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The metabolic rate in the presence or absence of inhibitors is shown in each figure.

Each bar represents the mean * S.E. (n = 3). The asterisk represents a statistically

significant difference from control shown by Dunnett’s test (x, p < 0.05; »*, p < 0.01).

found that the Oatplal-mediated uptake of CER was inhibited by CsA
in a concentration-dependent manner (Table 2), also supporting the
involvement of Qatp transporter(s} in the hepatic uptake of CER.

We investigated the inhibitory effect of CsA on the uptake of CER
in rat hepatocytes in the presence of 90% rat plasma, which was
similar to in vivo conditions. In the presence of 90% rat plasma, the
ICsp,app value was approximately 12 times higher than the JC;, value
in its absence (Fig. 2). Lemaire and Tillement (1982) reported that
approximately 90% of CsA is bound to plasma proteins, mainly
lipoprotein in rats. Taking this into consideration, the ICs, value,
based on the estimated free concentration of CsA in the presence of
90% rat plasma, was calculated to be 0.232 pM, which is close to the
IC;, value obtained in the study without rat plasma. The LUI study
confirmed that the hepatic CER uptake measured in vivo was also
affected by CsA (Fig. 5). When the blood concentration of CsA was
4 uM, the hepatic uptake of CER in the LUI study was reduced to
30% of the control value (Fig. 5), suggesting that the ICs, value for
the in vivo hepatic uptake of CER was approximately 4 pM, which
was similar to the IC;,, value estimated in the presence of plasma
(Fig. 2b).

We have also examined the effect of CsA on the metabolism of
CER in rat liver microsomes (Fig. 5). Only 26% of ['*C]JCER was
metabolized following a 2-h incubation in rat liver microsomes,
whereas more than 50% was metabolized in human liver microsomes
within 45 min (Shitara et al., 2003), suggesting slower metabolism in
rat liver microsomes compared with their human counterparts. Since
this metabolism of ['*C]CER was not significantly inhibited by CsA
up to its concentration of 30 pM (Fig. 5), microsomal metabolism was
not the mechanism for the pharmacokinetic interaction between CER
and CsA in rats examined in the present study,

The results obtained in the in vitro studies should be quantitatively
discussed in relation to those in vivo. Without administration of CsA,
the CL,,, was estimated to be 1.51 I/h/kg (Table 1). In the case of
CER, the urinary excretion is negligible (Boberg et al.,, 1998) and,
therefore, the CL.,, is close to the hepatic clearance (CL;;). Assuming
a well stirred model, the CLyy can be described by the following
equation (Miyauchi et al., 1993; Yamazaki et al., 1996):

_ QuXfy X CLipuy

Cly=o—mm——
" QH +fl.: X C]-‘im.nll

(3

where Oy is the hepatic blood flow and f, is the blood unbound
fraction. The CL;,. ., represents the overall intrinsic hepatic clearance,
which includes membrane permeability, metabolism, and biliary ex-
cretion, as described by the following equation:

% CLint
PSn.efﬂux + CL

int

CLinl,aJl = PSn.inﬂux (6)
where PS,, ;. q,, and PS_ ¢, represent the membrane permeability
clearance of the unbound drug for the influx and efflux process from
outside and inside the cells, respectively, and CL,, represents the
“exact” intrinsic clearance which includes metabolism and/or biliary
excretion of the unbound drug. When the CL,,, is 1.51 Vh/kg, the f, -
CLiquau I8 caleulated to be 3.04 Ih/kg from eq. 6, assuming the
hepatic blood flow rate is 3 Vh/kg. As shown in eq. 6, the CLy,, ,,, will
be reduced in proportion to the decrease in PS5, infux In the presence
of 1.2 and 3.0 uM CsA, the PS_ ;. q.. of CER fell to 66 and 44% of
the control, respectively, when the hepatocytes were incubated in the
presence of rat plasma (Fig. 2b), and, therefore, the in vivo £, CL;
is reduced to 2.01 and 1.34 IMh/kg (ie., 66 and 44% of the control),
which gives a predicted CL,; value of 1.20 and 0.93 Vh/kg, respec-
tively, from eq. 5. This predicted CLy is comparable with the CL,,
observed in the present in vivo study (1.09 and 1.05 Vh/kg, respec-
tively) (Table 1), suggesting that the pharmacokinetic interaction
between CER and CsA in rats can be quantitatively explained by
inhibition of the transporter-mediated uptake of CER.

In conclusion, the increased plasma concentration of CER in rats
when coadministered with CsA can be quantitatively explained by
inhibition of transporter-mediated uptake. The present study strongly
suggests that the inhibition of the transporter-mediated uptake in the
liver affects the drug disposition. Also, in humans, it is possible that
inhibition of the transporter-mediated uptake of drugs may lead to a
clinically relevant DDL
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Transporter Database, TP-Search:
A Web-Accessible Comprehensive
Database for Research in
Pharmacokinetics of Drugs

This Letter to the Editor informs the readers of TP-
Search, a unique comprehensive database for membrane
transporter proteins that we have constructed to facilitate the
study of drug transporters on a broad scale in the world and
to provide a research tool for optimization of pharmacokinet-
ic properties in terms of transporters during the early stage of
drug development in pharmaceutical companies.

During the past decade, there has been a-significant in-
crease in the molecular characterization of transporter pro-
tetns in animals and humans (1). With newer information on
the genetic/genomic studies, this has led to a better under-
standing of the importance of such transporter proteins as one
of the main determinant factors to play a key role in drug
disposition; that is, absorption, distribution, and excretion
(ADE) of drugs (2-4). Because the amount of available data
is rapidly increasing, a need for a publicly accessible database
with comprehensive information about all of the known mem-
brane transporters becomes increasingly important.

We have constructed TP-Search, a Web-accessible rela-
tional database on ADE-associated transporter proteins
(http//'www.tp-search.jp/), enabling users to search dynami-
cally transporter-related information by chemical structures/
names of substrate/inhibitor/inducers, gene expression, func-
tions, drug-drug interaction involving transporters, and so on.

The other databases on transporters, which are currently
available, are http://nutrigen.4t.com/humanabc.htm (database
on ABC transporters by M. Miiller), http://www.med.rug.nl/
mdl/ (database of University Hospital Groningen), http:/
www.gene.ucl.ac.uk/nomenclature/genefamily/abc.html
{HGNC gene family nomenclature ABC transporters}), http://
lab.digibench.net/transporter/ (human membrane transporter
database), http://xin.cz3.nus.edu.sg/group/adment/adment.asp
(ADME-associated proteins database), and http://
www.mhe.com/PGP/index.html (P-glycoprotein interaction).
These have appeared to provide only certain aspects of spe-
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Latata

“Rat Kidney

Human Kiﬂney

Lowse

Fig. 1. Example of search results on transporters expressed in human
and rat kidney.
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cific class or group of membrane transporter proteins,
whereas TP-Search aims at providing a comprehensive data-
base on drug-transporters. Among those databases, the hu-
man membrane transporter database has been intended to
support pharmacogenomic studies and so provides much in-
formation on sequence variants, altered functions caused by
polymorphisms/mutations, and (patho)physiological role and
associated diseases (5). The ADME-associated protein data-
base provides comprehensive information on ADME-
associated proteins, which include not only membrane trans-
porter proteins involved in drug disposition, but also other
proteins, such as plasma proteins, intracellular binding pro-
teins, and drug metabolizing enzymes (6). Other transporter
databases listed above are mainly focused on the information
for ABC-transporters.

Our methodology was as follows. Membrane transporter
proteins were selected from a comprehensive search of avail-
able literature consisting of research papers, review articles,
pharmacology textbooks, and other relevant publications (via
PubMed, http://www.ncbi.nlm.gov/PubMed/), resulting in ap-
proximately 1,940 articles published from 1968 to 2002. The
systemn is a typical Web application built on Application
server, Web server, and Relational Database Management
System (RDMS} to provide the services via the Internet. The
user connects with the URL at http://www.tp-search.jp/ by a
Web browser such as Netscape Navigator or Microsoft Inter-
net Explorer.

The database, TP-Search, contains information on more
than 75 membrane transporters (Table 1), including cDNA
and amino acid sequences, gene family, putative membrane
topology, driving force, transport direction, substrate/
inhibitor/finducer (chemical structures and kinetic data, i.e.,
Km/Ki}, and tissue distribution in humans as well as in mice
and rats, and drug-drug interactions involving transporters.
All information available in this database is linked to the
original references in PubMed, which ensures the users can
confirm the validity of data and to obtain more detailed in-
formation available in the original references.

Terminology regarding genes often causes confusion. In
our database, we use primarily the “Nomenclature of Mam-
malian Transporter Genes,” (http://www.gene.ucl.ac.uk/cgi-
bin/nomenclature/searchgenes.pl/}, such as the solute carrier
superfamily (SLC) and ATP-binding cassette transporters
(ABC). These standardized gene names, accompanied by
conventional names, are both given in this database. The se-
quential information for transporters posted in the database
was available through “Locus-Link” (http://www.ncbi.nlm.
nih.gov/LocusLink/), and names and structures of the com-
pounds, such as substrates/inhibitors/inducers, were searched
through “Chem-Link™ and “Japanese Accepted Names for
Pharmaceuticals” (http://moldb.nihs.go.jp/jan/). -

TP-Search is searchable by transporter name, tissue
name (liver, kidney, intestine, brain, and expression in cell
line; Fig. 1), substrate/inhibitorfinducer name, and drug-drug
interaction. Implemented as a relational database, searches
involving any combination of these options or selection field
are also supported,

Because drug transporters have demonstrated a broad
substrate specificity, drug-drug interaction involving these
transporters is considered very likely. Approximately 1,200

0724-8741/04/1100-2133/0 © 2004 Springer Science+Business Media, Inc.
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Table I. Membrane Transporters Archived in TP-Search
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Transporters

Human

Mouse

Rat

P-glycoprotein {MDR)

