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■ Abstract Carrier-mediated processes, often referred to as transporters, play key
roles in the reabsorption and secretion of many endogenous and xenobiotic compounds
by the kidney. The renal proximal tubule is the primary site of active transport for a
wide variety of substrates, including organic anions/cations, peptides, and nucleosides.
During the past decade, significant advances in molecular identification and characteri-
zation of transporter proteins have been made. Although it is generally noted that these
transporters significantly contribute to renal drug handling and variability in drug dis-
position, the extent of our knowledge regarding the specific roles of such transporters
in drug disposition and drug-drug interactions remains, for the most part, limited.
In this review, we summarize recent progress in terms of molecular and functional
characterization of renal transporters and their clinical relevance to drug therapy.

INTRODUCTION

Maintenance of fluid and electrolyte homeostasis is known to be a critical func-
tion provided by the kidney. In addition, the kidney plays an important role in
the elimination of numerous endobiotics and xenobiotics. To accomplish this task,
renal tubular epithelial cells express a variety of transporter proteins with diverse
substrate specificities. Such transporters are predominantly localized to the proxi-
mal tubules and utilize ATP or transmembrane ion gradients to drive the vectorial
movement of substrate compounds. Based on their preferential substrate selectiv-
ity, the renal transport systems have often been classified as either organic anion
or cation transport systems (1). Application of molecular biology technologies
has led to the molecular and functional characterization of many renal transporter
proteins, including those for organic ions, peptides, and nucleosides (see Table 1).
Moreover, these renal transporters have been shown to directly transport or interact
with a number of clinically utilized drugs (1–5).

Despite our increasing knowledge of the molecular identity and substrate speci-
ficity of individual transporter proteins, the extent of our knowledge regarding the
roles of these transporters in the overall renal handling of drugs and drug-drug
interactions remains limited. In this review, we summarize some of the recent
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advances relating to the molecular and functional characterization of renal drug
transporters. We also specifically outline the key transporter families associated
with renal transport of organic anions, organic cations, peptides, and nucleosides,
focusing on their substrate and inhibitor specificities (see Tables 2–5). (A more
extensive table is available by following the Supplemental Material link from the
Annual Reviews home page at http://www.annualreviews.org). The impact of renal
transporters on drug elimination and drug-drug interactions, as well as a potential
relevance of genetic polymorphisms in these transporters, is also examined.

ORGANIC ANION TRANSPORT SYSTEMS

The organic anion transport system includes a number of structurally divergent
transporters with broad substrate specificity. Studies in this area have utilized
competition for p-aminohippurate (PAH) secretion as a marker for renal organic
anion transporters. However, renal anion transport has been shown to be mediated
by a number of transporters expressed in renal tubular cells (1, 6, 7). Since the
molecular cloning of a PAH transporter termed OAT1 (8, 9), additional organic
anion-transporting proteins have been identified at both basolateral and apical
membranes. These organic anion transporters belong to various transporter fam-
ilies, including the organic anion transporters (OATs), organic anion transport-
ing polypeptides (OATPs), and multidrug resistance-associated proteins (MRPs)
transporter families (Tables 2 and 3). Certain members of such transporter families
have been shown to play critical roles in the elimination of a number of drugs [e.g.,
β-lactam antibiotics, anticancer agents, diuretics, nonsteroidal antiinflammatory
drugs (NSAIDs), anti-HIV drugs, and angiotensin-converting enzyme inhibitors]
and drug metabolites (especially conjugates to glutathione or glucuronide).

Functional Characteristics of Organic Anion
Transport Systems

Renal tubular secretion of organic anions can be functionally described by two
distinct processes: (a) cellular uptake of organic anions across the basolateral
membrane and (b) efflux of organic anions into urine across the apical membrane
(Figure 1, left panel). Because of the intracellular negative potential maintained
by the renal tubular cells, the uptake of negatively charged anions across the ba-
solateral membrane tends to require energy-dependent active transport. Uptake of
PAH, a marker substrate for the renal organic anion transport system, is accom-
plished by a tertiary active process coupled to an outwardα-ketoglutarate (α-KG)
gradient. The outward gradient ofα-KG is sustained mainly by the Na+/α-KG
cotransport system driven by the inward Na+ gradient, established and maintained
by the Na+/K+-ATPase (1). Besides this classical PAH transporter (OAT1), an
additional Na+-dependent uptake system has been characterized for bulky organic
anions (OAT2/3). On the apical side, efflux of organic anions is thought to occur
via anion exchange and/or facilitated diffusion and a Na+-independent ATP-driven
system (4). Currently, it is not known which of these transport mechanisms are
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TABLE 3 ABC transporter family

Name Substrates Inhibitors

MRP1 Human LTC4, bilirubin-glucuronide, Probenecid, ochratoxin A
(ABCC1) glutathione conjugates, GSH, Drugs: benzbromarone,

PAH, fluo-3, calcein CSA,S-(decyl)-glutathione,
Drugs: etoposide-glucuronide, indomethacin, MK571,
S-(ethacrynic acid)-glutathione, sulfinpyrazone, valspodar
MTX

MRP1 Mouse LTC4, calcein, APA-SG GSSG
(Abcc1) Drugs: daunorubicin, vincristine Drugs: arsenate, genistein,

MK571

MRP2 Human LTC4, E217βG, Probenecid, BSP
(ABCC2) bilirubin-glucuronide, glutathione Drugs: CSA,

conjugates, GSH, PAH, glibenclamide, MK571
ochratoxin A, fluo-3

Drugs: anti-HIV drugs,
benzbromarone, furosemide,
indomethacin, MTX, vinblastine

Mrp2 Rat LTC4, LTD4, E217βG, anionic Probenecid
(Abcc2) glucuronide conjugates, Drugs: CSA,

bilirubin-glucuronide, BSP, glibenclamide, MK571
endothelin-1, fluo-3, folate, GSH,
GSSG

Drugs: cefpiramide, ceftriaxone,
indomethacin, irinotecan and
SN-38, MTX, pravastatin

MRP3 Human LTC4, DNP-SG, E217βG, folate, Drugs: benzbromarone,
(ABCC3) glycocholate MK571

