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37°C, 20 2 preincubation L 7z, [MC]-cerivastatin
(7213, FEFEEAE cerivastatin 2 1A 7 H D) % api-
cal ¥ 7213 basal 10 medium FIZMA BT &iz kD
Blta L, —EREE, LAY EmA oA
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HY, FEENMSHEELEDN 2 F2EERRSR
BN FERZOLy FEHSPUOHELTE
CZET, FBIE O EEMCEMaNXE S FH T
BILLUEICZBEELTED, S8, BEHLT
WL TETH 5,

(B3] RO cerivastatin 2B E A EE LA
4 TNRGROBERICZOBEEEY LTESHWAELET,

X ik

1) Kullak-Ublick GA, Ismair MG, Stieger B, Landmann L,
Huber R, Pizzagalli F et al. Organic anion—transporting
polypeptide B (OATP-B) and its functional comparison
with three other OATPs of human liver. Gastroenterology
2001 7 120 - 525-33.

2) Suzuki H, Sugiyama Y. Excretion of GSSG and Glu-
tathione Conjugates mediated by MRP1 and ¢MOAT/
MRP2, Seminars in liver disease 1998 ; 18 : 359-76.

3) Abe T, Kakyo M, Tokui T, Nakagomi R, Nishio T, Nomura
H, et al. Identification of a novel gene family encoding
human liver-specific organi¢ anion transporter LST-1. J
Biol Chem 1999 ; 274 : 17159-63,

4) Hsiang B, Zhu Y, Wang Z, Wu Y, Sasseville V, Yang WP et
al. A novel human hepatic organic anion transporting

5-443



5)

6)

7

8)

Jtn Pharmacol Ther (HiFE LY vol. 30 supplement 2002

polypeptide (OATP2}. J Biol Chem 1999 ; 274 : 37161-8.
Konig J, Cui Y, Nies AT, Keppler D. A novel human
organic anion transporting polypeptide localized to the
basolateral hepatocyte membrane, Am J Physiol Gastro-
intest Liver Physiol 2000 ; 278 : G156-64.

Cui Y, Konig J, Buchholz JK, Spring H, Leier I, Keppler D.
Drug resistance and ATP~dependent conjugate transport
mediated by the apical multidrug resistance protein,
MRPZ, permanently expressed in human and canine cells.
Mol Pharmacol 1999 ; 55 : 929-37,

Sasaki M, Suzuki H, Ito K, Abe T, Sugiyama Y, Transcellu-
lar transport of organic anions across a double-transfected
madin—darby canine kidney II cell monolayer expressing
both human organic anion-transporting polypeptide
(OATP2/SLC21A6) and multidrug resistance-associated
protein 2 {MRP2/ARCC2). J Biol Chem 2002 ; 277:
6497-503.

% 7R3, SR¥Esh, FIFRESE, BILEE— MDCK #ifa

RV AR X CHREIXEE (OATP2, MRP2)

5-444

9)

10)

11)

12)

13)

RABAOMEEE, B LIRE 2001 ; 29(Suppl. 2) 1 5237-
8.

Nakai D, Nakagomi R, Furuta Y, Tokui T, Abe T, Ikeda T,
et al. Human liver-specific organic anion transporter,
LST~1, mediates uptake of pravastatm by human hepato-
cytes. ] Pharmacol Exp Ther 2001 ; 297 : 861-7.

Muck W. Clinical pharmacokinetics of cerivastatin., Clin
Pharmacokinet 2000 ; 39 : 99-116.

Yamaoka K, Tanigawara Y, Nakagawa T, Uno T. A pharma-
cokinetic analysis program (multi} for microcomputer. J
Pharmacobiodyn 1981 ; 4 : 879-85,

Yamazaki M, Akiyama S, Nishigaki R, Sugiyama Y. Uptake
is the rate-limiting step in the overall hepatic elimination
of pravastatin at steady-state in rats. Pharm Res 1996 :
13 : 1559-64.

Cui Y, Konig ], Keppler D. Vectorial transport by double-
transfected cells expressing the human uptake transporter
SLC21A8 and the apical export pump ABCC2. Mol Phar-
macol 2001 ; 60 © 934-43.



TOXIGOI0GY

www.glsevier.com/locateftoxicol

Toxicology 181-182 (2002) 287-250

Toxicological implications of hepatobiliary transporters
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Recent progress in molecular biclogical research has revealed that many types of transporters are expressed in the
liver. Such xenobiotic transporters have a wide range of substrate specificity, which allows them to act as 2 barrier to
protect the body from potentially harmful xenobiotics. Most of them mediate active transport of the substraes, leading
to concentrative uptake and excretion into the hepatocytes and bile. Transport properties such as these mayplay a role
in the toxicity of certain types of substrates. For example, anticancer agents such as methotrexate and irinotecan are
efficiently excreted into the bile and such excretion has been suggested to account for their toxic ga strointes tinal side-
effects. A similar hypothesis has also been proposed for NSAIDs. Considering their tissuespecific expression, these
transporters also appear to be a promising target for the delivery of small molecules, while simultan cously minimizing
their side-effects. For example, transporters involved in the oral absorption, hepatic uptake, and biliary excretion of
pravastatin, an HMG-CoA reductase inhibitor, ensure its enterohepatic circulation giving it an important
pharmacokinetic advantage since its pharmacological target is the liver. Of the major ACE imhibitors currently
available, temocaprilat is a substrate of hepatic transporters. Since the major elimination route for other ACE imhibitors
is via urinary excretion, their plasma concentrations exhibit a high degree of inter-patient variability over a wide range
of renal function whereas the concentrations of temocaprilat exhibit a much lower degree of inter-patient variability due
to its elimination into the bile. Thus, the hepatobiliary transporters are involved in some aspects of toxicology and,
therefore, a rational strategy for regulating the recognition by such transporters may be required for optimum drug
design. This presentation will discuss the possible role of hepatic transporters from a toxicological point of view.
© 2002 Published by Elsevier Science Ireland Ltd.

