination of warfarin and tyro-
sine kinase inhibitors such as gefitinib and erlotinib could
increase the bleeding risk owing to CYP2C9 inhibition.®
Considering the likeliness of coadministration with apati-
nib, nifedipine and warfarin were chosen as the probe
substrates in vivo to investigate the magnitudes of the
DDIs with apatinib in patients.

In the present study, the pharmacokinetic (PK) para-
meters of nifedipine and warfarin in cancer patients with
and without apatinib were, respectively, calculated for the
evaluation of the DDI potentials via CYP3A4 and
CYP2C9. The results of the present study could clarify
the risk of pharmacokinetic DDIs via inhibition on
CYP3A4 and CYP2C9 by apatinib, so as to provide data

basis for guiding clinical medicine application.

Materials and Methods

Study Participants

The study protocol was approved by the Ethics Committee of
the First Hospital of China Medical University. The studies
complied with the ethical principles of Good Clinical Practice,
in accordance with the Declaration of Helsinki. The studies
were registered in the United States National Library of
Medicine (www.clinicaltrials.gov) with a registration number
of NCT03245307. All the participants provided written
informed consent before the study.

Adult patients (aged 18-70 years with a minimum life
expectancy of 3 months) with histologically or cytologi-
cally confirmed advanced solid tumors and ECOG
(Eastern Cooperative Oncology Group) performance status
of 0—1 were included. Unresponsiveness to/intolerance of
the standard therapy or unavailability of suitable therapy
was also required. Eligible patients could not receive any
surgery, radiotherapy, cytotoxic drugs or cytostatic agents
within 4 weeks prior to the study, and could not use nitroso
or mitomycin within 6 weeks prior to the study.
Grapefruit, orange, alcohol, and tobacco were prohibited
within 72 h prior to the administration and during the
study.
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Patients with primary hepatic carcinoma or squamous
cell lung carcinoma with a high risk of bleeding were
excluded. Other diseases involved in exclusion criteria
included ileus, chronic diarrhea, total gastrectomy, uncon-
trolled high blood pressure, coagulation disorders, hemor-
rhage symptom, and thrombus. Patients who had received
strong CYP3A4/CYP2C9 inhibitors or inducers within
14 days prior to the study were also not eligible.

Study Design

This was a single-center, open-label, single-arm, and self-
controlled trial on cancer patients. The design of the study
is shown in (Figure 1). The patients received a single oral
dose of 30 mg nifedipine controlled-release tablet (30 mg/
tablet, Bayer Healthcare AG, Leverkusen, Germany) on
days 1/14 and a single oral dose of 3 mg warfarin tablet
(3 mg/tablet, Orion Corporation, Espoo, Finland) on days
3/16. On days 9-21, the subjects received a daily dose of
750 mg apatinib tablets (250 mg/tablet, Jiangsu Hengrui
Medicine Co., Ltd., Lianyungang, China). On days 14/16,
nifedipine or warfarin was administrated after apatinib.
Blood samples were collected on days 1/14 with the time
points of 0, 1, 2, 3, 4, 6, 8, 12, 24, and 36 h for nifedipine,
and on days 3/16 with the time points of 0, 0.5, 1, 2, 3, 5,
8, 12, 24, 48, 72, and 120 h for warfarin.

Analytical Methods
The concentrations of nifedipine and warfarin were,
respectively, determined by validated liquid chromato-
graphy—tandem mass spectrometry methods previously
published.”'°

For nifedipine, chromatographic separation was per-
formed on a BEH C18 column (50 x 2.1 mm, 1.7 um;
Waters). The mobile phase consisted of acetonitrile and

0.2% formic acid in water. Gradient elution started from

15% acetonitrile for 0-0.2 min, climbed 15-95% for
0.2-0.7 min, maintained 95% acetonitrile for 0.7—1.4 min,
and re-equilibrated to 15% acetonitrile for 1.4-2.2 min. For
warfarin, chromatographic separation was performed on
a Chiralcel OI-RH column (150 x 4.6 mm, 5 pm; Daicel).
The mobile phase consisted of acetonitrile and 0.1% formic
acid in 10 mM ammonium acetate. Isocratic elution was
employed with 45% acetonitrile.
Mass spectrometric detection was

QTRAP 5500 triple quadrupole mass
(Applied Biosystems, Concord, Ontario, Canada) in posi-

conducted on
spectrometer

tive ion electrospray mode. Optimized multiple reaction
monitoring fragmentation transitions were m/z 347 — 315
for nifedipine, m/z 353 — 318 for nifedipine-D6, m/z 307
— 160 for warfarin, and m/z 312 — 161 for warfarin-D5.