Drug: MTX

Mrp3 Rat LTC4, E217βG, bile acids Anionic glucuronide/
(Abcc3) Drugs: E3040-glucuronide, MTX GSH conjugates

MRP4 Human E217βG, cAMP, cGMP Probenecid, anionic
(ABCC4) Drugs: adefovir, AZTMP, MTX glucuronide conjugates

Drugs: benzbromarone,
sildenafil, trequinsin,
zaprinast

MRP5 Human DNP-SG, cAMP, cGMP, GSH Probenecid
(ABCC5) Drugs: adefovir, 6-MP Drugs: benzbromarone,

sildenafil, trequinsin,
zaprinast

MRP6 Human LTC4, NEM-SG Probenecid
(ABCC6) Drug: BQ123 Drugs: benzbromarone,

indomethacin

(Continued)
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TABLE 3 (Continued)

Name Substrates Inhibitors

MDR1 Human E217βG, calcein, fluo-3, Progesterone
(ABCB1) rhodamine 123 Drugs: amiodarone, amitriptyline,

Drugs: cardiac glycosides, chlorpromazine, diltiazem,
anti-HIV drugs, anticancer dipyridamole, elacridar,
agents, verapamil fluphenazine, fucidin, lovastatin,

mefloquine, phenothiazines,
pimozide, propafenone,
propranolol, quinine, quinidine,
reserpine, simvastatin,
spironolactone, staurosporin,
tamoxifen, trifluoperazine,
triflupromazine, valspodar

mdr1a/ Rat/Mouse Rhodamine 123
mdr1b Drugs: anti-HIV drugs, CSA,

(Abcb1) dexamethasone, digoxin,
doxorubicin, fexofenadine,
ivermectin, verapamil,
vinblastine

Abbreviations: APA-SG, azidophenacyl-S-glutathione; AZTMP, azidothymidine monophosphate; BQ123,
(cyclo [Trp-Asp-Pro-Val-Leu]); BSP, bromosulfophthalein; CSA, cyclosporine A; DNP-SG, S-(dinitrophenyl)-
glutathione; E217βG, estradiol-17β-D-glucuronide; GSH, reduced glutathione; GSSG, oxidized glutathione;
LTC4/LTD4, leukotriene C4/D4; MK571, 3-[3-[2-(7-chloroquinolin-2-yl)vinyl]phenyl]-(2-dimethylcarbamoyl-
ethylsulfanyl) methylsulfanyl] propionic acid; 6-MP, 6-mercaptopurine; MTX, methotrexate; NEM-SG,
N-ethylmaleimide glutathione; PAH, p-aminohippurate.

represented by the recently cloned apical organic anion transporters (e.g., OAT4,
OATP, OAT-K1/K2).

Identification of Organic Anion Transporters

Molecular cloning studies have revealed that most of the organic anion transporters
belong to OAT, OATP, and MRP transporter families. In this section, we summarize
the available data relating to individual organic anion transporters and their possible
roles in renal drug elimination.

OAT FAMILY The prototypical basolateral organic anion transporter in kidney was
first cloned from the rat (Oat1) (8, 9), followed by the subsequent identification of
a human ortholog (OAT1) (10–13). OAT1 is thought to mediate the uptake of the
prototypical organic anion, PAH, using an exchange mechanism for intracellular
dicarboxylates (HCO−3 ) (11, 12). Rat Oat1 has been shown to directly transport or
interact with at least 100 known drugs/compounds from various classes:β-lactam
antibiotics; diuretics; NSAIDs; antiviral drugs; and antidiabetic, antiepileptic, and
antineoplastic agents (see Reference 8). The substrate specificity of human OAT1
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Figure 1 Functional models of organic anion (left panel) and cation (right panel) trans-
porters in the renal proximal tubules.

appears to be more restricted relative to rat Oat1. However, reported substrates of
OAT1 include antiviral agents, such as adefovir, cidofovir, zidovudine (AZT), acyl-
clovir, and ganciclovir (14–16). It is possible that altered OAT1 function may be a
risk factor for nephrotoxicity associated with the use of these antiviral agents. How-
ever, the extent of OAT1 contribution to the renal drug elimination remains to be
clarified.

Variants of OAT1 have been identified as a result of alternative splicing (10,
13). The two major variants, OAT1-1 (563 amino acids) and OAT1-2 (550 amino
acids), appeared to be functionally similar (10). The splice variants, OAT1-3 and
OAT1-4, having a 132-bp deletion, have been reported to be nonfunctional when
expressed in COS 7 cells (17).

Following the cloning of OAT1, three additional members of the OAT family,
OAT2, OAT3, and OAT4, were recently identified. Oat2 was first isolated from a
rat cDNA library and was named NLT (novel liver-specific transport protein) (18).
Subsequently, Sekine and coworkers found that NLT transports organic anions and
proposed to rename NLT as rat Oat2 (19). Rat Oat2 mRNA was highly expressed
in the liver and low but significantly expressed in the kidney (18, 19). In contrast
to OAT1, rat Oat2 does not appear to be driven by an outwardly directedα-KG
gradient (19). It appears that transport via rat Oat2 may be facilitative or involve
an as yet unidentified mechanism. Rat Oat2 is localized to the apical side of renal
tubular cells (20) and transports PAH, methotrexate (MTX), acetylsalicylate,α-
KG, and prostaglandin E2 (PGE2) (Table 2). The human ortholog, OAT2, was
localized to the basolateral side of the proximal tubules (21). Human OAT2 and
rat Oat2 appear to share some substrates, such as cephalosporin antibiotics (22)
and NSAIDs (e.g., diclofenac, ibuprofen, ketoprofen) (23, 24). However, some
NSAIDs appeared to have different affinity, in terms of Ki values, for rat Oat2
versus human OAT2 (23, 24).
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OAT3 was initially cloned from both rat (Oat3) (25) and human (OAT3∗/OAT3)
kidney (12, 26). Rat Oat3 mRNA was detected in the liver, brain, and kidney (25).
When expressed in oocytes, rat Oat3 mediated the uptake of organic anions (e.g.,
PAH, estrone sulfate, ochratoxin A) and the cationic drug cimetidine (25). Human
OAT3∗, bearing 84% similarity to rat Oat3, was cloned as the first human OAT3
transporter, and its expression was detected at high levels in the kidney and at low
levels in other tissues (12). However, human OAT3∗ was found incapable of trans-
porting PAH or any other previously tested organic anion substrates (12). Another
OAT3 cDNA (OAT3) has been recently cloned with 85% similarity to OAT3∗ (26).
Human OAT3 showed strong expression in the kidney, in particular, on the basolat-
eral membrane of the proximal tubules (26). OAT3 mediated the transport of PAH,
estrone sulfate, MTX, and cimetidine in a Na+-independent manner (Table 2).
OAT3 also interacted with chemically diverse compounds, such as NSAIDs, di-
uretics, bile salts, and tetraethylammonium (TEA) (26). These findings suggest
that OAT3 may possess broader substrate specificity than OAT1. At present, it is
not known whether OAT3 and OAT3∗ are formed by alternative splicing or encoded
by different genes.

