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ABSTRACT:

It has already been demonstrated that pitavastatin, a novel potent
HMG-coenzyme A reductase inhibitor, is taken up into human
hepatocytes mainly by organic anion transporting polypeptide
{OATP) 1B1. Because OATP2B1 is also localized in the basolateral
membrane of human liver, we took two approaches to further
confirm the minor contribution of OATP2B1 to the hepatic uptake
of pitavastatin. Western blot analysis revealed that the ratio of the
band density of OATP2B1 in human hepatocytes to that in our
expression system is at least 6-fold lower compared with OATP1B1
and OATP1B3. The uptake of pitavastatin in human hepatocytes
could be inhibited by both estrone-3-suifate (OATP1B1/0ATP2B1
inhibitor) and estradiol-178-b-glucuronide (OATP1B1/0OATP1B3 in-
hibitor). These results further supported the idea that OATP1B1 is
a predominant transporter for the hepatic uptake of pitavastatin.

Then, to explore the possibility of OATP1B1-mediated drug-drug
interaction, we checked the inhibitory effects of various drugs on
the pitavastatin uptake in OATP1B1-expressing cells and evalu-
ated whether the in vitro inhibition was clinically significant or not.
As we previously reported, we used the methodology for estimat-
ing the maximum unbound concentration of inhibitors at the inlet
to the liver (I, i, max). Judging from J,,, ... and inhibition constant
(K)) for OATP1B1, several drugs (especially cyclosporin A, rifampi-
cin, rifamycin SV, clarithromycin, and indinavir) have potentials for
interacting with OATP1B1-mediated uptake of pitavastatin. The in
vitro experiments could support the clinically observed drug-drug
interaction between pitavastatin and cyclosporin A. These results
suggest that we should pay attention to the concomitant use of
some drugs with pitavastatin.

The liver is one of the organs responsible for the elimination of
xenobiotics including many kinds of drugs. In some cases, al-
though the compounds were not supposed to easily penetrate the
plasma membrane from the viewpoint of their physicochemical
properties, they were efficiently taken up into liver and excreted
into bile. Recently, it has been found that several kinds of trans-
porters greatly help the efficient membrane transport of several
compounds. It has been characterized that hepatic uptake of some
of the compounds is mediated by organic anion-transporting
polypeptide (OATP) family transporters, organic anion transporter
2, Na™-taurocholate cotransporting polypeptide, and organic cat-
ion transporter 1 (Mizuno et al., 2003). Among these transporters,
especially OATP1B1 and OATP1B3 are specifically expressed in
liver and show broad substrate specificities (Hagenbuch and Meier,
2003). In contrast, OATP2B] is also expressed in the basolateral
membrane of human liver (Tamai et al.,, 2001). Previous reports
indicated that the low pH facilitates the OATP2B1-mediated up-
take of several organic amions, implying its involvement in the
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intestinal absorption of anions (Kobayashi et al., 2003). Although
the uptake clearance at pH 7.4 was lower than that at pH 5.0,
OATP2B1 could transport some organic anions such as estrone-3-
sulfate, fexofenadine, benzylpenicillin, and dehydroepiandros-
terone sulfate, even at pH 7.4 (Kobayashi et al., 2003; Nozawa et
al., 2004). Therefore, it is possible that OATP2B1 is also involved
in the hepatic uptake of anionic drugs. .

Pitavastatin is a highly potent inhibitor of HMG-coenzyme A
reductase, the rate-limiting enzyme in cholesterol biosynthesis (Aoki
et al., 1997; Kajinami et al., 2003). Previously, Kimata et al. (1998)
have revealed that ['*C]pitavastatin is selectively distributed to the
liver in rats with the liver-to-plasma concentration ratio of more than
50, suggesting that active transport systems can be involved in the
uptake of pitavastatin. We have already demonstrated that pitavastatin
is taken up into human hepatocytes predominantly by OATPIB1,
although it was a substrate of both OATP1B1 and OATP1B3 (Hirano
et al., 2004). We also showed that the contribution of other transport-
ers such as OATP2BI1 to the pitavastatin uptake was theoretically
small, but we have not experimentally shown the minor importance of
OATP2B1. Therefore, we tried to confirm that OATP1B1 is a respon-
sible transporter for the pitavastatin uptake by two kinds of ap-
proaches: the comparison of the expression level of each transporter in
human hepatocytes and expression systems by Western blot analysis,
and the inhibitory effects of transporter-selective inhibitors on the
uptake of pitavastatin in human hepatocytes.

ABBREVIATIONS: HEK, human embryonic kidney; MDCK, Madin-Darby canine kidney; OATP, organic anion-transporting polypeptide; HMG-
CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; K, Michaelis constant; V,,,,, maximum transport velocity; K, inhibition constant; E,178G,
estradiol 178-D-glucuronide; E,S, estrone-3-sulfate; DDI, drug-drug interaction.
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The combination therapy of statins and various compounds is
widely used in clinical practice. Coadministration of various drugs
sometimes causes an increase in the plasma concentration of statins
(Williams and Feely, 2002), which may occasionally lead to severe
side effects such as myopathy and rhabdomyolysis (Evans and Rees,
2002). In the case of simvastatin, which is relatively lipophilic and
metabolized by CYP3A4, itraconazole, cyclosporin A, and erythro-
mycin were reported fo increase plasma area under the plasma con-
cenfration-time curve of simvastatin by inhibition of CYP3A4-medi-
ated metabolism (Kantola et al., 1998; Neuvonen et al., 1998;
Ichimaru et al.,, 2001). In contrast, cyclosporin A also interacted with
the nonmetabolized type of statins such as pravastatin, pitavastatin,
and rosuvastatin in the clinical situation (Olbricht et al., 1997; Ha-
sunuma et al., 2003; Simonson et al., 2004). Shitara et al. (2003)
clarified that drug-drug interaction (DDI) between cyclosporin A and
cerivastatin is caused by the inhibition of OATP1B1-mediated ceriv-
astatin uptake by cyclosporin A. Because pitavastatin was reported to
be taken up into hepatocytes mainly by OATPIB1 (Hirano et al.,
2004), we should pay attention to the OATP1B1-mediated DDI of
pitavastatin in coadministration with other drugs that can inhibit the
function of OATP1B1. However, the inhibitors of OATP1B1 identi-

fied by in vitro analyses do not always cause DDI in the clinical

situation when the clinical protein unbound concentration in plasma is
much lower than the in vitro inhibition constant (K;) for OATP1B1.
Ito et al. (1998) proposed the calculation method for estimating the
maximum unbound concentration of inhibitors at the inlet to the liver
to avoid the false-negative prediction of clinical DDI.

In the present study, we confirmed the minor contribution of
OATP2BI1 to the hepatic uptake of pitavastatin by two approaches.
Moreover, we tried to predict the possible DDI mediated by
OATPIBI1 between pitavastatin and various drugs by judging from
the clinical maximum unbound concentration of each inhibitor in
human plasma and the X; value for OATP1B1 obtained from the in
vitro study.

Materials and Methods

Materials. Pitavastatin, monocalcium bis[(3R,58,6£)-7-[2-cyclopropyl-4-
(4-fluorophenyl)-3-quinolyl]3,5-dihydroxy-6-hepteonate], was synthesized by
Nissan Chemical Industries (Chiba, Japan). [*H]Pitavastatin (16.0 Ci/mmol)
was synthesized by GE Healthcare (Little Chalfont, Buckinghamshire, UK).
[*H]Estradiol 17B-D-glucuronide (E,178G) and [*H]estrone-3-sulfate ES)
(45 Ci/mmol and 46 Ci/mmol, respectively) were purchased from New En-
gland Nuclear (Boston, MA). Unlabeled E, 178G, E,S, and gemfibrozil were
purchased from Sigma-Aldrich (St. Louis, MO). A metabolite of gemfibrozil,
M3 (purity 99.6%), was chemically synthesized at KNC Laboratories, Co. Lid.
(Kobe, Japan) as shown in detail previously (Shitara et al., 2004). All other
chemicals were of analytical grade and commercially available.

Uplake Study Using Transporter Expression Systems. OATPIBI-,
OATP1B3-, and OATP2B1-expressing HEK293 cells and vector-transfected
control cells used in this study were constructed previously (Hirano et al.,
2004; Shimizu et al., 2005). Transporter-expressing or vector-transfected
HEK293 cells were grown in Dulbecco’s modified Eagle’s medium low
glucose (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(Sigma-Aldrich), 100 U/ml penicillin, 100 ug/ml streptomycin, and 0.25
ug/ml amphotericin B at 37°C with 5% CO, and 95% humidity. Cells were
then seeded in 12-well plates coated with poly-L-lysine/poly-L-ornithine at a
density of 1.5 X 10° cells per well. After 2 days, the cell culture medium was
replaced with culture medium supplemented with 5 mM sodium butyrate 24 h
before transport assay to induce the expression of exogenous transporters. The
transport study was carried out as described previously (Sugiyama et al., 2001).
Uptake was initiated by adding Krebs-Henseleit buffer containing radiolabeled
and unlabeled substrates after cells had been washed twice and preincubated
with Krebs-Henseleit buffer at 37°C for 15 min. The Krebs-Henseleit buffer
consisted of 118 mM NaCl, 23.8 mM NaHCO,, 4.8 mM KCl, 1.0 mM
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KH,PO,, 1.2 mM MgSO,, 12.5 mM HEPES, 5.0 mM glucose, and 1.5 mM
CaCl, adjusted to pH 7.4. The uptake was terminated at a designated time by
adding ice-cold Krebs-Henseleit buffer after removal of the incubation buffer.
Then, cells were washed twice with 1 ml of ice-cold Krebs-Henseleit buffer,
solubilized in 500 ul of 0.2 N NaOH, and kept overnight at 4°C. Aliquots (500
wul) were transferred to scintillation vials after adding 250 ul of 0.4 N HCL. The
radioactivity associated with the cells and incubation buffer was measured in
a liquid scintillation counter (LS6000SE; Beckman Coulter, Inc., Fullerton,
CA) after adding 2 ml of scintillation fluid (Clear-sol I; Nacalai Tesque, Kyoto,
Japan) to the scintillation vials. The remaining 50 wl of cell lysate was used to
determine the protein concentration by the method of Lowry et al. (1951) with
bovine serum albumin as a standard. .

Uptake Study Using Human Cryopreserved Hepatocytes. This experi-
ment was performed as described previously (Shitara et al., 2003). Cryopre-
served human hepatocytes were purchased from In Vitro Technologies (Bal-
timore, MD). In this experiment, we selected three batches of human
hepatocytes (lots OCF, 094, and ETR), which ranked in the top three of the
uptake amount of E,178G, and E;S among eight independent batches of
hepatocytes. Immediately before the study, the hepatocytes (1-ml suspension)
were thawed at 37°C, quickly suspended in 10 ml of ice-cold Krebs-Henseleit
buffer, and centrifuged (50g) for 2 min at 4°C, followed by removal of the
supernatant. This procedure was repeated once more to remove cryopreserva-
tion buffer, and then the cells were resuspended in the same buffer to give a
cell density of 1.0 X 10° viable cells/ml for the uptake study. The number of
viable cells was determined by trypan blue staining. Before the uptake studies,
the cell suspensions were prewarmed in an incubator at 37°C for 3 min. The
uptake studies were initiated by adding an equal volume of buffer containing
radiolabeled and unlabeled pitavastatin to the cell suspension. After incubation
at 37°C for 0.5 and 2 min, the reaction was terminated by separating the cells
from the buffer. For this purpose, an aliquot of 80 ul of incubation mixture was
collected and placed in a centrifuge tube (450 ul) containing 50 pl of 2 N
NaOH under a layer of 100 ul of oil (density, 1.015; a mixture of silicone oil
and mineral oil; Sigma-Aldrich), and subsequently the sample tube was cen-
trifuged for 10 s using a tabletop centrifuge (10,000g; Beckman Microfuge E;
Beckman Coulter, Inc.). During this process, hepatocytes passed through the
oil layer into the alkaline solution. After an overnight incubation in alkali to
dissolve the hepatocytes, the centrifuge tube was cut and each compartment
was transferred to a scintillation vial. The compartment containing the dis-
solved cells was neutralized with 50 ul of 2 N HCI, mixed with scintillation
cocktail, and the radioactivity was measured in a liquid scintillation counter.

