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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-sulfate (OATP1B1/0ATP2B1
inhibitor) and estradiol-17 8-p-glucuronide (QOATP1B1/OATP1B3 in-
hibitor). These resuilts 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 fnethodology for estimat-
ing the maximum unbound concentration of inhibitors at the inlet
to the liver (I, ;, max)- Judging from [, ;. ..., 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, OATP2B1 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 anions, 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 ['“Clpitavastatin 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 OATP1B1,
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 OATP2B1 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 17B-o-glucuronide; E,S, estrone-3-sulfate; DDI, drug-drug interaction.
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The combination therapy of statins and varieus 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 to increase plasma area under the plasma con-
centration-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 OATP1B1 (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.
Tto 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 DDIL

In the present study, we confirmed the minor contribution of
OATP2B1 to the hepatic uptake of pitavastatin by two approaches.
Moreover, we tried to predict the possible DDI mediated by
OATP1B1 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,55,6E)-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 178-D-glucuronide (E,17BG) and [*H]estrone-3-sulfate (E,S)
(45 Ci/mmol and 46 Ci/fmmol, 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. Ltd.
(Kobe, Japan) as shown in detail previously (Shitara et al., 2004). All other
chemicals were of anaiytical grade and commercially available.

Uptake Study Using Transporter Expression Systems. OATPIBI-,
OATPI1B3-, and OATP2B1-expressing HEK293 cells and vector-transfected
control cells used in this study were constructed previousl-y (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 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 poly-L-lysine/poly-L-omithine 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 KC], 1.0 mM
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KH,PO,, 1.2 mM MgSO,, 12.5 mM HEPES, 5.0 mM giucose, 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 pl of 0.2 N NaOH, and kept overnight at 4°C. Aliquots (500
ul) were transferred to scintillation vials after adding 250 pd 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 ui 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 pl of incubation mixture was
collected and placed in a centrifuge tube (450 ul) containing 50 ul of 2 N
NaOH under a layer of 100 pl 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 (10,000¢; 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 ontoc a2 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% Twéen 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. OATP1Bl-, OATP1B1/BCRP-,
OATP1BI/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, 160
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pg/ml streptomycin, and 0.25 pg/ml amphotericin B at 37°C with 5% CO, and
95% humidity. MDCKII cells were seeded on Transwell membrane inserts
(6.5-mm diameter, 0.4-um pore size; Comning 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 pM). 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 pl of 0.2 N NaOH. After
addition of 100 pl of 1 N HCIl, 500- 1 aliquots were transferred to scintillation
vials. Aliquots (50-ul) of cell lysate were used to determine protein concen-
trations as described above. To evaluate the efflux transport clearance via
recombinant BCRP, MDR1, and MRP?2 in the double transfectants, the appar-
ent efflux clearance across the apical membrane (PS,,,) was calculated by
dividing the sieady-state velocity for the transcellular transport (V,,,,emas) Of
pitavastatin, determined over 3 h, by the intraceltular concentration (C..,) of
pitavastatin, determined at the end of the experiments (3 h) in the absence or
presence of the inhibitors. ’

PSlpiul = Viranscettutar Ceen (¢))

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 (dpm/pul). 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:

Ve XS

——m"”ﬂﬂxs (2)

v
where v is the uptake velocity of the substrate (pmol/min/mg protein), § is the
substrate concentration in the medium (uM), K, is the Michaelis constant
(uM), V... is the maximum uptake rate (pmol/min/mg protein), and P 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 (K,) of
a series of compounds could be calculated by the following equation, if the
substrate concentration was low enough compared with its X, value.

CL(+) = 3

1
1+ E
where CL represents the uptake clearance in the absence of inhibitor, CL(-+1)
represents the uptake clearance in the presence of inhibitor, and I represents the
inhibitor concentration. When fitting the data to determine the X value, the
input data were weighed as the reciprocal of the observed values.

To determine saturable hepatic uptake clearance in human hepatocyies, we
first determined the hepatic uptake clearance (CL(; min05 miny (ul/min/10%
cells) by calculating the slope of the uptake volume (V) (ul/ 106 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 > ;00,5 miny iN the presence of 100 uM substrate (excess) from that
in the presence of 0.1 uM substrate (tracer) (eq. 5).

V-iz min Vd.o.s min

2—-05 ®

CL3 tmin0.5 mim) =

CLte, = CLiz min-05 mimperacer ~ CLg2 min 0.5 minjencess (5)

where CL; min0.5 minysmacer 218 CL2 min 0.5 minpcxcess FEPTESENt Clgy i g s min

estimated in the presence of 0.1 and 100 M 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 Wesiern blot analysis and defined as R, as shown previously
(Hirano et al., 2004). The uptake clearance by each transporter in human
hepatocytes was separately calculated by muliiplying the uptake clearance of
the pitavastatin in transporter-expressing cells (CL,.,;) by R, as described in
the following equation:

CLicpsenc = Clas Ry ®

The relative contribution (percentage) of each transporter to the uptake in
humnan hepatocytes was defined by the ratio of CL,,,, ., for target transporter
to that of the sum of CL,,, ., for OATP1B1, OATP1B3, and OATP2B1.