OAT4 cDNA was cloned from a human kidney and found to be abundantly ex-
pressed in both the placenta and kidney (27). Although OAT4 protein was localized
to the apical proximal tubules (28), the driving force of OAT4-mediated transport is
unknown. Steroid sulfates and ochratoxin A are high-affinity substrates of OAT4,
whereas PAH is only weakly transported (27). OAT4 has also been shown to trans-
port AZT and MTX (16, 29). Inhibition studies revealed that OAT4 interacts with a
wide variety of organic anions, including probenecid, indomethacin, furosemide,
and ibuprofen (Table 2). Unlike other OAT family members, OAT4 is expressed
in the placenta, suggesting an important role of this transporter in the elimination
or detoxification of harmful anionic compounds from the fetus. The role of OAT4
in regulating renal drug elimination and placental drug permeability has yet to be
elucidated.

OATP FAMILY Rat Oatp1, the first member of the OATP family, was cloned from
a rat liver cDNA library (30). Oatp1 mRNA was detected in various tissues, in-
cluding the liver, kidney, and brain. In the rat kidney, Oatp1 protein was localized
to the apical proximal tubules (31). The range of Oatp1 substrates is extremely
broad in that Oatp1 transports anionic, cationic, and neutral compounds as well as
drugs such as enalapril (32), fexofenadine (33), and pravastatin (34). The transport
mechanism of Oatp1 may involve solute/HCO−

3 exchange, solute/GSH exchange,
or another as yet unidentified mechanism (35, 36).

Rat Oatp3 has been cloned independently by two groups (37, 38). Abe et al.
(37) found high-level expression of Oatp3 in rat retina and kidney, whereas Walters
et al. (38) detected Oatp3 in tissues other than retina and kidney from Sprague-
Dawley rats. This apparent discrepancy in tissue distribution of Oatp3 has been
attributed to possible differences between rat strains (39). Rat Oatp3 mediates the
uptake of bile acids, which suggests its role as an intestinal bile acid transporter
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(38). Xenobiotic substrates (e.g., fexofenadine, digoxin, ouabain) have also been
reported to interact with rat Oatp3 (40, 41), but the role of Oatp3 in renal drug
elimination remains to be clarified.

OATP-A (also known as human OATP or OATP1) was the first human OATP
to be cloned and characterized (42). OATP-A mRNA has been detected in var-
ious tissues, including the brain, liver, and kidney (42). Based on chromosome
mapping and amino acid similarity, OATP-A was proposed to be the human or-
tholog of rat Oatp3 (38). Whether this is the case for OATP-A requires further
investigation (43). Functional studies indicated that OATP-A mediates the Na+-
independent uptake of a number of compounds, including bromosulfophthalein
(BSP), bile acids, steroid conjugates, fexofenadine, ouabain, and rocuronium
(30, 33, 42, 44).

Human OATP-B was cloned from a brain cDNA library (43) and was also noted
to be expressed in various tissues, including the liver, lung, and kidney. OATP-B,
however, exhibits very restricted substrate specificity (45); thus, its importance
in renal drug elimination is currently unclear. Human OATP-D and OATP-E are
ubiquitously expressed (43). Estrone-sulfate and PGE2 are transported by OATP-
D and OATP-E, but again, the importance of these transporters in renal drug
elimination remains uncertain.

OAT-K1 and OAT-K2 are also members of the OATP family and encode kidney-
specific transporters. Rat Oat-k1 was isolated from a rat kidney cDNA library and
appeared to be exclusively expressed in the kidney (46). Oat-k1, localized to the
apical side of the kidney, showed narrow substrate specificity (e.g., MTX, AZT,
folate) but was inhibited by a large number of compounds, including NSAIDs
(e.g., ibuprofen, flufenamate, phenylbutazone) (Table 3). This finding suggested
that Oat-k1 could be one of the target sites for drug interactions between MTX
and NSAIDs in the kidney. Oat-k2, a smaller Oat-k1 homolog, was isolated from
a rat kidney (47). Similar to Oat-k1, Oat-k2 was expressed exclusively in the
kidney and localized functionally to the apical side (47). Oat-k1 and Oat-k2 have
been implicated as the major excretory route of MTX from the proximal tubular
cells because these transporters are capable of transporting MTX coupled to the
exchange of folic acid derivatives, contributing to so-called folinic acid rescue
(48–50).

MRP FAMILY MRP1 was initially identified from a human multidrug-resistant
cancer cell line (51). MRP1 mRNA was detected in numerous tissues, includ-
ing the liver, lung, and kidney (52). MRP1 mediates ATP-dependent transport
of a variety of glucuronide, sulfate, and GSH conjugates (53–57). MRP2 (also
known as cMOAT) is involved in the ATP-dependent transport of anionic conju-
gates across the hepatocyte canalicular membrane (58). Rats lacking functional
Mrp2 expression (e.g., Wistar TR− and Sprague-Dawley EHBR strains) are hy-
perbilirubinemic as a result of their inability to excrete bilirubin conjugates into
bile (59–61). Similarly, the absence of MRP2 in humans results in Dubin-Johnson
syndrome, a disease noted for conjugated hyperbilirubinemia (62). These findings
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indicate that bilirubin-glucuronide conjugates are important substrates for MRP2.
In the kidney, MRP2 is expressed on the apical side of proximal tubules (63) and
can also mediate the transport of nonconjugated compounds, such as PAH (55),
vinblastine (64), and HIV protease inhibitors (e.g., saquinavir, ritonavir, indinavir)
(65). A number of nonsynonymous single nucleotide polymorphisms (SNPs) re-
sulting in loss of transporter function and aberrant RNA splicing have been iden-
tified in patients with Dubin-Johnson syndrome (66–68). However, due to the
rarity of this syndrome, little is known regarding whether patients with Dubin-
Johnson syndrome have significant alterations in the disposition of MRP2 substrate
drugs.

