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Table V1. Pharmacokinetic parameters of pravastatin after a single dose (10 mg) in various OATP-C genotypic

patterns
Polymorphism
130 151 174 ' 336 Genotype No.
Asn/Asn Asn/Asn Val/Val Pro/Pro - OATP-C*la*la 2
Asn/Asp Asn/Asn Val/Val Pro/Pro OATP-C*la/*1b 4
Asp/Asp Asn/Asn Val/Val Pro/Pro OATP-C*1b/*1b 4
Asp/Asp Asn/Asn Val/Ala Pro/Pro OATP-C*1b/*15 9
Asp/Asp Asn/Asn Ala/Ala Pro/Pro OATP-C*15/*15 1
Ast/Asp Asn/Ser Val/Val Pro/Pro OATP-C*1b/*16 2
Asp/Asp Asn/Asn Val/Ala Pro/Arg Unidentilled 1

AUC, Area under concentration-time curve; CL,, total clearance; CL,,, nonrenal clearance; k,, terminal rate constant for elimination.
TSigm'Ucantly different from values in OATP-C*16/*1b subjects as determined by Mann-Whitney U test (P < 05).

race and that most Japanese subjects who have a
Vall74Ala polymorphism also have an Asnl30Asp
polymorphism simultaneously.

Genetic variations have been examined in some
transporter genes such as MDRI (multidrug resistance
1), MRPI (multidrug resistance protein 1), MRP2 (mul-
tidrug resistance protein 2), and OATP-8. The numbers
of nonsynonymous SNPs in MDRI, MRPI, MRP2, and
OATP-8 genes were reported to be 4, 4, 4, and 2,
respectively, with allelic frequencies ranging from
218% 1049.0%, 1% t07.3%,1% to 12.5%, and 55% to
90%, respectively, among healthy Japanese
subjects.>>>* Although the data for these transporter
genes are not sufllcient for conclusions to be made, it
appears that nonsynonymous SNPs in the OAT3 gene
(only cne nonsynonymous with an allelic frequency of
<1% in this study) occur at a lower frequency than
these genes, including OATP-C. These observations are
consistent with a recent llnding of a lower frequency of
nonsynonymeous SNPs in the OCT2 (organic cation
transporter 2) gene.>* Similar to OAT3, the OCT2
protein is located on the basolateral membrane of the
proximal tubule epithelium and is suggested to govern
the entry of organic cations from the blood into the
renal tubule, thereby controlling the st step in renal
secretion of organic cations. Thus, as has been sug-
gested for OCT2, OAT3 may also be relatively intol-
erant of nonsynonymous changes.*®

In vivo phenotypic data on the most commeon non-
synonymous variant revealed functional differences be-
tween subjects with the OATP-C reference and the
variant. Subjects with the OATP-C*15 allele had sig-
nillcantly lower Cl, and CI,,, values than did those with
a reference form of OATP-C (ie, *1a and *1b alleles),
suggesting a functional consequence of the *15 allele in
the pharmacokinetics of pravastatin. Hepatic clearance
of pravastatin is rate-limited by uptake.''*! The hepatic

uptake clearance of pravastatin determined in vivo by
integration plot analysis was comparable to the bleod
ow rate, suggesting high extraction in the liver during
a single pass.” Thus low transport activity of OATP-C
may lead to a reduction in hepatocellular uptake of
pravastatin, resulting in lower total clearance. In addi-
tion, the possibility of an increasing F cannot be ne-
gated. Although the net in vivo effect of reduced trans-
port activity on the overall pharmacokinetics of
pravastatin remains unclear, these pharmacokinetic
data from the subjects with the *15 allele are consistent
with previous in vitro Dndings showing that the Alal74
variant (OATP-C*5) signiﬂcantly reduced estrone sul-
fate and estradiol-17B-p-glucuronide transport activity
by using OATP-C variants generated in HeLa cells.!> In
vitro intrinsic clearance was markedly lower for the
OATP-C*5 variant than for the reference allele (OATP-
C*1b), with a mean reduction rate of 75%.!" These
values were found to be very close to those in our
healthy volunteers (35%-60%). It should be noted that
Vall74Ala is present in OATP-C*5 and *I5, and the
only difference between these 2 alleles is the presence
of Asn130Asp in OATP-C*15. In contrast, the effect of
the *1b allele (Asp130) did not appear as evident as that
of the *15 allele. The absence of functional changes in
the *1b allele is consistent with previous in vitro (Ind-
ings reported from 3 independent laboratories.'>?”
Nevertheless, caution must be taken with regard to the
in vivo effects of Asnl30Asp, because amino acid
substitutions in extracellular loop 2 of the OATP-C are
presumed to affect substrate speciﬂcity.” The
Asn130Asp variant is located in extracellular toop 2.
One subject with the Arg336 variant had a high AUC
value and low values for CL, and CL, of pravastatin.
Tirona et al'® reported that all polymorphisms that
localized to the putative transmembrane-spanning do-
main (MSD) were associated with a signillcant reduc-



CLINICAL PHARMACOLOGY 8 THERAPEUTICS

VOLUME 73, NUMBER 6

Nishizato et al 563

4UC cL, cL, cL,, CL e ke
(ng - WimL)  (L-kg! - i) (L kgt 1Y) (L kg™ 1Y) (L-kg™! -1l (h")
60.5 2.66 044 222 0.29 0.171
472274 1.95 £ 0.72 051 x0.12 145 +0.72 0.40 = 0.12 0.279 + 0.093
44.2 + 6.38 239+ 044 0.38 £0.03 201 £0.42 0.25 £ 0.03 0.312 = 0.090
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111.8 0.79 0.5t 0.28 0.37 0.212
60.0 255 0.43 2.12 0.31 0.260
110.3 1.22 041 0.81 0.30 0213

tion in transporting activity. The Pro336Arg variant is
localized within MSD7.

As shown in Fig 1, mean serum concentration—time
curves of pravastatin were different among the 3 geno-~
typic groups. There was, however, a relatively large
intergenotypic variability, particutarly for the heterozy-
gous carriers. These results indicate that unidentilled
factors may also contribute to the overall pharmacoki-
netics of pravastatin. Tamai et al*® reported that prav-
astatin was weakly but signiﬂcantly taken up by
HEK293 cells transfected with OATP-B, another mem-
ber of the OATP family expressed in human hepato-
cytes. In addition, some transporters may be involved in

-oral absorption of pravastatin.’ These ﬁndings suggest
that the multitransporter-mediated transport is involved
in the distribution and disposition kinetics of pravasta-
tin. A phenotyping probe that is highly specillc for
OATP-C would be extremely useful to further explore
the genetics behind this variability in the pharmacoki-
netics of pravastatin.

Two polymorphisms in the OAT3 gene, T723A and
Ala389Val, were unlikely to be associated with differ-
ences in either Cl, or CL,.. CL, of pravastatin ranged
from 038 t0 0.51 L - kg™' - h™" and was much higher
than the glomerular Ditration rate, indicating that tubu-
lar secretion is a predominant mechanism in renal ex-
cretion®® In addition, given that OAT3 is predomi-
nantly expressed in the kidney,"?? both clearance
values were used as phenotypic indexes in this study.
The lack of change in CL. and CL.,_ of pravastatin was
somewhat unexpected, because the less frequent non-
synonymous variants in OCT2 were reported to result
in signiﬂcantly reduced and deleterious transport activ-
ities.>* Both OAT3 and OCT?2 are members of the
SLC22 superfamily and have a similar localization in
the proximal tubule epithelium but differ in their charge
specil]city; OCT2 transports positively charged com-
pounds, whereas OAT3 transports anionic compounds.