Antiserum and Western Blot Analysis. As shown in previous reports,
anti-OATP2B1 sera were raised in rabbits against a synthetic peptide consist-
ing of the 15 carboxyl-terminal amino acids of OATP2B1 (LLVSGPGKK-
PEDSRYV) coupled to keyhole limpet hemocyanine at its N-terminal via an
additional cysteine (Kullak-Ublick et al., 2001). Crude membrane fractions
were prepared from human hepatocytes and transporter-expressing HEK293
cells as described previously (Sasaki et al., 2002). The human liver block (lot
020188) was obtained from Human and Animal Bridging Research Organiza-
tion (Chiba, Japan), and crude membrane fractions were prepared as described
previously (Hirano et al,, 2004). The samples were diluted with 3X Red
loading buffer (BioLabs, Hertfordshire, UK) and loaded onto a 7% SDS-
polyacrylamide gel with a 4.4% stacking gel. Proteins were electroblotted onto
a polyvinylidene difluoride membrane (Pall, East Hills, NY) using a blotter
(Trans-blot; Bio-Rad, Richmond, CA) at 15 V for 1 h. The membrane was
blocked with Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and
5% skimmed milk for 1 h at room temperature. After washing with TBS-T, the
membrane was incubated with anti-OATP2B1 serum (dilution 1:1000). The
membrane was incubated with a horseradish peroxidase-labeled anti-rabbit
IgG antibody (GE Healthcare) diluted 1:5000 in TBS-T for 1 h at room
temperature, followed by washing with TBS-T. The band was detected and its
intensity was quantified using an image analyzer (LAS-1000 plus; Fuji Film,
Tokyo, Japan).

Transcellular  Transport Study. OATP1B1-, OATP1B1/BCRP-,
OATP1B1/MDRI1-, and OATP1B1/MRP2-expressing MDCKII cells and vec-
tor-transfected control cells used in this study were constructed previously
(Matsushima et al., 2005). Transporter-expressing or vector-transfected
MDCKII cells were grown in Dulbecco’s modified Eagle’s medium low
glucose supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100



OATP1B1-MEDIATED DRUG-DRUG INTERACTION WITH PITAVASTATIN

#g/ml streptomycin, and 0.25 ug/ml amphotericin B at 37°C with 5% CO, and
95% humidity. MDCKII celis were seeded on Transwell membrane inserts
(6.5-mm diameter, 0.4-um pore size; Corning Costar, Bodenheim, Germany)
at a density of 1.4 X 10° cells per well. After 3 days, medium was replaced
with 5 mM sodium butyrate for 24 h before the transport study (Sasaki et al.,
2002). The experiments were initiated by replacing the medium on the basal
side of the cell layer with Krebs-Henseleiti buffer containing radiolabeled and
unlabeled pitavastatin (0.3 uM). The cells were incubated at 37°C, and
aliquots of medium were taken from each compartment at designated time
points. Radioactivity in 100 pl of medium was measured in a liquid scintilla-
tion counter after the addition of scintillation cocktail. At the end of the
experiments, the cells were washed three times with 1.5 ml of ice-cold
Krebs-Henseleit buffer and solubilized in 500 ul of 0.2 N NaOH. After
addition of 100 ul of 1 N HCI, 500-ul aliquots were transferred to scintillation
vials. Aliquots (50-pl) of cell lysate were used to determine protein concen-
trations as described above. To evaluate the efflux transport clearance via
recombinant BCRP, MDR1, and MRP2 in the double transfectants, the appar-
ent efflux clearance across the apical membrane (PS,;..)) was calculated by
dividing the steady-state velocity for the transcellular transport (Vi scenatr) OF
pitavastatin, determined over 3 h, by the intracellular concentration () of
pitavastatin, determined at the end of the experiments (3 h) in the absence or
presence of the inhibitors.

Psapical = Lrnnscellular/Cce]l (1)

Kinetic Analyses. Ligand uptake in transporter cDNA-transfected cells was
expressed as the uptake volume (ul/mg protein), given as the amount of radioac-
tivity associated with the cells (dpm/mg protein) divided by its concentration in the
incubation medium (dpnv/ul). Transporter-specific uptake was obtained by sub-
tracting the uptake into vector-transfected cells from the uptake into cDNA-
transfected cells. Kinetic parameters were obtained using the following equation:

 Vax XS
VEEKLES

+PyXS 2)

where v is the uptake velocity of the substrate (pmol/min/mg protein), S is the
substrate concentration in the medium (uM), K, is the Michaelis constant
(M), Vinax is the maximum uptake rate (pmol/min/mg protein), and Py is the
nonsaturable uptake clearance (ul/min/mg protein). The Damping Gauss-
Newton Method algorithm was used with a MULTI program (Yamaoka et al.,
1981) to perform nonlinear least-squares data fitting. The input data were
weighted as the reciprocal of the observed values. Inhibition constants (X;) of
a series of compounds could be calculated by the following equation, if the
substrate concentration was low enough compared with its K, value.

L
CL(H) = )
1+ -Kt

i

where CL represents the uptake clearance in the absence of inhibitor, CL(+])
represents the uptake clearance in the presence of inhibitor, and / represents the
inhibitor concentration. When fitting the data to determine the K| value, the
input data were weighed as the reciprocal of the observed values.

To determine saturable hepatic uptake clearance in human hepatocytes, we
first determined the hepatic uptake clearance (CL¢ 0.5 miny) (£U/min/10°
cells) by calculating the slope of the uptake volume (V) (ul/10° cells) between
0.5 and 2 min as shown previously (Hirano et al., 2004) (eq. 4). The saturable
component of the hepatic uptake clearance (CL,,,) was determined by sub-
tracting CL.; win.0.5 miny i the presence of 100 M substrate (excess) from that
in the presence of 0.1 uM substrate (tracer) (eq. 5).

Vazom — Vaos min

2-05 @

CL(z min-0.5 min) —

CLhcp = CL(2 min-0.5 min),tracer CL(Z min-0.5 min),excess (5)

where CL(z min-0.5 min).tracer 404 CL(z min-0.5 min),excess FEPTESENt CLp min.o s min)

estimated in the presence of 0.1 and 100 uM substrate, respectively.
Estimation of the Contribution of Transporters to the Hepatic Uptake

in Human Hepatocytes by Western Blot Analysis. The ratio of the expres-
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sion level of each transporter in human hepatocytes (per 10° cells) to that in the
expression system (per mg protein) was calculated by the intensity of specific
bands in Western blot analysis and defined as Ry as shown previously
(Hirano et al, 2004). The uptake clearance by each transporter in human
hepatocytes was separately calculated by multiplying the uptake clearance of
the pitavastatin in transporter-expressing cells (CL,.s) by Ry, as described in
the following equation:

CLh:p,lcsl = ClLyey * Rexp (6)

The relative contribution (percentage) of each transporter to the uptake in
human hepatocytes was defined by the ratio of CL,,, s, for target transporter
to that of the sum of CL,,;, .. for OATP1B1, OATPIB3, and OATP2B1.

Prediction of Clinical DDI between Pitavastatin and Various Drugs via
OATPIB1. The degree of inhibition of OATPIB1 in humans was estimated
by calculating the following R values, which represent the ratio of the uptake
clearance in the absence of inhibitor to that in its presence:

fl! : Iin,max
R=1+ X 7
where f, represents the blood unbound fraction of the inhibitor, I, .., repre-
sents the estimated maximum inhibitor concentration at the inlet to the liver,
and K; was obtained in the present in vitro study using OATP1B1-expressing
HEK?293 cells. For the estimation of R value, I, .., was calculated by the
method of Ito et al. (1998):

F,-Dose-
1+ Doserk
O

where I, represents the reported value for the maximum plasma concentra-
tion in the systemic circulation in the clinical situation, F, represents the
absorbed fraction of inhibitor, k, is the absorption rate constant in the intestine,
and @, represents the hepatic blood flow rate in humans (1610 mi/min). To
estimate the maximum [, ... value, F, was set at 1, k, was set at 0.1 min ™"
[minimum gastric emptying time (10 min)], and the blood-to-plasma concen-
tration ratio was assumed to be 1, if the information from the literature was not
available.

8

I; in,max

Resulis

Uptake of E,S and Pitavastatin by OATP2B1-Expressing Cells.
The time profiles and Eadie-Hofstee plots of the uptake of E,S and
pitavastatin by OATP2B1-expressing and vector-transfected HEK293
cells are shown in Fig. 1. Pitavastatin as well as E;S was significantly
taken up into OATP2Bl-expressing HEK293 cells compared with
vector-transfected cells (Fig. 1, A and B). The saturation kinetics of
their uptake is shown in Fig. 1, C and D. The concentration depen-
dence of the uptake of E;S could be explained by a one-saturable
component (Fig. 1C). The K, and V_,_ values for the OATP2B1-
mediated uptake of E;S were 20.9 = 2.0 uM and 1196 + 40
pmol/min/mg protein, respectively. The nonsaturable component was
observed in the Eadie-Hofstee plot even for the specific uptake of
pitavastatin by OATP2B1 (Fig. 1D). The K,, and V_, values of
pitavastatin for the saturable component and uptake clearance for the
nonsaturable component were 1.17 = 0.28 uM, 7.36 = 1.43 pmol/
min/mg protein, and 2.93 * 0.16 ul/min/mg protein, respectively. No
significant uptake of E,178G by OATP2B1 could be observed
(7.51 £ 0.49 and 9.72 * 1.29 ul/mg protein by vector-transfected and
OATP2B1-expressing cells for 5 min, respectively; n = 3).

Western Blot Analysis of OATP2B1. The relative expression
level of OATP2B1 in crude membrane from transfectants and human
hepatocytes was estimated by Western blot analyses. An antiserum
against OATP2B1 recognized approximately 85-kDa proteins in the
crude membrane fractions prepared from human hepatocytes and
OATP2B1-expressing cells (Fig. 2A). The molecular weight of
OATP2B1 in human hepatocytes was almost the same as that pre-
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Fic. 1. Time profiles and Eadie-Hofstee plots of the uptake of [PHJE,S and [*H]pi-
tavastatin by OATP2B1-expressing HEK293 cells. The uptake of 0.1 uM [PHJE,S
(A) and 0.1 uM [PH]pitavastatin (B) by cDNA-transfected cells was examined at
37°C. Open circles and triangles represent the uptake in OATP2BIl-expressing
HEK?293 cells and vector-transfected control cells, respectively. The concentration
dependence of OATP2B1-mediated uptake of [*HJE,S (C) and [*H]pitavastatin (D)
is shown as Eadie-Hofstee plots. Closed circles represent the OATP2B1-mediated
specific uptake rate, which was obtained by subtracting the initial uptake rate in
vector-transfected cells from that in OATP2B1-expressing cells. The initial uptake
rate calculated from the uptake of [*H]E,S and [*H]pitavastatin for 1 and 2 min,
respectively, was determined at various concentrations (0.3-100 uM). Solid lines
represent the fitted curves obtained by nonlinear regression unalysis. Each point
represents the mean & S.E. (n = 3). Where error bars are not shown, the S.E. values
are within the limits of the symbol.

pared from human liver block, but was slightly lower than that in
OATP2B1-expressing HEK293 cells. No specific band of OATP2B1
was detected in vector-transfected cells. Figure 2B showed the linear
relationship between the applied protein amount of crude membrane
obtained from OATP2B1-expressing cells and human hepatocytes and
the intensity of the specific band measured by digital densitometer.
The slope of the regression line in Fig. 2B reflected the relative
expression level of OATP2BI1 in transfectants and hepatocyles.

Estimation of Contribution of OATP1B1, OATPIB3, and
OATP2B1 in Human Hepatocytes by Western Blot Analysis. We
calculated the estimated uptake clearance of pitavastatin by
OATP1B1, OATPIB3, and OATP2B1 in human hepatocytes by the
relative expression level of each transporter (Table 1). We obtained
62.1 pg of protein in crude membrane from 1 mg of whole cell protein
in OATP2B 1-expressing HEK293 cells, whereas 178, 89, and 82 ug
of protein were obtained in crude membrane from 10° human hepa-
tocytes of lot OCF, 094, and ETR, respectively. When the band
density per unit protein amount in crude membrane of OATP2B1-
expressing HEK293 cells is defined as 1, the relative expression levels
of OATP2B1 per unit protein amount in crude membrane of hepato-
cytes of lots OCF, 094, and ETR are 0.200, 0.152, and 0.112 (per
microgram), respectively. Using these R,,, values and our previous
results (Hirano et al., 2004; shown in Table 1), we estimated the
relative contribution of OATP1B1, OATP1B3, and OATP2BI to the
hepatic uptake of pitavastatin in buman hepatocytes.

