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Abstract——Drug transporters are expressed in
many tissues such as the intestine, liver, kidney, and
brain, and play key roles in drug absorption, distribu-
tion, and excretion. The information on the functional
characteristics of drug transporters provides impor-
tant information to allow improvements in drug deliv-
ery or drug design by targeting specific transporter

Address correspondence to: Dr. Yuichi Sugiyama, Graduate
School of Pharmaceutical Sciences, The University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. E-mail: sugiyama@mol.
f.u-tokyo.ac.jp

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

DOI: 10.1124/pr.55.3.1.

m Graduate School of Pharmaceutical Sciences, University of Tokyo, Tokyo, Japan; and Pharmacokinetics Laboratory, Mitsubishi Pharma
Z Corporation, Chiba, Japan
[-u A raCt . .o o 425
= L Introduction. . .. ... 426
> II. Strategies for drug discovery using transporters ................c.couiiiiiiieeineennnennnn. 428
A. Drug delivery to target tissues using transporters ................ciiiiiiiiiiineinnnann. 428
B. Role of brain efflux transporters ........... ...t 429
C. Role of transporters in drug absorption .. ...ttt 430
D. Control of elimination by drug transporters (uptake and efflux transporters in the liver and
,_] T4 =) 73 434
1. Organic anion transporting polypeptide (SLC21A) family ............................. 434
< 2. Organic anion transporter (SLC22A) family ......... ... ... . ... ... 434
U 3. Organic cation transporter (SLC22A) family.......... ... . ... .. ... 435
4. Multidrug resistance-associated protein 2 (ABCC2) .............ciiiiiiiiiiinn... 436
o 5. Bile salt export pump (ABCC11) .. ...ttt et 437
U ITI. Clinical implications of transporter-mediated drug interactions.............................. 437
A. Drug-drug interactions involving elimination........... ... ... ... ... . . 437
O B. Drug-drug interactions involving absorption................. . i 440
C. Prediction of in vivo drug-drug interactions from in vitrodata ........................... 442
i—l IV. Possible strategies for drug discovery using drug transporter inhibitors ...................... 444
O A. P-glycoprotein blockade to overcome multidrug resistance ............................... 444
B. P-glycoprotein blockade to improve efficacy of human immunodeficiency virus protease
U INRIDIEOTS . . ..o 444
V. Species and gender differences in drug transporters........... .. ... i 445
VI. Synergistic role of metabolic enzymes and transporters................ .. ... 446
VII. The regulation mechanisms of drug transporters...............ccoiiiiiiiiiineiineninennn.. 447
A. The transcriptional regulation of transporters........... ... ... i 447
B. The sorting and polarization of transporters............ ... ... i, 448
VIII. Polymorphism of drug transporters. ............ooiioiiini it 448
IX. Methods for assessing drug transporter activities in drug discovery.......................... 450
References ... ... 454
al

proteins. In this article we summarize the significant
role played by drug transporters in drug disposition,
focusing particularly on their potential use during the
drug discovery and development process. The use of
transporter function offers the possibility of deliver-
ing a drug to the target organ, avoiding distribution to
other organs (thereby reducing the chance of toxic
side effects), controlling the elimination process,
and/or improving oral bioavailability. It is useful to
select a lead compound that may or may not interact
with transporters, depending on whether such an in-
teraction is desirable. The expression system of trans-
porters is an efficient tool for screening the activity of
individual transport processes. The changes in phar-
macokinetics due to genetic polymorphisms and drug-
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drug interactions involving transporters can often
have a direct and adverse effect on the therapeutic
safety and efficacy of many important drugs. To obtain
detailed information about these interindividual dif-

MIZUNO ET AL.

ferences, the contribution made by transporters to
drug absorption, distribution, and excretion needs to
be taken into account throughout the drug discovery
and development process.

I. Introduction

With publication of the complete human genome
sequence in 2001 (International Human Genome Se-
quencing Consortium, 2001; Venter et al., 2001), this
new information about all the human genes and their
functions led to a change in drug research strategies
and, in particular, the processes of drug discovery and
development. Following the progress in genome-based
drug discovery, international competition in drug dis-
covery has become even keener. The particular strat-
egy adopted for drug discovery will be a critical factor
in determining whether a company is successful in its
research and development operations. The strategy
that target proteins are identified based on genomic
information, so-called “genome-based drug discovery,”
is likely to become very popular. However, determina-
tion of the target protein alone is insufficient to allow
the development of clinically significant drugs. It is
also necessary to identify the lead compounds binding
the target proteins by using combinatorial chemistry
synthesis and high-throughput screening, optimize
these lead compounds, and then select those with
clinically effective pharmacological activity and min-
imize any side effects. A significant number of drug
candidates entering clinical development are dropped
at some stage due to unacceptable pharmacokinetic
properties (White, 2000; Roberts, 2001). The pharma-
cokinetic profile should be a primary consideration in
the selection of a drug candidate, ultimately contrib-
uting to its eventual clinical success or failure. It is
now recognized that selection of a “robust” candidate
requires a balance among efficacy, safety, and phar-
macokinetic properties, and that the screening of
these characteristics should be carried out as early as
possible in the discovery process. Thus, many phar-
maceutical companies are now carrying out rational
high-throughput drug metabolism and pharmacoki-
netics screening systematically and establishing phar-
macokinetic selection criteria (White, 2000; Roberts,
2001). For example, the high-throughput screening for
absorption using Caco-2 cells and the screening for
metabolic stability and metabolic enzyme inhibition
using cytochrome P450 recombinant microsomes or
human liver microsomes have become extremely pop-
ular. Attention is now being focused on optimizing the
pharmacokinetic profiles of drug candidates using
transporter function (Ayrton and Morgan, 2001; Mi-
zuno and Sugiyama, 2002).

Many different drug transporters are expressed in
various tissues, such as the epithelial cells of the intes-

tine and kidney, hepatocytes, and brain capillary endo-
thelial cells (Muller and Jansen, 1997; Koepsell, 1998;
Meijer et al., 1999; Suzuki and Sugiyama, 1999; Inui et
al., 2000a; van Aubel et al., 2000; Gao and Meier, 2001)
(Table 1). In recent years, a number of important trans-
porters have been cloned, and considerable progress has
been made in understanding the molecular characteris-
tics of individual transporters. It has now become clear
that some of these are responsible for drug transport in
various tissues, and they may be key determinants of
the pharmacokinetic characteristics of a drug as far as
its intestinal absorption, tissue distribution, and elimi-
nation are concerned (Oude Elferink et al., 1995; Zhang
et al., 1998; Kim, 2000; Dresser et al., 2001; Kusuhara
and Sugiyama, 2002; Russel et al., 2002). Studies of the
functional characteristics, such as substrate specificity,
and of the localization of cloned drug transporters could
provide important information about the mechanisms of
drug disposition. Transporters have been classified as
primary, secondary, or tertiary active transporters. Sec-
ondary or tertiary active transporters, such as OAT?,
OATP, NTCP, OCT, OCTN, and PEPT, are driven by an
exchange or cotransport of intracellular and/or extracel-
lular ions (Burckhardt and Wolff, 2000; Dresser et al.,
2001; Lee et al., 2001a). The driving force for primary
active transporters like ATP-binding cassette transport-
ers, such as MDR, MRP, and BCRP, is ATP hydrolysis

!Abbreviations: OAT, organic anion transporter; OATP, organic
anion-transporting polypeptide; NTCP, sodium taurocholate co-
transporting peptide; OCT, organic cation transporter; PEPT, oli-
gopeptide transporter; ASBT, apical sodium-dependent bile acid
transporter; MDR, multidrug resistant (or resistance); MRP, multi-
drug resistance-associated protein; BCRP, breast cancer resistance
protein; SLC, solute carrier superfamily; ABC, ATP-binding cas-
sette; BBB, blood-brain barrier; CNS, central nervous system; P-gp,
P-glycoprotein; ACE, angiotensin-converting enzyme; AUC, area un-
der concentration-time curve; TPGS, d-a-tocopheryl polyethylene
glycol 1000 succinate; HIV, human immunodeficiency virus; PS,
permeability-surface area; CL, clearance; E,-17B8G, estradiol-17p3-
glucuronide; PAH, p-aminohippurate; NSAID(s), nonsteroidal anti-
inflammatory drug(s); CPT-11, irinotecan hydrochloride; CMV, can-
alicular membrane vesicle; BSEP, bile salt export pump; CL;, pite
intrinsic clearance for the net biliary excretion from the blood; PS;,
hepatic uptake across the sinusoidal membrane; PS,, efflux across
the sinusoidal membrane from the liver; PS;, excretion across the
canalicular membrane; HIV-PI, HIV protease inhibitor; SXR, steroid
xenobiotic receptor; PXR, pregnane X receptor; GS-X, glutathione
S-conjugate export; FXR, farnesoid X-activated receptor; CAR, con-
stitutive androstane receptor; HNF1, hepatocyte nuclear factor 1;
CFTR, cystic fibrosis transmembrane conductance regulator; DJS,
Dubin-Johnson syndrome; ER, endoplasmic reticulum; Rdx, radixin;
SNP, single nucleotide polymorphism; K, tissue-to-plasma concen-
tration ratio; LC/MS/MS, liquid chromatography/tandem mass spec-
trometry; P,,,, apparent permeability; TCA, taurocholate; AM, ace-
toxymethyl ester.
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TABLE 1
Major drug transporters expressed in intestine, kidney, liver, and brain of human or rat
Human Rat Human Rat
Name Localization Name Localization Name Localization Name Localization
Intestine Liver
Peptide transporter Organic anion transporter
PEPT1 BBM PepT1 BBM NTCP SM Ntep SM
OATP-C SM Oatpl SM
Organic anion transporter OATP8 SM Oatp2 SM
OATP-B ND~ Oatp3 BBM OATP-B SM Oatp4 SM
OATP-D ND OAT2 SM Oat2 SM
OATP-E ND Oat3 SM
ASBT BBM Asbt BBM NaPi-1/Nptl SM
Organic cation transporter Organic cation transporter
Octl BLM OCT1 ND Octl SM
Oct3 ND OctlA ND
Octnl ND OCT3
Primary active transporter Octnl ND
MDR1 BBM Mdr1 BBM Primary active transporter
MRP2 BBM Mrp2 BBM MRP1 SM
MRP3 BLM Mrp3 BLM MRP3 SM Mrp3 SM
(EHBR, TR")
BCRP BBM
MDR1 CM Mdrl CM
MRP2 CM Mrp2 CM
Kidney BSEP/SPGP CM Bsep/Spgp CM
Peptide transporter BCRP CM
PepT1 BBM
PEPT2 ND PepT2 BBM
Brain capillary endothelial cells
Organic anion transporter Organic anion transporter
OAT1 BLM Oatl BLM OATP-A ND Oat2 ALM, LM
OAT3 BLM Oat3 BLM Oat3 ND
OAT4 BBM Organic cation transporter
Oct2 ND
Oatpl BBM Primary active transporter
Oat-K1 BBM MDR1 LM Mdrl LM
Oat-K1 ND Mrpl ND
NaPi-1/Nptl BBM Mrp5 ND
Asbt BBM
Organic cation transporter
Octl BLM Choroid plexus
Oct1A ND Peptide transporter
OCT2 BLM Oct2 BLM PepT2 BBM
Oct3 ND Organic anion transporter
Oatpl BBM
OCTN1 ND Octnl BBM Oatp2 BLM
OCTN2 ND Octn2 BBM Oatp3 BBM
Primary active transporter Primary active transporter
Oat3 BBM
MDR1 BBM Mdrl BBM Mrpl BLM
MRP2 BBM Mrp2 BBM Mdrl BBM
MRP4 BBM Mrp4 BBM

SM, sinusoidal membrane; CM, canalicular membrane; BLM, basolateral membrane; BBM, brush border membrane; LM, luminal membrane, ALM, abluminal

membrane.
2 ND, not determined.

(Lautier et al., 1996; Borst et al., 1999; Hooiveld et al.,
2001; Lee et al., 2001a; Schinkel and Jonker, 2003).
Most of the former transporters have a similar structure
in that they have 12 putative membrane-spanning do-
mains and their molecular mass is approximately 50 to
100 kDa. In contrast, the mean molecular weight of the
latter transporters, involved in the cellular extrusion of
xenobiotics, is comparatively high (150-200 kDa) and
they all have two ATP-binding domains, except for
BCRP. Furthermore, each gene family of transporters is
composed of a multiplicity of members. Owing to the
increase in the number of identified transporter genes,
the Human Gene Nomenclature Committee has classi-
fied transporters using standardized names, such as the

solute carrier superfamily (SLC) and ATP-binding cas-
sette (ABC) transporters (http://www/gene.ucl.ac.ul/
nomenclature/genefamily.shtml). These standardized
names, accompanied by the conventional names, are
shown in Table 2. The tissue distribution and elimina-
tion route of some drugs is determined by the degree of
expression of each transporter subtype in each tissue
and its corresponding substrate affinity and transport
maximum. Thus, regulating the function of transporters
should allow the highly efficient development of drugs
with ideal pharmacokinetic profiles. As drug discovery
involving the use of transport mechanisms increases,
the need for an effective in vitro screening system for
transporters will also increase. Accordingly, methods
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allowing the rational prediction and extrapolation of in
vivo drug disposition from in vitro data are urgently
required. Although there has been intensive investiga-
tion of the functional analysis of the human genome,
there are a large number of genes whose molecular
protein function remains unknown (Venter et al., 2001).
The human genome contains many genes that encode
membrane transporters and related proteins (Table 3)
(Venter et al., 2001). For drug discovery, development,
and targeting one needs to know which transporters
play a role in the disposition of a drug and its subse-
quent effects.

In this article, we summarize the key role played by drug
transporters in drug disposition, and the strategic use of
drug transporters in drug discovery and development is
discussed. We also introduce possible strategies for drug
discovery using transporters, including the transporter
screening systems, methods for estimating the contribu-
tion of transporters to drug disposition, and the prediction
of in vivo drug disposition from in vitro data.

II. Strategies for Drug Discovery Using
Transporters

A. Drug Delivery to Target Tissues Using Transporters

One of the main goals is to develop pharmaceutical
agents with no adverse effects. It is also desirable to
develop drugs with a wide therapeutic spectrum of ac-
tivity. Drug targeting is one effective approach both to
increase the pharmacological activity of drugs and to
reduce their side effects by enhancing delivery to the
target site. Recent research has identified many types of

MIZUNO ET AL.

transporters that are expressed selectively in the liver,
kidney, and other organs and which, therefore, may be a
promising target for drug delivery. Some instances of
drug delivery to the liver or kidney are introduced here.

The most comprehensively documented case is prav-
astatin. Pravastatin, a 3-hydroxy-3-methylglutaryl-co-
enzyme A reductase inhibitor, undergoes enterohepatic
circulation, which prolongs the exposures of the liver
(target organ) to the drug and minimizes adverse side
effects in the peripheral tissues. This enterohepatic cir-
culation is mediated by transporters in every process
from pravastatin gastrointestinal absorption to biliary
transport. Pravastatin is taken up by the liver from the
portal vein by OATP family proteins located on the si-
nusoidal (basolateral) membrane (Hsiang et al., 1999;
Nakai et al., 2001; Sasaki et al., 2002). After exhibiting
its pharmacological action in the liver, pravastatin is
then excreted into the bile via MRP2 with only a mini-
mum degree of metabolic conversion (Yamazaki et al.,
1996). The fraction of the drug released into the duode-
num is then reabsorbed by active transport (Tamai et
al., 1995). Thus, efficient hepatobiliary transport by
OATP and MRP2 plays an important role in the entero-
hepatic circulation, which is responsible for maintaining
significant concentrations of this drug in the liver. Al-
though the mechanisms governing the pharmacokinetic
properties of this drug were identified after their devel-
opment, attempts to design molecules during the drug
discovery process will be required in the future.

It has been found that successful targeting of antican-
cer drugs can be achieved using oligopeptide transporter

TABLE 2
Abbreviations of human drug transporters

Abbreviation Symbol®
MDR1/P-gp Multidrug resistant gene/P-glycoprotein ABCB1
BSEP/SPGP Bile salt export pump/sister P-glycoprotein ABCBI11
MRP1 Multidrug resistance associated protein 1 ABCC1
MRP2/cMOAT Multidrug resistance associated protein 2 ABCC2
MRP3 Multidrug resistance associated protein 3 ABCC3
MRP4 Multidrug resistance associated protein 4 ABCC4
BCRP Breast cancer resistance protein ABCG2
NTCP Sodium taurocholate cotransporting peptide SLC10A1
ASBT Apical sodium-dependent bile acid transporter SLC10A2
PEPT1 Oligopeptide transporter 1 SLCI15A1
PEPT2 Oligopeptide transporter 2 SLC15A2
OATP-A Organic anion transporting polypeptide-A SLC21A3
OATP-C/OATP2/LST-1 Organic anion transporting polypeptide-C SLC21A6
OATPS8 Organic anion transporting polypeptide 8 SLC21A8
OATP-B Organic anion transporting polypeptide-B SLC21A9
OATP-D Organic anion transporting polypeptide-D SLC21A11
OATP-E Organic anion transporting polypeptide-E SLC21A12
OATP-F Organic anion transporting polypeptide-F SLC21A14
OCT1 Organic cation transporter 1 SLC22A1
OCT2 Organic cation transporter 2 SLC22A2
OCT3 Organic cation transporter 3 SLC22A3
OCTN1 Novel organic cation transporter 1 SLC22A4
OCTN2 Novel organic cation transporter 2 SLC22A5
OAT1 Organic anion transporter 1 SLC22A6
OAT2 Organic anion transporter 2 SLC22A7
OAT3 Organic anion transporter 3 SLC22A8
OAT4 Organic anion transporter 4 SLC22A9

¢ Standardized names classified by the Human Gene Nomenclature Committee.
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TABLE 3
The putative molecular functions of 26,383 human genes (Venter et al.,
2001)
Number %

Enzyme

Hydrolase 1,227 4.0

Isomerase 163 0.5

Ligase 56 0.2

Lyase 117 0.4

Oxidoreductase 656 2.1

Synthase and synthetase 313 1.0

Transferase 610 2.0
Signal transduction

Select regulatory molecule 988 3.2

Kinase 868 2.8

Receptor 1,543 5.0

Signaling molecule 376 1.2
Nucleic acid binding

Nucleic acid enzyme 2,308 7.5

Transcription factor 1,850 6.0
None

Transfer/carrier protein 203 0.7

Viral protein 100 0.3

Miscellaneous 1,318 4.3
Cell adhesion 577 1.9
Chaperone 159 0.5
Cytoskeletal structural protein 876 2.8
Extracellular matrix 437 14
Immunoglobulin 264 0.9
Ton channel 406 1.3
Motor 376 1.2
Structural protein of muscle 296 1.0
Protooncogene 902 2.9
Select calcium binding protein 34 0.1
Intracellular transporter 350 1.1
Transporter 533 1.7
Molecular function unknown 12,809 41.7

The functional predictions are based on similarity to sequences of known func-
tion.