As described earlier, the allelic frequency of Ala389Val
was extremely low among Japanese subjects. Thus,
with these results taken into consideration, the 2 poly-
morphisms in the OAT3 gene may not be a major
determinant of the large interindividual variability in
the pharmacokinetics of pravastatin.

In this study 23 healthy volunteers were not selected
for a speciﬂc genotype. For a better understanding of
the potential effects of genetic variation, a statistically
signillcant number of subjects should be included in
each genotype group for each gene. However, because
of the low frequency of individuals who are homozy-
gous for the variant allele in the Japanese population
and because of various genotypic patterns across the 2
genes of interest, this aim could not be achieved. Ob-
viously, the small number of subjects is a drawback in
our study. Considerable variation in pharmacokinetic
parameters among various genotype groups makes it
diflfcult to attribute pharmacokinetic changes to one
single allele. For instance, although differences in AUC
values between *la/*la and *Ib/*Ib subjects were in
the same range as those observed between *Ib/*1b and
*1b/*15 subjects, signil]cant changes in clearance val-
ues were only observed for the *Ib/*1b-*1b/*15 com-
parison and not for the *]a/*1a-*1b/*1b comparison. It
is clear that these results should be conllrmed in a
population study involving larger numbers of subjects.
Nevertheless, this report provides for the possibility
that OATP-C gene polymorphism contributes to in vivo
activity.
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CORRECTION

In “A comparison of three methods for predicting lithium doses in Chinese psychiatric patients” (Chang Y, Huang
H, Chou M, Lin M, Clin Pharmacocl Ther 2003;73:P88), the aflliation was printed incorrectly. It should have been
Taipei Veterans General Hospital, Yu-Li Psychiatric Hospital, Taipei, Taiwan.
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Genetic Polymorphism of Organic Anion and Cation Transporters: Pharm-
Aacokinetic and Pharmacodynamic Consequences in Pharmacotherapy

Hiroshi Takane, Ichiro Ieiri and Kenji Otsubo

Department of Hospital Pharmacy, Faculty of Medicine, Tottori University, Yonago, Japan

Abstract: [t has been suggested that genetic polymorphisms in drug transporters as well as
drug-metabolizing enzymes are associated with interindividual differences in drug disposition,
efficacy, and toxicity and in disease. Organic anion and cation transporters are expressed in the
selective or multiple tissues such as small intestine, liver and kidney, and mediate the transport
of many clinically useful drugs. Polymorphisms of drug transporter genes have recently been
identified and demonstrated to have functional significance for transporter activity and
expression. For example, genetic variants in the QATP-C (SLC21A6) gene are associated with
alterations in pravastatin and rifampin uptake into liver. In addition, homozygotes for OCTN2

(SLC22A5) mutant alleles cause systemic carnitine deficiency because of a disruption of

camitine reabsorption in the kidney. Since a growing number of preclinical and ¢linical studies have demonstrated that the
polymorphisms of various drug transporter genes may be responsible for overall outcomes of pharmacokinetics and
pharmacotherapy of certain drugs, further understanding of the physiology and biochemistry of drug transporters with
respect to genetic variations will be important to establish individualized pharmacotherapy with clinically used drugs.

Key Words: Anion and cation transporters, Genetic polymorphisms, Clinically useful drugs, Pharmacokinetics,

Pharmacodynamics

INTRODUCTION

Genetic polymorphisms in the genes encoding drug-
metabolizing enzymes contribute to variations in the kinetic
disposition and pharmacological effects of clinically useful
drugs {Evans and Relling, 1999]. For example, cytochrome
P450 (CYP) 2C9 is the key enzyme for the metabolism of
phenytoin and warfarin, and at least three single-nucleotide
polymorphisms (SNPs) in this enzyme are known to alter the
pharmacokinetics of these drugs [Mamiya er a/,, 1998;
Ninomiya ef al., 2000; Scordo et al., 2002; Takahashi ef al.,
2003]. The variants of CYP2C9 (e.g., CYP2C9*3) are
associated with large interindividual differences in the dose
of warfarin required for appropriate anticoagulant efficiency,
and an increased risk of major bleeding complications
[Aithal et al., 1998]. Also, the cure rate for H pylori infection
by proton pump inhibitors (omeprazol or rabeprazole) is
significantly higher in poor metabolizers (PMs) than
extensive metabolizers (EMs} of CYP2C19, another

.polymorphic CYP2C isoenzyme, because of high serum
concentrations in PM patients [Furuta et af,, 1998; 2001]. In
addition, many drugs interact with specific target proteins to
exert pharmacological effects, such as receptors and
channels. In schizophrenic treatment, genetic polymorphisms
in neurotransmitter receptor-related genes determine the
clinical response to clozapine [Arranz et al., 2000].

Genetic variations in several drug transporters, which
play an important role in drug absorption, distribution and
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Nishi-machi 36-1, Yonago, 683-8504, Japan; Tel: +81-859-34-8349; Fax;
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elimination processes, have recently been reported. Among
various drug transporters, P-glycoprotein, the MDR! gene
produet, is one of the best studied and characterized; P-
glycoprotein is an ATP-binding cassette transporter and
functions as an energy-dependent efflux pump involved in
drug disposition as well as multidrug-resistance. An SNP in
exon 26 (C3435T) of MDR1 was found to be associated with
reduced absorption and renal clearance of digoxin
[Hoffmeyer et al., 2000; Kurata et al., 2002]. In addition to
C3435T, G2677T determines success or failure in the
antiviral treatment of HIV-1-infected patients [Fellay ef al.,
2002] and chemotherapy for acute myeloid levkemia [Illmer
et al., 2002). Mutations of multidrug resistance associated
protein-2 (MRP2 / ¢cMOAT) are known to cause a hyper-
bilirubinemia (Dubin-Johnson syndrome) by reducing
bilirubin excretion [Wada et al., 1998; Toh et al., 1999].
These observations clearly indicate that genetic variations in
drug transporters as well as drug-metabolizing enzymes,
receptors and targeting proteins lead to the interindividual
difference in the efficacy and toxicity of drugs.

Organic anion and cation transporters are expressed in
human tissues such as liver and kidney along the major
routes of drug elimination, and thus play key roles in various
pharmacokinetic stages. To date, physiological and functional
properties of several organic anion transporters (OATs),
organic anion transporting polypeptides (OATPs) and organic
cation transporters (OCTs and OCTNs), isolated from human
tissues, have been evaluated. More recently, genetic
polymorphisms have been identified in genes encoding these
transporters. In the present review, we summarize the current
available data on the impact of genetic polymorphisms in
organic anion and cation transporters on their pharmaco-
kinetics and pharmacodynamics.