Pharmacokinetic Analysis

Pharmacokinetic data were analyzed with non-compartment
model using Phoenix WinNonlin 7.0 (Pharsight Corp.,
Mountain View, California). The pharmacokinetic para-
meters were listed as follows: the time of the maximum
concentration (Ty,,x), the maximum observed plasma con-
centration (C,,.), the area under the plasma concentration—
time curve from time O to the time of the last measurable
concentration (AUC,_,), the area under the plasma concen-
tration—time curve from time 0 to infinity (AUC, ), terminal
elimination rate constant (A,), apparent terminal half-life
(t1/2,), apparent volume of distribution (V,/F), and apparent
clearance (CL/F).

Cmax and T,.c were directly obtained from the
observed data. AUCs were calculated using the linear
trapezoidal with linear interpolation method based on
actual sampling times. A, was determined from a linear

regression of the terminal log-transformed concentration

Apatinib 750 mg, q.d.

Nifedipine Warfarin Nifedipine Warfarin
30 mg 3mg 30 mg 3mg
Day 1 Day 3 Day 9-13 Day 14 Day 16 Day 21

Figure | Study design.
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versus time data. t,,, was calculated as 0.693/A,. CL/F
was calculated by dividing the dose by AUC_..

Statistical Analysis

The statistical differences of C,,,, and AUC between sin-
gle and combination therapies were analyzed using bioe-
quivalence tool available in Phoenix WinNonlin 7.0.
Statistical analysis was conducted based on the log-
transformed C,,.x and AUC. The geometric mean ratios
for the C,.x and AUC of nifedipine or warfarin with and
without apatinib and the corresponding 90% confidence
intervals were, respectively, calculated to evaluate the
magnitude of the DDIs. The 90% confidence intervals
falling entirely within 0.80-1.25 was considered as no
clinically significant DDIs.”

Tmax differences between single and combination
therapies were examined using a nonparametric test
(Wilcoxon signed-rank test). A difference would be con-
sidered significant when the P value was smaller than 0.05.

Safety Assessment
Safety assessment included adverse events record, laboratory
inspection, life signs investigation, physical examination,
12-lead electrocardiogram, and ultrasonic cardiogram tests.
All the adverse events were collected and recorded based on
severity levels and relationships to the investigational drug.
Adverse events were defined and graded according to the
National Cancer Institute Common Terminology Criteria
(NCI-CTC) for Adverse Events v4.03.

Medical history assessment, physical examinations,
and hematologic and biochemical laboratory evaluations
were carried out at screening, on days 8, 15, and 21.

Results

Demographics

The study enrolled a total of 23 patients, including 11 males
and 12 females. For 23 subjects, the mean age was 53.3 (range:
26-70) years, and the mean BMI was 24.5 (range: 20.8-32.5).
Tumor types included lung cancer (10/23, 43.5%), breast
cancer (7/23, 30.4%), esophagus cancer (1/23, 4.35%), colon
cancer (1/23, 4.35%), synovial sarcoma (1/23, 4.35%), cyst
carcinoma (1/23, 4.35%), thymic malignancy (1/23, 4.35%),
and cholangiocarcinoma (1/23, 4.35%)).

One subject quitted due to the infection of unknown
cause before the administration of apatinib. Two subjects
withdrew from the study during the successive adminis-
tration of apatinib (withdrew consent). The rest 20 subjects

fulfilled the study and provided data for statistical analysis.
Pharmacokinetic analysis was conducted based on the data
from the 23 subjects.

Effect of Apatinib on the PK of Nifedipine

The mean plasma concentration-time profiles of nifedipine
following a single oral administration of nifedipine alone
or in combination with apatinib are shown in (Figure 2).
The corresponding PK parameters of nifedipine are sum-
marized in (Table 1).

Compared with single oral administration, coadminis-
tration with apatinib contributed to the significant
increases of nifedipine C,,,x and AUC( 4g, by 64% and
83%, respectively. For C,., the geometric mean ratio
with and without the combination of apatinib was 1.64,
and the 90% CI resulted in 1.34-2.01, falling outside the
boundary of 0.80—1.25. For AUC_4g;,, the geometric mean
ratio with and without the combination of apatinib was
1.83, with the 90% CI as 1.46-2.31, also extending beyond
the boundary of 0.80-1.25. However, there existed no
significant difference between the values of T, before
and after the coadministration of apatinib.