Prediction of Clinical DDI between Pitavastatin and Various Drugs via
OATP1B1. The degree of inhibition of OATP1B1 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:

f ' Iin,mu
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
HEK293 cells. For the estimation of R value, I, .., was calculated by the
method of Ito et al. (1998):

F,-Dose -
Iin,max = Imzx + —k‘ ! (8)
(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 ml/min). To
estimate the maximum I, .. 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.

Results

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 209 = 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 pl/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
OATP2Bl-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 *HIE,S and [*H]pi- 0 20 40 60
tavastadn by OATP2BI-expressing HEK293 cells. The uptake of 0.1 uM [PHJE,S Protein amount {;xglléne)

(A) and 0.1 uM [*H]pitavastatin (B) by cDNA-transfected cells was examined at
37°C. Open circles and triangles represent the uptake in OATP2B l-expressing
HEK293 cells and vector-transfected control cells, respectively. The concentration
dependence of OATP2BI1-mediated uptake of [*H]E,S (C) and [*H]pitavastatin (D)
is shown as Eadie-Hofstee plots. Closed circles represent the OATP2B|-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 [*HJE,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 analysis. 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 hepatocytes.

Estimation of Contribution of OATP1B1, OATP1B3, and
OATP2B1 in Human Hepatocytes by Western Blot Analysis. We
calculated the estimated uptake clearance of pitavastatin by
OATP1B1, OATP1B3, 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 OATP2B1-expressing HEK293 cells, whereas 178, 89, and 82 ug
of protein were obtained in crude membrane from 10° hurnan 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
microgramy), 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 human hepatocytes.

Inhibitory Effects of E,178G 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 pM) inhibited OATP1B1- and OATP1B3-mediated

Fi1G6. 2. Western blot analysis of OATP2BI. A, crude membrane fractions (2.5-40
pg) prepared from OATP2B!-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 OATP2BI 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 OATP2B!-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,17B8G (91.8 * 16.6%). In contrast, 100 pM
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 inhibit 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 OATP1B1 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 OATP1B1, OATPIB3, and OATP2BI to the hepatic upiake of pitavastarin determined by the relative expression level

Ratio of Expression Level® (Hepatocyte/Expression System)

Estimated Clearance?

Hepatocyte Lot
RepoatriB Reoatrina RexpoatP2BI OATPIBI OATPIB3 OATP2B]
plminf/10° cells

OCF 2.90° 1.21¢ 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¢ 0.112 682 226 0.368
74.8% 24.8% 0.405%

“ Ratio of the expression level was determined by the intensity of the specific band in the crude membrane prepared from human hepatocytes (per 106 celis) divided by that in the crude membrane

from transporter-expressing cells (per milligram) in Western blot analysis.
®1n the ‘Estimated Clearance’ col value indi the per

of the OATPIBI-, OATPIB3-, or OATP2B1-mediated uptake clearance refative to the sum of the estimated

cachp g
clearance mediated by OATPIBI1, OATPIB3, and OATP2B1. The details of this estimation are described under Materials and Methods.

€ Values from Hirano et al. (2004).

(A (B)

% of control
% of controt

o 1 1 100

Conc. (M)
FiG. 3. Inhibitory effects of E,178G and E,S on the uptake of [*H]pitavastatin by
human hepatocytes. The transport of [*H]pitavastatin (0.1 M) 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 lots 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 [*H]pitavastatin in the absence of inhibitors. Each point represents the
mean * SE. (n = 3).

Cone. ([uM)

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
OATP1BI/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,pic Of pitavastatin in OATP1B1/BCRP-, OATP1B1/MDRI1-, and
OATP1B1/MRP2-expressing MDCKII cells (data not shown). The X;
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 OATP1B1 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 (X} obtaineéd from in vitro analysis and the esti-

TABLE 2
The K, values for OATP1BI1-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 = | + f-
[~
Inhibitor K, Value for OATPIBI R Value
. uM

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 = 0.10! 1.00
Fluconazole >100 <l1.25
Ketoconazole 19.2 £39 1.03
Iraconazole >100 <1.00
Gemfibrozil 252 +47 1.08
Gemfibrozil-1-0O-glucuronide 226*+58 1.107
Gemfibrozil-M3 >300 <1.03*
Clofibrate >300 <1.03
Ciprofibrate 141 +22 1.01
Bezafibrate 68.6 x 11.9 1.03
Fenofibrate >300 <1.00
Cimetidine >300 <l1.14
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 *21 1.25
Indinavir 184+ 19 2.7
Ritonavir 0.781 = 0.048 2.25
Saquinavir 159 013 1.62
Probenecid 762 %71 1.85
Methouexate >300 <1.01
Digoxin 31.7+30 1.00
Diltiazem >100 <1.03
Verapamil 51.6 + 159 1.02
Warfarin 83397 1.00

