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Etoposide (VP-16-213) [4'-demethylepipodophyllotoxin-
9-(4,6-O-ethylidene)-B-D-glucopyranoside], is a semi-
synthetic derivative of podophyllotoxin extracted from
the roots and rhizomes of Podophyllum peltatum or
Podophyllum emodi."” Etoposide exhibits anticancer
activity against the wide range of malignancies including
small cell lung cancer, acute leukemia, lymphoma and tes-
ticular cancer? via the inhibition of topoisomerase II
enzyme and/or the induction of direct DNA breaks.” Eto-
poside undergoes the cytochrome P450 (CYP)-catalyzed
O-demethylation in human and rat liver microsomes.*”
Among CYP enzymes, CYP3A4 has been identified as a
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major enzyme responsible for the metabolism of etopo-
side and to a minor degree, CYP1A2 and 2E1.° Etopo-
side was also reported to be a substrate for P-
glycoprotein (P-gp).7) Consequently, CYP3A4 and P-gp
inhibitors could affect the pharmacokinetics of etopo-
side.” For examples, cyclosporine and its analogue
PSC833 have been reported to increase the plasma con-
centration of orally administered etoposide in rats®”
and quinidine enhanced the uptake of etoposide from rat
in situ perfused intestinal loops.”

Flavonoids represent a group of phytochemicals that
are produced by various plants in high quantities.'”
Among flavonoids, apigenin (4,5,7-trihydroxyflavone)
is present in citrus fruits and guava and exhibits various
biological activities including antioxidation, anti-mutagene-
sis, anti-inflammatory, anti-tumor, anti-inflammatory and
anti-cancer effects.""'® Furthermore, apigenin is reported to
interact with CYP3A4 as well as the P-gp efflux pump.'”
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19 Nguyen et al.>” reported that apigenin significantly
increased the cellular accumulation of vinblastine, a P-

gp substrate in Panc-1 cells. Ho et al.'®

reported very
weak inhibition effect of apigenin on CYP3A4 medi-
ated metabolism but recently, others reported potent
inhibition effect of apigenin against CYP3A4 activ-
ity.?? Therefore, the effect of apigenin on the inhibition
of CYP enzyme activity is inconclusive. Hence we
attempted to re-evaluate the inhibition potency of api-
genin on CYP3A4 and P-gp activity using CYP inhibi-
tion assay and rhodamine-123 retention assay in MCF-
7/ADR cells overexpressing P-gp. In addition, apigenin
and etoposide could be used together for the treatment
of cancer as a combination therapy, but the possible
effects of apigenin on the bioavailability of etoposide
have not been reported in vivo. Therefore, the present
study also investigated the effect of apigenin on the bio-
availability and pharmacokinetics of etoposide after

oral and intravenous administration in rats.

MATERIALS AND METHODS

Materials

Etoposide, apigenin and podophyllotoxin were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO). Eto-
poside injectable solution was purchased from Boryung
Chemical Co. (Seoul, Republic of Korea). Methanol
and tert-butylmethylether were acquired from Merck
Co. (Darmstadt, Germany). Other chemicals were of
reagent grade or HPLC grade.

Animal Studies

Male Sprague-Dawley rats weighing 270-300 g were
purchased from the Dae Han Laboratory Animal
Research Co. (Eumsung, Republic of Korea) and were
given access to tap water and a normal standard chow
diet (No. 322-7-1, Superfeed Co., Wonju, Republic of
Korea) ad libitum. Animals were kept in these facilities
for at least one week before the experiments. The
experiments were carried out in accordance with the
“Guiding Principles in the Use of Animals in Toxicol-
ogy” adopted by the Society of Toxicology (USA). Rats
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were randomly divided into eight groups containing six
animals in each group: (1) an oral control group, adminis-
tered 6 mg/kg etoposide orally; (2-4) the oral combination
groups, administered apigenin (0.4, 2 or 8 mg/kg) orally 30
min prior to oral etoposide; (5) an IV control group, intra-
venous administration of 2 mg/kg of etoposide; (6-8)
the IV combination groups, administered apigenin (0.4,
2 or 8 mg/kg) orally 30 min prior to intravenous adminis-
tration of etoposide. The rats were fasted for at least 24 h
prior to the experiments. The etoposide solution for oral
administration was prepared by diluting 6 mg/kg of etopo-
side injectable solution in distilled water, and the solution
for intravenous administration was diluted with 0.9%
NaCl-injectable. Blood samples (0.4 mL) were collected
into heparinized tubes via the femoral artery at 0, 0.017, 0.1,
0.25,0.5, 1, 2,4, 6 and 10 h after an IV administration and
at 0, 0.25,0.5,0.75, 1, 2, 4, 6 and 10 h after an oral adminis-
tration of etoposide. The blood samples were centrifuged at
13,000 rpm for 5 min, and the obtained plasma was stored
at -40°C until HPLC analysis.