Inhibitory Effects of E;1738G and E;S on the Uptake of Pitavas-
tatin by Transporter-Expression System and Human Hepato-
cytes. Inhibitory effects of E,178G and E; S on the uptake of pitavas-
tatin were examined by human cryopreserved hepatocytes (Fig. 3).
E,178G (100 puM) inhibited OATP1B1- and OATP1B3-mediated
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Fi. 2. Western blot analysis of OATP2B1. A, crude membrane fractions (2.5-40
ug) prepared from OATP2B1-expressed HEK293 cells and human hepatocytes (lot
094) were loaded and separated by SDS-polyacrylamide gel electrophoresis (7%
separating gel). The sample designated as “Human liver” indicates that the crude
membrane vesicles were prepared from a human frozen liver block (lot 020188) as
a positive control. OATP2B1 was detected by preimmune antisera raised against the
carboxyl terminus of human OATP2B1. B, comparison of the relative expression
levels of OATP2BI1 between transfectants and hepatocytes is shown. The x and y
axes represent the amount of crude membrane obtained from transfectants and
human hepatocytes and the intensity of the specific band in Western blot analysis,
respectively. Closed circles and open circles indicate the band density of human
hepatocytes (lot 094) and OATP2B1-expressing HEK293 cells, respectively. The
solid lines represent the fitted lines obtained by linear regression analysis.

transport of pitavastatin to 10.0 = 3.2 and 21.7 = 8.7% of control,
respectively (n = 3), whereas OATP2B1-mediated transport was not
affected by 100 uM E,178G (91.8 * 16.6%). In contrast, 100 uM
E;S inhibited OATP1B1- and OATP2Bl-mediated transport of
pitavastatin to 7.19 * 2.94 and 56.5 £ 3.2% of control, respectively
(n = 3), whereas OATP1B3-mediated transport was not affected by
100 uM E,S (102 = 7%). In three batches of human hepatocytes,
pitavastatin uptake was almost inhibited by 100 uM E,178G (Fig.
3A) and E;S (Fig. 3B).

Prediction of DDI between Pitavastatin and Various Com-
pounds by OATP1B1-Expressing HEK293 Cells. To identify clin-
ically relevant inhibitors for OATP1B1-mediated pitavastatin uptake,
inhibitory effects of several compounds on the uptake of pitavastatin
were determined by OATP1B1-expressing cells. These compounds
include therapeutic agents that were reported to cause DDI with
statins (Williams and Feely, 2002). Cyclosporin A, fenofibrate, gem-
fibrozil, and gemfibrozil metabolites (gemfibrozil-M3 and gemfibro-
zil-1-O-glucuronide) were also investigated because drug interaction
studies with pitavastatin have been previously reported (Hasunuma et
al., 2003; Mathew et al., 2004). Most of the compounds we tested
could inhibjit OATP1B1-mediated pitavastatin uptake (Table 2). We
also obtained the blood unbound fraction (f) and calculated the
estimated maximum concentration at the inlet to the liver (I, ;,,) of
the inhibitors from the literature information (Clark et al., 1992;
Hardman et al., 2001; package insert of each drug). Inhibition con-
stants (K;) of various compounds for OATPIB1 obtained in the
present study and the ratio of the uptake clearance in the absence of
inhibitor to that in its presence (R value) are summarized in Table 2.
R values of cyclosporin A, rifampicin, rifamycin SV, clarithromycin,
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TABLE 1
Contribution of OATP1BI, OATP1B3, and OATP2BI fo the hepatic uptake of pitavastatin determined by the relative expression level

Ratio of Expression Level® (Hepatocyte/Expression System)

Estimated Clearance’

Hepatocyte Lot
Rexp0aTPIBI Rexp,0ATPIES Rexp0aTP2B1 OATPIBI OATPIB3 OATP2B1
wlimin/1P cells

OCF 2.90° 121° 0.200 222 37.0 0.658
85.5% 14.3% 0.253%

094 1.58° 0.930° 0.152 121 285 0.500
80.7% 19.0% 0.333%

ETR 0.890° 0.737¢ 0.112 68.2 22.6 0.368
74.8% 24.8% 0.405%

“ Ratio of the expression leve] was determined by the intensity of the specific band in the crude membrane prepared from human hepatocytes (per 10° cells) divided by that in the crude membrane

from transporter-expressing cells (per milligram) in Western blot analysis.

® In the ‘Estimated Clearance’ column, each percentage value indicates the percentage of the OATP1B1-, OATP1B3-, or OATP2B I-mediated uptake clearance relative to the sum of the estimated
clearance mediated by OATP1BI1, OATPIB3, and OATP2BI1. The details of this estimation arc described under Materials and Merhods.

¢ Values from Hirano et al. (2004),
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Fic. 3. Inhibitory effects of E,178G and E,S on the uptake of [*H]pitavastatin by
human hepatocytes. The transport of [*Hlpitavastatin (0.1 uM) into human hepa-
tocytes was determined in the presence or absence of E,178G (A) and E,;S (B) at
the designated concentrations. Open circles, triangles, and squares represent the
uptake in human hepatocytes of Jots OCF, 094, and ETR, respectively. The detailed
method for calculation of the uptake clearance in hepatocytes (CL,,,,) is described
under Materials and Methods. The values are expressed as a percentage of the
uptake of [*Hlpitavastatin in the absence of inhibitors. Each point represents the
mean = S.E. (n = 3).

and indinavir were higher than 2.5, suggesting that these drugs can
interact with pitavastatin in a clinical situation.

Inhibitory Effects of Cyclosporin A, Gemfibrozil, and Its Me-
tabolites on the Transcellular Transport of Pitavastatin in
OATP1B1/MRP2, OATP1B1/MDRI1, and OATP1BI/BCRP Dou-
ble Transfectants. The inhibitory effects of cyclosporin A, gemfi-
brozil, gemfibrozil-1-O-glucuronide, and gemfibrozil-M3 on the
transcellular transport of pitavastatin were investigated in double-
transfected cells. The transcellular transport clearance (PS.,) of
pitavastatin was drastically decreased by cyclosporin A in all kinds of
double transfectants (Fig. 4A). The efflux clearance from cells to the
apical compartment (PS,;.,) was also potently reduced by cyclo-
sporin A (Fig. 5A). In contrast, gemfibrozil and gemfibrozil-1-O-
glucuronide did not change either PS_, or PS,;.,; up to 100 uM
(Figs. 4 and 5). Gemfibrozil-M3 (300 pM) could not inhibit the
PS, jicar Of pitavastatin in OATP1B1/BCRP-, OATP1B1/MDR-, and
OATP1B1/MRP2-expressing MDCKII cells (data not shown). The K,
values of these inhibitors on the PS,, and PS,;., of pitavastatin are
summarized in Table 3.

Discussion

In the present study, we have excluded the possibility of a major
contribution of OATP2B1 to the hepatic uptake of pitavastatin and
confirmed that OATPIB1 is the most important transporter for its
uptake. Next, the inhibitory effects of pitavastatin uptake by several
drugs in OATP1B1-expressing cells were also investigated, and we
discussed the possibility of DDI in clinical stage by considering the
inhibition constant (K;) obtained from in vitro analysis and the esti-

TABLE 2

The K; values for OATP1BI-mediated pitavastatin uptake and the prediction of
the possibility of DDI by considering the maximum plasma unbound
concentration at the inlet to the liver

The K; values are expressed as mean * computer-calculated S.D. R value = 1 + f

J I

Inhibitor K; Value for OATP1B! R Value
nM

Cyclosporin A 0.242 = 0.029 3.55
Tacrolimus 0.611 = 0.069 1.20
Rifampicin 0.477 = 0.030 134
Rifamycin SV 0.171 = 0.024 65.6
Tolbutamide >100 <1.21
Glibenclamide 0.746 = 0.101 1.00
Fluconazole >100 <1.25
Ketoconazole 192+ 39 1.03
Traconazole >100 <1.00
Gemfibrozil 252 *4.7 1.08
Gemfibrozil-1-O-glucuronide 226+58 1.10%
Gemfibrozil-M3 >300 <1.03*
Clofibrate >300 <1.03
Ciprofibrate 141 =22 1.01
Bezafibrate 68.6 = 119 1.03
Fenofibrate >300 <1.00
Cimetidine >300 <1.14
Ranitidine >300 <1.16
Valsartan 8.96 * 1.33 1.10
Telmisartan 0.436 = 0.043 1.16
Chlorzoxazone >100 <1.00
Colchichine >100 <1.07
Phenytoin >100 <1.03
Clarithromycin 8.26 = 0.54 3.29
Erythromycin 114=x21 1.25
Indinavir 184x19 2397
Ritonavir 0.781 * 0.048 2.25
Saquinavir 1.59 = 0.13 1.62
Probenecid 762 =71 1.85
Methotrexate >300 <1.01
Digoxin 31730 1.00
Diltiazem >100 <1.03
Verapamil 51.6 = 159 1.02
Warfarin 833+497 1.00

® These values were calculated by using the reported values for the maximum plasma
concentration of inhibitors in the clinical situations, instead of Jiy p,y, because we did not have
enough parameters to estimate the I, .., value.

mated maximum unbound concentration of each inhibitor at the inlet
to the liver.

We observed the significant saturable uptake of pitavastatin in
OATP2B1-expressing cells compared with control cells at pH 7.4
with a K, value of 1.17 uM (Fig. 1). It has been shown that specific
uptake of pravastatin by OATP2B1 was not significantly observed at
pH 7.4, whereas it can be transported at pH 5.0 (Nozawa et al., 2004),
indicating that pitavastatin is preferentially recognized by OATP2B1
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Fi. 4. Inhibitory effects of cyclosporin A, gemfibrozil, and gemfibrozil-1-O-glucuronide on the transceltular transport of [*H]pitavastatin. The basal-to-apical flux of
[3H]pitavastatin (0.3 uM) across MDCKII monolayer expressing OATP1B1 (closed circles), OATP1B1/BCRP (closed diamonds), OATP1B1/MDR1 (closed squares), and
OATPIB1/MRP2 (closed triangles) was determined compared with vector-transfected conwrol cells (open circles) in the absence and presence of cyclosporin A (A),
gemfibrozil (B), or gemfibrozil-1-O-glucuronide (C). The x and y axes represent the concentration of each inhibitor in the medium at the basal compartment and the transport
clearance for the transcellular transport (PS,..,) of [*H]pitavastatin (l/min/mg protein). Each point and vertical bar represent the mean = SE. of three determinations. Where
vertical bars are not shown, the S.E. values are within the limits of the symbol. Dotted lines represent the fitted curves obtained by nonlinear regression analysis.
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Fic. 5. Inhibitory effects of cyclosporin A, gemfibrozil, and gemfibrozil-1-O-glucuronide on the efflux transport of [*H]pitavastatin across the apical membrane of
MDCKII cells. The efflux transport clearance of [3H]pitavastatin (0.3 uM) across the apical membrane (PSaPical) of MDCKII monolayer expressing OATP1B1 (closed
circles), OATP1B1/BCRP (closed diamonds), OATP1BI/MDRI (closed squares), and OATP1B1/MRP2 (closed triangles) was determined compared with vector-
transfected control cells (open circles) in the absence and presence of cyclosporin A (A), gemfibrozil (B), or gemfibrozil-1-O-glucuronide (C). The x and y axes represent
the concentration of each inhibitor in the medium at the basal compartment and the transport clearance for the efflux transport across the apical membrane (PS, e of
[*H]pitavastatin (wV/min/mg protein). Each point and vertical bar represents the mean + S.E. of three determinations. Where vertical bars are not shown, the S.E. values
are within the limits of the symbol. Dotted lines represent the fitted curves obtained by nonlinear regression analysis.

compared with pravastatin. The K value of E;S for OATP2B1 from
our analyses was 20.9 uM (Fig. 1), which was almost comparable to
the reported values (Kullak-Ublick et al., 2001; Nozawa et al., 2004),
whereas the significant uptake of E,178G at pH 7.4 was not detected
as described previously (Kullak-Ublick et al., 2001; Nozawa et al.,
2004).

Then, to refute the possibility that OATP2B1 plays an important

role in the pitavastatin uptake in human hepatocytes and confirm the
major contribution of OATP1B1, we took two strategies: 1) to check
the inhibitable portion of pitavastatin uptake by two inhibitors in
human hepatocytes, and 2) to compare the relative expression level of
OATP2B!1 in human hepatocytes and OATP2B1-expressing cells by
Western blot analysis. As a result of the first approach, pitavastatin
uptake in human hepatocytes was almost completely suppressed
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TABLE 3

The K; values of cyclosporin A, gemfibrozil, and gemfibrozil-1-O-glucuronide for
the PS,,, and PS, of pitavastatin in double-transfected cells

net apical

The values are expressed as mean * computer-calculated $.D.

