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Purpose. The purpose of the present study is to examine the selec-
tivity of various inhibitors towards the rat organic anion transporting
polypeptides 1 (Oatp1: gene symbol Slc21a1) and 2 (Oatp2: Slc21a5).
Methods. The inhibitory effects of 20 compounds on the Oatp1-
mediated transport of estradiol 17b-D-glucuronide and on the Oatp2-
mediated transport of digoxin were examined in cDNA-transfected
LLC-PK1 cells.
Results. Among the compounds examined in this study, nonsteroidal
anti-inflammatory drugs, deoxycorticosterone, and quinidine prefer-
entially inhibited Oatp1, whereas digoxin, quinine, and rifampicin
preferentially inhibited Oatp2 at low concentrations. On the other
hand, propionic acid, a-ketoglutarate and p-aminohippurate showed
no inhibitory effects on either transporter up to a concentration of
1000 mM. The Ki values of ibuprofen and quinidine were estimated to
be 19 and 13 times lower for Oatp1 compared with Oatp2, whereas
the values for rifampicin, quinine, and digoxin were 13, 20, and 100<
times lower for Oatp2 compared with Oatp1.
Conclusions. At low concentrations, some of the tested inhibitors
exert selective inhibition of either Oatp1- or Oatp2-mediated sub-
strate transport. These selective inhibitors may be used at appropri-
ate concentrations to estimate the maximum contribution of Oatp1 or
Oatp2 to the total substrate uptake into rat hepatocytes.
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INTRODUCTION

The liver plays an important role in the detoxification
and elimination of many drugs and other xenobiotic sub-
stances. Drug detoxification in the liver is initiated by hepatic
uptake across the sinusoidal membrane, followed by metabo-

lism and biliary excretion so that the hepatic uptake rate is
one of the determinants of drug disposition (1).

Previously, drug uptake studies were performed in sinu-
soidal membrane vesicles and in isolated and cultured hepa-
tocytes to characterize the transport properties of hepatocel-
lular drug uptake (2). In isolated and primary cultured hepa-
tocytes, it is also possible to predict the in vivo elimination
rate of drugs from the initial uptake rate in isolated or pri-
mary cultured hepatocytes by considering the number of he-
patocytes per gram of liver (1,3). More recent studies to in-
vestigate the molecular mechanism of hepatic drug uptake
used cloning to identify the drug transporters expressed at the
sinusoidal membrane of rat hepatocytes. Transporters in-
volved in the hepatic uptake of anionic compounds can be
categorized into two families: the organic anion transporting
polypeptide (Oatp) family and the organic anion transporter
(Oat) family. It has been established that Oatp1 (gene sym-
bol: Slc21a1), Oatp2 (Slc21a5), Oatp4 (Slc21a10) and Oat2
(Slc22a7) and Oat3 (Slc22a8) are expressed in rat liver (4–9).
Functional analyses have revealed that many therapeutic
drugs are also substrates for members of these organic anion
transporter families (10,11).

Studies with cRNA-injected Xenopus laevis oocytes and
cDNA-transfected mammalian cells have shown that many
kinds of substrates, including organic anions (4,12,13), ste-
roids (5,14), and bulky organic cations (15), are transported
by members of the Oatp family. Other studies show that tau-
rocholate, triiodothyronine, and thyroxine are common sub-
strates of Oatp1, Oatp2, and Oatp4 (6,16,17), whereas bile
acids, including cholate and glycocholate, organic anions, in-
cluding estradiol 17b-D-glucuronide (E217bG) and estrone
3-sulfate, ouabain, and type II organic cations, including
N-(4,4-azo-n-pentyl)-21-deoxyajmaline and rocuronium, are
substrates of both Oatp1 and Oatp2 (15,17). In addition, di-
goxin is a specific substrate of Oatp2 (5,6) and leucotriene C4

is recognized as a substrate by Oatp1 and Oatp4, but not by
Oatp2 (6,17,18). These findings suggest that the hepatic trans-
porters have a partially overlapping substrate specificity, i.e.,
some substrates are transported by more than one trans-
porter.