Keywords: Toxicokinetics; Transporter; Oatp; eMOAT/MRP2

1. Hepatobiliary transporters involved in systemic
elimination

The possible implications from a toxicological
point of view, as far as hepatobiliary transporters

* Corresponding author. Tel.: +81-3-5841-4772; fax: +81-3-
5841-4766
E-mail address: ykato@p.kanazawa-u.ac.jp (Y. Kato).

are concerned, are listed in Table 1. Hepatobiliary
transporters are mainly involved in the systemic
elimination of certain types of therapeutic agents
and, therefore, play a role in their pharmacoki-
netics and/or toxicokinetics. For example, highly
efficient hepatic uptake and subsequent biliary
excretion has been found for several types of small
peptides such as endothelin antagonists, somatos-
tatin analogs and renin inhibitors, resulting in a
lower bioavailability and stability in the circula-
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Table 1
Toxicological implications of hepatobiliary transporters

Hepatobiliary transporters are mainly involved in the systemic
elimination of certain types of therapeutic agents and determine
their oral bioavailability and/or systemic exposure in individual
patients

The exposure of certain types of therapeutic agents to the liver
is determined by the transport efficiency both in the sinusoidal
and canalicular membranes. Sometimes this may be a
pharmacokinetic advantage for a drug, the target site of which
is the liver, but it may also be a pharmacokinetic disadvantage
in terms of hepatic accumulation causing hepatotoxicity
Concentrative excretion into the bile of a certain types of
therapeutic agents may be related to their gastrointestinal
toxicity

tion (Cathapermal et al., 1991; Ziegler et al., 1994).
Organic anion-specific transporters are involved in
each membrane transport process. To develop the
longer-acting ET-receptor antagonists required to
treat chronic diseases, one possible strategy in-
volves minimizing the recognition by hepatobiliary
transporters. It has been demonstrated that inser-
tion of a cationic moiety into the endothelin

. antagonist, BQ-123, leads to an increase in its

systemic stability due to the reduction in transport
efficiency across the bile canalicular membrane,
mainly mediated by canalicular multispecific or-
ganic anion transporter ((MOAT/MRP2) (Akh-
teruzzaman et al., 1999; Kato et al., 1999),

Multiple climination pathways may be one
useful pharmacokinetic option for therapeutic
agents, reducing the inter-patient variability in
clinical efficacy, and hepatobiliary transporters
may be an appropriate target for introducing
such multiplicity into their systemic elimination
route. Temocaprilat is actively transported across
both sinuseidal and canalicular membranes, with
organic anion transporting polypeptide (QOatpl)
and cMOAT/MRP2, respectively, being involved
(Ishizuka et al., 1998). Therefore, in contrast to the
other ACE inhibitors, most of which are mainly
eliminated via urinary excretion, it has been
reported that the plasma concentration profile of
temocaprilat exhibits a relatively lower degree of
inter-patient variability over a wide range of renal
function due to its elimination into the bile
(Puchler et al., 1997).

+ 2. Hepatobiliary transporters playing a role in
hepatic efficacy and toxicity

The steady-state hepatic concentration of ther-
apeutic agents can be described by the ratio of
influx clearance to the sum of the clearance via
sinuscidal efflux, canalicular efflux and intracel-
lular metabolism. Therefore, the biological activity
can be affected by the transport efficiency in each
membrane process. Pravastatin, an HMG-CoA
reductase inhibitor, is one example where hepato-
biliary transporters are used to target the liver and
reduce side-effects. Transporters are involved in
the oral absorption, hepatic uptake, and biliary
excretion of this compound (Yamazaki et al.,
1996). Since the target of this HMG-CoA reduc-
tase inhibitor is the liver, efficient enterohepatic
circulation may be a pharmacokinetic advantage.

Long-term methotrexate (MTX) therapy is as-
sociated with side-effects including hepatotoxicy
(Bannwarth et al., 1996). Such toxicity is believed
to stem from long-term accumulation of MTX in
the liver leading to its polyglutamation, and there
is a potential need for new derivatives, which are
less likely to accumulate. Therefore, knowledge of
the factors contributing to the tissue accumulation
will provide a basis for the rational design and
synthesis of such novel antifolate compounds.
cMOAT/MRP2 is mainly involved in the canali-
cular transport of MTX (Han et al., 2001a).
cMOAT/MRP2 has a wide range of substrate
specificity and little information is currently avail-
able concerning the important structural features
need for recognition by these transporters. We
examined the recognition of MTX and 24 novel
antifolate compounds by cMOAT/MRP2 to iden-
tify the most important parameters for cMOAT/
MRP2 recognition (Han et al., 2001b}. The affinity
for cMOAT/MRP2 closely correlates with the
octanol/water partition coefficient (¢ log P), and
a linear combination of polar and nonpolar sur-
face areas, suggesting that recognition by cMOAT/
MRP2 depends on a balance of dynamic surface
properties between the polar and nonpolar regions
of MTX analogs. The so-called ‘molecular weight
threshold’ for the cMOAT/MRP2 affinity of these
compounds can be explained by their physico-
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chemical parameters, especially the nonpolar sur-
face areas of these compounds.