Human MRP3 is expressed in various tissues, including the liver, kidney, and
intestine (69). MRP3 appears to be an important basolateral MRP isoform in
these tissues (70–73). Functional studies have demonstrated that MRP3 transports
anionic glucuronide and glutathione conjugates as well as drugs, including MTX
(Table 4). MRP3 was also shown to confer cellular drug resistance to etoposide,
tenoposide, and vincristine (70, 71).

Expression of MRP4 mRNA has been detected in several tissues, including
the kidney (74). MRP4 was localized to the apical side of renal proximal tubules
(75). MRP4 can mediate probenecid-sensitive ATP-dependent transport of MTX,
estradiol-17β-glucuronide (E217βG), cAMP, and cGMP (75, 76). MRP4 also

TABLE 4 Organic cation transporter (OCT) family

Name Substrates Inhibitors

OCT1 Human MPP+, TEA Choline, creatinine, corticosterone,
(SLC22A1) Drugs: acylclovir, desipramine, dopamine,β-estradiol,

ganciclovir nicotine, NMN, progesterone
Drugs: anti-HIV drugs, acebutolol,
amantadine, cimetidine, clonidine,
disopyramide, midazolam,
procainamide, prazosin, quinine,
quinidine, vecuronium, verapamil

Oct1 Rat TEA, MPP+, NMN, Corticosterone, guanidine, histamine,
(Slc22a1) monoamine nicotine,o-methylisoprenaline

neurotransmitters Drugs: clonidine, desipramine,
Drugs: AZT, cimetidine, mepiperphenidol, procainamide,
cladribine, cytarabine, reserpine, quinine, quinidine
D-tubocurarine

OCT2 Human TEA, MPP+, NMN, Corticosterone,o-methylisoprenaline,
(SLC22A2) agmatine, monoamine progesterone, SKF550

neurotransmitters Drugs: despramine, mepiperphenidol,
Drugs: amantadine, phenoxybenzamine, procainamide,
memantine quinine

(Continued)
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TABLE 4 (Continued)

Name Substrates Inhibitors

Oct2 Rat TEA, MPP+, adrenaline, Corticosterone, dexoycorticosterone,
(Slc22a2) agmatine, creatinine, β-estradiol, NMN, progesterone,

monoamine monoamine neurotransmitters
neurotransmitters Drugs: cimetidine, cisplatin,

Drugs: amantadine, procainamide, quinine
cimetidine, memantine

OCT3 Human MPP+, guanidine, Corticosterone,β-estradiol, MPTP,
(SLC22A3) monoamine o-methylisoprenaline,

neurotransmitters progesterone, SKF550
Drugs: cimetidine, Drugs: clonidine, desipramine,
tyramine imipramine, phenoxybenzamine,

prazosin, procainamide

Oct3 Rat MPP+, TEA, guanidine Monoamine neurotransmitters,
(Slc22a3) corticosterone, dexoycorticosterone,

β-estradiol, NMN, progesterone,
testosterone

Drugs: amphetamine, cimetidine,
clonidine, desipramine,
methamphetamine

OCTN1 Human TEA, MPP+, D-carnitine, nicotine
(SLC22A4) L-carnitine, Drugs: cephaloridine, cimetidine,

acetyl-L-carnitine procainamide, quinine
Drugs: pyrilamine,
quinidine, verapamil

Octn1 Rat TEA, MPP+ DMA, nicotine
(Slc22a4) Drugs: cimetidine, desipramine,

imipramine, procainamide, verapamil

OCTN2 Human TEA, MPP+, Aldosterone, corticosterone,
(SLC22A5) L, D-carnitine, MPTP, nicotine

acetyl-l-carnitine, Drugs: cephalosporin antibiotics,
betaine, choline, cimetidine, clonidine, desipramine,
cysteine, lysine, emetine, procainamide, pyrilamine,
methionine quinine

Drugs: pyrilamine,
quinidine, valproate,
verapamil

Octn2 Rat L-carnitine, TEA MPTP, nicotine
(Slc22a5) Drugs: cephalosporin antibiotics,

cimetidine, clonidine, despramine,
procainamide

Abbreviations: AZT, azidothymidine; MPP+, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine; NMN, N1-methylnicotinamide; SKF550, (9-fluorenyl)-N-methyl-β-chloroethylamine; TEA, tetraethylammo-
nium.
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mediates cellular drug resistance to many antiviral drugs, including adefovir,
PMEG [9-(2-phosphonylmethoxyethyl)-guanine], and AZT (77, 78). Pharmacoki-
netic studies in humans have indicated that the kidney is the primary excretory
organ for antiviral drugs such as adefovir and cidofovir (79). Thus, it is possible
that MRP4-mediated excretion of these antiviral drugs contributes, in part, to the
nephrotoxicity associated with certain antiviral drugs.

MRP5 has been detected in numerous tissues, including the kidney, but im-
munolocalization analysis has yet to be performed (74, 80). Similar to human
MRP1, MRP5 appears to traffic to the basolateral membrane upon expression in
MDCKII cells and mediates the transport ofS-(dinitrophenyl)-glutathione (DNP-
SG) and GSH (81). Unlike MRP1, overexpression of MRP5 did not confer sig-
nificant resistance to most anticancer agents (80). However, MRP5-transfected
HEK293 cells were found to develop resistance against adefovir and the anticancer
drugs 6-mercaptopurine and thioguanine (81). MRP5 was also shown to mediate
ATP-dependent export of cAMP and cGMP (82). Furthermore, cGMP transport
was blocked with phosphodiesterase inhibitors (e.g., sildenafil, trenquisin), which
suggests a dual mode of action for this class of drugs. With its ubiquitous distri-
bution in the body, MRP5 may play a role in the disposition and elimination of
drugs.