Multidrug resistance-associated
protein

Breast cancer resistant protein

Bile salt export pump

Organic anion transporting
polypeptide

MDRI1

MRPI, MRP2, MRFP3, MRP4,
MRP3, MRP&

BCRP

BSEP

OATP-A, OATP-B, OATP-C,
QATP-D, OATP-E, OATP-

Mdrla, Mdrlb
Mrpl, Mrp2, Mrp5

Berp

Bsep

Oatpl, Oatp2, Oatp4, Oatp5,
Pgt

Mdrla, Mdrlb
Mrpl, Mrp2, Mrp3, Mrpé

Berp

Bsep

Qatpl, Oatp2, Oatp3, Oatp4,
OAT-K1, OAT-K2, Pgt

8, PGT
NTCP, ASBT
OATI1, OAT2, OAT3, OAT4
OCTI, OCT2, OCT3

Bile acid transporter
Organic anion transporter
Organic cation transporter

Organic cation/carnitine trans- OCTN1, OCTN2
porter
Peptide transporter PEPT1, PEPT2

Ntcp, Asbt

QAT1, OATZ, OAT3
OCT1, OCT2, OCT3
OCTNI1, GCTN2, OCTN3

Ntep, Asbt .
OATIL, OATZ, OAT3
OCT1, OCT2, OCT3
OCTN1, OCTN2

PEPTI, PEPT2 PEPT1, PEPT2

compounds known as substrates/inhibitors/inducers, includ-
ing their names and structures, are currently archived in this
database. With respect to the information currently available
in this database, the exact role of transporter proteins in the
observed in vivo drug-drug interaction has not always been
clearly defined. It might be just extrapolated from in vitro
information, such as substrate affinity, inhibitory effect, and
so forth. In addition, because the substrate specificity of
CYP3A and P-glycoprotein overlaps, many drugs may be a
substrate of both (7,8). In such cases, it is difficult to distin-
guish the contribution to the increased oral bioavailability
between CYP3A and P-glycoprotein. When the role of trans-
porter proteins in the in vivo drug-drug interaction was sug-
gested or indicated in peer-reviewed references, such infor-
mation was incorporated into this database, even though
there might be the limitation of scientific validity of such data.

This database will be updated periodically (bimonthly or
quarterly), so that information regarding newly identified
ADE-associated membrane transport proteins and additional
knowledge about function or related proteins will be added.
Toward that end, a data submission interface will be available
in the database.
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ABSTRACT

Pitavastatin, a novel potent 3-hydroxymethylglutaryl-CoA re-
ductase inhibitor, is selectively distributed to the liver in rats.
However, the hepatic uptake mechanism of pitavastatin has not
been clarified yet. In the present study, we investigated the
contribution of organic anion transporting polypeptide 2
(OATF2/0ATP1B1) and OATPS (OATP1B3) to pitavastatin up-
take using transporter-expressing HEK293 cells and human
cryopreserved hepatocytes. Uptake studies using OATP2- and
OATP8-expressing cells revealed a saturable and Na*-inde-
pendent uptake, with K, values of 3.0 and 3.3 uM for QATP2
and QATP8, respectively. To determine which transporter is
more important for its hepatic uptake, we proposed a method-
ology for estimating their quantitative contribution to the overall
hepatic uptake by comparing the uptake clearance of pitavas-
tatin with that of reference compounds (a selective substrate for

OATP2 (estrone-3-sulfate) and OATPS8 (cholecystokinin oc-
tapeptide) in expression systems and human hepatocytes. The
concept of this method is similar to the so-called relative ac-
tivity factor method often used in estimating the contribution of
each cytochrame P450 isoform to the overall metabolism. Ap-
plying this method to pitavastatin, the observed uptake clear-
ance in human hepatocytes could be almost completely ac-
counted for by OATP2 and OATFS, and about 90% of the total
hepatic clearance could be accounted for by OATP2. This
result was also supported by estimating the relative expression
level of each transporter in expression systems and hepato-
cytes by Western blot analysis. These results suggest that
OATP2 is the most important transporter for the hepatic uptake
of pitavastatin in humans.

Pitavastatin is a highly potent inhibitor of 3-hydroxy-3-
methylglutaryl (HMG)-CoA reductase, the rate-limiting en-
zyme in cholesterol biosynthesis (Aoki et al., 1997; Kajinami
et al., 2003). Previously, Kimata et al. (1998) have demon-
strated that ['*C]pitavastatin is selectively distributed to the
liver in rats with the liver/plasma concentration ratio of more
than 53. Shimada et al. (2003) have recently reported that
the uptake of pitavastatin by rat hepatocytes is saturable
and temperature dependent, suggesting that pitavastatin
might be transported by carrier-mediated systems. Pitavas-
tatin is scarcely metabolized in human liver microsomes (Fu-
Jino et al.,, 2003) and is excreted into the bile in unchanged
form (Kojima et al., 2001). In humans, the fraction excreted
in urine was less than 2% (Kgjinami et al., 2003). Therefore,

This study was supported by Health and Labor Sciences Research grants
from the Ministry of Health, Labor, and Welfare for the Research on Advanced
Medical Technology and by Grant-in Aid for Young Scientists B 15790087 from
the Ministry of Education, Culture, Sports, Science, and Technology.

Article, publication date, and citation information can be found at
http:/jpet.aspetjournals.org.

doi:10.1124/jpet. 104.068056.

when considering the pharmacokinetics of pitavastatin, we
should focus on the hepatic clearance of unchanged pitavas-
tatin.

Statins reduce the plasma level of low-density lipoprotein
cholesterol and triglycerides in a dose-dependent manner,
whereas one of the severe adverse effects, rhabdomyolysis,
also appears to be dose-dependent (Davidson et al., 1997),
Since liver is a major clearance organ as well as a pharma-
cological target organ of pitavastatin, it is essential to clarify
the uptake mechanism of pitavastatin by hepatocytes to pre-
dict the pharmacological and toxicological effects, '

At the present time, several transporters are thought to be
involved in the hepatic uptake of a variety of drugs in human
liver. Na™-taurocholate cotransporting polypeptide, organic
anion transporting polypeptide (OATP) 2 (OATP1B1, OATP-
C/LST-1), OATP8 (OATP1B3, LST-2), OATP-B (OATP2B1),
organic anion transporter (OAT) 2, and organic cation trans-
porter 1 are localized on the basolateral membrane of human
hepatocytes (Hagenbuch and Meier, 1996, 2003; Muller and
Jansen, 1997). In particular, OATP2 and OATPS are selec-
tively expressed in the human liver and exhibit broad sub-

ABBREVIATIONS: HMG, 3-hydroxy-3-methylglutaryl; OATP, organic anion transporting polypeptide; E,178G, estradiol 178-p-glucuronide; E-sul,
estrone-3-sulfate; CCK-8, cholecystokinin octapeptide; PCR, polymerase chain reaction: TBS-T, Tris-buffered saline containing 0.05% Tween 20;

RAF, relative activity factor; CL, clearance.
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strate specificities, which suggest that they play an impor-
tant role in the hepatic uptake of several anionic endogenous
compounds and drugs (Hagenbuch and Meier, 2003). QATP2
accepts statins including pravastatin, cerivastatin, and rosu-
vastatin as substrates (Hsiang et al., 1999; Brown et al.,
2001; Nakai et al., 2001; Sasaki ef al., 2002; Shitara et al.,
2003a). The substrate specificity of OATP2 commonly over-
laps that of OATPS, and several compounds can be bisub-
strates of both OQATP2 and OATP8. However, there are some
differences as far as substrate recognition and transcrip-
tional regulation are concerned (Hagenbuch and Meier, 2003;
Kullak-Ublick et al., 2004). Therefore, it is essential to eval-
uate their quantitative contribution to the total hepatic up-
take to estimate the overall hepatic clearance for individuals
when there are changes in expression level or function
caused by pathological conditions, single-nuclectide polymor-
phisms, and transporter-mediated drug-drug interactions.
This kind of information will help us predict the distribution
of pitavastatin in the target organ, as well as the plasma
concentrations, subsequent pharmacological effects, and ad-
verse events under these conditions, However, so far, no
studies have been published describing how to estimate the
confribution of each uptake transporter quantitatively in
human liver.

In the present study, we analyzed the involvement of the
transporters, OATP2 and OATPS, in the hepatic uptake of
pitavastatin along with estradiol 178-n-glucuronide (E;173G),
a typical substrate of both OATP2 and OATPS (Cui et al.,
2001; Ismair et al., 2001), In addition, we developed a meth-
odology for determining the contribution of each transporter
to the hepatic uptake of test compounds by comparing their
uptake clearance with that of reference compounds (a selec-
tive substrate for OATP2 (estrone-3-sulfate) and OATPS
(cholecystokinin cetapeptide) in expression systems and hu-
man hepatocytes. We also used another approach by directly
comparing expression levels of OATP2 and OATP8 in expres-
sion systems and hepatocytes using Western blot analysis
and compared the results obtained by these two methods.

Materials and Methods

Materials. Pitavastatin (monocalcium bis[(3R,58,6E)-7-[2-
cyclopropyl-4-(4-fluorephenyl)-3-quinolyl)3,5-dihydroxy-6-hepte-
onate]) was synthesized by Nissan Chemical Industries (Chiba, Ja-
pan). [Fluorobenzene-[/-1*Clpitavastatin (11.7 mCi/mmol) was
synthesized by Amersham Biosciences UK, Ltd. (Little Chalfont,
Buckinghamshire, UK). E;178G and estrone-3-sulfate (E-sul) (45
and 46 Ci/mmol, respectively} were purchased from PerkinElmer
Life and Analytical Sciences (Boston, MA), whereas cholecystokinin
octapeptide (CCK-8) (77 Ciymmol) was purchased from Amersham
Biosciences UK, Ltd.. Unlabeled E,17pG, E-sul, and CCK-8 were
purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals
were of analytical grade and commercially available.

Construction of Stably Transfected HEK293 Cells Express-
ing Human OATP2 and OATPS8. The human OATP2 gene was
isolated by PCR using the human liver ¢DNA purchased from
Takara Bio Inc. (Shiga, Japan). The first half (1-1125) of the gene
was amplified using a forward primer containing a Kpnl site (&'-
GGGGTACCATGGACCAAAATCAACATTTGAAT-3') and a reverse
primer (5'-GTTAGCCTTAGATGAAGGCTGACC-3"). The second half
{1041—2078) of the gene was amplified using a forward primer (5'-
ACAAGTAAGCAGCTATATTGGTGC-3'} and a reverse primer con-
taining a Notl site (5'-GGGCGGCCGCTTAACAATGTGTTTCAC-
TATCTG-3"). Each PCR product was TA cloned into the pGEM vector

{Promega, Madison, WI), respectively. Then, the pGEM vector con-
taining the first half was digested with Kpnl and Eco105 I, and the
pGEM vector with the second half was digested with Ece105 [ and
NotI. Subsequently, the first and second halves of the OATP2 cDNA
were ligated into Kpnl and Notl sites of the pcDNA3.1 (+) (Invitro-
gen, Carlsbad, CA) to obtain the full-length human OATP2 gene.

