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Effects of one-time apple juice ingestion on the pharmacokinetics

of fexofenadine enantiomers

Yumiko Akamine - Masatomo Miura - Hisakazu Komori -
Shun Saito - Hiroyuki Kusuhara - Ikumi Tamai -
Ichiro Ieiri - Tsukasa Uno « Norio Yasui-Furukori

Received: 18 March 2014 / Accepted: 26 May 2014 /Published online: 7 June 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract

Purpose We examined the effect of a single apple juice intake
on the pharmacokinetics of fexofenadine enantiomers in
healthy Japanese subjects.

Methods In a randomized two phase, open-label crossover
study, 14 subjects received 60 mg of racemic fexofenadine
simultaneously with water or apple juice. For the uptake stud-
ies, oocytes expressing organic anion-transporting polypeptide
2B1 (OATP2B1) were incubated with 100 uM (R)- and (S)-
fexofenadine in the presence or absence of 10 % apple juice.
Results One-time ingestion of apple juice significantly de-
creased the area under the plasma concentration—time curve
(AUCq_,4) for (R)- and (S)-fexofenadine by 49 and 59 %,
respectively, and prolonged the time to reach the maximum
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plasma concentration (#,.x) of both enantiomers (P<0.001).
Although apple juice greatly reduced the amount of (R)- and
(S)-fexofenadine excretion into urine (Aeg_p4) by 54 and
58 %, respectively, the renal clearances of both enantiomers
were unchanged between the control and apple juice phases.
For in vitro uptake studies, the uptake of both fexofenadine
enantiomers into OATP2B1 complementary RNA (cRNA)-
injected oocytes was significantly higher than that into water-
injected oocytes, and this effect was greater for (R)-
fexofenadine. In addition, apple juice significantly decreased
the uptake of both enantiomers into OATP2B1 cRNA-injected
oocytes.

Conclusions These results suggest that OATP2B1 plays an
important role in the stereoselective pharmacokinetics of
fexofenadine and that one-time apple juice ingestion probably
inhibits intestinal OATP2B1-mediated transport of both enan-
tiomers. In addition, this study demonstrates that the
OATP2BI inhibition effect does not require repeated inges-
tion or a large volume of apple juice.

Keywords Enantiomer - Fexofenadine - Apple juice -
OATP2BI - Pharmacokinetics

Introduction

Drug interactions mediated by organic anion-transporting
polypeptides (OATPs) have been increasingly recognized
as important clinical events that may significantly alter the
bioavailability of orally administered drugs and total body
clearance [1, 2]. OATPs are membrane influx transporters
expressed in major organs related to drug distribution,
absorption, and excretion, such as the blood—brain barrier,
small intestine, liver, and kidney [2]. Therefore, OATP-
mediated drug interactions may occur in various organs.
Of the 11 human OATP transporters, OATP1B1 and
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OATP1B3, which are expressed on the sinusoidal mem-
brane of hepatocytes, facilitate the uptake of their sub-
strate drugs into the liver. Rifampicin, an inhibitor of
three OATPs, increases the plasma concentrations of sev-
eral OATP substrate drugs including atrasentan, bosentan,
glyburide, repaglinide, and fexofenadine [3-8].

Fruit juices are known to cause drug interactions with
OATP substrate drugs [9]. For example, both grapefruit
and orange juices decrease the oral bioavailability of
OATP1A2 and/or OATP2B1 substrate drugs such as
aliskiren, celiprolol, talinolol, atenolol, ciprofloxacin,
and fexofenadine [10-16]. OATP1A2 and OATP2B1 are
expressed on the luminal membrane of small intestinal
enterocytes and potentially participate in the active ab-
sorption of drugs [2]. Both of these juices have been
found to inhibit OATP1A2 and OATP2BI1 in vitro
[17—-19]; therefore, inhibition of OATP-mediated intestinal
uptake is currently considered the mechanism underlying
a significant reduction in the oral bioavailability of sub-
strate drugs. In addition to grapefruit and orange juices,
apple juice also significantly decreases the bioavailability
of drugs such as aliskiren and fexofenadine [10, 16].
Although apple juice had no effect on OATP1A2 activity
in an in vitro study [16], a recent study showed that apple
juice strongly inhibits OATP2BI1 activity in vitro [20-22].
Since apple juice is a more potent OATP2B1 inhibitor
than grapefruit or orange juice in vitro [22], it is believed
that the primary mechanism of interaction with apple juice
also involves the inhibition of OATP2B1-influx transport
in the small intestine.

The disposition of fexofenadine enantiomers after ra-
cemic dosing shows stercoselectivity with the plasma
concentration of (R)-fexofenadine approximately 1.5-fold
higher than that of the (S)-enantiomer [23-26].
Fexofenadine pharmacokinetics primarily depend on the
activities of multiple transporters including P-glycoprotein
(P-gp), OATPs, and multidrug and toxic compound extru-
sion 1 (MATE1) [27, 28]. While the activity of both
enantiomers was identical in P-gp, OATP1B3, OAT3, or
MATEI1-expressing cells [8], stereoselectivity was ob-
served for the unbound fractions of fexofenadine enantio-
mers in plasma, which could reasonably explain the dif-
ference in renal clearance of fexofenadine enantiomers.
Previous in vivo studies demonstrated that itraconazole,
verapamil, and rifampicin significantly increased the con-
centrations of both enantiomers and also affected the
stereoselectivity of fexofenadine pharmacokinetics [8,
24, 25]. Therefore, it is possible that other transporters
may also contribute to the stereoselective pharmacokinet-
ics of fexofenadine.