Effect of Apatinib on the PK of S-Warfarin

The mean plasma concentration-time profiles of S-warfarin
following a single oral administration of warfarin alone or
in combination with apatinib are shown in (Figure 3). The
corresponding PK parameters of S-warfarin are summar-
ized in (Table 1).

Compared with single oral administration, coadministra-
tion with apatinib contributed to the significant increases of

50 - —o—Nifedipine alone (N=23)
- Nifedipine + Apatinib (N=20)
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Figure 2 Mean (standard deviation) plasma concentration-time profiles of nifedi-
pine following a single oral administration of 30 mg nifedipine alone or in combina-
tion with 750 mg apatinib in patients with advanced solid tumors.
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Table | Pharmacokinetic Parameters of Nifedipine and S-Warfarin Following a Single Oral Administration of 30 mg Nifedipine/3 mg

Warfarin Alone or in Combination with 750 mg Apatinib in Patients with Advanced Solid Tumors

Analyte Parameter Unit Summary Statistics Alone + Apatinib Ratio 90% CI of Ratio
N=23 N=20 N=20 N=20
Nifedipine Tmax h Median (range) 24.0 (4.00-36.0) 24.0 (6.00—48.0)
Crnax ng/mL GMean (CV%) 23.2 (45.5) 36.6 (38.0) 1.64 1.34-2.01
AUCy 41, hxng/mL | GMean (CV%) 590 (56.2) 1060 (41.1) 1.83 1.46-2.31
AUCy 3¢ hxng/mL | GMean (CV%) 489 (53.4) 851 (38.6) 1.80 1.45-2.23
S-Warfarin | Trax h Median (range) 0.500 (0.500-3.00) 1.00 (0.500-3.00)
Crnax ng/mL GMean (CV%) 194 (21.2) 234 (19.2) 1.24 1.10-1.39
AUGC,., hxng/mL | GMean (CV%) 4210 (25.5) 7980 (25.8) 1.92 1.68-2.18
AUGC,... hxng/mL | GMean (CV%) 5190 (26.8) 12600 (35.0)
tiz h Mean (SD) 51.2 (11.5) 86.7 (25.2)
V. /F L Mean (SD) 434 (11.8) 29.7 (7.89)
CL/F mL/h Mean (SD) 596 (146) 249 (72.6)
S-warfarin Cp,, and AUCy_ by 24% and 92%, respectively. Discussion

For C.x, the geometric mean ratio with and without the
combination of apatinib was 1.24, with the 90% Cl as 1.10—
1.39, partially falling within 0.80-1.25. For AUCg,, the
geometric mean ratio with and without the combination of
apatinib was 1.92, and the 90% CI resulted in 1.68-2.18,
falling out of the boundary of 0.80—1.25. In addition, the t;/»,
was 70% prolonged after the concurrent use of apatinib,
coupled with a 60% reduced CL/F. However, there existed
no significant difference between the values of T, before

and after the coadministration of apatinib.

Safety Summary

In the present study, all 23 patients were included in the
safety population, and all the patients experienced at least
1 adverse event of any grade. Drug-related adverse events
were seen in 22 patients, primarily grade 1/2. One subject
withdrew from the study before the administration of
apatinib due to the infection of unknown cause. The
most common adverse events considered to be related to
apatinib included hypertension (17/23, 73.9%), headache
(11/23, 47.8%), thrombocytopenia (7/23, 30.4%), protei-
nuria (6/23, 26.1%), bilirubin increased (5/23, 21.7%),
fatigue (5/23, 21.7%), leukopenia (5/23, 21.7%), and
hand-foot syndrome (4/23, 17.4%). The most frequent
grade 3/4 drug-related adverse events were hypertension
(4/23, 17.4%), which was related to the antiangiogenic
mechanism of apatinib. No deaths were reported in this
study.