PEPT1, expressed in tumors (Nakanishi et al., 1997,
2000). Some human cancer cell lines naturally express
oligopeptide transport activity. The delivery of the pep-
tide-mimetic anticancer drug, bestatin, a substrate of
PEPT1, has been investigated. After i.v. administration
of bestatin into nude mice-inoculated tumor cells, the
bestatin concentration in PEPT1-transfected tumor was
significantly greater than that in vector-transfected tu-
mor (Nakanishi et al., 2000). Furthermore, repeated oral
administration of bestatin specifically suppressed the
growth of PEPT1-transfected tumors. It has been sug-
gested that bestatin distributes to tumor tissues in a
specific manner.

NTCP is the Na*-bile acid cotransporting protein that
mediates the hepatic uptake of bile acids (Hagenbuch et
al., 1991). Since NTCP is exclusively expressed on the
sinusoidal membrane of the liver (Meier, 1995), this
transporter may be used as a target for drug delivery to
that organ. Dominguez et al. have reported that cou-
pling of drugs to the side chains of bile acids may be a
useful strategy for specifically targeting liver tumor cells
(Dominguez et al., 2001). A novel cisplatin-ursodeoxy-
cholic derivative (Bamet-UD2) is efficiently transported
by NTCP (Briz et al., 2002). The concentration of Bamet-
UD2 in the liver was severalfold higher than that of
cisplatin, while potentially toxic drug accumulation in
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other tissues, such as kidney, brain, and bone marrow,
was significantly reduced (Dominguez et al., 2001).
Thus, in mice, Bamet-UD2 exhibited strong antitumor
activity without any side effects compared with cisplatin
(Dominguez et al., 2001).

The targeting strategy should focus on the differential
expression of transporters between the target organ and
other organs, and it is essential to design molecules that
are capable of being transported by a target organ-spe-
cific transporter. In particular, the use of blood-brain
barrier (BBB)-specific influx transporters is expected to
be an effective approach for the brain delivery of drugs
acting on the central nervous system (CNS) because
drug penetration into the brain is restricted under nor-
mal conditions.

B. Role of Brain Efflux Transporters

Brain capillary endothelial cells form the BBB and act
as a self-defense mechanism, preventing xenobiotics
from entering the brain. However, successful penetra-
tion of the blood-brain barrier is necessary if a drug is to
reach the required concentration for a desired pharma-
cological effect. Efflux transport systems at such barri-
ers provide protection for the CNS by removing drugs
from the brain and transferring them to the systemic
circulation. This is why the brain penetration of drugs is
markedly restricted (Suzuki et al., 1997; Tsuji and Ta-
mai, 1997; Fromm, 2000; Kusuhara and Sugiyama,
2001b; Lee et al., 2001a; Schinkel, 2001; Hagenbuch et
al., 2002; Sun et al., 2003). Primary active transporters,
such as P-gp encoded by MDR1 or MRP transporters,
are responsible for the cellular extrusion of many kinds
of drugs (Cole and Deeley, 1998; Borst et al., 1999; Kool
et al., 1999; Kuwano et al., 1999). P-gp transports a wide
variety of lipophilic, structurally diverse drugs, such as
vinca alkaloids and anthracyclines. In general, the sub-
strate specificities of efflux transporters are remarkably
broad, and their affinities for substrates are much lower
(of the order of micromolar to millimolar) than the affin-
ities for pharmacological receptors (of the order of nano-
molar to picomolar). Thus, these transporters are able to
recognize a large number of xenobiotics with a wide
variety of structures. In normal tissue, P-gp is expressed
in the liver, kidney, small and large intestine, and brain
capillary endothelial cells (Troutman et al., 2001) (Table
1). Thus, the brain penetration of drugs, which are sub-
strates of this transporter, is extremely limited (Fromm,
2000; Tamai and Tsuji, 2000; Kusuhara and Sugiyama,
2001b; Schinkel, 2001). In mice that lack P-gp encoded
by the mdrla gene, the brain distribution of P-gp sub-
strates is significantly increased compared with that in
normal mice (Table 4). Clearly, these results demon-
strate that P-gp plays a key role in the BBB. The trans-
porter gene knockout mouse is a very important tool for
investigating the role of transporters in drug disposition
(Schinkel et al., 1994; Wijnholds et al., 1997, 2000;
Jonker et al., 2001). Efflux transport should be taken

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

79
2
-
>
e
-
<
S
0
O
-
0
g
é

aspet..

430

into consideration during drug development to improve
brain penetration and to avoid drug-drug interactions
involving these transporters and subsequent side ef-
fects. In general, BBB permeability increases with in-
creasing lipophilicity because the passive entry of mol-
ecules into the brain increases. However, a number of
highly lipophilic drugs demonstrate unexpectedly poor
BBB penetration because they are effluxed by P-gp. An
approach to increase lipophilicity is not always useful as
far as improving brain penetration is concerned. Brain
penetration of drugs that pharmacologically target the
CNS could, therefore, be improved by modifying the
drug so that it is not recognized by P-gp (Doan et al.,
2002). Whether poor brain penetration of a drug is due
to poor membrane permeability or active efflux should
be investigated in detail at an early stage of drug devel-
opment. The expression system of transporters is an
efficient tool for screening transport activities. Human
transporter gene transfected cells are especially impor-
tant tools because human experimental systems are
rather limited. Recent studies show that the transport
activity of MDR1-transfected cells correlates well with
the P-gp transport activity in vivo (Adachi et al., 2001;
Yamazaki et al., 2001).

However, reducing brain penetration by efflux trans-
porters is expected to enable the adverse CNS side ef-
fects to be avoided in some drugs with toxic CNS effects.
Some fluoroquinolone antibacterials or anticancer
agents exhibit low brain distribution, despite having a
high lipophilicity, because they are prevented from en-
tering the brain by P-gp (Tamai and Tsuji, 2000). This
probably explains their relative lack of CNS side effects.
The brain uptake of ivermectin is markedly increased
(27-fold) in mdrla knockout mice (Table 4). Mdrla
knockout mice are much more sensitive (100-fold) than
normal mice to the neurotoxic effects caused by ivermec-
tin (Schinkel et al., 1994). Drug design, which ensures
that the compounds interact with brain efflux trans-
porter, may be a successful way to avoid the CNS toxic-
ity of drug candidates that exhibit such an effect. How-
ever, a drug-drug interaction involving P-gp or a genetic
polymorphism of MDR1 may change the brain penetra-
tion of drugs and may affect safety if the drug candidate
is a P-gp substrate. Thus, it is important to select a lead
compound that has no intrinsic CNS toxic potential
rather than targeting the brain efflux transporter. Drug-
drug interactions via brain P-gp between loperamide, a
substrate for P-gp, and quinidine, an inhibitor of P-gp,
have been reported (Sadeque et al., 2000). Although the
antidiarrheal agent loperamide is a potent opiate, it does
not produce opioid CNS effects at usual doses in pa-
tients. When a 16-mg dose of loperamide alone was
administered to eight healthy volunteers, loperamide
produced no respiratory depression. However, respira-
tory depression occurred when loperamide (16 mg) was
given with quinidine at a dose of 600 mg. These changes
were not explained by increased plasma loperamide con-
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centrations. Thus, inhibition of P-gp by quinidine in-
creases the entry of loperamide into the CNS with re-
sulting opiate-induced respiratory depression. The lack
of respiratory depression produced by loperamide, which
allows it to be safely used therapeutically, can be re-
versed by a drug-drug interaction mediated by P-gp,
resulting in serious toxic and abuse potential.

In addition, some organic anion-transporting polypep-
tides (OATPs) are expressed in the brain. Many mem-
bers of this transporter family mediate transport of a
wide spectrum of amphipathic organic anions (Hagen-
buch and Meier, 2003). Rat Oatp2 (Slc21a5) is localized
on both the luminal and abluminal membranes of the rat
BBB (Gao et al., 1999). In humans, immunohistochem-
ical staining of brain tissue suggested that OATP-A is
expressed in the brain endothelial cells, although its
localization has not been confirmed (Gao et al., 2000).
Because Oatp2 can mediate bidirectional transport, in-
volvement of Oatp2 in the efflux transport across the
BBB is possible (Asaba et al., 2000; Sugiyama et al.,
2001). The recently characterized human OATP-F is a
high-affinity thyroxine transporter and is selectively ex-
pressed in brain (Pizzagalli et al., 2002). OATP-F is
possibly involved in the uptake of thyroxin from the
blood into the CNS. Moreover, OAT3, OCT3, and
OCTN2 appear to be expressed in the brain (Wu et al.,
1998; Kusuhara et al., 1999; Wu et al., 1999; Cha et al.,
2001; Ohtsuki et al., 2002). Their localization in the
brain and physiological function remain to be eluci-
dated. It is essential to identify most of the important
transporters in the brain and to characterize their func-
tion to provide a basis for developing strategies to reg-
ulate drug disposition in the brain.

C. Role of Transporters in Drug Absorption

Various transporters are expressed in the brush-bor-
der membranes of intestinal epithelial cells (Table 1).
They are involved in the efficient absorption of nutrients
or endogenous compounds. The use of influx transport-
ers expressed in the gut, such as PEPT1, ASBT,
OATP-B, OATP-D, OATP-E, or rat Oatp3 (Sic21a7), will
help improve drug absorption (Tsuji and Tamai, 1996;
Oh et al., 1999; Tamai et al., 2000a; Walters et al., 2000;
Kullak-Ublick et al., 2001; Lee et al., 2001b). Rat Oatp3,
but not Oatpl (Slc21al) or Oatp2, is expressed in the
small intestine, and is localized on the apical brush-
border membrane of enterocytes (Walters et al., 2000).
Because Oatp3 transports taurocholate, rat oatp3 is sug-
gested to mediate the absorption of bile acids. PEPT1
mediates the transport of peptide-like drugs such as
B-lactam antibiotics, angiotensin-converting enzyme
(ACE) inhibitors and the dipeptide-like anticancer drug
bestatin (Hori et al., 1993; Saito and Inui, 1995; Swaan
et al., 1995; Terada et al., 1997; Inui et al., 2000Db).
Interestingly, valacyclovir, a valyl ester prodrug of the
antiviral agent acyclovir, although it does not contain a
peptide bond, is transported by PEPT1 (Balimane et al.,
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TABLE 4
K, 4 ain values in mdrla(—/—) and mdrla(+/+) mice after intravenous injection of various drugs
mdrla(+/+) mdrla(—/-)
Time after Ratio
administration Plasma Brain Plasma Brain (Kp,brain,ko/ Reference
Conc. Conc. K, brain Conc. Conc. K, brain p,brain,wt
(ng/ml) (ng/ml) (ng/ml) (ng/ml)
Asimadoline” 1h 211 65 0.31 199 586 2.94 9.56 Jonker et al., 1999
Azasetron 0.119 0.833 7.0 Tamai and Tsuji, 2000
Carebastin 0.0403 0.319 7.9 Tamai and Tsuji, 2000
Cyclosporine 4h 38 10.5 0.28 54 178 3.3 12 Schinkel et al., 1995b
Daunomycin 30 min 0.91 1.63 1.8 Adachi et al., 2001
Dexamethasone 4h 17.2 4.9 0.28 17.2 12.1 0.7 2.5 Schinkel et al., 1995b
Diazepam 30 min 3.35 3.24 0.9 Adachi et al., 2001
Digoxin 4h 669 55.5 0.08 1259 1939 1.5 19 Schinkel et al., 1995b
Digoxin 90 min 21.2 1.1 0.05 39.6 21.1 0.53 10.3 Mayer et al., 1997
Digoxin® 4h 622 37.1 0.06 1775 1011 0.57 9.5 Schinkel et al., 1997
Doxorubicin 1h 0.00077 0.0025 3.2 Kusuhara and
Sugiyama, 2001a

Ebastine 0.114 0.846 7.4 Tamai and Tsuji, 2000
Grepafloxacin®® 2h 0.34 1 2.9 Tamai et al., 2000b
HSR903 2h 0.38 2.85 7.5 Murata et al., 1999
Indinavir 4h 19 1.6 0.08 21 17 0.81 10 Kim et al., 1998
Ivermectin® 4h 22 0.9 0.041 70 41 0.586 14.3 Schinkel et al., 1995a
Ivermectin® 24 h 16 1.5 0.094 52 131 2.519 26.9 Schinkel et al., 1994
Loperamide® 4h 13.3 4.1 0.31 26.7 55.3 2.1 6.7 Schinkel et al., 1996
Morphine 4h 10.9 5.3 0.49 12.4 8.9 0.72 1.48 Schinkel et al., 1995b
Nelfinavir 4h 14 1.2 0.09 17 45 2.65 31 Kim et al., 1998
Ondansetron 30 min 40.5 18.7 0.46 39.4 75.6 1.92 4.2 Schinkel et al., 1996
Progesterone 30 min 1.45 1.34 0.9 Adachi et al., 2001
Quinidine 10 min 0.17 4.64 28 Kusuhara et al., 1997
Rhodamine-123 4h 2.55 0.54 0.21 2.84 2.81 0.99 4.66 de Lange et al., 1998
Saquinavir 4h 31 4.1 0.13 34 30 0.88 6.67 Kim et al., 1998
Sparfloxacin®? 2h 0.14 0.54 3.9 Tamai et al., 2000b
Tacrolimus 5h 2.73 16.4 6.1 Yokogawa et al., 1999
Valspodar 4h 0.6 1.2 2 Desrayaud et al., 1998
Verapamil 1h 35 15 0.42 43 142 3.3 7.9 Hendrikse et al., 1998
Vinblastine 4h 3 5 1.7 6 112 18.7 11 Schinkel et al., 1994
Vincristine 0.027 0.066 2.4 Tamai and Tsuji, 2000

Drugs were administered intravenously to both wild-type and mdrla or mdrla/lb double knockout mice. Plasma and brain concentrations were determined at the time
of death. K, 1,,.;, was obtained by dividing the brain concentration by the plasma concentration.

‘; Mdrla/mdrlb double knockout mice were used for this experiment.
K
¢ Oral administration.

1998; Sawada et al., 1999). From the viewpoint of drug
delivery, L-valyl esterification of poorly absorbed drugs
has been suggested as a useful strategy for improving
their bioavailability and therapeutic efficacy.

However, primary active efflux transporters, such as
P-gp, MRP2, or BCRP, are expressed on the brush-bor-
der membrane of enterocytes (Table 1) and excrete their
substrates into the lumen, resulting in a potential limi-
tation of net absorption (Gotoh et al., 2000; Hirohashi et
al., 2000a; Jonker et al., 2000; Taipalensuu et al., 2001).
Active secretion of absorbed drug is now becoming rec-
ognized as a significant factor in oral drug bioavailabil-
ity (Wacher et al., 2001; Zhang and Benet, 2001). P-gp
contributes to the absorption of many drugs because of
its broad substrate specificity (Borst et al.,, 1999;
Fromm, 2000; Troutman et al., 2001). The intestinal
P-gp content correlates with the AUC after oral admin-
istration of digoxin, a P-gp substrate, in humans
(Greiner et al., 1999). This result suggests that P-gp in
the epithelium of the gut wall determines the plasma
concentration of orally administered digoxin. Another
report involving a patient undergoing a small bowel
transplant has also demonstrated that the plasma con-
centration of orally administered tacrolimus, a substrate

bbrain Values of grepafloxacin and sparfloxacin were evaluated using plasma unbound concentration.

of both P-gp and CYP3A4, correlated well with the
mRNA expression of intestinal MDR1, but not CYP3A4
(Masuda et al., 2000). These results suggest that intes-
tinal P-gp, rather than CYP3A4, is a good probe to
predict intraindividual variations in tacrolimus phar-
macokinetics. Furthermore, high levels of MDR1 are
strongly associated with reductions in survival rates
after living-donor liver transplantation and subsequent
immunosuppressive therapy with tacrolimus (Hashida
et al., 2001). Intestinal MDR1 is also a powerful prog-
nostic indicator of living-donor liver transplantation out-
comes.

BCRP is a multidrug-resistance protein that is a new
member of the ATP-binding cassette transporter family
(Doyle et al., 1998). BCRP has only one ATP-binding
cassette and six putative transmembrane domains (Roc-
chi et al., 2000), suggesting that BCRP is a half-trans-
porter, which may function as a homo- or heterodimer.
BCRP plays a role in the secretion of clinically important
drugs such as topotecan (Jonker et al., 2000). When both
topotecan, a substrate of BCRP, and GF120918, an in-
hibitor of both BCRP and P-gp, were administered
orally, the bioavailability of topotecan was increased in
P-gp-deficient mice (over 6-fold) compared with mice
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given vehicle alone (Jonker et al., 2000) (Table 5). Thus,
BCRP appears to be a major determinant of the bioavail-
ability of topotecan following oral administration. Be-
cause GF120918 inhibits both P-gp and BCRP, P-gp-
deficient mice have been wused to exclude any
confounding effects of P-gp inhibition. Topotecan is a
weak-to-moderate substrate of P-gp, thus P-gp also ap-
pears to play a role in the bioavailability of topotecan.
BCRP is expressed not only in the intestine, but also in
the bile canalicular membrane and placenta
(Maliepaard et al.,, 2001). Thus, treatment with
GF120918 reduced the plasma clearance and hepatobili-
ary excretion of topotecan (Table 5). Furthermore, in
pregnant GF120918-treated, P-gp-deficient mice, the fe-
tal penetration of topotecan was 2-fold higher than that
in pregnant mice given vehicle alone (Maliepaard et al.,
2001). These results indicate that BCRP plays an impor-
tant role in protecting the fetus from topotecan. The
bioavailability of topotecan in humans is moderate, with
a high interpatient variability (30 * 8%) (Schellens et
al., 1996). By combining oral topotecan with an effective
BCRP inhibitor, the bioavailability of topotecan might
be markedly improved and the interindividual variabil-
ity might be reduced (de Bruin et al., 1999). Although
GF120918 inhibits not only BCRP but also P-gp, fumit-
remorgin C, an extract of Aspergillus fumigatus, has
been shown to potently inhibit BCRP but not P-gp or
MRP, suggesting that fumitremorgin C is a highly se-
lective inhibitor of BCRP (Rabindran et al., 1998; Ozv-
egy et al., 2001). So, the strategic application of BCRP
inhibitors may lead to more effective oral chemotherapy
with topotecan or other drugs that are BCRP substrates.

In principle, the inhibition of intestinal efflux trans-
porters is a useful way to improve the oral bioavailabil-
ity of a coadministered drug (Sikic et al., 2000). It has
been shown that treatment with water-soluble vitamin
E (d-a-tocopheryl polyethylene glycol 1000 succinate
[TPGS]) enhances the absorption of cyclosporine in

TABLE 5
Effect of BCRP inhibitor GF120918 on pharmacokinetics of topotecan in
mdrla/1b(—/—) mice (Jonker et al., 2000)

B R e
Oral administration of
topotecan (1 mg/kg)*
AUC (mg - /1) 96 596 X6.2
Intravenous administration
of topotecan (1 mg/kg)*
AUC (mg - h/1) 200 406 %2.0
Biliary excretion® (%) 14.7 55 X0.4
Intestinal content of
[**C]topotecan-derived
radioactivity®
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 min before an oral or intravenous dose of topotecan (1 mg/kg).

® Cumulative biliary excretion of unchanged topotecan for 11 min.

¢ GF120918 (50 mg/kg) was administered orally; 15 min later, [*“Cltopotecan (1
mg/kg) was administered intravenously; 60 min after administration of [1*Cltopote-
can, the intestinal content of [1*C] was determined.

MIZUNO ET AL.

healthy volunteers or liver transplant recipients (Sokol
et al., 1991; Chang et al., 1996). Another report has
demonstrated that TPGS also increased the solubility of
amprenavir, an HIV protease inhibitor, and inhibited
the efflux transport systems and enhanced the perme-
ability of amprenavir through Caco-2 cell monolayers
(Yu et al., 1999). Overall, TPGS enhances the absorption
flux of amprenavir by increasing its solubility and per-
meability. This improvement is very significant since
the bioavailability of amprenavir in conventional cap-
sule formulations is almost zero, and the softgel formu-
lation containing vitamin E-TPGS is 69% bioavailable
for dogs (Yu et al., 1999). Surfactants, such as Cremo-
phor EL or Tween 80, have been found to be potent
inhibitors of P-gp (Lo et al., 1998; van Zuylen et al.,
2001). Both are used as formulation vehicles for a vari-
ety of poorly water-soluble drugs, including the antican-
cer agents paclitaxel and docetaxel. The use of these
surfactants may increase the intestinal absorption of
some drugs through P-gp inhibition and, thus, improve
the drug bioavailability of P-gp substrates.

Inhibition studies using P-gp inhibitors in Caco-2 cell
monolayers are simple to perform and are widely used to
evaluate the contribution of P-gp to the absorption of a
drug candidate. However, there are few studies describ-
ing any quantitative investigations or the theoretical
aspects involved. Table 6 shows the effect of P-gp inhib-
itors on the apical-to-basal or basal-to-apical flux of P-gp
substrates across Caco-2 cell monolayers. As a result,
the changes in the flux of P-gp substrates can be classi-
fied into three types (Fig. 1). In the first type, the basal-
to-apical flux scarcely changes and the apical-to-basal
flux increases markedly in the presence of a P-gp inhib-
itor (Fig. 1A). In the second case, both fluxes are
changed but the degree of change in the apical-to-basal
flux is greater than that in the basal-to-apical flux in the
presence of a P-gp inhibitor (Fig. 1B). In the third case,
both fluxes are changed but the degree of change in the
basal-to-apical flux is greater than that in the apical-to-
basal flux in the presence of a P-gp inhibitor (Fig. 1C).
An example of the first case is grepafloxacin, the second
case is illustrated by saquinavir and indinavir, while
examples of the third case include Rhodamine 123, cy-
closporine, vinblastine, and digoxin (Table 6). Figure 2
shows a schematic diagram illustrating the transcellu-
lar transport of P-gp substrates in Caco-2 cell monolay-
ers. PS; and PS, represent the permeability-surface
area (PS) products for the influx and non-P-gp-mediated
efflux across the apical membrane of Caco-2 cell mono-
layers, respectively; PS; and PS, represent the PS prod-
ucts for the efflux and influx across the basal membrane
of Caco-2 cell monolayers, respectively; and PSp_,, rep-
resents the PS product for P-gp-mediated efflux across
the apical membrane. CL, 5 and CLy_ 5 represent the
steady-state transport clearances in the apical-to-basal
direction and the basal-to-apical direction, respectively.
Supposing a steady-state flux (constant velocity of tran-
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TABLE 6
The effects of P-gp inhibitors on transcellular transport of P-gp substrates in Caco-2 cell monolayers
—Inhibitor® +Inhibitor® Ratio(+I/cont)
Substrate (uM) Inhibitor (uM) ——— BaeD ————— Beaco (+1) —  Type® Reference
AB BA BAAB AB BA B-A/A-B AB  BA
Grepafloxacin (5) Grepafloxacin 1000 0.6 2.1 3.4 1.7 1.6 0.9 2.77 0.76 A Yamaguchi et al., 2000
Saquinavir (5) PSC-833 1 2.3 228 9.8 8.8 129 1.5 3.78 0.57 B Kim et al., 1998
Indinavir (5) PSC-833 1 1.7 184 11 7.0 10.6 1.5 420 0.58 B Kim et al., 1998
Rhodamine-123 (5)  Verapamil 100 0.1 3.7 34 0.3 0.3 1.3 2.46  0.09 C Takano et al., 1998
Cyclosporine (1) Verapamil 100 3.5 254 7.2 6.4 7.5 1.2 1.80 0.30 C Alsenz et al., 1998
Vinblastine (0) GF120918 10 3.8 129 3.4 6.2 5.9 1.0 1.61 0.46 C Lentz et al., 2000
Digoxin (5) CP114416 1 1.6 125 7.7 4.2 3.5 0.8 257 0.28 C Wandel et al., 1999
@ Papp (X107% cm/s).
® Classification types for the effect of P-gp inhibitors on the transcellular transport of P-gp substrates shown in Fig. 1.
(A) ®) ©
% & 5
g B-A 5 B-A 5 B-A
3 o =1
£ £ £
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& & &
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Fic. 1. Schematic diagram illustrating the effect of P-gp inhibitors on the apical-to-basal (A-B) or basal-to-apical (B-A) flux of P-gp substrates
across Caco-2 cell monolayers. The changes in the flux of P-gp substrates can be classified into three types (A—C). Solid lines or dotted lines represent
the flux across monolayers without or with P-gp inhibitors, respectively. Three classification types can be interpreted according to eqs. 1-5 shown in

Fig. 2
PS, x PS,
CL , 5= (Eq. 1)
(PS,+PS; ) tPS,
Apical PS, x (PS,+PS;..)
— PS CLgy= ———————— 2= (Bq.2)
PS, PS, P (PS,+PSp,) +PS,
CLga PS,x (PS,+PSp..)
N Rigeo = - ——— 2 @ (Eq.3)
L, (+ PS,+P +P
\ P 5 | PS . C A-B( ) _ ( SZ SP—gp) SB (Eq 4)
CL, . Baval CL . CL, g (cont) PS, +PS,
CLg , (1) PS, x((PS,+PSp.,) +PS;) Eq.5)
= q.
CLg_, (cont) (PS,+PS;)(PS,+PS,_ )

Fic. 2. Schematic diagram illustrating transcellular transport of P-gp s

ubstrates in Caco-2 cell monolayers. PS; and PS, represent the perme-

ability-surface area (PS) products for the influx and non-P-gp-mediated efflux across the apical membrane of the cell monolayers, respectively. PS; and
PS, represent the PS products for the efflux and influx across the basal membrane of the cell monolayers, respectively. PSp ,, represents the PS

product for P-gp-mediated efflux across the apical membrane. CL, ; and C

Ly A represent the steady-state clearances across the monolayers in the

apical-to-basal direction and the basal-to-apical direction, respectively. CL, 5(+1I) and CLy_,(+1I) represent the steady-state transport clearances when

P-gp is completely inhibited by a P-gp inhibitor.

scellular transport) and “sink” conditions (constant con-
centration gradients), CL, 5 and CLg_, are given by egs.
1 and 2 of Fig. 2, respectively. The flux ratio across the
monolayer (R.,.,), defined as the ratio of CL, g to CLg_4,

is given by eq. 3 of Fig. 2. The degree of change in CL,
and CLg_,, when P-gp in completely inhibited by P-gp
inhibitor, is given by eqgs. 4 and 5 of Fig. 2, respectively.
CL, g(+]D) and CLp A(+1) represent the clearances when
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P-gp is completely inhibited by a P-gp inhibitor. The
experimental data in Table 6 can be interpreted using
egs. 3 to 5 of Fig. 2, where it has been estimated that PS,
>> PS; in the first case (Fig. 1A), PS, = PS; in the
second case (Fig. 1B), and PS, << PS; in the third case
(Fig. 1C). Furthermore, it has been estimated that the
value of PSp_,, is 2-fold greater in the case of grepafloxa-
cin, 6- to 8-fold greater in the case of saquinavir and
indinavir, and 6- to 21-fold greater in case of Rhodamine
123, cyclosporine, vinblastine, and digoxin compared
with the non-P-gp-mediated efflux clearance (PS,). In
some cases, it has been found that the basal-to-apical
flux is still greater than the apical-to-basal flux with
P-gp inhibitors. The reason for this phenomenon may be
not only that the inhibitor concentration is insufficient,
but also that the efflux transporters on the apical mem-
brane, other than P-gp, also play a role in the efflux of
these drugs.

D. Control of Elimination by Drug Transporters
(Uptake and Efflux Transporters in the Liver and
Kidney)

Multispecific transporters are expressed in the liver
and kidney and play an important role in the elimina-
tion of many xenobiotics, acting as a detoxification sys-
tem. Many drugs are excreted into the urine via organic
anion and cation transport systems, expressed on brush-
border and basolateral membranes of renal tubular cells
(Table 1) (Burckhardt and Wolff, 2000; Inui et al., 2000a;
Sekine et al., 2000; van Aubel et al., 2000; Dresser et al.,
2001; Masereeuw and Russel, 2001; Russel et al., 2002).
As far as the liver is concerned, a wide variety of trans-
porter families are known to be present at the sinusoidal
and canalicular membranes and play a significant role
in hepatobiliary excretion (Table 1) (Oude Elferink et al.,
1995; Yamazaki et al., 1996; Muller and Jansen, 1997;
Keppler and Konig, 2000; Kullak-Ublick et al., 2000;
Faber et al., 2003). Secondary active transporters ex-
pressed on the sinusoidal membrane are responsible for
the uptake of drugs from the blood into hepatocytes
(Meier et al., 1997). Primary active transporters ex-
pressed on the canalicular membrane are involved in the
biliary excretion of both parent drugs and their metab-
olites (Kusuhara et al., 1998; Hooiveld et al., 2001).
Since some transporters are specifically expressed on
hepatocytes or renal tubular cells, they can be used as a
target for drug delivery to the liver or kidney, possibly
resulting in direct control of the elimination process. The
transporters expressed in the liver and kidney are intro-
duced here.

1. Organic Anion Transporting Polypeptide (SLC21A)
Family. Organic anion transporting polypeptides
(OATPs) have been isolated from rats, at first as candi-
dates for the sodium-independent uptake system in the
liver (Meier et al.,, 1997; Muller and Jansen, 1997).
OATPs form a growing gene superfamily and mediate
transport of a wide spectrum of amphipathic organic

MIZUNO ET AL.

anions such as bromosulfophthalein, estradiol-173-gluc-
uronide (E,-178G), bile acids, thyroid hormones, and
drugs such as pravastatin, temocaprilat, and BQ-123
(Meier et al., 1997; Muller and Jansen, 1997; Ishizuka et
al., 1998; Kakyo et al., 1999; Reichel et al., 1999; Abu-
Zahra et al., 2000). Although some important members
of this transporter superfamily are selectively expressed
in rodent and human livers, most OATPs are expressed
in multiple tissues including the BBB, choroid plexus,
lung, heart, intestine, kidney, placenta, and testes
(Hagenbuch and Meier, 2003). A human OATP-C (also
referred to as OATP2 and LST-1) is predominantly ex-
pressed in the liver (Abe et al., 1999; Hsiang et al., 1999;
Konig et al., 2000a; Tamai et al., 2000a). Due to its broad
substrate specificity, OATP-C is considered to play a
major role in the hepatic uptake of organic anions. Re-
cently, Cui et al. demonstrated that OATP-C transports
bilirubin and its mono- and diglucuronide, suggesting
that OATP-C is important from a physiological point of
view (Cui et al., 2001b). In addition to OATP-C, OATP-B
and OATPS8 are also localized on the sinusoidal mem-
brane of hepatocytes (Table 1) (Konig et al., 2000b; Kul-
lak-Ublick et al., 2001). The tissue distribution of
OATP-B is much broader than that of liver specific
OATP-C. Although the expression of OATP-B is most
abundant in human liver, it is also present in the pan-
creas, lung, gut, ovary, testes, and spleen. (Tamai et al.,
2000a; Kullak-Ublick et al., 2001; St-Pierre et al., 2002).
OATP-B transports sulfate conjugates of steroids, but
not glucuronide conjugates and bile salts, whereas
OATP-C transports both types of steroid conjugates
(Kullak-Ublick et al., 2001; Tamai et al., 2001). OATPS8
is exclusively expressed on the basolateral membrane of
hepatocytes (Konig et al., 2000b). Although OATP-C and
OATPS exhibit broad overlapping substrate specificities,
OATPS is unique in transporting digoxin and exhibits
an especially high transport activity for anionic peptides
[D-penicillamine(2,5)] enkephalin (opioid-receptor ago-
nist), BQ-123 (endothelin-receptor antagonist), and cho-
lecystokinin-8 (gastrointestinal peptide hormone 8) (Is-
mair et al., 2001; Kullak-Ublick et al., 2001). The bile
salts, substrates for OATP-C, are reportedly not trans-
ported by OATP8 (Konig et al., 2000b). Because
OATP-C, OATP-B, and OATPS are localized on the same
membrane domain with overlapping substrate specific-
ity, the contribution of OATP-C, OATP-B, and OATPS to
the total hepatic uptake of each ligand needs to be clar-
ified.

2. Organic Anion Transporter (SLC22A) Fami-
ly. OATI1 and OATS3 are mainly expressed in the kid-
ney and localized on the basolateral membrane of the
proximal tubules (Table 1) (Sekine et al., 1997; Hosoy-
amada et al., 1999; Kusuhara et al., 1999; Sekine et al.,
2000; van Aubel et al., 2000; Dresser et al., 2001; Kojima
et al., 2002). Their substrates include relatively small
and hydrophilic organic anions, such as p-aminohippu-
rate (PAH), methotrexate, B-lactam antibiotics, nonste-
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roidal anti-inflammatory drugs (NSAIDs), and antiviral
nucleoside analogs (Uwai et al., 1998; Apiwattanakul et
al., 1999; Cihlar et al., 1999; Jariyawat et al., 1999;
Wada et al., 2000). Recently, Oat3 knockout mice have
been developed, and Oat3 ™/~ mice exhibit impaired or-
ganic anion transport function in renal and choroid
plexus epithelia but not in the liver (Sweet et al., 2002).
This indicates that Oat3 plays an essential role in renal,
but not hepatic, organic anion uptake.

Generally, amphipathic organic anions with a rela-
tively high molecular weight, such as OATP substrates,
are eliminated from the liver by metabolism and/or bil-
iary excretion, while small and hydrophilic organic an-
ions, such as OAT substrates, are excreted into the
urine. The tissue distribution and elimination pathways
of drugs can be explained by similarities and differences
in the substrate recognition by these transporters ex-
pressed in the liver and kidney. Thus, modifying the
drug so that it is recognized by OATP or OAT may lead
to liver or kidney organotropism. Although, in general,
OAT families are mainly expressed in the kidney, OAT2
is abundantly expressed in the liver and, to a lesser
extent, in the kidney, and localized to the basolateral
membrane of the liver (Simonson et al., 1994; Sekine et
al., 1998). OAT2 transports relatively small and hydro-
philic organic anions, such as indomethacin and salicy-
late, and may be involved in the hepatic uptake of these
drugs (Morita et al., 2001). However, the OATP family is
supposed to be responsible for the hepatic uptake of
amphipathic organic anions.

The reported toxicity of some drugs is occasionally
caused by concentrative tissue distribution due to active
transport. The OAT1-mediated transport of ochratoxin
A, a potent nephrotoxin, has been reported, suggesting
that accumulation of the toxin via OAT1 in proximal
tubules may be the primary event in the development of
ochratoxin A-induced nephrotoxicity (T'suda et al., 1999;
Jung et al., 2001b). A similar effect has been proposed
for adefovir, cephalosporin antibiotics, and B-lactam an-
tibiotics, which accumulate extensively in the tubules
(Cihlar et al., 1999; Jariyawat et al., 1999; Takeda et al.,
1999, 2002a). Active transport processes may increase
the intracellular concentration and appear to be directly
related the development of tubular injury. Thus, design-
ing a drug that is not transported by OAT1 or coadmin-
istering OAT1 inhibitors may be an effective way of
reducing the nephrotoxicity of these compounds (Cihlar
et al., 2001). A fluorescence assay to screen for novel
human OAT1 inhibitors has been developed (Cihlar and
Ho, 2000) and it has been suggested that NSAIDs may
reduce adefovir nephrotoxicity since they efficiently in-
hibit the human OAT1-specific transport of adefovir at
clinically relevant concentrations (Apiwattanakul et al.,
1999; Mulato et al., 2000).

3. Organic Cation Transporter (SLC22A) Fami-
ly. The OCT family of proteins is involved in the up-
take of organic cations into the liver or kidney from
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blood. OCT1 and OCT?2 are expressed in epithelial cells
of the kidney, liver, and intestine, and appear to be
localized to the basolateral membranes of the cells (Ta-
ble 1) (Meyer-Wentrup et al., 1998; Urakami et al.,
1998). These transporters mediate the uptake of a vari-
ety of organic cations, such as dopamine, choline,
1-methyl-4-phenylpyridinium (MPP"), N'-methylnicoti-
namide, TEA, and cimetidine (Martel et al., 1996; Zhang
et al.,, 1997; Breidert et al.,, 1998; Koepsell, 1998;
Urakami et al., 1998; Zhang et al., 1998). Rat Oct1 is
expressed in both the liver and kidney, although its
human counterpart is expressed predominantly in the
liver, while human and rat Oct2 are present mainly in
kidney and brain (Grundemann et al., 1994; Gorboulev
et al., 1997). Rat Oct3 mRNA has been found to be most
abundant in the placenta, with a moderate presence in
the intestine, heart, and brain (Kekuda et al., 1998).

Recently, the pharmacological and physiologic role of
Octl has been investigated using Octl knockout
(Octl™’7) mice (Jonker et al., 2001). The distribution
and excretion of the model substrate TEA after intrave-
nous administration has been compared in wild-type
and Octl™™ mice. In Octl™~ mice, accumulation of
TEA in liver was 4- to 6-fold lower than in wild-type
mice, indicating that for TEA, Oct1 is the main uptake
system in the liver (Table 7). In addition, direct intesti-
nal excretion of TEA was reduced about 2-fold, showing
that Octl also mediates basolateral uptake of TEA into
enterocytes (Table 7). Excretion of TEA into urine over
1 h accounted for 53% of the dose in wild-type mice
compared with 80% in knockout mice, probably because
in Octl™’~ mice less TEA accumulates in the liver and
thus more is available for rapid excretion by the kidney
(Table 7).

Similarly, the distribution of metformin, a biguanide,
to the liver and intestine in Octl™’~ mice was signifi-
cantly lower than that in wild-type mice, whereas dis-
tribution to the kidney and the urinary excretion profile
showed only minimal differences (Wang et al., 2002).
Oct1 is responsible for hepatic uptake as well as playing
a role in the intestinal uptake (via basolateral mem-
brane) of metformin, while the renal distribution and
excretion are mainly governed by other transport mech-
anisms. Biguanides are oral antihyperglycemic agents
used for the treatment of type 2 diabetes mellitus, but
they are associated with lactic acidosis, a potentially
fatal side effect. Following the administration of met-
formin, the blood lactate concentration significantly in-
creased in wild-type mice, whereas only a slight increase
was observed in Octl™~ mice (Wang et al., 2003). The
hepatic concentration of metformin in Octl ™/~ mice was
markedly reduced, whereas its plasma concentration
time profile was similar in wild-type and Oct1 ™/~ mice.
These results indicate that the Octl-mediated hepatic
uptake of biguanides plays an important role in lactic
acidosis.
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TABLE 7
Levels of radioactivity in female wild-type and Octl '~ mice with a cannulated gallbladder at 60 min after i.v. injection of [*CIJTEA (0.2 mg/kg)
(Jonker et al., 2001)

14C conen (ng—eq g torml™Y) + SD (n = 4)

Excretion (%)°

Ratjo
wie Oct1 ™/~ wt Oct1 ™/~ (Octd T wt)

Plasma 23.8 49 17.1 = 3.0%* 0.72
Brain 1.6 = 0.3 1.9+04 1.22
Spleen 35+5 42 *+ 2% 1.21
Kidney 441 * 152 236 *+ 20* 0.53
Liver 1225 + 26 (25.3=0.8%) 283 *+ 44%%(5.8+1.0%%) 0.23
Bile 0.35 £ 0.09 0.14 = 0.01% 0.41
Small intestine 1.31 = 0.19 0.67 += 0.09%* 0.51
Cecum 0.12 = 0.02 0.09 *= 0.04* 0.72
Colon 0.03 £ 0.01 0.04 = 0.01 1.23
Urine 53.3 =+ 16.8 80.0 = 15.6* 1.50

*P < 0.05; ** P < 0.01.
¢ wt, wild type.
b Mean percentage of administered dose + SD (n = 4).

¢ Total TEA found in the contents of small intestine, cecum, and colon. Urine was collected from the bladder.

4.  Multidrug  Resistance-Associated  Protein 2
(ABCC2). MRP2, located on the bile canalicular mem-
brane, is involved in the biliary excretion of clinically im-
portant anionic drugs as well as the intracellularly formed
glucuronide- and glutathione-conjugates of many drugs
(Paulusma et al., 1996; Ito et al., 1997; Keppler et al., 1997;
Tto et al., 1998b; Konig et al., 1999a). In the liver, xenobi-
otics are metabolized by the so-called phase I and II en-
zymes, which are mainly cytochrome P450 and conjugat-
ing enzymes, respectively. After these enzymatic reactions,
the conjugated metabolites produced are pumped out from
hepatocytes into the bile. This ATP-dependent efflux
transporter plays a physiologically important role as the
“phase III” xenobiotic detoxification system (Ishikawa,
1992). In addition, MRP2 mediates the biliary excretion of
not only conjugated metabolites, but also unchanged or-
ganic anions, such as grepafloxacin (a new fluoroquinolone
antibiotics) or cefodizime and ceftriaxone (3-lactam antibi-
otics) (Sathirakul et al., 1993; Kusuhara et al., 1998;
Sasabe et al., 1998). These antibiotics have been shown to
be effective in the treatment of inflammatory conditions
affecting the biliary tract because they are efficiently ex-
creted into the bile (Suzuki and Sugiyama, 1999). The
biliary excretion of these antibiotics gives these drugs a
pharmacological advantage due to the target organ.

However, in some cases there is a major accumulation
of drugs in the bile duct via MRP2 expressed on the bile
canalicular membrane, which results in toxic effects on
bile epithelial cells or gastrointestinal cells. It is sup-
posed that the reactive glucuronide of the NSAID di-
clofenac is selectively transported into bile via MRP2,
where it exhibits toxic effects on the bile canalicular
membrane (Seitz et al., 1998). Similarly, methotrexate is
concentrated in bile compared with plasma and under-
goes enterohepatic circulation, resulting in adverse ef-
fects in the intestine. It has been reported that the
biliary excretion of methotrexate is mediated by MRP2
(Masuda et al., 1997). A structural modification of such
drugs to reduce their biliary excretion would be useful.

Although CPT-11 is an effective anticancer drug, its
clinical use is frequently limited by a form of gastroin-

testinal toxicity, severe diarrhea (Rowinsky et al., 1994).
Such severe diarrhea exhibits a large degree of interpa-
tient variability. The action of its active metabolite, SN-
38, on gastrointestinal cells is believed to be responsible
for this toxicity (Araki et al., 1993). The biliary excretion
of SN-38 and SN-38 glucuronide and subsequent uptake
by gastrointestinal epithelial cells may be associated
with this diarrhea (Kaneda and Yokokura, 1990). It has
been shown that MRP2 is involved in the biliary excre-
tion of SN-38 and SN-38 glucuronide (Chu et al.,
1997a,b), and there is a large degree of interindividual
variability in the transport activity of SN-38 via MRP2,
as shown by a study using human bile canalicular mem-
brane vesicles (CMVs) (Chu et al., 1998). Thus, the bil-
iary excretion of its metabolites mediated by MRP2 has
been proposed to be linked to its unpredictable gastro-
intestinal toxicity. An attempt to prevent this toxicity
using potent MRP2 inhibitors has been investigated.
Probenecid is a potential candidate, which can be used
clinically to inhibit the biliary excretion of CPT-11 me-
tabolites (Horikawa et al., 2002b). In actual fact, it has
been shown that coadministration of probenecid mark-
edly reduces both SN-38 exposure and CPT-11-induced
late-onset toxicity in the gastrointestinal tissues of rats,
possibly by inhibiting the biliary excretion of CPT-11
and/or its metabolites (Horikawa et al., 2002a). It is
expected that this agent will be used clinically to prevent
toxicity. Approaches using intentional drug-drug inter-
actions (positive drug interactions) like this case may
become more important in the future.

Control of the elimination route, such as biliary or
urinary excretion, is also one of the strategies used to
avoid potentially toxic effects. In some cases, transport-
ers expressed in the liver or kidney may determine the
elimination route affecting the systemic plasma concen-
trations of drugs. Many ACE inhibitors are actually
administered as prodrugs and are metabolized to their
active forms, such as enalaprilat, captoprilat, cilazapri-
lat, ramiprilat, and spirapprilat. They are excreted pre-
dominantly into the urine. In contrast, temocaprilat is
excreted via both bile and urine (Oguchi et al., 1993).
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The presence of an excretion route other than the uri-
nary one confers a pharmacokinetic advantage, particu-
larly in the treatment of patients with renal failure. In
such patients, the AUC and C,,,, values of captopril and
enalapril are markedly increased because these ACE
inhibitors are eliminated primarily via renal excretion
(Oguchi et al., 1993). In contrast, alterations in these
pharmacokinetic parameters are minimal for temocap-
rilat because of the presence of the biliary excretion
pathway (Oguchi et al., 1993). A multiple elimination
pathway will result in a relatively stable pharmacoki-
netic profile compared with only a single elimination
pathway. Although the biliary excretion of temocaprilat
is governed by MRP2 at the canalicular membrane, it
has been suggested that other ACE inhibitors are not
good substrates of MRP2 (Ishizuka et al., 1997, 1999).
The affinity for MRP2 is expected to be the predominant
factor in determining the biliary excretion of any series
of ACE inhibitors. Drugs that are excreted into both the
bile and urine to the same degree may be expected to
exhibit minimal interindividual differences in their
pharmacokinetics.

Mrp2-deficient rats, such as transport-deficient rats
and Eisai hyperbilirubinemic rats, exhibit hyperbiliru-
binemia such as the Dubin-Johnson syndrome due to a
defect in the biliary excretion of bilirubin glucuronides.
Mrp3 is induced on the hepatic basolateral membrane of
Mrp2-deficient animals (Hirohashi et al., 1998; Donner
and Keppler, 2001; Soroka et al., 2001) and is able to
excrete glucuronide conjugates of xenobiotics (Hirohashi
et al., 1999, 2000b). Thus, these results are consistent
with the hypothesis that Mrp3 may be involved in the
sinusoidal efflux of glucuronide conjugates in these mu-
tants. It is plausible that in the cholestatic liver, biliru-
bin glucuronides are effluxed from the liver into the
blood via sinusoidal Mrp3, resulting in jaundice. More-
over, immunohistochemical studies have indicated that
MRP3 is induced in the sinusoidal membrane of patients
suffering from Dubin-Johnson syndrome (Konig et al.,
1999b).

5. Bile Salt Export Pump (ABCB11). Intrahepatic
cholestasis can be induced by interference with the se-
cretion of biliary constituents resulting in an intracellu-
lar accumulation of bile salts and other toxic bile con-
stituents within hepatocytes. BSEP, located on the
canalicular membrane, mediates the transport of bile
acids such as taurocholic acid (Gerloff et al., 1998; Kul-
lak-Ublick et al., 2000). Cholestasis induced by some
drugs is mediated, at least in part, by inhibition of
BSEP, resulting in intracellular accumulation of cyto-
toxic bile salts. The immunosuppressant, cyclosporine,
has been shown to produce cis-inhibition of BSEP-medi-
ated bile salt transport (Stieger et al., 2000). A similar
mechanism has been postulated for rifampicin and glib-
enclamide (Stieger et al., 2000). In contrast, the choles-
tatic estrogen metabolite, E,-17BG, causes trans-inhibi-
tion of BSEP-mediated bile salt transport and, therefore,
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exerts its cholestatic action only after its excretion by
MRP2 into the canalicular lumen (Stieger et al., 2000).
In addition, some other MRP2 substrates cause trans-
inhibition of the BSEP-mediated transport of bile acids
(Akita et al., 2001). Horikawa et al. have reported the
inhibition potential of a series of therapeutic drugs, pro-
ducing clinical cholestasis, on BSEP and MRP2
(Horikawa et al., 2003). Although most of the drugs have
only a minimal inhibitory effect on Bsep- and Mrp2-
mediated transport in rat CMVs, cloxacillin inhibited
BSEP-mediated transport in both rat and human CMVs.
Since the inhibitory effect on BSEP-mediated transport
by cloxacillin was more marked in human CMVs than in
rat CMVs, species differences in inhibitory potential
need to be considered (Horikawa et al., 2003). Troglita-
zone is a thiazolidinedione insulin-sensitizing agent for
the treatment of noninsulin-dependent diabetes melli-
tus, but it was withdrawn from the market because of
liver toxicity (Funk et al., 2001a). Although the mecha-
nism underlying this troglitazone-associated hepatotox-
icity is at present unclear, it has been suggested that a
cholestatic mechanism is involved (Funk et al., 2001a).
Troglitazone and, to a much greater extent troglitazone
sulfate, the main troglitazone metabolite eliminated
into bile, competitively inhibit ATP-dependent tauro-
cholate transport via BSEP (Funk et al., 2001a,b). This
inhibition of the hepatobiliary export of bile salts by
troglitazone and troglitazone sulfate may lead to a drug-
induced intrahepatic cholestasis in humans, possibly
contributing to the hepatotoxicity of troglitazone. One
should consider the possibility that drugs which inhibit
BSEP may cause cholestasis. The evaluation of BSEP
inhibition will play an important role in the identifica-
tion of compounds that could be a potential cause of
cholestasis.

Obtaining more data on the substrate specificities and
expression level of each human transporter will be of
great help in improving drug design by targeting specific
transporters and controlling their elimination. The
route of elimination may be controlled by using trans-
porters that are expressed selectively in either the liver
or kidney.

IT1. Clinical Implications of Transporter-
Mediated Drug Interactions

A. Drug-Drug Interactions Involving Elimination

Drug-drug interactions involving membrane trans-
port can be classified into two categories: one caused by
competition for the substrate binding sites of the trans-
porters, and the other caused by a change in the expres-
sion level of the transporters. Due to the broad substrate
specificity of P-gp, drug-drug interactions involving P-gp
are very likely (Lin, 2003). Table 8 gives an overview of
the known drug interactions that involve, at least in
part, P-gp. This gives an indication of the interactions
that one may expect during combination therapy. P-gp
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inhibitors, such as quinidine, valspodar, and verapamil,
are known to increase plasma concentrations of digoxin,
a cardiac glycoside, because they block its biliary and/or
urinary excretion via P-gp (Table 8) (Hedman et al.,
1990, 1991; Kovarik et al., 1999). Since the therapeutic
range of digoxin is small, changes in its plasma concen-
tration are potentially very serious.

Since OAT1 is responsible for the urinary excretion of
a wide variety of anionic agents, it may be involved in
renal drug-drug interactions. Furosemide undergoes tu-
bular secretion before reaching its target site, the loop of
Henle. Coadministration of probenecid significantly in-
hibits the tubular secretion of furosemide and, therefore,
its diuretic effect is markedly reduced (Inui et al., 2000a;
Uwai et al., 2000). It is well known that probenecid
inhibits the renal secretion of many other anionic drugs
via organic anion transport systems. The renal excretion
of ciprofloxacin, benzylpenicillin, and acyclovir is re-
duced by coadministration of probenecid (Overbosch et
al., 1988; Tsuji et al., 1990; Jaehde et al., 1995). OAT1 is
a candidate for the transporter responsible for these
interactions on the renal basolateral membrane because
probenecid is able to inhibit OAT1 (Hosoyamada et al.,
1999). In addition, fatal interactions have been reported
between methotrexate and NSAIDs (Tracy et al., 1992;
Kremer and Hamilton, 1995). NSAIDs significantly re-
duced methotrexate renal clearance This interaction
seems to be linked to severe adverse effects after chemo-
therapy (Thyss et al., 1986). Methotrexate is specifically
taken up by OATI1- or OAT3-expressing cells, and
NSAIDs inhibit the methotrexate uptake mediated by
these transporters (Takeda et al., 2002b). These results
suggest that the basolateral membrane OAT1 and/or
OATS is involved in the methotrexate-NSAID interac-
tion in the kidney.

In addition, hepatic drug-drug interaction via
OATP-C has been reported. In kidney transplant recip-
ients treated with cyclosporine, the AUC of cerivastatin
was 3.8-fold higher than that in healthy volunteers who
were not given cyclosporine (Fig. 3) (Muck et al., 1999).
The mild-to-moderate reduction in renal function in kid-
ney transplant recipients compared with healthy con-
trols is unlikely to be responsible for the observed phar-
macokinetic effects, because the renal clearance of
cerivastatin is negligible (Muck et al., 1997). Shitara et
al. have examined the effect of cyclosporine on the up-
take of cerivastatin into human hepatocytes to investi-
gate the mechanism of their drug-drug interaction
(Shitara et al., 2003). As a result, cyclosporine was found
to inhibit transporter-mediated cerivastatin uptake in
human hepatocytes with K; values of 0.28 to 0.69 uM. In
addition, the uptake of cerivastatin was examined in
human OATP-C-expressing MDCK II cells and cerivas-
tatin was shown to be a substrate of human OATP-C,
like pravastatin (Hsiang et al., 1999; Nakai et al., 2001).
OATP-C-mediated uptake of cerivastatin was also inhib-
ited by cyclosporine with a K, value of 0.2 uM in trans-
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fected cells. These results suggest that the drug-drug
interaction between cerivastatin and cyclosporine can be
explained by inhibition of the transporter-mediated he-
patic uptake of cerivastatin and, at least in part, its
OATP-C-mediated uptake. Recently, a severe drug-drug
interaction between cerivastatin and gemfibrozil was
reported and, in the United States, 31 deaths from se-
vere rhabdomyolysis were reported in patients taking
cerivastatin, 12 of whom were taking concomitant gem-
fibrozil (Charatan, 2001). This resulted in the with-
drawal of cerivastatin from the market (Alexandridis et
al., 2000; SoRelle, 2001). It is possible that the trans-
porter in the sinusoidal membrane of the liver is in-
volved in this drug-drug interaction, and the mechanism
governing this needs to be investigated.

B. Drug-Drug Interactions Involving Absorption

There are some instances where intestinal P-gp may
be involved in human drug-drug interactions associated
with absorption (Table 8). For example, coadministra-
tion of erythromycin, a macrolide antibiotic, enhances
the AUC of the orally administered B-blocker, talinolol,
by 34% (Schwarz et al., 2000). A P-gp substrate, talinolol
is eliminated mainly via the urine without any signifi-
cant systemic metabolism. The renal clearance of talino-
lol is unaffected by coadministration of erythromycin,
hence its intestinal absorption appears to be altered by
coadministration of erythromycin (Schwarz et al., 2000).
Therefore, it appears that the increase in oral bioavail-
ability of talinolol after concomitant administration of
erythromycin is caused by an increased net intestinal
absorption due to P-gp inhibition by the latter. The
metabolism by CYP3A in the human small intestine is a
major factor limiting oral bioavailability, accompanied
by P-gp-mediated efflux (Wacher et al., 2001; Zhang and
Benet, 2001). Talinolol or digoxin is a good substrate of
P-gp, but not of CYP3A. Thus, the role of P-gp in intes-
tinal secretion is directly confirmed by these examples.
Since the substrate specificities of CYP3A and P-gp
overlap (Wacher et al., 1995), many drugs may be sub-
strates 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.

Recently, an interesting report has appeared describ-
ing an interaction between fexofenadine and grapefruit,
orange, and apple juice (Dresser et al., 2002). Unmetabo-
lized fexofenadine is a substrate of P-gp, and it is known
that grapefruit juice may inhibit P-gp activity (Spahn-
Langguth and Langguth, 2001). Thus, it can be pre-
dicted that the plasma concentration of orally adminis-
tered fexofenadine will be increased by coadministration
of grapefruit juice if the latter inhibits intestinal P-gp.
Nevertheless, grapefruit juice produced markedly lower
plasma fexofenadine concentrations in healthy volun-
teers (Table 9) (Dresser et al., 2002). The fexofenadine
AUC and C,,, values following the administration of
grapefruit juice were reduced to approximately 30% of
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Cerivastatin plasma concentration (ug/L)

0.1 T T T T T
0 + 8 12

Time(hr)

Fic. 3. Change in the disposition of cerivastatin caused by cyclospor-
ine treatment. Cerivastatin plasma concentration-time profiles after oral
administration of 0.2 mg cerivastatin in kidney transplant recipients
receiving stable individual cyclosporine treatment (M) compared with
healthy subjects without cyclosporine intake ([]) are shown (Muck et al.,
1999).

those following administration of water, while the fexo-
fenadine elimination half-life and renal clearance re-
mained unaffected. Similar phenomena have been re-
ported following the coadministration of orange or apple
juice. Fexofenadine is actually the substrate of not only
P-gp, but also the drug uptake transporter, OATP (Cvet-
kovic et al., 1999). In addition, grapefruit juice produces
a modest inhibition of P-gp-mediated digoxin efflux
transport in cell lines expressing P-gp. In contrast,
grapefruit, orange, and apple juices caused marked in-
hibition of OATP-mediated fexofenadine uptake in cell
lines expressing OATPs. In view of the above results, it
appears that OATP-mediated fexofenadine uptake is ac-
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tually inhibited. Since inhibition of P-gp and OATPs in
the liver would reduce the biliary secretion and increase
plasma fexofenadine concentrations, it appears that the
fexofenadine-juice interaction is primarily the result of
reduced fexofenadine absorption from the gastrointesti-
nal tract. Fruit juices are more potent inhibitors of
OATPs than P-gp, which can reduce oral drug bioavail-
ability.

Induction of transporter represents a new type of
drug-drug interaction. Greiner et al. have reported a
rifampin-digoxin interaction involving the induction of
intestinal P-gp in humans (Greiner et al., 1999). The
AUC value of oral digoxin is significantly lower during
rifampicin treatment (600 mg/day for 10 days) but the
effect is less pronounced after intravenous administra-
tion of digoxin (Greiner et al., 1999) (Table 10). The
renal clearance and half-life of digoxin are unaltered by
rifampin. However, rifampin treatment increases the
intestinal P-gp content 3.5-fold, which correlates with
the AUC value after oral but not intravenous adminis-
tration of digoxin (Fig. 4). P-gp is a determinant of the
disposition of digoxin and the rifampin-digoxin interac-
tion appears to occur largely at the level of the intestinal
P-gp expression. Since rifampin also induces intestinal
MRP2, coadministration of rifampin is expected to in-
crease the secretion into the lumen of MRP2 substrates,
such as glutathione or glucuronide conjugates (Fromm
et al., 2000). St. John’s wort is one of the most commonly
used over-the-counter herbal medicines in the United
States and is widely used in the treatment of mild de-
pression. However, the U.S. Food and Drug Administra-
tion alerted health professionals to the risk of drug in-
teractions with St. John’s wort (Henney, 2000).
Coadministration of St. John’s wort and the HIV pro-
tease inhibitor indinavir reduced the latter’s exposure
by 57% in healthy volunteers (Piscitelli et al., 2000). The
induction of intestinal P-gp by St. John’s wort is as-
sumed to play a role in these phenomena. In addition,
the administration of St. John’s wort to healthy volun-
teers over 14 days resulted in an 18% reduction in
digoxin exposure after a single dose of digoxin, and a 1.4-
and 1.5-fold increase in the expression of duodenal P-gp
and CYP3A4, respectively (Table 8) (Durr et al., 2000).
Although St. John’s wort induces both P-gp and
CYP3A4, like rifampin, the reduction in the oral bio-
availability of digoxin may be caused by the induction of

TABLE 9
Reduction of fexofenadine bioavailability by fruit juices in humans (Dresser et al., 2002)

Control

Grapefruit Juice

Orange Juice Apple Juice

AUC;_gy, (ng - h/ml) 1330 *= 109
Cax (ng/ml) 288 + 23
T (h) 2.6 0.2
CL, (ml/min) 78 £ 8

439 * 44* 373 = 19* 301 = 33*

110 = 14* 96 = T* 81 + 13*
3.1+0.2 3.4+0.3 3.5+04
747 86 £ 8 92+ 9

Fexofenadine 120 mg with 1200 ml of water, grapefruit juice, orange juice, or apple juice was administered to 10 healthy volunteers. Data are expressed as mean + S.E.M.

Comparisons are between juice and water treatments.
*P < 0.001.
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TABLE 10
The effect of rifampin on pharmacokinetics of digoxin in humans (Greiner et al., 1999)

Digoxin 1 mg p.o.

Digoxin 1 mg i.v.

Control

With Rifampin®

Control With Rifampin®

AUC _1441) (ng/h/ml) 54.8 = 11.6
Bioavailability (%) 63 = 11
T hax (min) 42 = 12
C.ax (ng/ml) 54*19
Renal clearance (ml/min) 159 = 30
Nonrenal clearance (ml/min)

T, (h) 56 = 13

38.2 £ 12.4% 87.3 8.3 74.5 = 10.5%
44 * 14%
52 + 18%*
2.6 £ 0.7%* 24.7 £ 5.2 209 1.8
159 = 38 151 = 25 147 = 18
17 + 17 54 + 29%*
54 = 13 58 £ 12 53 = 11

“ 600 mg/day of rifampin were administered to healthy volunteers for 10 days.
*P < 0.05; ¥ P < 0.01.

100 T
£ R=0.8
;éo P<0.0001
o 75 °
23
£ =
SRS
2
o
S5 o5 f
<t [ ]
0
0 0.1 02 03 04 05 0.6 07

Expression of duodenal P-gp

Fic. 4. Correlation between AUC of orally administrated digoxin (1
mg) and expression of duodenal P-gp in humans (n = 16). [, without
rifampin; B, with rifampin (600 mg) (Greiner et al., 1999).

intestinal P-gp due to a lack of significant metabolism by
CYP3A4.

C. Prediction of in Vivo Drug-Drug Interactions from
in Vitro Data

Although remarkable progress has been made in the
identification and functional characterization of drug
transporters, quantitative evaluation of drug-drug in-
teractions involving the membrane transport process is
difficult compared with that of drug-drug interactions
involving metabolism. Overall, interactions involving
membrane transporters in organs of elimination (e.g.,
liver and kidney) and absorption (e.g., intestine) alter
the blood concentration-time profiles of drugs. In con-
trast, interactions occurring at the blood-brain barrier
and in tumors will not alter the drug exposure in the
circulating blood, only the pharmacological and/or toxi-
cological effect of the drugs involved. Although there is
not much difference between mdrla knockout mice and
wild-type mice as far as the plasma concentrations of
many drugs are concerned, the brain concentrations are
markedly increased in mdrla knockout mice, as shown
in Table 4. Evaluating the change in plasma drug con-
centrations alone is not enough to study drug-drug in-
teractions involving the membrane transport process,
and changes in the tissue distribution of drugs should
also be taken into consideration.

Ito et al. (1998a) have previously proposed a method
for predicting in vivo drug-drug interactions involving
hepatic metabolism from in vitro experiments. A similar
method can be used to predict in vivo drug-drug inter-
actions involving biliary excretion (Kusuhara and Sug-
iyama, 2001a). Assuming that the contribution of pas-
sive diffusion to the membrane transport process is
negligible, the reduction in intrinsic membrane trans-
port clearance (PS;,,) produced by an inhibitor can be
predicted from eq. 1 of Fig. 5 (Ito et al., 1998a): where I,
and K; represent the unbound concentration of an inhib-
itor around a transporter and its inhibition constant,
respectively. When the substrate concentration is much
lower than the K, value (this assumption holds true for
many drugs at their clinical dosages), the degree of
inhibition (R) is defined by eq. 1 of Fig. 5, independent of
the type of inhibition (Ito et al., 1998a). Compared with
drug interactions involving hepatic metabolism, the pre-
diction of biliary excretion is a more complicated proce-
dure because at least three membrane transport pro-
cesses have to be considered to successfully predict the
excretion. The intrinsic clearance for the net biliary ex-
cretion from the blood (CL;, ) is @ hybrid of the in-
trinsic clearances for each membrane penetration: he-
patic uptake across the sinusoidal membrane (PS,),
efflux across the sinusoidal membrane from the liver
(PS,), and excretion across the canalicular membrane
(PS,), as shown in eq. 4 of Fig. 5. Thus, one can predict
a drug interaction involving each type of membrane
transport separately based on the Michaelis-Menten
equation (eq. 1 of Fig. 5). To demonstrate the validity of
the prediction method based on these equations, Ueda et
al. attempted to predict the interaction between metho-
trexate and probenecid involving biliary excretion in
rats using in vitro systems (Ueda et al., 2001). This
interaction has already been reported in a clinical situ-
ation. Coadministration of probenecid reduced the bili-
ary clearance of methotrexate in rats. This inhibition by
probenecid was confirmed in vivo for both the uptake
and excretion processes of methotrexate across the sinu-
soidal and canalicular membranes, respectively. Both
the hepatic uptake clearance (PS,), assessed by integra-
tion plot analysis, and the steady-state biliary clearance
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PS ; (+inhibitor) 1 (Eq. 1)
PS ,,; (control) T o1+ I,/ K 4
Plasma
i PS ;| (+inhibitor) (Eq.2)
- q.
p Sl P82 uptake PS , (control) L+ T ptasma / Kin
y
1 PS , (+inhibitor
leer excretion — . ( ) (Eq 3)
PS ; (control) T+ e / K
PS,
PS
CLiptpite =PS; X m (Eq. 4)
Bile Ol (ainhibiton
- (+1nhibitor
= e = uptake xR excretion (Eq 5 )

CLim,bﬂe (control)

FiG. 5. Schematic diagram illustrating the model of biliary excretion considering each processes of membrane penetration. PS, , represents the
intrinsic membrane transport clearance. I, and K, represent the unbound concentration of an inhibitor around a transporter and its inhibition
constant, respectively. PS;, PS,, and PS; represent the intrinsic membrane transport clearance for hepatic uptake across the sinusoidal membrane,
that for efflux across the sinusoidal membrane from the liver, and that for excretion across the canalicular membrane, respectively. I, ,1.cma a0d 1, ji0er
represent the unbound concentration of an inhibitor in plasma and that in liver, respectively. K; ; and K, 5 represent the inhibition constant of an
inhibitor for a hepatic uptake process across the sinusoidal membrane and that for an excretion process across the canalicular membrane, respectively.
CL,,; pie Tepresents the intrinsic clearance for the net biliary excretion from the blood.

(PS;) defined with respect to the hepatic unbound meth-
otrexate, were reduced in the presence of probenecid in
vivo. Furthermore, to predict drug interactions associ-
ated with membrane transport via sinusoidal and can-
alicular membranes from in vitro data using eqs. 2 and
3 of Fig. 5, K, ; and K; 5 values were obtained in isolated
hepatocytes and CMVs, respectively. The unbound con-

centration of the inhibitor (I, jj,sma @0d I, jive,) Was di-

rectly estimated both in plasma and liver in vivo. As a
result, the degree of inhibition of the uptake (PS;) and
excretion (PS;) processes found in vivo was comparable
with the predicted values using the inhibition constant
obtained using isolated hepatocytes and CMVs, respec-
tively (Fig. 6). This suggests that the interaction associ-
ated with each membrane transport process can be
quantitatively estimated from in vitro data.