MRP6 is an unusual member of the MRP family. Rat Mrp6 does not transport
any of the prototypical MRP substrates, such as DNP-SG, leucotriene C4 (LTC4), or
E217βG (83). The only substrate identified so far is the peptidomimetic compound
BQ123 (83). Immunolocalization has detected MRP6 on the basolateral membrane
of renal proximal tubules and hepatocytes (83, 84). Mutations in theMRP6gene
have been linked to the connective tissue disorder Pseudoxanthoma elasticum
(PXE) (85, 86). A variety of missense, splice, insertion, and deletion mutations
have been associated with PXE. Whether MRP6 functions as a clinically relevant
ATP-dependent drug transporter remains to be investigated.

ORGANIC CATION TRANSPORT SYSTEMS

In the kidney, the organic cation transport systems mediate the reabsorption and
excretion processes of numerous structurally divergent cationic compounds. Sub-
strates for the organic cation transporters include endogenous cations (e.g., guani-
dine, choline, N1-methylnicotinamide, NMN, monoamine neurotransmitters), ca-
tionic toxins (e.g., 1-methyl-4-phenylpyridium, MPP+), and cationic drugs (e.g.,
TEA, cimetidine, procainamide, quinidine, vecuronium, cardiac glycosides). The
cationic compounds TEA and NMN have been used as model substrates for study-
ing organic cation transport. Early studies using isolated rat hepatocytes have sug-
gested that there exist two different transport systems for organic cations: a type 1
system for small hydrophilic organic anions and a type 2 system for hydrophobic
organic cations (87, 88). A number of multispecific organic cation transporters
have now been cloned and characterized at the molecular level.
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Functional Characteristics of Organic Cation
Transport Systems

Similar to the organic anion transport system, secretion of cationic compounds
by renal tubular cells is maintained by two coordinate processes: the basolateral
uptake and secretion across the apical membrane (Figure 1, right panel). Unlike
anionic compounds, which require active transport, organic cations appear to enter
proximal tubular cells by facilitated diffusion because the electrogenic membrane
potential favors the inward movement of cationic solutes. OCT1 and OCT2 are
likely to be the main basolateral facilitated diffusion carriers, although some con-
troversy exists in terms of membrane localization of OCT2 (89–91). Secretion of
organic cations across the apical membrane appears to be driven by the transmem-
brane H+ gradient. The H+ gradient is in turn generated by a Na+/H+ exchanger
and/or H+-ATPase. Another transport system involved in efflux of organic cations
is the MDR1/P-glycoprotein. P-glycoprotein mediates the efflux of a broad spec-
trum of cationic and hydrophobic drugs via an ATP-dependent mechanism.

Identification of Organic Cation Transporters

In this section, we summarize the available data relating to key transporters in-
volved in organic cation transport (OCT family and P-glycoprotein) and consider
their possible roles in renal drug elimination.

OCT FAMILY The first member of the OCT family, OCT1, was cloned from rat
kidney (89). Rat Oct1 mRNA was detected in the liver, intestine, and kidney.
Immunolocalization studies demonstrated that rat Oct1 was localized to the ba-
solateral membrane of the renal proximal tubular cells (92, 93). When expressed
in oocytes, rat Oct1 stimulated the uptake of TEA, inhibitable by various model
organic cations (89). A novel splice variant of rat Oct1, termed Oct1A (104-bp
deletion at the 5′ end), was later cloned by Zhang and coworkers (94). The human
ortholog, OCT1, was found to be expressed most strongly in the liver, although
other tissues, including the kidney and intestine, were found to have detectable
levels of OCT1 (94, 95). Although it has been shown that hydrophobicity is a ma-
jor determinant of drug interactions with OCT1 (96), significant differences have
been found among the cloned OCT1 transporters from different species in terms
of the kinetics and substrate selectivities (97). These findings suggest that OCT1
may be responsible, in part, for interspecies differences in disposition of organic
cations. Recently, genetic variations ofOCT1have been identified, including non-
synonymous polymorphisms inOCT1associated with altered transport function
and substrate selectivity in vitro (98). Whether these variations lead to alterations
in renal drug handling remains to be examined.

Other gene products with significant homology with OCT1 have also been
identified. Okuda et al. (99) isolated rat Oct2 from a rat kidney cDNA library. Rat
Oct2 mRNA was detected predominantly in the kidney, but not in the liver, lung,
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or intestine. Immunolocalization of rat Oct2 indicated that it was localized to the
basolateral membrane of the proximal tubules (90, 100). Rat Oct2 has been shown
to interact with structurally divergent cationic compounds, such as MPP+, cime-
tidine, NMN, nicotine, quinine, and quinidine (93). The human ortholog, OCT2,
has also been identified (95). Interestingly, unlike rat Oct2, human OCT2 was
localized to the apical side of the distal tubule (95). The reason for the observed
species differences in the localization of OCT2 in the kidney has not been deter-
mined. In the brain, OCT2 was found to mediate the Na+-independent transport of
monoamine neurotransmitters and the antiparkinsonian drug, amantadine (101).
Recently, genetic variations in humanOCT2associated with altered activity in
vitro have been defined (102). Because OCT2 appears to be the most abundant
OCT isoform expressed in the kidney, it is possible that altered OCT2 function
could lead to changes in renal handling of certain cationic drugs.

OCT3 was first cloned from a rat placental cDNA library (103). Subsequently,
the human and mouse orthologs were identified (104–106). Unlike OCT1 and
OCT2, OCT3 was expressed at high levels in placenta. Assessment of rodent Oct3
and human OCT3 mRNA revealed expression in multiple tissues, including the
kidney (103, 106). Cell membrane localization of OCT3 has not been determined.
Functional expression studies have demonstrated OCT3-mediated transport of pro-
totypical organic cations, such as TEA, guanidine, and MPP+ (103, 105). Rat Oct3
interacted with dopamine, the neurotoxins amphetamine and methamphetamine,
as well as a variety of steroids (107). Although human OCT3 transports a vari-
ety of organic cations, including catecholamines (104, 105), compared to other
OCT isoforms, OCT3 appears to be selectively inhibited by corticosterone and
o-methylisoprenaline (108).