€©2003 Bentham Science Publishers Ltd,
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HUMAN OATP/OAT FAMILY
1-1. Tissue Distribution and Functional Characterization
(a). OATP Family

OATP-A (SLC21A3/OATP/QOATPI), initially jsolated
from human liver, is expressed in brain and liver [Kullak-
Ublick er al., 1995; Abe et al., 1999; Tamai ef al., 2000]. A
recent report has described that GATP-A protein is
expressed in brain microvessels and eapillary endothelial
cells, and can regulate the influx of opioid peptides across
the blood-brain barrier [Gao et al., 2000]. The transport of
thyreid hormones is also mediated by OATP-A [Fujiwara ef
al., 2001; Kullak-Ublick et al., 2001].

OATP-C (SLC21A6/LST-1/OATP2) and OATPR
(SLC21A8) are selectively expressed in human liver and
located on the basolateral membrane of hepatocytes [Abe ef
al,, 1999; Hsiang et al., 1999; Kénig et al., 2000a, 2000b].
While OATP-C and OATPS control the uptake of a broad
range of substrates such as thyroid hormone [Abe ef al.,
1999, Hsiang et al., 1999; Kullak-Ublick et af., 2001],
methotrexate [Abe et al., 2001; Tirona et al., 2001]and
rifampin [Tirona et al., 2003), the uptake of unconjugated
bilirubin is mediated by OATP-C but not OATPS [Cui ef al.,
2001]. Pravastatin [Hsiang ez al., 1999; Nakai ef al., 2001]
and digoxin [Kullak-Ublick et al., 2001] are reportedly
transported by OATP-C and OATPS, respectively.

OATP-B (SLC21A9) has a broad tissue distribution
when compared with other OATPs [Tamai et al., 2000;
Kullak-Ublick et al., 2001). OATP-B is localized to the
basolateral side of human hepatocytes and facilitates
substrate uptake from the portal circulation [Kullak-Ublick et
al.,, 2001]. However, the importance of OATP-B in the
hepatic disposition of therapeutic drugs is currently unclear,
since the substrate specificity of OATP-B is restricted
compared with that of OATP-A, OATP-B and OATP-C
[Kullak-Ublick et ai., 2001].

OATP-D (SLC21A11) and OATP-E (SLC21A12) are
abundantly expressed in various peripheral tissues [Tamai et
al., 2000; Fujiwara et al, 2001]. However, little is known
about the physiological and pharmacological functions of
OATP-D with the exception of the tissue distribution of its
mRNA. OATP-E contributes to the transport of thyroid
hormone in peripheral tissues {Fujiwara ef al, 2001]. QATP-
E is also predominantly localized to the apical side of human
placenta [Sato et al., 2003]. In a recent study, OATP-F has
been identified as high affinity thyroid hormone transporter,
which is predominantly expressed in brain and testis
[Pizzagalli et al., 2002].

(B). OAT Family

Currently, four human organic anion transporters have
been identified. OAT1 (SLC22A6) [Race et al., 1999;
Hosoyamada et al., 1999; Sun et al., 2001] and QAT3
(SLC22A7) [Race et al., 1999; Cha et al., 2001; Sun et al,,
2001] are mainly expressed in the kidney. OATI protein is
localized on the basolateral membrane of the $2 segment of
proximal tubules in the kidney [Hosoyamada et al., 1999],
whereas OAT3 protein is localized on the S1, S2 and 83
segments [Cha et al., 2001}. OATI!, but not OAT3, exhibits

Takane et al

the properties of an exchange-type transporter [Hosoyamad:
et al., 1999; Cha ef al., 2001]. Although, in general, the OAT
family is mainly expressed in the kidney, OAT2 is
abundantly expressed in the liver (basolateral membrane’
and, to a lesser extent, in the kidney [Simonson ef al., 1994,
Sekine et al., 1998]. OAT4 (SLC22A9), on the other hand, is
expressed predominantly in the kidney and placenta [Cha e
al., 2000]. In the kidney, OAT4 protein is localized to the
apical side of proximal tubules [Babu et al., 2002a].

Previous studies report that the OAT family transports
various clinically important drugs or endogenous anions
OATI, OAT2, OAT3 and OAT4 transport organic anions
such as probenecid [Hosoyamada et al., 1999; Race at al,,
1999; Cha et al., 2000; Enomoto ef al., 2002], prostagrandir
(PG) E; [Enomoto et al., 2002] and PGF», [Enomoto et al.,
2002, Kimura er al., 2002]. On the other hand, p-
aminohippurate (PAH) is taken up via OATI, OAT2, anc
OATS3 but not OAT4 [Hosoyamada et al., 1999; Race at al,,
1999; Cha et al., 2000, 2001; Sun et al., 2001].

In the human kidney, the OAT family seems to play
important roles in the process of secreting or transporting
various therapeutic drugs through the proximal tubules;
OATI, OAT2 and OAT3 mediate the uptake of organic
anions into proximal tubular cells from the blood across the
basolateral membrane, and then OAT4 regulates excretior
into the proximal tubule fluid across the brush-border
membrane, Methotrexate, an antitumor drug, is taken up viz
OATI1 and OAT3 at the basolateral membrane of proximal
tubules and effluxed in the apical membrane of proximal
tubules via QAT4 [Takeda et al., 2002b]. Furosemide, a loop
diuretic, is transported by OAT1 [Hosoyamada et al., 1999;
Race at al., 1999], OAT3 [Cha et al.,, 2001} and OAT4 [Cha
et al., 2000]. Thus, furosemide that is taken up by OATI1 and
OATS3 localized at the basolateral membrane in the proximal
tubules exhibits a diuretic effect following action on the
luminal side of the loop segment, and then excreted via
OAT4 in the apical membrane. Other clinically importam
drugs including nonsterpidal anti-inflammatory drugs
(NSAIDs) [Khamdang ef al., 2002], angiotensin II receptot
antagonist [Race et al., 1999], antiviral nucleotide analogs
[Cihlar ef al., 1999; Ho et al., 2000; Takeda et al., 2002c],
tetracyciine [Babu et al.,, 2002b] and cephalosporin anti-
biotics [Takeda ef al., 2002a] are also substrates for the OAT
family (Table.1). Since NSAIDs such as ibuprofen and
ketoprofen efficiently inhibit the transport of adefovir by
OAT! in the kidney at clinically relevant concentrations, bui
are not transported by OATI [Mulato et al,, 2000}, i
has been suggested that NSAIDs may reduce adefovir-
induced nephrotoxicity [Apiwattanakul et al., 1999; Mulatc
et al., 2000].