The human OATPS gene was isolated by PCR using human liver
¢DNA purchased from BD Biosciences Clontech (Palo Alto, CA) as a
template. The C-terminal fragment of the QATPS gene was ampli-
fied using a forward primer (5'-AGAGTCAGCATCTTCAGAG-3')
and a reverse primer {(5'-TTTTCCTTTTGCGGCCGCATTGTCAGT-
GAAAGACCAGG-3") and TA cloned into pGEM vector. The N-ter-
minal fragment was amplified using a forward primer containing a
HindlIII site and Kozak sequence just before the start codon (5'-
CCCAAGCTTCCGCCATGGACCAACATCAAC-3') and a reverse
primer (5'-CTTCGGTCTGTGTAGTTTAG-3'). To subclone the full
length of the OATPS ¢cDNA, fragment 1 was prepared by digesting
the pGEM vector containing the C-terminal fragment with HindIII
and Notl, and fragment 2 was created by digesting the pGEM vector
containing the N-terminal fragment with HindIII Then, fragments 1
and 2 were ligated into linearized pcDNA3.1 (+) digested with Hin-
dIII and Notl.

OATP2- and OATP8-expressing HEK293 cells and control cells
were constructed by the transfection of expression vector and control
peDNA3.1 vector, respectively, into cells using FuGENEG (Roche
Diagnostics, Indianapolis, IN), according to the manufacturer’s in-
struction and the selection by 800 ug/ml Antibiotic G418 sulfate
(Promega, Madison, WI) for 3 weeks.

Cell Culture. Transporter-expressing or vector-transfected
HEK293 cells were grown in Dulbecco's modified Eagle’s medium
low glucose (Invitrogen) supplemented with 10% fetal bovine serum
(Sigma-Aldrich), 100 U/ml penicillin, 100 pg/m} streptomyein, and
0.25 pg/ml amphotericin B at 37°C with 5% CQ, and 95% humidity.
Cells were then seeded in 12-well plates 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
QATP2 and OATPS.

Transport Study Using Transporter Expression Systems.
The transport study was carried out as described previously (Sugi-
yama 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 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 incu-
bation 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 scintil-
lation vials after adding 250 wl of 0.4 N HCIl. The radicactivity
associated with the cells and incubation buffer was measured in a
liquid scintillation counter (LS6000SE; Beckman Coulter, Fullerton,
CA) after adding 2 ml of scintillation fluid (Clear-sol I; Nacalai
Tesque, Kyoto, Japan) to the scintillation vials. The remaining 50 ul
of cell lysate was used to determine the protein concentration by the
method of Lowry with bovine serum albumin as a standard.

Transport Study Using Human Cryopreserved Hepato-
cytes. This experiment was performed as described previously
(Shitara et al., 20034). Cryopreserved human hepatocytes were pur-
chased from In Vitro Technologies (Baltimore, MD). In this experi-
ment, we selected three batches of human hepatocytes (Lot. OCF,
094, and ETR) that show relatively high uptake amount of E,178G
and E-sul among eight independent batches of hepatocytes. Imme-
diately before the study, the hepatocytes (1-m] suspension) were
thawed at 37°C, then quickly suspended in 10 ml of ice-cold Krebs-
Henseleit buffer and centrifuged (50g) for 2 min at 4°C, followed by
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removal of the supernatant. This procedure was repeated once more
to remove cryopreservation buffer, and then the cells were resus-
pended 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 deter-
mined 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 chloride and choline bicarbonate.
Prior to 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 labeled and unlabeled
substrates to the cell suspension. After incubation at 37°C for 0.5, 2,
or 5 min, the reaction wag terminated by separating the cells from
the substrate solution. For this purpose, an aliquot of 80 pl of
incubation mixture was collected and placed in a centrifuge tube (450
1) containing 50 pl of 2 N NaOH under a layer of 100 w1 of oil
(density, 1.015, a mixture of silicone oil and mineral oil; Sigma-
Aldrich), and subsequently the sample tube was centrifuged for 10 s
using a tabletop centrifuge (10,000g, Beckman Microfuge E; Beck-
man Coulter). 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 com-
partment containing the dissolved cells was neutralized with 50 pl of
2 N HC], 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-OATP2 and anti-OATPS sera were raised in rabbits
against a synthetic peptide consisting of the 21 and 15 carboxyl-
terminal amino acids, respectively, of OATP2 and OATPS coupled to
keyhole limpet hemoeyanine at its N terminus via an additional
cysteine (Konig et al., 2000a,b). Crude membrane fractions were
prepared from human hepatocytes and transporter-expressing
HEK293 cells as described previously (Sasaki et al., 2002). The crude
membrane fractions were diluted with 3% Red loading buffer (Bio-
Labs, Hertfordshire, UK) and loaded onto a 7% SDS-polyaerylamide
gel with a 4.4% stacking gel. Proteins were electroblotted onto a
polyvinylidene diflouride membrane (Pall, East Hills, NY) using a
blotter (Trans-blot; Bio-Rad, Hercules, 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 tempera-
ture. After washing with TBS-T, the membrane was incubated with
anti-0ATP2 serum (dilution 1:500) or anti-QATPS serum (dilution
1:1000). The membrane was incubated with a horseradish peroxi-
dase-labeled anti-rabbit IgG antibody (Amersham Biosciences UK,
Ltd.) diluted 1:2000 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).

Kinetic Analyses. Ligand uptake was expressed as the uptake
volume (microliters per milligram of protein), given as the amount of
radioactivity associated with the cells (disintegrations per minute
per milligram of protein) divided by its concentration in the incuba-
tion medium {(disintegrations per minute per microliter). Specific
uptake was obtained by subtracting the uptake into vector-trans-
fected cells from the uptake into cDNA-transfected cells. Kinetie
parameters were obtained using the following equation:

Vmu X8

V=K. +8

+ Py XS 1

where v is the uptake velocity of the substrate (picomoles per minute
per milligram of protein), § is the substrate concentration in the
medium (micromolar), K, is the Michaelis constant (micromolar),
Vinax i8 the maximum uptake rate (picomoles per minute per milli-
gram of protein), and Py is the nonsaturable uptake clearance
(microliters per minute per milligram of protein). Fitting was per-
formed by the nonlinear least-squares method using a MULTI pro-
gram (Yamaoka et al, 1981), and the Damping Gauss Newton
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Method algorithm was used for fitting. The input data were weighted
as the reciprocal of the observed values.

To determine saturable hepatic uptake clearance in human
hepatocytes, we first determined the hepatic uptake clearance
(CL2min-0.6miny (microliters per minute per 10° cells) by calculat-
ing the slope of the uptake volume (V) (microliters per 10° cells)
between 0.5 and 2 min (eq. 2). The saturable compoenent of the
hepatic uptake clearance (CLy,,) was determined by subtracting
CL(2 min-0.5 min) ikt the presence of 100 pM substrate (excess) from
that in the presence of 1 uM substrate (tracer) (eq. 3).

Va2 min — Va5 min

CL(zmin—n,smiu) = 2-05 2
CLhep = CL(Z min - 0.5 min),tracer CL(Z min ~ .5 min),excess (3)
Where CL(Zmin—O.Smin),tracer and CL(Zmin—O.E min),axcess represent

Cliz.nin—0.5miny estimated in the presence of 1 and 100 uM substrate,
respectively.

Estimation of Uptake Clearance in Human Hepatocytes
from cDNA Transfectants. The use of this methed for estimating
the contribution of each molecule to the overall reaction [relative
activity factor (RAF) method] has been described for cytochrome
P450 (Crespi and Penman, 1997), and it has also been applied to
renal uptake transporters (Hasegawa et al., 2003), Based on this
strategy, we estimated the contribution of OATP2 and QATPS to the
overall uptake by human hepatocytes. Because E-sul and CCK.-8
could be selective substrates for OATP2 and OATPS, respectively,
they were used as reference compounds for OATP2- and QATPS-
mediated uptake (Cui et al., 2001; [smair et al., 2001). The ratio of
the uptake clearance of reference compounds in human hepatocytes
to that in the expression system was calculated and defined as
Ro, oaree an0d R, oares. The uptake clearance by OATP2 and
OATPS was separately calculated by multiplying the uptake clear-
ance of the test compounds (pitavastatin and E,178G) in transport-
er-expressing cells (CLoarpz tess 20 CLligarps sas) by B, oaree and
R, oares, respectively, as described in the following equations:

CL‘Hep.E—au]

Roct0ate2 = Cloxteenr (4)

Ry 0amps = %‘ (5)
CLiep.test,0a1P2 = CLoaTP2 t04t * Ruct,0a7P2 (6)
CLhnp,test,OAT’PB = CLOATPB,tesr.' Ra:t.ﬂATPB )
Cliup.tent = CLigep seet,0atpe + Cl‘hep,mt.OATPS 8

In addition, the ratio of the expression levels of OATP2 and
OATPS in human hepatocytes (per 10° cells) to transporter-express-
ing cells (per milligram of protein) (Roxp, oazrz a0d R,y oarrs) could
be calculated from the intensity of specific bands in Western blot
analysis and the amount of crude membrane prepared from each cell
type as follows. The relative expression level per 10° hepatocytes or
milligram of protein in HEK293 whole cells was given by multiplying
the band density per unit protein amount in erude membrane of each
batch of hepatocytes or transporter-expressing HEK293 cells by pro-
tein amount in crude membrane obtained by 10° hepatocytes or 1 mg
of whole-cell protein in HEK293 transfectants. The R, value was
calculated as the relative expression level per 10% hepatocytes di-
vided by that per milligram of protein in HEK293 cells. The OATP2-
and OATP8-mediated hepatic uptake of test compounds (pitavasta-
tin and E;178G) was calculated from the following equation:

Clinep.test = CLoatpa test * Rexp,0a1p2 + CLioaTpS tost Eopoares (9}
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Results

Uptake of E,178G, E-sul, CCK-8, and Pitavastatin by
Transporter-Expressing Cells. The saturation kinetics of
E,178G, E-sul, CCK-8, and pitavastatin by OATP2- and
OATP8-expressing cells and vector-transfected HEK293 are
shown as Eadie-Hofstee plots in Fig. 1. Pitavastatin as well
as E,17BG were significantly taken up into both OATP2- and
OATP8-expressing HEK293 cells compared with vector-
transfected cells (Fig. 1, A and D). The transfection of OATP2
resulted in an increase in the uptake of E-sul but did not
affect the uptake of CCK-8, whereas transfection of OATP8
resulted in an increase in the uptake of CCK-8 but not E-sul
(Fig. 1, B and C). The concentration dependence of the uptake
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Fig. 1. Eadie-Hofstee plots of the uptake of [PHIE,178G, PH]E-sul,
PHICCK-8, and [**Clpitavastatin by OATP2- and OATP8-expressed
HEK293 cells. Squares and circles represent the uptake in CATP2- and
OATPg-expressed cells, respectively. The concentration dependence of
OQATP2- and OATPS-mediated uptake of [FHIE,178G (A), [FH]E-sul (B),
[PH]CCXK-8 (C), and [*C]pitavastatin (D) is shown as Eadie-Hofstee plots.
The uptake of PH|E, 178G, [PH]IE-su!, FHICCK-8, and [“*Clpitavastatin
for 5, 0.5, 2, and 2 min, respectively, was determined at various concen-
trations (0.1-30 M). The OATP2- and OATP8-mediated transport was
obtained by subtracting the uptake in vector-transfected cells from that
in QATP2- or OATP8-expressing cells. Lines represent the fitted curves
obtained by nonlinear regression analysis. Each point represents the
mean * S.E. (n = 3).

TABLE 1

of pitavastatin, E;178G, and E-sul could be explained by a
one-saturable component (Fig. 1, A, B, and D). However, a
saturable and a nonsaturable component could be accounted
for even in the specific uptake of CCK-8 determined by sub-
traction of the uptake by vector-transfected cells from that by
OATPS-expressing cells (Fig. 1C). Their kinetic parameters
are summarized in Table 1. The rank order in the uptake
clearance by OATP2 was E-sul > pitavastatin > E,178G,
whereas that by OATP8 was pitavastatin > CCK-8 >
E,175G.

Uptake of E,;178G, E-sul, CCK-§, and Pitavastatin by
Human Cryopreserved Hepatocytes. Typical time pro-
files of the uptake of E,178G, E-sul, CCK-8, and pitavastatin
in one batch of human hepatocytes (Lot. OCF} are shown in
Fig. 2. Time-dependent uptake of all ligands was observed at
1 uM, and it was decreased in the presence of 100 uM
unlabeled ligands in all batches of hepatocytes examined in
the present study (data not shown). The uptake clearance of
these substrates in each donor is listed in Table 2. The
uptake clearance by human hepatocytes was in the order
E-sul > pitavastatin > E;178G > CCK-8.

The Effect of Sodium Ion on the Uptake of Pitavas-
tatin by Human Cryopreserved Hepatocytes. To deter-
mine whether the uptake of pitavastatin into hepatocytes is
Na* dependent or not, we investigated the pitavastatin up-
take in the presence and absence of Na* in human hepato-
cytes. As shown in Fig. 3, replacement of Na™ with choline in
the transport buffer had no effect on the uptake of pitavas-
tatin in human hepatocytes.

Western Blot Analysis. The relative expression levels of
OATP2 and OATPS in crude membrane from transfected
cells and hepatocytes were investigated by Western blot
analyses. An antiserum against OATP2 recognized approxi-
mately 80-kilodalton proteins in the crude membrane frac-
tions prepared from human hepatocytes and OATP2-express-
ing cells, respectively (Fig. 4A). Anti-OATPS antiserum could
detect the specific band of approximately 120-kilodalton pro-
teing in the crude membrane fractions prepared from human
hepatocytes and QOATP8-expressing cells, respectively (Fig.
4B). The molecular weights of OATP2 and OCATPS in the
human hepatocytes were almost the same as those in
OATP2- and OATPS-expressing cells, respectively. No ex-
pression of OATP2 or OATP8 was observed in vector-trans-
fected HEK293 cells (Fig. 4, A and B). Figure 4, C and D
showed the linear relationship between the applied amount
of crude membrane obtained from transporter-expressing
cells and human hepatocytes and the intensity of the specific
band measured by digital densitometer. The slope of the

Kinetic parameters of the uptake of compounds by transporter-expressing HEK293 cells
Data shown in Fig. 1 were used to determine these parameters calculated by nonlinear regression analysis. Each point represents the mean = S.E. {n = 3).

Transporter Substrate K. Vinax VoK Pyir
uM pmollmin/mg wliminimg wiminimg
OATP2 E-sul 0.458 * 0.154 60.3 =88 132+ 19 -
CCK-8 Not significantly transported
Pitavastatin 3.00x0.39 230 =17 76.6 =+ 5.6
E. 178G 8,29 * 042 1315 158 £ 0.6
OATPS E-sul Not significantly transported
CCK-8 3.82x220 102 * 60 26.7 = 15.7 114+26
Pitavastatin 3.25 + (.44 100+ 8 30623
E, 178G 246+ 7.6 568 = 16.1 2.31 = 0.65

Pyir, nonsaturable uptake clearance {microliters per minute per milligram of protein).
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Fig. 2. Time profiles of the uptake of PHIE, 178G, [*H]E-sul, [*HICCK-8,
and [**C]pitavastatin by human hepatocytes (Lot. ETR). The uptake of
these substrates for 0.5, 2, and 5 min was determined at two concentra-
tions (closed circle, 1 uM; open circle, 100 uM) at 37°C, Each peint
represents the mean * S.E. (n = 3).

TABLE 2

Uptake clearance of reference compounds (E-sul and CCK-8) and test
compounds (pitavastatin and E,173G) in human hepatocytes

Uptake Clearance {CLy,, )
Substrate
Lot. OCF Lot. 094 Lot. ETR
wtmint 10° cells
E-sul 110 134 57.7
CCK-8 7.89 3.50 2.02
pitavastatin 61.3 113 39.2
E, 178G 13.5 17.0 5.5

% Uptake clearance was determined using three independent batches of human
cryopreserved hepatocytes.
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Fig, 3. Time profiles of the uptake of [**C]pitavastatin by human hepa-
tocytes {Lot. OCF) in the presence and absence of Na*. The uptake of
pitavastatin for 0.5, 2, and 5 min was determined at two concentrations
{closed symbol, 1 uM, open symbol, 100 xM) at 37°C. Circles and trian-
gles indicate the pitavastatin uptake in the presence and absence of Na*,
respectively, Each point represents the mean = 5.E. (n = 3).

regression line in Fig. 4, C and D reflected the relative
expression level of each transporter in the transfectants and
hepatocytes.

Estimation of Uptake Clearance and Contribution of
OATP2 and OATPS in Human Hepatocytes, We calcu-
lated the estimated uptake clearance of OATP2 and OATPS
in human hepatocytes by two approaches (Tables 3 and 4). In
the first approach, by comparing the uptake clearance of
reference compounds (E-sul for OATP2 and CCK-8 for
OATP8) in transfectants and hepatocytes, we were able to
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Fig. 4. Western blot analysis of OATP2 and OATPS. Crude membrane
fractions (5, 10, and 20 ug) prepared from OATP2- and OATPS-expressed
HEK293 cells and human hepatocytes (Lot. 094) were loaded and sepa-
rated by SDS-PAGE (7% zeparating gel). The sample indicated “Human
liver” means the crude membrane vesicles prepared from a human frozen
liver black as & positive control. OATP2 and OATPS were detected by
preimmune antisera raised against the carboxyl terminus of human
OATP2 (A} and OATPS (B), respectively. Comparison of the relative
expression levels of OATP2 (C) and OATP3 (D) between transfectants
and hepatocytes is shown. The x-axis and y-axias represent the amount of
crude membrane obtained from transfectants and human hepatocytes
and the intensity of the specific band in Western blot analysis, respec-
tively. Closed circles and open circles indicate the band density of human
hepatocytes (Lot. 094) and OATP2- (C) or OATPB- (D) expressing
HEK293 cells, respectively.

calculate the ratio of the clearance (R,_,) and estimated clear-
ance of pitavastatin and E;178G mediated by OATP2 and
OATPS based on the RAF method (Table 3). In the second
approach, we compared the intensity of specific bands of
transfectants and hepatocytes in Western blot analysis. We
could obtain 62.1 and 96.7 ug of protein in crude membrane
from 1 mg of whole cell protein in OATP2- and QATPS-
expressing HEK293 cells, respectively, whereas 178, 89, and
82 ug of protein in crude membrane were obtained from 10°
hepatocytes of Lot. OCF, (94, and ETR, respectively. When
the band density per unit protein amount in crude membrane
of OATP2- or OATP8-expressing HEK293 cells was defined
as 1, the relative expression level of OATP2 or OATPS per
unit protein amount in crude membrane of hepatocytes of
Lot. OCF, 094, and ETR was 1.01, 1.10, and 0.673 (per
microgram) for OATP2 and 0.659, 1.01, and 0.872 (per mi-
crogram} for OATPS, respectively. Using these values, the
relative ratio of the expression level (R,,,) and estimated
clearance could be caleulated (Table 4). The estimation by the
two approaches suggested that both pitavastatin and
E,178G are taken up into human hepatocytes predominantly
by OATP2 (Tables 3 and 4).
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TABLE 3

Contribution of OATP2 and OATPS to the hepatic uptake of pitavastatin and E,178G determined using transporter-selective substrates

Ratio of Uptake Clearance

Estimated Clearance?®

Hepatacyte CLtyai/CLvansportor Pitavastatin E,176G
Roaontes Ry ontrs OATP2 OATPS OATP2 OATP3
wlfminl 10° cells

OCF 0.833 0.291 63.8 8.92 13.2 0.218
87.7% 12.3% 98.4% 1.63%

094 1.02 0.131 7.8 401 16.0 0.0979
95.1% 4.91% 99.4% 0.607%

ETR 0.437 0.0757 335 2.32 6.91 0.0565
93.5% 6.47% 99.2% 0.812%

“ The second line entry under “Estimated Clearance™ shows the percentage of OATP2- or OATPS-mediated uptake clearance relative to the sum of the estimated clearance
mediated by OATP2 and OATPS. The details of this estimation are described under Materials and Methods.