Transfectants Cyclosporin A Gemfibrozil Geg&fﬁggéo'
PS,, (K, uM)
OATP1B1/BCRP 0.194 + 0.048 >100 >100
OATP1B1/MDR1 0.359 = 0.046 >100 >100
OATP1B1/MRP2 0.407 £ 0.132 >100 >100
PS picar (K;, pM)
OATP1B1/BCRP 0.273 + 0.083 >300 >300
OATP1B1/MDRI1 0.330 = 0.037 >300 >300
OATP1B1/MRP2 0.662 = 0.252 >300 >300

by both 100 uM E,17BG (inhibitor of OATP1B1/OATP1B3) and
E;S (inhibitor of OATP1B1/OATP2B1) (Fig. 3), suggesting that
OATP1B1 mainly contributes to the hepatic uptake of pitavastatin. In
contrast, the uptake of telmisartan, which can be accepted by
OATPI1B3, but not OATP1BI, into human hepatocytes could not be
inhibited by 100 uM E,;S (Ishiguro et al., 2006), supporting the
validity of our approach. Moreover, from the comparison of the
expression level of OATP2B1 between transfectants and hepatocytes
by Western blot analysis (Fig. 2), we could calculate the OATP1B1-,
OATP1B3-, and OATP2B1-mediated uptake into hepatocytes by mul-
tiplying the uptake clearance of pitavastatin in the expression system
by the ratio of the expression level in these cells (Rexp)- The results
indicated that the contribution of OATP2B1 to the hepatic uptake of
pitavastatin was less than 1%, although it is a substrate of OATP2B1,
and that OATPIBI is the most important in the hepatic uptake of
pitavastatin, which is consistent with the previous results calculated
from other approaches (Hirano et al., 2004).

Pitavastatin is mainly eliminated from liver in an unchanged form
(Kojima et al., 2001). From the pharmacokinetic point of view, the
change in the hepatic uptake clearance always directly affects the
overall hepatic clearance for this type of drug (Shitara et al., 2005).
Since we clarified that pitavastatin is taken up into the hepatocytes
mainly by OATP1BI in the present study, we focused on the inhib-
itory effects of various drugs on the OATP1B1-mediated uptake of
pitavastatin. The combination therapy of statins and various drugs,
such as fibrates, immune suppressants, antidiabetic drugs, antihyper-
tensive drugs, and antibiotics, is widely used in the clinical situation
(Williams and Feely, 2002). It has been reported that the plasma area
under the plasma concentration-time curve of several statins was
increased by coadministration of cyclosporin A and gemfibrozil
(Shitara et al., 2005). Recently, Shitara et al. (2003) have demon-
strated that inhibition of OATP1B1 is a major mechanism of DDI
between cerivastatin and cyclosporin A. Campbell et al. (2004) also
suggested that unconjugated hyperbilirubinemia induced by indinavir,
rifamycin SV, and cyclosporin A is partly caused by the inhibition of
OATP1BI1-mediated uptake. Although pitavastatin uptake could be
inhibited by several drugs in in vitro experiments, from the results of
our calculation (Ito et al., 1998), the R values of most of the drugs we
tested are almost equal to 1 (Table 2). To avoid the false-negative
prediction of DDI, we estimated the inhibitory effects of the maxi-
mum plasma unbound concentration of inhibitors at the inlet to the
liver (i, nax)- Therefore, it is unlikely that the OATP1B1-mediated
DDI between pitavastatin and these drugs occurs in the clinical stage.
However, we should pay attention to the OATP1B1-mediated DDI for
pitavastatin with coadministration of cyclosporin A, rifampicin, rifa-
mycin SV, clarithromycin, and indinavir because their R values ex-
ceeded 2.5 (Table 2), although the degree of the inhibition could be
overestimated. We should notice that these drugs may also cause DDI
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with compounds that are mainly eliminated from liver via OATP1B1,
including other statins. The previous clinical studies have shown that
plasma concentration of pitavastatin was increased by cyclosporin A
(Hasunuma et al., 2003), but not gemfibrozil and fenofibrate (Mathew
et al., 2004). This evidence was consistent with our prediction
(Table 2).

Conversely, gemfibrozil caused an increase in plasma concentration
of cerivastatin (Backman et al., 2002). One of the major mechanisms
of DDI between cerivastatin and gemfibrozil was considered to be the
inhibition of CYP2C8-mediated metabolism of cerivastatin by gem-
fibrozil-1-O-glucuronide, which is thought to be concentrated in hepa-
tocytes (Shitara et al., 2004). Gemfibrozil is metabolized into M3 and
its glucuronide in the liver. Therefore, to investigate whether gemfi-
brozil, gemfibrozil-M3, and gemfibrozil-1-O-glucuronide could affect
the transcellular transport by the inhibition of efflux transporter in
liver, we checked their inhibitory effects on transcellular transport
clearance (PS.,,) and efflux clearance (PS,;,) in double-transfected
cells. As a result, gemfibrozil and its metabolites could not inhibit the
efflux transporters and affect transcellular transport, whereas cyclo-
sporin A strongly inhibited both PS ., and PS,, in all kinds of
double-transfected cells (Figs. 4 and 5). This result suggested that the
DDI between cyclosporin A and pitavastatin may be caused not only
by the inhibition of OATP1B1-mediated uptake, but also by the
inhibition of efflux transport mediated by MRP2, MDR1, and BCRP.

In conclusion, we have confirmed the major contribution of
OATPIBI to the hepatic uptake of pitavastatin in human hepatocytes.
In addition, focusing on OATP1BI, inhibitory effects of various drugs
on pitavastalin uptake were determined by OATP1B1-expressing
cells, and its clinical relevance was discussed by considering the R
values. Our results suggested that OATP1B1-mediated DDI between
pitavastatin and some drugs indicated above may be clinically rele-
vant and should be taken notice of during coadministration of inhib-
itors of OATPIBI.
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ABSTRACT:

Telmisartan, a nonpeptide angiotensin ll receptor antagonist, is
selectively distributed to liver. In the present study, we have char-
acterized the contribution of organic anion transporting polypep-
tide (OATP) isoforms to the hepatic uptake of telmisartan by iso-
‘lated rat hepatocytes, human cryopreserved hepatocytes, and
human transporter-expressing cells. Because it is difficult to eval-
uate the transport activity of telmisartan because of its extensive
adsorption to cells and culture materials, we performed the uptake
study in the presence of human serum albumin. The saturable
uptake of telmisartan into isolated rat hepatocytes took place in a
Na*-independent manner and was inhibited by pravastatin, tauro-
cholate, and digoxin, which are Oatp substrates and inhibitors, but
not by organic cation, tetraethylammonium, indicating the involve-
ment of Oatp isoforms in its uptake into rat hepatocytes. To iden-
tify which human OATP transporters are important for the hepatic

uptake of telmisartan, the uptake assay was carried out using
OATP1B1- and OATP1B3-expressing human embryonic kidney 293
cells and cryopreserved human hepatocytes. The uptake of tel-
misartan by OATP1B3-expressing cells was saturable (K, = 0.81
pM) and significantly higher than that by vector-transfected cells.
In contrast, no significant uptake was observed in OATP1B1-ex-
pressing cells. We also observed the saturable uptake of telmisar-
tan by human hepatocytes. Thirty micromolar estrone-3-sulfate,
which can selectively inhibit OATP1B1-mediated uptake compared
with OATP1B3, did not inhibit the uptake of telmisartan in human
hepatocytes, whereas it could inhibit the uptake of estradiol 178-
p-glucuronide mediated by OATP1B1. These results suggest that
OATP1B3 is predominantly involved in the hepatic uptake of tel-
misartan in humans.

The renin-angiotensin-aldosterone system plays a central role in
blood pressure regulation (Hedner, 1999). This system leads to the
production of the hormone angiotensin I, which is converted to the
active hormone angiotensin II by angiotensin-converting enzyme.
Angiotensin II receptor antagonists prevent angiotensin IT from ex-
erting its vasoconstrictive effects on blood vessels (Oliverio and
Coffman, 1997). Five nonpeptide angiotensin receptor antagonists,
losartan, candesartan cilexetil, valsartan, telmisartan, and olmesartan
medoxomil, are commercially available in Japan. Losartan, candesar-
tan cilexetil, and olmesartan medoxomil are prodrugs, whereas val-
sartan and telmisartan are themselves pharmacologically active. All of
them are mainly excreted into feces from the liver.

Telmisartan (Fig. 1) is a lipophilic compound with a log P value of
3.2, and it exists in anionic form at neutral pH (Wienen et al., 2000).
Telmisartan is metabolized to an inactive acylglucuronide conjugate
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by UDP-glucuronosyltransferases in the intestinal wall and liver
(Stangier et al., 2000c). The acylglucuronide is rapidly excreted into
the bile and accounts for 10% of the circulating drug-related material
1 h after p.o. administration of telmisartan (Stangier et al., 2000a,c).
Telmisartan is selectively distributed to the liver in rats with a liver/
plasma concentration ratio of more than 40 (Wienen et al., 2000).
After a single p.o. and i.v. administration in humans, more than 98%
of the total radioactivity was recovered in feces as a parent drug, and
less than 1% of the radioactivity was recovered in urine (Stangier et
al., 2000a). Telmisartan shows a large interindividual variability in its
plasma concentrations, and both the maximum concentration in
plasma (C,,,,) and area under the plasma concentration-time curve
(AUC) increased in a slightly more than the dose-proportional manner
after p.o. administration (Stangier et al., 2000a,c). Because liver is a
major clearance organ of telmisartan, it is essential to assess the
uptake mechanism of telmisartan by human hepatocytes to gain an
insight into the mechanism for its nonlinear pharmacokinetics and
large interindividual variability.

Several transporters, such as Na™-taurocholate cotransporting
polypeptide and organic anion transporting polypeptide (OATP) 1B1
(previously called OATP-C/OATP2/L.ST-1), OATP1B3 (previously
called OATP8/LST-2), OATP2B1 (previously called OATP-B), or-
ganic anion transporter 2, and organic cation transporter 1, are ex-

ABBREVIATIONS: AUG, area under the plasma concentration-time curve; OATP, organic anion transporting polypeptide; E,17BG, estradiol
17p-p-glucuronide; CCK-8, cholecystokinin octapeptide; E-sul, estrone-3-sulfate; TEA, tetraethylammonium; HEK, human embryonic kidney;

HSA, human serum albumin.
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Fi6. 1. Chemical structure of [*H]telmisartan. The asterisk denotes the position of
the 3H-label.

pressed on the sinusoidal membrane of hepatocytes and are thought to
be involved in the transport of a wide variety of compounds including
clinically used drugs, such as 3-hydroxy-3-methylglutaryl CoA reduc-
tase inhibitors (statins), from blood into hepatocytes (Abe et al., 1999;
Hsiang et al., 1999; Kok et al., 2000; Konig et al., 2000a,b; Tamai et
al., 2000; Faber et al., 2003; Hirano et al., 2004). In particular,
OATP1B1 and OATPIB3 are mainly expressed in human liver
(Hagenbuch and Meier, 2003), and the substrate specificity of
OATP1B3 commonly overlaps that of OATP1B1, so several com-
pounds can be bisubstrates of both OATP1B1 and OATP1B3, such as
estradiol 178-p-glucuronide (E,178G), pitavastatin, and rifampicin
(Vavricka et al., 2002; Hirano et al., 2004). Hirano et al. (2004) have
recently established methods for estimating the contribution of
OATP1B1 and OATP1IB3 to the hepatic uptake of a number of
compounds. They have shown that pitavastatin and E, 178G are taken
up in human hepatocytes mainly by OATP1B1. On the other hand, the
uptake of fexofenadine, an H; receptor antagonist, was mainly medi-
ated by OATP1B3 rather than OATP1B1 (Shimizu et al., 2005). This
kind of information is helpful for predicting the effect of changes in
expression level and function of certain transporters caused by genetic
polymorphisms, pathophysiological conditions, and transporter-medi-
ated drug-drug interactions on the overall hepatic uptake clearance
and subsequent pharmacokinetics of drugs. Moreover, if compounds
can selectively inhibit OATP1B1- or OATP1B3-mediated transport,
we can also easily calculate the contribution of each transporter to the
uptake of particular compounds in human hepatocytes by estimating
the fraction of their uptake that can be inhibited by transporter-
selective inhibitors. However, our preliminary study and a previous
report showed that cholecystokinin octapeptide (CCK-8) could also
inhibit OATP1B1-mediated transport (Nozawa et al., 2003), indicat-
ing that it cannot be used as an OATP1B3-selective inhibitor, al-
though it is selectively transported by OATP1B3 (Ismair et al., 2001).
On the other hand, there is little information about selective inhibitors
against OATP1B1.