The results of the in vitro inhibition studies revealed that
apatinib exerted potent inhibition on CYP2C9 and CYP3A4
with the K; values of 0.31, 0.71, and 0.27 uM for CYP2C9
(tolbutamide hydroxylation), CYP3 A4 (midazolam hydroxy-
lation), and CYP3A4 (testosterone hydroxylation), respec-
tively. According to the Guidance for Industry on In
Vitro Metabolism- and Transporter-Mediated Drug-Drug
Interaction Studies released by the US Food and Drug
Administration (FDA),"" the predicted AUC ratios for the
CYP2C9 (R) and CYP3A4 (R and Ry, substrates in the
presence and absence of apatinib in vivo were, respectively,
calculated using Iy, (apatinib) = 0.16-0.34 uM,*'>"* and
Iy (apatinib) = dose (750 mg)/250 mL = 6078 pM. For
CYP2C9, R = 1 + (Imax/Ki) = 1.52-2.10. For CYP3A4,
R =1+ (Inax/Ki) = 1.23-1.48/1.59-2.26, and Ry, = 1 +
(Igu/K;) = 8562/22,512. The guidance also mentioned that if
R > 1.02 or Ry, > 11,'*15 a clinical DDI study with
a sensitive index substrate should be conducted to further
investigate the potential of DDI. For apatinib, the predicted
AUC ratios (R and Rg,) extended far beyond the criteria,
which highlighted the necessity of conducting clinical DDI
studies. In order to calculate the true AUC ratios and further
investigate the magnitudes of DDIs for apatinib as a CYP2C9
or CYP3A4 inhibitor, clinical DDI studies with sensitive
substrates of CYP2C9 and CYP3A4 were conducted.

For DDI studies, healthy volunteers are preferred
because patients usually take multiple medications and
suffer disease progressions, which may complicate the
evaluation of the target DDIs. Nonetheless, the present
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Figure 3 Mean (standard deviation) plasma concentration—time profiles of S-war-
farin following a single oral administration of 3 mg warfarin alone or in combination
with 750 mg apatinib in patients with advanced solid tumors.

study was carried out in cancer patients rather than healthy
volunteers as multiple doses of apatinib for nearly 2 weeks
might not be tolerable for the healthy. In addition, con-
sidering the difficulty in recruiting the patients, the study
was designed to synchronously evaluate the DDI potential
of apatinib with nifedipine and warfarin in the same
patients. Before the combination therapy of apatinib with
nifedipine or warfarin, apatinib was administrated once
daily for 5 successive days to reach steady-state (the t,,
of apatinib in cancer patients is 8.01-10.2 h), followed by
coadministration to maintain the plasma level. At last, the
PK parameters of nifedipine and warfarin were respec-
tively calculated in the absence and presence of apatinib.
Nifedipine is one of the most frequently used antihy-
pertensive drugs in the clinic and is also a sensitive
substrate of CYP3A4.'!” For VEGFR inhibitors such as
apatinib, sorafenib, and sunitinib, calcium channel
blockers including nifedipine are usually prescribed for
drug-induced hypertension.'®'? In the current study, the
occurrence rate of hypertension as the adverse event of
apatinib reached 73.9%, which necessitated the concurrent
use of antihypertensive drugs. Therefore, it is of great
significance to assess the magnitude of the DDI between
nifedipine and apatinib. In the present study, nifedipine
controlled-release tablets were used. As high levels of
nifedipine remained in the last 36 h samples, the blood
samples collected at predose for warfarin were determined
for nifedipine as the 48 h samples. Both AUCy 3¢, and
AUC_4gn, were calculated for the statistical analysis. In
addition, due to the insufficient sampling time points for
the elimination phase of controlled-released nifedipine, the
values of t;,,, were not provided in the present study.

Despite the limitation in study design, the results exhibit
practical and clinical significance as the combination of
nifedipine controlled-release tablets occurs often during
the apatinib therapy. In fact, for the cancer patients suffering
from apatinib-induced hypertension, angiotensin-converting
enzyme inhibitors (ACEIs) remain the most recommended
agents in clinical practice because ACEIs undergo limited
metabolism via CYP450, thus rarely leading to pharmaco-
kinetic DDIs. However, most patients prefer calcium chan-
nel blockers due to their better antihypertensive responses.
Moreover, the pharmacokinetic DDI of nifedipine via
CYP3A4 in humans has rarely been reported. In the present
study, similar statistical results were reached for nifedipine
based on the AUC 3¢, and AUC_4gy, increases of 80% and
83%, respectively, after the coadministration with apatinib.
The results suggested that concomitant apatinib administra-
tion could significantly increase the exposure of nifedipine.
The present study has confirmed that the pharmacokinetics
is affected by the
CYP3A4 inhibitor, apatinib, in clinical application. Blood

of controlled-released nifedipine

pressure monitoring and dosage modification might be
taken into consideration during the concomitant apatinib
administration.