3, Hepatobiliary transporters playing a role in
gastrointestinal toxicy

The concentrative excretion into the bile of a
certain types of therapeutic agents may be related
to their gastrointestinal toxicity. One such example
is the gastrointestinal toxicity caused by NSAIDs.
Such toxicity correlates with the amount excreted
into the bile in several animal species, suggesting a
relationship between toxicity and biliary excretion,

Anticancer agents, including MTX and irinote-
can (CPT-11), are also known to cause gastro-
intestinal toxicity. We previously found that the
active metabolite of irinotecan, SN-38, and its
glucuronide (SN38-Glu) are mainly excreted into
the bile via ¢cMOAT/MRP2 both in rats and
humans (Chu et al., 1997a,b, 1998; Niinuma et
al., 1999) whereas the major excretion mechanism
for CPT-11 involves P-glycoprotein, It should be
poted that the inter-CMYV variability in the trans-
port activity of CPT-11 is less than twofold among
five CMV samples while there is over a 40-fold
inter-CMV difference in the transport of SN-38.
This shows that the biliary excretion of SN-38
exhibits a large interindividual variability. During
clinical use, CPT-11 produces severe, but unpre-
dictable, gastrointestinal toxicity, namely diarrhea,
. in certain patients. Although the action of the
active metabolite, SN-38, on gastrointestinal cells
is believed to be responsible for this toxicity, its
exact mechanism is still unknown. Several hypoth-
gsis for CPT-11-induced diarrhea, including biliary
excretion of SN-38 and subsequent uptake by GI
epithelial cells and biliary excretion of SN38-Glu
and subsequent deconjugation by microflora, have
been proposed. Our finding of a large inter-CMV
difference in SN-38 uptake suggests that such
interindividual variability in SN-38 biliary excre-
tion may, at least partially, account for such
unpredictable diarrhea found in patients.

The importance of biliary excretion in gastro-
intestinal toxicity has been suggested by our recent
finding that the administration of an inhibitor of
this excretion, probenecid, reduced the late-onset

diarthea caused by repeated administration of
CPT-11 in rats. Coadministration of probenecid
with a reduced intravenous dose of CPT-11
resulted in almost complete abolition of the biliary
excretion of CPT-11 and its metabolites, dramati-
cally reduced intestinal SN-38 concentrations and
severe diarrhea, but systemic exposure to SN-38
and myerosuppression comparable with that ob-
tained by administration of CPT-11 alone. These
results suggest that the biliary excretion of the
parent compound and/or metabolites play a role in
the chronic toxicity caused by CPT-11 administra-
tion.

4. Hepatobiliary transporters playing a role in drug
interactions

Transporter-mediated disposition of therapeutic
agents may be a disadvantage in terms of the
possible appearance of drug interactions. So far,
little information is available about drug interac-
tions via hepatobiliary transporters although in-
teraction involving the hepatic uptake process has
been implied, based on a pharmacokinetic analysis
of a HMG-CoA reductase inhibitor and cyclos-
porin A in humans (Muck et al.,, 1999). We have
proposed a rational strategy for quantitatively
predicting such drug interactions via hepatebiliary
transporters from in vitro experiments involving
isolated hepatocytes and canalicular membrane
vesicles (Ueda et al., 2001). By using these systems,
respectively, the interaction between MTX and
probenecid in vivo can be quantitatively predicted.
In addition, interactions involving the net biliary
excretion from the systemic circulation into the
bile can also be quantitatively estimated by the two
systems in order to avoid false negative predictions
(Ueda et al., 2001).

Assessment of possible interactions via the
transporters may be important for therapeutic
agents in cases where their membrane transport
is mainty mediated by such transporters. We have
screened the inhibition potential, as far as
¢cMOAT/MRP2 is concerned, for a variety of types
of therapeutic agents used in clinical situations.
Among such agents, only probenecid may have a
partial inhibitory effect in clinical situations.
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Drug Transporters: Their Role and Importance in the Selection
and Development of New Drugs

Naomi Mizuno? and Yuichi Sucivamal
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Summary: Drug transporters expressed in various tissues play a significant role in drug disposition. By
regulating the function of such transporters, it may be possible to eventually develop drugs with ideal
pharmacokinetic profiles. In this article, we summarize the significant role played by drug transporters in
drug disposition, focusing particularly on their potential use during the drug development process. The
ability to manipulate transporter function offers the opportunity of being able to deliver a drug to the tar-
get organ, avoiding distribution to other organs (thereby reducing the chance of toxic side-effects), con-
trolling the elimination process, and/or improving oral bioavailability. During drug development, it
would be very useful to be able to select a lead compound that may or may not interact with transporters,
depending on whether such an interaction is desirable. The use of specific inhibitors of transporters is
also an attractive approach to controlling drug disposition, leading to improved efficacy. Currently, op-
timizing the pharmacokinetic properties of a drug during the early stages of its development is widely ac-
cepted as being of great importance. High-throughput screening systems using transporter gene trans-
fected cells or computational (in silico) approaches are efficient tools for assessing transport activity during
the early stage of drug development. In addition, drug-drug interactions involving drug transporters and
functional genetic polymorphisms of drug transporters are also described. It would also be extremely valua-
ble to be able to quantitatively predict inter-individual pharmacokinetic differences caused by transporter
polymorphisms or pharmacokinetic changes caused by drug-drug interactions involving transporters during

drug development.

Key words: Transporter; drug discovery; drug development

Introduction

Drug transporters expressed in various tissues, such
as the intestine, brain, liver, and kidney, play key roles
in the absorption, distribution and excretion of drugs
and are one of the determinant factors governing drug
disposition (Fig. 1).""¥ Recently, a number of important
transporters have been cloned and significant progress
has been made in characterizing the cellular properties
and functions of these transporters.S® Transporters
have been classified as either primary, secondary or ter-
tiary active transporters. Secondary and tertiary active
transporters are driven by an exchange of intracellular
ions while the driving force for primary transporters,
like ATP-binding cassette transporters, is ATP hydroly-
sis.” Furthermore, each gene family of transporters is
composed of a multiplicity of members. The Human
Gene Nomenclature Committee has classified transport-
ers by standardized names such as the solute carrier su-

perfamily (SLC) and ATP-binding cassette transporters
{ABC)  (http;//www/gene.ucl.ac.ul/nomenclature/
genefamily. shtml). These standardized names, accom-
panied by conventional names, are both given in this
article. The tissue distribution and elimination route of
some drugs is determined by the degree of expression of
each transporter subtype in each tissue and its cor-
responding substrate affinity, Thus, regulating the func-
tion of transporters should allow the efficient develop-
ment of drugs with ideal pharmacokinetic profiles. In
recent years, high-throughput screening methods have
resulted in the rapid discovery of new chemical entities
and also reduced the costs of drug development in the
pharmaceutical industry. Many pharmaceutical compa-
nies are now carrying out high-throughput phar-
macokinetic-oriented screening and are optimizing the
pharmacokinetic properties during the early stages of
drug development to make the entire process much
more efficient.'*!? As drug development involving the
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Fig, 1. Major drug transporters in humans.
Abbrevations