HPLC Analysis

The plasma concentrations of etoposide were deter-
mined by a HPLC assay reported by Li et al.”? with a
slight modification. Briefly, 0.5 mL of 50 ng/mL podo-
phyllotoxin and 1.2mL of tert-butylmethylether were
mixed with 0.2 mL of the plasma sample. The mixture
was stirred vigorously for 1min and centrifuged at
13,000 rpm for 10 min. One mL of the upper layer was
transferred to another clean microtube and evaporated
under nitrogen at 38°C. The residue was dissolved in
0.2 mL of 50% methanol and 50 pL of the solution was
injected into the HPLC system.

The fluorescence detector was operated at an excita-
tion wavelength of 230 nm with an emission cut-off fil-
ter of 330 nm. A Symmetry® C,g column (4.6x150 mm,
5 um, Waters Co., Milford, MA, USA) was used at 30°C.
The mobile phase consisted of methanol:water:acetic acid
(50:50:0.5, v/v/v). The flow rate was maintained at 1.0 mL/
min. The retention times of etoposide and the internal
standard were approximately 5.4 and 11.1 min, respec-
tively. The detection limit of etoposide in plasma was 5 ng/



Effects of Apigenin, an Antioxidant, on the Bioavailability and Pharmacokinetics of Etoposide 117

mL. The intra-and inter-day variation coefficients of
etoposide in plasma samples were below 15%.

CYP Inhibition Assay

The inhibition assays of human CYP3A4 enzyme activ-
ity were performed in a multiwell plate using the CYP
inhibition assay kit (BD Bioscience, San Jose, CA).
Briefly, human CYP enzymes were obtained from bacu-
lovirus-infected insect cells. CYP3A4 substrate (7-Benzy-
loxy-4-(trifluoromethyl)couamrin (BFC)) was incubated
with or without test compounds in a reaction mixture con-
taining 1 pmol of CYP3A4 enzyme and the NADPH-gen-
erating system (1.3 mM NADP, 3.54 mM glucose 6-
phosphate, 0.4 U/mL glucose 6-phosphate dehydrogenase
and 3.3 mM MgCl,) in potassium phosphate buffer (pH
7.4). Reactions were terminated by adding stop solution
after 45 min. Metabolite concentrations were measured with
a spectrofluorometer (Molecular Device, Sunnyvale, CA)
set at an excitation wavelength of 409 nm and an emission
wavelength of 530 nm. Positive control (1 uM ketocona-
zole) was run on the same plate and produced 99% inhibi-
tion. All experiments were performed in duplicate, and the
results are expressed as the percent of inhibition.

Rhodamine-123 Retention Assay

MCF-7/ADR cells were seeded into 24-well plates at
a seeding density of 10° cells. At 80% confluence, the
cells were incubated in FBS-free DMEM for 18 h. The
culture medium was changed to Hanks’ balanced salt
solution and the cells were incubated at 37°C for 30 min.
After incubation of the cells with 20 uM rhodamine-123 for
90 min, the medium was completely removed. The cells
were then washed three times with ice-cold phosphate
buffer (pH 7.0). After cell lysis, the thodamine-123 in
the cell lysates was measured using excitation and
emission wavelengths of 480 and 540 nm, respectively.
Fluorescence values were normalized to the total pro-
tein content of each sample and are presented as the
ratio to control values.

Pharmacokinetic Analysis
The plasma concentration data were analyzed by the

noncompartmental method using WinNonlin software
version 4.1 (Pharsight Co., Mountain View, CA). The
elimination rate constant (K,) was calculated by log-
linear regression of etoposide concentration data during
the elimination phase, and the terminal half-life (t;,)
was calculated by 0.693/K,. The peak concentration
(C,ax) and the time to reach peak concentration (T,,,,)
of etoposide in plasma were obtained by visual inspec-
tion of the data from the concentration—time curve. The
area under the plasma concentrationtime curve (AUC,,)
from time zero to the time of last measured concentra-
tion (C,,,,) was calculated by the linear trapezoidal rule.
The AUC zero to infinity (AUC, ) was obtained by
the addition of AUC, , and the extrapolated area deter-
mined by C,,/K,,. Total body clearance was calculated
by Dose/AUC. The absolute bioavailability (AB) of
etoposide was calculated by AUC,,,/AUCyxDosey/
Dose,,,x100 and the relative bioavailability (RB) of
etoposide was estimated by AUC /AUC
x100.

etoposide+apigenin’ eto-

poside

Statistical Analysis

All mean values were presented with their standard
deviation (MeantSD). The pharmacokinetic parameters
were compared using one-way ANOVA, followed by a
posteriori testing with the Dunnett correction. Differ-
ences were considered significant at a level of p<0.05.

