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Concentration-Dependent Effect of Naringin on Intestinal Absorption
of β1-Adrenoceptor Antagonist Talinolol Mediated by P-Glycoprotein
and Organic Anion Transporting Polypeptide (Oatp)
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Purpose. The purpose of this study is to clarify the impact of P-gp and Oatp on intestinal absorption of
the β1-adrenoceptor antagonist talinolol.
Methods. P-gp-mediated transport was measured in LLC-PK1/MDR1 cells. Oatp-mediated uptake was
evaluated with Xenopus oocytes expressing Oatp1a5. Rat intestinal permeability was measured by the in
situ closed loop method. In vivo absorption was pharmacokinetically assessed by measuring plasma
concentration after oral administration in rats.
Results. In LLC-PK1/MDR1 cells, the permeability of talinolol was markedly higher in the secretory
direction than in the absorptive one. The uptake of talinolol by Xenopus oocytes expressing Oatp1a5 was
significantly increased compared with that by water-injected oocytes. Naringin inhibited talinolol uptake
by Oatp1a5 (IC50=12.7 μM). The reported IC50 value of naringin for P-gp-mediated transport of talinolol
is approximately 2,000 μM. Rat intestinal permeability of talinolol was significantly decreased in the
presence of 200 μM naringin, but was significantly increased by 2,000 μM naringin. Similar results were
obtained in in vivo absorption studies in rats.
Conclusion. The absorption behavior of talinolol can be explained by the involvement of both P-gp and
Oatp, based on characterization of talinolol transport by Oatp1a5 and P-gp, and the effects of naringin.
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INTRODUCTION

Intestinal absorption of drugs is not easily predicted,
because it is affected by many physicochemical and physio-
logical factors (1,2). Among the physiological factors, intes-
tinal transporters, including both influx and efflux
transporters, play an important role in the oral absorption
of various drugs (3–5). In particular, P-glycoprotein (P-gp/
MDR1 or ABCB1), an ATP-dependent efflux transporter
which is located in the apical (AP) membrane of enterocytes,

significantly affects the absorption of various compounds,
including xenobiotics and clinically used drugs (6–10). These
drugs also have the potential to exhibit drug–drug interac-
tions (DDI) in the absorption process through the inhibition
or induction of P-gp. Impairment of P-gp-mediated efflux
owing to DDI might lead to potentially hazardous increases
in the plasma levels of substrate drugs (11–13).

Talinolol (weak base; pKa 9.4; log D=1.1 at pH 7.4 and
37°C; high water solubility at acidic pH; human bioavailabil-
ity, 55±15%) is a long-acting and highly selective β1-
adrenergic antagonist, and is marketed as a racemate (14–
16). S(−)-talinolol is slightly less well absorbed and faster
eliminated than R(+)-talinolol, and the absolute bioavailabil-
ity of the R(+) enantiomer is slightly higher than that of the S
(−) enantiomer (17,18). Finally, it was concluded that stereo-
selectivity is of minor importance in talinolol disposition.
Because both enantiomers are P-gp substrates, an increase in
oral absorption of talinolol racemate is expected to be caused
by DDI or drug–food interactions that lead to inhibition of P-
gp (15,16). Our group previously reported a doubled maxi-
mum plasma concentration, an enhanced area under the
plasma concentration–time curve (AUC), and a decreased
apparent oral clearance for talinolol when it was coadminis-
tered with grapefruit juice (GFJ) in rats (19). Although GFJ is
known to affect the pharmacokinetics of various drugs by
inhibition of cytochrome P3A4 (CYP3A4) and/or P-gp, the
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increase in absorption of talinolol was presumed to be mainly
due to inhibition of P-gp-mediated efflux, because talinolol
shows little first-pass metabolism in man, and less than 1% is
excreted into urine in the form of hydroxylated metabolites,
though the importance of other metabolic or excretory path-
ways (e.g., biliary, intestinal) remains to be established (14).

On the other hand, in a human clinical study, Schwarz et
al. reported that GFJ ingestion markedly reduced the oral
bioavailability of talinolol (20). Since recent investigations
have shown that naringin, the main constituent flavonoid of
GFJ, has a significant inhibitory effect on not only P-gp-
mediated drug efflux, but also organic anion transporting
polypeptide (OATP)-mediated uptake of drugs in intestine,
the effect of GFJ on talinolol absorption might be complex,
arising from effects on both P-gp and intestinal OATP-
mediated transport of talinolol (21–23). We have shown that
OATP/Oatp transporters influence the intestinal absorption
of various drugs (5,24–27). Furthermore, we have reported
that the interaction of influx and efflux transporters can lead
to complex nonlinear patterns of intestinal absorption (28–
30). Therefore, the apparently inconsistent effects of GFJ
ingestion on talinolol absorption between human and rat may
be due to differential effects of naringin or other constituents
of GFJ on P-gp and OATP/Oatp transporters.

Similarly inconsistent results have been reported for
DDI in talinolol absorption (31,32). The oral bioavailability
of talinolol was reported to be increased after concomitant
erythromycin administration in humans, presumably due to
inhibition of intestinal P-gp (31). We have reported that
verapamil increased the AUC of talinolol when the two
compounds were orally coadministered in rats (32,33). In
contrast, it has been found that coadministration of verapamil
reduced the AUC of talinolol in humans (34). Because
verapamil is known to be a potent inhibitor not only of P-
gp, but also of OATP/Oatp, these findings indicate that
intestinal P-gp and OATP/Oatp may both influence the
intestinal absorption of talinolol (23,35).

The purpose of this study is to clarify the roles of P-gp
and Oatp in the intestinal absorption of talinolol. By means of
pharmacokinetic analysis, we also examined the concentra-
tion dependence of the effects of naringin on P-gp and Oatp-
mediated absorption of talinolol in rats.

MATERIALS AND METHODS

Materials

Talinolol racemate was kindly provided by Arzneimittel-
werk Dresden (AWD, Radebeul, Germany). Naringin was
purchased from Chromadex (Irvine, CA, USA). MDR1-
transfected LLC-PK1 (LLC-PK1/MDR1) and mock-trans-
fected LLC-PK1 (LLC-PK1/mock) cells were from
GenoMembrane, Inc. (Yokohama, Japan) and were used
between passage numbers 7 and 10. Medium 199 was
purchased from Nissui Pharmaceutical Co., Ltd. (Tokyo,
Japan). Fetal bovine serum (FBS) was purchased from
Invitrogen (Carlsbad, CA). Transwells (12 well/plate, 3.0 μm
pores, 0.9 cm2 membrane surface area) were purchased from
Nippon Becton Dickinson Company, Ltd. (Tokyo, Japan).
Benzylpenicillin, streptomycin, G418 and gentamicin were
purchased from Sigma-Aldrich Co. (St. Louis, MO). All other

compounds and reagents were obtained from Nacalai Tesque,
Inc. (Kyoto, Japan), Wako Pure Chemical Industries, Ltd.
(Osaka, Japan), Sigma-Aldrich Co, Bio-Rad Laboratories
(Hercules, CA), or Applied Biosystems (Foster City, CA).

LLC-PK1 Cell Culture

LLC-PK1/MDR1 and LLC-PK1/mock cells were cul-
tured at 37°C in a humidified atmosphere of 5% CO2 in air
using Medium 199 supplemented with 14.3 mM NaHCO3,
10% FBS, 100 U/mL benzylpenicillin, 100 μg/mL streptomy-
cin and 500 μg/mL G418. Cells were routinely subcultured at
90% confluency with trypsin (0.25%) EDTA (1 mM) and
seeded onto plastic culture dishes (10 cm).

For transport studies, cells were seeded onto Transwell
filter membrane inserts at a density of 3.6×105 cells/cm2.
Medium was replaced with fresh medium after 3 and 5 days,
and cell monolayers were used for transport studies at 6 days
after seeding.

Transport Experiments

The cell monolayers were preincubated in transport
medium (Hanks’ balanced salt solution; 0.952 mM CaCl2,
5.36 mM KCl, 0.441 mM KH2PO4, 0.812 mM MgSO4,
136.7 mM NaCl, 0.385 mM Na2HPO4, 25 mM D-glucose,
and 10 mM HEPES, pH 7.4) for 30 min at 37°C. After
preincubation, the transepithelial electrical resistance was
measured routinely before and after each experiment with a
Millicell®-ERS system (Millipore Corporation, Bedford, MA)
to ensure cell monolayer integrity. LLC-PK1/MDR1 and
LLC-PK1/mock cells with transepithelial electrical resistance
values >150 Ω·cm2 and >200 Ω·cm2 were used for
experiments, respectively. Transport measurement was
initiated by adding talinolol (10 μM) to the donor side and
transport medium to the receiver side. Transport of talinolol
was observed in two directions (apical [AP] to basal [BL])
and BL to AP. Samples were obtained from the donor side at
5 min (for measurement of initial concentration) and from the
receiver side at 30, 60, 80, 100 and 120 min. Transport
experiments were performed in the absence of a pH gradient
(apical pH=basal pH=7.4). All experiments were performed
at 37°C.

The apparent permeability (Papp, cm/s) of talinolol
across cell monolayers was calculated using the following
equation:

Papp ¼ dQ
dt

� 1
A � CD

ð1Þ

where Q is the amount of talinolol transported over time t
(therefore dQ /dt is the amount of talinolol transported within
a given time period [μmol/s]). CD is the initial concentration
of talinolol added to the donor compartment (μM), and A is
the membrane surface area (0.9 cm2).

Uptake Experiments in Xenopus laevis Oocytes

Preparation of oocytes, in vitro synthesis of Oatp1a5
(SLCO1a5) cRNA, and uptake experiments were conducted
as described previously (26). In brief, for standard experi-
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ments, defolliculated oocytes were injected with 50 nL of
water containing 50 ng cRNA, then cultured for 3 days at 18°
C in modified Barth’s solution (88 mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2,
0.41 mM CaCl2, and 10 mM HEPES, pH 7.4) containing
50 μg/mL gentamicin. To initiate uptake experiments, the
oocytes were transferred to a 12-well culture plate and
preincubated in uptake buffer (88 mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2,
0.41 mM CaCl2, and 10 mM 2-(N-morpholino)ethanesulfonic
acid, pH 6.5) containing talinolol at room temperature for the
designated time. The uptake was terminated by washing three
times with ice-cold modified Barth’s solution.

Kinetic parameters were estimated by means of nonlin-
ear least-squares analysis using Kaleida Graph (Synergy
Software, Reading, PA). The affinity of talinolol for Oatp1a5
(Km) and the maximal velocity of Oatp1a5-mediated talinolol
uptake (Vmax) were obtained by fitting to the following
equation:

V ¼ Vmax � C
Km þ C

ð2Þ

where V is the initial uptake rate of talinolol (pmol/min/
oocyte), and C is the concentration of talinolol in the medium
(μM).

The inhibitory effect of naringin on talinolol uptake was
expressed as percent of control, and the naringin concentra-
tion giving half-maximum inhibition (IC50) was obtained by
application of the following equation:

% of control ¼ 100� IC50

IC50 þ I½ � ð3Þ

where [I] is the naringin concentration (μM).

In Situ Intestinal Closed Loop Experiment

Male Wistar rats (220±20 g body weight) were housed
three per cage with free access to commercial chow and tap
water, and were maintained on a 12 h dark/light cycle (8:00
A.M.–8:00 P.M. light) in an air-controlled room (temperature,
24.0±1°C; humidity, 55±5%). All animal experimentation
was carried out in accordance with the Declaration of
Helsinki and with the Guide of Tokyo University of Science
for the Care and Use of Laboratory Animals.

The permeability of rat intestinal membrane was evalu-
ated by the in situ intestinal closed loop method. Male Wistar
rats (body weight, 220±20 g) fasted overnight were anesthe-
tized with pentobarbital. The abdominal cavity was opened
and an intestinal loop (length: 10 cm) was made at the upper
jejunum by cannulation with silicone tubing (i.d., 3 mm). The
intestinal contents were removed by slow infusion of saline
and air. The test solution (phosphate-buffered solution,
adjusted to pH 6.5) containing talinolol (10 μM) in the
absence or presence of naringin (20, 50, 200 or 2,000 μM) was
introduced into the intestinal loop and both ends of the loop
were ligated. After a certain period (usually 15 min), the
luminal solution in the loop was collected. The permeability
of talinolol was evaluated in terms of the percentage of dose
absorbed, calculated by subtracting the remaining amount of

talinolol from the administered amount. The following
equation was used to calculate the permeability:

Permeability ¼ ka � V
2�rl

ð4Þ

where ka is the first-order absorption rate constant of talinolol
estimated from the percentage of the dose absorbed during
the defined period. V is the volume of talinolol solution
introduced to the loop, and r and l represent the radius and
length of the used segment of intestine, respectively; thus,
2πrl corresponds to its surface area. The length was 10 cm,
and the values of the radius of each intestinal segment
reported by Fagerholm et al. were used (0.18 cm for jejunum)
(36).

Pharmacokinetic Study

The right jugular vein of male Wistar rats (220±20 g
body weight) was cannulated. The animals were allowed to
recover before experiments. Groups of rats (n=4) were
administered an oral dose of talinolol solution (10 mg/kg,
2 mg/mL, pH 7.0) in the absence or presence of naringin
(0.0581, 0.145, 0.581 and 5.81 mg/kg [corresponding to 20, 50,
200 and 2,000 μM, respectively]) by gavage. Blood samples
(250 μL) were collected from the cannula into heparinized
tubes before and 30, 60, 90, 120, 150, 180, 240 and 360 min
after talinolol oral administration. Each blood sample was
replaced with an equal volume of saline and heparinized
saline was used to maintain patency of the catheter. Blood
samples were centrifuged at 750 ×g for 10 min. The resultant
plasma was stored at −30°C until analysis.

Plasma concentrations of talinolol were analyzed using a
non-compartmental method. Area under the plasma concen-
tration–time curve from 0 to 6 h (AUC0–6) was calculated
using the linear trapezoidal rule. The maximum plasma drug
concentration (Cmax) and time to reach maximum plasma
concentration (tmax) were obtained directly from the experi-
mental data. The apparent elimination half-life of the log–
linear phase (t1/2) was calculated based on the terminal
elimination rate constant determined by log–linear regression
of the final data points (at least 3).

LC/MS/MS Analysis

The concentration of talinolol in all samples was
quantified with a liquid chromatography–tandem mass spec-
trometry (LC/MS/MS) system consisting of MDS-Sciex API
3200™ triple quadrupole mass spectrometer (Applied Bio-
systems, Foster City, CA) coupled with a LC-20AD high-
performance liquid chromatography system (Shimadzu Co.,
Kyoto, Japan). A Capcellpak MGII (C18, 100 mm×4.6 mm,
5 μm, Shiseido, Tokyo, Japan) or Mercury MS (C18, 10×
4.0 mm, 5 μm, Phenomenex, Torrance, CA) was used as the
analytical column, and the mobile phase was composed of
0.1% formic acid in water and acetonitrile. In the LC/MS/MS
system, electrospray ionization in the positive ion mode was
employed. Mass transitions (Q1/Q3) of m/z 364.3/100.2 (or
363.9/309.3) and 260.2/116.1 were used for talinolol and
propranolol, respectively. The limit of quantitation was 1 ng/mL
for both analytes. Analyst software version 1.4 was used for data
manipulation.
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Statistical Analysis

Data are given as the mean of values obtained in at least
three experiments with standard error (SEM). Statistical
analyses were performed with the unpaired Student’s t-test,
and a probability of less than 0.05 (p<0.05) was considered to
be statistically significant.

RESULTS

Effect of P-gp on Transcellular Transport of Talinolol

The effect of P-gp on transcellular transport of talinolol
was examined by using LLC-PK1/MDR1 cells. Table I
summarizes the absorptive (AP to BL) and secretory (BL to
AP) permeability of talinolol (10 μM) across monolayers of
LLC-PK1/MDR1 and LLC-PK1/mock cells. In LLC-PK1/
MDR1 cells, the permeability of talinolol in the BL to AP
direction was markedly higher than that in the AP to BL
direction, while the permeabilities in LLC-PK1/mock cells
were comparable in both directions, with permeability ratios
(BL to AP/AP to BL) of approximately 4.9 and 1.3 in LLC-
PK1/MDR1 and LLC-PK1/mock cells, respectively. In the
presence of cyclosporin A (10 μM), an inhibitor of P-gp, on
both sides, the permeability ratio of talinolol was decreased to
2.6 from 4.9 in LLC-PK1/MDR1 transport studies. These
findings confirm that talinolol is a substrate of P-gp, and that
its permeability is significantly affected by P-gp (37).

Uptake of Talinolol by Xenopus laevis Oocytes Expressing
Oatp1a5

To investigate whether talinolol is transported by
Oatp1a5, the time course of talinolol uptake was examined
using Xenopus oocytes expressing Oatp1a5. As shown in
Fig. 1, the uptake of talinolol (100 μM) by Xenopus oocytes
expressing Oatp1a5 was significantly increased compared
with that by water-injected oocytes, suggesting that talinolol
is a substrate of Oatp1a5. Since the Oatp1a5-mediated uptake
of talinolol increased linearly up to at least 90 min, the uptake
at 60 min was routinely used for the measurement of the
uptake rate in subsequent studies. The Oatp1a5-mediated
uptake of talinolol was found to be saturable, with Km and
Vmax values of 2,000±819 μM and 59.9±9.0 pmol/oocyte/
60 min, respectively (Fig. 2).

Next, the inhibitory effect of naringin, the main constit-
uent of GFJ, on Oatp1a5-mediated uptake of talinolol
(100 μM) was investigated. As shown in Fig. 3, naringin

inhibited Oatp1a5-mediated uptake of talinolol (100 μM)
with IC50 value of 12.7±3.1 μM.

Concentration-Dependent Effect of Naringin on Intestinal
Permeability of Talinolol in Rats

To evaluate the concentration dependence of the effect
of naringin on intestinal absorption of talinolol, rat intestinal
permeability of talinolol was measured by means of the in situ
closed loop method. It was reported that the expression level
of P-gp in ileum is higher than that in jejunum of rats, so we
expected that the impact of influx transporters such as
Oatp1a5 on the intestinal absorption of talinolol would be
more clearly observable in jejunum (10). Therefore, in the
present study, the rat intestinal permeability of talinolol was
measured in the jejunum.

As shown in Fig. 4, the permeability of talinolol in rat
jejunum in the absence of naringin was 1.29×10−4 cm/s. In the
presence of 200 μM naringin, the permeability was
significantly decreased to 0.73×10−4 cm/s. In the presence of
2,000 μM naringin, the permeability was increased to 2.26×
10−4 cm/s.

Concentration-Dependent Effect of Naringin on Talinolol
Absorption in Rats

When talinolol was administered orally to rats (10 mg/kg,
5 mL/kg) together with 200 μM or 2,000 μM naringin, the
AUC0–6 of talinolol was increased by 193 and 187%,
respectively. The maximum plasma concentration (Cmax) of
talinolol was also increased by 181 and 168%, respectively
(Table II). In contrast, naringin at 50 μM significantly lowered

Table I. Impact of P-gp on Transcellular Transport of Talinolol in LLC-PK1/MDR1 and LLC-PK1/mock Cells

Cell lines Talinolola

Papp (×10−7 cm/s)

RatiocAP to BL BL to AP

LLC-PK1/MDR1 Alone 1.09±0.10 5.33±0.15 4.91
+Cyclosporin Ab 1.57±0.06 4.08±0.17 2.60

LLC-PK1/mock Alone 1.15±0.07 1.52±0.08 1.32

a Initial donor concentration of talinolol was 10 μM
bApplied concentration of cyclosporin A was 10 μM
cThe permeability ratio (BL to AP/AP to BL). Data are represented as means±SEM (n=3)

Fig. 1. Time course of talinolol uptake by Xenopus oocytes express-
ing Oatp1a5. Uptake of talinolol (100 μM) by water-injected (open
circles) or Oatp1a5-cRNA-injected (filled circles) oocytes was mea-
sured at room temperature and pH 6.5. Data are shown as means±
SEM (n=8–10).
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the Cmax and AUC0–6 values of talinolol, while there were no
significant changes in Cmax or AUC0–6 values of talinolol in
the presence of 20 μM naringin (Fig. 5). Naringin at 50 μM
decreased the mean AUC0–6 and Cmax values of talinolol to
43.4% and 43.5% of the control, respectively, suggesting that
an influx transport process may be inhibited (Table II). On
the other hand, naringin at all concentrations tested here did
not alter the time to reach maximum plasma concentration
(tmax) or the apparent elimination half-life (t1/2) of talinolol
(Table II).

DISCUSSION

Intestinal OATP has recently been suggested to influ-
ence the pharmacokinetic profiles of several orally adminis-
tered drugs. The β1-adrenergic antagonist talinolol was shown
to be a P-gp substrate in various in vitro studies, and in
agreement with that finding, the bioavailability of talinolol
was found to be enhanced upon coadministration with GFJ in
rats (19). However, in a human clinical study, it was found
that GFJ ingestion lowered talinolol absorption (20). Because
naringin, the main constituent of GFJ, affects both P-gp and
OATP/Oatp located on the apical membrane of enterocytes,
the apparently inconsistent findings may be explained by
differences in the interactions of naringin and talinolol at P-gp

and OATP/Oatp in the two species (19,21–23). In the present
study, we performed various in vitro, in situ and in vivo talinolol–
naringin interaction studies in order to understand the impact of
P-gp and Oatp on intestinal absorption of talinolol. Although
intestinal mRNA and/or protein expression of various Oatp
family members (e.g. Oatp1a1, Oatp1a4, Oatp1a5, Oatp2b1 and
Oatp4a1) has been reported in rats, the localizations of these
proteins have not been fully clarified yet, except for Oatp1a5
(38–40). We hypothesized that Oatp1a5, which is known to be
expressed at the apical membrane, contributes to intestinal
talinolol absorption in rats (40).

As shown in Table I, we confirmed that talinolol is a
substrate of P-gp. However, even in the presence of cyclo-
sporin A, the permeability ratio was 2.60 and BL to AP
transport was still predominant in LLC-PK1/MDR1 cells,
implying the involvement of other efflux transporter(s). Since
the permeability ratio of talinolol in LLC-PK1/mock cells was
around unity in the absence of cyclosporin A, it is reasonable
to consider that no endogenous transporters affected talinolol
transport. Thus, the results of inhibition studies with LLC-
PK1/MDR1 cells are considered to reflect only the role of P-
gp. As shown in Figs. 1 and 2, talinolol was transported by
Xenopus oocytes expressing Oatp1a5. Thus, talinolol is a
substrate of both P-gp and Oatp1a5. Naringin inhibited the
Oatp1a5-mediated uptake of talinolol with an IC50 value of
12.7 μM (Fig. 3). In contrast, it has been reported to inhibit P-
gp-mediated transport of talinolol with an IC50 value of
approximately 2,000 μM (21). The difference in the IC50

values of naringin for P-gp and Oatp1a5-mediated talinolol
transport may account for the complex concentration-depen-
dent effect of naringin on the intestinal absorption process of
talinolol.

At a moderate concentration of naringin (e.g. 200 μM),
inhibition of Oatp1a5 would predominate over that of P-gp,
leading to a decrease of talinolol absorption. In contrast, at a
high naringin concentration, both P-gp and Oatp1a5 would be
inhibited, so that intestinal absorption of talinolol would be
increased, mainly due to the inhibition of P-gp-mediated
efflux. In the present study, the rat intestinal permeability of
talinolol measured by the in situ closed loop method was
indeed significantly decreased in the presence of 200 μM
naringin, while a significant increase was observed in the

Fig. 3. Inhibitory effects of naringin on talinolol uptake by Xenopus
oocytes expressing Oatp1a5. Uptake of talinolol (100 μM) by water-
injected or Oatp1a5-cRNA-injected oocytes was measured in the
absence or presence of various concentrations of naringin for 60 min
at room temperature and pH 6.5. Oatp1a5-mediated uptake was
determined by subtracting the uptake by water-injected oocytes from
that by Oatp1a5-cRNA-injected oocytes. Data are shown as means±
SEM (n=8–10).

Fig. 4. Concentration-dependent effects of naringin on talinolol
absorption in rat small intestine (jejunum). Permeability of talinolol
(10 μM, pH 6.5) in rat small intestine (jejunum) was determined by
means of an in situ closed loop method in the absence or presence of
naringin (200 and 2,000 μM) for 15 min at 37°C. *P<0.05,
significantly different from permeability without naringin. Data are
shown as means±SEM (n=3).

Fig. 2. Concentration dependence of Oatp1a5-mediated talinolol
uptake by Xenopus oocytes expressing Oatp1a5. Uptake of talinolol
by water-injected or Oatp1a5-cRNA-injected oocytes was measured
at various concentrations for 60 min at room temperature and pH 6.5.
Oatp1a5-mediated uptake was determined by subtracting the uptake
by water-injected oocytes from that by Oatp1a5-cRNA-injected
oocytes. Data are represented as means±SEM (n=8–10).
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presence of 2,000 μM naringin (Fig. 4). Although we did not
obtain direct evidence of the involvement of Oatp1a5 in the
absorption of talinolol in this in situ study, these results are
consistent with a role of Oatp1a5 in talinolol uptake.
However, we cannot rule out the possibility that other influx
transporters susceptible to naringin might be involved in the
absorption of talinolol. On the other hand, de Castro et al.
reported that naringin content was highly variable (from 174
to 1492 μM) among 14 brands of GFJ (41). Therefore, the
inhibitory effect of GFJ on P-gp and Oatp1a5-mediated
talinolol absorption might well depend on the naringin
concentration in ingested GFJ.

To confirm these findings, we performed an in vivo
pharmacokinetic study of talinolol in rats with coadministra-
tion of naringin at various concentrations (Fig. 5 and
Table II). The plasma concentration of talinolol after oral
administration was significantly increased by coadministration
of 200 μM naringin, as well as 2,000 μM naringin, while
intestinal permeability of talinolol measured by the in situ
closed loop method was significantly decreased in the
presence of 200 μM naringin (Fig. 5 and Table II). In a
recent study, the luminal drug concentration was measured
directly in each segment of the GI tract after oral adminis-
tration in fasted rats (42). This study revealed that only 20–

25% of ingested water remained in the lower part of the small
intestine and further demonstrated that due to the absorption
of water, luminal concentration of drugs with low permeabil-
ity (e.g. atenolol) was elevated and exceeded the initial
dosing concentration. Because naringin is a poorly permeable
compound (permeability of 8.1×10−8 cm/s in Caco-2 cells), its
local luminal concentration may exceed the dosing
concentration (43). This simply means that when 200 μM
naringin is orally administered to rats, the luminal
concentration might be higher than 200 μM, so that not only
Oatp1a5, but also P-gp may be inhibited, resulting in an
increase of the plasma concentration of talinolol (Fig. 5 and
Table II). A decrease of plasma talinolol concentration by
coadministration of 50 μM naringin would be consistent with
this hypothesis if the luminal concentration of naringin
reached as much as 200 μM, where Oatp1a5 rather than P-
gp might be predominantly inhibited (Fig. 5 and Table II).

In this discussion, we have assumed that the systemic
clearance of talinolol is not affected by naringin. Although we
did not examine the influence of naringin on talinolol
disposition (by administration of intravenous talinolol with
naringin) in the present study, the lack of any significant
difference between t1/2 of talinolol after oral administration
with and without naringin supports the view that naringin has
no effect on the systemic clearance of talinolol. However, if
talinolol is highly distributed to the organ mainly responsible
for clearance (probably kidney), t1/2 of talinolol may not be
changed, because the distribution volume as well as clearance
would both be decreased. We have little information about
the distribution volume of talinolol in the kidney, so further
studies will be needed to exclude the possible inhibition of the
systemic clearance of talinolol by naringin.

In our previous study, the concentration-dependent
uptake curves in the presence of two counteracting trans-
porters were simulated using a bidirectional membrane
transport model. With respect to permeation through the
cellular membrane and the influence of inhibitors, the present
findings indicate that qualitatively and/or quantitatively dif-
ferent observations may be explained on the basis of
concentration-dependent interaction with two oppositely di-
rected transport systems (30). The present in situ and in vivo
observations of the concentration-dependent effects of nar-
ingin on P-gp and Oatp1a5-mediated absorption of talinolol
in rats are consistent with the previous considerations.

Fig. 5. Mean plasma concentration–time profiles of talinolol in rats
after oral administration. Talinolol was administered at a dose of
10 mg/kg (5 mL/kg) in saline (pH 7.0) in the absence (●) or presence
of naringin at 20 (■), 50 (□), 200 (▴) and 2,000 μM (Δ). Data are
shown as means±SEM (n=4).

Table II. Pharmacokinetic Parameters of Talinolol after Oral Administration in the Absence and Presence of Naringin at Various
Concentrations in Rats

Naringin Concentration (μM)

Pharmacokinetics Data of Talinolola

AUC0–6 (ng·h/mL) Cmax (ng/mL) tmax (hr) t1/2 (h)

0 175±22 157±24 1.25±0.25 0.682±0.003
20 193±32 154±12 1.67±0.29 0.674±0.002
50 76.0±16.0* 68.3±4.0* 1.00±0.00 0.670±0.009
200 338±65* 284±55* 1.00±0.00 0.679±0.005
2,000 326±24** 264±37* 1.25±0.43 0.684±0.002

AUC0–6 Area under plasma concentration–time curve from 0 to 6 h, Cmax peak plasma drug concentration, tmax time to reach maximum plasma
concentration, t1/2 elimination half-life
aTalinolol was administered as a racemic mixture at 10 mg/kg; 5 mL/kg. *P<0.05, significantly different from values without naringin (0 μM
naringin). **P<0.01, significantly different from values without naringin (0 μM naringin). Data are represented as means±SEM (n=4)
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Assuming that talinolol absorption is regulated by P-gp and
Oatp1a5, the difference between the permeability in the absence
(control) and presence of 200 μM naringin can be regarded as
representing Oatp1a5-mediated absorption of talinolol, and the
difference between the permeability in the presence of 200 and
2,000 μM naringin can be regarded as representing P-gp-
mediated excretion of talinolol. Therefore, from the results
obtained in Fig. 4, it appears that P-gp activity plays a
significantly more important role than Oatp1a5 activity in the
intestinal absorption of talinolol in rats. However, Oatp1a5-
mediated transport must contribute substantially to the high
intestinal permeability of talinolol in rats, because 50 μM
naringin decreased the mean AUC0–6 value of talinolol to
approximately 40% of the control, as shown in Table II.

In conclusion, although contributions of other intestinal
Oatp members and/or other influx transporters to talinolol
absorption cannot be ruled out, our findings support that
Oatp1a5 and P-gp are both major determinants of the
intestinal absorption of talinolol. In addition, the inhibitory
effect of GFJ on P-gp and Oatp1a5-mediated talinolol
absorption may depend on the naringin concentration in
particular lots of ingested GFJ.
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