[symbol]
MDRI /P-gp multidrug resistant gene/P-glycoprotein ABCBI
BSEP /SPGP bile salt export pump/sister P-glycoprotein ABCBI11
MRP] : multidrug resistance associated protein 1 ABCC!
MRP2 multidrug resistance associated protein 2 ABCC2
MRP3 multidrug resistance associated protein 3 ABCC3
BCRP breast cancer resistance protein ABCG2
NTCP sodium taurocholate cotransporting peptide SLCI10AL
ASBT apical sodium-dependent bile acid transporter SLC10A42
PEPTI oligopeptide transporter 1 SLC15A1
PEPT2 oligopeptide transporter 2 SLCI5A2
OATP-C/OATP 2/LST-1 organic anion transporting peptide-C /organic anion transporting SLC21A46

peptide 2/liver-specific organic anion transporter-1

OATPS organic anion transporting peptide 8 SLC21A8
CATP-B organic anion transporting peptide-B SLC2IA9
OCT1 organic cation transporter 1 SLC22Al
OCT2 organic cation transporter 2 SLC2242
OCT3 organic cation transporter 3 SLC22A43
OCTN1 novel organic cation transporter 1 SLC22A4
OCTN2 novel organic cation transporter 2 SLC22A5
0ATI1 organic anion transporter 1 SLC22A6
QAT2 organic anion transporter 2 SLC2247
OAT3 organic anion transporter 3 SLC2248

use of transport mechanisms increases, the need for an
effective in vitro screening system for transporters will
also increase. Accordingly, methods allowing the
rational prediction and extrapolation of in vive drug
disposition from in vitro data are also essential. The
drug-drug interactions involving drug transporters and
genetic polymorphisms of drug transporters have been
described.'>"® The changes in pharmacokinetics due to
genetic polymorphisms and drug-drug interactions can
often directly affect the therapeutic safety and efficacy

of many important drugs. In order to obtain detailed in-
formation about these inter-individual differences, the
contribution made by transporters to drug absorption,
distribution and excretion needs to be taken into ac-
count throughout the drug discovery and development
process.

In this article, we summarize the key role played by
drug transporters in drug disposition, focusing particu-
larly on their potential use during the drug discovery

and development stages. We introduce the strategy of -
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Table 1. Effect of BCRP inhibitor GF120918 on pharmacokinetics of topotecan in mdrla/1b(~ / —) mice (Fron;n Ref. 33)

Vehicle treated GF120918 treated Ratio

Oral administration of topotecan (Img/kg)”

AUC (mg-hr/L) 96 596 X 6.2
Intravenous administration of topotecan (I mglkgt/®

AUC (mg-hr/L) 200 406 x2.0

Biliary excretion®™ (%) 14.7 5.5 x 0.4
Intestinal content of [*C} topotecan-derived radicactivity®

Intestinal (%) 31.8 10.2 x0.3

Plasma (ng/mL) 40 102 X2.6

% Mdrla/1b(— /-) mice were given an oral dose of GF120918 (50 mg/kg) or vehicle 15 minutes before an oral or intravenous dose of topotecan

(1 mg/kg).

® Cumulative biliary excretion of unchanged topotecan for 11 minutes.

9 GF120918 (50 mg/kg) was administered orally; 15 minutes later, [**C) topotecan (1 mg/kg) was administered intravenously; 60 minutes after ad-
ministration of [*C) topotecan, the intestinal content of {*C] was determined.

drug development using transporters, transporter
screening systems, methods for estimating the contribu-
tion of transporters to drug disposition and the predic-
tion of in vivo drug disposition from in vitro data. As
the detailed characterization of transporters and their
nomenclature are not described in this review, the read-
ers is requested to refer to other reviews for further in-
formation. %1410

Role of Transporters in Drug Absorption

Various transporters expressed in the small intestine
are involved in the absorption of nutrients or en-
dogenous ¢compounds.!® The use of influx transporters
expressed in gut, such as oligopeptide transporters
(PEPT1/SLC15A1), apical sodium-dependent bile acid
transporters (ASBT/SLC10A2) or organic anion trans-
porting polypeptide-B (DATP-B/SLC21A49), will help
improve drug absorption (Fig. 1).'"-*?

Primary active efflux transporters, such as P-
glycoprotein (P-gp) encoded by multidrug resistance
gene (MDR1/ABCBI), multidrug resistance associated
protein 2 (MRP2/ABCC2) or the breast cancer
resistance protein (BCRP/ABCG2), are expressed on
the brush border membrane of enterocytes and excrete
their substrates into the lumen, resulting in a potential
limitation of net absorption (Fig. 1). P-gp contributes
to the absorption of many drugs because of its broad
substrate specificity.?*® The intestinal P-gp content
correlates with the AUC after oral administration of
digoxin, a P-gp substrate (Fig. 2).2" This result suggests
that P-gp in the epithelium of the gut wall determines
the plasma concentration of orally administered digox-
in. Another report has also demonstrated a good corre-
lation between tacrolimus plasma concentrations after
oral administration and the intestinal MDR1 expression
level ® It is possible that, in addition to P-gp, MRP and
BCRP are responsible for extrusion from enterocytes,
thereby affecting the absorption of certain kinds of
drugs. MRP2 transports glutathione conjugates,

100

%t

50

25 T

AUGC(0-144h) of digoxin

0 : L L L .
0 0.1 0.2 0.3 0.4 0.5 06 0.7

P-gp mOD
Fig. 2. Correlation between the AUC of orally administered digoxin
(1 mg) and the expression of ducdenal P-gp (n=16). Open squares =

without rifampin; closed squares=with rifampin (600 mg). (From
Ref. 24)

glucuronides and non-conjugated organic anions and,
so, it may play a functional role in the secretion of many
drugs and/or their metabolites from the small intes-
tine.”2 ME3299 is an ester-type prodrug designed to
increase the oral bioavailability of pharmacologically
active carboxylate drugs (a IIb/Illa receptor an-
tagonist), However, ME3299 exhibits low oral bioavail-
ability (~10% in rat) of the active agent because most
of the carboxylates produced from prodrugs in entero-
cytes are actively excreted into the lumen.**” Further-
more, it is suggested that BCRP plays a role in the secre-
tion of clinically important drugs such as topotecan.’>*?
The BCRP inhibitor, GF120918, increases the bioavail-
ability of topotecan dramatically in P-gp-deficient mice
(Table 1).*¥ Using P-gp-deficient mice, the effect of P-
gp on topotecan absorption can be avoided. GF120918
also reduces the plasma clearance and hepatobiliary ex-
cretion of topotecan and increases (re-) uptake by the
small intestine. In principle, the inhibition of intestinal
efflux transporters is a useful way to improve the oral
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Fig. 3. Possible effect of P-gp blockade on the pharmacokinetics of HIV protease-inhibitors.,

bioavailability of a co-administered drug.*®
The Role of Transporters in Tissue Distribution

Drug Delivery to Target Tissues using Transporters:
The transporters expressed in selective organs are
promising targets for drug delivery. The most compre-
hensively documented case is pravastatin where trans-
porters are involved in its oral absorption, hepatic up-
take, and biliary excretion.***% Since the target of this
HMG-CoA reductase inhibitor is the liver, efficient en-
terohepatic circulation is a useful pharmacokinetic
feature, maximizing its pharmacological effect while
minimizing its side-effects. Although the mechanism of
this pharmacokinetic property of pravastatin was identi-
fied after its development, attempts to design molecules
like pravastatin during the drug discovery stage will be
required in the future. It has been found that successful
targeting of anti-cancer drugs can be achieved using
PEPTI expressed in tumors.*”*® Because PEPT1 is ex-
pressed in the small intestine too, it may also be possible
to increase the absorption of anti-cancer drugs.

The efflux transporters in target tissues may be
responsible for poor delivery to target tissues. P-gp is
expressed extensively in brain capillary endothelial cells
or tumor cells and prevents a number of drugs from
entering these tissues.®*? Therefore, the strategy of
screening compounds not transported by efflux trans-
porters such as P-gp may be useful for improving the
efficacy of anti-cancer drugs or drugs acting on the cen-
tral nervous system. Preventing efflux transport by the
use of specific inhibitors is also an attractive approach
to improve the distribution of drugs to target organs.*?

Since over-expression of P-gp or MRP on the surface of
tumor cells causes multidrug resistance, the use of a
chemomodulator to inhibit efflux transport has been
tried in an attempt to overcome this resistance.”®
Several inhibitors of P-gp have been discovered and are
currently undergoing clinical trials.*-*? However, P-gp
modulators may increase the brain penetration of anti-
cancer drugs by blocking brain P-gp, leading to CNS
side-effects. Furthermore, Bockade of P-gp is expected
to improve the efficacy of HIV protease-inhibitors
(HIV-PI) (Fig. 3).>® P-gp limits the therapeutic efficacy
of HIV-PI, which are transported by P-gp.* P-gp is not
only present in lymphocytes, one of the main targets of
HIV, but also in HIV pharmacological sanctuary sites,
such as the brain or testis, and limits access of HIV-PI
to these tissues.® One serious problem is that placental
P-gp limits the ability of HIV-PI to reach the fetus in
pregnant HIV-positive patients.’**" Moreover, P-gp in
the small intestine limits the oral bicavailability of HIV-
P1.°® Thus, it is expected that co-administration of

highly efficient P-gp inhibitors will improve HIV-PI -

penetration into these sanctuaries sites and lead to in-
creased oral bioavailability (Fig. 3). In actual fact, the
low oral bioavailability of saquinavir has been dramati-
cally increased by co-administration of ritonavir, which
inhibits not only cytochrome P450 3A (CYP3A) but
also P-gp.*Y Detailed clinical studies are expected to
establish whether such a strategy will indeed improve
HIV-PI efficacy, and whether it will be safe enough for
routine use.

Avoiding Toxicity using Transporters: Reducing
brain penetration by means of efflux transporters is
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Fig. 4. Plasma concentrations of temocaprilat (A) following a single oral dose of temocapril 1 mg and enalaprilat (B) following a single oral dose
of enalapril 5 mg in patients with different degrees of renal function. CLer = creatinine clearance in ml/min. (From Ref. 85)

desirable for drugs with toxic CNS effects. Some quino-
lone antibacterial agents or anti-cancer agents exhibit
low brain distribution, in spite of having a high lipophil-
icity, because they are prevented from entering the brain
by P-gp, probably explaining their relative lack of CNS
side-effects.*” P-gp-deficient mice display a significant
increase in the brain distribution of these drugs.*®*? A
key tool for investigating the role of transporters in drug
disposition has been transporter gene knockout
mice.®%) Use of efflux transporters is expected to help
prevent such CNS toxicity. During drug development, a
lead compound has to be selected that may, or may not,
interact with brain efflux transporters, depending on
whether this interaction is desirable.

However, toxicity may occasionally be caused by
concentrative tissue distribution due to active transport.
The organic anion transporter-1 (OAT1/SLC22A6),
mainly expressed in the kidney, plays a key role in the
renal tubular secretion of negatively charged molecules
(Fig. 1).%%7  Antiviral nucleotide analogs, such as
adefovir, #-lactam antibiotics, and ochratoxin A, are
efficiently transported by OATI1 which, presumably,
medijates their ac¢umulation in renal proximal tub-
ules.®* " In some cases, compounds interacting with
OAT] cause nephrotoxicity so that a type of drug not
transported by these transporters or co-administration
of inhibitors of these transporters should be effective.’
A fluorescence assay to screen for novel human QATI
inhibitors has been developed and it has been suggested
that nonsteroidal anti-inflammatory drugs (NSAIDs)
may reduce adefovir nephrotoxicity since NSAIDs
efficiently inhibit the human OAT-specific transport of
adefovir at clinically relevant concentrations.™ _

Although irinotecan {CPT-11) is an effective anti-can-
cer drug, its use is associated with severe gastrointestinal
toxicity (diarrhea) in clinical situations.” The action of
its active metabolite, SN-38, on gastrointestinal cells is
believed to be responsible for this toxicity.™ The biliary
excretion of SN-38 and SN-38 glucuronide and subse-

quent uptake by GI epithelial cells may be associated
with this diarrhea.”® Since MRP2 is involved in the
biliary excretion of SN-38 and SN-38 glucuronide,
MRP2 blockers help reduce their biliary excretion and
subsequent side-effects on gastrointestinal epithelial
cells.™-tD

Control of Elimination using Drug Transporters

As far as the liver is concerned, a wide variety of
transporter families are known to be present at the
sinusoidal and canalicular membranes and to play
a significant role in hepatobiliary excretion
(Fig. 1).115223%828) 1y the kidney, transporters at the
basolateral and luminal membranes are also involved in
the active renal secretion of drugs (Fig. 1).'4589 If
drugs for use in patients with kidney diseases are
predominantly excreted into urine, the plasma concen-
trations will exhibit significant inter-patient variability,
depending on the renal function. A multiple elimination
pathway via both the liver and kidney will result in a
relatively stable pharmacokinetic profile compared with
only a single elimination pathway. Temocaprilat, an
ACE- inhibitor (ACEI), is a typical case of multiple
elimination pathways via both liver and kidney, thereby
avoiding a large degree of interindividual variability in
its pharmacokinetic profile compared with other ACEIs
which are mainly eliminated via urine.?® In patients with
renal failure, the AUCs of other ACEISs like enalapril
are markedly increased because these are eliminated
primarily via renal excretion. On the other hand, the
AUC of temocaprilat in these patients is scarcely affect-
ed because temocaprilat is excreted via both bile and
urine (Fig. 4).*¥ Although the biliary excretion of
temocaprilat is governed by MRP2 at the canalicular
membrane, it has been suggested that other ACEIs are
not good substrates of MRP2.%8) Thus, temocaprilat
may have a different elimination pathway compared
with other ACEIs. The route of elimination may be con-
trolled by using transporters that are expressed selective-
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Fig. 5, Change in disposition of cerivastin following cyclosporin
treatment. Cerivastin plasma concentration-time profiles after oral ad-
ministration of 0.2mg cerivastatin in kidney transplant recipients
receiving stable individual cyclosporin treatment (@) compared with
healthy subjects receiving no cyclosporin (o) are shown. (From Ref.
95)

ly in either the liver or kidney. For instance, OATP-C/
SLC21A6 (also referred to as OATP2 and LST-1) and
OATP8/SLC21A8 have been shown to be expressed
exclusively in liver, and appear to play a key role in the
hepatic uptake of various drugs (Fig. 1).2%%3638-%0) 1q,,_
man OCT1/SLC22A1 is expressed primarily in the liver
whereas OATI is expressed predominantly in the kidney
(Fig. 1)_67.9])

Drug-Drug Interactions Involving Drug Transporters

Due to the broad substrate specificity of drug trans-
porters, drug-drug interactions involving these trans-
porters are very likely. Recently, both inhibition and in-
duction of transporters have been implicated as one
mechanism responsible for certain drug-drug interac-
tions,'?

Drug-Drug Interactions Involving Elimination: P-gp
inhibitors, such as quinidine, verapamil and valspodar,
are known to increase plasma concentrations of digoxin
because they block biliary and/or urinary excretion of
digoxin via P-gp.*®? Since the therapeutic range of
digoxin is small, changes in its plasma concentration are
potentially very serious. Co-administration of an HMG-
CoA inhibitor, cerivastatin, and cyclosporin to kidney

transplant recipients results in a significant increase in
cerivastatin plasma concentrations (Fig. 5).° Since
CYP3A4 is responsible for the metabolism of both
cerivastatin and cyclosporin, metabolism possibly plays
a role in this interaction. However, the effect of
erythromycin, a suicide substrate of CYP3A4, on the
AUC of cerivastatin is minimal, suggesting that this
hypothesis may not be valid.” The hepatobiliary trans-
port of pravastatin, an HMG-CoA reductase inhibitor,
has been shown to be carrier-mediated (OATP-C and
MRP2).2*%9 This transporter is also expected to be in-
volved in distribution to the liver, the main site of
cerivastatin distribution, resulting a drug-drug interac-
tion between cerivastatin and cyclosperin during hepatic
uptake. Recently, cerivastatin was withdrawn from the
market because of severe rhabdomyolysis associated
with cerivastatin-gemfibrozil combination therapy.”%®
It is possible that the transporter in the sinusoidal mem-
brane of the liver is involved in this drug-drug interac-
tion.