RESULTS AND DISCUSSION

Inhibition Effect of Apigenin on CYP3A4

The inhibitory effect of apigenin on CYP3A4 activity
is shown in Fig. 1. Apigenin inhibited CYP3A4 enzyme
activity in a concentration-dependent manner and the
50 % inhibition concentration (ICs,) values of apigenin
on CYP3A4 activity was determined as 1.8 pM.

Rhodamine-123 Retention Assay

As shown in Fig. 2, accumulation of rhodamine-123,
a P-gp substrate, was raised in MCF-7/ADR cells over-
expressing P-gp compared to that in MCF-7 cells lack-
ing P-gp. The concurrent use of apigenin enhanced the
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Fig. 1. Inhibitory effect of apigenin on CYP3A4 activity. All
experiments were performed in duplicate and the results
are expressed as the percent of inhibition.
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Fig. 2. Effect of apigenin on the cellular accumulation of
rhodamine-123 in MCF-7 and MCEF-7/ADR cells. Data
represents mean=SD of 6 separate samples (**p<0.01).

cellular uptake of rhodamine-123 in a concentration
dependent manner and showed statistically significant
(p<0.01) increase at the concentration range of 10-
30 uM. This result suggests that apigenin significantly
inhibits P-gp activity.

Effect of Apigenin on the Pharmacokinetics of Eto-
poside
The plasma concentrationtime profiles of etoposide
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of etoposide (ng/mL)

Time (h)

Fig. 3. Mean plasma concentrationtime profiles of etoposide
after an oral administration of etoposide (6 mg/kg) to rats in
the presence or absence of apigenin (Mean=SD, n=6). (@)
Control (etoposide 6 mg/kg, oral), (O) with 0.4 mg/kg
apigenin, (V) with 2 mg/kg apigenin, (A) with 8 mg/kg
apigenin.

after an oral administration of etoposide (6 mg/kg) in
the absence or presence of apigenin (0.4, 2 or 8 mg/kg)
are illustrated in Fig. 3, and the pharmacokinetic parame-
ters for etoposide are summarized in Table 1. As shown
in Table 1, the presence of apigenin (2 or 8 mg/kg) sig-
nificantly altered the pharmacokinetic parameters of
oral etoposide. Compared to the control group (given 6
mg/kg of etoposide alone), the presence of apigenin sig-
nificantly (2 mg/kg, p<0.05; 8 mg/kg, p<0.01) increased
(28.8-47.6%; 22.8-33.3%) the area under the plasma
concentrationtime curve (AUC) and the peak plasma

concentration (C_,) of the oral etoposide. Conse-

max
quently, the absolute bioavailability (AB) of etoposide
was significantly (2 mg/kg, p<0.05; 8 mg/kg, p<0.01)
increased (40.5-60.8%) by the concurrent use of apige-
nin. The presence of apigenin tends to prolong the ter-
minal plasma half-life (t;,) of oral etoposide but this
effect was not statistically significant. The presence of
apigenin did not alter the time to reach peak concentra-
tion (T

For the intravenous administration of etoposide

max) Of oral etoposide.

(2 mg/kg) in the presence or absence of oral apigenin
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Table 1. Mean pharmacokinetic parameters of etoposide after an oral administration of etoposide (6 mg/kg) to rats in the
presence or absence of apigenin (0.4, 2 or 8 mg/kg) (mean+SD, n=6)

Etoposide+Apigenin
Parameters Control
0.4 mg/kg 2.0 mg/kg 8 mg/kg
AUC (ngh/mL) 605+96.8 689+117 779£140% 893£170%**
Cpax (ng/mL) 2761+49.2 304457.9 339469.0* 368+78.2%*
T () 0.46+0.10 0.46£0.10 0.4240.13 0.42+0.13
ty, (h) 2.10+0.34 2.20+0.37 2.440.43 2.5+0.48
AB (%) 7.4+1.2 9.211.6 10.4£1.9% 11.942.3%*
RB (%) 100 129 148

* p<0.05, ** p<0.01 significant difference compared to the control group.
AUC: area under the plasma concentrationtime curve from 0 h to infinity; C,.: peak plasma concentration; T, .: time to reach peak plasma
concentration; t,,: terminal half-life; AB(%): absolute bioavailability; RB(%): relative bioavailability.

lasma concentration

of e?oposide (ng/mL)

Mean

Time (h)

Fig. 4. Mean plasma concentrationtime profiles of etoposide
after an intravenous administration of etoposide (2 mg/kg)
to rats in the presence or absence of apigenin (MeantSD,
n=6). (@) Control (etoposide 2 mg/kg, IV), (O) with 0.4 mg/
kg apigenin, (¥) with 2 mg/kg apigenin, (A) with 8 mg/kg
apigenin.

(0.4, 2 or 8 mg/kg), the plasma concentrationtime pro-
files of etoposide were illustrated in Fig. 4 and the
pharmacokinetic parameters were summarized in Table

2. After an intravenous administration of etoposide with
apigenin, the total body clearance (CL) of etoposide
tends to be decreased and consequently AUC was
increased, although there was no statistical significance.
The terminal plasma half- life (t,,,) of etoposide was not
altered by the combined use of apigenin. The metabo-
lism of etoposide is mainly mediated by CYP3A4® and
also etoposide is a substrate of P-gp during the intesti-
nal absorption.” P-gp is colocalized with CYP3A4 in

the apical membrane of the intestine,>*%

and they act
synergistically in regulating the first-pass metabolism
and bioavailability of many orally ingested anticancer
agents. Therefore, it may be possible to improve the
oral bioavailability of etoposide via the combined use
with CYP3A4 and/or P-gp inhibitors. The inhibition
effect of apigenin against CYP3A4-mediated metabo-
lism was confirmed by the employment of recombinant
CYP3A4 enzyme. As shown in Fig. 1, apigenin exhib-
ited inhibition effect against CYP3A4-mediated metab-
olism with ICs, of 1.8 uM. This result is comparable to
the recent studies done by Kimura et al.?V In their stud-
showed

ies, apigenin competitive-non-competitive

Table 2. Mean pharmacokinetic parameters of etoposide after an intravenous administration of etoposide (2 mg/kg) to rats
in the presence or absence of apigenin (0.4, 2 or 8 mg/kg) (mean+SD, n=6)

Etoposide+Apigenin
Parameters Control
0.4 mg/kg 2.0 mg/kg 8 mg/kg
AUC (ngh/mL) 2500+524 2620+572 2720+577 29001604
CL (mL/min/kg) 13.31£3.04 12.7+2.87 12.3+2.74 11.5+2.48
ty, (h) 2.2+0.48 2.3+0.49 2.4+0.53 2.6+0.58
RB (%) 100 109 116

AUC: area under the plasma concentrationtime curve from 0 h to infinity; CL: total body clearance; t;,: terminal half-life; RB(%): relative

bioavailability.
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mixed type of inhibition patterns for CYP3A4 with Ki
values of 0.67 uM.?" Furthermore, the cell-based assay
using rhodamine-123 indicated that apigenin (10-30
iM) significantly (p<0.01) inhibited P-gp-mediated drug
efflux (Fig. 2). Those results suggest that apigenin
might be effective to improve the bioavailability of eto-
poside, a dual substrate of CYP3A4 and P-gp. There-
fore, the pharmacokinetic characteristics of etoposide
were evaluated in the absence and the presence of api-
genin in rats. As CYP3A9 expressed in rat is corre-
sponding to the ortholog of CYP3A4 in human,™ rats
were selected as an animal model in this study to evalu-
ate the potential pharmacokinetic interactions mediated
by CYP3A4, although there should be some extent
of difference in enzyme activity between rat and
human.*®

As summarized in Table 1, the presence of apigenin
significantly increased the oral exposure of etoposide.
This result is coincident with previous studies using
other flavonoids.”**"?? For examples, morin and quer-

cetin significantly increased the AUC and C_,, of eto-

max
poside by inhibiting P-gp and CYP3A4 in rat intestine
and/or liver.***” Kaempferol and genistein also significantly
increased oral exposure of tamoxifen and paclitaxel, respec-
tively.®*” In contrast to the oral pharmacokinetics, the
intravenous pharmacokinetics of etoposide was not sig-
nificantly affected by the concurrent use of apigenin.
Although there was slight decrease in the total body
clearance in the presence of apigenin, there was no sta-
tistical significance, implying that the inhibition effect
of apigenin against hepatic metabolism might be mini-
mal. Therefore, the enhanced oral bioavailability of eto-
poside in the presence of apigenin could be mainly due
to enhanced absorption in the gastrointestinal tract
rather than the reduced hepatic elimination of etopo-
side. The increase in oral bioavailability of etoposide in
the presence of apigenin should be taken into consider-
ation of potential drug interactions between etoposide
and apigenin.

Kor. J. Clin. Pharm., Vol. 21, No. 2, 2011

CONCLUSION

The presence of apigenin enhanced the bioavailability of
oral etoposide in rats, suggesting that the combined use of
apigenin may be helpful to improve the bioavailability of
etoposide in the chemotherapeutic applications. The
increase in oral bioavailability of etoposide with apigenin
should be taken into consideration of potential drug inter-
actions between etoposide and apigenin.
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