“ These values were calculated by using the reported values for the maximum plasma
concentration of inhibitors in the clinical situations, instead of 1, ., because we did not have
enough parameters to estimate the /;, .. 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 X, 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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FiG. 4. Inhibitory effects of cyclosporin A, gemfibrozil, and gemfibrozil-1-O-glucuronide on the transcellular transport of [*H]pitavastatin. The basal-to-apical flux of
[Hlpitavastatin (0.3 pM) across MDCKII monolayer expressing CGATPIB1 (closed circles), OATP1B1/BCRP (closed diamonds), OATPIB1/MDRI (closed squares), and
OATPIBI/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-1-0-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 (uVmin/mg protein). Each point and vertical bar represent 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.
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FiG. 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 [*H]pitavastatin (0.3 M) across the apical membrane (PS i) of MDCKII monolayer expressing OATPIBI (closed
circles), OATP1BI/BCRP (closed diamonds), OATPIBI/MDRI (closed squares), and OATPIBI/MRP2 (closed triangles) was determined compared with vector-
transfected control cells (open circles) in the absence and presence of cyclosporin A (A), gemfibrozl (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,,.,) of
[*Hlpitavastatin (ul/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 X, value of EIS'for OATP2BI1 from role in the pitavastatin uptake in human hepatocytes and confirm the
our analyses was 20.9 uM (Fig. 1), which was almost comparable to  major contribution of OATP1B1, we took two strategies: 1) to check
the reported values (Kullak-Ublick et al,, 2001; Nozawa et al., 2004), the inhibitable portion of pitavastatin uptake by two inhibitors in
whereas the significant uptake of E,178G at pH 7.4 was not detected  human hepatocytes, and 2) to compare the relative expression level of
as described previously (Kullak-Ublick et al., 2001; Nozawa et al, OATP2B! in human hepatocytes and OATP2B1-expressing cells by
2004). Western blot analysis. As a result of the first approach, pitavastatin

Then, to refute the possibility that OATP2B1 plays an important 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

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

Transfectants Cyclosporin A Gemfibrozil Gﬂg’iﬁ"“’mﬁ’z@
PS,., (K. uM)
OATPIBI/BCRP 0.194 = 0.048 >100 >100
OATP!BI/MDRI 0.359 + 0.046 >100 >100
OATPIBI/MRP2 0.407 = 0.132 >100 >100
PS i (Ko M)
OA'I'PlBl/BCRP 0.273 £0.083 >300 >300
OATPIBI/MDRI = 0.330 = 0.037 >300 >300
OATPIB1/MRP2 0.662 = 0.252 >300 >300

by both 100 uM E,178G (inhibitor of OATP1B1/OATP1B3) and
E,S (inhibitor of OATP1BI/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

OATP1B3, but not OATP1B1, 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-,
OATPI1B3-, 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 (R,,,). 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 OATP1B1 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 OATP1B1 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) bave 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
OATP1B1-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, m.x)- 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 wansport
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
OATPI1B1 to the hepatic uptake of pitavastatin in human hepatocytes.
In addition, focusing on OATP1B1, inhibitory effects of various drugs
on pitavastatin 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 OATPIBI1.
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ABSTRACT:

Fexofenadine, a nonsedating antihistamine drug, is effective for
the treatment of seasonal allergic rhinitis and chronic urticaria.
Simultaneous administration of probenecid increases the plasma
concentration of fexofenadine due to an inhibition of its renal
elimination in healthy volunteers (Clin Pharmacol Ther 77:17-23,
2005). The purpose of the present study is to investigate the pos-
sibility that the drug-drug interaction between fexofenadine and
probenecid involves the renal basolateral uptake process. The
uptake of fexofenadine was determined in HEK293 cells express-
ing human organic anion transporter 1 (OAT1/SLC22A6), OAT2
(SLC22A7), OAT3 (SLC22A8), and organic cation transporter 2
(OCT2/SLC22A2). Only hOAT3-HEK showed a significantly greater
accumulation of fexofenadine than that in vector-HEK, which was
saturable with K, and V,,, values of 70.2 uM and 120 pmol/

min/mg protein, respectively. Inhibition potency of probenecid for
the uptake of fexofenadine was compared between hOAT3 and
organic anion-transporting peptide 1B3 (hOATP1B3), a transporter
responsible for the hepatic uptake of fexofenadine (Drug Metab
Dispos 33:1477-1481, 2005). The K, values were determined to be
1.30 and 130 uM for hOAT3 and hOATP1B3, respectively, with Hill
coefficients of 0.76 and 0.64, respectively. The K; value of probe-
necid for hOAT3, but not for hOATP1B3, was significantly lower
than the maximum unbound plasma concentration of probenecid
at clinical dosages. These results suggest that the renal drug-drug
interaction between fexofenadine and probenecid is probably ex-
plained by an inhibition of the renal uptake of fexofenadine via
hOATS3, at least in part.