TABLE 4

Contribution of OATP2 and OATPS to the hepatic uptake of pitavastatin and E,173G determined by the relative expression level

Ratio of Expression Level”

Estimated Clearance®

He]’f‘fﬁcy te Hepatocyte Transporter E-sul CCK-8 Pitavastatin E 178G
R ocp.oaTP2 Roxp.0nTFS OATP2 OATP8 OATP2 OATPS QATP2 OATPS
ulimini 10° cells

OCF 2.90 1.21 383 323 222 .o 458 2.80
85.7% 14.3% 94.2% 5.76%

094 1.58 0.930 208 24.8 121 28.4 24.9 2.15
80.9% 19.1% 92.1% 7.95%

ETR 0.89 0.737 117 19.7 68.1 226 14.0 1.711

75.1% 24.9% 89.2% 10.8%

9 Ratio of the expression level was determined by the intensity of the specific band in the crude membrane prepared from human hepatocytes (per 108 cells) divided by
that in the crude membrane from transporter-expressing cells (per milligram) in Western blot analysis.
® The gsecond line entry under “Estimated Clearance” shows the percentage of the OATP2- or OATP8-mediated uptake clearance relative to the sum of the estimated
clearance mediated by OATP2 and OATPS. The details of this estimation are described under Materials and Methods.

Discussion

In the present study, we have clarified that pitavastatin is
taken up into human hepatocytes via OATP2 and OATPS,
and we also investigated the transport properties of pitavas-
tatin using transporter-expressing HEK293 cells and human
cryopreserved hepatocytes to estimate the contribution of
these transporters to the total uptake in human hepatocytes.

Significant uptake of pitavastatin via QATP2 and QATPS
was observed compared with control cells, and this begame
saturated on increasing its concentration in the medium [ Fig.
1). It has been shown that, in a series of statins, pravasEatin,
cerivastatin, and rosuvastatin are substrates of UATP2
(Brown et al., 2001; Nakai et al., 2001; Sasaki et al==2002;
Shitara et al., 2003a). The K, value of pitavastam for
OATP2 is comparable with that of cerivastatin (Kom= 4.3
uM) (in-house data) and rosuvastatin (K,,, = 7.3 pMy¥BTown
et al., 2001) and smaller than that of pravastatin (K_ 243
uM) (Sasa.kl et al., 2002).

We demonstrated here for the first time that, Er as
statins are concerned, pitavastatin is a substrate for OATPS
as well as OATP2 (Fig. 1D). K, values of pitavastatin for
OATP2 and 8 were comparable (Fig. 1; Table 1); therefore, we
were not able to determine which transporter is man¥y re-
sponsible for its uptake in human hepatocytes only l:_aﬁatu-
ration kinetics in human hepatocytes.

It has been reported that E-sul and CCK-8 are selatwe
substrates of OATP2 and QATPS, respectively (Cuizet al.,
2001; Ismair et al., 2001). We confirmed these findingsin our
experimental systems (Fig. 1). We also confirmed that
E;178G was a good substrate for both OATP2 and OATES by

using transporter-expressing cells (Fig. 1) (Kénig et al.,
2000a, b). As shown in Table 1, the K, values of E,178G,
E-sul, and CCK-8 were comparable with the reported values
(Ismair et al,, 2001; Tamai et al., 2001).

Next, we performed the uptake study in human c¢ryopre-
served hepatocytes. Shitara et al. (2003b) reported that large
interbatch differences in uptake activity were observed in
human cryopreserved hepatocytes probably due to differ-
ences in the conditions of isolation of the hepatocytes and
cryopreservation as well as the interindividual variability in
the expression and function of transporters. So, we carried
out a study using three batches of hepatocytes prepared from
three independent donors. In all three batches examined in
the present study, pitavastatin, E; 178G, E-sul, and CCK-8
were taken up in a time-dependent and saturable manner
(Fig. 2).

We examined the uptake of pitavastatin in the presence
and absence of Na™ to determine whether Na*-dependent
uptake of pitavastatin was observed in human hepatocytes.
In this experiment, we confirmed that the batch (Lot, OCF)
used in the present study exhibited Na™-dependent uptake of
taurocholate (data not shown) to the same extent as shown in
the previous report (Shitara et al.,, 2003b). However, the
uptake of pitavastatin by hepatocytes did not change regard-
less of the presence of Na*, suggesting that pitavastatin is
mainly taken up in a Na*-independent way, suggesting that
Na*-taurocholate-cotransporting polypeptide is not mainly
involved in hepatic uptake of pitavastatin. Previous reports
demonstrated that both OATP2 and OATP8 can transport
substrates in an Na*-independent manner (Kénig et al.,
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2000a,b), and these Na*-independent transporters are in-
volved in hepatic uptake of pitavastatin.

To estimate the contribution of OATP2 and OATPS to the
hepatic uptake of pitavastatin, we developed a method using
reference compounds that were selective substrates of
OATP2 or OATPS. Crespi and Penman (1997) proposed the
RAF method using the ratio of the metabolic activity in
human liver microsomes divided by the activity in each iso-
form-specific cytochrome P450 reaction. Applying the RA¥F
concept to transporter research, Hasegawa et al. (2003) cal-
culated the contribution of Oatl and Qzt3 to the renal uptake
in rats by comparing the uptake clearance of reference com-
pounds (p-aminohippurate for Oatl and benzylpenicillin for
Oat3) in kidney slices and Qatl- and Oat3-transfected cells.
According to this method, assuming that both for OATP2 and
OATPS, the intrinsic clearance per unit molecule in human
hepatocytes is the same as that in the expression system, the
ratio of the transport activity of reference compounds in
human hepatocytes to that in transporter-expressing cells
(R, should correspond to the relative expression level of
each transporter. Multiplying R, . by the uptake clearance of
pitavastatin and E,178G in each transfectant, we can esti-
mate the OATP2- and OATP8-mediated portion of the uptake
of pitavastatin and E;178G in hepatocytes. From our estima-
tion described above, the sum of the calculated OATP2- and
OATP8-mediated uptake was almost identical to the experi-
mentally observed uptake clearances in the cases of both
pitavastatin and E;178G (Tables 2 and 3). Therefore, the
uptake of pitavastatin and E 178G by human hepatocytes
could be fully explained by OATP2 and OATPS8, and more
than 87% of their total hepatic uptake could be accounted for
by OATP2 in all three independent batches of human cryo-
preserved hepatocytes (Tables 2 and 3).

To validate our estimation, we directly compared the ex-
pression level of OATP2 and QATPS between transfectants
and hepatocytes by Western blot analysis and calculated the
ratio of the expression level in these cells (R, ) as described
above. As a result of our estimation using R,,, values, the
sum of the predicted OATP2- and OATP8-mediated uptake of
pitavastatin and E ;178G was 5 to 10 times higher than their
observed clearance in hepatocytes (Tables 2 and 4), a finding
that is not consistent with our earlier estimation based on
the relative uptake clearance of the reference compounds.
There are two possibilities to account for this discrepancy.
Firstly, the recovery of each transporter protein in samples
for Western blot analysis in transfectants and hepatocytes
may be different. Secondly, the total amount of protein in the
whole-cell erude membrane, which we measured in the
present study, may not indicate the expression level of a
functional transporter on the cell surface. On the other hand,
our results indicated that the ratio of the R,,, values for
OATP2 and OATPS was comparable with that of the R,,,
values and therefore, the estimated contribution of each
transporter was almost the same when using the two calcu-
lation approaches. The contribution of OATP2 to the hepatie
uptake of pitavastatin and E,178G estimated from the R,
value also indicated more than 75 and 85% of the overall
uptake in all three batches of hepatocytes, respectively, sug-
gesting that the results obtained by the two approaches are
consistent, and OATFP2 appears to be mainly responsible for
the hepatic uptake of pitavastatin and E,173G although both
compounds are partly taken up by OATPS.
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Alcorn et al. (2002) have reported that the mENA level of
OATP-B is almost the same as that of OATP2 in human liver,
Strictly speaking, E-sul is not a selective substrate of QATP2
because some reports have indicated that it can be taken up
by OATP-B and OATP8 (Kullak-Ublick et al., 2001; Koba-
yashi et al., 2003; Ismair et al., 2003), although we could not
observe significant uptake of E-sul via OATPS (Fig. 1), and
Cui et al. (2001} reported that OATP8-expressing HEK293
cells did not significantly take up E-sul, However, we believe
that E-sul can be used as a specific substrate of OATP2 in
hepatocytes for the following reason. Previous reports have
demonstrated that CCK-8 can be transported by OATPS, but
not OATP-B and OATP2 (Ismair et al., 2001), and that
E;178G can be a substrate of QATP2 and OATPS, but not
OATP-B (Kullak-Ublick et al.,, 2001; Tamai et al.,, 2001).

. Taking these facts into consideration, we believe that the

hepatic uptake of E;178G can be almost completely ac-
counted for by OATP2 because the contribution of CATPS to
the overall hepatic uptake of E;178G was negligible in our
estimation based on the uptake clearance of CCK-8 (Table 3).
On the other hand, the uptake clearance of E;178G in human
hepatocytes was almost comparable with the OATP2-medi-
ated uptake clearance of E;178G estimated from the uptake
clearance of E-sul in human hepatocytes and the QATP2
expression system. Therefore, we believe that E-sul is taken
up into human hepatocytes mainly by OATP2.

In clinical situations, Shitara et al. (2003a) suggested that
the drug-drug interaction between cerivastatin and cyclo-
sporin A is mediated by OATP2. Nishizato et al. (2003) re-
ported that QATP-C*15 polymorphism affects plasma con-
centration of pravastatin. Therefore, OATP2 may play a
major role in the hepatic uptake of statins, and we should pay
attention to functional change of OATP2 in pharmacokinetics
of statins.