Two additional members of the OCT family, OCTN1 and OCTN2, have been
identified based on their homology to OCT. OCTN1 was first cloned from human
fetal liver by Tamai and coworkers (109). Initial studies suggested that OCTN1
has a broad tissue distribution, in that high levels of OCTN1 mRNA were detected
in fetal kidney, lung, and liver as well as adult kidney, trachea, and bone marrow
(109). When expressed in HEK293 cells, TEA efflux mediated by OCTN1 was
stimulated by acidic pH in the external media, which suggests that transport via
OCTN1 might be driven by a H+ gradient (110). OCTN1 transported other drugs
and endogenous compounds, including quinidine, verapamil, and carnitine (110).
In addition, OCTN1 was inhibited by a number of drugs, including cimetidine,
procainamide, pyrilamine, quinine, cephaloridine, and verapamil (110).

Human OCTN2 was originally cloned from a human placental trophoblast cell
line using homology screening. Since then, the mouse and rat homologs of OCTN2
have also been isolated (111, 112). OCTN2 was strongly expressed in adult human
brain, kidney, skeletal muscle, placenta, heart, prostate, and thyroid gland (113).
When expressed in HEK293 cells, unlike most organic cation transporters, OCTN2
mediated the uptake of L-carnitine in a sodium-dependent fashion, whereas it me-
diated only minor uptake of TEA (113). Interestingly, the rat ortholog, Octn2,
mediated the uptake of TEA to a greater extent than carnitine (112). It was found
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that rat Octn2 can function as a Na+-independent organic cation transporter and
as a Na+-dependent carnitine transporter (112). Wagner and coworkers (114) have
shown that carnitine transport via OCTN2 is electrogenic, but additional experi-
ments suggested that OCTN2 does not function as an organic cation/H+ antiporter
(114). Mutations in theOCTN2gene have been causally linked to primary sys-
temic carnitine deficiency, an autosomal recessive disease characterized by low
serum and intracellular concentrations of carnitine (115–119). Seth et al. (120)
demonstrated that two mutations in OCTN2, namely P478L and L352R, resulted
in complete loss of carnitine transport function, but P478L actually had higher
organic cation transport activity than the wild type. These findings suggest that the
binding sites for carnitine and organic cations in OCTN2 significantly overlap but
are not identical.

MDR1/P-GLYCOPROTEIN MDR1/P-glycoprotein (P-gp), a member of the ATP-
binding cassette (ABC) multidrug transporter superfamily, mediates active secre-
tion of drugs with diverse structures (e.g., anthracyclines, vinca alkaloids, taxol,
actinomycin D, digoxin). Although the cellular drug efflux mediated by P-gp was
first identified in cancer cells, P-gp was found to be highly expressed in a number
of normal tissues. P-gp plays an important role in limiting the entry of xenobiotics
into specific anatomic sites, such as the brain and gastrointestinal tract, and in
facilitating the systemic removal of xenobiotics from the liver and kidney (121).
In the kidney, P-gp is expressed on the apical side of proximal tubules, where it
secretes various drug substrates into the lumen (122). The observation that digoxin
is actively secreted by the renal proximal tubules via P-gp is of particular clini-
cal importance for drug-drug interactions (123). Genetic variations in theMDR1
gene have been extensively studied. The reader is referred to the recent reviews
on the pharmacogenetics of theMDR1gene (124, 125). However, it appears that
the observed effects of knownMDR1polymorphisms are variable and conflicting
in some cases (126). Further investigation is required to assess the effects of the
MDR1genetic variations on renal drug elimination.

PEPTIDE TRANSPORT SYSTEMS

Peptide transporters are expressed on the apical membranes of intestinal and re-
nal epithelial cells, mediating the efficient absorption of oligopeptides. Peptide
transporters also mediate the uptake of peptidelike drugs, such asβ-lactam antibi-
otics (127, 128), angiotensin-converting enzyme (ACE) inhibitors (129), and the
dipeptidelike anticancer drug bestatin (130, 131). Early studies with renal apical
membrane vesicles established that the apical uptake of peptides is an electrogenic,
H+-dependent system (132). Additionally, it has been shown that the uptake of gly-
cylsarcosine in renal apical membranes is mediated by at least two distinct peptide
transport systems: a high-affinity/low-capacity and a low-affinity/high-capacity
system (Table 5) (133).
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TABLE 5 Peptide transporter (PEPT) and nucleoside transporter families

Name Substrates Inhibitors

PEPT1 Human Glycylsarcosine, di-, tripetides Valine, pentaglycine
(SLC15A1) Drugs:β-lactam antibiotics, Drugs:β-lactam antibiotics,

cyclacillin, valacyclovir bestatin, ACE inhibitors

Pept1 Rat Glycylsarcosine, di-, tripetides Drugs:β-lactam antibiotics,
(Slc15a1) Drugs: bestatin,β-lactam ACE inhibitors, tolbutamide,

antibiotics chlorpropamide

PEPT2 Human Glycylsarcosine, ALA Drugs:β-lactam antibiotics
(SLC15A2) Drugs: bestatin, cephalexin,

valacyclovir

Pept2 Rat Glycylsarcosine Drugs:β-lactam antibiotics,
(Slc15a2) Drug: valacylclovir bestatin, chlorpropamide,

glibenclamide, tolbutamide

CNT1 Human Adenosine, thymidine, uridine,
(SLC28A1) Drugs: AZT, zalcitabine

Cnt1 Rat Adenosine, thymidine, uridine Drugs: cytarabine, floxidine,
(Slc28a1) Drug: AZT gemcitabine, idoxuridine,

zalcitabine
CNT2 Human Adenosine, uridine, inosine,
(SLC28A2) thymidine

Drugs: cladribine, didanosine

Cnt2 Rat Adenosine, guanosine, inosine,
(Slc28a2) thymidine, uridine

Drug: didanosine

Abbreviations: ACE, angiotensin converting enzyme; ALA, delta-aminolevulinic acid; AZT, azidothymidine.

Molecular cloning studies have identified two homologous peptide transporters,
designated as PEPT1 and PEPT2. PEPT1 was first cloned from the rabbit intestine
(134), and subsequently rat (131) and human (135) orthologs were identified. Rat
Pept1 was localized to the apical side of intestinal epithelial cells (136) and in early
regions (S1 segments) of apical proximal tubules (137). The substrates for PEPT1
include β-lactam antibiotics (138, 139), the antiviral drugs (e.g., valacyclovir,
valganciclovir) (140, 141), and the ACE inhibitor captopril (142).