The kidney plays important roles in the detoxification of xenobi-
otics and endogenous wastes as well as maintaining stable levels of
electrolytes and nutrients in the body. Urinary excretion consists of
glomerular filtration in the glomeruli, tubular secretion across the
proximal tubules, and reabsorption. Many studies have shown the
importance of transporters in the tubular secretion of a large number
of organic compounds, and a number of studies have described the
role of multispecific organic anion and cation transporters (OAT/
SLC22 and OCT/SLC22) in the renal uptake of drugs. OCT2
(SLC22A2) plays a predominant role in the renal uptake of organic
cations in the human kidney, whereas OCT1 plays a predominant role
in the hepatic uptake of organic cations in the human liver (Koepsell,
2004; Lee and Kim, 2004; Wright and Dantzler, 2004). Three iso-
forms of the organic anion transporter family (OAT1/SLC22A6,
OAT2/SLC22A7, and OAT3/SLC22A8) have been identified on the
basolateral membrane of the human proximal tubules (Lee and Kim,
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2004; Miyazaki et al., 2004; Wright and Dantzler, 2004). It has been
suggested that hOAT1 plays an important role in the renal uptake of
hydrophilic organic anions with a low molecular weight, whereas
hOATS3 plays an important role in the renal uptake of amphipathic
organic anions as well as a basic drug, famotidine (Hasegawa et al.,
2003; Tahara et al., 2005a). The mRNA of hOAT?2 in the kidney is
markedly lower than that of hOAT1 and hOAT3 (Motohashi et al.,
2002), and its role in drug transport in the kidney remains unknown.
Identification of the basolateral transporters provides a clue to under-
standing the molecular mechanisms of drug-drug interactions involv-
ing tubular secretion. Takeda et al. (2002) and Nozaki et al. (2004)
have shown that rOat3/hOAT3-mediated renal uptake can be a poten-
tial drug-drug interaction site with some nonsteroidal anti-inflamma-
tory drugs at clinical dosages by comparing their X; values for
rOat3/hOAT3 with the unbound plasma concentrations. In addition,
we have reported that OAT3 could be the site of an interaction
between famotidine and probenecid in humans (Tahara et al., 2005a). -
Fexofenadine, an active metabolite of terfenadine, is a nonsedating
histamine H, receptor antagonist that is prescribed for the oral treat-
ment of allergic rhinitis and chronic idiopathic urticaria. After oral
administration of [!*C]fexofenadine to healthy volunteers, 92% of the
total dose was recovered, 12% in urine and 80% in feces, as the

ABBREVIATIONS: OAT, organic anion transporter; hOAT, human OAT; OCT, organic cation transporter; hOCT, human OCT; r, rat; hROATP, human
organic anion-transporting peptide; AUC, area under the plasma concentration-time curve; HEK, human embryonic kidney, LC-MS, liquid

chromatography:mass spectrometry.
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unchanged form (Lippert et al., 1995). Since the average absolute oral
- bioavailability of fexofenadine was reported to be 33% (Dresser et al.,
2005), about 36% of the bioavailable fexofenadine can be excreted
into the urive during a 24-h period, and renal elimination makes a
significant contribution to the total body clearance in addition to
biliary excretion. Interactions of fexofenadine with drugs and food
have been reported. The interactions with rifampicin (Hamman et al.,
2001), St John’s wort (Wang et al., 2002), and fruit juice (Dresser et
al., 2002) caused a reduction in the AUC of fexofenadine after oral
‘administration, and these are hypothesized to include modulation of
P-glycoprotein or inhibition of OATP2B1 in the small intestine (Cvet-
kovic et al., 1999; Nozawa et al., 2004). The interactions with vera-
pamil (Yasui-Furukori et al., 2005) and ketoconazole (Simpson and
Jarvis, 2000) increased the AUC of fexofenadine, probably because of
an increase in the oral absorption produced by inhibition of intestinal
P-glycoprotein. Probenecid treatment caused a significant reduction in
the unbound renal clearance of fexofenadine (Yasui-Furukori et al.,
2005). Because probenecid is a potent inhibitor of OATs (Tahara et
al., 2005a), it is possible that this interaction involves renal transport-
ers, such as OATI1, OAT2, and OATS3.

In the present study, to obtain an insight into the basolateral uptake
mechanism of fexofenadine, the uptake was determined in cDNA-
transfected cells expressing hOAT1, hOAT2, hOAT3, and hOCT?2,
and the effect of probenecid on the uptake was determined to examine
whether it is inhibited by a clinically relevant concentration of pro-
benecid.

Materials and Methods

Fexofenadine hydrochloride was purchased from Toronto Research Chem-
icals (North York, ON, Canada). Ranitidine was purchased from Sigma-
Aldrich (St. Louis, MO). [°H] p-Aminohippurate (151 GBg/mmol) was pur-
chased from PerkinElmer Life and Analytical Sciences (Wellesley, MA).
[*H]Benzylpenicillin (740 GBg/mmol) was purchased from GE Healthcare UK
(Liule Chaifont, Buckinghamshire, UK). All other chemicals and reagents
were obtained from Kanto Kagaku (Tokyo, Japan) or Wako Pure Chemicals
(Osaka, Japan) and were of the highest grade available.

The stable transfectants expressing hOAT1-, hOAT2-, hOAT3- (Tahara et al.,
2005a), hOCT2- (Schlatter et al., 2002), and hOATP1B3-HEK (Shimizu et al.,
2005) were established as described previously. These cells were grown in Dul-
becco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 ug/ml), and
G418 sulfate (400 pg/ml) at 37°C with 5% CO, and 95% humidity on the bottom
of a dish. hOATI-, hOAT2-, hOAT3-, hOCT2-, and hOATPIB3-HEK were
seeded in polylysine-coated 12-well plates at a density of 1.2 X ~10° cells/well.
The transport activity by each cell line was confirmed by examining the uptake of
ranitidine by hOAT1, hOAT2, hOAT3, and hOCT2.