In conclusion, we have evaluated the contribution of
OATP2 and OATPS to the hepatic uptake of pitavastatin and
E,17BG by transporter-expressing HEK293 cells and human
hepatocytes. When we estimated their contribution by two
approaches using the uptake of transporter-selective sub-
strates and the relative expression level measured by West-
ern blot analysis, most of the total hepatic clearance of
pitavastatin and E;17pG could be accounted for by OATP2.
These methods will be useful for rapidly identifying the sep-
arate contributions of OATP2 and OATPS to the hepatic
uptake.
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ABSTRACT :

Statins, 3-hydroxy-3-methylgiutaryl-CoA reductase inhibitors,
are frequently used for the treatment of hypercholesterolemia.
The present study aimed to examine the involvement of organic
anion transporters in the efflux transport of pravastatin and
pitavastatin across the blood-brain barrier (BBB). Transport
studies using cDNA-transfected cells revealed that these stat-
ins are substrates of multispecific organic anion transporters
expressed at the BBB {rOat3:5/c22a8 and rQatp2:Sicolad). The
efflux of these statins across the BBB was characterized using
the brain efflux index method. The efflux clearance of pitavas-
tatin across the BBB, obtained from the elimination rate con-
stant and the distribution volume in the brain, was greater than
that of pravastatin (364 versus 59 pl/min/g brain). The efflux of
pravastatin and pitavastatin was saturable (apparent K|, values:

18 and 5 uM, respectively) and inhibited by probenecid but
unaffected by tetrasthylammonium, Furthermore, an inhibitor of
the efflux pathway for hydrophilic organic anions across the
BBB (p-aminchippurate), and inhibitors of the efflux pathway
for amphipathic organic anions (taurocholate and digoxin) in-
hibited the efflux of both statins. The degree of inhibition by
p-aminohippurate was similar and partial for the efflux of prav-
astatin and pitavastatin. Taurocholate and digoxin completely
inhibited the efflux of pitavastatin, whereas their effect was
partial for the efflux of pravastatin. The results of the present
study suggest the involvement of multiple transporters, includ-
ing rOat3 and rOatp2, in the efflux transport of pravastatin and
pitavastatin across the BBB, each making a different contribu-
tion.

The brain capillary endothelial cells are characterized by
highly developed tight junctions and the expression of xeno-
biotic transporters (Kusuhara and Sugiyama, 2001a,b; Lee et
al., 2001; Golden and Pollack, 2003; Sun et al., 2003). These
transporters include the member(s) of the Oat family (QOat3)
(Ohtsuki et al., 2002; Kikuchi et al., 2003), the Oatp family
{Oatp2) (Asaba et al,, 2000; Sugiyama et al.,, 2001), and the
ATP-binding cassette transporters (Mdrl and Mrpl) (Kusu-
hara et al.,, 1997; Sugiyama et al,, 2003). Cumulative evi-
dence suggests that these transporters facilitate the elimina-
tion of xenobiotics and endogenous compounds from the
central nervous system (CNS) across the BBB, providing the
barrier function between the blood and the brain.

Statins, HMG-CoA reductase inhibitors, have been used
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Culture, Sports, Science and Technology of Japari.

Article, publication date, and citation information can be found at
http:/fpet. aspetjournals.org.
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for the treatment of hypercholesterolemia. HMG-CoA reduc-
tase, the rate-limiting enzyme in cholesterol biosynthesis, is
present in the liver and nonhepatic tissues, catalyzing the
early conversion of HMG-CoA to mevalonic acid, and the
enzyme inhibition in the liver by statins results in the lower
serum level of total cholesterol (Reinoso et al., 2002). The
adverse effects of statins include CNS side effects, such as
sleep disturbance, as well as myopathy (Schaefer, 1988;
Barth et al., 1990). Therefore, the liver selectivity of statins
must be given priority in clinical sitnations to reduce the
undesired toxicological effects on the body. On the other
hand, several reports suggest that statins have a potentially
neuroprotective effect (Cucchiara and Kasner, 2001). Thus, it
is possible that statins could be used for the treatment of
CNS diseases. Previously, Saheki et al. (1994} showed that
the brain uptake clearance of pravastatin was guite low,
almost comparable with that of sucrose using the in situ
brain perfusion technique. However, taking into consider-
ation the chronic administration of statins, it is necessary to

ABBREVIATIONS: OQat, organic anion transporter; Oatp, organic anion-transporting polypeptide; CNS, central nervous system; BBB, blood-brain
barrier; HMG, 3-hydroxy-3-methylglutaryl; BEI, brain efflux index; PAH, p-aminchippurate; TCA, taurocholate.
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investigate the efflux transport across the BBB since the
steady-state brain concentration is governed by both the
uptake and the efflux transport across the BBB,

Pitavastatin, one of the newly developed statins, contains a
carboxyl acid group in its chemical structure like pravasta-
tin. Although pitavastatin is more lipophilic than pravasta-
tin (log D; 4 1.5 versus —0.47) (Ishigami et al., 2001), its
brain-to-plasma concentration ratio has been reported to be
lower than that of pravastatin (0.063 versus 0.48) (Komai et
al,, 1992; Kimata et al,, 1998). The lower distribution of
pitavastatin in the brain may be explained by the efflux
transport across the BBB.

We have recently shown that rOat3 is expressed at the
BBB (Kikuchi et al., 2003). rOat3 is a multispecific trans-
porter, with substrates that include amphipathic organic an-
ions as well as hydrophilic ones (Kusuhara et al., 1999),
According to inhibition studies, it has been suggested that
rOat3 is involved in the efflux of hydrophilic organic anions,
but its contribution to the efflux transport of amphipathic
organic anions, such as 178-estradiol-p-178-glucuronide, is
limited (Sugiyama et al., 2001; Kikuchi et al., 2003). rOatp2,
another multispecific organic anion transporter expressed at
the BBB (Gao et al., 1999), has been suggested to account for
the efflux of amphipathic organic anions across the BBB
(Asaba et al., 2000; Hosoya et al., 2000; Sugiyama et al.,
2001). Since pravastatin is a substrate of both rOat3 and
rOatp2 (Tokui et al., 1999; Hasegawa et al., 2002), these
transporters may be involved in the efflux of pravastatin and,
possibly, of pitavastatin, from the brain across the BBB,
accounting for the lower brain distribution of pitavastatin
compared with that of pravastatin.

In the present study, we demonstrated that pravastatin
and pitavastatin are substrates of both rOat3 and rOatp2
using eDNA-transfected cells. The efflux clearances of prav-
astatin and pitavastatin from the brain into the blood ¢ircu-
lation across the BBB were calculated using the intracere-
bral microinjection technique (BEI method) and brain slice
uptake experiments. In addition, the involvement of rOat3
and rOatp2 in the efflux processes was suggested in vivo by
examining the inhibitory effect of several compounds.

Materials and Methods

Chemicals. [*H]Pravastatin (45.5 Ci/mmol) and unlabeled prav-
astatin sodium {{+)-(3R,5R)-8,5-dihydroxy-7-{(15,29,65,85,8aR)-6-
hydroxy-2-methyl-8-[(S)-2-methylbutyryloxyl-1,2,6,7,8,8a-hexahy-
dro-1-naphthyllheptanocate] were kindly denated by Sankyo (Tokye,
Japan), and [*H]pitavastatin {16 Ci/mmol) and unlabeled pitavasta-
tin [{(+)-monocalcium bis{(3R,55,6E)-7-[2-cyclopropyl-4-{4-fluorophe-
ny1}-3-quinolyl]-3,5-dihydroxy-6-heptenoate] were supplied by Kowa
Company Ltd. (Tokyo, Japan). [**C]Carboxyl-inulin (2.5 mCi/g) was
purchased from PerkinElmer Life and Analytical Sciences (Boston,
MA). Unlabeled probenecid, PAH, and TCA were purchased from
Sigma-Aldrich (St., Louis, MO}, unlabeled digoxin was obtained from
Aldrich Chemical Co. (Milwaukee, WI}, and unlabeled tetraethylam-
monium was purchased from Wako Pure Chemicals (Osaka, Japan).
Ketamine hydrochloride was purchased from Sankye. Xylazine and
ketamine hydrochloride were used as anesthetics. All other chemi-
cals were commercially available, of reagent grade, and used without
further purification.

Animals. Sprague-Dawley male rats (supplied by Japan SLC,
Shizuoka, Japan) weighing 220 to 250 g were used throughout this
study and had free access to food and water. All experiments using
animals in this study were carried out according to the guidelines

provided by the Institutional Animal Care Committee (Graduate
School of Pharmaceutical Sciences, The University of Tokyo).

Transport Study. rOat3- and rOatp2-expressed LLC-PK1 cells
were established and maintained as deseribed previously (Sugiyama
et al., 2001). Uptake was initiated by adding the radiolabeled ligands
to the medium in the presence and absence of inhibitors after cells
had been washed three times and preincubated with Krebs-Hense-
leit buffer at 37°C for 15 min. The Krebs-Henseleit buffer consisted
of 142 mM NaCl, 23.8 mM NaHCO,;, 483 mM KCl, 0.96 mM
KH,PO,, 1.20 mM MgSQ,, 12.56 mM HEPES, 5 mM glucose, and 1.53
mM CaCl; adjusted to pH 7.4. The uptake was terminated at desig-
nated times by adding ice-cold Krebs-Henseleit buffer, dissolved in
500 ul of 0.2 N NaOH and kept overnight. The radioactivity associ-
ated with the cells and medium was determined. The aliquots of cell
lysate were used to determine the protein concentration by the
method of Lowry (1951), with bovine serum albumin as a standard.
Ligand uptake is given as the cell-to-medium concentration ratio
determined as the amount of ligand associated with the cells divided
by the medium concentration.