100+ 100 B

757 757
= =
5 3
1% Q
B 507 5 507 O
g g |
7} 78
=9 =]

257 25

0 T T T T T 1 0 7 7 7 7 T i
Plasma unbound probenecid Hepatic unbound probenecid
(1 M) (uM)

Fic. 6. Extrapolation of the interaction between methotrexate and probenecid across sinusoidal and canalicular membranes in vivo from in vitro
data in rats. A, the reduction in the intrinsic clearance for the hepatic uptake of methotrexate across the sinusoidal membrane (PS;) by probenecid
was extrapolated based on eq. 2 of Fig. 5 and is shown as a solid line. The actual PS; value ([J) obtained from the integration plot analysis was
normalized by that in the control, and also plotted. The PS, value of the control was 23.9 * 1.1 ml/min/kg. B, the reduction in the intrinsic clearance
for the excretion of methotrexate across the bile canalicular membrane (PS;) by probenecid was extrapolated based on eq. 3 of Fig. 5 and is shown as
a solid line. The actual PS, value ([]) obtained from the steady-state biliary excretion and hepatic unbound concentration of methotrexate was
normalized by that in the control and also plotted. The PS; of the control was 60.6 = 2.4 ml/min/kg (Ueda et al., 2001).
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Since it is difficult to measure PS; and PS; directly in
vivo and, in particular, it cannot be estimated in humans
in vivo, the degree of inhibition of the net excretion from
circulating plasma into bile (CL;, i), expressed by eq.
4 of Fig. 5, has been predicted. It should be noted that
there is still only limited information available about the
in vitro system that can estimate efflux transport on the
sinusoidal membrane (PS,). In view of this difficulty, a
method to avoid false negative predictions, using eq. 5 of
Fig. 5, of the interaction involving net biliary excretion
has been proposed. If the inhibitor drug also reduces
PS,, the CL;,; 1, should be increased and, therefore,
PS, does not need to be considered if we want to avoid
any false negative predictions. Thus, in all cases, the
reduction in CL;, ;. should be, at most, the reduction
in PS; (sinusoidal uptake) multiplied by that in PSg
(canalicular efflux) as expressed by eq. 5 of Fig. 5. In
actual fact, the predicted values were only slightly lower
than the actual values in vivo, suggesting that this
method is a suitable way of avoiding any false negative
predictions (Ueda et al., 2001). This method can be
adapted to the prediction of clinically relevant drug-drug
interactions and the calculated R value may be a good
criterion for initially investigating the possibility of a
drug-drug interaction.

Generally, the substrate specificity of drug transport-
ers is broad and multispecific because they function as
detoxification systems. Once the strategy of using drug
transporters in the new drug discovery and development
processes has been adopted, transporter-mediated drug
interactions will always need to be taken into account.
However, we believe that pharmaceutical companies
should not abandon transporter-based drug discovery,
considering it promises greater benefit than risk. We
should evaluate which drug candidates are substrates
for which transporters, and identify which comedication
is likely to cause drug-drug interactions. Furthermore, it
is helpful to predict the degree of any changes in phar-
macokinetics caused by a drug interaction, using the
values of the inhibition constants and clinical concentra-
tions, to provide useful information to clinicians.

IV. Possible Strategies for Drug Discovery Using
Drug Transporter Inhibitors

A. P-Glycoprotein Blockade to Overcome Multidrug
Resistance

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 (Cole and
Deeley, 1998; Konig et al., 1999a; Kool et al., 1999;
Kuwano et al., 1999). Several inhibitors of P-gp, such as
PSC-833, LY335979, XR9576, and GF120918, have been
discovered and are currently undergoing clinical trials
(Ishikawa et al., 2000; Dantzig et al., 2001; Malingre et
al., 2001a; Mistry et al., 2001). Since P-gp mediates the
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biliary and urinary excretion of its substrates (Oude
Elferink et al., 1995; Simons et al., 1997) and limits their
intestinal absorption (Hunter and Hirst, 1997), inhibi-
tion of P-gp will either reduce the hepatic and renal
clearance or increase the bioavailability. Thus, some
MDR modulators may change not only the concentration
of anticancer drugs in tumor cells, but also their plasma
concentrations.

Furthermore, it should be noted that P-gp modulators
may increase the brain penetration of many drugs, in-
cluding anticancer drugs, by blocking brain P-gp, lead-
ing to CNS side effects (Tsuji and Tamai, 1997; Fromm,
2000; Sadeque et al., 2000; Schinkel, 2001; Troutman et
al., 2001). Since the brain is not a clearance organ, it
may be that drug interactions involving P-gp will not
alter the plasma concentrations, but change only the
brain penetration of drugs. In actual fact, the brain
distribution of many P-gp substrates is increased signif-
icantly in mdrla knockout mice compared with that in
wild-type mice, despite there being only a minor change
in the plasma concentrations of these drugs (Table 4).
Such cases should be carefully considered because the
toxic effect of drugs on the brain cannot be estimated
from the change in drug plasma concentrations.

B. P-Glycoprotein Blockade to Improve Efficacy of
Human Immunodeficiency Virus Protease Inhibitors

The blockade of P-gp is expected to improve the effi-
cacy of HIV protease-inhibitors (HIV-PIs) (Huisman et
al., 2000). Since HIV-PIs are transported by P-gp, their
distribution to the target sites is restricted (Lee et al.,
1998). P-gp is expressed in several subclasses of lympho-
cytes, major targets of human immunodeficiency virus
type 1 infection (Lucia et al.,, 1995; Andreana et al.,
1996). Cell lines expressing a high level of P-gp signifi-
cantly reduce the accumulation of HIV-PI, and are less
sensitive to HIV-PI antiviral activity than cell lines not
expressing P-gp (Turriziani et al., 2000). It is possible
that the cells in patients that express P-gp will be rela-
tively resistant to the antiviral effects of HIV-PIs. P-gp
is also expressed in the blood-brain and blood-testis bar-
rier and in the materno-fetal barrier formed by placental
trophoblasts (Hoetelmans, 1998). Therefore, HIV-PI
concentrations in pharmacological sanctuary sites, such
as brain, testis, and fetus, are limited by P-gp, and it is
assumed that these sites could be a breeding ground for
therapy-resistant viruses due to the low drug concentra-
tions (Groothuis and Levy, 1997). Residual viral repli-
cation in the CNS is often associated with the acquired
immunodeficiency syndrome dementia complex (Achim
et al., 1994; Kolson et al., 1998) and that in the testes
contributes to the sexual transmission of the infection.
Intravenous administration of the novel and potent P-gp
inhibitor, LY335979, to mice increased the brain and
testes concentrations of nelfinavir up to 37- and 4-fold,
respectively (Choo et al., 2000). Oral administration of
the P-gp inhibitors valspodar or GG918 completely in-
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hibited placental P-gp activity, and the fetal distribution
of saquinavir was increased in mice (Smit et al., 1999).

Moreover, P-gp in the small intestine limits the oral
bioavailability of HIV-PIs (Kim et al., 1998). Several
HIV-PIs, such as saquinavir, have a poor and highly
variable oral bioavailability (Perry and Noble, 1998). In
addition to rapid metabolism of saquinavir by intestinal
and hepatic CYP3A4 (Fitzsimmons and Collins, 1997),
intestinal P-gp activity is also likely to be involved in
this problem (Kim et al., 1998). It has been reported that
coadministration of ritonavir markedly increases the
AUC value of orally administrated saquinavir in HIV-
infected patients or healthy volunteers (58- and 112-fold,
respectively) (Table 11) (Merry et al., 1997; Hsu et al.,
1998). Huisman et al. investigated whether the ritonavir
effect is primarily mediated by inhibition of CYP3A4 or
P-gp (Huisman et al., 2001). In vitro, ritonavir only
moderately inhibited P-gp-mediated transport of sa-
quinavir compared with the potent P-gp inhibitor val-
spodar. When ['“Cl]saquinavir was coadministered
orally with the maximum tolerated dose of ritonavir to
wild-type and P-gp-deficient mice, saquinavir bioavail-
ability was increased markedly in both strains (Table
11). Furthermore, the brain and fetal penetration of
P-gp-deficient mice was markedly higher than that of
wild-type mice despite coadministration of a high dose of
ritonavir. P-gp still significantly restricts saquinavir
penetration into brain and fetus in the presence of
ritonavir. These data show that ritonavir is a relatively
poor P-gp inhibitor, and the greatly increased bioavail-
ability of saquinavir following ritonavir coadministra-
tion most likely results from reduced saquinavir metab-
olism. Thus, more efficient P-gp inhibitors are needed if
one wishes to effectively expose HIV-PIs to pharmaco-
logical sanctuary sites.

Effective inhibition of P-gp might improve the oral
bioavailability and penetration of HIV-PIs into pharma-
cological sanctuary sites with the potential to increase
the beneficial effects of therapy, but it could also in-
crease unexpected toxicity (Huisman et al., 2003). Care-
ful clinical studies will be needed to establish whether
this approach can be applied with a sufficient degree of
safety.

445

V. Species and Gender Differences in Drug
Transporters

There is little published information on species differ-
ences in drug transporters, although such information is
important for predicting human pharmacokinetics.
There is a species difference in transport of organic
anions via MRP2 across the bile canalicular membrane.
The ATP-dependent transport activity (V,,../K.,) of the
MRP2 substrate DNP-SG in mouse, rat, guinea pig,
rabbit, dog, and human CMVs is 25.5, 64.2, 9.4, 8.4, 7.7,
and 3.8 ul/min/mg, respectively (Ishizuka et al., 1999).
Another report has shown that the transport activity of
glutathione conjugates and unconjugated anions (prav-
astatin, BQ-123, and methotrexate) in human CMVs
was ~3- to 76-fold lower than that in rat CMVs, whereas
the transport activity of glucuronides was similar in the
two species (Niinuma et al., 1999). If there is a marked
species difference in transport activity, it will be neces-
sary to predict the in vivo transport activity in humans
from in vitro data using human-based experimental sys-
tems. The prediction of in vivo transport activity from in
vitro data has been successful in animals. For example,
Ishizuka et al. have demonstrated that in vivo excretion
clearance across the bile canalicular membrane could be
predicted by an uptake experiment with CMVs (Ishi-
zuka et al., 1999).

Several transporters have been shown to exhibit gen-
der differences. Although there were only minor gender
differences in the expression of rat Oatl mRNA, rat
Oat2 expression in female kidney was considerably
higher than in male kidney (Buist et al., 2002; Koba-
yashi et al., 2002). Conversely, the Oat3 gender differ-
ence occurred in liver, rather than kidney, where male
mRNA levels were higher than female levels (Buist et
al., 2002; Kobayashi et al., 2002). The expression of the
gene product for the Ntcp is higher in the liver of male
than female rats (Simon et al., 1999). In addition, the
uptake of TEA by isolated kidney slices is higher in male
than in female rats (Urakami et al., 1999). This is prob-
ably caused by the expression levels of rat Oct2 mRNA
and the protein in the kidney of males being much
higher than those in females (Urakami et al., 1999).

TABLE 11
Saquinavir bioavailability alone and with ritonavir

Saquinavir Alone

Saquinavir + Ritonavir A Reference

HIV-infected patients®
C,.ax (ng/ml)

AUC, 4, (ng - h/ml)
Healthy volunteers®

146 (57-702)
470 (293-3446)

C,,.. (ng/ml) 0.07 + 0.03

AUC,_yon (ug - h/ml) 0.24 = 0.18
Wild-type mice®

[**C]saquinavir oral availability (%) 9.1+1.1
mdrla/lb knockout mice®

[**C]saquinavir oral availability (%) 14.1 + 2.2

Merry et al., 1997

4795 (1420-15810) 33x 1
27458 (7357-108001) 58%x 1
Hsu et al., 1998

22+05 31x 1

26.8 + 4.9 112x 1
Huisman et al., 2001

232 £ 70 25% 1
Huisman et al., 2001

865 + 105 61x 1

“ 600 mg of saquinavir t.i.d. daily alone and with 300 mg ritonavir b.i.d. Data are median (range).

® Single 400 mg of saquinavir alone and with single 600 mg of ritonavir.

¢ 50 mg/kg ritonavir was administered 30 min before oral administration of [**C]saquinavir.
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However, there are no gender differences in the mRNA
expression levels of rat Octl and Oct3 (Urakami et al.,
1999).

Oatpl is localized at the sinusoidal membrane of the
liver and the apical membrane of the kidney in the S3
segment of the proximal tubules of the outer medulla
(Bergwerk et al., 1996). It has been reported that the
expression of Oatpl mRNA in kidney is approximately 6
times higher in male rats compared with females (Lu et
al., 1996). In addition, the urinary excretion of the Oatp1
substrate E,-178G is more than 250 times lower in male
rats than in females (Table 12) (Gotoh et al., 2002). The
urinary clearance with respect to the plasma unbound
E,-17BG in male rats is less than 1% of the glomerular
filtration rate, indicating extensive reabsorption from
the renal tubules of male rats. A marked increase in
E,-17BG urinary excretion was observed in male rats
that had undergone orchidectomy (Table 12) (Gotoh et
al., 2002). Testosterone injections given to female rats
reduced the urinary excretion to a level comparable with
control male rats (Table 12) (Gotoh et al., 2002). A con-
comitant change in the expression of Oatpl protein has
been found in the kidney membrane fractions following
such treatments (Gotoh et al., 2002). These results sug-
gest that urinary E,-17B8G excretion is subject to hor-
monal regulation and the large gender difference can be
explained by the difference in Oatpl-mediated reabsorp-
tion. The expression of Oatpl in the liver does not show
any clear gender difference, which is compatible with a
minimal gender difference in the uptake clearance of
E5-17BG in the liver (Gotoh et al., 2002). Another report
has demonstrated a similar phenomenon in the urinary
excretion of taurocholate, dibromosulfophthalein, and
zenarestat, an aldose reductase inhibitor, used for the
treatment of diabetic neuropathy, in rats (Kato et al.,
2002). However, there is still little information about
human gender differences in drug transporters.

VI. Synergistic Role of Metabolic Enzymes and
Transporters

Both CYP3A4 and P-gp are present at high levels in
the villus enterocytes of the small intestine, the primary
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site of absorption of orally administered drugs (Wacher
et al., 2001; Zhang and Benet, 2001). Moreover, these
proteins are induced by many of the same compounds
and exhibit a broad overlap in their substrate and in-
hibitor specificities (Wacher et al., 1995), suggesting
that they may act synergistically in the small intestine
as a barrier to drug absorption (Suzuki and Sugiyama,
2000; Wacher et al., 2001; Zhang and Benet, 2001; Cum-
mins et al., 2002). Recent studies demonstrate that the
steroid xenobiotic receptor (SXR), a member of the nu-
clear hormone receptor superfamily, involved in xenobi-
otic induction of CYP3A (Bertilsson et al., 1998; Blum-
berg et al., 1998), can also regulate the expression of the
MDR1 gene (Geick et al., 2001; Synold et al., 2001). SXR
is activated by paclitaxel and is responsible for inducing
the expression of not only CYP3A, but also CYP2C9 and
MDR1 (Synold et al., 2001). As paclitaxel is metabolized
by both CYP3A4 and CYP2C9 and transported by P-gp,
induction of all these proteins leads to its enhanced
clearance. This indicates a broad role for SXR in the
coordinated induction of multiple detoxification path-
ways. A similar study of pregnane X receptor (PXR), a
mouse ortholog of SXR, has been carried out and shows
that PXR regulates the expression of Cyp3all, Cyp7al
and Oatp2 (Staudinger et al., 2001a; Staudinger et al.,
2001b; Guo et al., 2002). PXR is activated by the toxic
bile acid lithocholic acid and its metabolite. Activation of
PXR results in the repression of Cyp7al, which blocks
bile acid biosynthesis, and induction of Oatp2 and Cyp3a
expression, which promotes bile acid uptake and metab-
olism. PXR coordinately regulates gene expression to
reduce the concentrations of the toxic bile acid litho-
cholic acid in the liver. Since rifampin and the HIV-PI
ritonavir are also ligands for human SXR, they activate
the transcription of the CYP3A4 and MDR1 (Dussault et
al., 2001; Geick et al., 2001). Coordinated induction of
intestinal CYP3A and P-gp via SXR will enhance the
ability of a barrier as a detoxification system for xeno-
biotics in the small intestine. However, the induction of
these proteins by drug candidates will potentially cause
drug-drug interactions, making successful drug develop-
ment more difficult. Thus, SXR-binding and -activation

TABLE 12
The gender difference in the urinary excretion of E,-17B8G and the effect of androgen hormone on the urinary excretion of E,-17BG in rats (Gotoh et
al., 2002)
Male Female
Control Orchidectomy Control Sham“ +Testosterone
C,, (fmol/ml) 67.9 = 3.1 59.2 + 2.5% 63.4 = 4.9 64.8 = 4.7 80.1 + 3.4"
CL,,, (ml/min/kg) 54.2 = 3.8 63.1 = 5.1 60.4 = 4.9 58.1 = 2.8 45.6 = 2.3%*
CLyine (ml/min/kg) <8.2x 102 1.27 + 0.36%* 1.11 £ 0.27* 0.919 + 0.051* <9.83 X 107 3*T
CLy;. (ml/min/kg) 43.9 2.0 49.0 £ 2.8 39.3 £ 6.5 421+ 2.1 455 + 4.1
GFR (ml/min/kg) 11.8 £ 0.8 12.1 £ 0.3 12.0 + 0.8 9.90 = 0.30 10.6 = 0.4

Each value represents the mean * S.E. of four to five independent experiments during constant intravenous infusion of [*H|E,-178G (227 pmol/h/kg) to male and female

SD rats.
* Significantly different from control male rats (P < 0.01).
** Significantly different from control female rats (P < 0.05).
T Significantly different from control female rats (P < 0.01).
“Vehicle only.
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assays are useful tool for screening compounds inducible
by CYP3A and P-gp.

Some organic anions (carboxylates), formed by car-
boxyesterases in enterocytes, are sequentially excreted
into the lumen via efflux transporters for organic anions.
ME3229 is an ester-type prodrug designed to increase
the oral bioavailability of the active carboxylate drug
ME3277 (a glycoprotein IIb/IIIa receptor antagonist)
(Okudaira et al., 2000b). It has been suggested that the
low oral bioavailability of ME3277 (~1% in rats) is re-
lated to its low lipophilicity. Although esterification of
the carboxylate groups in ME3277 results in a much
higher lipophilicity, the oral bioavailability of ME3229
remains comparatively low (~10% in rats). It has been
found that ME3229 is rapidly taken up by enterocytes,
whereas most of its anionic metabolites (ME3277) pro-
duced from prodrugs (ME3229) in enterocytes are ac-
tively excreted into the lumen (Okudaira et al., 2000b).
High efflux activity located on the luminal membrane,
along with the metabolic activity of carboxyesterases in
enterocytes, hinders the oral absorption of ester-type
prodrugs. This active efflux transport of anionic metab-
olites is similar in normal rats and Eisai hyperbiliru-
binemic rats, the latter being hereditarily defective in
Mrp2 (Okudaira et al., 2000a). These results show that
the anionic metabolites of ME3229 are pumped out into
the gut lumen by an energy-dependent transport system
distinct from MRP2. It has also been shown that P-
glycoprotein is not responsible for this efflux (Okudaira
et al., 2000a).

A sequential detoxification system operates on other
compounds. Platinum drugs are used widely for chemo-
therapy of lung cancer, but their effectiveness is limited
by resistance. They are metabolized to glutathione con-
jugates in tumor cells. Intracellular glutathione is
formed by y-glutamylcysteine synthetase and the gluta-
thione conjugates of platinum drugs formed in tumor
cells are actively excreted via the ATP-dependent gluta-
thione S-conjugate export (GS-X) pump, which has been
shown to be identical to MRP. The MRP/GS-X pump and
v-glutamylcysteine synthetase are coordinately induced
by exposure to platinum drugs or heavy metals in cis-
platin-resistant tumor cells (Ishikawa et al., 1996; Gomi
et al., 1997; Oguri et al., 1998). Elevated expression of
the MRP/GS-X pump and increased glutathione biosyn-
thesis may both be important factors in the cellular
metabolism and disposition of cisplatin.

VII. The Regulation Mechanisms of Drug
Transporters

A. The Transcriptional Regulation of Transporters

Knowledge of the regulation of transporters is of great
help in predicting pharmacokinetics and drug-drug in-
teractions. As mentioned above, the orphan nuclear re-
ceptor PXR (SXR) coordinately regulates drug clearance
in response to a wide variety of xenobiotic compounds.
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Although this signaling system protects the body from
exposure to toxic compounds, it can also be a serious
barrier to drug therapy. In human hepatocytes, the ex-
pression of human MRP2 can be up-regulated by human
PXR ligands such as rifampicin (Kast et al., 2002; Kauff-
mann et al., 2002). In PXR knockout mice, no induction
of Mrp2 by pregnenolone 16a-carbonitrile, a ligand for
the rodent PXR, has been observed (Kast et al., 2002).
This suggests that PXR is involved in the induction of
Mrp2 (Kast et al., 2002). In addition, it has been sug-
gested that MRP2 expression is regulated by the farne-
soid X-activated receptor (FXR) and constitutive andro-
stane receptor (CAR). Treatment of rodent hepatocytes
with the FXR ligand chenodeoxycholic acid or the CAR
ligand phenobarbital results in a potent induction of
Mrp2 mRNA levels (Kast et al., 2002). The presence of
potential PXR, CAR, and FXR binding sites has been
demonstrated for human MRP2 (Tanaka et al., 1999;
Stockel et al., 2000).

The liver-enriched transcription factor hepatocyte nu-
clear factor 1 alpha (HNF'1 alpha) is critical for hepato-
cyte-specific OATP-C gene expression. Coexpression of
HNF1 alpha stimulated OATP-C promoter activity 30-
fold in HepG2 cells and 49-fold in HeLa cells, and mu-
tation of the HNF1 site abolished the promoter function
(Jung et al., 2001a). The human OATP8 and mouse
Oatp4 promoters were also responsive to HNF1 alpha
coexpression in HepG2 cells, suggesting a role for HNF1
alpha as a global regulator of liver-specific organic anion
transporter genes (Jung et al., 2001a).

BSEP meditates the ATP-dependent transport of bile
salts across the canalicular membrane of hepatocytes
and the expression of this transporter is sensitive to the
flux of bile acids. Luciferase reporter gene assays have
shown that the BSEP promoter is positively controlled
by FXR, retinoid X receptor alpha, and bile salts (Plass
et al.,, 2002). FXR/ retinoid X receptor alpha het-
erodimers specifically bind to the inverted repeat (IR)-1
element in the BSEP promoter (Ananthanarayanan et
al., 2001). Reducing endogenous FXR levels using RNA
interference fully suppresses bile salt-induced BSEP ex-
pression (Plass et al., 2002). FXR is required for the bile
salt-dependent transcriptional control of the human
BSEP gene.

Recently, an in silico approach has been applied to
PXR ligands (Ekins et al., 2002¢). Using data for the
EC50 values of PXR activation derived for 12 human
PXR ligands, a pharmacophore has been developed
(Ekins and Erickson, 2002). The pharmacophore was
able to distinguish between the most potent activators of
PXR and poor activators. The model could be useful in
drug development, potentially acting as a high-through-
put filter for identifying compounds that may bind to
PXR before their in vitro determination. This will aid
the selection of molecules with a poor ability to be potent
PXR ligands, thereby avoiding the induction of drug-
metabolizing enzymes and transporters.
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B. The Sorting and Polarization of Transporters

The polarization of cells, such as the epithelial cells
lining the bile duct or the kidney proximal tubules, is
created largely by the differential localization of specific
proteins. To create such polarization, proteins destined
for specific membranes have been shown to contain mo-
lecular targeting signals. The recent identification of a
PDZ-interacting domain in the cystic fibrosis transmem-
brane conductance regulator (CFTR) is the first report of
a targeting motif in mammalian ABC transporters
(Moyer et al., 1999). CFTR encoded by the cystic fibrosis
gene is localized in the apical membrane of epithelial
cells, where it functions as a cyclic AMP-regulated chlo-
ride channel and as a regulator of other ion channels and
transporters (Kleizen et al., 2000). PDZ-interacting do-
mains in CFTR play a key role in the apical polarization
of this transporter in epithelial cells (Moyer et al., 1999).
In general, PDZ proteins, which are involved in the
apical or basal targeting of membrane proteins, bind to
the PDZ-interacting domain characterized by the car-
boxy-terminal amino acid sequence (Bezprozvanny and
Maximov, 2001; Sheng and Sala, 2001). A novel PDZ
domain-containing protein, PDZ-K1, binds to the car-
boxy terminus of human MRP2 (Kocher et al., 1999;
Harris et al., 2001). In addition, deletion of carboxy-
terminal 15 or more amino acids impairs the localization
of MRP2 in polarized HepG2 cells (Nies et al., 2002). The
amino acid sequence in this region may be involved in
the apical targeting, stabilization, and/or in maintaining
the conformation of MRP2 to be released from the ER
(Nies et al., 2002).

Under cholestatic conditions, it has been suggested
that MRP2 is internalized from the cell surface in rats
and humans (Rost et al., 1999; Vos et al., 1999; Pau-
lusma et al., 2000; Shoda et al., 2001; Zollner et al.,
2001). Although activation of protein kinase C results in
the internalization of MRP2 in HepG2 cells (Kubitz et
al., 2001), stimulation by cyclic AMP results in the relo-
calization of MRP2 in isolated rat hepatocyte couplets
(Roelofsen et al., 1998). Under cholestatic conditions,
tauroursodeoxycholate stimulates the insertion of inter-
nalized MRP2 into the bile canalicular membrane in a
protein kinase C-dependent manner (Beuers et al., 2001;
Fickert et al., 2001).

Recently, it has been demonstrated that radixin (en-
coded Rdx) was involved in the localization of Mrp2 at
bile canalicular membranes (Kikuchi et al., 2002). Ra-
dixin is a member of the ezrin-radixin-moesin family of
proteins, which cross-link actin filaments and integral
membrane proteins. Rdx knockout mice (Rdx ™/~ mice)
exhibit marked conjugated hyperbilirubinemia. Inter-
estingly, on the bile canalicular membranes of Rdx ™/~
mice, the level of Mrp2, which secretes conjugated bili-
rubin into the bile, is reduced compared with that in
wild-type mice, while the expression level of Mrp2 in
whole liver did not seem to be reduced in Rdx '~ mice.

MIZUNO ET AL.

In addition, in vitro binding studies show that radixin
associates directly with the carboxy-terminal cytoplas-
mic domain of human MRP2. These findings indicate
that radixin is required for Mrp2 to localize correctly on
the apical membranes in the liver.

The Dubin-Johnson syndrome (DJS) is an inherited
disorder characterized by conjugated hyperbiliru-
binemia. The absence of a functional MRP2 transporter
from the apical membrane of hepatocytes explains the
molecular basis of this disease (Kartenbeck et al., 1996).
Several mutations in the MRP2 gene have been identi-
fied in patients with DJS (Paulusma et al., 1997; Tsuji et
al., 1999). Keitel et al., have investigated the conse-
quences of a mutation in DJS, which leads to the loss of
2 amino acids from the second ATP-binding domain of
MRP2 (Keitel et al., 2000). This mutation is associated
with the absence of the MRP2 glycoprotein from the
apical membrane of hepatocytes. Transfection of mu-
tated MRP2 complementary DNA leads to an MRP2
protein that is only core glycosylated and located in the
endoplasmic reticulum (ER) of transfected cells. This
indicates that this mutation leads to impaired matura-
tion and trafficking of the protein from the ER to the
Golgi complex. This impaired protein sorting may be
responsible for the absence of MRP2 protein from the
apical membrane.

VIII. Polymorphisms of Drug Transporters

Selecting drugs and dosages according to genetic and
specific individual markers has allowed optimized drug
therapy to be developed for individual patients (individ-
ualized drug therapy). The possibility of defining patient
populations genetically may improve drug safety and
efficacy by predicting individual responses to drugs.
Nevertheless, it is still desirable to develop drugs that
are relatively unaffected by polymorphisms and exhibit
little interindividual variability with a wide therapeutic
spectrum of activity. Genetic polymorphisms in human
membrane transporters may also contribute to interin-
dividual differences in the response to drugs. However,
our knowledge of the relevant transporters is limited at
present.

Polymorphisms in drug transporters, such as MDR1,
MRP1, MRP2, OATP-A, OATP-C, OATPS, OAT1, OATZ,
OAT3, OCT2, and OCTN2 have been demonstrated
(Nezu et al., 1999; Mayatepek et al., 2000; Cascorbi et
al., 2001; Iida et al., 2001; Kerb et al., 2001; Leabman et
al., 2002; Suzuki and Sugiyama, 2002; Tirona and Kim,
2002). A number of single nucleotide polymorphisms
(SNPs) have been described in the human MDR1 gene
(Kim, 2002; Fromm, 2002). An SNP in exon 26 (C3435T)
of MDR1 was found to be associated with reduced intes-
tinal expression of P-gp, along with increased oral bio-
availability of digoxin (Hoffmeyer et al., 2000). Since
C3435T SNP is a silent or “wobble” polymorphism with
no amino acid substitutions of the encoded protein, the
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mechanism via which this SNP acts on P-gp function
remains unclear. Recently, Kim et al. have found that
95% of subjects who were homozygous for the exon 26
C3435T SNP (C/C) were GG homozygous at base posi-
tion 2677 (Kim et al., 2001). The C3435T SNP in exon 26
appeared to be linked to a G2677T SNP in exon 21. The
G2677T transversion in exon 21 resulted in an alter-
ation in the encoded protein (Ala893Ser). In vitro ex-
pression of MDR1 encoding Ala893 (MDR1*1) or a site-
directed Ser893 mutation (MDR1%2) led to enhanced
efflux of digoxin by cells expressing the Ser893 variants
(Kim et al., 2001). Moreover, subjects with the C3435T
and G2677T allele (MDR1*2) have over a 40% lower
AUC value following oral administration of fexofena-
dine, a P-gp substrate, compared with subjects with the
MDR1*1 variant (Table 13) (Kim et al., 2001). This is
consistent with the in vitro data and suggests enhanced
in vivo P-gp activity among subjects with the MDR1%2
allele. This finding contradicts previous results about
the effect of exon 26 C3435T SNP on digoxin disposition
(Hoffmeyer et al., 2000). The reason for this discrepancy
and failure to detect exon 21 SNP in a previous study is
currently unclear. A polymorphism of MDR1 may
change the expression level and/or functional activity of
P-gp in the brain as well as that in the small intestine,
and contribute to interindividual differences in the brain
penetration of P-gp substrates. It is possible that the
change in the brain penetration of P-gp substrates
caused by P-gp SNPs is more marked than that in the
small intestine and may affect interindividual differ-
ences in the degree of CNS toxicity exhibited by P-gp
substrates. However, assessment of the role of P-gp in
BBB function in humans is problematic, since brain
concentrations cannot be measured readily. A key area
for future investigation of the role of human P-gp in the
BBB will be the development of a suitable probe sub-
strate appropriately labeled for continuous monitoring
of brain penetration using positron emission tomo-
graphic imaging techniques (Hendrikse et al., 2001).
OATP-C is a liver-specific transporter involved in the
hepatocellular uptake of a variety of clinically important
drugs. The presence of multiple functionally relevant
SNPs in OATP-C has been reported (Tirona et al., 2001;
Michalski et al., 2002; Nozawa et al., 2002; Tirona and
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Kim, 2002). In vitro experiments with cultured cells
expressing the wild-type and mutated OATP-Cs re-
vealed that several variants exhibited markedly reduced
uptake of the OATP-C substrates estrone sulfate and
E,-17B8G (Tirona et al., 2001) (Table 14). Specifically,
alterations in transport were associated with the SNPs
that introduce amino acid changes within the trans-
membrane-spanning domains and with those that mod-
ify extracellular loop 5, suggesting an important role of
this region in any substrate-transporter interaction (Ta-
ble 14). Furthermore, several OATP-C variants were
found to have reduced fractional cell membrane expres-
sion compared with the wild-type allele (Tirona et al.,
2001; Michalski et al., 2002; Nozawa et al., 2002). Inter-
estingly, the variant with A1964G SNP reduced the
transport activity of estrone sulfate but not that of E,-
178G, suggesting possible substrate-dependent poly-
morphisms. A similar phenomenon has been found in
SNPs of polyspecific organic cation transporter OCT1
(Kerb et al., 2002). The Cys88Arg and Gly 401Ser mu-
tants could mediate significant uptake of TEA and sero-
tonin, although they were unable to transport 1-methyl-
4-phenylpyridinium (MPP). These mutants exhibit an
altered substrate selectivity. In such a case it is possible
that the transport activities of some drug candidates can
be altered by some SNPs, even if those of typical sub-
strates are unaffected by the SNPs. If so, it will be
necessary to evaluate every drug candidate in terms of
the transport activity of each variant. Recently, Nish-
izato et al. have investigated the contribution of the
genetic polymorphisms of the OATP-C gene to the phar-
macokinetics of pravastatin, a substrate for OATP-C
(Nishizato et al., 2003). Among 120 healthy Japanese
individuals, five nonsynonymous variants were ob-
served in the OATP-C gene. Subjects with the OATP-
C*15 allele (Asp130Alal74) had a reduced total and
nonrenal clearance compared with those with the OATP-
C*1b allele (Asp130Vall174); nonrenal clearance in *1b/
*1b (n = 4), *1b/*15 (n = 9), and *15/*15 (n = 1) subjects
was 2.01 = 0.42, 1.11 = 0.34, and 0.29 (I/h/kg). Mean
serum concentration-time curves of pravastatin were
different among the three genotypic groups with regard
to the *15 allele (Fig. 7). T521C (Vall74Ala) SNPs are
likely to be associated with altered pharmacokinetics of

TABLE 13
MDRI alleles and fexofenadine disposition (Kim et al., 2001)

Subjects

AUC) C

Genotype o, ” (ng - ml1 - h) (ng - ml 1) Thax (h) Ty (h)

Caucasian (n = 37)

*1/%1 6 16 1316 + 543 508 + 205 2.7+0.8 2.8 04

*#1/%2 4 11 1171 + 967 400 + 282 3.3*1.0 3.1+0.7

#2/%2 5 14 837 + 311 317 + 185 2.4+ 1.7 3.5*+09
African-American (n = 23)

#1/%1 9 39 1030 + 435 386 + 163 1.9+0.9 3.3+0.3

*1/%2 3 13 1099 + 70 405 + 29 2.3+ 1.2 2.7+04

180 mg fexofenadine was administered orally. The MDR1*2 allele contain 3 SNPs simultaneously; C1236T in exon 12, G2677T in exon 21, and C3435T in exon 26. The

first published MDR1 sequence is shown as the MDR1*1 allele.
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pravastatin. As hepatic clearance of pravastatin is rate-
limited by uptake (Hsiang et al., 1999), low transport
activity of OATP-C may lead to a reduction of hepato-
cellular uptake of pravastatin, resulting in lower total
clearance. OATP-C polymorphisms may also influence
the interindividual variability in the pharmacological
effects of pravastatin that have the liver as their phar-
macological target.

In addition, it has been reported that the genotypic
frequencies of MDR1 and OATP-C are dependent on
race (Table 14) (Ameyaw et al., 2001; Tirona et al.,
2001). Polymorphisms in drug transporters may be in-
volved in not only the interindividual variability but also
the ethnic differences in drug disposition, like the poly-
morphisms of cytochrome P450. In any case, it is impor-
tant to know whether each polymorphism has any clin-
ical significance. In particular, since a change in the
functional properties of transporters frequently does not
alter the plasma concentration, unlike metabolizing en-
zymes, it is difficult to detect a change in these func-
tional properties in vivo. To determine the in vivo func-
tion of transporters, positron emission tomography may
be a useful tool and a correlation between genotype and
phenotype will need to be established in the future.
Studies of the polymorphisms in human drug transport-
ers have been recently initiated and, in the future, the
information obtained could be used for establishing the
most appropriate drug treatment for individual pa-
tients.

IX. Methods for Assessing Drug Transporter
Activities in Drug Discovery

The pharmaceutical industry is now at a turning point
and strategies for drug discovery and development are
changing rapidly. A significant number of drug candi-
dates entering clinical development are dropped at some
stage due to unacceptable pharmacokinetic properties.
Thus, optimizing the pharmacokinetic properties during
the early stages of drug development is now widely
accepted as being essential (White, 2000; Roberts, 2001).
Drug discovery based on the transport mechanisms and
substrate specificities of drug transporters will become
increasingly important. Identification of compounds
that are substrates for transporters can aid the optimi-
zation and selection of new drug candidates. High-
throughput assays for transporters are needed during
the early stages of drug discovery and the expression
system of transporters is an efficient tool for screening
transport activities.

Recent studies show that in vivo P-gp function can be
quantitatively predicted using MDRI1-transfectd cell
monolayers (Adachi et al., 2001) (Fig. 8). The “K, 1, 4in
ratio” (K, prain (mdr1a/1b(—/—YKp brain (mdr1a/1b(+/+)) 18 the
most suitable parameter for describing P-gp function in
vivo on the BBB (Fig. 9). By normalizing the brain-to-
plasma concentration ratio (K y,4i,) in mdrla/1b knock-

TABLE 14
Summary of nonsynonymous polymorphisms in OATP-C (Tirona et al., 2001)

[*H]Estrone Sulfate Transport Activity by OATP-C

Allelic Frequency

Variants

Vinax/Km (0l
min/mg)

min/mg)

Vmax (pmol/

K, (uM)

Japanese®
(n = 120)

Japanese®
(n = 267)

African-American
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European-American
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Concentration of pravastatin (ng/mL)

50 7

40 7

30 1

20 T

10 1

0 6 12 18 24

Time after dose (hr)

Fic. 7. Mean serum concentration over time after a single oral prav-
astatin dose of 10 mg in 3 OATP-C genotypic groups. ®, OATP-C*1b/*1b
(n = 4); triangles, *1b/*15 subjects (n = 9); O, *15/%15 subject (n = 1). The
OATP-C*1b allele possesses mutations of Asn130Asp, and the OATP*15
allele possesses two SNPs, Asn130Asp and Vall74Ala, simultaneously
(Nishizato et al., 2003).

out mice with reference to that in normal mice, the P-gp
function parameter can be simply estimated as shown in
eq. 2 of Fig. 9. Furthermore, in vitro, this parameter
corresponds to the “corrected flux ratio” across MDR1-
transfected cell monolayers (Fig. 9). The corrected flux
ratio represents the normalizing ratio of basal-to-apical
(B—A) permeability versus apical-to-basal (A— B) per-
meability in parent cell monolayers with respect to that
in MDR1-transfected cell monolayers (eq. 1 of Fig. 9).
Indeed, a clear correlation between both parameters in
vitro and in vivo has been obtained experimentally (Fig.
8). Another report also described a similar result
(Yamazaki et al., 2001). Although one can calculate the
net flux by subtracting the A— B flux from the B—A flux
in MDR1-transfected cell monolayers, it is difficult to
know to which in vivo parameters these correspond. In
the case of CNS-active drugs, the concentration of “free”
drug in the brain is very important for predicting phar-
macological effects, not the concentration of “total” drug,
since the term “total” drug includes the fraction bound
nonspecifically to brain macromolecules such as proteins
and lipids. We should also note that the value of the
K, yrain Tatio can be an index of the brain-to-plasma
concentration ratio of “free” drug (K, prain free)> the most
important parameter as far as the index of pharmaco-
logical activity is concerned. Supposing that the activi-
ties of passive diffusion and the function of transporters
other than P-gp are not altered between mdrla/lb
knockout mice and wild-type mice, the values of PS;,
PS,, PS;, and PS, of eq. 3 in Fig. 9 are unaffected by
P -gp functlon Thus, as shown in eq. 3 in Fig. 9, the
pbrain free . 18 iInversely proportional to the K p,ain T
tio. Moreover this important parameter, Wthh can re-
flect the pharmacological effect of drugs on the CNS, can
be estimated by using a suitable expression system (see
the equations in Fig. 9).
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Recently, double-transfected cell monolayers have
been established that express uptake transporters
(OATP-C or OATP8) and MRP2 on the basolateral and
apical membranes, respectively (Cui et al.,, 2001la;
Sasaki et al., 2002). Most substrates of MRP2 are neg-
atively charged under physiological conditions and thus
cannot penetrate the plasma membrane without an up-
take transporter. Therefore, it remains difficult to study
MRP2 function in whole cells and MRP2 has been
mostly studied using inside-out membrane vesicles pre-
pared from MRP2-expressing cells. The use of double-
transfected cell monolayers makes it possible to assess
MRP2 activity more easily with intact cells. The basal-
to-apical transport of pravastatin, which is a substrate
of OATP-C and MRP2, was 2.5 times higher than that in
the opposite direction in double-transfected cells (Fig.
10D), whereas a symmetrical flux of pravastatin was
observed across the MRP2-expressing cell monolayer
(Fig. 10 C) (Sasaki et al., 2002). Because of the easier
handling of double-transfected cells grown on Transwell
membrane inserts compared with the preparation and
handling of membrane vesicles, it may be possible to
develop throughput screening systems using double-
transfected cells. These in vitro models, reproducing the
polarity of transporters and the direction of transport,
may be useful for predicting the in vivo hepatic vectorial
transport of drugs from blood to bile. Moreover, the
combination of an uptake and efflux transporter may be
modified for certain purposes. For example, a combina-

R=0.892
P<0.01

Corrected flux ratio (in vitro)

0 | | |
0 10 20 30

K

o, brain 110 (111 VIVO)

FiG. 8. Correlation of P-gp function determined in in vitro transcellu-
lar transport studies using MDR1 transfected cells/control cells and in
vivo brain penetration studies using mdrla/lb knockout mice/wild-type
mice. 1, diazepam; 2, progesterone; 3, daunomycin; 4, dexamethasone; 5,
loperamide; 6, verapamil; 7, vinblastine; 8, cyclosporin A; 9, digoxin; 10,
quinidine (Adachi et al., 2001).
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Fic. 9. 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. PS
the PS products for the influx and non-P-gp-mediated efflux across the apical membrane of the cultured cell monolayers, respectively. PS
represent the PS products for the efflux and influx across the basal membrane, respectively. PS

PS4,Vitru
P-gp-mediated efflux across the apical membrane. PS, ;,, and PS, ;,,
the luminal membrane of cerebral endothelial cells, respectively. PS

3,vivo

and PS. represent
3,vitro and

represents the PS products for

1,vitro 2,vitro

P-gp,vitro

represent the PS products for the influx and non-P-gp-mediated efflux across
and PS

represent the PS products for the efflux and influx across the

4,vivo

abluminal membrane of cerebral endothelial cells, respectively. PSp ., .;., represents the PS products for P-gp-mediated efflux across the luminal
membrane. PS, ; and PS; , represent the PS products across the monolayer in the apical-to-basal direction and the basal-to-apical, respectively

(Adachi et al., 2001).

tion of OCT1 with P-gp may serve to study the biliary
excretion of organic cations. Although the identification
of many transporters localized on the apical membrane
in the kidney is awaited, a combination of transporters
in human kidney tubule cells may be a suitable system
for studying the urinary excretion of drugs. Sample
analysis is a major limitation of the throughput in a
monolayer transport assay. Liquid chromatography cou-
pled with tandem mass spectrometry (LC/MS/MS), due
to its superior sensitivity, selectivity, and rapidity along
with significantly reduced method development time, is
an ideal analytical tool for high-throughput analysis of
transport samples. In addition, the exceptional capabil-
ity of LC/MS/MS for the simultaneous determination of
multiple drug mixtures has allowed sample pooling (i.e.,
multiple samples to be pooled before analysis), which
forms the throughput of the monolayer transport assay
(Bu et al., 2000).

In addition, higher throughput assays to detect indi-
rectly compounds interacting with P-gp have also been
described. Such methods are based on inhibition of the
efflux of radiolabeled or fluorescent P-gp substrates
(Doppenschmitt et al., 1998; Wang et al., 2000; Eneroth
et al., 2001). When radiolabeled ligands are used, the

scintillation proximity assay is a useful tool for the se-
quential detection of radioactivity in the 96-well plate
format (Fernandes, 1998). Also shown are assays mea-
suring drug-stimulated ATPase activity in human P-gp-
expressing cells (Polli et al., 2001), whereas the mono-
layer transport assay is regarded as the standard for
identifying P-gp substrates because it measures efflux in
the most direct manner. However, monolayer transport
assays are relatively labor-intensive due to the cell cul-
ture and analytical requirements, which limit assay
throughput. Indirect assays offer higher throughput, a
generic readout (release of inorganic phosphate or in-
crease in fluorescence or radioactivity), and are readily
automated. However, these assays are not designed to
distinguish P-gp substrates from inhibitors and do not
directly measure transport. Polli et al. have compared
assays used to determine whether compounds are P-gp
substrates (Polli et al., 2001). Sixty-six compounds were
tested in a transcellular transport assay using an
MDR1-transfected cell monolayer and an inhibition as-
say for calcein-AM uptake. Although more than half of
the compounds exhibited concordance across the assays,
there were compounds that exhibited interassay differ-

ences that related to their apparent permeability (P,,,).
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FiG. 10. Time profiles for the transcellular transport of [*H]pravastatin across MDCK II monolayers. Transcellular transport of [*H]pravastatin
(1 uM) across MDCK II monolayers expressing OATP-C (B), MRP2 (C), and both OATP-C and MRP2 (double transfectant, D) was compared with that
across the control MDCK II monolayer (A). Open and closed circles represent the transcellular transport in the apical-to-basal and basal-to-apical

directions, respectively (Sasaki et al., 2002).

All assays detected substrates across a broad range of
P,,, values but the monolayer efflux assay was more
prone to fail with high-P, , compounds, whereas the
calcein-AM assay was more prone to fail with low-to-
moderate P,,, compounds. In the calcein-AM assay,
tested compounds cannot inhibit calcein transport via
P-gp unless they enter the cells and, thus, it may be
difficult to observe P-gp activity with low-P,,, com-
pounds. As shown in eq. 1 in Fig. 8, P-gp activity is
estimated as the ratio of P-gp clearance to passive per-
meability clearance in the monolayer efflux assay.
Therefore, highly permeable compounds may be difficult
to detect due to the masking of transport via P-gp. We
need to choose suitable assays, depending on the prop-
erties of the drug candidates or the purpose of the eval-
uation. The monolayer efflux assay is more reliable at
low-to-moderate P, values and is the method of choice
for evaluating drug candidates, despite the relatively
low throughput and reliance on LC/MS/MS. In addition,
computational (in silico) studies of transporter activity
are being studied intensively. An attempt has been
made to predict the transport activity of P-gp, MRP2,
PEPT1, or ASBT from the structure or physicochemical
parameters of compounds (Ekins et al., 2000; Seelig and
Landwojtowicz, 2000; Han et al., 2001; Ekins et al.,

2002a,b; Stouch and Gudmundsson, 2002). The in silico

approach allows the design and optimization of the
structures of drug candidates before their synthesis,
resulting in an extremely efficient drug discovery pro-
cess.

The prediction of pharmacokinetics in humans from
an understanding of transport mechanisms should allow
therapeutic agents to be used more safely. When there
are species differences in transporters, the prediction of
in vivo transport activity from in vitro data are impor-
tant. Thus, methods allowing the rational prediction and
extrapolation of in vivo drug disposition from in vitro
data are also essential (Kusuhara and Sugiyama,
2001a). Since there are drugs that are recognized by
several transporters localized on the same membrane,
multiple transporters are expected to be involved in
membrane transport of one drug. Therefore, the contri-
bution of each transporter to the net membrane trans-
port has to be taken into consideration when observa-
tions made in gene expression systems are extrapolated
to in vivo situations. For example, Sugiyama et al. have
estimated the contribution of each transporter to the
efflux of E5-178G via the BBB using cDNA-transfected
cells and specific inhibitors of each transporter (Table
15) (Sugiyama et al., 2001). Using the Brain Efflux In-
dex method, the inhibitory effects of probenecid, tauro-
cholate (TCA), PAH, and digoxin on the total efflux of
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TABLE 15
Efflux transport of estradiol-17B-glucuronide from the brain across the blood-brain barrier in rats (Sugiyama et al., 2001)

Effects of Each Inhibitor (K;) on the uptake of [*H|E;178G into Gene-Transfected

LLC-PK1 Cells

Maximum Inhibitory Effects of Each
Inhibitor on the Efflux of [3H]E217BG

from the Brain in Rats®

Oatpl Oatp2 Oatl Oat3
PHIE,178G K, =258 K, 6 =170 Not Transported K, =843
Probenecid 74.4 72.9 31.0° 20.0 100%
TCA 10.8 39.4 2770° 790 100%
PAH >5000 >5000 K, =85.1° 301 20%
Digoxin >300 0.037 >330° >330 40%

@ Effects at the maximum inhibitor concentration on the efflux of [*H|E,-17BG from the brain after microinjection into the rat cerebrum.

b Effects on the uptake of [’HJPAH into Oatl-transfected LLC-PK1 cells.

E,-17BG from the brain were investigated. Probenecid
and TCA inhibited the elimination of E,-17B8G via the
BBB completely, whereas PAH and digoxin reduced the
total efflux to about 80% and 60% of the control value,
respectively. The selectivity of these inhibitors was con-
firmed by examining their inhibitory effects on the
transport via each type of organic anion transporter
gene-transfected cell. Digoxin specifically inhibited the
transport via Oatp2, TCA inhibited Oatpl and Oatp2,
PAH inhibited Oatl and Oat3, and probenecid inhibited
all these transporters. Taking the selectivity of these
inhibitors into consideration, the maximum contribution
made by the Oatp2 and Oat family to the total efflux of
E,-17BG from the brain appears to be about 40 and 20%,
respectively. A similar analysis has been applied to the
renal uptake mechanism of PAH and pravastatin (Ha-
segawa et al., 2002). Furthermore, the contribution of
rat Oatl and Oat3 to the total renal uptake of anionic
compounds and nucleoside derivatives has been exam-
ined (Hasegawa et al., 2003). The uptake of test com-
pounds was investigated using kidney slices from male
rats and rOatl- and rOat3-expressed LLC-PK1 cells.
The uptake clearance of test compounds by kidney slices
was compared with the value predicted from the trans-
port activity by ¢cDNA transfectants using PAH and
pravastatin as reference compounds. The renal uptake
of PAH and pravastatin was predominantly accounted
for by rat Oatl and Oat3, respectively (Hasegawa et al.,
2002), and these drugs can be used as reference com-
pounds for rat Oatl and Oat3. The Oatp family is re-
sponsible for the hepatic uptake of pravastatin. Thus,
pravastatin is taken up by the liver and kidney via
different transporters. Furthermore, it is suggested
that, using specific inhibitors, rat Oat3 is mainly respon-
sible for the uptake of benzylpenicillin and PAH by the
choroid plexus and the efficient removal of its substrates
from the cerebrospinal fluid (Nagata et al., 2002).
Recently, drug-drug interactions involving drug
transporters and genetic polymorphisms of drug trans-
porters have been described. The changes in pharmaco-
kinetics due to genetic polymorphisms and drug-drug
interactions can often directly affect the therapeutic
safety and efficacy of many important drugs. Due to the
rapid progress in the analysis of SNPs, it is likely that
functionally relevant SNPs will be found for many trans-

porters in the near future. Furthermore, the SNP mu-
tations in the promoter/enhancer region of transporters
and/or those in the DNA binding proteins (such as PXR)
may be taken into consideration in accounting for inter-
individual differences in the expression level of trans-
porters (Forman, 2001; Hustert et al., 2001; Zhang et al.,
2001). Since the substrate specificity of drug transport-
ers is generally broad and multispecific, if the strategy of
targeting specific transporters is adopted then one
should develop drug candidates that take into consider-
ation the possibility of drug-drug interactions involving
transporters. If the genetic polymorphisms and drug-
drug interactions involving transporters mentioned
above are likely, it will be crucial to predict quantita-
tively the degree of any changes in pharmacokinetics
caused by these factors. Pharmaceutical companies need
to identify which drug candidates are substrates for
which transporters, and should investigate the contri-
bution of each transporter to total transport by integrat-
ing the data from transporter gene-transfected cells.
Providing this information to clinicians should lead to
the safer use of drugs.

Current information regarding the molecular and cel-
lular aspects of drug transporters has grown steadily
and encouraged studies of the mechanisms of drug dis-
position. Clarification of the role of each transporter in
drug disposition in vivo is of potential importance. The
information on substrate selectivity and tissue distribu-
tion of the drug transporters will aid in the prediction of
the in vivo kinetic profile of drugs from in vitro data.
Research on drug transporters will lead to the more
efficient development of new safer and more effective
drugs.
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