Transport Studies, Transport studies were carried out as described previ-
ously (Tahara et al., 2005a). Uptake was initiated by adding medium contain-
ing a 10 uM concentration-of the compounds after the cells had been washed
twice and preincubated with Krebs-Henseleit buffer at 37°C for 15 min. The
Krebs-Henseleit buffer consisted of 142 mM NaCl, 23.8 mM NaHCQ,, 4.83
mM KC], 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. 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. For the determination of the uptake of fexofenadine,
cells were dissolved in 300 pl of 0.2 N NaOH and kept overnight. Aliquots
(150 pl) were transferred to vials after adding 30 ul of 1 N HCI. Aliquots (100
1) were used for LC-MS quantification as described below. The remaining 10
l of the aliquots of cell lysate were used to determine the protein concentra-
tion by the method of Lowry et al. (1951) with bovine serum albumin as a
standard. Ligand uptake was given as the cell-to-medium concentration ratio
determined as the amount of ligand associated with cells divided by the
medium concentration.

Quantification of Fexofenadine by LC-MS. A sensitive method was
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developed to determine fexofenadine by high-performance liquid chromatog-
raphy-electrospray ionization-mass spectrometry with midazolam as the inter-
nal standard (Tahara et al., 2005b). The LC-MS consisted of an Alliance HT
2795 separation module with an autosampler (Waters, Milford, MA) and a
Micromass ZQ mass spectrometer with an electro ion spray interface (Waters).
The optimum operating conditions used were as follows: electrospray probe
(capillary) voltage 2.7 kV, sample cone voltage 35 V, and source temperature
100°C. The spectrometer was operated at a drying desolvation gas flow rate of
300 V/h. The mass spectrometer was operated in the selected ion monitoring
mode using the respective MH™ ions, m/z 502.3 for fexofenadine and m/z
326.3 for the internal standard. The mobile phase used for high-performance
liquid chromatography was: methanol (A) and 0.05% formic acid (B). Chro-
matographic separation was achieved on a C,, column (Capcell pak C,,, MG,
4.6 mm id. X 75 mm, particle size 3 um; Shiseido, Tokyo, Japan), using a
linear gradient from 55% A to 70% A over 5 min and returning to 55% A
within 2 min. The quantification limit of this method was 5 nM in the cell
lysate. Instrument control and data analysis were performed using MassLynx
application software from Waters.

Kinetic Analyses. Kinetic paramelers were obtained using the Michaelis-
Menten equation: v = V___ X S/(K,, + §), where v is the uptake rate of the
substrate (pmol/min/mg protein), S is the substrate concentration in the me-
dium (uM), K, is the Michaelis constant (uM), and V,,, is the maximum
uptake rate (pmol/min/mg protein). To obtain the kinetic parameters, the
equation was fitted to the uptake velocity using a MULTI program (Yamaocka
et al,, 1981). The input data were weighted as the reciprocals of the squares of
the observed values. Inhibition constants (X;) of several compounds were
caiculated assuming competitive inhibition using the following equation:
CL,wn = CLI1 + (I/K)S), where CL is the uptake clearance, I is the
concentration of inhibitor (uM), and S is the Hill coefficient. The subscript
(+inh) represents the value in the presence of inhibitor. The substrate concen-
tration was low compared with its X, value in the inhibition study. The
two-tailed unpaired t test was used for a statistical analysis and a value of p less
than 0.05 was considered significant.

-Results

Time Profile of the Uptake of Fexofenadine by hOAT1I-,
hOAT2-, hOAT3-, and hOCT2-HEK. Figure 1 shows the time pro-
files of the uptake of the typical substrates and fexofenadine by hOAT]-,
hOAT2-, hOAT3-, hOCT2-, and vector-HEK cells. Consistent with our
previous report (Tahara et al., 2005a,¢), the uptake of the typical sub-
strates by the cDNA transfectants was significantly greater than that in
vector-HEK. The uptake of fexofenadine by hOAT3-HEK was signifi-
cantly greater than that in vector-HEK at all time points, whereas the
uptake by hOATI-, hOAT2-, and hOCT2-HEK was very similar to that
of vector-HEK (Fig. 1). Since the uptake of fexofenadine by hOAT3-
HEK increased linearly up to 5 min of incubation, the uptake of fexofe-
nadine for 5 min was used for further characterization.

Concentration Dependence of the Uptake of Fexofenadine by
hOAT3-HEK, and the Effect of Probenecid. The concentration
dependence of the uptake of fexofenadine by hOAT3-HEK was
examined (Fig. 2). The uptake was saturable, and the K, and V.
values, determined by nonlinear regression analysis, were 70.2 + 2.7
#M and 120 = 3 pmol/min/mg protein, respectively. The inhibitory
effect of probenecid on hOAT3-mediated uptake of fexofenadine was
examined (Fig. 3). The X, value of probenecid for the uptake of
fexofenadine by hOAT3-HEK was determined to be 1.30 + 0.30 uM
with a Hill coefficient of 0.76.

Time Profile of the Uptake of Fexofenadine by hOATP1B3-
HEK, and the Effect of Probenecid. As reported previously by
Shimizu et al. (2005), the uptake of fexofenadine using the same
hOATP1B3-HEK was greater than that by mock cells (7.59 = 0.26
versus 3.97 = 0.22 ul/mg protein at 5 min) (Fig. 4A). The K, value of
probenecid for the uptake of fexofenadine by hOATP1B3-HEK was
determined to be 130 = 40 uM with a Hill coefficient of 0.64 (Fig.
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FiG. 1. Time profile of the uptake of typical substrates and fexofenadine by
hOAT!-, hOAT2-, hOAT3-, and hOCT2-HEK. The time-dependent uptake of the
typical substrates and fexofenadine (10 M) by hOAT!-, hOAT2-, hOAT3-, and
hOCT2-HEK was examined at 37°C. Closed and open circles represent the uptake
by OATs/OCTs-HEK and vector-HEK, respectively. Statistical differences in the
uptake of OATs/OCTs-HEK were compared with vector-HEK by a two-tailed
unpaired ¢ test with p < 0.05 as the limit of significance (*, p < 0.05; **, p < 0.01).
Each point represents the mean = S.E. (n = 3). PAH, p-aminohippurate; RND,
ranitidine; PCG, benzylpenicillin; TEA, tetracthylammonium; FEX, fexofenadine.
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Fic. 2. Concentration dependence of the uptake of fexofenadine by hOAT3-HEK. The
hOAT3-mediated uptake of fexofenadine for 5 min was determined at various concen-
trations (5-100 pM, range of concentrations used). The hOAT3-mediated wansport was
obtained by subwacting the transport velocity in vector-HEK from that in rOat3-HEK.
In the inset, the concentration dependence of hOAT3-mediated fexofenadine uptake is
shown as an Eadie-Hofstee plot Each point represents the mean * S.E. (n = 3). Where
bars are not shown, the S.E. is contained within the limits of the symbol.

4B). Probenecid is a 100-fold more potent inhibitor of hOAT3 than
hOATPIB3.
Discussion

Fexofenadine is an orally active nonsedative histamine H1 receptor
antagonist. Only a small amount of the orally administered [*“Cjfexo-
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FiG. 3. Inhibitory effect of probenecid on the uptake of fexofenadine by hOAT3-
HEK. The uptake of fexofenadine (10 uM) by hOAT3- and hROATP1B3-HEK for
5 min was determined in the absence or presence of probenecid at the designated
concentrations. The values are expressed as a percentage of fexofenadine transport
by hOAT3- or hOATPLIB3-HEK in the presence of inhibitors versus that in the
absence of inhibitors. The Hill coefficient value was 0.763 % 0.047. Each point
represents the mean = S.E. (n = 3).
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Fi16. 4. Time profile of the uptake of fexofenadine by hOATPLB3 and the inhibi-
tory effect of probenecid on the uptake of fexofenadine by hOATP1B3-HEK. The
time-dependent uptake of fexofenadine (10 pM) by hOATP1B3-HEK was exam-
ined at 37°C. Closed and open circles represent the uptake by hOATO1B3-HEK and
vector-HEK, respectively (A). The uptake of fexofenadine (10 uM) by hOATP!B3-
HEK for 5 min was determined in the absence or presence of probenecid at the
designated concentrations (B). The values are expressed as a percentage of fexofe-
nadine transport by hOATP1B3-HEK in the presence of inhibitors versus that in the
absence of inhibitors. The Hill coefficient value was 0.642 = 0.079. Statistical
differences in the uptake of hHOATP1B3-HEK were compared with that by vector-
HEK using a two-tailed unpaired 7 test with p < 0.05 as the limit of significance (*,
p < 0.05; »*, p < 0.01). Each point represents the mean = SE. (n = 3).

fenadine was recovered in the urine of healthy volunteers (12%), and
urinary excretion has been considered to be a minor elimination
pathway. However, the fact that the absolute oral bioavailability of
fexofenadine is, on average, 33% means that a considerable amount of
fexofenadine is excreted into the urine over a 24-h period (36% of the
amount absorbed into the circulating blood) and suggests that renal
elimination makes a significant contribution to the total clearance. The
renal clearance of fexofenadine is greater than the glomerular filtra-
tion rate, indicating that tubular secretion accounts for the major part
of the renal clearance (Table 1). Simultaneously administered probe-
necid caused an approximately 50% increase in the AUC of fexofe-
nadine in healthy subjects, and this is largely explained by a 73%
inhibition of the renal clearance of fexofenadine (Table 1) (Yasui-
Furukori et al., 2005). In the present study, we examined the possible
role of renal organic anion and cation transporters in the drug-drug
interaction between fexofenadine and probenecid.

In cDNA-transfected cells, fexofenadine is efficiently transported
only by hOAT3, whereas specific uptake by hOAT1, hOAT2, and
hOCT2 was below the limit of detection, suggesting that hOAT3 plays
a major role in the renal uptake of fexofenadine (Fig. 1). The transport
activity of fexofenadine by hOAT3 was much lower than that of
benzylpenicillin (1.71 versus 10.7 ul/min/mg protein). This was in
good agreement with clinical data showing that the renal tubular
secretion clearance of benzylpenicillin in healthy volunteers was 983
ml/min (Bins and Mattie, 1988), at least 9-fold higher than that of
fexofenadine (113 ml/min, Table 1). Probenecid is a potent inhibitor
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TABLE 1 -
Effects of cimetidine and probenecid treatments on pharmacokinetic parameters
of fexofenadine
Parameter Control Cimetidine Probenecid

AUC,.., (ng - b/ml) 3637 + 1199 4124 + 2019 6150 = 3972
Ratio to control i 1.08 1.53
CL,.... ¢ (ml/min)° 230 = 78 152 £ 70 74 =52
Ratio to control 1 0.610 0.270
CL,. (mV/min)* 133 55.0 0 (almost)
Ratio to control 1 0414 0 (almost)
J S 5.20 24.0
K, (K) for hOAT3 (113) 1.30
R 0.956 0.05i4

CI.,.cmJ w Unbound renal clearance (Yasui-Furukori et al., 2005).
® CL,,, wbnlar secretion clearance (CLyenar. © — CLcutinine)- Creatinine clearance value was
usad for the value of glomerular filtration rate (97 ml/min; van Crugten et al., 1985).
max» MaXimum unbound plasma ration of inhibitor (Selen et al, 1982; van
Cnu et al., 1985).
R value was calculated according to the following equation: R = 1/(1 + I, . max/K3).

of hOAT3, and the unbound plasma concentration of probenecid at
clinical doses (0.5-2.0 g), ranging from 12 to 52 uM (Selen et al.,
1982), is greater than its K, value for hOAT3 (Table 1; Fig. 3).
Therefore, probenecid will produce almost complete inhibition of
hOAT3 in clinical situations, consistent with clinical reports, 73%
inhibition of the renal clearance of fexofenadine by probenecid
(Yasui-Furukori et al., 2005). Therefore, inhibition of basolateral
uptake can be one of the sites of interaction between fexofenadine and
probenecid. Cimetidine inhibits the renal clearance of fexofenadine by
39% on average in healthy subjects (Table 1). Since the clinical
plasma concentration of unbound cimetidine at a dose of 400 mg was
reported to be 5.2 uM (van Crugten et al., 1986), far below its K, and
ICs, values for hOAT3 [113 uM (Tahara et al., 2005¢) and 92.4 uM
(Khamdang et al., 2004), respectively], it is unlikely that the interac-
tion involves hOAT3. Cimetidine may inhibit efflux process across
the brush-border membrane of the proximal tubules. Although fexo-
fenadine has been shown to be a substrate of P-glycoprotein (Cvet-
kovic et al., 1999; Tahara et al.,, 2005b), the steady-state plasma
concentration was unchanged in Mdrla/1b knockout mice (Tahara et
al., 2005b), suggesting its limited role in the urinary and biliary
excretion, and the transporter responsible for the luminal efflux re-
mains unknown. Further studies are necessary to investigate whether
the transporter responsible for the luminal efflux is another site of
drug-drug interaction with probenecid and cimetidine.

The nonrenal clearance of fexofenadine is explained by biliary
excretion. It was found that fexofenadine is a substrate of hOATP1B3,
whereas the specific uptake of fexofenadine by OATPIB1 and
OATP2B1 is very low (Shimizu et al., 2005). Based on quantitative
prediction using the concept of a relative activity factor, hOATP1B3
has been suggested to play a major role in the hepatic uptake of
fexofenadine (Shimizu et al., 2005). Our inhibition study revealed that
probenecid is a weak inhibitor of hOATP1B3, with a K, value greater
than the unbound concentration achieved by a clinical dose (1 g) of
probenecid (24 pM; Selen et al., 1982). Therefore, probenecid prob-
ably exhibits only a minimal inhibitory effect on the hepatic uptake of
fexofenadine via hOATP1B3. This is consistent with the kinetic
consideration that the drug-drug interaction is largely explained by a
73% inhibition of the renal clearance of fexofenadine.

The effect of probenecid on the total body clearance will be less
potent in rats because of the smaller contribution of the renal clear-
ance of fexofenadine to the total clearance (15-20%) (Kamath et al.,
2005). There are two possibilities to account for this. One is the
species difference in OAT3-mediated transport, i.e., basolateral up-
take process since OAT3-mediated transport shows poor correlation
between rat and human (Tahara at al., 2005c). The other is reabsorp-

TAHARA ET AL. -

tion mediated by Oatplal in rats. Qatplal is localized on the brush-
border membrane of the kidney (Bergwerk et al., 1996), whereas its
human homolog, OATP1A2, exhibits brain-specific distribution (Abe
et al, 1999). Oatplal has been suggested to be involved in the
reabsorption of amphipathic organic anions (Gotoh et al., 2002). Since
fexofenadine is a substrate of Oatplal (Cvetkovic et al., 1999), it is
likely that it undergoes reabsorption from the lumen by Oatplal in the
rat kidney. Oatplal expression exhibits gender difference, leading to
the gender difference in the renal clearance of amphipathic organic.
anions (Gotoh et al., 2002). Female rats may be a better animal model
to investigate the pharmacokinetics in humans.

The present study highlights the underlying mechanism of the
drug-drug interaction with probenecid focusing on OAT3. Probenecid
is also a potent inhibitor of OAT1, and its K; value is smaller than the
clinical unbound plasma concentration of probenecid. Therefore, both
OAT1 and OATS3 can be a site of drug-drug interaction with probe-
necid. This is why probenecid causes a drug-drug interaction with a
number of drugs in terms of renal elimination (Cunningham et al.,
1981). Adefovir and cidofovir have been suggested to be taken up by
the kidney via human OAT1(Ho et al., 2000; Mulato et al., 2000).
They are nucleoside phosphonate analogs, a class of novel antivirals
structurally related to natural nucleotides, and nephrotoxicity is their
main dose-limiting toxic effect. Ho et al. (2000) and Mulato et al.
(2000) have demonstrated that hOAT1 is directly involved in the
induction of nephrotoxicity since the expression of hOAT]1 sensitized
a mammary cell line to adefovir and cidofovir, and probenecid re-
duced the cytotoxicity (Ho et al., 2000; Mulato et al., 2000). In such
circumstances, corbination with probenecid will have a beneficial
effect in suppressing the nephrotoxicity as well as prolonging their

" plasma retention time, leading to an increase in the concentration in

the liver, the target organ for the treatment of hepatitis B.

In conclusion, hOAT3 shows’ specific uptake of fexofenadine
among basolateral transporters and accounts for its renal uptake.
Probenecid is a potent inhibitor of hOAT?3, and inhibition of hOAT3
is a likely mechanism to account for the increase in the AUC of
fexofenadine caused by probenecid treatment in healthy subjects.
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ABSTRACT

The activities of renal multispecific organic anion transporters
(OATs) 1 and 3 have not been fully evaluated in human kidneys.
In the present study, the uptake of some organic anions was
characterized in kidney slices from human intact renal cortical
tissues: hOAT1 and hOAT3 substrates [p-aminohippurate
(PAH) and 2,4-dichlorophenoxyacetate (2,4-D)] and hOAT3
substrates [benzylpenicillin (PCG), dehydroepiandrosterone
sulfate (DHEAS), and estrone sulfate (ES)]. Despite large inter-
batch differences, hOAT1 and hOAT3 mRNA levels correlated
well, and there was a good correlation between the uptake of
PAH and PCG by kidney slices. The uptake of organic anions
by kidney slices was saturable with K,,, values of 31 to 48 uM
for PAH, 0.73t0 4.9 uM for 2,4-D, 14 to 90 M for PCG, and 9.2

to 11 uM for ES. These parameters were comparable with
those for hOAT1 and/or hOAT3. The uptake of DHEAS consists
of two saturable components with K, values of 2.2 to 3.9 and
1300 uM, and the K|, value of the high-affinity component was
close to that for hOAT3. Furthermore, PAH more potently in-
hibited the uptake of 2,4-D than that of PCG and DHEAS. PCG
had a weaker effect on the uptake of PAH and 2,4-D than
expected from its K, value. Taken together, it is likely that the
uptake of PAH and 2,4-D is due to OAT1, and the uptake of
PCG and ES and part of DHEAS uptake are due to OAT3 in
human kidney slices. Human kidney slices are useful tools for
characterizing the renal uptake of drugs.

The kidney plays an important role in the urinary excre-
tion of endogenous wastes and xenobiotics, including drugs
and their metabolites. Urinary excretion of drugs is mediated
by glomerular filtration and tubular secretion and selective
and passive reabsorption. Various kinds of membrane trans-
porters involved in the renal tubular secretion have been
identified in the proximal tubules. In particular, organic
anion transporter (OAT) 1 (SLC22A6) and OAT3 (SLC22A8)
are exclusively expressed on the basolateral membrane of the
proximal tubules (Hosoyamada et al., 1999; Tojo et al., 1999;
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Cha et al., 2001; Hasegawa et al., 2002; Motohashi et al.,
2002) and play major roles in the uptake of a variety of
organic anions on the basolateral membrane of kidney prox-
imal tubule epithelial cells (Wright and Dantzler, 2004;
Sweet, 2005; Sekine et al., 2006).

OAT1 and OATS3 are multispecific transporters accepting a
variety of structurally unrelated compounds as substrates,
including clinically important drugs, such as diuretics (Uwai
et al., 2000; Hasannejad et al., 2004), B-lactam antibiotics
(Jariyawat et al., 1999; Ueo et al, 2005), antiviral drugs
(Cihlar et al., 1999; Wada et al., 2000), an anticancer drug
(methotrexate) (Cha et al., 2001), nonsteroidal anti-inflam- -
matory drugs (Apiwattanakul et al., 1999), HMG-CoA reduc-
tase inhibitors (Hasegawa et al., 2002; Takeda et al., 2004),
and H, receptor antagonists (Tahara et al., 2005a). OAT3
exhibits a broader substrate specificity than OAT1 and ac-
cepts amphipathic and hydrophilic organic anions and some
organic cations, although the transport activities of hydro-
philic organic anions with a low molecular weight by OAT3 is

ABBREVIATIONS: OAT, organic anion transporter; PAH, p-aminchippurate; 2,4-D, 2,4-dichlorophenoxyacetate; PCG, benzylpenicillin; DHEAS,
dehydroepiandrosterone sulfate; ES, estrone sulfate; KG, ketoglutarate; PCR, polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.
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