PEPT2, first identified by Liu et al. (143), appeared to have different tissue
localization than PEPT1 in that PEP2 is highly expressed in the kidney but not in
the intestine. Rat Pept2 was localized to the apical side of the proximal tubule in
more distal regions (S3 segments) compared to rat Pept1 (137). Aside from dif-
ferential localization in the proximal tubule, rat Pept1 versus Pept2 appear to have
differential substrate selectivity. For example, rat Pept1 and Pept2 expressed in
LLC-PK1 cells interacted differently withβ-lactam antibiotics (138, 139). Differ-
ences in transport affinity between PEPT1 versus PEPT2 have also been observed
with ACE inhibitors (e.g., quinapril, enalapril) (144, 145) and valacyclovir (146).
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NUCLEOSIDE TRANSPORT SYSTEMS

Most nucleosides, including those with antineoplastic or antiviral activities, are hy-
drophilic and require specialized nucleoside transporter proteins for their uptake
into or release from cells (147). To date, two general mechanisms of nucleoside
transport have been identified: the concentrative inwardly directed Na+/nucleoside
cotransport system (CNT family) and the equilibrative bidirectional facilitators
(ENT family) (148). Members of both the CNT and ENT family are found in
renal epithelium (147, 148). CNT1 and CNT2 are responsible for the concen-
trative Na+-dependent high-affinity transport of pyrimidine and purine nucleo-
sides, respectively (148). These nucleoside transporters may play a critical role in
the absorption, disposition, and targeting of therapeutically used nucleosides and
nucleoside analogs.

CLINICAL IMPLICATIONS OF
TRANSPORTERS-MEDIATED DRUG INTERACTIONS

Many drugs are dependent on renal transporters for their ultimate urinary elimi-
nation. Combined use of drugs that interact with renal transporters may increase
the risk for drug interactions. Indeed, probenecid inhibits renal secretion of other
anionic drugs through inhibition of the organic anion transport system(s). Re-
nal excretion of penicillin derivatives and various other drugs (e.g., cidofovir,
ciprofloxacin, cisplatin) was decreased by coadministration of probenecid in hu-
mans (see Reference 4). Combination therapy with MTX and NSAIDs can often
result in severe MTX toxicity, such as bone marrow depression, hepatitis, or re-
nal insufficiency (149). This MTX-NSAID interaction may be explained by the
inhibitory effect of NSAIDs on the renal excretion of MTX (via OAT-K1 and/or
OAT-K2) (150). Other drugs, such as cimetidine and trimethoprim, appear to be
potent inhibitors of the renal tubular secretion of a number of cationic drugs (e.g.,
procainamide and its active metabolite N-acetylprocainamide), which results in
adverse drug side effects (151).

Also, as noted above, clinical use of digoxin has been complicated by drug
interactions leading to severe digoxin toxicity. When coadministered with com-
pounds that inhibit P-gp transport activity [e.g., quinidine (152), clarithromycin
(153), ritonavir (154)], tubular secretion of digoxin is diminished, thereby leading
to an increase in plasma digoxin concentration. It should be noted that for the same
drugs, inhibition of P-gp may enhance the CNS entry of clinically useful drugs
such as HIV protease inhibitors (155–157).

PERSPECTIVES

Focused studies of drug transporters in the kidney have significantly enhanced our
understanding of the cellular and molecular basis of transporter-mediated drug
elimination and interactions. A large number of drug transporters, including OAT,
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OATP, OCT, and ABC transporter families, as well as peptide/nucleoside trans-
porters have been shown to play a role in renal drug disposition (Tables 2–5).
Additional studies on the physiological and pharmacological roles of each cloned
transporter to the overall renal handling of drugs are needed. A better understand-
ing of the extent of species differences in terms of substrate selectivity, tissue
distribution, and expressed level of drug transporters is required to better predict
the in vivo kinetic profile of substrate drugs. Furthermore, future studies focused
on transporter genotype versus phenotype may also provide valuable insights into
the structure-function relationship of drug transporters and the in vivo relevance
of genetic heterogeneity in drug transporters. Similarly, a better insight into the
molecular mechanisms governing renal drug elimination is likely to aid in the
design or use of drugs with greater safety profiles.

ACKNOWLEDGMENTS

This work was supported in part by United States Public Health Service grants
GM31304 and GM54724.

The Annual Review of Pharmacology and Toxicologyis online at
http://pharmtox.annualreviews.org

LITERATURE CITED

1. Pritchard JB, Miller DS. 1993. Mecha-
nisms mediating renal secretion of organic
anions and cations.Physiol. Rev.73:765–
96

2. Sekine T, Cha SH, Endou H. 2000. The
multispecific organic anion transporter
(OAT) family. Pflugers Arch.440:337–50

3. Dresser MJ, Leabman MK, Giacomini
KM. 2001. Transporters involved in the
elimination of drugs in the kidney: organic
anion transporters and organic cation
transporters.J. Pharm. Sci.90:397–421

4. Masereeuw R, Russel FG. 2001. Mech-
anisms and clinical implications of renal
drug excretion.Drug Metab. Rev.33:299–
351

5. Inui KI, Masuda S, Saito H. 2000. Cellular
and molecular aspects of drug transport in
the kidney.Kidney Int.58:944–58

6. Pritchard JB, Miller DS. 1996. Renal se-
cretion of organic anions and cations.Kid-
ney Int.49:1649–54

7. Ullrich KJ. 1997. Renal transporters

for organic anions and organic cations.
Structural requirements for substrates.J.
Membr. Biol.158:95–107

8. Sekine T, Watanabe N, Hosoyamada M,
Kanai Y, Endou H. 1997. Expression
cloning and characterization of a novel
multispecific organic anion transporter.J.
Biol. Chem.272:18526–29

9. Sweet DH, Wolff NA, Pritchard JB. 1997.
Expression cloning and characterization
of ROAT1. The basolateral organic anion
transporter in rat kidney.J. Biol. Chem.
272:30088–95

10. Hosoyamada M, Sekine T, Kanai Y, En-
dou H. 1999. Molecular cloning and
functional expression of a multispecific
organic anion transporter from human
kidney. Am. J. Physiol. Renal Physiol.
276:F122–28

11. Lu R, Chan BS, Schuster VL. 1999.
Cloning of the human kidney PAH trans-
porter: narrow substrate specificity and
regulation by protein kinase C.Am.