Drug-Drug Interactions Involving Absorption:
Table 2 shows examples suggesting that P-gp may be
involved in human drug-drug interactions associated
with absorption. For example, the plasma concentration
of talinolol is increased by co-administration of
erythromycin.® It is suggested that erythromycin in-
hibits talinolo! secretion from enterocytes into the
lumen via P-gp, resulting in increased net absorption
because of the lack of any significant metabolism of
talinolol. The metabolism by CYP3A in the human
small intestine is a major factor limiting oral bicavaila-
bility, accompanied by P-gp-mediated efflux. Digoxin or
talinolol are good substrates of P-gp, but not of
CYP3A. Thus, the role of P-gp can be directly demon-
strated by these examples. Since the substrate specifici-
tics of CYP3A and P-gp overlap, many drugs may be
substrates of both,"% In such cases, it is difficult to
distinguish between the contribution of CYP3A and
that of P-gp to the increased oral bioavailability.!%1o0
Other reports have shown that grapefruit juice, orange
juice and apple juice reduce the oral bioavailability of
fexofenadine, an OATP substrate, in healthy volun-
teers,'*!%) Inhibition of OATP-mediated drug uptake
at the intestinal wall is believed to play an important
role in this phenomenon.

Induction of intestinal P-gp can be seen as a new type
of drug-drug interaction. Rifampin and St John’s wort
induce intestinal P-gp, resulting in reduced oral
bioavailability of digoxin (Table 2).21%1%%) Sipce rifam-
pin also induces intestinal MRP2, co-administration of
rifampin is expected to increase secretion into the lumen
of MRP2 substrates, such as glutathione or glucuronide
conjugates.’™ Recently, it has been reported that
steroid xenobiotic receptor (SXR; also known as PXR),
a member of the nuclear hormone receptor superfamily,
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Table 2. Examples of the possible involvement of intestinal P-gp with clinical drug-drug interactions

inhibitor or inducer  substrate effects Ref.
P-gp inhibition | atorvastatin digoxin Crax +20%, AUC+15% 135
cyclosporine docetaxel BA 11-fold increase” 136
cyclosporine paclitaxel BA 8-fold increase® 137
erythromycin atorvastatin -~ Cp,,+38%, AUC +32%, T, no change” 138
erythromycin cyclosporin Crax+113%, AUC+97%, T,j, no change? 139
erythromycin cyclosporin Crex +180%, AUC+115%, T, no change® 140
erythromycin cyclosporin  AUC+ 115%™ . 141
erythromycin fexofenadine C, +82%, AUC+109% 142
erythromycin talinolol AUC +34%, T, o change 99
erythromycin saguinavir Cone + 106%, AUC +95%* 143
GF120918 paclitaxel BA 7-fold increase® 50
ketoconazole fexofenadine Cg, +135%, AUC+ 164% } 142
ketoconazole saquinavir Coax +171%, AUC + 19092 143
ketoconazole tacrolimus BA 2-fold increase® 144
ritonavir saquinavir AUC X 58, C 0 X 330 60
talinolol digoxin Cinax +45%, AUC+23%, T, no change 145
valspodar digoxin AUC+76% 92
valspodar paclitaxel AUC + 100 ~ +200%* 34
verapamil talinolol secretion rate —29 ~ - 56% 146
P-gp induction | rifampin digoxin Crax—58%, AUC—37%, T, no change, intestinal P-gp 3.5-fold increase 24
rifampin fexofenadine C_, —41%, AUC-56%, T,,, no change 147
rifampin saquinavir Couax — 65%, AUC — 70%" 143
rifampin tacrolimus BA 14%—7%, CL,, +47%" 148
rifampin talinolol AUC-35%, intestinal P-gp 4,2-hold increase 149
St John’s wort digoxin intestinal P-gp 1.4-hold increase 105
St John's wort digoxin Coax—26%, AUC —25% 104

® CYP3A is also supposed to be involved in drug-drug interactions,

involved in xenobiotic induction of CYP3A, can also
regulate the expression of the gene MDR1 encoding the
protein P-gp.!? 1% SXR is activated by paclitaxel or
rifampin and is responsible for inducing expression of
CYP3A and MDRI. It is plausible that CYP3A and P-
gp act synergistically, affecting intestinal availability.
SXR-binding assays will be a useful tool for screening
compounds which will induce not only CYP3A but also
MDRI and be a potential cause of drug interactions.!®
Prediction of In vivo Drug-Drug Interactions from In
vitro Data: Ueda et al. have developed a rational
strategy for using in vitro data to predict drug-drug in-
teractions between probenecid and methotrexate involv-
ing biliary excretion.'*"® By using isolated hepatocytes
and canalicular membrane vesicles for the analysis of
hepatic uptake and excretion, the degree of reduction in
methotrexate biliary excretion by probenecid can be
quantitatively predicted based on the inhibition con-
stant found in vitro as well as the concentration of the
inhibitor drug in circulating plasma and liver, respec-
tively. "' Establishing such strategies is important for
predicting the degree of drug-drug interactions or side-
effects in clinical situations.

Genetic Polymorphism of Drug Transporters

The latest trend is to develop drug prescription or

treatment protocols based on the genetic constitution of
individual patients. It is also important to develop drugs
which are relatively unaffected by polymorphisms and
exhibit little interindividual variability, Polymorphisms
in drug transporters, such as MDRI1, MRP1/ABCC]1,
MRP2, OATP-C, novel organic cation transporter 2
(OCTN2/SLC22A5), have been demonstrated, -4 It
has been reported that a single nucleotide polymor-
phism (SNP) in exon 26 (C3435T) of MDRI1 results in
the reduced intestinal expression of P-gp, along with in-
creased oral bioavailability of digoxin.”® The frequency
of this mutation is relatively high and significantly
affected by ethnic origin."'"'” Furthermore, Kim ef al.
have demonstrated that two synonymous SNPs
(C1236T in exon 12 and C3435T in exon 26) and a non-
synonymous SNP (G2677T, Ala893Ser in exon 21) are
linked."® It is suggested that P-gp activity is enhanced
in subjects with this allele, resulting in a reduction in ab-
sorption of the P-gp substrate, fexofenadine (Table 3).
This finding contradicts previous results on the effect of
exon 26 C3435T SNP on digoxin disposition.”*™ The
reason for this discrepancy and failure to detect exon 21
SNP in a previous study is currently unclear. A poly-
morphism of MDRI1 may change the brain penetration
of P-gp substrates more dramatically than that into the
small intestine. It is possible that MDR1 polymorphisms
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Table 3. MDRI alleles and fexofenadine disposition in Caucasians
(From Ref. 118)