Meanwhile, we reported that SLCO2B1 (encoding
OATP2B1) polymorphisms are associated with the pharma-
cokinetics of fexofenadine enantiomers [29]. However, it
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remains unclear to what extent OATP2B 1-mediated transport
contributes to the stereoselectivity of fexofenadine. As the
stereoselective disposition of fexofenadine is also promoted
by OATP2B1-mediated transport, apple juice may influence
the stereoselective pharmacokinetics of fexofenadine enantio-
mers. In addition, although racemic fexofenadine exhibited
reduced bioavailability after repeated high-volume
(1,200 mL) ingestion of apple juice [16], there is no informa-
tion on the effect of one-time ingestion of apple juice.
Therefore, we examined whether one-time apple juice in-
gestion affects fexofenadine enantiomer pharmacokinetics
and whether apple juice alters the stereoselectivity of
fexofenadine absorption. Subsequently, we conducted
in vitro studies with OATP2B1 complementary RNA
(cRNA)-injected oocytes in support of the clinical data.

Methods
Subjects

Most of the 14 healthy Japanese volunteers (10 males and 4
females) used in this study had participated in our previous
study [29]. Each subject was deemed physically healthy by a
clinical examination and routine laboratory testing and had no
history of significant medical illnesses or hypersensitivity to
any drugs. The volunteers had a mean (+standard deviation
(SD)) age 0f24.9 (£5.7) years (range 2042 years) and a mean
body weight of 57.5 (£8.3) kg (range 44-70 kg). This study
was approved by the Ethics Committee of the Hirosaki Uni-
versity School of Medicine, and all subjects gave written
informed consent before participating.

Study design

A randomized crossover study design in two phases was
conducted in intervals of at least 2 weeks. Following an
overnight fast, healthy subjects simultaneously received
60 mg of racemic fexofenadine hydrochloride (Allegra®;
Sanofi-Aventis K.K., Tokyo, Japan) with 400 mL of water
or apple juice at 9:00 A.M. The extract from tablets (Allegra®)
did not have optical activity; as a result, fexofenadine was
administered as a racemic mixture, i.e., a 50/50 mixture of
enantiomers, where the dose was 30 mg for each fexofenadine
enantiomer. The apple juice (Shiny Apple®; Aomoriken
Ringo Juice Co. Ltd., Aomori, Japan) used in this study was
of normal strength. Volunteers did not ingest any medication,
fruit juices, or apple, orange, or grapefruit products for at least
7 days before either of the study phases. No meals or bever-
ages were allowed until 4 h after fexofenadine administration.
In addition, the use of alcohol, tea, and coffee was forbidden
during the test period.
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Plasma and urine collection and determination
of fexofenadine enantiomer concentrations

Blood samples (10 mL each) were drawn into heparinized
tubes before and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h after
administration of fexofenadine, and the plasma was immedi-
ately separated. Immediately prior to fexofenadine adminis-
tration, urine was collected to provide a blank sample. After
fexofenadine administration, urine samples were collected
during the following 24-h period. The plasma and urine sam-
ples were stored at —20 °C until assayed.

Fexofenadine concentrations in plasma and urine were
determined using an HPLC method that had been developed
in our laboratory [30]. In brief, following the addition of
diphenhydramine (50 ng) in methanol (10 puL) as an internal
standard to 400 uL of plasma, the plasma sample was diluted
with 600 uL of water and was vortexed for 30 s. For urine
samples, diphenhydramine (50 ng) in methanol (10 uL) was
added to a 100-uL urine sample, and the sample was then
diluted with 900 uL of water. These sample mixtures were
applied to an Oasis HLB extraction cartridge that had been
previously activated with methanol and water (1.0 mL each).
The cartridge was successively washed with 1.0 mL of water
and 1.0 mL of 40 % methanol in water followed by elution
with 1.0 mL of 100 % methanol. Eluates were evaporated to
dryness under vacuum at 40 °C using a rotary evaporator
(Iwaki, Tokyo, Japan). The residue was dissolved in 50 uL
of methanol and was vortexed for 30 s. Approximately 50 uL
of mobile phase was added, and the sample was vortexed for
another 30 s. A 50-uL aliquot of the sample was then proc-
essed using the HPLC apparatus. The HPLC column was a
Chiral CD-Ph (250 mmx4.6 mm i.d.; Shiseido, Tokyo, Ja-
pan), and the mobile phase was 0.5 % KH,PO,4 (pH 3.5)-
acetonitrile (65:35, v/v). The flow rate was 0.5 mL/min at
ambient temperature, and sample detection was performed at
220 nm. The lower limit of quantification was 25 ng/mL for
both (R)- and (S)-fexofenadine. The validated concentration
range of this assay for either plasma or urine samples was 25—
625 ng/mL for both enantiomers. The within- and between-
day coefficients of variation were less than 13.6 %, and
accuracy was within 8.8 % over the linear range of both
analytes. The plasma and urine samples after apple juice
treatment did not have any interfering peaks in the
fexofenadine assay. The plasma and urine blank samples that
were collected before initiating fexofenadine administration
presented no detectable fexofenadine peak in the assay.

Uptake experiments in Xenopus laevis oocytes

The preparation of oocytes, in vitro synthesis of OATP2B1
cRNA, and uptake experiments were conducted as described
previously [31]. In brief, the construct pPGEMHE containing
OATP2B1 complementary DNA was used to synthesize

cRNA. Defolliculated oocytes were injected with 50 nL of
the cRNA solution (1 pg/pL) or water and were then incubat-
ed for 3 days at 18 °C in modified Barth’s saline [MBS;
88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO;, 0.82 mM
MgS0O,, 0.33 mM Ca(NOs),, 0.41 mM CaCl,, and 10 mM
HEPES, pH 7.4] containing 50 pg/mL gentamicin. For uptake
studies, oocytes expressing OATP2B1 were incubated with
100 uM (R)- and (S)-fexofenadine in the presence or absence
of 10 % apple juice for 120 min at 25 °C. Uptake was
terminated by washing the oocytes three times with ice-cold
MBS. The concentrations of fexofenadine in all of the samples
were quantified with a liquid chromatography—tandem mass
spectrometry (LC-MS/MS) system consisting of an MDS-
Sciex API 3200™ triple quadrupole mass spectrometer (AB
SCIEX, Foster City, CA) coupled with a LC-20 AD ultrafast
LC system (Shimadzu Company, Kyoto, Japan). The ultrafast
liquid chromatography gradient elution was performed using
a mobile phase consisting of 0.1 % formic acid and acetoni-
trile at a flow rate of 0.3 mL/min. The gradient profile was
5.0 % acetonitrile from 0 to 1.25 min, 5.0-95 % acetonitrile
from 1.25 to 2.25 min, 95 % acetonitrile from 2.25 to
4.35 min, 95-5.0 % acetonitrile from 4.35 to 4.5 min, and
5.0 % acetonitrile from 4.5 to 5.5 min, for a total run time of
5.5 min for each injection. The retention times were 2.9 min.
Mercury MS (Cig, 10x4.0 mm, Luna 3 mm, Phenomenex,
Torrance, CA) was used as the analytical column. In the LC-
MS/MS system, the Turbo lon Spray interface was operated in
positive ion mode at 5,500 V and at 700 °C, and the mass
transition (Q1/Q3) of m/z 502.3/466.3 was used. Analyst
software version 1.4 (Applied Biosystems) was used for data
manipulation. The uptake clearance (1L/120 min/oocyte) was
calculated as the cell-to-medium ratio by dividing the uptake
amount by the initial cell concentration in the uptake medium.
OATP2B1-mediated uptake rates were obtained after subtrac-
tion of the uptake by water-injected oocytes from the uptake
by OATP2B1 cRNA-injected oocytes.

Pharmacokinetic data analysis

Pharmacokinetic analysis of fexofenadine enantiomers was
performed with a standard, non-compartmental method using
WinNonlin (Pharsight Co., Mountain View, CA, version
4.0.1). The maximum plasma concentration (Cy,,x) and time
to reach Cpax (fmax) Were determined directly from the ob-
served data. The elimination rate constant (ke) for
fexofenadine was obtained by linear regression analysis using
at least three sampling points from the terminal log-linear
declining phase to the last measurable concentration. The
elimination half-life (#,,) was calculated as 0.693 divided by
ke. The area under the concentration-time curve (AUC) from
time O to the last sampling time (AUC,_,4) was calculated by
the trapezoidal rule. The apparent oral clearance (CL/F) was
obtained from the equation CL/F = dose/ AUC_»4, where the

@ Springer



1090

Eur J Clin Pharmacol (2014) 70:1087-1095

dose was 30 mg for each fexofenadine enantiomer. Renal
clearance (CL,.,4) Was obtained from the following equation:
CLenai=Aep_24/AUC(y_»4, where Ae is the amount of
fexofenadine excreted into the urine within a 24-h period.

Statistical analysis

The bioequivalence approach, as recommended by the US
Food and Drug Administration [32] for ratios between the
control phase and apple juice treatment phases, served to
illustrate the intraindividual variability of the pharmaco-
kinetic parameters in 14 subjects. The 90 % confidence
interval (CI) for the ratio would fall entirely within the
interval 0.8—1.25 to demonstrate a lack of significant
effect on the pharmacokinetic parameters chosen. To dem-
onstrate a difference in AUC of 50 % between the two
phases with an o error of 5 % and a statistical power of
80 %, the sample size was analyzed assuming a 20 % SD
of difference based on the pharmacokinetics of our previ-
ous study [26].

The results are expressed as the mean and 95 % CI in
Table 1. In the human study (Fig. 1), data are reported as the
mean+SD to indicate variability in the samples. In the in vitro
study (Fig. 3), data are reported as the mean+standard error of
the mean (SEM) to quantify the precision of the mean
measurements.

Differences between (R)- and (S)-fexofenadine phar-
macokinetic parameters during the control phase and
apple juice phase, in the S/R ratio of the AUCy o4
during the control phase and apple juice phase, and in
the mean difference (%) in the within-subject ratio (e.g.,

apple juice/control) were analyzed using the paired ¢
test. The comparison of f,,, was performed using the
Wilcoxon signed sample test. A P value of 0.05 or less
was regarded as significant. Geometric mean ratios to
corresponding values in the control phase with 95 % CI
were used for detection of significant difference. When
the 95 % CI did not cross 1.0, the result was also
regarded as significant. All data were analyzed with
the statistical program SPSS for Windows, version
11.5 J (SPSS Inc. Chicago, III). For uptake studies, data
are given as the mean of values obtained in at least
three experiments with the standard error. Statistical
analyses were performed with the unpaired Student’s ¢
test, and a probability of less than 0.05 (P<0.05) was
considered to represent a statistically significant
difference.

Results
Plasma pharmacokinetics of fexofenadine enantiomers

None of the enrolled subjects reported any adverse events
during the study, and the subjects completed all phases ac-
cording to the study protocol. The mean (+SD) plasma con-
centration—time profiles of the fexofenadine enantiomers after
a single oral dose of 60 mg of fexofenadine hydrochloride are
shown in Fig. 1 for both the control (water) and apple juice-
treated phases, and the pharmacokinetic parameters are sum-
marized in Table 1.

Table 1 Effect of apple juice on

pharmacokinetic parameters of Parameters

Control With apple juice Ratio to control

fexofenadine enantiomers

" P<0.05,” P<0.01,

** P<0.001, between control
phase and apple juice phase
"P<o0.05,""P<0.01,
1% P<0.001, between (R)- and
(S)-fexofenadine

Data are shown as mean and 95 %
confidence interval; .., data are
shown as a median with a range
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(R)-fexofenadine

(S)-fexofenadine

S/R ratio of AUC o4

S/R ratio of CL epa1

42 (hy

Imax (h) (range)
Crnax (ng/mL)
AUC) 24 (ngh/mL)
CL/F ()

AC) 24 (mg)
CLicnal (my

12 )

Imax (h) (range)
Crnax (ng/mL)
AUCp 24 (ngtvmL)
CL/F ()
ACo 24 (mg)

CLrenal (L/h)

3.8(3.3,4.3)
1.5 (0.5-3.0)

131 (110, 152)77
774 (650, 898)" T
41 (36, 48)"T
3.6(2.9,43)
5.1(3.9,6.2)
3.0(2.5,3.4)

1.6 (0.5-4.0)

110 (94, 127)
530 (416, 643)
64 (53, 76)

40 (3.3,4.8)

8.5 (6.6, 10.4)
0.67 (0.62, 0.73)
1.71 (1.58, 1.84)

3.8 (3.4,4.3)"
2.9 (1.5-4.0)***
62 (52, 72)***TTT

364 (305, 423 yx#*11T

95 (70, 120)*** Tt
1.5 (1.2, 1.9y
44 (34,541
27(22,3.1)

2.8 (1.5-4.0y
41 (33, 50)***

185 (148, 222) ***
205 (130, 281) ***

1.6 (1.2, 2.0)%**
9.7(7.3, 12.1)

0.50 (0.45, 0.54)**

2.19 (1.88, 2.50)

1.07 (0.90, 1.25)
239 (1.62-3.15)
0.52 (0.40, 0.63)
0.51 (0.40, 0.62)
248 (1.67,3.30)
0.46 (0.33, 0.60)
1.14 (0.61, 1.67)
0.96 (0.75, 1.12)
2.33 (1.60-3.07)
0.40 (0.31, 0.49)
0.41 (0.30, 0.50)
2.95(1.95, 3.95)
042 (0.31, 0.53)
1.08 (0.53, 1.63)
0.76 (0.66, 0.86)
1.33 (1.05, 1.61)
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Fig. 1 a Mean (+SD) plasma A
concentration—time curves of (R)-
fexofenadine following a single
oral administration of 60 mg of
fexofenadine hydrochloride in 14
healthy volunteers treated with
water (open squares) or apple
juice (closed squares). b Mean (+
SD) plasma concentration—time
curves of (S)-fexofenadine
following a single oral
administration of 60 mg of
fexofenadine hydrochloride in 14
healthy volunteers treated with
water (open circles) or apple juice
(closed circles)

(R)-fexofenadine concentration (ng/mL)

150

(S)-fexofenadine concentration (ng/mL)

Time (h)

One-time ingestion of apple juice greatly reduced the plas-
ma concentrations of both fexofenadine enantiomers compared
with those from the water phase (Fig. 1) and altered all of the
pharmacokinetic parameters except ¢, (Table 1). On the other
hand, in the water phase, the plasma concentration of (R)-

Time (h)

fexofenadine at all time points was higher than that of the
corresponding (S)-enantiomer, and the mean AUCy_»4S/R
ratio was 0.67 (95 % CI, 0.62, 0.73) (Fig. 1 and Table 1).

Apple juice significantly decreased the AUC, 4 values
of both enantiomers in all of the subjects (P<0.001 for

Fig. 2 Change in (R)- and (S)- ~~ 0~
fexofenadine AUC, ,4 by apple ’é
juice plotted against AUC 54 E =
during the water phase for each . 1 BR)- fexofenadine
individual (n=14). (R)- on =200 A
fexofenadine (open squares) and \E @ S )-fexofenadine
(S)-fexofenadine (closed circles) g

T o~ 100 |

=3

O .=

S B

@ .=

> [P

L = -600 A

G- &

© <

U N

2 -800 1 y =-1.0495x +211.56

2:

£ 0.9126 y =-1.0403x +395.67

go -1000 - R2= 0.8256

<

-

O

-1200 . . 1
0 500 1000 1500

AUC of fexofenadine (ng*h/mL)

(Water)

@ Springer



1092

Eur J Clin Pharmacol (2014) 70:1087-1095

both enantiomers). Additionally, these effects were depen-
dent on the baseline value of each enantiomer, and a
highly significant correlation was observed (R*=0.8256,
P<0.001 for (R)-fexofenadine; R*=0.9126, P<0.001 for
(S)-fexofenadine) (Fig. 2).

Moreover, although there was no significant difference in
the mean ¢, , of the enantiomers in the control and apple juice-
treated phases, the mean #,,,, of both enantiomers was notice-
ably prolonged by apple juice (P<0.001 for both enantio-
mers) (Table 1).

Urinary excretion of fexofenadine enantiomers

In the control phase, the Aey 4 of (S)-fexofenadine was
slightly higher than that of (R)-fexofenadine; however,
the difference did not reach statistical significance (P=
0.541) (Table 1). The mean CL,,, of (S)-fexofenadine
was significantly higher than that of (R)-fexofenadine
(P<0.001) (Table 1).

Apple juice greatly decreased the mean Aegy »4 values
of both enantiomers (P<0.01 for both enantiomers); how-
ever, the mean Ae, 4 values were not significantly dif-
ferent between the (R)- and (S)-enantiomers (P=0.172).
In addition, compared to the control, apple juice did not
change the mean CL,.,, of either enantiomer. Apple juice
slightly increased the mean S/R ratio of the CL,,, from
1.71 (95 % CI, 1.58, 1.84) to 2.19 (95 % CI, 1.88, 2.50),
but this difference was not statistically significant (P=
0.081) (Table 1).

Fig. 3 Uptake clearance of (R)-

In vitro drug transport studies using Xenopus oocytes
expressing OATP2B1

To determine whether fexofenadine enantiomers were
transported by OATP2B1, the uptake of each enantiomer
was measured using Xenopus oocytes expressing
OATP2B1 (Fig. 3). The uptake of (R)- and (S)-
fexofenadine (100 uM) into OATP2B1 cRNA-injected
oocytes was significantly higher than the uptake into
water-injected oocytes, and the uptake was 2.2 times
greater for (R)-fexofenadine (P<0.001) (Fig. 3). In ad-
dition, OATP2B1-mediated uptake of each enantiomer
was significantly decreased in the presence of 10 %
apple juice (P<0.001 for both enantiomers) (Fig. 3).

Inhibitory effects of apple juice on (R)- and (S)-fexofenadine

In the human study, apple juice significantly decreased the
AUC_,4 for (R)- and (S)-fexofenadine by 49 and 59 %,
respectively (P<0.001 for both enantiomers), and this
inhibition effect exhibited significant differences between
(R)- and (S)-fexofenadine (P<0.001) (Table 1). Therefore,
apple juice decreased the mean S/R ratio of the AUC( »4
from 0.67 to 0.50 (95 % CI, 0.45, 0.54) (P<0.01) (Ta-
ble 1). Meanwhile, in the in vitro study, apple juice
significantly decreased OATP2B1-mediated uptake of
(R)- and (S)-fexofenadine by 65 and 64 %, respectively
(P<0.001 for both enantiomers), but the inhibition effect
was identical for both enantiomers (P=0.888) (Fig 3).

*okk [J Water-injected oocytes

and (S)-fexofenadine into
Xenopus oocytes expressing
OATP2BI1. Uptake clearance of
(R)- and (S)-fexofenadine

(100 uM) into water-injected
(open bars without apple juice,
gray bars with apple juice) or
OATP2B1 cRNA-injected
oocytes (hatched bars without
apple juice, closed bars with
apple juice) measured in the
presence or absence of 10 % apple
juice for 120 min at 25 °C and
pH 6.5. Data are shown as the
mean+SEM (n=4-9).
***P<(0.001, between control
phase and apple juice phase.
THP<0.001, between
(R)-fexofenadine and (S)-
fexofenadine

0.07 1

0.04 A

0.02

0.01 -

Uptake clearance (1L/120 min/oocyte)

(Control)
& OATP2BI1cRNA-injected oocytes
(Control)
Water-injected oocytes
(+ Apple juice)

[l OATP2B1cRNA-injected oocytes
(+ Apple juice)

(R)-fexofenadine (S)-fexofenadine (R)-fexofenadine (S)-fexofenadine

Control
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Discussion

In this study, the effects of one-time apple juice ingestion
on the pharmacokinetics of fexofenadine enantiomers
were investigated. This study showed that apple juice
significantly decreased the mean C,.x and AUCj 4 of
both enantiomers even after a single ingestion (Fig. 1 and
Table 1). As this effect of apple juice is attributable to an
inhibition of hepatic OATP-influx transport, the plasma
concentrations of both enantiomers would have been
somewhat enhanced as described previously [3—7]. There-
fore, apple juice should inhibit intestinal absorption via
OATPs. This supposition is supported by the fact that the
mean f,,x of both enantiomers was significantly
prolonged by apple juice (Table 1). The inhibition of
influx transporters in the intestine can be a cause of slow
absorption [20]. Therefore, it is possible that inhibition of
intestinal OATP-influx transport by apple juice leads to a
decrease in the distribution volume of both enantiomers
and a simultaneous delay in their absorption.

A previous study found that the uptake of fexofenadine
was significantly increased in OATP2B1 cRNA-injected
oocytes and that this uptake decreased in the presence of
apple juice [20]. Similarly [20], in the present study, the
uptake of both fexofenadine enantiomers into OATP2B1
cRNA-injected oocytes was significantly higher than into
water-injected oocytes (Fig. 3), and apple juice signifi-
cantly decreased the uptake of both enantiomers into
OATP2B1 cRNA-injected oocytes (Fig. 3). Therefore,
these results suggest that OATP2B1 plays an important
role in the pharmacokinetics of fexofenadine enantiomers
and that apple juice may have inhibited OATP2B1-
mediated intestinal transport. Furthermore, in the present
study, although we did not examine which apple juice
ingredients were responsible for the observed effects, our
previous in vitro study showed that significant inhibition
of OATP2B1 was observed with a mixture of phloridzin,
phloretin, hesperidin, and quercetin at concentrations pres-
ent in apple juice [21]. Thus, further studies may be
required to confirm the extent that these ingredients con-
tribute to fexofenadine enantiomer pharmacokinetics.

Additionally, a previous clinical study showed that repeat-
ed ingestion of apple juice reduced the AUC of racemic
fexofenadine by approximately 70 % of control [16], while
our single-intake study showed that the AUC,_,4 of (R)- and
(S)-fexofenadine decreased by 49 and 59 %, respectively
(Table 1). These findings imply that the inhibitory effect of
apple juice may increase with repeated high-volume ingestion.
However, the present study suggests that one-time ingestion
of apple juice might be sufficient for the intestinal OATP2B1
inhibition effect and could possibly be of moderate clinical
significance for patients receiving OATP2B1 substrate drugs
such as fexofenadine.

On the other hand, apple juice contains many calories.
The caloric load of a meal can strongly influence intesti-
nal motility (e.g., gastric emptying, ileocecal transfer) and
intestinal water absorption and secretion. However, coad-
ministration of 120 mg of fexofenadine with a high-fat
meal had no clinically significant effect on the rate or
extent of fexofenadine absorption [33]. Although the f,.
of fexofenadine was not affected by a high-fat meal [33],
we observed that the mean #,,,, of both enantiomers was
noticeably prolonged by apple juice. Since 7, does not
change depending on caloric intake, it is possible that
inhibition of intestinal OATP2B1 is the main contributing
factor for prolongation of f,,x.

Moreover, the inhibition effect of apple juice on
fexofenadine enantiomer was dependent on the control
AUC 4 value of each enantiomer, since there was a high
correlation for apple juice causing a greater reduction in
subjects with a higher control AUC, »4 value (Fig. 2). This
result is consistent with a previous report [16] and implies that
the higher baseline AUC(_,4 values observed in the control
phase may be due to higher intestinal OATP2BI1 activity. A
previous in vivo study indicated that a SLCO2BI polymor-
phism contributed to individual pharmacokinetics of
fexofenadine since its bioavailability and apple juice effects
were significantly higher in SLCO2B1*1/*1 (1457CC) sub-
jects than those in subjects carrying the *3 (c. 1457C>T)
allele [20]. Therefore, it is possible that the individual phar-
macokinetics of fexofenadine enantiomers may be affected by
OATP2BI activity and that different reductions of OATP2B1
activity by apple juice may be related to individual apple juice
effects on fexofenadine stereoselective pharmacokinetics.

Consistent with previous clinical reports [8, 23-26], the
present study demonstrated that the plasma concentration of
(R)-fexofenadine was higher than the corresponding (S)-en-
antiomer during the control phase (Fig. 1). Interestingly, up-
take into OATP2B1 cRNA-injected oocytes was 2.2 times
higher for (R)-fexofenadine (Fig. 3). In addition, in our previ-
ous in vitro study, stereoselectivity in the transport of
fexofenadine enantiomers by P-gp, OATP1B3, OAT3, and
MATE1-expressing cells was not observed [8]. This result
indicates that OATP2B1-mediated transport is stereoselective
and that the higher absorption of (R)-fexofenadine may be due
to higher affinity of OATP2B1 for the (R)-enantiomer. These
results suggest that OATP2BI1 is a key determinant in the
stereoselective pharmacokinetics of fexofenadine.

Furthermore, it remains unknown which transporters play a
major role in the renal excretion of both enantiomers, but
stereoselectivity in renal excretion of fexofenadine was also
noted as the CL,.,, of (S)-fexofenadine was 1.7-fold greater
for (R)-fexofenadine in the control phase. Differences in renal
clearance may also be a rationale for the lower AUC of (S)-
fexofenadine. In addition, the mean ¢, was significantly
shorter for (S)-fexofenadine compared with the (R)-
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enantiomer. However, apple juice did not change the CL, a1
and ¢, of either enantiomer. These results imply that the
OATP2BI inhibition effect by apple juice does not contribute
to the stereoselectivity in renal excretion of fexofenadine.
Therefore, other transporters and/or factors may be involved
in the stereoselective urinary pharmacokinetics. Our previous
in vitro study showed that the plasma-unbound fraction of (S)-
fexofenadine was 1.8-fold higher than that of the (R)-enantio-
mer [8], which is similar to the difference in CL,4. Thus, the
plasma-unbound fraction might contribute to the fexofenadine
stereoselective pharmacokinetics [8]. Taken together, these
findings suggest that the stereoselectivity of fexofenadine
pharmacokinetics may occur through a combination of
OATP2BI activity and the plasma-unbound fraction for each
enantiomer, resulting in a higher plasma concentration of the
(R)-fexofenadine enantiomer. However, it is difficult to clarify
experimentally whether the stereoselectivity of fexofenadine
occurs in the absorption and/or excretion process, since an
intravenous fexofenadine formulation has not been produced
to date.

In addition, Glaeser et al. [34] reported that OATP1A2 is a
critical determinant in the uptake of fexofenadine. Recently,
an in vitro study demonstrated that verapamil inhibited the
uptake of fexofenadine through OATP 1 A2-mediated transport
[35]. Our previous clinical report showed that verapamil al-
tered the stereoselectivity of fexofenadine [25]. These findings
might indicate that OATP1A2 takes part in the stereoselective
pharmacokinetics of fexofenadine. However, since there are
no in vitro data on the contribution of OATP1A2 to the
stereoselective pharmacokinetics of fexofenadine and verapa-
mil is known to be a potent P-gp inhibitor [36], further studies
using other OATP1A2 inducers/inhibitors will be needed to
confirm the extent of its contributions.

In conclusion, these results suggest that OATP2B1 plays an
important role in the stereoselective pharmacokinetics of
fexofenadine and that one-time apple juice ingestion probably
inhibits intestinal OATP2B 1-mediated transport of both enan-
tiomers. In addition, this study demonstrates that OATP2B1
inhibition effects do not require repeated ingestion or a large
volume of apple juice.
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to this paper.

References

1. Giacomini KM, Huang SM, Tweedie DJ et al (2010) Membrane
transporters in drug development. Nat Rev Drug Discov 9:215-236

2. Kalliokoski A, Niemi M (2009) Impact of OATP transporters on
pharmacokinetics. Br J Pharmacol 158:693-705

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Xiong H, Carr RA, Locke CS, Katz DA, Achari R, Doan TT, Wang P,

Jankowski JR, Sleep DJ (2007) Dual effects of rifampin on the
pharmacokinetics of atrasentan. J Clin Pharmacol 47:423-429

. van Giersbergen PL, Treiber A, Schneiter R, Dietrich H, Dingemanse

J (2007) Inhibitory and inductive effects of rifampin on the pharma-
cokinetics of bosentan in healthy subjects. Clin Pharmacol Ther 81:
414419

. Zheng HX, Huang Y, Frassetto LA, Benet LZ (2009) Elucidating

rifampin’s inducing and inhibiting effects on glyburide pharmacoki-
netics and blood glucose in healthy volunteers: unmasking the dif-
ferential effects of enzyme induction and transporter inhibition for a
drug and its primary metabolite. Clin Pharmacol Ther 85:78-85

. Bidstrup TB, Stilling N, Damkier P, Scharling B, Thomsen MS,

Brosen K (2004) Rifampicin seems to act as both an inducer and an
inhibitor of the metabolism of repaglinide. Eur J Clin Pharmacol 60:
109-114

. Shitara Y (2011) Clinical importance of OATP1B1 and OATP1B3 in

drug-drug interactions. Drug Metab Pharmacokinet 26:220-227

. Kusuhara H, Miura M, Yasui-Furukori N, Yoshida K, Akamine Y,

Yokochi M, Fukizawa S, Ikejiri K, Kanamitsu K, Uno T, Sugiyama Y
(2013) Effect of coadministration of single and multiple doses of
rifampicin on the pharmacokinetics of fexofenadine enantiomers in
healthy subjects. Drug Metab Dispos 41:206-213

. Bailey DG (2010) Fruit juice inhibition of uptake transport: a new

type of food-drug interaction. Br J Clin Pharmacol 70:645-655
Tapaninen T, Neuvonen PJ, Niemi M (2011) Orange and apple juice
greatly reduce the plasma concentrations of the OATP2B1 substrate
aliskiren. Br J Clin Pharmacol 71:718-726

Neuhofel AL, Wilton JH, Victory JM, Hejmanowsk LG, Amsden
GW (2002) Lack of bioequivalence of ciprofloxacin when adminis-
tered with calcium-fortified orange juice: a new twist on an old
interaction. J Clin Pharmacol 42:461-466

Lilja JJ, Backman JT, Laitila J, Luurila H, Neuvonen PJ (2003)
Itraconazole increases but grapefruit juice greatly decreases plasma
concentrations of celiprolol. Clin Pharmacol Ther 73:192—198

Lilja JJ, Juntti-Patinen L, Neuvonen PJ (2004) Orange juice substan-
tially reduces the bioavailability of the beta-adrenergic-blocking
agent celiprolol. Clin Pharmacol Ther 75:184-190

LiljaJJ, Raaska K, Neuvonen PJ (2005) Effects of orange juice on the
pharmacokinetics of atenolol. Eur J Clin Pharmacol 61:337-340
Schwarz Ul, Seemann D, Oertel R, Michlke S, Kuhlisch E, Fromm
MEF, Kim RB, Bailey DG, Kirch W (2005) Grapeftuit juice ingestion
significantly reduces talinolol bioavailability. Clin Pharmacol Ther
77:291-301

Dresser GK, Bailey DG, Leake BF, Schwarz Ul, Dawson PA,
Freeman DJ, Kim RB (2002) Fruit juices inhibit organic anion
transporting polypeptide-mediated drug uptake to decrease the oral
availability of fexofenadine. Clin Pharmacol Ther 71:11-20

Satoh H, Yamashita F, Tsujimoto M, Murakami H, Koyabu N, Ohtani
H, Sawada Y (2005) Citrus juices inhibit the function of human
organic anion-transporting polypeptide OATP-B. Drug Metab
Dispos 33:518-523

Rodriguez-Fragoso L, Martinez-Arismendi JL, Orozco-Bustos D,
Reyes-Esparza J, Torres E, Burchiel SW (2011) Potential risks
resulting from fruit/vegetable-drug interactions: effects on drug-
metabolizing enzymes and drug transporters. J Food Sci 76:R112—
R124

Bailey DG, Dresser GK, Leake BF, Kim RB (2007) Naringin is a
major and selective clinicalinhibitor of organic anion-transporting
polypeptide 1A2 (OATP1A2) in grapefruitjuice. Clin Pharmacol
Ther 81:495-502

Imanaga J, Kotegawa T, Imai H, Tsutsumi K, Yoshizato T, Ohyama
T, Shirasaka Y, Tamai I, Tateishi T, Ohashi K (2011) The effects of
the SLCO2BI ¢.1457C>T polymorphism and apple juice on the
pharmacokinetics of fexofenadine and midazolam in humans.
Pharmacogenet Genomics 21:84-93



Eur J Clin Pharmacol (2014) 70:1087-1095

1095

21.