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

158 LEE ¥ KIM

J. Physiol. Renal Physiol.276:F295–
303

12. Race JE, Grassl SM, Williams WJ, Holtz-
man EJ. 1999. Molecular cloning and
characterization of two novel human renal
organic anion transporters (hOAT1 and
hOAT3). Biochem. Biophys. Res. Com-
mun.255:508–14

13. Bahn A, Prawitt D, Buttler D, Reid G,
Enklaar T, et al. 2000. Genomic structure
and in vivo expression of the human or-
ganic anion transporter 1 (hOAT1) gene.
Biochem. Biophys. Res. Commun.275:
623–30

14. Cihlar T, Lin DC, Pritchard JB, Fuller
MD, Mendel DB, Sweet DH. 1999. The
antiviral nucleotide analogs cidofovir and
adefovir are novel substrates for human
and rat renal organic anion transporter 1.
Mol. Pharmacol.56:570–80

15. Ho ES, Lin DC, Mendel DB, Cihlar T.
2000. Cytotoxicity of antiviral nucleo-
tides adefovir and cidofovir is induced
by the expression of human renal organic
anion transporter 1.J. Am. Soc. Nephrol.
11:383–93

16. Takeda M, Khamdang S, Narikawa S,
Kimura H, Kobayashi Y, et al. 2002. Hu-
man organic anion transporters and hu-
man organic cation transporters mediate
renal antiviral transport.J. Pharmacol.
Exp. Ther.300:918–24

17. Burckhardt G, Wolff NA, Bahn A. 2002.
Molecular characterization of the renal or-
ganic anion transporter 1.Cell Biochem.
Biophys.36:169–74

18. Simonson GD, Vincent AC, Roberg KJ,
Huang Y, Iwanij V. 1994. Molecular
cloning and characterization of a novel
liver-specific transport protein.J. Cell Sci.
107(Pt. 4):1065–72

19. Sekine T, Cha SH, Tsuda M, Apiwat-
tanakul N, Nakajima N, et al. 1998. Identi-
fication of multispecific organic anion
transporter 2 expressed predominantly in
the liver.FEBS Lett.429:179–82

20. Kojima R, Sekine T, Kawachi M, Cha
SH, Suzuki Y, Endou H. 2002. Immuno-

localization of multispecific organic anion
transporters, OAT1, OAT2, and OAT3, in
rat kidney.J. Am. Soc. Nephrol.13:848–
57

21. Enomoto A, Takeda M, Shimoda M,
Narikawa S, Kobayashi Y, et al. 2002.
Interaction of human organic anion trans-
porters 2 and 4 with organic anion trans-
port inhibitors.J. Pharmacol. Exp. Ther.
301:797–802

22. Khamdang S, Takeda M, Babu E, Noshiro
R, Onozato ML, et al. 2003. Interaction of
human and rat organic anion transporter
2 with various cephalosporin antibiotics.
Eur. J. Pharmacol.465:1–7

23. Khamdang S, Takeda M, Noshiro R,
Narikawa S, Enomoto A, et al. 2002.
Interactions of human organic anion
transporters and human organic cation
transporters with nonsteroidal anti-
inflammatory drugs.J. Pharmacol. Exp.
Ther.303:534–39

24. Morita N, Kusuhara H, Sekine T, Endou
H, Sugiyama Y. 2001. Functional charac-
terization of rat organic anion transporter
2 in LLC-PK1 cells.J. Pharmacol. Exp.
Ther.298:1179–84

25. Kusuhara H, Sekine T, Utsunomiya-Tate
N, Tsuda M, Kojima R, et al. 1999. Molec-
ular cloning and characterization of a new
multispecific organic anion transporter
from rat brain.J. Biol. Chem.274:13675–
80

26. Cha SH, Sekine T, Fukushima JI, Kanai
Y, Kobayashi Y, et al. 2001. Identi-
fication and characterization of human
organic anion transporter 3 expressing
predominantly in the kidney.Mol. Phar-
macol.59:1277–86

27. Cha SH, Sekine T, Kusuhara H, Yu E,
Kim JY, et al. 2000. Molecular cloning
and characterization of multispecific or-
ganic anion transporter 4 expressed in
the placenta.J. Biol. Chem.275:4507–
12

28. Babu E, Takeda M, Narikawa S,
Kobayashi Y, Enomoto A, et al. 2002.
Role of human organic anion transporter 4



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

RENAL DRUG TRANSPORTERS 159

in the transport of ochratoxin A.Biochim.
Biophys. Acta1590:64–75

29. Takeda M, Khamdang S, Narikawa S,
Kimura H, Hosoyamada M, et al. 2002.
Characterization of methotrexate trans-
port and its drug interactions with human
organic anion transporters.J. Pharmacol.
Exp. Ther.302:666–71

30. Jacquemin E, Hagenbuch B, Stieger B,
Wolkoff AW, Meier PJ. 1994. Expression
cloning of a rat liver Na(+)-independent
organic anion transporter.Proc. Natl.
Acad. Sci. USA91:133–37

31. Bergwerk AJ, Shi X, Ford AC, Kanai N,
Jacquemin E, et al. 1996. Immunologic
distribution of an organic anion trans-
port protein in rat liver and kidney.Am.
J. Physiol. Gastrointest. Liver Physiol.
271:G231–38

32. Pang KS, Wang PJ, Chung AY, Wolkoff
AW. 1998. The modified dipeptide,
enalapril, an angiotensin-converting en-
zyme inhibitor, is transported by the rat
liver organic anion transport protein.Hep-
atology28:1341–46

33. Cvetkovic M, Leake B, Fromm MF,
Wilkinson GR, Kim RB. 1999. OATP
and P-glycoprotein transporters mediate
the cellular uptake and excretion of fex-
ofenadine.Drug Metab. Dispos.27:866–
71

34. Hsiang B, Zhu YJ, Wang ZQ, