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Exposure of Fexofenadine, but Not
Pseudoephedrine, Is Markedly Decreased by
Green Tea Extract in Healthy Volunteers
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Green tea (GT) alters the disposition of a number of drugs, such as nadolol and lisinopril. However, it is unknown
whether GT affects disposition of hydrophilic anti-allergic drugs. The purpose of this study was to investigate
whether pharmacokinetics of fexofenadine and pseudoephedrine are affected by catechins, major GT components.
A randomized, open, 2-phase crossover study was conducted in 10 healthy Japanese volunteers. After overnight
fasting, subjects were simultaneously administered fexofenadine (60 mg) and pseudoephedrine (120 mg) with an
aqueous solution of green tea extract (GTE) containing (—)-epigallocatechin gallate (EGCG) of ~300mg or water
(control). In vitro transport assays were performed using HEK293 cells stably expressing organic anion transporting
polypeptide (OATP)1A2 to evaluate the inhibitory effect of EGCG on OATP1A2-mediated fexofenadine transport. In
the GTE phase, the area under the plasma concentration-time curve and the amount excreted unchanged into urine
for 24 hours of fexofenadine were significantly decreased by 70% (P<0.001) and 67% (P<0.001), respectively,
compared with control. There were no differences in time to maximum plasma concentration and the elimination
half-life of fexofenadine between phases. Fexofenadine was confirmed to be a substrate of OATP1A2, and EGCG (100
and 1,000 uM) and GTE (0.1 and 1 mg/mL) inhibited OATP1A2-mediated uptake of fexofenadine. On the contrary,
the concomitant administration of GTE did not influence the pharmacokinetics of pseudoephedrine. These results
suggest that intake of GT may result in a markedly reduced exposure of fexofenadine, but not of pseudoephedrine,
putatively by inhibiting OATP1A2-mediated intestinal absorption.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

V] Green tea (GT) and its catechin components interact with
hydrophilic drugs, such as nadolol and lisinopril. A combina-
tion of fexofenadine and pscudoephedrine is clinically available

for treatment of allergic rhinitis.
WHAT @ESTION DID THIS STUDY ADDRESS?

containing ~ 300 mg of (—)-cpigallocatechin gallate. GTE and
(-)-epigallocatechin gallate significantly inhibited OATP1A2-
mediated fexofenadine uptake. No differences were observed in
the pharmacokinetics of pseudoephedrine between water and
GTE.

HOW MIGHT THIS CHANGE CLINICAL
PHARMACOLOGY ORTRANSLATIONAL SCIENCE?

M This study evaluated whether pharmacokinetics of fexofen-
adine and pseudoephedrine are affected when orally adminis-
tered with an aqueous solution of green tea extract (GTE) in

[ GT and its catechin supplement reduce oral bioavailability
of fexofenadine, but not of pseudoephedrine. The inhibition of
intestinal OATP1A2 by (—)-cpigallocatechin gallate is a likely

healthy volunteers. mechanism underlying this interaction.
WHAT DOES THIS STUDY ADD TO OUR

KNOWLEDGE?

M Plasma concentrations and urinary excretions of fexofena-

dine were markedly decreased when coadministered with GTE,

as nadolol and lisinopril.l_4 Among naturally occurring cate-
chins, (-)-epigallocatechin gallate (EGCG) plays a major role in
GT-drug interactions.”* Orally ingested EGCG likely inhibits

Green tea (GT; Camellia sinensis) and its main components,
catechins, are perpetrators of clinically relevant food-drug in-
teractions with hydrophilic and nonmetabolized drugs, such
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membrane permeation of drugs into enterocytes mediated by up-
take transporters expressed in the apical membrane, such as or-
ganic anion transporting polypeptide (OATP)s."*>”7 These
findings led to the hypothesis that pharmacokinetics of hydro-
philic drugs which are generally categorized as class 3 drugs ac-
cording to the biopharmaceutics classification system (BCS)
and the biopharmaceutics drug disposition classification system
(BDDCS), are affected when co-administered with GT.

The H, blocker fexofenadine has intensively been inves-
tigated with respect to pharmacokinetic characteristics and
transporter-mediated drug interactions.>” Due to its hydro-
philicity, fexofenadine is not a substrate of CYP enzymes and is
largely excreted unchanged with minimal hepatic metabolism.'°
Both uptake and efflux transporters are involved in the disposi-
tion of fexofenadine including P-glycoprotein and OATPs. 13
Pharmacokinetics after oral administration of fexofenadine are
influenced not only by drugs, such as itraconazole and rifam-
picin,13_15 but also by concomitant food or beverages, such as
grapefruit juice and apple juice.w_18 To date, however, no studies
have examined the effects of GT or catechins on the pharmaco-
kinetics of fexofenadine.

At present, a combined tablet of fexofenadine and pseudo-
ephedrine, a nasal decongestant, is available for the treatment
of allergic rhinitis in several countries, such as the United States
(Allegra-D) and Japan (Dcllegra).19 It has been reported that the
pharmacokinetics of fexofenadine/pseudoephedrine combination
formulation are bioequivalent to that of the individual drugs.zo Of
note, pseudoephedrine is also hydrophilic and a weak base com-
pound, and is classified as BCS and BDDCS class 3 drug.u’22
Indeed, pseudoephedrine is metabolized in the liver to a minor
extent and is mainly excreted unchanged in the urine.”> However,
contrarily to fexofenadine, orally administered pseudoephedrine
is nearly completely absorbed from the gastrointestinal tract.”?
Previous studies showed a negligible food effect on pseudoephed-
rine pharmacokinetics in humans.?* Nevertheless, it remains to be
clucidated whether plasma concentrations of pseudoephedrine are
influenced by concomitant beverages as it is the case for other hy-
drophilic drugs such as fexofenadine.

Taking into account the anti-allergic potential of GT and cate-
chins,? the opportunity of drinking GT during the treatment with
anti-allergic drugs will arise in expectation of its beneficial effect
on allergic symptoms. Therefore, the objective of this study was
to assess whether GT catechins affect the pharmacokinetics of fex-
ofenadine and pseudoephedrine in humans using a commercially
available EGCG-concentrated green tea extract (GTE). We also
performed 77 vitro assays to investigate possible molecular mecha-
nisms of the interaction between GTE and fexofenadine.

METHODS

Subjects

Ten healthy nonsmoking Japanese volunteers (8 men and 2 women)
participated in this study with an age range of 21-45 years and body
mass index of 18.4-26.0 kg/mz. All volunteers provided a written
informed consent for study participation. The volunteers were ascer-
tained to be healthy by medical history, physical examination, and
routine laboratory tests. They were prohibited from consuming GT
and fruit products, including apple, grapefruit, and orange juices,
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for 7 days before each trial day. The participants were genotyped for
SLCO2BI*3 (c.1457C>T) single nucleotide variation (SN'V), as stated
in Methods S1.

Clinical study design

The study protocol was approved by the ethics committee of the
Fukushima Medical University (approval number: RK29037) and was
registered at the UMIN Clinical Trials Registry (UMIN000032828).
The study was conducted in compliance with the principles of the
Declaration of Helsinki. In a single-center, open-label, randomized
2-way crossover study with a washout period of 2wecks, the partici-
pants ingested a single oral dose of 2 tablets of fexofenadine (30 mg x 2)
and (+)-pscudoephedrine (sustained-release formulation, 60 mgx 2;
Dellegra; LTL Pharma, Tokyo, Japan) simultancously with 150 mL of
an aqueous solution of a commercial GTE (Sunphenon-EGCG, Taiyo
Kagaku, Yokkaichi, Japan) or with 150 mL of water after overnight fast-
ing. The GTE contained 92.5% (w/w) of EGCG, and 325 mg of which
was dissolved in water with stirring. Subjects had a snack at 1 hour and
a standardized meal at 4hours after administration. In each study pe-
riod, 5mL venous blood samples were collected from an indwelling
catheter placed in an antecubital vein or by direct venipuncture into
EDTA-treated tubes at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 24 hours after ad-
ministration. Blood samples were immediately centrifuged at 2,000 ¢ for
10 minutes at 4°C. Urine was collected during periods of 04, 4-8, and
8-24hours after administration. Plasma and urine samples were stored
at —80°C until analysis.

Determinations of drug concentration in plasma and urine
The concentrations of fexofenadine and pseudoephedrine in plasma and
urine were determined using ultra-performance liquid chromatography
(UPLC) with fluorescence detection (UPLC, Waters, Milford, MA), as
summarized in Methods S1. Diphenhydramine and phenylephrine were
used as internal standards for fexofenadine and pseudoephedrine, respec-
tively. The limit of quantification for fexofenadine and pseudoephedrine
was both 10ng/mL. The inter-day coefficients of variation of fexofena-
dine and pseudoephedrine were 9.9% and 7.3%, respectively.

Transport assays

To test whether GTE and EGCG affect OATP1A2- and OATP2BI1-
mediated uptake of fexofenadine, we performed 77 vitro transport assays
using OATP1A2- and OATP2BI-stably expressing HEK cells and the
respective HEK-VC vector control cells. Sulfobromophthalein (BSP)
was used as a typical substrate for OATP2BI. The transporter-expressing
cells and the rcs?ective vector control cells were cultured according to
previous studies. 26 The experimental and quantitation methods of fex-
ofenadine in the i vitro samples using liquid chromatography—tandem
mass spectrometry (Thermo Fisher Scientific, Waltham, MA) are de-
scribed in Methods S1.

Chemical binding assays

To examine the possibility of direct chemical binding between fexofena-
dine and EGCG in the gastrointestinal tract, fexofenadine (400 pg/mL,
based on the maximum concentration when a 60-mg dose was dissolved
in 150 mL) was incubated in the presence or absence of EGCG (1 mg/
mL) in saline at 37°C for 1, 2, and 24 hours. Bortezomib (20 pg/mL)
was used as a positive control for the chemical interaction with EGCG.
The chromatographic separation of the samples was achieved by UPLC
(Waters) system, as stated in detail in Methods S1.

Pharmacokinetics

The peak plasma concentration (C_ ), timeto C__ (7 ), area under

. . max: max max- .
the concentration-time curve (AUC,__ ), AUC _,, AUC, ,,, and elim-
ination halflife (¢, ,), were calculated by noncompartmental analysis

using WinNonlin software (version 5.1; Certara, Princeton, NJ). The
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Figure 1 Plasma concentration profile of fexofenadine after oral
administration of fexofenadine (60 mg) with 150 mL of an aqueous
solution of (—)-epigallocatechin gallate (EGCG)-concentrated green
tea extract (O), or water (@) in 10 healthy volunteers. Data are
expressed as the arithmetic mean+SD. The inset is the log-
concentration vs. time profile.

renal clearance was obtained from the equation CL = 4 /AUC ,,,
in which A4_is the amount of fexofenadine excreted into urine up to

24 hours.

Statistical analysis

In vitro data are expressed as mean + standard error mean. Clinical phar-
macokinetic data are expressed as geometric means and coefficient of
variation (geoCV, %) unless otherwise noted. The number of subjects
was deemed to be sufficient to detect a potentially clinically meaning-
ful effect size of 35% difference in AUC,__ of fexofenadine between 2
phases with a power of 80% (a-level 5%) based on the previous pharma-
cokinetic data of fexofenadine in healthy Japanese subjects.”” Effects of

GTE on pharmacokinetics of test drugs were accepted if the 90% con-
fidence interval (CI) of the geometric mean ratios (GMRs) did not fall
within the bioequivalence boundary of 0.8-1.25. Correlations were
examined using Pearson’s correlation coefficients. Iz vitro data were
analyzed by one-way analysis of variance and Tukey’s multiple compar-
ison test. Pharmacokinetic parameters were analyzed by a paired #test.
Statistical analyses were performed using GraphPad Prism software (ver-
sion 8.4; GraphPad Software, San Diego, CA). Differences were regarded
as statistically significant when P values were < 0.05.

RESULTS

All participants completed the study. None of the subjects expe-
rienced any adverse events related to the drugs. Three individuals
were genotyped as SLCO2BI ¢.1457CC (*1/*1) carriers, 5 individ-
uals as SLCO2BI ¢.1457CT (*1/*3) carriers, and 2 individuals as
SLCO2BI c.1457T'T (*3/*3) carriers.

Fexofenadine pharmacokinetics

Plasma concentration-time profiles and pharmacokinetic param-
eters of fexofenadine are shown in Figure 1 and Table 1. There
were no apparent differences in pharmacokinetic parameters of
fexofenadine stratified for SLCO2BI *3 SNV in water (control)
phase (data not shown). Fexofenadine €, AUC, o, AUC _, and
A, in GTE phase were significantly decreased by 70% (P <0.001),
71% (P <0.001), 70% (P < 0.001), and 67% (P < 0.001), respectively,
compared with control phase (Figures 1, 2a~c, Table 1). The GMR
(GTE/water) for C__and AUC  of fexofenadine were 0.296
(90% CI, 0.197-0.396) and 0.296 (90% CI, 0.225-0.366), respec-
tively. Changes in pharmacokinetic parameters for each individual
with SLCO2BI *3 SNV are shown in Figure S1. The decrease
in fexofenadine AUC by GTE was negatively correlated with
fexofenadine AUC _ in control phase (» = —0.9249, P<0.001)
(Figure $2a). There were no differences in 7, | and 7, , of fexofen-
adine between control and GTE phases. CL, , of fexofenadine of

Table 1 Pharmacokinetic parameters of fexofenadine after oral administration with GTE or water in healthy volunteers

Water phase (control)

GTE phase

Fexofenadine Geometric mean

Geo CV(%)

Geometric mean Geo CV(%)

Cpro (/ML) 278.7 48.3 82.6 471
GMR (90% Cl) 0.296 (0.197-0.396)
T .. (h 2.0 (1.5-6.0) 2.0 (1.5-3.0)
AUC,_, (hng/mL) 1131.7 475 323.6 457
GMR (90% Cl) 0.286 (0.214-0.357)
AUC, __ (hng/mL) 1765.0 44.8 521.9 50.6
GMR (90% Cl) 0.296 (0.225-0.366)
t, (h) 5.2 31.4 5.7 487
GMR (90% Cl) 1.096 (0.927-1.265)
A, (mg) 6.0 35.0 2.0 27.3
GMR (90% Cl) 0.335 (0.251-0.418)
CLg, (mL/min) 59.2 27.2 68.5 335
GMR (90% Cl) 1.158 (1.074-1.242)

Fexofenadine (60 mg) was orally administered with water (150mL), or an aqueous solution of EGCG-concentrated green tea extract (150mL) in 10 healthy

Japanese volunteers. The T,

max Values are expressed as median (range).

A, amount excreted unchanged into urine over 24hours; AUC, area under the plasma concentration-time curve; Cl, confidence interval; CLg, renal clearance;

C..ax P€aK plasma concentration; CV, coefficient of variation; GMR, geometric mean ratio; GTE, green tea extract; T, time to C
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Figure 2 Urinary excretion of fexofenadine after oral administration of fexofenadine (60 mg) with 150 mL of an aqueous solution of
(—)-epigallocatechin gallate (EGCG)-concentrated green tea extract (O), or water (@) in 10 healthy volunteers. (a) Cumulative urinary excretion
(mg) of fexofenadine over 24 hours after administration, (b) % of dose, and (c) renal clearance (CLg) of fexofenadine. Data are expressed as the
arithmetic mean+SD. **, P<0.01 with respect to water phase. GTE, green tea extract.

this study was comparative to that of the previous study.28 A slight
but statistically significant (P = 0.017) increase in CL __, of fexofen-
adine was observed by co-administration with GTE (Figure 2c).

Pseudoephedrine pharmacokinetics

Plasma concentration-time profiles and pharmacokinetic param-
eters of pseudoephedrine are shown in Figure 3 and Table 2.
No differences were observed in any pharmacokinetic parame-
ters of pseudoephedrine, including AUC, T .t P and CL. .
between phases, whereas C .. was slightly decreased by GTE
(P = 0.048; Figure S1). Urinary excretion of pseudoephedrine
in GTE phase was nearly superimposed on those in water phase
(Figure 4a—-c). The change in pseudoephedrine AUC, _ by GTE
was not correlated with pseudoephedrine AUC  in control
phase (r = —0.3548, P = 0.3144; Figure S2b).
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Figure 3 Plasma concentration profile of pseudoephedrine after

oral administration of pseudoephedrine (120 mg) with 150 mL of an
aqueous solution of (—)-epigallocatechin gallate (EGCG)-concentrated
green tea extract (O), or water (@) in 10 healthy volunteers. Data

are expressed as the arithmetic meanxSD. The inset is the log-
concentration vs. time profile.
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Inhibition of fexofenadine uptake by EGCG and GTE

Cellular accumulation of fexofenadine (10pM) in HEK-
OATP1A2 cells was 22.14-fold higher than that in vector control
(PQX) cells (P <0.01) at pH 7.3. Morcover, OATP1A2-mediated
fexofenadine uptake was nearly completely inhibited in the pres-
ence of EGCG (100 uM and 1 mM) or GTE (0.1 and 1 mg/mL;
P <0.01; Figure Sa). On the other hand, only slight but signifi-
cant uptake of fexofenadine (10 uM) mediated by OATP2B1 was
observed in HEK-OATP2BI cells compared with vector control
cells at both pH 6.3 and pH 7.3 (Figure $3), which is in accor-
dance with recent papers.””*° However, due to low uptake ratio for
OATP2BI-mediated fexofenadine transport, inhibition studies at
both pH conditions revealed no consistent effect for both EGCG
and GTE (data not shown). We used BSP as a typical substrate of
OATP2BI, and found that EGCG (100 pM and 1 mM) and GTE
(0.1 and 1 mg/mL) significantly reduced OATP2B1-mediated up-
take of BSP at both pH 6.3 and pH 7.3 (P < 0.01; Figure Sb,c).

Chemical binding between fexofenadine and EGCG

It has been reported that GT catechins chemically interacted with
various kinds of drugs including bortezomib, a proteasome in-
hibitor (Figure S4a).”'~* Accordingly, we investigated whether
EGCG also directly interacts with fexofenadine iz vitro. As shown
in the representative chromatograms (Figure S$4b,c), the borte-
zomib peak found in 0 hour was gradually decreased, and 2 new
peaks appeared in the presence of EGCG over 24 hours compared
with bortezomib alone. Bortezomib concentration was signifi-
cantly decreased by co-incubation with EGCG (P <0.01; Figure
S4d), indicating that EGCG interacted with bortezomib mole-
cule and enhanced its degradation. By contrast, EGCG did not re-
duce fexofenadine concentration in an aqueous solution through
24hours at 37°C (Figure S4e).

DISCUSSION

In this study, we report that a single concomitant ingestion
of an aqueous solution (150mL) of GTE containing about
300mg of EGCG (~4.4mM), significantly decreases plasma
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Table 2 Pharmacokinetic parameters of pseudoephedrine after oral administration with GTE or water in healthy volunteers

Water phase (control)

GTE phase

Pseudoephedrine Geometric mean

Geo CV (%)

Geometric mean Geo CV (%)

Cpro (nE/ML) 474.8 34.6 407.3 27.4
GMR (90% Cl) 0.858 (0.757-0.958)
T (h) 4.0 (1.5-6.0) 35 (1.5-8.0)
AUC, _,, (hng/mL) 5396.5 377 5309.6 36.6
GMR (90% Cl) 0.984 (0.931-1.037)
AUC,__ (hng/mL) 5965.8 43.1 6107.8 424
GMR (90% Cl) 1.024 (0.906-1.142)
t, (h) 6.5 31.1 7.7 31.6
GMR (90% Cl) 1.174 (0.908-1.439)
A, (mg) 68.7 21.0 63.2 20.4
GMR (90% Cl) 0.920 (0.846-0.994)
CLg, (mL/min) 212.1 53.3 198.3 50.2
GMR (90% Cl) 0.935 (0.813-1.058)

Pseudoephedrine (120 mg) was orally administered with water (150mL), or an aqueous solution of EGCG-concentrated green tea extract (150mL) in 10 healthy

Japanese volunteers. The T,

max Values are expressed as median (range).

A, amount excreted unchanged into urine over 24hours; AUC, area under the plasma concentration-time curve; Cl, confidence interval; CLg, renal clearance;

C..ax P€ak plasma concentration; CV, coefficient of variation; GMR, geometric mean ratio; GTE, green tea extract

concentrations and urinary excretion of fexofenadine when com-
pared with water (control) in healthy volunteers (Figures 1, 2).
In contrast, no substantial differences were observed in the
pharmacokinetics of pseudoephedrine between GTE and con-
trol phases (Figures 3, 4). Fexofenadine and pseudoephedrine
have common properties in terms of high hydrophilicity and
negligible oxidative metabolism in the body, whereas the oral
bioavailability of fexofenadine (35%) is considerably lower than
that of pseudoephedrine (zIOO%).B’35 In addition, whereas fex-
ofenadine is mainly eliminated by hepato-biliary elimination,
pseudoephedrine is mostly excreted into urine. Previous clinical
studies imply that GT and its main component, EGCG, may
reduce the intestinal absorption of hydrophilic drugs with a rel-

atively low bioavailability, including nadolol and lisinopril.z_4
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Therefore, taken together with data showing that GTE did
not alter the apparent t) of fexofenadine, it is suggested that
EGCG in the GTE mainly inhibits the intestinal absorption of
fexofenadine.

Regarding the molecular mechanisms for reduced expo-
sure of fexofenadine after oral administration, it is well known
that the intestinal absorption of fexofenadine is highly depen-
dent on transporter-mediated uptake and/or efflux, and that
inhibition of the relevant transporters by co-administered
drugs or food could result in a significant impact on its phar-
macokinetics.” OATP1A2 and OATP2BI are reported to be
expressed in cnterocyt:es,%_39 and fexofenadine is a substrate
of both transporters with a kinetic metabolite value of 6.4 pM
for OATP1A2, and kinetic metabolite values for high- and
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Figure 4 Urinary excretion of pseudoephedrine after oral administration of pseudoephedrine (120 mg) with 150 mL of an aqueous solution

of (—)-epigallocatechin gallate (EGCG)-concentrated green tea extract (GTE; O), or water (@) in 10 healthy volunteers. (a) Cumulative urinary
excretion (mg) of pseudoephedrine over 24 hours after administration, (b) percent of dose, and (c) renal clearance (CLg) of pseudoephedrine.
Data are expressed as the arithmetic mean+SD.
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low-affinity binding sites of 0.14 uM and 885 pM, respectively,
for OATP2B1.'"** EGCG is also a substrate of OATP1A2, and
competitively inhibits OATP1A2-mediated nadolol transport
with inhibition constant value of ~20pM.>> In the present
study, we confirmed significant OATP1A2-mediated uptake of
fexofenadine, and which was potently inhibited by GTE used in
the clinical study and EGCG (Figure Sa). In addition, EGCG
inhibits OATP2B1-mediated uptake of estrone-3-sulfate with
half-maximal inhibitory concentration values ranging from
7.1-101 puM.>® This was confirmed in BSP transport assay for
OATP2BI1 (Figure Sb,c). On the other hand, only slight up-
take of fexofenadine was observed in HEK-OATP2BI1 cells at
pH 6.3 and pH 7.3, which is in accordance with recently pub-
lished data.”>**! Due to low uptake ratio (HEK-OATP2B1/
HEK-Co), we found no consistent effects of GTE and EGCG
on OATP2B1-mediated fexofenadine transport. As mentioned
above, the subjects orally ingested the GTE aqueous solution
containing ~ 4.4 mM of EGCG, and therefore the concentra-
tion of EGCG in the gastrointestinal tract may be sufficient to
inhibit the uptake transport of fexofenadine by OATP1A?2 into
enterocytes, which may lead to a reduction in the oral bioavail-
ability. It is noted that intestinal expression of OATP1A2 is still
controversial. However, recent highly sensitive proteomic analy-
ses reported the expression of OATP1A2 in human jejunum and
ileum samples.37’39 Moreover, Hirvensalo ez al. recently demon-
strated that intestinal OATP1A2 and P-glycoprotein play a role
in the pharmacokinetics of celiprolol in humans,” further sup-
porting the molecular mechanism underlying fexofenadine-GT
interaction through OATP1A2.

A second possible mechanism is a direct chemical interaction
between fexofenadine and EGCG. Indeed, various drugs, includ-
ing aripiprazole, bortezomib, cetirizine, and sunitinib, has been
reported to interact with EGCG.'**In line with a previous study
by Golden et aL.”" our data show that EGCG interacted with bor-
tezomib and significantly enhanced its degradation over 24 hours
at 37°C (Figure $3). In contrast, EGCG did not reduce but rather
stabilized fexofenadine in solution presumably by the anti-oxidative
properties, suggesting that EGCG is unlikely to chemically inter-
act with fexofenadine. Another possibility is the osmotic effects
of co-ingested beverages on fexofenadine pharmacokinetics. Fruit
juices containing a high amount of nonabsorbed carbohydrates,
such as apple juice, show volume-dependent interaction with fex-
ofenadine.'®** In such cases, water volume in intestinal lumen

Figure 5 In vitro uptake assays of fexofenadine in HEK-OATP1A2
cells or sulfobromophthalein (BSP) in HEK-OATP2B1 cells (black
bars), and in the respective HEK control cells (PQX) for OATP1A2

or (VC) for OATP2B1 (white bars). Cellular accumulation of 10 pM
fexofenadine at pH 7.3 (a), or 1uM BSP at pH 7.3 (b) and pH 6.3 (c)
after 10 minutes incubation was measured by liquid chromatography—
tandem mass spectrometry (LC-MS/MS) (fexofenadine) or

liquid scintillation counting (BSP) in the presence or absence of
(—)-epigallocatechin gallate (EGCG at 100 and 1,000 pM) or EGCG-
concentrated green tea extract (GTE at 0.1 and 1 mg/mL) used

in the clinical study. Data are presented as mean+SEM. (n = 6).
**P<0.01, vs. uptake into HEK293 control cells (PQX or VC);
*#p<0.01, vs. uptake into HEK293-OATP1A2 or HEK-OATP2B1 cells
without inhibitors.
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may be increased by an osmotic gradicnt,44 and the luminal drug
concentration is decreased, which may result in a reduction in in-
testinal absorption with a tendency of delay in the absorption rate
(Tmax).27’43 In this study, in order to avoid osmotic effects of GT
components, we used an aqueous solution of EGCG-concentrated
GTE with water volume of 150 mL. These solutions are reported
to be even more hypotonic than GT infusion.®® Indeed, we found

no prolongation in 7"
max

of fexofenadine in GTE phase, indicating
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that GTE used in this study has different interaction mechanisms
from high-volume fruit juices.

In contrast to fexofenadine, the plasma concentration-time pro-
file and cumulative urinary excretions of pseudoephedrine were
similar in both phases, suggesting that EGCG had no impact on
pseudoephedrine pharmacokinetics (Figures 3, 4). Due to high
solubility and low permeability, pscudoephedrine was provision-
ally classified as BCS class 3 clrug.21 However, subsequent studies
have demonstrated that the permeability of pseudoephedrine is de-
pendent on pH in the gastrointestinal trace. 4047 Pseudoephedrine
was shown to exhibit a relatively low permeability at the proximal
regions of intestine (pH 6.5), which increases with its transition
to distal regions (pH 7.5), possibly accounting for its excellent
intestinal absorption. In addition, the molecular size may be an-
other factor contributing to the lack of interaction between GTE
and pseudoephedrine. Compared with the molecular weights of
nadolol (309.4 g/mol), lisinopril (405.5 g/mol), and fexofenadine
(501.7 g/mol), the molecular weight of pseudoephedrine (165.2 g/
mol) is much smaller, which offers advantages of (i) higher con-
centration at the surface of the intestinal epithelium; and (ii) easier
passive diffusion through the plasma membrane or the paracellular
pathway.48 Although drug transporters responsible for membrane
trafficking of pseudoephedrine in the intestine remains to be inves-
tigated, the differences in physicochemical and pharmacokinetic
properties may explain the distinct effects of GTE on the intestinal
absorption of fexofenadine and pseudoephedrine.

A limitation of this study is that all volunteers were Japanese, so it
remains unclear whether ethnic differences effect pharmacokinetic
interactions between GT and fexofenadine. In relation to ethnicity,
there was no influence of the SLCO2BI1*3 SNV on fexofenadine
pharmacokinetics, although we confirmed that this polymor-
phism is common in Japanese population.18 Fexofenadine dispo-
sition is influenced by multiple transporters, such as OATP1Bs
(SLCOIBI and SLCOIB3) and P-glycoprotein (4BCBI), in ad-
dition to OATP1A2 and OATP2B1.1%*5° For example, ABCBI
c.2677G>T/A and SLCOIBI ¢.521T>C (OATP1B1*5) poly-
morphisms might contribute to pharmacokinetic differences of
fexofenadine,/'o‘41 however, we did not plan to identify these geno-
types in the subjects because of our working hypothesis that GTE
could mainly affect intestinal absorption process of test drugs.
Finally, we did not differentiate the plasma concentrations and
urinary excretions between fexofenadine enantiomers. It would be
worth investigating the influence of EGCG on the pharmacokinet-
ics of each stereoisomer of fexofenadine in the future.

In conclusion, we show for the first time that co-administration
of GTE markedly reduces exposure to fexofenadine in humans by
inhibiting OATP1A2-mediated intestinal absorption, whereas
the pharmacokinetics of pseudoephedrine are unlikely to be influ-
enced by co-administration of GTE. Considering that brewed GT
contains more catechins and flavonoids in addition to EGCG, we
propose that GT should not be taken during anti-allergic therapy

using, at least, fexofenadine.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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