Therefore, the aim of our study is to show the involvement of
OATP family transporters in the hepatic uptake process of telmisartan
and estimate the contribution of OATPIB1 and OATPIB3 to its
uptake in human hepatocytes by a newly developed estimation
method using the OATP1B1-selective inhibitor estrone-3-sulfate (E-
sul).

Materials and Methods

Chemicals. [*H]Telmisartan (762 GBg/mmol, radiochemical purity
>98%), 4'-[(1,4'-dimethyl-2'-propyl[2,6'-bi-1H-benzimidazol]-1'-yl)meth-
yl1}-[1,1’-biphenyl]-2-carboxylic acid, and unlabeled telmisartan were synthe-
sized by Boehringer Ingetheim Pharma KG (Biberach, Germany) (Ries et al.,
1993). [*HIE,178G, [PHJE-sul, and [*H]taurocholate were purchased from
PerkinElmer Life and Analytical Sciences (Boston, MA). [PHICCK-8 was
purchased from Amersham Biosciences UK Ltd. (Little Chalfont, Bucking-
hamshire, UK). Unlabeled E,17BG, E-sul, taurocholate, CCK-8, and digoxin
were purchased from Sigma-Aldrich (St. Louis, MO). Pravastatin and tetra-
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ethylammonium (TEA) were obtained from Wako Pure Chemicals (Kyoto,
Japan). All the other chemicals and reagents were commercial products of
reagent grade.

Cell Culture. OATP1B1-, OATP1B3-, and OATP2Bl-expressing or vec-
tor-transfected human embryonic kidney (HEK) 293 cells were established
previously (Hirano et al., 2004; Shimizu et al., 2005). HEK293 cells were
grown in Dulbecco’s modified Eagle’s medium low glucose (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen), 100
U/ml penicillin, 100 pg/ml streptomycin, and 0.25 pg/ml amphotericin B at
37°C with 5% CO, and 95% humidity. Cells were then seeded in 12-well
plates [coated with 50 mg/l poly(L-lysine) and 50 mg/l poly(L-ornithine);
Sigma] at a density of 1.5 X 10° cells/well. For the transport study, the cell
culture medium was replaced with culture medium supplemented with 5 mM
sodium butyrate for 24 h before transport assay to induce the expression of
transporters.

Transport Study Using Transporter Expression Systems. The transport
study was carried out as described previously (Hirano et al., 2004). Uptake was
initiated by adding Krebs-Henseleit buffer (118 mM NaCl, 23.8 mM NaHCO,,
4.8 mM KCl, 1.0 mM KH,PO,, 1.2 mM MgSO,, 12.5 mM HEPES, 5.0 mM
glucose, and 1.5 mM CaCl, adjusted to pH 7.4) containing radiolabeled and
unlabeled substrates after cells had been washed twice and preincubated with
Krebs-Henseleit buffer at 37°C for 15 min. The uptake was terminated at
designated times by adding ice-cold Krebs-Henseleit buffer after removal of
the incubation buffer. Then, cells were washed twice with 1 ml of ice-cold
Krebs-Henseleit buffer, solubilized in 1 N NaOH, and kept for 1 h at 37°C.
Aliquots were transferred to scintillation vials after adding a half volume of 2
N HCI. The radioactivity associated with the cells and incubation buffer was
measured in a liquid scintillation counter (TRI-CARB 2500TR, PerkinElmer)
after adding 2 ml of scintillation fluid. The remaining 50 wl of cell lysate was
used to determine the protein concentration by the method of Lowry with
bovine serum albumin as a standard.

Preparation of Rat and Human Hepatocytes. Isolated rat hepatocytes
were prepared from Sprague-Dawley rats weighing 200 to 300 g by the
collagenase perfusion method described previously (Yamazaki et al., 1993).
Isolated hepatocytes (viability >80%) were suspended in Krebs-Henseleit
buffer, adjusted to 2.0 X 10° cells/ml, and stored on ice before the uptake
experiment. Cryopreserved human hepatocytes (lot. OCF, MYO, and 094)
were purchased from In Vitro Technologies, Inc. (Baltimore, MD). The prep-
aration of hepatocytes was performed as described previously (Shitara et al.,
2003). The cryopreserved human hepatocytes were resuspended in Krebs-
Henseleit buffer to give a final cell density of 1.0 X 10° viable cells/mi for the
uptake study. The number of viable cells was determined by trypan blue
staining. To measure the uptake in the absence of Na™, sodium chloride and
sodium bicarbonate in Krebs-Henseleit buffer were replaced with choline
chioride and choline bicarbonate.

Transport Study Using Hepatocytes. Before the uptake studies, the cell
suspensions were prewarmed at 37°C for 3 min. The uptake studies were
initiated by adding an equal volume of buffer (120-200 wl) containing labeled
and unlabeled substrates to the cell suspension. After incubation at 37°C for
0.5, 2, or 5 min, the reaction was terminated by separating the cells from the
substrate solution. For this purpose, an aliquot of 80 ul of incubation mixture
was collected and placed in a centrifuge tube (450 wl) containing 50 pl of 2 N
NaOH under a layer of 100 ul of oil mixture (density, 1.015, a mixture of
silicone oil and mineral oil; Sigma-Aldrich), and subsequently the sample tube
was centrifuged for 20 s using a standard centrifuge (17,500g, MX-100,
TOMY). During this process, hepatocytes passed through the oil layer into the
alkaline solution. After an overnight incubation in alkali to dissolve the
hepatocytes and the centrifuge tube was frozen in liguid nitrogen, the centri-
fuge tube was cut, and each compartiment was transferred to a scintillation vial.
The compartment containing the dissolved cells was neutralized with 50 ul of
2 N HCI The aliquots were mixed with scintillation mixture, and the radio-
activity was measured in a liquid scintillation counter.

Estimation of Protein Unbound Concentration of Telmisartan in the
Presence of Human Serum Albumin. The unbound concentration of 1 uM
telmisartan in the presence of human serum albumin (HSA) (0, 0.1, 0.3, 1, 3,
and 5%) was determined after a 2-h incubation at 37°C by equilibrium dialysis
(DIANORM, Dainippon Pharmaceutical Ltd., Osaka, Japan).

Kinetic Analyses. Ligand uptake was expressed as the uptake volume
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(microliters per milligram protein), given as the radioactivity associated with
the cells (disintegrations per milligram protein) divided by its concentration in
the incubation media (disintegrations per microliter). Specific uptake was
obtained by subtracting the uptake into vector-transfected cells from the uptake
into cDNA-transfected cells. Kinetic parameters were obtained using eq. 1:

_.VmaxXS
T K.+ S

1

where v is the uptake velocity of the substrate (picomoles per minute per
milligram protein), S is the substrate concentration in the medium (micromo-
lar), K, is the Michaelis constant (micromolar), and V,,, is the maximum
uptake rate (picomoles per minute per milligram protein). Fitting was per-
formed by the nonlinear least-squares method using a MULTI program
(Yamaoka et al., 1981). The half-inhibitory concentration (ICs) of inhibitors
was obtained by examining their inhibitory effects on the uptake of CCK-8,
E,178G, and telmisartan based on eq. 2:

I
CLy = CL/(I + I_C5;> 2)
where CL and CL . represent the uptake clearance in the absence and presence
of inhibitor, respectively, and I is the concentration of inhibitor. IC,, values
were estimated by the nonlinear least-squares method using a MULTI program
(Yamaoka et al., 1981). To determine the saturable hepatic uptake clearance in
rat and buman hepatocytes, we first determined the hepatic uptake clearance
[CL, inos min)] (microliters per minute per 106 cells) by calculating the slope of
the uptake volume (V) (microliters per 10° cells) between 0.5 and 2 min (eq.
3). The hepatic uptake clearance was fitted to eq. 1 by means of nonlinear
least-squares regression analysis using a MULTI program (Yamaoka et al.,
1981). The saturable hepatic uptake clearance (CLy,,) was determined by
subtracting CL; ;.05 miny In the presence of an excess of unlabeled substrate
(excess) from that in the absence of unlabeled substrate (tracer) (eq. 4).

Vd,Z min Vd.().S min

2-05 ®

CL(z min—0.5 min) =

CLpep = CL (2 min-05 minpmacer — CLi2 min—0.5 min)excess 4)

Estimation of the Maximum Unbound Concentration of Inhibitors at
the Liver Inlet. The maximum unbound concentration at the liver inlet (I,
max, u) was calculated from the following equation (eq. 5) as described previ-
ously (Ito et al.,, 1998).

k. -D-F,
On

where Caxpiood 30 fupioea are estimated by the reported values of the
maximum blood concentration of drug after p.o. administration of the clinical
dose (D = 160 mg) and the plasma protein unbound fraction (0.005) and
blood-to-plasma concentration ratio (about 1.0) in humans (Stangier et al.,
2000a,b). @y, is the hepatic blood flow rate (96.6 I/h). To avoid the false-
negative prediction, k, is set to a theoretically maximum absorption rate
constant (6/h), and F, is set to one.

Statistical Analysis. The two-tailed Dunnett test was used to assess the
significance of differences between three sets of data. Differences were con-
sidered to be statistically significant when P < 0.05.

Tinmaxe = (Cmax,blood + ) X fupiood (%)

Results

Uptake of Telmisartan into Isolated Rat Hepatocytes. Telmis-
artan was taken up into isolated rat hepatocytes in a time-dependent
manner. Whereas saturation of the uptake of telmisartan by an excess
of unlabeled telmisartan (40 uM) was not clearly observed in the
incubation media with 0 and 0.1% HSA, it could be observed in the
presence of 0.3 to 5% HSA (Fig. 2, A-F). Thus, we decided to
evaluate the telmisartan uptake with more than 0.3% of HSA in the
incubation media to prevent its extensive adsorption to the cells and
culture materials. The protein unbound fraction of telmisartan in the
incubation media with 0.3, 1, 3, and 5% HSA was 0.056, 0.018, 0.006,
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and 0.004, respectively. Both the uptake and the unbound fraction of
telmisartan were reduced in paralle] as the concentration of HSA was
increased (Fig. 2G). In the presence of 1% HSA, telmisartan was
taken up into isolated rat hepatocytes linearly up to 5 min (Fig. 3A).
The concentration dependence of the uptake of telmisartan was stud-
ied over concentration range of 0.1 to 40 uM in the presence of 1%
HSA. Eadie-Hofstee plot showed one saturable component (Fig. 3B),
and the apparent K and V., values for telmisartan uptake in the
presence of 1% HSA were 21.7 + 4.4 uM and 371 = 58 pmol/min/
106 cells, respectively. Depletion of Na™ in the incubation media did
not affect the uptake of telmisartan (Fig. 4A), and the uptake was
inhibited by pravastatin, digoxin, and taurocholate, which are sub-
strates and inhibitors of Oatp isoforms, with ICs, values of 58.6 =
15.5, 45.3 £ 11.7, and 300 = 99 uM, respectively. However, 1| mM
TEA, a typical substrate of organic cation transporter, did not affect
the uptake of telmisartan (Fig. 4B).

Uptake of Telmisartan by Transporter-Expressing HEK293
Cells. In the transport study using transporter expression systems, we
reduced the HSA concentration from 1% to 0.3% in the incubation
media because only a minimal transport activity of E,178G, which is
used as the probe substrate for OATP1B1, was detected in OATP1B1-
expressing cells in the presence of 1% HSA because of the significant
decrease in its unbound concentration by binding to HSA (vector-
transfected control cells, 232 = 021 pl/2 min/mg protein;
OATP1BI1-expressing cells, 3.95 = 0.21 xl/2 min/mg protein). To
identify which transporters are important for the hepatic uptake of
telmisartan in humans, the uptake assay was carried out using
OATP1BI1- and OATP1B3-expressing HEK293 cells in the presence
of 0.3% HSA in the incubation media. Under these conditions, sig-
nificant uptake of E,178G by OATP1B1- and OATP1B3-expressing
HEK293 cells was observed (Fig. SB). On the other hand, telmisartan
was taken up by OATP1B3 but not by OATP1B1 (Fig. 5A). Because
the difference in the degree of uptake between vector- and OATP1B3-
transfected cells was too small to assess its saturation kinetics in the
presence of 0.3% HSA, the concentration dependence of telmisartan
uptake was evaluated over the concentration range of 0.05 to 10 uM
in the absence of HSA at 5 min. The K, and V,, values of telmis-
artan transport by OATP1B3 were calculated to be 0.81 * 0.18 uM
and 6.7 = 0.91 pmol/min/mg protein, respectively (Fig. 6).

Inhibitory Effect of E-sul on OATP1B1- and QATP1B3-Medi-
ated Uptake of Telmisartan in Transporter-Expression Systems.
The inhibitory effect of E-sul on OATP1B1- and OATP1B3-mediated
uptake of E,17BG, CCK-8, and telmisartan was evaluated using
OATP1B1- and OATP1B3-expressing HEK293 cells in the presence
of 0.3% HSA. E-sul strongly inhibited OATP1B1-mediated E,178G
uptake with an 1C,, value of 0.79 *+ 0.51 uM, whereas E-sul did not
inhibit the OATP1B3-mediated CCK-8 uptake up to 30 uM (ICs, =
97.1 = 37 uM) (Fig. 7A). In addition, the OATP1B3-mediated uptake
of telmisartan was not inhibited by 30 uM E-sul (Fig. 7B).

Uptake of Telmisartan into Cryopreserved Human Hepato-
cytes. The uptake of 1 uM E,178G and 0.1 uM telmisartan by three
different batches of cryopreserved human hepatocytes (lot. OCF, 094,
and MYO) in the presence of 0.3% HSA was increased from 0.5 to 2
min [uptake of E,178G and telmisartan by cryopreserved human
hepatocytes (OCF): 6.3 = 1.0 and 56.7 * 3.6 ul/min/10° cells,
respectively], and their uptake was reduced in the presence of an
excess of unlabeled E,178G (200 uM) and telmisartan (40 uM) to
0.6 = 1.1 and 8.2 = 4.7 ul/min/10° cells, respectively. The uptake of
E,17BG into human hepatocytes was inhibited by more than half at 30
#M E-sul, whereas that of telmisartan was not significantly inhibited
by 30 uM E-sul (Table 1).
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FiG. 3. Time profile (A) and Eadie-Hofstee plot (B) of the uptake of telmisartan by
isolated rat hepatocytes in the presence of 1% HSA. A, substrate concentrations
used were 0.1 (closed circles) and 40 uM (open circles). B, the uptake of telmisartan
in isolated rat hepatocytes was measured at a concentration between 0.1 and 40 uM
telmisartan, The initial uptake rate of telmisartan in isolated rat hepatocytes was
determined using eq. 3. The solid line represents the fitted curve. Each point
represents the mean * S.E. of three separate determinations.

Discussion

In the present study, we have shown that telmisartan is likely to be
taken up into rat and human hepatocytes by OATP family transporters
because the uptake was Na™-independent and inhibited by some

OATP substrates/inhibitors. We also have suggested that OATP1B3
predominantly contributes to the hepatic uptake of telmisartan in
human hepatocytes.

Because it is difficult to evaluate the transport of telmisartan in the
absence of HSA because of the extensive adsorption of lipophilic
telmisartan to cells and/or culture materials, we examined the effect of
different concentrations of HSA (0.1-5%) in the incubation media on
the uptake of telmisartan by isolated rat hepatocytes (Fig. 2, A-F). In
0.3 to 5% HSA, saturable time-dependent uptake of telmisartan was
clearly observed. The uptake of telmisartan into isolated rat hepato-
cytes was almost proportional to the protein unbound concentration of
telmisartan in the incubation media, suggesting that the uptake of
telmisartan followed the “free’” hypothesis, in which only unbound
ligand can be recognized by transporters (Fig. 2G).

Taking the balance between the absolute uptake amount and the
avoidance of extensive adsorption of telmisartan to cells and/or cul-
ture materials by HSA into consideration, we decided to use 1 and
0.3% HSA in the incubation media for the further evaluation of
telmisartan uptake by rat and human hepatocytes, respectively.

Initially, we characterized the transport property of telmisartan
using isolated rat hepatocytes. Telmisartan was transported into iso-
lated rat hepatocytes in a time- and concentration-dependent manner
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Fig. 5. Time profiles of the uptake of telmisartan (A) and E,178G (B) into
transporter-expressing cells. The substrate concentrations of telmisartan and
E,178G used were 0.1 uM. Squares, triangles, and circles represent the uptake by
OATP1B3-, OATP1B1-, and vector-transfected cells. The uptake of telmisartan and
E,173G was evaluated in the presence and absence of 0.3% HSA, respectively. *,
a significant difference (P < 0.05) from the uptake by vector-transfected cells. Each
point represents the mean * SE. of three separate determinations.

(Fig. 3). The K, and V,,, values of telmisartan uptake into isolated
rat hepatocytes and the protein unbound fraction of telmisartan in the
presence of 1% HSA were 21.7 uM, 371 pmol/min/10° cells, and
0.018, respectively. Then, the K, value normalized by the unbound
concentration in the incubation media was estimated to be 0.4 uM. To
evaluate the nonsaturable uptake of telmisartan, we defined 40 uM
telmisartan as an excess concentration resulting from the limited
solubility of telmisartan in the incubation media. The uptake of
telmisartan into isolated rat hepatocytes was Na*-independent, indi-
cating that telmisartan is not transported by Na™ -taurocholate cotrans-
porting polypeptide, the uptake by which is Na™-dependent (Fig. 4A).
Furthermore, the uptake of telmisartan was inhibited by digoxin,
pravastatin, and taurocholate with the ICs, value of 45.3, 58.6, and
300 uM, respectively. In contrast, a high concentration of TEA (1
mM) did not inhibit telmisartan uptake (Fig. 4B). Taurocholate, prav-
astatin, and digoxin are the substrates and inhibitors of Qatplal, 1a4,
and 1b2 in rats (Noe et al., 1997; Kouzuki et al., 1999; Tokui et al.,
1999; Cattori et al., 2000; Sasaki et al., 2004). It is reported that 100
uM digoxin completely inhibited the Oatplad activity, but at most
inhibited Oatplal-mediated uptake of digoxin by 70% (Shitara et al.,
2002). Based on these results, it appears that telmisartan is taken up

1113

10
——
’% 8 | = 120 *
S 2 100
5 S 8o
>
» 6 E &0
£ P
£ 5 20
[«

: 0012 3 4 5
é F . Time(min)
2]

Eond
=

v {pmol/min/mg protein)

Fig. 6. Time profile and Eadie-Hofstee plot of the uptake of telmisartan into
transporter-expressing cells in the absence of HSA. Inset, the substrate concentra-
tion used was 0.1 uM. Squares, triangles, and circles represent the uptake by
OATP1B3-, OATPI1BI-, and vector-transfected cells. The uptake of telmisartan by
transporter-expressing cells was measured at a concentration between 0.05 and 10
M telmisartan in the absence of HSA. The OATPIB3-mediated telmisartan
transport was obtained by subtracting the uptake in vector-transfected cells from that
in OATP1B3-expressing cells for 5 min. *, a significant difference (P < 0.05) from
the uptake by vector-transfected cells. Each point represents the mean * S.E. of
three separate determinations.
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FiG. 7. Inhibitory effect of E-sul on OATP1Bl-mediated E,178G uptake (A,
circle), OATP1B3-mediated CCK-8 uptake (A, triangle), and OATP1B3-mediated
telmisartan uptake (B) in the presence of 0.3% HSA. The substrate concentration
used was 0.1 uM for all the compounds. The OATP1B1- and OATP1B3-mediated
transport was obtained by subtracting the uptake in vector-transfected cells from that
in OATP1BI- or OATP1B3-expressing cells for 2 min for E,178G or 5 min for
CCK-8 and telmisartan. Data are shown as the percentage of the OATP1B1- and
OATP1B3-mediated substrate uptake in the absence of E-sul. The solid lines in A
represent the fitted curves obtained by nonlinear regression analysis. Each bar and
point represents the mean = S.E. (n = 3).

into rat hepatocytes by Oatp isoforms, and at least Oatpla4 is involved
in the uptake of telmisartan.

Next, to examine which human OATP transporters are involved in
the uptake of telmisartan into human hepatocytes, we evaluated the
transport properties of telmisartan using HEK293 cells expressing
individual OATP and cryopreserved human hepatocytes. In this trans-
port study, we reduced the HSA concentration from 1% to 0.3% in the
incubation media because no significant uptake of E,178G, which is
used as a probe substrate for OATP1B1, was detected in OATP1B1-
expressing cells in the presence of 1% HSA. Telmisartan could be
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TABLE 1

Effect of E-sul on the uptake of telmisartan and E,178 G by cryopreserved human hepatocytes in the presence of 0.3% HSA

The substrate concentration used was 0.1 and 1 uM for telmisartan and E,178 G. Saturable uptake of telmisartan and E,178 G into cryopreserved human hepatocytes was determined after
the subtraction of nonsaturable uptake (evaluated as the uptake clearance of the respective compounds in the presence of 40 M telmisartan and 200 pM E,178 G). In parentheses is the

percentage of the saturable uptake of telmisartan and E;178 G in the absence of inhibitor.

HH-OCF HH-094 HH-MYO
E-sul
Telmisartan E,17BG Telmisartan E,178G Telmisartan E,178G
wlimin/10° cells wlmin/10° cells wlmin/10° cells
0 uM 485+ 3.6 566 + 1.1 420+17 1.85+0.72 168 +53 201 062
30 uM 63.9 = 11 1.50 * 0.75 422 + 041 1.03 £0.76 18.1 £3.7 038 =045
(131%) (26.6%) (100%) (55.8%) (108%) (19.0%)

taken up by OATP1B3 but not by OATP1B1 (Fig. 5A). Because the
transporter-mediated uptake of telmisartan in the presence of HSA
was not high enough to evaluate the saturation kinetics, we investi-
gated the saturable uptake of telmisartan in the absence of HSA. The
K., and V. values of telmisartan uptake by OATPIB3 in the
absence of HSA were 0.81 uM and 6.7 pmol/min/mg protein, respec-
tively (Fig. 6). This X, value was almost comparable with that in
isolated rat hepatocytes normalized by the unbound concentration of
telmisartan in the incubation media. Telmisartan was taken up into
cryopreserved human hepatocytes in a saturable manner. Considering
that telmisartan was taken up by OATP1B3, but not by OATP1B1, the
uptake of telmisartan scems to be mediated by OATP1B3. To confirm
the minor contribution of OATP1B1 to the hepatic uptake of telmis-
artan, we planned to perform an inhibition study using OATP1B1- and
OATPI1B3-selective inhibitor. From our analyses, E-sul inhibited
OATP1B1-mediated E,17BG uptake with an IC,, value of 0.8 uM,
whereas E-sul did not inhibit OATP1B3-mediated CCK-8 uptake up
to 30 uM (Fig. 7A). These results confirmed that 30 uM E-sul can
selectively inhibit the OATP1B1-mediated uptake. On the other hand,
CCK-§ inhibited both OATP1B1- and OATP1B3-mediated E,178G
uptake with ICsq value of 6.79 * 0.59 and 14.6 = 2.2 uM, respec-
tively, indicating that CCK-8 cannot be used as a selective inhibitor
for OATPIB3 as reported previously (Nozawa et al., 2003). The
uplake of telmisartan into OATP1B3-expressing cells and cryopre-
served human hepatocyles was not inhibited by 30 uM E-sul (Fig. 7B;
Table 1). On the contrary, 30 uM E-sul inhibited more than half of
E,178G uptake in all the batches of cryopreserved human hepatocytes
(Table 1). Hirano et al. (2004) have reported that the uptake of
E,17BG in human hepatocytes is mediated mainly by OATP1BI.
These results suggest that telmisartan is transported into cryopre-
served human hepatocytes by OATP1B3 rather than OATP1B1.

In a previous study, the ratio of the relative expression level of
OATP1B1 and OATP1B3 in cryopreserved human hepatocytes to that
in expression systems, determined by Western blot analysis, was 1.79
and 0.96, respectively (Hirano et al, 2004). In human liver,
OATP2BI1 is also expressed on the basolateral membrane (Kullak-
Ublick et al., 2001). We checked that telmisartan was significantly
taken up into OATPIB3- and OATP2B1-expressing HEK293 cells
(2.6 = 0.4and 1.7 = 0.9 ul/5 min/mg protein, respectively). The ratio
of the protein expression level of OATP2B1 in human hepatocytes to
that in our expression systems was less than 0.2 (Hirano et al., 2006).
Therefore, it is suggested that the contribution of OATP2B1 to the
hepatic uptake of telmisartan into human hepatocytes is at most
one-fifth that of OATP1B3.

In general, it is accepted that OATPIBI is responsible for the
hepatic uptake of several compounds. Hirano et al. (2004) have shown
that pitavastatin and E,178G are taken up mainly via OATP1BI.
However, a recent report suggested that fexofenadine, an H,-receptor
antagonist, is transported by OATP1B3 rather than OATP1BI1

(Shimizu et al., 2005). Moreover, in the case of valsartan, which is in
the same therapeutic class as telmisartan, the contribution of
OATP1B1 and OATP1B3 to its hepatic uplake is estimated to be
almost similar (Yamashiro et al., 2006). Therefore, the relative con-
tribution of OATP1B1 and OATP1B3 to the hepatic uptake of organic
anjons depends on the substrate properties and chemical structures,
and we cannot a priori decide which transporters are responsible for
hepatic uptake without using dedicated experiments for estimating the
contribution of each proposed transporter.

The C_,,, value of telmisartan increases disproportionately with the
dose (10160 mg). In clinical situations, 160/25 mg/day telmisartan/
hydrochlorothiazide combination therapy is approved for the treat-
ment of hypertension in the United States. The C_,, values of tel-
misartan after single and multiple 160-mg doses were 3.0 and 5.6 uM,
respectively (Stangier et al., 2000b). Considering that 99.5% of the
telmisartan in blood is bound to plasma proteins (Stangier et al.,
2000b), the unbound concentration of telmisartan is estimated to be
0.015 and 0.028 pM. These values are more than 20 times lower than
the K, value of telmisartan uptake by OATP1B3 obtained in this
study. In addition, to avoid the false-negative prediction of the con-
tribution of OATP1B3 to its nonlinear pharmacokinetics, we calcu-
lated the maximum unbound concentration of telmisartan at the inlet
to the liver (I, .y ) to be 0.12 uM after multiple 160-mg doses
using an established method (Ito et al., 1998). However, the K| value
of telmisartan uptake by OATP1B3 is still more than 5 times higher
than the L, ., , of telmisartan. If the conventional assumption
applies, in which only the unbound drug can interact with OATP1B3,
the saturation of OATP1IB3-mediated telmisartan uptlake seems to
have a minor effect on the nonlinear increase of C_,, and AUC over
the clinical dose range. Furthermore, a large interindividual variability
in the plasma profile of telmisartan has been observed in clinical
situations (Stangier et al,, 2000a,c). Letschert et al. (2004) have
reported two naturally occurring mutations in the SLCO1B3 gene that
cause a substrate-dependent functional change in OATP1B3. The
genetic polymorphisms in OATP1B3 may be one of the reasons for
the interindividual variability of the pharmacokinetics of telmisartan.
In addition, the glucuronidation process of telmisartan and hepatobili-
ary transport of telmisartan glucuronide may also affect its interindi-
vidual variability, and further quantitative analyses in each process
will be needed.

In conclusion, we have shown that telmisartan is taken up into
human hepatocytes by OATP1B3 rather than by OATPIB1. In addi-
tion, these findings support and further extend the important role of
OATP1B3 in overall hepatic elimination of some drugs.
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ABSTRACT:

Vectorial transport of bile acids across hepatocytes is a major
driving force for bile flow, and bile acid retention in the liver causes
hepatotoxicity. The basolateral and apical transporters for bile
acids are thought to be targets of drugs that induce cholestasis.
Previously, we constructed polarized LLC-PK1 cells that express
both a major bile acid uptake transporter human Na*/taurocholate
cotransporting polypeptide (SLC10A1) (NTCP) and the bile acid
efflux transporter human bile salt export pump (ABCB 11) (BSEP)
and showed that monolayers of such cells can be used to charac-
terize vectorial transcellular transport of bile acids. In the present
study, we investigated whether cholestasis-inducing drugs couid
inhibit bile acid transport in such cells. Because fluorescent sub-
strates allow the development of a high-throughput screening
method, we examined the transport by NTCP and BSEP of fluores-

cent bile acids as well as taurocholate. The aminofluorescein-
tagged bile acids, chenodeoxycholylglycylamidofivorescein and
cholylglycylamidofluorescein, were substrates of both NTCP and
BSEP, and their basal-to-apical transport rates across coexpress-
ing cell monolayers were 4.3 to 4.5 times those of the vector
conirol, although smaller than for taurocholate. The well known
cholestatic drugs, rifampicin, rifamycin SV, glibenclamide, and cy-
closporin A, reduced the basal-to-apical transport and the apical
efflux clearance of taurocholate across NTCP- and BSEP-coex-
pressing cell monolayers. Further analysis indicated that the drugs
inhibited both NTCP and BSEP. Our study suggests that such
coexpressing cells can provide a useful system for the identifica-
tion of inhibitors of these two transport systems, including poten-
tial drug candidates.

Hepatotoxic adverse effects, often indicated by cholestasis, are a
concern for every drug, and severe hepatotoxicity may cause a drug to
be withdrawn from the market. Biliary excretion of bile acids is one
of the principal driving forces for bile formation by generating an
osmotic driving force favoring influx of water and electrolytes
through the paracellular space (Wheeler et al., 1968; Wheeler, 1972).
The transcellular transport is mediated by transporter proteins located
on the sinusoidal (basolateral) and canalicular (apical) membranes of
hepatocytes (Meier and Stieger, 2002; Trauner and Boyer, 2003). The
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basolateral Na™/taurocholate cotransporting polypeptide (NTCP/
SLCI10A1) transports bile acids from the space of Disse into hepato-
cytes (Hagenbuch et al, 1991; Boyer et al., 1994). Human NTCP
accepts most physiological bile acids and some organic anions, such
as estrone-3-sulfate and bromosulfophthalein (Meier et al., 1997).
Sodium-independent uptake of bile acids is carried out by members of
the organic anion-transporting polypeptide family, such as rat
Oatplal and human OATP1B1. Although there are several carrier
proteins capable of transporting bile acids, much evidence suggests, at
least in the rodent, that NTCP-mediated transport accounts for a large
part of the total bile acid uptake (Wolkoff and Cohen, 2003). At the
canalicular membrane, the efflux of bile acids by the bile salt export
pump (BSEP/ABCB11) mediates concentrative excretion (Boyer et
al., 1994; Gerloff et al., 1998; Noe et al., 2002). Mutations of BSEP
in humans causes progressive familial intrahepatic cholestasis type II,
a fatal condition (Strautnieks et al., 1998).

One mechanism for cholestasis is thought to be inhibition of hepa-
tocyte transport systems for bile acids and other organic anions by

ABBREVIATIONS: NTCP, Na™/taurocholate cotransporting polypeptide (SLC10A1); BSEP, bile salt export pump (ABCB 11); CGamF, cholylgly-
cylamidofluorescein; CamF, cholylamidofluorescein; CDCGamF, chenodeoxycholylglycylamidofiuorescein; NBD, 7-nitrobenz-2-oxa-1,3-diazol-
4-yl; UDC-L-NBD, ursodeoxycholyl-(N-e-NBD)-lysine; 78-NBD-NCT, 73-NBD-cholyltaurine; PS, permeability-surface area product; LLC-NTCP/
BSEP, NTCP- and BSEP-coexpressing LL.C-PK1 cells; LLC-NTCP, NTCP-expressing LLC-PK1 cells.
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drugs. The inhibitory effects of such drugs on the uptake and efflux of
bile acids have been studied using isolated and primary cultured
hepatocyte or canalicular membrane vesicles (Kukongviriyapan and
Stacey, 1991), as well as the isolated perfused liver (Bolder et al.,
1999). Recently, NTCP and BSEP, which generate bile salt-dependent
bile flow, have been shown to be possible target molecules for
cholestatic drugs (Kim et al., 1999; Stieger et al., 2000; Akita et al.,
2001; Bohan and Boyer, 2002).

Previously, we constructed NTCP- and BSEP-coexpressing LLC-
PK1 cells as an in vitro model of the vectorial transcellular transport
of bile acids in hepatocytes (Mita et al., 2006). This approach is useful
for the screening of choleretic bile acids, which are good substrates of
these transporters. A second use of this system is to identify inhibitors
of these transporters which might have cholestatic effects in vivo. The
method should also be useful for defining structure-transport activity
relationships of bile acids. In the present study, we assessed the
inhibitory effects of cholestasis-inducing drugs on transport across
coexpressing cells with the aim of developing a screening system for
cholestatic compounds. We compared the transport of fluorescent bile
acid derivatives with that of taurocholate in the hope that such
fluorescent compounds would be efficiently transported and thereby
permit the development of a high-throughput screening method for
detecting the inhibitory effects of drug candidates.

Materials and Methods

Chemicals. [*H]Taurocholic acid (2 Ci/mmol) was purchased from
PerkinElmer Life Sciences (Boston, MA). Unlabeled taurocholic acid was
obtained from Sigma Chemical Co. (St. Louis, MO). Unlabeled cholic acid
was purchased from Wako Pure Chemicals Industries, Ltd. (Osaka, Japan).
Unlabeled ursodeoxycholic acid, tauroursodeoxycholic acid, and glycoursode-
oxycholic acid were kindly provided by Mitsubishi Pharma (Osaka, Japan).
Fluorescent bile acids [cholylglycylamidofluorescein (CGamF), cholylami-
dofluorescein (CamF), chenodeoxycholylglycylamidofluorescein (CDCGamF),
ursodeoxycholyl-(Ne-NBD)-lysine (UDC-L-NBD), and 78-NBD-cholyltaurine
(7B8-NBD-NCT)] were synthesized in the laboratory of Alan F. Hofmann as
described previously (Sorscher et al., 1992; Holzinger et al., 1998). The
following compounds were obtained from Sigma-Aldrich (St. Louis, MO):
cyclosporin A, rifampicin, rifamycin SV, and glibenclamide. All other chem-
icals used were commercially available and of reagent grade.

Cell Culture and Transfection. Human NTCP- and human BSEP-express-
ing LLC-PK1 cells were established and maintained as described previously
(Mita et al., 2006). Briefly, parental LLC-PK1 cells were grown in M199
media (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
and 1% antibiotic-antimycotic (Invitrogen; 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.25 pg/ml amphotericin B) at 37°C under 5% CO,. Full-length
human NTCP cDNA was subcloned into pcDNA3.1 (Invitrogen) and trans-
fected into LLC-PK1 cells with FuGENE 6 (Roche Diagnostics Corporation,
Indianapolis, IN) according to the manufacturer’s instructions. Transfectants
expressing NTCP were selected with G418 (800 pg/ml) and the clone with the
highest NTCP activity was screened by the uptake activity for taurocholate.
The BD Adeno-X Adenoviral Expression System (BD Biosciences, Palo Alto,
CA) was used to establish the recombinant adenovirus encoding human BSEP
(Hayashi et al., 2005). Forty-eight hours before each experiment, LLC-PK1
cells were infected by the recombinant adenoviruses or control viruses con-
taining green fluorescent protein at a multiplicity of infection of 100.

Transport Studies. NTCP- or mock-transfected LLC-PK1 cells were
seeded on Transwell membrane inserts (pore size of 3 pm; Falcon, Bedford,
MA) in 12-well plates at a density of 1.4 X 10° cells per insert for transcellular
transport studies, cultured at confluence for 2 days, and infected by recombi-
nant adenovirus containing ¢cDNAs for BSEP or GFP (100 multiplicity of
infection). For uptake studies, NTCP- or mock-transfected LLC-PK1 cells
were seeded on 12-well plates and cultured without viral infection. Cells were
harvested 48 h after infection, and expression of NTCP was induced by 10 mM
sodium butyrate for 24 h (Cui et al.,, 1999). To evaluate the integrity of the
monolayer, transepithelial electrical resistance was measured using a Millicell-
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Fic. 1. Schematic diagram illustrating transcellular transport across LLC-PK1
monolayers. PS, , (ul/min/mg protein) is the PS product for the basal-to-apical
clearance defined for the ligand concentration in the medium [C_ ., (pmol/ul)]. PS1
(pU/min/mg protein) is the PS product for the influx of ligand across the basal
membrane, which is defined for C_ .4 PS3 (ul/min/mg protein) is the PS product for
the efflux of ligand across the apical membrane, which is defined for the ligand
concentration in the cells [C.; (pmol/ul)]. PS2 (ul/min/mg protein) is the PS
product for the efflux of ligand across the basal membrane from the cell to the basal
compartment, which is defined for C_,,.

ERS (Miilipore Corp., Bedford, MA). The monolayers’ transepithelial electri-
cal resistances before the experiments were 200 to 300 £ cm?. Then, cells were
washed with transport buffer (118 mM NaCl, 23.8 mM NaHCO,, 4.83 mM
KCl, 0.96 mM KH,PO,, 1.20 mM MgSO,, 12.5 mM HEPES, 5 mM glucose,
and 1.53 mM CaCl, adjusted to pH 7.4). Subsequently, *H-labeled tauro-
cholate or fluorescent bile acids were added to the transport buffer in the basal
compartment (950 ul) for transcellular transport studies or 12-well plates for
uptake studies. After the times indicated, the amount of substrates in the
opposite apical compartment was measured by the radioactivity for tauro-
cholate, or by the absorbance at 490 nm for fluorescent bile acids using a
Microplate Spectrophotometer (Molecular Devices, Sunnyvale, CA). Potential
inhibitors were added to both apical and basal compartments 30 min before the
transport study. The accumulated radioactivity in the cell was determined at the
end of the experiments by lysing the cells with 500 pl of 0.2 N NaOH and
measuring the radioactivity in the cell lysates. Aliquots (50 wl) of cell lysate
were used to determine protein concentrations by the method of Lowry et al.
(1951) with bovine serum albumin as a standard. The apparent intracellular
concentration of taurocholate (C,;) was determined by assuming that the
cellular volume per milligram of cellular protein was 4 ul.

Data Analysis. The kinetic parameters were defined as follows: PS, ,
(pl/min/mg protein) is the permeability-surface area product (PS) for the
basal-to-apical clearance defined for the ligand concentration in the medium
[Cinea (prol/ul)] (Fig. 1). PS1 (ul/min/mg protein) is the PS product for the
influx of ligand across the basal membrane, which is defined for Cp.4; PS3
(ul/min/mg protein) is the PS product for the efflux of ligand across the apical
membrane, which is defined for the ligand concentration in the cells [Cey
(pmol/ul)}; and PS2 (ul/min/mg protein) is the PS product for the efflux of
ligand across the basal membrane from the cell to the basal compartment,
which is defined for Cy. PS,,., is given as a hybrid parameter consisting of
PS1, PS2, and PS3 (Mita et al., 2005): PS,_, = PS1 - PS3/ (PS2 + PS3).

In this study, PS,_, and PS3 of taurocholate were calculated as follows:
PSyo = Vipica/Cmea and PS3 = V., 0/Couy, Where Vo (pmol/min/mg
protein) is the increasing velocity of taurocholate in the apical compartment.
Vapica Was determined by analyzing the transcellular transport for 1 h. Since
the amount of taurocholate transported increased linearly as a function of time
over the 2-h period and the intracellular concentration was constant during the
incubation periods (Mita et al., 2006), we hypothesized that the initial transport
velocity could be determined from the slope over the period 0 to 1 h.

Results

Transcellular Transport of Fluorescent Bile Acids. To identify a
good substrate of NTCP and BSEP for the functional probe in the
inhibition study, the basal-to-apical transport clearance (PS,,) of
taurocholate and fluorescent bile acids across NTCP- and BSEP-
coexpressing LLC-PK1 cells (LLC-NTCP/BSEP) was compared
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Fic. 2. Transcellular transport of labeled and fluorescent bile acids across NTCP- and BSEP-coexpressing LLC-PK1 cells. [*H]Taurocholate (1 M), CGamF, CamF,
CDCGamF, UDC-L-NBD, and 78-NBD-NCT (10 uM) across the LLC-PK1 cell monolayers were determined. Open, hatched, and closed bars represent the basal-to-apical
transcellular transport across the control (LLC), LLC-NTCP, and LLC-NTCP/BSEP monolayers, respectively. Vertical bars represent the S.E. of three determinations. At
the bottom is a graph in which the transcellular transport data are expressed on the same scale.
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TABLE 1

Transcellular transport of labeled and fluorescent bile acids across NTCP and
BSEP coexpressing LLC-PK1 cells

Data are expressed as mean = SE.

Basal-to-Apical Transport

Ratio

LLC-PK1 LLC-NTCP/ (NTCP/BSEP/Control)
{control) BSEP
pl/min/mg protein

Taurocholate 0.36 = 0.00 7.62 > 0.26 20.94
CGamF 0.28 = 0.08 1.19 +0.13 4.32
CDCGamF 027 =0.18 1.24 022 4.61
CamF 0.66 = 0.06 0.89 + 0.07 1.33
7B8-NBD-NCT 1.38 £ 0.35 1.63 £0.13 1.18
UDC-1-NBD 1.16 *+ 0.07 1.83 + 0.00 1.58

(Figs. 1 and 2; Table 1). The PS, , values of [*H]taurocholate (1 pM),
and CDCGamF and CGamF (10 uM), in LLC-NTCP/BSEP were
significantly greater than those in control LLC-PK1 cells and NTCP-
expressing LLC-PK1 (LLC-NTCP) cells, indicating that these bile
acids are good substrates of BSEP. In contrast, for CamF, UDC-L-
NBD (10 uM), and 78-NBD-NCT (10 uM), transport by NTCP and
BSEP was barely detectable.

The value of PS, , in LLC-NTCP/BSEP was the highest when
[PHJtaurocholate was used. The absolute PS, , value of all the fluo-
rescent bile acids was less than Y that of [°H] taurocholate. The ratio
of the PS,_, value of LLC-NTCP/BSEP to that of LLC-NTCP was
4.8-fold for [°H]taurocholate, 2.6-fold for CGamF, and 1.8-fold for
CDCGamF (Fig. 2, bottom graph). These results indicate that tauro-
cholate is a better substrate for the subsequent inhibition studies.
Furthermore, labeled compounds are better tools for measuring the
intracellular content of the compounds, which is important for this
study because it is needed to calculate the efflux clearance across the
apical membrane (PS3).

Inhibitory Effects of a Series of Cholestasis-Inducing Drugs.
Next, the inhibitory effect of cholestasis-inducing drugs on the basal-
to-apical transport clearance PS,, , of taurocholate was examined (Fig.
3). PS,,, was reduced by 100 M rifampicin and rifamycin SV to 50%
of the control level, and 10 uM glibenclamide reduced it to 70% (Fig.
3A). The intracellular concentration {C,,,) of taurocholate was deter-
mined for each compound at the end of the experiment (Fig. 3B). The
C.eny of taurocholate was increased by 100 uM rifampicin to 160% of
that of control cells (no inhibitor added). However, 100 uM rifamycin
caused a 10% reduction in the apparent cellular concentration of
taurocholate and 10 uM glibenclamide led to a 30% reduction in C_y,
compared with control cells. Calculation of the efflux clearance across
the apical membrane PS3 using the measured C,.,, showed that 100
uM rifampicin, rifamycin SV, and glibenclamide produced a 70%,
44%, and 63% inhibition of PS3, respectively, indicating that the
drugs inhibited the efflux of taurocholate by BSEP located in the
apical membrane (Fig. 3C). When the efflux process is the only target
of inhibition, C,; should be increased by the drugs compared with
untreated LLC-NTCP/BSEP cells. However, as mentioned above,
C.enr was reduced by rifamycin SV and glibenclamide. This means
that not only BSEP but also NTCP was inhibited in this experiment as
far as rifamycin SV and glibenclamide were concerned. Of course,
from these data, we cannot exclude the possibility that inhibition of
NTCP is also involved in the case of rifampicin. A 100 uM concen-
tration of captopril and cimetidine did not affect the transport and C_,y,
of taurocholate significantly (Fig. 3, A~C).

Kinetics of the Inhibition by Cyclosporin A. To evaluate the
inhibition kinetics involved in the transcellular transport when both
the uptake and efflux processes are affected, cyclosporin A, an inhib-
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itor of both NTCP and BSEP, was also examined (Fig. 4). The
basal-to-apical transport clearance PS, , of taurocholate was inhibited
by cyclosporin A (and its metabolites) with a K, value of 1.0 = 0.2
(uM) (Fig. 4A). The intracellular concentration C;; determined at the
end of each experiment was also reduced by cyclosporin A, suggest-
ing that uptake of taurocholate by NTCP was inhibited by cyclosporin
A treatment. The inhibition of the uptake process was confirmed by
evaluating the inhibitory effect of cyclosporin A on the uptake of
taurocholate into only NTCP-expressing LLC-PK1 cells. The K, value
was determined as 0.27 * 0.06 (uM) (Fig. 4C). At the same time, the
calculated PS3 showed a reduction depending on the concentration of
cyclosporin A, probably because of inhibition of BSEP by cyclosporin
A (and/or its metabolites) (Fig. 4B). These results showed that both
uptake and efflux processes are affected by 1 to 10 uM cyclosporin A.

Discussion

In the present study, we assessed the inhibitory effects of cholesta-
sis-inducing drugs on bile acid transport across LLC-NTCP/BSEP
cells. Our hope was to develop a rapid screening system for drugs that
inhibit these transporters.

Initially, we focused on the fluorescent bile acids as a probe of
NTCP and BSEP function and investigated whether they were sub-
strates of NTCP and BSEP using LLC-NTCP/BSEP. The fluorescent
derivatives of bile acids used in this study were originally synthesized
for the functional analysis of bile salt transport systems in isolated
hepatocytes, immortalized cell lines derived from hepatocytes, or in
vivo (Holzinger et al., 1998; Cantz et al., 2000). Direct demonstration
of the transport of these bile acids via NTCP or BSEP has not yet been
carried out, although sodium-dependent uptake for CGamF has been
observed (Maglova et al., 1995).

Basal-to-apical transport across LLC-NTCP/BSEP was observed in
a rank order of taurocholate > CGamF > CDCGamF, and no signif-
icant transport was observed for UDC-L-NBD, CamF, and 78-NBD-
NCT (Fig. 2). This order was similar to that of the maximum output
rale of the bile acids in an isolated liver perfusion study: taurocholate
227 > CGammF 14.1 > CamF 7.7 > UDC-L-NBD 1.1 (nmol/g
liver/min) (Holzinger et al., 1998). This result supports the hypothesis
that the transport of fluorescent derivatives of cholic acid in hepato-
cytes is mainly mediated by NTCP and BSEP, and showed that our in
vitro system can reflect the physiological function of these transport-
ers as far as transcellular transport is concerned. As for UDC-L-NBD,
although uptake by LLC-NTCP inhibited by taurocholate was ob-
served using fluorescent microscopy (data not shown), no significant
transcellular transport across LLC-NTCP/BSEP was observed. This
might be because of the nature of this bile salt, which is sequestered
in the cells (Holzinger et al., 1998; Cantz et al., 2000). Nonetheless,
fluorescent bile acids were transported in this system. Better fluores-
cent bile acids that will be transported as efficiently as taurocholate
will make excellent tools for high-throughput screening.

Inhibition of BSEP by cholestasis-inducible drugs is one of the
most frequently reported mechanisms of drug-induced cholestasis
(Bohan and Boyer, 2002). Among such drugs, rifampicin, rifamycin
SV, glibenclamide, and cyclosporin A (Stieger et al., 2000; Byrne et
al., 2002) were used in this study. As shown in Fig. 3, PS3, the efflux
clearance that reflects the function of BSEP, was reduced by all the
drugs examined. The concentration needed for 50% inhibition of PS3
is between 10 and 100 uM for rifampicin and glibenclamide and
approximately 100 uM for rifamycin SV. The reported K, values for
the inhibition of taurocholate uptake into human BSEP-expressing
membrane vesicles are 31 uM for rifamycin SV and 31 uM for
glibenclamide (Byrne et al., 2002). For rifampicin, only the K; value
of 12 uM for rat Bsep is available (Stieger et al., 2000). Compared
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Fig. 3. Inhibitory effects of cholestasis-inducing drugs on the
transport of taurocholate across NTCP- and BSEP-coexpressing
LLC-PK1 cells. Basal-to-apical transport clearance PS, , (A),
intracellular concentration C_.y; (B), and apical efflux clearance
PS3 (C) of taurocholate in LLC-PK1, LLC-NTCP, and LI.C-
NTCP/BSEP cell monolayers were determined at 60 min (closed
bars). Inhibitory effects of 10 or 100 uM concentrations of
various drugs on LLC-NTCP/BSEP were studied (open and
hatched bars). The drugs were added to the apical and basal
compartment 30 min before applying taurocholate.
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with these values, the inhibitory concentration was higher in our Inhibition of BSEP in the transcellular transport of taurocholate
LLC-NTCP/BSEP cells than in other studies that used vesicles. One  should be accompanied by an increase in the intracellular concentra-
possible explanation for this is that the protein unbound concentra-  tion of taurocholate. However, the increase was observed only in the
tions of the drugs in cytoplasm are lower than in the medium because  case of rifampicin. This means that rifamycin SV and glibenclamide
the drugs may not penetrate the plasma membrane efficiently and the  also inhibited NTCP-mediated uptake at the same time. Recently, it
drugs may also bind to intracellular proteins. has been reported that 100 uM rifampicin or rifamycin SV can reduce