1.2. Impact of OAPT-C Variants on Pharmacokinetics
and Pharmacodynamics

1.2.1. Frequency and In Vitro Transport Activity of OATP-
C Variants

Recently, a number of SNPs in the human QOATP-C gene
have been identified in different ethnic populations [Tirona
et al., 2001; Nozawa et al., 2002; Nishizato et al., 2003]. A1
least 17 non-synonymous variants and 16 allelic patterns
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Table 1. Summary of organic anion and cation transporters.
Gene Tissue distribution Therapeutic /physiological substrates
Transporter symbol Chr. Reference
Expression Polarity
OATP-A SLC21A3 12 Brain, Liver BL fexofenadine, thyroid hormones Kullak-Ublick et ai,, 1995; 2001, Abe
et al., 1999; Cvetkovic ef al., 1999;
Tamai et al., 2000; Fujiwara et af.,
2001; Dresser et af. 2002
QATP-B SLC21A9 11 Small intestine, Liver, BL pravastatin Tamai et al., 2000, 2001; Kullak-
Placenta Ublick et al., 2001
OATP-C SLC21A6 12 Liver BL pravastatin, MTX, rifampin, thyroid Abe et al., 1999; Hsiang et al,, 1999;
hormones Konig et al., 2000a; Kullak-Ublick er
al., 2001; Nakai et al., 2001; Tirona
etal., 2001, 2003
OATP-D | SLC21All IS Ubiqutous ? ? Tamai et al., 2000
OATP-E { SLC21A12 20 Ubiqutous AP thyroid hormones Tamai et al., 2000; Fujiwara et al.,
2001; Sato et al., 2003
OATP-F | SLC21A14 12 Brain, Testis ? thyroid hormones Pizzagalli et al., 2002
OATPS SLC2IASB 12 Liver BL digoxin, MTX, rifampin, thyroid Kdnig et al,, 2000b; Abe et al., 2001:
hotmones Kullak-Ublick et al., 2001
0OAT1 SLC22A6 11 Kidney BL MTX, probenecide, furosemide, Cihlar et al., 1999; Race et al., 1999,
benzylpenicillin, salicylate, Hosoyamada et al., 1999; Ho et al.,
indomethacin, losartan, tetracycline, 2000; Sun et al., 2001, Babu ef al.,
oxytetracycline, minocycline, 2002b; Khamdang et af., 2002;
cephalosporin ab., acyclovir, ganciclovir,| . Takeda et al., 20022, 2002¢
zidovudine, adefovir, cidofovir
OAT2 SLC22A7 [ Kidney, Liver BL MTX, probenecid, PGFa, tetracycline, | Simonson et al., 1994; Sekine et al.,
oxytetracycline, minocycling, zidovudine | 1998; Babu et ai., 2002b; Enomoto et
. a!., 2002; Takeda et al., 2002c
OAT3 SLC22A8 11 Kidney BL MTX, probenecide, furosemide, Race et al., 1999; Cha ef al., 2001;
indemethacin, ibuprofen, diclofenac, Sun et al., 2001; Babu et al., 2002b;
cimetidine, quinidine, tetracycline, Khamdang et al., 2002; Takeda et al.,
cephalosporin ab., valacyclovir, 2002a, 2002¢
zidovudine
QATS SLC22A9 11 Kidney, Placenta AP MTX, probenecid, furosemide, Cha et al., 2000; Babu et al., 20024,
indomethacin, ibuprofen, diclofenac, 2002b; Enomoto et al., 2002;
piroxicam, tetracycling, cephalosporin - | Khamdang et al., 2002; Takeda et al.,
ab., zidovudine 2002a, 2002¢
" 0OCT! SLC22A1 6 Liver BL acyclovir, ganciclovir Gorboulev ef al., 1997; Zhang et al.,
1997; Motohashi ef al,, 2002; Takeda
etal.,2002¢c
OCT2 SLC22A2 6 Kidney, Brain BL amantadine Gorboulev ef al.,, 1997; Busch et al.,
1998; Motohashi et al., 2002
OCT3 SLC22A3 6 Kidney, Liver, ? 7 Wu et al., 2000a
Placenta, Skeletal
muscle
OCTNI1 SLC22A4 5 Kidney, Bone marrow AP carnitine, verapamil, pyrilamine, Tamai et al., 1997; Yabuuchi et al.,
quinidine 1999
OCTN2 SLC22AS 5 Kidney, Brain, Heart, AP carnitine, verapamil, pyrilamine, Wu et al., 1998, 1999; Tamai et al.,
Skeletal muscle, quinidine, cephalosporin ab. 1998; Ohashi et al., 1999, 2001;
Placenta Ganapathy et al., 2000

a) Basolateral; BL, Apical; AP,
b) MTX; Methotrexate, ab.; entibiotics, PG;Prostagrandin.
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{(haplotypes}have been found to date (Table 2 and 3). Among
the 17 non-synonymous variants, N130D appeared in all
cthnic populations. As shown in Table 2, G488A and E667G
are more common mutations in African-Americans than
other populations. In contrast, PI55T and V174A are found
at higher frequency in European-Americans. These results
indicate that genotypic frequencies of OATP-C variants
appeared to be dependent on race. However, the interethnic
difference in haplotypes of the OATP-C allele has not been
well documented.

In vitro experiments with cultured cells expressing the
wild type and mutations revealed that the allelic variants of
OATP-C*2, *3, *5, *6, *9, *12 and *13 significantly
reduced estrone-3-sulfate and estradiol 17 B-D-glucuronide
transport activity [Tirona et al., 2001]. The F73L (*2 or
*12), VB2A (*3 or *13), VI74A (*5), I353T (*6), G48BA
(*9) and L193R (unidentified allele) mutations decreased
cellular surface membrane expression of QATP-C protein
but did not change the expression of total cellular protein

Table2. Summary of Current Genetic Variants in OATP-C.

Takane et al.

[Tirona et al.,, 2001; Michalski ef al., 2002]. Interestingly,
almost all these mutations localize to the putative
transmembrane domains, suggesting an important role for
these regions in the trafficking or sorting of mature
transporter protein at the cellular membrane.,

Rifampin, an antibiotic drug, is broadly used in the
treatment of tuberculosis, and is a substrate of OATP-C
[Vavricka et al., 2002; Tirona er al,, 2003]. Using the
recombinant vaccinia virus expression method, Tirona ef al.
have reported that rifampin transport is robustly reduced by
the *1b, *2, *¥3, *5, *5, *7, *9, *12 and *13 allelic variants
[Tirona et al., 2003]. Interestingly, they also reported that
OATP-C*1b (N130D) and *7 (N432D) did not affect the
capacity for transporting estrone-3-sulfate and estradiol 17 -
D-glucuronide [Tirona et al., 2001]. In contrast, uptake of
cholyltaurine but not estradiol 17 B-D-glucuronide is found
to be decreased by the OATP-C*1b allele [Michalski et al,,
2002]. Taken together, these results suggest that at least two
variants, N130D and N432D located at putative N-

Allele Frequency %
izati b b 9 t) o 1) by
Allele i - Effect (E::z) (‘1‘:;2) (N=J:;r:-1so) (5281) (bg:so) (;z;m) (1::5[1120)
Genetic | Cellutar ¥ Tironaer | Tironaet Michalski ef Nozawa ef |Nishizato er
al., 2001 al., 2001 al., 2002 al., 2002 al., 2003

T217C Exon 2 T™M2 F73L 2 0 n.d. nd. nd. n.d. 0
T245C Exon 3 ™2 V82A 2 0 n.d. nd. n.d. n.d. 0
A388G Exon 4 EL 2 N130D 30 74 ki n.d. 46 53.7 63
Ad452G Exon 4 EL2 Ni518 nd. nd. n.d. n.d. nd nd. 4
G453A Exon 4 EL2 R152K 0 0 n.d. n.d. nd 0 0
C463A Exon 4 EL?2 PI55T 16 2 n.d. nd. nd, n.d. 0
Ad67G .Exon 4 EL 2 E156G 2 0 n.d. n.d. n.d. n.d. 0
T521C Exon 5 T™ 4 VI74A 14 2 1 n.d. 12 0.7 16
T578G Exon 5 ™ 4 L193R nd. n.d. n.d. <0.3 n.d. nd. )
G721A Exon 6 EL3 D241N 0 0 nd. n.d. n.d. 0 0
C1007G Exon 8 ™7 PI36R n.d. nd, nd. n.d. nd. n.d. 1
T1058C Exon 8 ™7 13537 2 0 nd. nd. n.d. nd. 0
Al1294G Exon 9 ELS N432D 1 0 nd. nd. n.d. n.d. 0
Al385G Exon i ELS5 D462G 1 0 n.d. n.d. n.d. n.d. 0
G1454T Exon 10 EL 5 C485F n.d. n.d. n.d. n.d. n.d. n.d. 1
G1463C Exon 10 ELS G438A 0 9 n.d. n.d. n.d. n.d. 0
Al964G Exon 14 C-terminus D655G 2 0 n.d. n.d. n.d. n.d. 0
A2000G Exon 14 C-terminus E667G 2 34 n.d. nd. n.d. n.d. 4