Although some substrates are known to be taken up into
hepatocytes by multiple cloned transporters, investigations of
the relative contribution of individual transporters to the
overall hepatic uptake have been rather limited until now.
One of the methods to estimate their contribution is to inhibit
a single or multiple transporter(s) by using a specific inhibi-
tor. Although the contribution of drug-metabolizing enzymes
(the isoforms of cytochrome P450) has been examined in de-
tail with use of this method (19), the contribution of trans-
porters remains to be investigated.

In the present study, we focused particularly on the func-
tion of Oatp1 and Oatp2 and analyzed the comparative effect
of inhibitors on these two transporters using Oatp1 and Oatp2
stably expressing LLC-PK1 cells.

MATERIALS AND METHODS

Materials

[3H]E217bG (1628 GBq/mmol) and [3H]digoxin (703
GBq/mmol) were purchased from New England Nuclear
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(Boston, MA). Unlabeled E217bG, digoxin, quinidine, and
quinine were purchased from Sigma-Aldrich (St. Louis, MO).
Ibuprofen and indomethacin were purchased from Wako
Pure Chemicals (Tokyo, Japan). All other chemicals were
commercially available and of analytical grade.

Construction of Oatp1- and Oatp2-Expressing
LLC-PK1 Cells

The construction of the Oatp1-expression vector is de-
scribed by Kouzuki et al (20). Full-length cDNA for Oatp2
was initially cloned in the plasmid pBluescript SK(-) (Strata-
gene, La Jolla, CA) (6). Oatp2 cDNA was excised with
EcoRV and HincII (Takara, Shiga, Japan) and subcloned into
the XhoI site in the pCXN2 vector (21) after converting to
blunt ends. For the control study, pCXN2 alone was used
(vector transfected). For transfection, LLC-PK1 cells were
cultured in six-well culture plates in medium 199 (Sigma-
Aldrich) supplemented with 10% fetal bovine serum and an
antibiotic-antimycotic agent (Life Technologies, Grand Is-
land, NY). At 30% confluence, cells were exposed to serum-
free medium 199 containing plasmid (1 mg/mL) and lipofect-
AMINE (10 mg/mL) (Life Technologies). At 8 h after trans-
fection, the medium containing plasmid and lipofectAMINE
was replaced with culture medium containing 10% fetal bo-
vine serum. Then, 2 days after transfection, 800 mg/mL G418
sulfate (Promega, Madison, WI) was added to the medium
followed by culturing for a further 2 weeks to allow the se-
lection of transfected cells. Expression levels of transporters
were determined by Northern blot analysis, and cells with the
highest expression levels were selected and used for all fur-
ther studies.

Uptake Study

For the uptake study, cells were seeded on 12-well cul-
ture plates at 1.2 × 105 cells/well. After 2 days, culture me-
dium was replaced with the same medium containing 4 mM
sodium butyrate (Sigma-Aldrich) and cultured overnight to
induce the transporters (22). Before initiation of the uptake
study, cells were washed twice with Krebs-Henseleit buffer
and preincubated in 0.5 mL of the same buffer at 37°C. The
uptake study was initiated by replacing the Krebs-Henseleit
buffer with 0.5 mL of the same buffer containing radiolabeled
substrates and incubated at 37°C. In all uptake studies, [3H]-
E217bG and [3H]-digoxin were used as radiolabeled sub-
strates for Oatp1- and Oatp2-expressing cells, respectively,
because their uptakes were sufficiently high to detect the ef-
fects of inhibitors. For the inhibition study, inhibitors and
radiolabeled substrates were added simultaneously. The in-
cubation period was 2 min and 5 min for the uptake of
E217bG in Oatp1-expressing cells and digoxin in Oatp2-
expressing cells, respectively, because preliminary experi-
ments had shown that the transport rate was linear over these
time periods (data not shown). At designated times, buffer
was removed to terminate the reaction, and the cells were
washed four times with ice-cold Krebs-Henseleit buffer.
Then, the cells were dissolved in 0.5 mL 0.1 N NaOH over-
night, followed by neutralization with an equal volume of 0.1
N HCl. Then, 0.8-mL aliquots were transferred to scintillation
vials, and the radioactivities associated with cells and medium
were determined in a liquid scintillation counter (LS6000SE;