Warfarin is widely acknowledged as an effective antic-
oagulant with a narrow therapeutic index and a high risk of
bleeding. Nonetheless, the combination of warfarin and
apatinib was frequently adopted as thrombus is one of
the adverse events of vascular targeting anticancer agents.
Warfarin is clinically prescribed as racemates. As the
pharmacological activity of S-warfarin is 4 times more
than that of R-warfarin, more attention has been paid to
the exposure of S-warfarin in vivo.”’ S-warfarin is mainly
metabolized by CYP2C9 to 7-hydroxylated warfarin,
while R-warfarin is metabolized via CYP1A1l, CYP1A2,
CYP3A4, and CYP2C19 to 6-, 7-, 8-, and 10-hydroxylated
warfarin.>! CYP2C9 plays an absolutely dominant role in
the metabolism of S-warfarin since compensatory metabo-
lism leaning on other CYP450 isoforms was not observed
for S-warfarin when CYP2C9 allele was deficient.”**
Moreover, the Guidance for Industry on Clinical Drug
Interaction Studies released by the FDA listed S-warfarin
as a moderate index substrate for CYP2C9. Therefore,
S-warfarin was used in the present study to assess the
magnitude of the DDI with CYP2C9 inhibitor, apatinib.
Based on the guidance, the effect of the investigational
drug (apatinib) on the index substrate (S-warfarin) could
be representative of the effects on other sensitive sub-
strates via CYP2C9 inhibition by apatinib.’
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Bleeding risk of warfarin is normally evaluated using
international normalized ratio (INR) as an indicator. It has
been reported that the concomitant warfarin administration
with tyrosine kinase inhibitors such as gefitinib and erlotinib
could induce DDI, resulting in the increases of INR and
bleeding complications. The mechanism referred to the inhibi-
tion of S-warfarin 7-hydroxylation by tyrosine kinase
inhibitors.® The elevated INRs associated with the concurrent
use of sorafenib/axitinib/regorafenib and warfarin were also
observed.”*° It was also reported that the coadministration of
warfarin and statins could lead to clinically significant DDIs
caused by CYP450 inhibition.?” In the current study, the con-
comitant apatinib administration increased the exposure of
S-warfarin by 92%, nearly two times. The 90% CI for sys-
temic exposure ratio extended beyond the range of 0.80—1.25.
The results suggested that the inhibition of CYP2C9 by apa-
tinib led to a significant increase in S-warfarin exposure.
Given that warfarin is generally prescribed using multiple
dosage regimen, it is suggested to monitor the level of warfarin
and INR during the concomitant therapy in clinical practice as
the slight changes in warfarin in vivo pharmacokinetics would
directly relate to higher bleeding risks and lead to safety issues,
and dosage modification of warfarin might be necessary when
apatinib and warfarin are coadministered.

CYP3AA4 is principally responsible for the metabolism of
apatinib, with a major contribution of 62.6% to its oxidative
metabolism among human CYP450 isoenzymes. CYP2C9
also mediates the metabolism of apatinib, with a minor con-
tribution of 13.1%.> However, comparable inhibition potencies
on CYP3A4 and CYP2C9 were observed for apatinib in vitro
with K; of 0.31, 0.71, and 0.27 uM for CYP2C9 (tolbutamide
hydroxylation), CYP3A4 (midazolam hydroxylation), and
CYP3A4 (testosterone hydroxylation), respectively. The
results of the present clinical DDI trial conformed to the results
of the in vitro inhibition studies. Apatinib demonstrated com-
parable inhibition capabilities on CYP3A4 and CYP2C9
in vivo and led to similar magnitudes of DDI for nifedipine
and warfarin with the AUC,_; values increased by 83% and
92%, respectively. The results of the current study indicated
that more attention should be paid to the clinical DDIs between
apatinib with either CYP2C9 or CYP3 A4 substrates.

Conclusion

In summary, this study demonstrated that coadministration
of apatinib resulted in significant increases in systemic
exposure to nifedipine (CYP3A4 substrate) and S-warfarin
(CYP2C9 substrate), which might lead to safety issues in
clinical combination therapies. The results exhibited

practical significance in clarifying the potential of pharma-
cokinetic DDIs via inhibition on CYP3A4 and CYP2C9 by
apatinib and provided important information for the clinical
rational drug use of apatinib.
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