&) TM: Transmembrane, EL: Extracellutar loop, n.d.; not determined
b) E-A; European-American, A-A; African-American, CA; Caucasian, Jpn; Japanese
¢) our recent unpublished data.
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Table3. The Influence of OATP-C Variants on Expression or Transport Activity.
. Functional consequence
Haplotype Variant Reference
Transport activity ¥ Protein expression
*1b N130D rifampin 4 - Tirona et al., 2003
*lc RI152K - -
* F7IL estrone-sulfated, estradiol-Glul, total ceftular and membrane expressiond | Tirona ef al., 2001, 2003
rifampind
*3 V82A,E156G estrone-sulfate), estradiol-Glud, membraned total cellutar expression— Tirona et al., 2001, 2003
rifampind
*4 Pi55T - -
*5 V174A 1y estrone-sulfate), estradiol-Glul, 1) membrane expression_, total cellular | 1) Tirona et al., 2001, 2003
tifampinl expression— 2) Nozawa et al., 2002
2) estrone sulfate— 2) protein expression—»
*5 13537 estrone-sulfatel, estradiol-Glud, membrane expressiond, total cellular Tirona et al., 2001, 2003
rifampin expression—
*7 N432D rifampind. - Tirona et al., 2003
*3 D462G - -
*g G483A estrone-sulfatel, estradiol-Glul, membrane expressiond, total cellular Tirona et al., 2001, 2003
rifampind expression—
*10 D655G estrone-sulfatel - Tirona et al., 2001
*11 E667G - -
*2 F73L, D655G estrone-sulfatel, rifampind. - Tirona et al., 2001, 2003
‘3 VB2A, E156G, E667G estrone-sulfatel, rifampinl. - Tirona et al., 2001, 2003
*14 NI130D, P155T - -
*15 N130D, V17T4A n.d, n.d.
unidentified | N130D, P155T, estradiol-Glud L retained intracellularly Michalski et af., 2002
L193R

a) Estrone sulfate; Estrone-3-sulfate, Estradiol-Glu; Estradiol 1 7B-D-Glucuronide
—; unchanged when compared to OATP-C*1a, n.d,; not determined

glycosylation sites in the predicted extracellular loops (2 and
5, respectively) [Abe et al, 1999], exhibit an altered
transport capability dependent on substrate.

1.2.2. Influence of OATP-C Polymorphisms on Drug
Disposition

Human OATP-C is predominantly expressed on the
basolateral membrane in hepatocytes [Abe et al., 1999;
Hsiang et al., 1999; Konig et al., 2000a]. It has been reported
that the hepatocellular uptake of bilirubin and its glucronide
conjugates is mediated via OATP-C [Cui ef al., 2001]. Thus,
it seems likely that OATP-C plays an important role in the
hepatocellular elimination, metabolism and conjugation of
clinical drugs as well as various endogenous compounds.

Pravastatin, one of the 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhtbitors (statins), is widely used in
the treatment of hypercholesterolaemia. Recently, we have

investigated the contribution of the polymorphism of the
OATP-C gene to the pharmacokinetics of pravastatin, a
substrate for OATP-C [Nishizato er al., 2003). Among 23
healthy Japanese volunteers, four non-synonymous variants
(N130D, N1518, VI74A and P336A) and more than five
haplotypes (OATP-C*1a, *1b, *15, *16, and unidentified)
were observed in the OATP-C gene. Subjects with the *15
allele (D130A174) had a reduced total and non-renal
clearance compared to those with the *1b allele; non-renal
clearance in *1b/*1b (n = 4), *1b/*15 (n = 9), and *15/*15
(n = 1) subjects was 2.01+0.42, 1.112£0.34 and 0.29
(L/hr/kg), respectively. These results suggest that the QATP-
C*15 allele is likely to be associated with altered
pharmacokinetics of pravastatin. As the hepatic clearance of
pravastatin is rate limited by uptake [Hsiang er al., 1999],
low transport activity of OATP-C may lead to a reduction of
hepatocellular uptake of pravastatin, resulting in lower total
clearance. The target organ of pravastatin is the liver. In
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addition, although pravastatin is generally well tolerated in
patients with hypercholesterolaemia, it is not free of serious
adverse effects, such as skeletal muscle abnormalities (e.g.,
benign myalgias and rhabdomyolysis). The mechanism of
statin-induced rhabdomyolysis is not clearly known, though
high serum concentrations of pravastatin have been linked to
it. Since certain variants of OATP-C may reduce
hepatoselective uptake of pravastatin and be associated with
high serum concentrations, patients who carry the mutated
alleles would theoretically be expected to have both a loss of
pharmacological effects and an increased risk of adverse
events. These theoretical but important hypotheses should be
tested further.

1.2.3. Influence of OATP-C Polymorphisms on Drug
Interaction -

Drug-drug interactions are clinically important because
of alterations in the metabolism and elimination of certain
drugs. Rifampin is well known as an inducer of drug
metabolizing enzymes and drug transporters such as
CYP2A6, 2B6, 2C8, 209, 3A4, 3AS5, 3A7, UDP-
glucuronosyltransferase-1A (UGT1IA) [Rae er af., 2001], P-
glycoprotein [Greiner et al., 1999; Westphal et al., 2000],
and MRP2/cMOAT [Formm et al., 2000]. As described
above, Tirona et al. demonstrated that the human liver-
specific transporter OATP-C mediates the hepatocellular
uptake of rifampin and that several naturally occurring
OATP-C variants were found to have markedly reduced
rifampin transport activity. Furthermore, they indicated that
expressionof OATP-C enhances rifampin-mediated pregnane
X receptor (PXR) activation as a result of increased
intracellular substrate retention. The above-mentioned
induction of drug-metabolizing enzymes and drug transporters
by rifampin is known to depend upon the activation of the
adapted nuclear receptor PXR [Lehmann et al., 1998; Geick
et al., 2001]. Although there is no clinical evidence to
support this hypothesis, certain genetic variants of OATP-C
would be expected to contribute to rifampin-mediated
drug interactions.

2. HUMAN OCT /OCTN FAMILY
2.1. Tissue Distribution and Functional Characterization
(a). OCT Family

The mRNA transcript of human OCTI is predominantly
expressed in the liver, and weakly expressed in kidney,
whereas OCTI protein is detected only in the liver, not in the
kidney [Gorboulev et al., 1997; Zhang er al, 1997,
Motohashi et al., 2002]. Rat Octl is localized at the
sinuscidal membrane of hepatocytes in the liver [Meyer-
Wentrup ef al., 1998). In Octl knockout mice, the
accumulation of substrate drugs (metformin, TEA,
metaiodobenzylguanidine and MPP+) in liver is diminished
compared to that in wild-type mice [Jonker er al., 2001;
Wang et al., 2002]. Therefore, it seems that OCTI plays a
predominant role in the transport of substrates across the
sinusoidal membrane of human liver. On the other hand,
human OCT2 mRNA and protein are expressed in the kidney
[Gorboulev er al., 1997; Motohashi et al., 2002], and
localized mainly at the basolateral membrane in the distal
tubules [Gorboulev et al., 1997]. However, a recent report
suggests that OCT2 protein is localized to the basolateral
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membrane in the proximal tubules like OATI1, OAT2 and
OAT3 but not in the glomeruli, distal tubules or collection
ducts [Motohashi et al., 2002]. Therefore, OCT2 likely plays
a more important role in the renal disposition of organic
cations in human kidney than other members of the OCT
family. The mRNA of OCT3 is broadly expressed in human
tissues including the liver, kidney and placenta [Wu et al.,
2000a). In mouse kidney, Oct3 mRNA is expressed in
proximal and distal convoluted tubules, but not in the
glomerulus [Wu et al., 2000a]. However, little is known
about the intracellular localization of OCT3 as well as OCT1
in human tissues.

Aciclovir and ganciclovir, antiviral drugs, are
predominantly eliminated from kidney, with approximately
63 % and 91 % of the administered dose recovered unchanged
in the urine, respectively [Morse ef al., 1993]. In a current
study using cells stably expressing human organic anion and
cation transporters, these drugs were transported by OATI
and OCTI1 [Takeda et al., 2002¢c]. However, these drugs
might be mainly excreted through a renal mechanism via
OATI transport, since OAT] protein but not OCT] protein
is expressed in the kidney [Motohashi ef al., 2002]. Although
NSAIDs are not transported by OCT] and OCT?2, the
transporting of an organic cationic substrate via OCT1
and OCT2 is inhibited by some NSAIDs [Khamdang
etal,, 2002],

(b). OCTN Family

OCTNI1 and OCTNZ2 transport organic cations such as
TEA in a pH-dependent or an Na'-independent manner
[Yabuuchi et al., 1999; Wu et al., 1999]. On the other hand,
OCTN2 mediates carnitine transport in a Na‘-dependent
manner fTamai ef al, 1998]. OCTNI and OCTN2 have
similar substrate specificity. In human tissues, OCTNI
mRNA is expressed predominantly in kidney, trachea, bone
marrow and fetal liver [Tamai ef al., 1997]. The expression
of OCTN2 mRNA in human tissues is detected strongly in
kidney, placenta, heart and skeletal muscle, and weakly in
brain, lung and liver [Wu et @l., 1998, Tamai et al., 1998]. In
the kidney, rat Octnl and Octn2 mRNA are expressed in the
absorptive cells in both proximal and distal tubules [Wu ef
al., 1999, 2000b]. Although the functional characterization
of OCTNs in human body has not been well documented,
human OCTNs may influence the disposition of various
drugs in the kidney. Subcellular localization and in vitro
functional characterization suggest that OCTN1 contributes
to the active secretion of organic cations across the renal
brush-border membrane [Tamai et al,, 1997)], and OCTN2
exhibits properties as an exchange transporter in Na’-
dependent carnitine reabsorption in the kidney and Na'-
independent secretion of organic cations [Ohashi et al,
2001]. Some cephalosporin (f -lactam) antibiotics such as
cephaloridine, cefoselis, cefepime and cefluprenam are
substrates for OCTN2 [Ganapathy er al., 2000).

2.2, Impact of OQCT1 Variants on Pharmacokinetics and
Pharmacodynamics

22,1, Frequency and In Vitre Transport Activity of OCT1
Variants ‘

The human OCTI! contains 554 amino acids and is
predicted to have 12 putative transmembrane domains (TMs)
with the extracellular localization of the large hydrophilic
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oop between TM1 and 2 [Zhang et al., 1997]. A current
eport has identified several synonymous and non-
ynonymous variants in the human OCT1 gene [Kerb ef al,,
002]. By systematic screening of the OCT1 gene in a
ealthy Caucasian population, 10 mutations were detected in
he coding region, of which 8§ variants caused non-synony-
10us amino acid changes (Table 4). Among those, R61C,
'160L, and M429del are often observed in the Caucasian
opulation, with the respective allele frequencies of 9.1, 22,
nd 16%, respectively. In a functional characterization using
{enopus oocytes with OCT1 point mutations, three variants
R61C, C88R, and G401S) reduced the transport activity
ompared with the wild-type. Interestingly, C88R and
14018 are found to exhibit altered substrate selectivity. The
61C and C88R variants localize to the large extracellular
sop, and G401S variant occurs in the intracellular loop
etween TM 8 and 9 that is highly conserved in major
-anspert proteins [Zhang et al., 1997].

2.2, Influence of OCTI! Polymorphisms on Drug
Yisposition

In full Octl-deficient mice, the accumulation in liver and
xcretion into small intestine of the model agent TEA are
ound to be reduced compared with the wild-type mice,
ecause Octl knockout mice exhibit a reduced hepatic uptake
nd subsequently direct intestinal excretion of the cationic
ubstrate [Jonker et al., 2001]. Interestingly, the hepatic
ptake of metformin after intravenous injection is dramatically
zduced in Octl gene-knockout mice [Wang et al., 2002].
{etformin belongs to the family of biguanide anti-diabetic
rugs, and leads to a reduction of gluconeogenesis through
n inhibition of complex I of the mitochondrial respiratory

Current Pharmacogenomics, 2003, Vol I, No. 4 251

chain in hepatocytes [Owen ef al., 2000; Hundal er al.,
2000]. In humans, metformin is extensively eliminated from
kidney via glomerular filtration and tubular secretion and
recovered in urine at approximately 80 % of the administered
dosage [Sirtori ef al,, 1978; Tucker et al., 1981]. However,
since the liver, which expresses human OCT1 protein, is one
of the main therapeutic targets of metformin, patients with
polymorphisms involved with functional change in the
OCT]1 gene might exhibit a decrease or lack of pharmaco-
logical efficacy for the drug. At the moment, litle is known
about the specific substrates for OCT1 among therapeutic
drugs except antiviral agents [Takeda et al., 2002¢].

2.3. Impact of OCT2 Variants on Pharmacokinetics and
Pharmacodynamics

2.3.1. Frequency and In Vitra Transport Activity of OCT2
Variants

Members of the organic cation transporter family share a
predicted 12 TM structure with a large extracellular loop
between TMI1 and 2. Genetic variations of human OCT2
have been recently identified in ethnically diverse
populations [Leabman et al., 2002]. Eight variable sites
including non-synonymous amino acid changes occur in the
coding region that distributes throughout the loops and
transmembrane domains (Table 5). In vitro studies using
oocytes expressing various variants showed that M1651 and
R400C have significantly reduced uptake activity for the
prototypical organic cation MPP+ compared with the OCT2
wild-type, although these variants are present only in the
African-American population, A single-nucleotide insertion
at position 134 leads to a prematurely terminated protein that
might abolish the transporter function. Furthermore, K432Q,

able4d. Summary of OCT! Gene Polymorphisms in Caucasians [Kerb ef ai., 2002].
Allete Localization Effect Transport activity® Genotype Frequency % (N=217-243)
Genetic Cellular ¥ Wt'We Wi/Mut Mut/Mut
G-1795A Promoter nd. 745 23.7 1.8
G-1685A Promoter n.d. 93.1 1.9 ¢
G-1672C Promoter n.d. 98.1 1.9 0
CIBIT Exon 1 EL1 R61C MPP+L 83.2 15.6 1.2
T262C Exon | EL1 CB8R MPP+{, TEAL, 938 1.2 0
serotonin |
CB237G Exon 2 ™2 F160L - 614 34 4.6
G17857A Exon 7 IL4 G4018 MPP+{, TEAL, 93.5 6.5 0
serotonin
Al7878G Exon 7 T™M S M408V n.d. 17.7 45.2 35.1
G17897C Exon 7 ™9 G414A n.d. 99.6 0.4 0
17914 ATG del Exon 7 ™9 Md20del - 71.1 26.3 26
G32B70A Exon 9 IL5 G465R n.d. 97 3 0

)} TM: Transmembrane, EL: Extracellular loop, IL; Intracellular loop
) MPP+; 1-methyl-4-phenylpyridinium, TEA; Tetraethylammonium,
—; unchange when compared to wild type of OCT), n.d.; not determined
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present in both the African-American and Mexican-
American population, has an increased affinity for MPP+.
These variants may be involved in the altered transport
function of organic cations, but oceur at low frequency. In
contrast, the high-frequency variant, A2708 (haplotypes *3D
and *3E), is less sensitive to hydrophobic inhibitors
[Leabman et al., 2002].

2.3.2, Influence of OCT2 Polymorphisms on Drug
Disposition

At the moment, it is not clear whether the polymorphisms
in the OCT2 pene are associated with interindividual
differences of drug disposition. In addition to the kidney,
OCT?2 is expressed in neurons of widespread brain regions
including the hippocampus and various subcortical nuclei
[Gorboulev et al., 1997; Busch et al., 1998}, Monoamine
neurotransmitters such as dopamine, serotonin, norepine-
phrine, histamine and choline are transported by OCT2
[Busch et al, 1998, Sweet et al,, 2001]. Interestingly,
amantadine and memantine, anti-Parkinsonian drugs, are
substrates and competitive inhibitors of OCT2 [Busch et al.,
1998]. It has been suggested that amantadine exhibits a
pharmacological effect through increased extracellular
concentrations of neurotransmitters by inhibition of
dopamine uptake via OCT2.

2.4, Impact of OCTN2 Variants on Pharmacokinetics
and/or Pharmacodynamics

2.4.1. Polpmorphisms of OCTN2 and Systemic Carnitine
Deficiency (SCD)

Primary systemic carnitine deficiency (SCD; MIM
212140) is a rare autosomal recessive disorder caused by
defective carnitine transport and characterized by hypoketotic
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hypoglycemia, cardiomyopathy and myopathy. Carnitine is
essential factor for the transfer of long-chain fatty acids from
cytosol to mitochondrial matrix where B-oxidation takes
place for the production of ATP.

Recently, it has been clarified that SCD is caused by
mutations in human OCTN2 which undergoes sodium-
dependent carnitine transport in heart, skeletal and renal
tissues for P-oxidation. All SCD patients are hetero- or
homozygous for various OCTN2 mutant alleles creating a
disruption of carnitine transport. The mutations in the
OCTN2 gene involved with the functional deficiency of
carnitine transport are shown in Table 6. Notably, the
mutations causing a missense or a frameshift (a partial
nucleotide deletion or insertion) creating a truncated protein
have been reported in numerous papers, OCTN2 encodes a
polypeptide of 557 amino acids with twelve putative
transmembrane domains [Tamai et al.,, 1998; Wu et al,
1998]. The single missense mutation, C844T in exon 5,
converts the arginine at amino acid position 282 into a stop
codon (R282X), leading to the production of a truncated
protein (by 275 amino acids) compared with the wild-type
[Vaz et al,,1999; Wang et al., 1999]. Wang et al, [1999]
have reported an SCD patient who is a compound
heterozygote for a paternal 1-bp insertion in exon 7 and a
maternal 1-bp deletion in exon 8. The paternal mutation
changes the codon for the tyrosine at amino acid position
401 to a STOP codon (Y401X). Also, the maternal mutation
causes a frameshift starting at the codon for the glycine at
position 435 and then creates a stop codon at position 458
{458X), resulting in the production of premature truncated
protein. On the other hand, the 113-bp deletion including the
initial ATG codon in exon | shifis the next available ATG
codon at amino acid position 177 (Nezu er al.,, 1999).

Table 5. Summary of OCT2 Gene Polymorphisms [Leabman ef 2/, 2002].
Localization Allele frequency %
Allele Effect Transport activity *
Genetic Cellular® CA® A-AY A-§9 ME® | PA®
(N=200) | (N=200) | (N=60) | (N=20) |(N=14)
I341Ins A Exon | T™ 1 45 prematured protein {47 AA) 0.5 0 0 0 0
C160T Exon 1 EL 1 P548 n.d. 0 0.5 0 0 ¢
T481C Exon 2 ™ 2 F161L nd. 0.5 0 0 0 0
A493G Exon 2 T™ 2 M165V nd, 0 0.5 0 0 0
G495A Exon 2 ™2 MI1651 MPP+ | [ I 0 0 0
G808T Exon 4 T™™ 6 A2708 sensitive to TBA inhibitionl 15.7 ° I 8.6 15 7
CBHG Exon 5§ IL 4 A297G n.d. 0.5 0 0 i) 0
CI198T Exon 7 IL5 R400C MPP+{ 0 1.5 0 0 0
sensitive to TBA inhibitionT
A1294C Exon 8 ELS K432Q affinity for MPP+ T 0 1 0 5 0
sensitive to TBA inhibitionT

a) TM; Transmembrane, EL: Extracellular loop, LL; Intracellular loop,
b) MPP+; 1-methyl-4-phenytpyridinium, TBA; Tetrabutylammonium.

¢) CA; Caucasian, A-A; African-American, A-8; Asian-American, ME; Mexican-American, PA; Pacific Islander
Ins; Insertion, AA; Amino acid, n.d.; not determined
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Table 6. Summary of OCTN2 Gene Polymorphisms,
Position ¥ Localization Effect Transport function Reference
Genetic Cellular® Carnitine transport | TEA transport
113-bp Del Exon 1 shift ATG at nd. n.d. Nezu et af., 1959
codon 177
226 Ins C Exen 1 truncating n.d. nd. Nezu et al., 1999
255-22851 Del | Exon 1-8 ™ 11 truncating n.d. n.d. Lamhonwah and Tein, 1998
(255-1649 Del)
15591 Ins 19-bp Exon 4 ™4 truncating n.d. n.d. Lamhonwah and Tein, 1998
(874 Ins 19 -bp)
15592-17283 Exon 4-5 T™ 4-6 truncating n.d. nd. Lamhonwah and Tein, 1998
Del (875-1046
Del)
G8639 A Exon 2 ELi Wi3zx truncating no activity n.d. Koizumi et al., 1999; Tang e
al., 199%; Nezu ef al., 1999
C14417T Exon 2 IL 23" RI69W no activity nd. Wang et al., 2000¢
AM44TT Exon 3 ™3 MI179L activityl n.d. Koizumi et al., 1999
A 14544 G Excn 3 ™ 4 Y211C no activity - Setheral., 1999; Vaz et al,
1999
G 15663 T Exon 4 ™S G242v no activity n.d. Wang et al., 2000c
Ci17302T Exon 5 IL 6/7 R282X mRNA levell no activity nd. Vaz er al ,1999; Wang et af.,
1999
GI17307T Exon 5 1L 6/7 W283C no activity n.d Koizumi et al., 1999
Exon 5 IL 6/7 W283R no activity n.d. Mayatepek et al,, 2000
C 17360 A Exon 5 IL 6/7 A30LD no activity nd. Wang et al., 2000c
T19278C Exon 6 ™ 7 W3sSIR no activity n.d. Wang et al., 2000¢c
Exon 7 ™7 M352R protein level— no activity no activity Seth et al., 1999; Wu et al.,
1999
21098 Ins A Exon 7 ™9 Y401X mRNA levell no activity n.d. Wang et al., 1999
G22759T Exon 8 IL 1O/11 V446F no activity n.d. Mayatepek et al., 2000
G22717 A Exon 8 IL 10/11 E452K no activity n.d. Wang et al., 2000a, 2000b
22727 Del G Exon 8 IL 10/11 458 X mRNA levell no activity n.d. Wang ef al., 1999
C22823G Exon 8 ™ 11 8467C no activity - Koizumi et al., 1999; Ohashi et
al,, 2002
C22856 T Exon 8 ™ 11 P478L protein level—y no activity activity T Seth et al., 1999; Tang ef al.,
1999; Wu et af., 1999
G23934 A Intron 8 truncating n.d. n.d. Nezu et al., 1999

a) Position of nucleotide substitution, accession number ABO16625 (NM_00306) Ins; Insertion, Del; Deletion

b) TM: Transmembrane, EL: Extracellular loop, IL; Intracellutar loop,
# Location in the intracellular loop between transmembrane domains 2 and 3
~—; unchanged when compared to wild type of OCTNZ, 1.d.; not determined

Moreover, previous studies have shown OCTN2 mutations
causing a production of truncated protein in SCD patients
(Table 6). These mutations lead to the loss of several
putative transmembrane domains. The lack of several
predicted transmembrane domains would likely result in the
production of OCTN?2 protein that either is rapidly degraded
or not functional.

2.4.2. Influence of OCTN2 Polymorphisms en Drug
Disposition

Several drugs such as verapamil, quinidine and some
cephalosporin antibiotics are recognized by human OCTN2
[Ohashi ef al., 1999; Ganapathy et al., 2000]. Most of the
mutations in the OCTN2 gene are identified in SCD patients
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(Tabie 6). Heterozygotes for the OCTN2 mutations (e.g.,
WI132X, S467C, W283C and MI79L) with impaired
carnitine transport are also identified in healthy subjects who
are characterized by low levels of serum carnitine [Koizumi
et al., 1999], It is considered that the truncating mutations
containing a deletion of the coding region or change of the
conserved splice acceptor site in the OCTN2 gene fail to
transport organic cations as well as carnitine. However, the
S467C mutant of OCTN2 elicits a loss of carnitine transport
without interference in OCTN2-mediated TEA transport
[Ohashi et af., 2002]. Similar results are reported in P478L
and Y211F [Seth et al., 1999]. Camitine has an anionic and
cationic moiety within the molecule and exists as a
- zwitterion under physiological conditions. OCTN2
recognized both anionic and cationic charges, and
transported carnitine or organic cations in an Na'-dependent
or Na'-independent manner, Mutations in $S467C and P478L
are located in transmembrane domain 11 which is the anion
recognition site and is closely related to the Na'-binding site
on OCTN2 protein [Seth et al., 1999; Ohashi ef al., 2002},
On the other hand, E452K is located in the intracellular loop
between predicted transmembrane domains 10 and 11 [Wang
et al., 2000b). Therefore, these variants might influence the
pharmacokinetic or pharmacodynamic properties of zwitter-
ionic drugs but not cationic drugs. In future studies, it will be
important to clarify whether these mutations in the OCTN2
gene influence the transport function of organic cations.

3. FUTURE OF DRUG TRANSPORT RESEARCH IN
HUMANS

Drug transporters are widely distributed in human tissues
and have an important role in regulating the absorption,
distribution, and excretion of many clinically useful drugs.
Although it is obvious that additional studies with regard not
only to drug transporters but also drug metabolizing enzymes
and functional target proteins (receptors and converting
enzymes) are necessary to facilitate the translation of
pharmacogenomics into clinical practice (i.e., tailoring drug
therapy), some critical issues must be considered.

In order to establish a genotype-phenotype correlation, a
specific probe drug(s) for each objective protein is essential.
In drug transport studies, digoxin and fexofenadine are often
used as probe drugs for P-glycoprotein. However, recent
studies have clearly indicated that these drugs are dual
substrates for P-glycoprotein and other polymorphic drug
transporters: digoxin for OATP-8 and fexofenadine for
OATP-A [Suzuki ef al., 2002; Dresser et al, 2002]. Thus, the
contribution of at least two transporters with regard to
genetic variations needs to be considered in order to describe
the pharmacokinetics, and then the clinical outcome of each
drug treatment more accurately. The involvement of multi
transporters in the pharmacokinetics of these drugs is one
possible reason for the controversial and conflicting findings
on genotype-phenotype correlations of P-glycoprotein
(MDR1) [Kim, 2002]. Nevertheless, it is clear that the
identification of specific probe drugs for each drug
transporter is required.

Most drug effects are determined by the interplay of
several proteins (gene products) that regulate the
pharmacokinetics and pharmacodynamics of medications.
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The synergistic action of intestinal CYP3A and P-
glycoprotein is a typical interplay for detoxication [Zhang
and Benet, 2001]. The majority of initial data on the
importance of polymorphisms with regard to drug
transporters are focused on a single SNP or a single gene.
Currently, strategies for genotype-phenotype studies have
been extended from a single SNP analysis to haplotype
analysis [Tang et al., 2002; 12:437-50; Nishizato et al.,
2003]. In addition, candidate-gene(s) analysis based on the
knowledge of the mechanism of drug action and pathways of
metabolism and disposition has been introduced with the
development of powerful molecular diagnostic methods. We
believe these evolving strategies will lead to the accurate
elucidation of genetically determined drug responses.
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ABBREVIATIONS

CYP = Cytochrome P450

SNP = Single-nucleotide polymorphism

PM = Poor metabolizer

EM =  Extensive metabolizer

MRP2 = Multidrug resistance associated protein-2
OAT = QOrganic anion fransporter

OATP = Organic anion transporting polypeptide
OCT = Organic cation transporter

PG =  Prostagrandin

PAH = p-aminchippurate

NSAID =  Nonsteroidal anti-inflammatory drug
UGTIA = UDP-glucuronosyltransferase-1A

PXR = Pregnane X receptor

TEA = Tetraethylammonium

MPP+ = 1-methyl-4-phenylpyridinium

™ = Transmembrane

SCD = Primary systemic carnitine deficiency
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