22.

23.

24.

25.

26.

27.

28.

29.

Shirasaka Y, Shichiri M, Mori T, Nakanishi T, Tamai I (2013) Major
active components in grapefruit, orange, and apple juices responsible
for OATP2B1-mediated drug interactions. J Pharm Sci 102:280-288
Shirasaka Y, Shichiri M, Murata Y, Mori T, Nakanishi T, Tamai I
(2013) Long-lasting inhibitory effect of apple and orange juices, but
not grapefruit juice, on OATP2B1-mediated drug absorption. Drug
Metab Dispos 41:615-621

Robbins DK, Castles MA, Pack DJ, Bhargava VO, Weir SJ (1998)
Dose proportionality and comparison of single and multiple dose
pharmacokinetics of fexofenadine (MDL 16455) and its enantiomers
in healthy male volunteers. Biopharm Drug Dispos 19:455-463
Tateishi T, Miura M, Suzuki T, Uno T (2008) The different effects of
itraconazole on the pharmacokinetics of fexofenadine enantiomers.
Br J Clin Pharmacol 65:693-700

Sakugawa T, Miura M, Hokama N, Suzuki T, Tateishi T, Uno T
(2009) Enantioselective disposition of fexofenadine with the P-
glycoprotein inhibitor verapamil. Br J Clin Pharmacol 67:535-540
Akamine Y, Miura M, Yasui-Furukori N, Kojima M, Uno T (2012)
Carbamazepine differentially affects the pharmacokinetics of
fexofenadine enantiomers. Br J Clin Pharmacol 73:478-481
Cvetkovic M, Leake B, Fromm MF, Wilkinson GR, Kim RB (1999)
OATP and P-glycoprotein transporters mediate the cellular uptake
and excretion of fexofenadine. Drug Metab Dispos 27:866-871
Matsushima S, Maeda K, Inoue K, Ohta KY, Yuasa H, Kondo T,
Nakayama H, Horita S, Kusuhara H, Sugiyama Y (2009) The inhi-
bition of human multidrug and toxin extrusion 1 is involved in the
drug-drug interaction caused by cimetidine. Drug Metab Dispos 37:
555-559

Akamine Y, Miura M, Sunagawa S, Kagaya H, Yasui-Furukori N,
Uno T (2010) Influence of drug-transporter polymorphisms on the

30.

31

32.

33.

34.

35.

36.

pharmacokinetics of fexofenadine enantiomers. Xenobiotica 40:782—
789

Miura M, Uno T, Tateishi T, Suzuki T (2007) Determination of
fexofenadine enantiomers in human plasma with high-performance
liquid chromatography. J Pharm Biomed Anal 43:741-745
Shirasaka Y, Li Y, Shibue Y, Kuraoka E, Spahn-Langguth H, Kato Y,
Langguth P, Tamai I (2009) Concentration-dependent effect of
naringin on intestinal absorption of beta(1)-adrenoceptor antagonist
talinolol mediated by p-glycoprotein and organic anion transporting
polypeptide (OATP). Pharm Res 26:560-567

Center for Drug Evaluation and Research (2003) Guidance for in-
dustry: bioavailability and bioequivalence studies for orally adminis-
tered drug products: general considerations. U.S. Food and Drug
Administration, Center for Drug Evaluation and Research,
Rockville, MD

Product information (2003) Allegra®; Sanofi-Aventis K.K., Tokyo,
Japan

Glaeser H, Bailey DG, Dresser GK, Gregor JC, Schwarz Ul,
McGrath JS, Jolicoeur E, Lee W, Leake BF, Tirona RG, Kim RB
(2007) Intestinal drug transporter expression and the impact of
grapeftuit juice in humans. Clin Pharmacol Ther 81:362—370
Rebello S, Zhao S, Hariry S, Dahlke M, Alexander N, Vapurcuyan A,
Hanna [, Jarugula V (2012) Intestinal OATP1A2 inhibition as a
potential mechanism for the effect of grapefruit juice on aliskiren
pharmacokinetics in healthy subjects. Eur J Clin Pharmacol 68:697—
708

Pauli-Magnus C, von Richter O, Burk O, Ziegler A, Mettang T,
Eichelbaum M, Fromm MF (2000) Characterization of the major
metabolites of verapamil as substrates and inhibitors of P-
glycoprotein. J Pharmacol Exp Ther 293:376-382

@ Springer



	Effects of one-time apple juice ingestion on the pharmacokinetics of fexofenadine enantiomers
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Subjects
	Study design
	Plasma and urine collection and determination of fexofenadine enantiomer concentrations
	Uptake experiments in Xenopus laevis oocytes
	Pharmacokinetic data analysis
	Statistical analysis

	Results
	Plasma pharmacokinetics of fexofenadine enantiomers
	Urinary excretion of fexofenadine enantiomers
	In vitro drug transport studies using Xenopus oocytes expressing OATP2B1
	Inhibitory effects of apple juice on (R)- and (S)-fexofenadine

	Discussion
	References