Beckman Coulter, Fullerton, CA). The remaining 0.1-mL ali-
quots of cell lysate were used to assay protein by using the
Lowry method (23) with bovine serum albumin as a standard.

Data Analysis

The uptake of E217bG and digoxin was expressed as the
uptake volume [mL/mg protein], defined as the amount of
isotopes taken up into cells [dpm/mg protein] divided by their
concentration in the incubation medium [dpm/mL]. The initial
uptake rate of substrates was expressed as an uptake clear-
ance (CLuptake) [mL/min/mg protein], defined as the initial
velocity of uptake divided by the incubation time.

The kinetic parameters for the uptake of E217bG and
digoxin in the transporter-expressing cells were obtained by
using the following equation:

n0 =
Vmax ? S

Km + S
+ Pdif ? S (1)

where v0 is initial uptake rate, S is the substrate concentra-
tion, Km is the Michaelis constant, Vmax is the maximal uptake
rate, and Pdif is the nonsaturable uptake clearance.

The inhibition constant (Ki) was calculated by using the
following equation:

CL uptake =
CL uptake~0! − Pdif

1 + I/Ki
+ Pdif (2)

where CLuptake (0) is the uptake clearance in the absence of
inhibitors, Pdif is the nonsaturable uptake clearance, and I is
the inhibitor concentration. The above equations were fitted
to the data from the uptake or inhibition study by using the
nonlinear least-squares method by means of the computer
program, MULTI (24), to obtain the required parameters.
The input data were weighed as the reciprocal of the observed
values, and the Damping Gauss Newton method was used as
the fitting algorithm.

All results from the inhibition experiments are given as a
percent of the control. As the number of cell passages in-
creased, the contribution of transporter-mediated uptake to
the total uptake into the transfected cells fell from 87.4 to
51.9% for Oatp1 and from 79.7 to 59.3% for Oatp2, presum-
ably because of a reduction in the level of expression. How-
ever, we found that none of the inhibitors affected the uptake
into vector-transfected LLC-PK1 cells.

RESULTS

Concentration-Dependent Uptake of E217bG and Digoxin
in Oatp1- and Oatp2-Expressing LLC-PK1 Cells

The concentration-dependent uptake of E217bG and di-
goxin was examined in Oatp1- and Oatp2-expressing LLC-
PK1, respectively, to evaluate these experimental systems.
Eadie-Hofstee plots of their uptake in transporter-expressing
cells and mock-transfected cells are shown in Fig. 1. As shown
in Fig. 1, concentration-dependent uptake of the substrates
was observed in transporter-expressing cells but not in mock-
transfected cells (Fig. 1). The obtained Km, Vmax, and Pdif

values for the uptake of E217bG in Oatp1-expressing
cells were 11.2 ± 4.7 mM, 114 ± 42 pmol/min/mg protein and
0.726 ± 0.479 mL/min/mg protein, respectively. The corre-
sponding values for the uptake of digoxin in Oatp2-expressing
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cells were 279 ± 57 nM, 1.76 ± 0.33 fmol/min/mg protein, and
0.856 ± 0.171 mL/min/mg protein.

Comparative Effect of Inhibitors on Oatp1- and
Oatp2-Mediated Transport

To identify inhibitors that selectively inhibit Oatp1- or
Oatp2-mediated transport, the inhibitory effects of a wide
range of different compounds on the Oatp1-mediated trans-
port of E217bG and the Oatp2-mediated transport of digoxin
were compared. As shown in Table I, 17 compounds showed
a concentration-dependent inhibition of both Oatp1 and
Oatp2. In contrast, propionic acid (a monocarboxylate), a-ke-
toglutarate (a dicarboxylate), and p-aminohippurate inhibited
neither Oatp1 nor Oatp2, even at concentrations as high as
1000 mM (Table I). Some inhibitors showed a selective inhi-
bition of Oatp1 or Oatp2: NSAIDs (indomethacin, ibuprofen,
ketoprofen, and naproxen), deoxycorticosterone, and quini-
dine preferentially inhibited Oatp1-mediated transport,
whereas rifampicin, digoxin, and quinine preferentially inhib-
ited Oatp2-mediated transport (Table I). To investigate their
selectivity for these transporters, more detailed studies of
their inhibitory effects were performed.

Inhibitory Effects of Ibuprofen

The concentration-dependent inhibitory effect of ibupro-
fen on the Oatp1-mediated transport of E217bG and the
Oatp2-mediated transport of digoxin are shown in Fig. 2. In
this study, ibuprofen concentrations ranged from 0 to 3000
mM. Although ibuprofen inhibited both Oatp1 and Oatp2 in
a concentration-dependent manner, it inhibited Oatp1 more
potently at low concentrations (Fig. 2). In contrast, ibuprofen
had no effect on nonsaturable uptake into vector-transfected
cells (Fig. 2). The Ki values for Oatp1 and Oatp2 were 126 ±
77 mM and 2430 ± 1590 mM (mean ± computer-calculated
SD), respectively, supporting its selective inhibitory effect on
Oatp1.

Inhibitory Effects of Rifampicin

The concentration-dependent inhibitory effect of rifam-
picin on the Oatp1-mediated transport of E217bG and the
Oatp2-mediated transport of digoxin is shown in Fig. 3. The
concentration of rifampicin ranged from 0 to 300 and 0 to 500
mM for the inhibition of Oatp1 and Oatp2, respectively. Ri-
fampicin preferentially inhibited Oatp2 rather than Oatp1
(Fig. 3). Its Ki values for Oatp1 and Oatp2 were 18.2 ± 11.2
mM and 1.46 ± 0.58 mM (mean ± computer-calculated SD),
respectively.

Inhibitory Effects of Quinine and Quinidine

We also investigated the inhibitory effects of quinine and
its stereoisomer quinidine on Oatp1 and Oatp2. The concen-
trations of quinine and quinidine ranged from 0 to 1000 mM
and from 0 to 400 mM, respectively. As shown in Fig. 3, al-
though quinine inhibited Oatp2 more potently, its stereoiso-
mer, quinidine, preferentially inhibited Oatp1 (Fig. 4). The Ki

values of quinine for Oatp1 and Oatp2 were 76.7 ± 15.6 mM
and 3.81 ± 1.36 mM (mean ± computer-calculated SD), re-
spectively, and the corresponding values for quinidine were
9.27 ± 4.92 mM and 120 ± 27 mM (mean ± computer-
calculated SD) for Oatp1 and Oatp2, respectively.

Inhibitory Effect of Digoxin

Although digoxin inhibited Oatp1-mediated transport
only minimally, its inhibitory effect on Oatp2 was potent at
100 mM (Table I). On the basis of these results, we focused on
the inhibitory effect of digoxin at lower concentrations to
examine its selectivity for Oatp2. Up to 10 mM, digoxin in-
hibited Oatp2 in a concentration-dependent manner without
affecting Oatp1 (Fig. 5). Digoxin (10 mM) almost completely
inhibited Oatp2-mediated transport without significantly in-
hibiting Oatp1-mediated transport, suggesting that digoxin is
a selective inhibitor of Oatp2 (Fig. 5). The Ki value for the
Oatp2-mediated transport was 0.196 ± 0.037 mM (mean ±

Fig. 1. Eadie-Hofstee plots of the uptake of E217bG into Oatp1-expressing LLC-PK1

cells (a) and digoxin into Oatp2-expressing LLC-PK1 cells (b). Uptake of [3H]-E217bG
(j) or [3H]-digoxin (d) by oatp1- and oatp2-expressing LLC-PK1 cells, respectively,
was examined in the presence of various concentrations of unlabeled substrates. Up-
take of E217bG (□) and digoxin (V) by vector-transfected cells is also shown. Each
point and bar represent the mean ± SE (n 4 3). The solid lines represent the fitted
lines.
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computer-calculated SD), which is much smaller than that for
Oatp1 (>100 mM).

DISCUSSION

In the present study, we have investigated the effect of 20
compounds on Oatp1- and Oatp2-mediated transport to find
a selective inhibitor for each of these transporters. As candi-
dates for such selective inhibition, we chose compounds that
(i) are actively taken up into rat hepatocytes, (ii) are inhibi-
tors of transporter-mediated uptake in rat hepatocytes, and/
or (iii) are substrates or inhibitors of Oatp family transport-
ers. Although many of them inhibited both Oatp1 and 2 to
comparable degrees, some of them preferentially inhibited
one transporter: NSAIDs, deoxycorticosterone, and quini-
dine preferentially inhibited Oatp1, whereas digoxin, rifam-
picin, and quinine preferentially inhibited Oatp2. These com-
pounds may act as selective inhibitors at appropriate concen-
trations. Comparison of the Ki values of digoxin for Oatp1
and Oatp2 revealed that this cardiac glycoside acts as a selec-
tive inhibitor of Oatp2 over a wide range of concentrations
(from 3.7 to ∼ 10 < mM). In contrast, the selectivity of the
other inhibitors described above was not high; indeed there
was only a 13- ∼20-fold difference in Ki values between Oatp1
and Oatp2.

Kinetic analysis revealed that the Km values for the up-
take of E217bG and digoxin in Oatp1- and Oatp2-expressing
LLC-PK1 cells, respectively, were within the same range as
the reported values (5,20), and the Pdif for both substrates in
transporter-expressing cells were close to their uptake clear-
ance in mock-transfected cells (Fig. 1). These results suggest
that the saturable transport of each substrate is mediated
mainly by Oatp1 or Oatp2, and the nonsaturable transport is
due to passive diffusion, similarly to the passive diffusion in
mock-transfected cells. The uptake in mock-transfected cells
did not show any concentration dependence, suggesting that
LLC-PK1 cells do not have any endogenous transporters that

Table I. Continued

Inhibitors

Oatp1-mediated
transportb

[% of control]

Oatp2-mediated
transportb

[% of control]

Quinine
400 mM 1.13 ± 1.83 2.14 ± 13.64
100 mM 40.4 ± 3.4 11.2 ± 14.4
25 mM 97.9 ± 5.1 28.4 ± 11.2 **

a-Ketoglutarate
1000 mM 100 ± 5 84.6 ± 3.1

Propionic acid
1000 mM 89.4 ± 1.8 121 ± 6

p-Aminohipprate
1000 mM 144 ± 9 124 ± 17
100 mM 118 ± 6 139 ± 21

a Substrate uptake was measured by incubating cells with 0.1 mM
E217bG or 50 nM digoxin in the presence or absence of inhibitor.

b Values are CLuptake in cDNA-transfected cells minus that in mock-
transfected cells, normalized by their control estimated in the ab-
sence of inhibitors and expressed as mean ± SE of three separate
studies.

c Statistically significant difference between Oatp1- and Oatp2-
mediated transport by Dunnet’s test.

* P < 0.05; **P < 0.01.

Table I. Oatp1-Mediated Transport of E217bG and Oatp2-Mediated
Transport of Digoxin in the Presence of Inhibitorsa

Inhibitors

Oatp1-mediated
transportb

[% of control]

Oatp2-mediated
transportb

[% of control]

Indomethacin
1000 mM 1.16 ± 3.87 14.3 ± 2.6
100 mM 13.6 ± 5.0 92.5 ± 10.1 **c

10 mM 78.7 ± 6.0 106 ± 15.6
Ibuprofen

1000 mM 10.0 ± 3.5 57.0 ± 3.6 **
100 mM 69.7 ± 13.3 93.9 ± 2.1
10 mM 116 ± 8 74.7 ± 4.9

Ketoprofen
1000 mM 6.89 ± 2.94 30.2 ± 1.7 **
100 mM 64.8 ± 2.4 96.7 ± 7.0 *
10 mM 79.1 ± 1.2 75.2 ± 11.6

Naproxen
1000 mM 19.9 ± 1.8 52.2 ± 1.1 **
100 mM 87.4 ± 2.2 93.9 ± 2.0
10 mM 87.9 ± 5.2 72.9 ± 10.2

Corticosterone
100 mM 14.3 ± 2.5 32.9 ± 4.8
10 mM 43.4 ± 2.9 65.7 ± 10.9

Deoxycorticosterone
100 mM 1.34 ± 2.26 13.6 ± 7.1
10 mM 20.6 ± 5.5 75.3 ± 12.7 *

Digoxin
100 mM 71.6 ± 12.7 8.57 ± 4.77 *
10 mM 105 ± 6 13.3 ± 0.97 **

Methotrexate
1000 mM 82.9 ± 3.0 77.7 ± 7.5
100 mM 111 ± 8 97.6 ± 8.2
10 mM 135 ± 5 124 ± 15

Penicillin G
1000 mM 55.3 ± 6.2 81.0 ± 4.3
100 mM 110 ± 1 109 ± 12
10 mM 115 ± 9 90 ± 9.1

Verapamil
1000 mM 3.93 ± 3.89 4.12 ± 1.56
100 mM 7.04 ± 8.28 14.0 ± 3.81
10 mM 99.6 ± 11.0 87.5 ± 16.3

Cyclosporin A
30 mM 27.6 ± 3.4 27.4 ± 13.8
3 mM 88.1 ± 2.9 60.1 ± 5.9 *
0.3 mM 87.0 ± 4.6 91.6 ± 12.0

Tolbutamide
1000 mM 32.9 ± 3.9 47.3 ± 10.7
100 mM 101 ± 3 99.2 ± 4.9
10 mM 94.4 ± 3.6 108 ± 6

Glibenclamide
1000 mM 2.33 ± 2.80 1.61 ± 1.20
100 mM 5.55 ± 6.37 22.2 ± 5.8
10 mM 27.1 ± 6.5 64.7 ± 9.4

Rifampicin
1000 mM 10.9 ± 3.3 5.64 ± 9.73
100 mM 46.6 ± 3.4 17.9 ± 9.7
10 mM 106 ± 10 32.0 ± 6.8 *

Cimetidine
1000 mM 79.4 ± 4.4 54.0 ± 5.8
100 mM 90.9 ± 13.6 94.9 ± 6.2

Quinidine
400 mM 20.6 ± 9.3 26.4 ± 4.1
100 mM 8.36 ± 23.76 90.6 ± 10.4
25 mM 47.3 ± 7.5 129 ± 11 *
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make a significant contribution to any uptake. Therefore,
most of the saturable transport seen in transporter-expressing
cells can be regarded as being mediated by only a single trans-
porter: Oatp1 or Oatp2.

The results of the present study should be discussed in
relation to the previous findings in isolated hepatocytes. In
our previous reports, the transport properties of ibuprofen
and indomethacin in primary cultured rat hepatocytes and
COS-7 cells transiently expressing Oatp1, along with the in-
hibitory effect of indomethacin on the function of Oatp1,
were investigated (20,24,25). Although both compounds were
actively taken up into rat hepatocytes, this uptake was not
mediated by Oatp1 (20,25). Indomethacin inhibited the func-
tion of Oatp1 in a concentration-dependent manner, with
IC50 values of 10–100 mM (Table I), which is within the same
range as the estimated Ki value in an earlier report (26). In
addition, we have shown that both NSAIDs are able to inhibit
the function of Oatp2, with higher Ki values than those for
Oatp1 (Table I and Fig. 2).

We also found that rifampicin preferentially inhibited
Oatp2-mediated transport (Table I and Fig. 3), which is con-
sistent with the report by Fattinger et al (27). However, al-
though these authors reported that 100 mM of rifampicin
minimally inhibited Oatp1-mediated transport (reduced to
94% of the control), our results suggest that this concentra-
tion of rifampicin reduced the Oatp1-mediated transport of
E217bG to 47% of the control (Table I and Fig. 3). This
discrepancy may be due to the difference in the host cells:
Fattinger et al used cRNA-injected Xenopus laevis oocytes,
whereas we used cDNA transfected LLC-PK1 cells.

Our finding that quinine, but not quinidine, is a potent

inhibitor of the Oatp2-mediated transport of digoxin supports
the previous findings by Hedman and Meijer (28) that the
uptake of digoxin into isolated rat hepatocytes is potently
inhibited by quinine, but not by quinidine. However, Hedman
and Meijer did not determine the Ki values of quinidine and
quinine for the uptake of digoxin in isolated rat hepatocytes,
although 25 and 50 mM quinine almost completely inhibited
the saturable portion, whereas 50 mM quinidine allowed more
than half the activity to be retained (28). This result suggests
that the Ki values for quinine and quinidine may be !25mM
and >50mM, respectively. These values are consistent with the
Ki values determined in the present study (Fig. 4).

We also found that cimetidine, a type I organic cation,
did not inhibit the function of either Oatp1 or Oatp2 at low
concentrations, which is consistent with the previous report
by van Montfoort et al (15) who showed that type I organic
cations did not significantly interact with Oatp family pro-
teins. In contrast, we found that quinidine and quinine, type II
organic cations, inhibited Oatp1 and Oatp2 function. Al-
though we do not yet know if these two compounds are trans-
ported by Oatp family proteins, van Montfoort et al showed
that N-methyl-quinine is transported by Oatp1, but not by
Oatp2, and that N-methyl-quinidine is not transported by ei-
ther of these transporters (15).

By using a selective inhibitor, the contributions of trans-
porter(s) to the hepatic uptake of drugs of interest can be
estimated. Among the selective inhibitors examined in the
present study, digoxin is the most useful for estimating the
contribution of Oatp2 in vitro because of the large difference
in Ki values between Oatp1 and Oatp2. This method should
be discussed in relation to the method previously proposed.

Fig. 2. Concentration-dependent effect of ibuprofen on the function
of Oatp1 and Oatp2. Uptake of 0.1 mM [3H]-E217bG (j) or 50 nM
[3H]-digoxin (d) by Oatp1- and Oatp2-expressing LLC-PK1 cells,
respectively, was examined in the presence or absence of ibuprofen.
Uptake of E217bG (□) and digoxin (V) in vector-transfected cells is
also shown. Results are given as a percent of the control. Each point
and bar represent the mean ± SE (n 4 9 from three independent cell
preparations). The solid and dotted lines represent the fitted line for
the Oatp1-mediated uptake of E217bG and Oatp2-mediated uptake
of digoxin, respectively.

Fig. 3. Concentration-dependent effect of rifampicin on the function
of Oatp1 and Oatp2. Uptake of 0.1 mM [3H]-E217bG (j) or 50 nM
[3H]-digoxin (d) by Oatp1- and Oatp2-expressing LLC-PK1 cells,
respectively, was examined in the presence or absence of rifampicin.
Uptake of E217bG (□) and digoxin (V) in vector-transfected cells is
also shown. Results are given as a percent of the control. Each point
and bar represent the mean ± SE (n 4 9 from three independent cell
preparations). The solid and dotted lines represent the fitted line for
the Oatp1-mediated uptake of E217bG and Oatp2-mediated uptake
of digoxin, respectively.

Selective Inhibitors of Rat Oatp1 and Oatp2 151



Previously, Hagenbuch et al (29) estimated the contribu-
tions of Na+-taurocholate transporting polypeptides (Ntcp)
and Oatp1 to the uptake of taurocholate (TC) and sulfobro-
mophthalein (BSP) by using Xenopus laevis oocytes injected
with total rat liver mRNA and antisense oligonucleotides.
Although this is a useful approach, the practical application of
this method may be limited because there is often difficulty in
observing a significant uptake of test compounds into oocytes
injected with total rat liver mRNA. Kouzuki et al compared

the uptake of compounds into cultured rat hepatocytes and
COS-7 cells transiently expressing Ntcp and Oatp1 and esti-
mated the relative contributions of Ntcp and Oatp1 to the
total uptake in cultured rat hepatocytes by normalizing the
uptake of test compounds with respect to that of representa-
tive substrates for these transporters (20,30). In determining
the contribution of the cloned transporters to the cellular
uptake, the use of selective inhibitors may be helpful, to-
gether with these previously proposed methods. Indeed, by
comparing the uptake of temocaprilat into hepatocytes and
Oatp1 expressing COS-7 cells, Ishizuka et al suggested that
∼50% of the uptake of this ACE inhibitor into rat hepatocytes
might be accounted for by Oatp1 (10). This result is consistent
with the finding that ∼50% of temocaprilat uptake into rat
hepatocytes is inhibited by an excess (up to 40 mM) of
E217bG (10). However, it is possible that the presence of
other, as yet unidentified, transporters may also affect this
kind of analysis. For accurate estimation of the contribution,
molecular cloning of additional important transporters is re-
quired.

In conclusion, we have performed comparative studies of
the inhibitory effects of a wide range of compounds on Oatp1-
and Oatp2-mediated transport and found that ibuprofen and
quinidine preferentially inhibit Oatp1, whereas digoxin and
quinine preferentially inhibit Oatp2. At appropriate concen-
trations, they are able to act as selective inhibitors of Oatp1 or
Oatp2. These inhibitors may be used to estimate the contri-
bution of Oatp1 and Oatp2.
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Fig. 5. Concentration-dependent effect of digoxin on the function of
Oatp1 and Oatp2. Uptake of 0.1 mM [3H]-E217bG (j) or 50 nM
[3H]-digoxin (d) by Oatp1- and Oatp2-expressing LLC-PK1 cells,
respectively, was examined in the presence or absence of different
concentrations of digoxin. Uptake of E217bG (□) and digoxin (V) in
vector-transfected cells is also shown. Results are given as a percent
of the control. Each point and bar represent the mean ± SE (n 4 9
from three independent cell preparations). The dotted line represents
the fitted line for Oatp2-mediated uptake of digoxin.

Fig. 4. Concentration-dependent effect of quinine (a) and quinidine (b) on the function
of Oatp1 and Oatp2. Uptake of 0.1 mM [3H]-E217bG (j) or 50 nM [3H]-digoxin (d) by
Oatp1- and Oatp2-expressing LLC-PK1 cells, respectively, was examined in the pres-
ence or absence of quinine (a) or quinidine (b). Uptake of E217bG (□) and digoxin (V)
in vector-transfected cells is also shown. Results are given as a percent of the control.
Each point and bar represent the mean ± SE (n 4 9 from three independent cell
preparations). The solid and dotted lines represent the fitted line for the Oatp1-
mediated uptake of E217bG and Oatp2-mediated uptake of digoxin, respectively.
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