Frequency AUCy, C Toex T
Genotype - max m 172
P (%)  mgmL hymgmL") () ()
*1/x1 16 1316+ 543 508+205 2.7+0.8 2.8+0.4
#1742 11 1171+967 4001282 3.3x1 3.1+0.7
2/42 14 8371311 3174185 2.4+1.7 3.5+0.9

180mg fexofenadine was administered orally. The first published
MDRI1 sequence is shown as the MDR1+] allele. MDR 1+2 allele con-
tain 3 SNPs simultaneously; C1236T in exon 12, G2677T in exon 21,
and C3435T in exon 26.

cause inter-individual differences in the degree of CNS
toxicity of P-gp substrates. In addtion, SNPs of OATP-
C associated with a reduction in transport activity have
been found.'” In particular, OATP-C polymorphisms
may influence the interindividual variability in the phar-
macological /toxicological effects of those drugs which
have the liver as their pharmacological target and/or a
plasma clearance governed by OATP-C mediated hepat-
ic uptake.

How can we use Drug Transporters to Optimize Drug
Discovery and Development?

Optimizing the pharmacokinetic properties during the
early stages of drug development is now widely accepted
as being essential. In this context, attention is now being
focused on optimizing pharmacokinetic profiles by
using transporter function. The expression system of
transporters is an efficient tool for screening transport
activities. Recent studies show that in vivo P-gp func-
tion can be quantitatively predicted by using MDRI1-
transfected cell monolayers (Fig. 6).2% The “K, upram
ratio”’ (Ko braingnartafing- 73 / Ko braingmdria/isg+ 7+ 18 the most
suitable parameter for describing P-gp function on the
blood-brain-barrier (BBB) (Fig. 7). By normalizing the
brain-to-plasma concentration ratio (K, prei) in mdrla/
1b knockout mice with reference to that in normal mice,
the P-gp function parameter can be simply estimated as
shown in Fig. 7. Furthermore, in vivo, this parameter
cortesponds to the ““corrected flux ratio’® across the
MDRI-transfected cell monolayers (Fig. 7). The *‘cor-
rected flux ratio” represents the normalizing ratio of
B—A flux to A-B flux in parental cell monolayers with
respect to that in MDRI1-transfected cell monolayers.
Indeed, a clear correlation between both parameters in
vitro and in vivo has been obtained experimentally
(Fig. 6). Another report also showed an equally good
correlation.'*” Although one can calculate the net flux
by subtracting A—B flux from B—A flux in MDR1-
transfected cell monolayers, no theoretical background
can be given to relate these to in vivo parameters.?? In
the case of CNS-active drugs, the concentration of
““free’” drug in the brain is most important for predict-
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Fig. 6. Correlation of P-gp function determined in in vifro transcel-
lular transport studies using MDR1-transfected cells /control cells and
in vivo brain penetration studies using mdrla/1b knockout mice/wild
type mice. 1, diazepam; 2, progesterone; 3, daunomycin; 4, dex-
amethasone; 3, loperamide; 6, verapamil; 7, vinblastine; 8, cyclospo-
rin A; 9, digoxin; 10, quinidine. (From Ref. 120}

ing pharmacological effects, not the concentration of
“total”” drug, since the term “‘total’”’ drug includes the
fraction bound nonspecifically to brain components.
We should also note that the value of the ““K, yan ratio”
indicates the brain-to-plasma concentration ratio of
““free” drug (Ko brein tree), and this important parameter,
which can reflect the pharmacological effect of drugs on
the central nervous system, can be estimated by using
the expression system (See the equations in Fig. 7). Re-
cently, double-transfected cell monolayers expressing
OATP-C or OATPS in the basclateral membrane and
MRP2 in the apical membrane have been construct-
ed.’”®'?) The double-transfected cells may be used to
analyze the hepatic vectorial transport of drugs and to
screen the transport profiles of new drug candidates.
In addition, a high-throughput assay to indirectly
detect compounds interacting with P-gp has been
described. Such methods are based on inhibition of the
eflux of radiolabeled or fluorescent P-gp sub-
strates.'*'* In the case where radiolabeled ligands are
used, the scintillation proximity assay is a useful tool for
the sequential detection of radioactivity in the 96-well
plate format."”” Also shown are assays measuring drug-
stimulated ATPase activity in baculovirus-infected in-
sect cells expressing human P-gp.12® We need to choose
suitable assays, depending on the properties of drug
candidates or the purpose of the evaluation. Further-
more, the next step towards improved high-throughput
screening should involve computational (in silico) ap-
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Fig. 7. Schematic diagram illustrating the permeability-surface area products (PS) for the penetration of ligands across the plasma membrane. A
and B represent the PS products across the cultured cell monolayers and those across the cerebral endothelial cells. PS3, vitro and PS, ,;,, Tepresent
the PS products for the influx and efflux across the apical membrane of the cultured cell monolayers, respectively. PS; i, and PS, ,;,, represent the
P8 products for the influx and efflux across the basal membrane, tespectively. PSp.¢p.vitro TEPrEsents the PS products for P-gp mediated efflux across
the apical membrane, P8, .., and PS8, ;. represent the PS products for the influx and efflux across the luminal membrane of cerebral endothelial
cells, respectively. PS, ., and PS,,,, represent the PS products for the influx and efflux across the antiluminal membrane of cerebral endothelial
cells, respectively. PSp.; i, represents the PS products for P-gp mediated efux across the luminal membrane, PS, g and PS, , represent the PS
products across the monolayer in the apical-to-basal direction and the basal-to-apical, respectively. (From Ref. 120)