In Vivo Efflux Study. The efflux of test compounds from the
brain after microinjection into the cerebral cortex was investigated
using the BEI method as described previously (Kakee et al., 1996),
[PH]Pravastatin (15.6 nCifrat) or [*H]pitavastatin (31.3 nCi/rat) with
a nonpermeable reference compound [[**Clearboxyl-inulin (0.625
nCi/rat)] in 0.5 ul of ECF buffer (122 mM NaCl, 25 mM NaHCO,, 10
mM Dd-glucose, 3 mM KCl, 1.4 mM CaCl,, 1.2 mM MgSO,, 0.4 mM
K,HPO,, and 10 mM HEPES, pH 7.4) in the presence or the absence
of different concentrations of various inhibitors was injected into the
Par2 region (¢.2 mm anterior and 5.5 mm lateral to the bregma, 4.5
mm in depth). After the microinjection, rats were decapitated, and
the radioactivity that remained in the left and right cerebrum was
determined. The 100-BEI (%), which represents the remaining per-
centage of the test compounds in the cerebrum, is described by eq. 1.

amount of test drug in the brain

amount of reference in the brain
amount of test drug injected
amount of reference injected

100 — BEI (%) =

x100 (1)

The elimination rate constant of the compounds from the brain
(k) was obtained by fitting the 100-BEI (%) versus time data. A
nonlinear least-squares regression program (MULTI) (Yamacka et
al., 1981) was used for the calculation.

Measurement of the Distribution Volume of [*H]Pravasta-
tin and [*HIPitavastatin in the Brain. The distribution volume of
pravastatin and pitavastatin in the brain was determined by the in
vitro brain slice uptake technique. Brain slices were prepared as
reported previously with a minor modification (Kakee et al,, 1997). A
hypothalamic slice, 300-um thick, was cut using a brain microslicer
(DTK-2000; Dosaka, Kyoto, Japan), and kept in oxygenated ECF
buffer equilibrated with 95% 0,/5% CQ,. After preincubation for 5
min at 37°C, the brain slice (15-25 mg) was transferred to 3 ml of
oxygenated incubation medium containing [FHlpravastatin or
PHlpitavastatin (0.05 uCi/ml) and [**Clcarboxyl-inulin (0.01 xCi/ml)
at 37°C. At appropriate times, brain slices were collected, and the
radioactivity was determined in a liquid scintillation counter, Ligand
uptake was given as the amount of ligand associated with the slice
divided by the medium concentration.

Results

Time Profiles of the Uptake of [*H]Pravastatin and
[*H]Pitavastatin by ¢DNA-Transfected Cells. The up-
take of [*H]pravastatin and [*H]pitavastatin by rOat3- and
rOatp2-transfected LLC-PK1 cells was significantly greater
than that by vector-transfected cells (Fig. 1). The uptake of
pravastatin by the cDNA-transfected cells increased linearly
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over b min, whereas that of pitavastatin increased over 2
min. Eadie-Hofstee plots of the specific uptake of pitavasta-
tin via rOat3 and rOatp2, obtained by subtracting the uptake
by vector-transfected cells from that by ¢DNA-transfected
cells, are shown in Fig. 2, A and B. Comparison of the
Akaike’s Information Criterion values (Yamaoka et al., 1981)
suggested that the specific uptake of pitavastatin by rOat3
consists of one saturable component, and the K_ and Vinax
values of pitavastatin for rOat3 were determined as 0.982 +
0.176 uM and 4,76 = 0.53 pmol/min/mg protein, respectively
(Fig. 2A). It was suggested that the specific uptake of pitavas-
tatin by rOatp2 consists of one saturable and one nonsat-
urable component. The K, and V_,,, values of pitavastatin
for rOatp2 were 7.21 * 0.96 uM and 80.9 * 10.9 pmol/
min/mg protein, respectively, and the uptake clearance cor-

(A) (B}

responding to the nonsaturable component was 1.24 * 0.25
pl/min/mg protein (Fig. 2B).

Time Profile of the Efflux of [*H]Pravastatin and
[*H]Pitavastatin from the Brain across the BBB. The
time profiles of the efflux of pravastatin and pitavastatin
from the brain after microinjection into the cerebral cortex
are shown in Fig. 3. Both statins were effluxed from the brain
into the systemic circulation following microinjection, and %,
was calculated as 0.060 = 0.002 min~* for pravastatin and
0.026 * 0.004 min~! for pitavastatin.

Uptake of Pravastatin and Pitavastatin by Brain
Slices. The distribution volume of pravastatin and pitavas-
tatin in the brain, V.., was determined in the in vitro
brain slice uptake study. Figure 4, A and B, shows the time
profiles of the uptake of [*Hlpravastatin and [*H]pitavasta-

[+,
—
L =
[

12

—
L=
]

v/s (LL/min/mg protein)
v/s (UL/min/mg protein)

Fig. 2. Concentration dependence of the uptake
of [*Hlpitavastatin by rOat3- and rOatp2-trans-
fected LLC-PK1 cells. The uptake of *H]pitavas-
tatin by rOat3- (A) and rOatp2- (B) transfected
LLC-PE1 cells in the presence of unlabeled
pitavastatin was examined at 37°C. Specific up-
take was obtained by subtracting the uptake by
vector-transfected cells from that by gene-trans-
fected cells. The solid lines represent the fitted
line obtained by nonlinear regression analysis.
Each point represents the mean * S.E. {n = 3).
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Fig. 8. Time profile of [PH]pravastatin and [PH]pitavastatin in the cere-
brum after intracerebral microinjection. A mixture of [*H]pravastatin
(15.6 nCi/rat) or [*H]pitavastatin (31.3 rCi/rat) and [**C]carboxyl-inulin
(0.625 nCi/rat) dissolved in 0.5 pl of ECF buffer was injected into Par2 of
the rat cerebrum; subsequently, animals were decapitated at appropriate
times. Circles and squares represent the elimination of pravastatin and
pitavastatin, respectively, The solid line represents the fitted line ob-

tained by nonlinear regression analysis. Each point represents the
mean * SE. (n = 3).

tin by brain slices, respectively. For both statins, no signifi-
cant differences in the slice-to-medium ratio between 120
and 240 min after incubation were observed, giving a steady-
state slice-to-medium ratio (Vg ,.;,) of 0.989 = 0.020 ml/g
brain for pravastatin and 14.0 = 0.4 ml/g brain for pitavas-
tatin.

Calculation of the Efflux Clearances of Statins from
the Brain into the Blood across the BBB. The apparent
BBB efflux clearances (CL,4) of pravastatin and pitavastatin
were calculated by multiplying the apparent elimination rate
constant {k,) by the distribution volume in the brain
(V4 brain)- The efflux clearances of pravastatin and pitavasta-
tin were 59,3 + 2.3 and 364 * 57 pl/min/g brain, respectively.

Concentration-Dependent Efflux of Pravastatin and
Pitavastatin from the Brain. The apparent elimination
rate constant (k) of pravastatin and pitavastatin decreased
while increasing the concentration of unlabeled substrate in
the injectate (Fig. 5, A and B). Considering the dilution factor
of 46.2 in the cerebrum after intracerebral micreinjection
{(Kakee et al., 1996), the apparent Michaelis-Menten constant
(K,) for the efflux of pravastatin and pitavastatin from the
brain across the BBB was estimated to be 18.2 * 5.0 and
4,85 > 1,14 pM, respectively.

Effect of Inhibitors on the Efflux of Statins across
the BBB. The efflux of pravastatin and pitavastatin from the
brain into the blood across the BBB was almost completely
inhibited by 50 mM probenecid in the injectate whereas the
effect of 50 mM tetraethylammonium was not significant for
both statins (Fig. 6). The efflux of both statins was also
inhibited by PAH, TCA, and digoxin in a concentration-de-
pendent manner (Fig. 7).

Discussion

In the present study, the uptake of pravastatin and
pitavastatin by rQOat3- and rQatp2-transfected cells was de-
termined, and the involvement of rOat3 and rQatp2 in the
efflux transport across the BBB was examined.

Statins, except lovastatin and simvastatin which are ad-
ministered in inactive lactone forms, are used in their active
acid forms (Reinoso et al., 2002). Thus, it is possible that
organic anion transporters are involved in regulating their
brain concentrations. It has been shown that pravastatinis a
substrate of both rOat3 and rOatp2 (Tokui et al,, 1999; Ha-
segawa et al., 2002), Transport studies using ¢cDNA-trans-
fected cells demonstrated that pitavastatin is a substrate of
both rOat3 and rQatp2 (Fig. 1). The transport activity of
pravastatin and pitavastatin by rOat3 was comparable (Fig.
1, A and C), although the K, value of pitavastatin (0.98 uM)
was more than 10-fold smaller than that of pravastatin re-
ported previously (13 pM) (Hasegawa et al., 2002). The trans-
port activity of pitavastatin by rOatp2 was much greater
than that of pravastatin (Fig. 1, B and D), and the K, value
of pitavastatin (7.2 pM) was approximately 5-fold smaller
than that of pravastatin (38 pM) (Tokui et al., 1998). These
results suggest the possibility that rOat3 and/or rOatp2 are
involved in the efflux of statins from the brain across the
BBB.

Pitavastatin was eliminated from the cerebral cortex more
slowly than pravastatin after microinjection (Fig. 3). How-
ever, the intrinsic efflux clearance of pitavastatin from the
brain across the BBB, calculated by multiplying the elimina-
tion rate constant by the distribution volume in the brain,
was approximately 6-fold greater than that of pravastatin.
The lower brain distribution of pitavastatin compared with
that of pravastatin may be partly accounted for by the
greater efflux clearance from the brain, although the differ-
ence in the uptake clearance from the blood circulation may

Il

Fig. 4. Time courses of [PH]pravastatin (A} and
[®H]pitavastatin (B} uptake by rat brain slices.
Rat brain slices were incubated with 0.05 pxCi/ml
[*H)pravastatin or (Hlpitavastatin and 0.01
pCi/ml [**Clearboxyl-inulin at 37°C. At appropri-
ate times, the radioactivity in the brain slices
and incubation medium was measured, and the
slice-to-medium concentration ratio was esti-
mated. Each point represents the mean * SE.
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Fig. 5. Concentration dependence of the efflux of pravastatin and pitavastatin across the BBR, A, mixture of [*H] pravastatin and [**Clcarboxyl-inulin
dissolved in ECF buffer was injected into Par2 in the presence of 0, 0.3, 1, 3, 10, or 30 mM unlabeled pravastatin in the injectate. Rats were decapitated
at 20 min after microinjection, and the elimination rate constant (&,,) was calculated. B, mixture of [*H]pitavastatin and [**C]carboxyl-inulin dissolved
in saline was intracerebrally administered with 0, 0.01, 0.03, 0.1, 0.3, or 1 mM unlabeled pitavastatin in the injectate. Rats were decapitated at 30
min after microinjection, and the k,, value was calculated. Each value of the expected concentration was estimated by the concentration in the injectate
divided by the dilution factor of 46.2 (Kakee et al., 1996). The solid lines represent the fitted line obtained by nonlinear regression analysis. Each point
represents the mean = S.E. (r = 3).
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Fig. 6. Effect of unlabeled probenecid and tetraethylammonium on the efflux of PHlpravastatin (left column) or [*Hlpitavastatin (right column) from
the cerebrum. ECF buffer containing PH]pravastatin or [*H]pitavastatin and [**C]carboxyl-inulin with or without unlabeled inhibitors was micro-
injected into Par2 of rat cerebrum, and the elimination rate constant (k,,) of {*H]pravastatin or [*H]pitavastatin was determined, The concentrations
of inhibitors are shown as the injected concentration. Results are given as a ratio with respect to the elimination rate constant determined in the

absence of inhibitors. Each column represents the mean *+ S.E. (n = 3). », significantly different from the contrel by Student’s ¢ test (p < 0.05).

also be one of the reasons. The efflux clearance of pravastatin
was more than 3-fold greater than the previously reported
uptake clearance (59 versus 18 pl/min/g brain) (Saheki et al.,
1994). These results led us to conclude that there is asym-
metrical transport of pravastatin across the BRB. The in vivo
uptake clearance of pitavastatin into the brain may be low
because of its high plasma protein binding. Thus, it is possi-
ble that the transport of pitavastatin across the BBB is also
asymmetrical,

The involvement of transporters in the efflux of pravasta-
tin and pitavastatin was investigated in vivo using the BEI
method. The efflux transport of statins across the BBB was
determined at different substrate concentrations. The efflux
of the two statins was saturable with the saturable fraction
accounting for the majority of their total efflux (Fig. 5). To
obtain some insight into the transporters involved, inhibition
studies were carried out. The efflux of pravastatin and
pitavastatin from the brain was almost completely inhibited

by the simultaneous injection of probenecid, but tetraethyl-
ammonium had no effect (Fig. 6). Furthermore, PAH (Kakee
et al., 1997; Kikuchi et al, 2003) or TCA and digoxin
(Kitazawa et al., 1998; Sugiyama et al., 2001) have been uged
as selective inhibitors for the efflux transport of hydrophilic
or amphipathic organic anions across the BBB, respectively.
The efflux of both statins was inhibited by these inhibitors in
a concentration-dependent manner (Fig. 7). PAH inhibited
the efflux of pravastatin and pitavastatin, but the inhibitory
effect was partial (60% and 50%, respectively) even at the
concentration sufficient to saturate its own efflux (Kakee et
al., 1997; Kikuchi et al., 2003}. TCA and digoxin inhibited the
efflux of both statins; however, their maximum inhibitory
effect differed significantly between pravastatin and pitavas-
tatin (Fig. 7). They completely inhibited the efflux of pitavas-
tatin, whereas their effect on the efflux of pravastatin was
partial, suggesting the different contribution of the trans-
porters involved. These results suggest that the efflux of
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Fig, 7, Concentration dependence of the inhibitory effect of PAH, TCA, and digoxin on the efflux of PH]pravastatin or [*H]pitavastatin from the
cerebrum. ECF buffer containing [*H)pravastatin (A-C) or [PH]pitavastatin (D-F} and [**C]carboxyl-inulin in the presence of different concentrations
of PAH (A and D), TCA (B and E), and digoxin (C and F) was microinjected into Par2 of rat cerebrum, and k&, of [*H]pravastatin or [*H]pitavastatin
was determined. Each value of the expected concentration was estimated considering the 46.2-fold dilution in the cerebrum after micreinjection (Kakee
et al., 1996). Results are given as a ratio with respect to the elimination rate constant determined in the absence of inhibitors. Each point represents

the mean * S.E. (n = 3). .

statins consists of PAH-, TCA-, and digoxin-sensitive path-
ways. Since the efflux of 17B-estradiol-np-178-glucuronide
across the BBB after microinjection was completely inhibited
by TCA, but partially by digoxin, the involvement of TCA-
sensitive but digoxin-resistant transporters in the efflux of
amphipathic organic anions has been suggested (Sugiyama
et al., 2001). In the present study, TCA and digoxin inhibited
the efflux of each statin to the same extent (Fig. 7). Therefore,
it is likely that the TCA-sensitive but digoxin-resistant trans-
porter{(s) play a limited role in the efflux transport of statins
across the BBB.

PAH has been used as an inhibitor of rOat3 (Kikuchi et al.,
2003), whereas TCA has been used as an inhibitor of the
amphipathic organic anion transport systems, including
rOatp2, and digoxin is a specific inhibitor of rOatp2 (Sug-
iyama et al., 2001). The apparent K, values of the efflux of
pravastatin and pitavastatin were not very different from
their K, values for rOat3 and rOatp2: 13 and 38 pM for
pravastatin (Tokui et al., 1999; Hasegawa et al,, 2002), and
0.98 and 7.2 uM for pitavastatin (Fig. 2), respectively. The
degree of inhibition of the efflux of pravastatin by PAH and
TCA or digoxin was similar (Fig. 7, A-C) and accounted for
the saturable fraction of the efflux transport. This result
suggests the equal contribution of rQat3 and rOatp2 to the
efflux transport of pravastatin across the BBB as high- and
low-affinity sites, respectively. In the efflux transport of
pitavastatin, the degree of inhibition by TCA or digoxin was
greater than that by PAH (Fig. 7, D-F). However, the sum of
the degree of inhibition by PAH and TCA or digoxin for the
efflux of pitavastatin exceeded 100%. It is likely that these

compounds inhibit other transporters at the BBB, including
those expressed on the luminal membrane, since the net
efflux across the BBB was evaluated by the BEI method.
Assuming the PAH-sensitive fraction of the efflux of prava-
statin represents the contribution of rOat3, the contribution
of rOat3 to the efflux of pitavastatin across the BBB should
be small since the transport activity of pitavastatin by rOat3
was similar to that of pravastatin (Fig. 1), and the intrinsic
efflux clearance of pitavastatin was much greater than that
of pravastatin. The difference between the transport activity
of pravastatin and pitavastatin by rOatp2 may suggest a
major contribution of rOatp2 to the efflux of pitavastatin
across the BBB. Further studies are necessary to elucidate
the transporters involved in the efflux of statins across the
BBB.

Statins have been used for the drug treatment of hyper-
cholesterolemia as inhibitors of HMG-CoA reductase. In ad-
dition to their lipid-lowering effects, increasing data suggest
that these agents have properties that are potentially neu-
roprotective, i.e., endothelial protection via actions on the
nitric oxide synthase system, as well as antioxidant, anti-
inflammatory, and antiplatelet effects (Cucchiara and Kas-
ner, 2001). Increasing the access of statins to the brain may
improve their therapeutic effects in the CNS, although it may
also increase the incidence of CNS side effects. The results of
the present study indicate that increasing the lipophilicity is
not necessarily followed by an improvement in the brain
distribution, partly due to the difference in the efflux clear-
ances from the brain. In vivo experiments such as in situ
brain perfusion and the BEI method or in vitro ones using



BBB models, such as primary culture or immortalized cell
lines and gene expression systems of the uptake and efflux
transporters expressed at the BBB, will be required for the
development of statins targeted to the CNS (Pardridge, 1998;
Terasaki et al., 2003). Human OQATS3 is expressed in the brain
as shown by Northern blot analysis (Cha et al., 2001), and
more recently, the expression of hOAT1 and hOAT3 at the
choroid plexus, acting as a barrier between the blood and the
cerebrospinal flurid, has been reported (Alebouyeh et al.,
2003). Among the members of the human OATP family,
hOATP-A has the highest homology to rOatp2 and is ex-
pressed at the BBB (Gao et al., 2000). It is possible that these
human organic anion transporters play an important role in
the efflux transport of organic anions across the barriers of
the CNS. Their ¢DNA-transfected cells will provide screening
systems for statins and other candidate drugs with anionic
moieties.

In conclusion, both pravastatin and pitavastatin undergo
efflux from the brain into the blood across the BBB, and at
least two transporters, rOat3 and rOatp2, are involved in the
efflux processes, each making a different contribution. It is
likely that one of the underlying mechanisms of the lower
brain distribution of pitavastatin compared with pravastatin
despite its higher lipophilicity is the difference in the efflux
transport clearance, i.e., in the transport activity by rOatp2.
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W Abstract Recent studies have revealed the import role played by transporters in
the renal and hepatobiliary excretion of many drugs. These transporters exhibit a broad
substrate specificity with a degree of overlap, suggesting the possibility of transporter-
mediated drug-drug interactions with other substrates. This review is an overview of
the roles of transporters and the possibility of transporter-mediated drug-drug interac-
tions. Among the large number of transporters, we compare the K; values of inhibitors
for organic anion transporting polypeptides (OATPs) and organic anion transporters
(OATs) and their therapeutic unbound concentrations. Among them, cephalosporins
and probenecid have the potential to produce clinically relevant OAT-mediated drug-
drug interactions, whereas cyclosporin A and rifampicin may trigger OATP-mediated
ones. These drugs have been reported to cause drug-drug interactions in vivo with OATs
or OATPs substrates, suggesting the possibility of transporter-mediated drug-dmg in-
teractions. To avoid adverse consequences of such transporter-mediated drug-drug
interactions, we need to be more aware of the role played by drug transporters as well
as those caused by drug metabolizing enzymes.

INTRODUCTION

The kidney and the liver play important roles in the elimination of drugs and xeno-
biotics from the body (1-5). Cumulative in vivo and in vitro studies have revealed
the importance of transporters in the renal and hepatobiliary excretion of many
drugs and other xenobiotics (1-5). Recent studies to investigate the molecular
mechanism of renal and hepatobiliary excretion have revealed that multiple trans-
porters are expressed in the kidney and liver in animals and humans, as well as
revealing their function, tissue distribution, and intracellular localization (6-15).
These transporters exhibit broad substrate specificity with a degree of overlap.
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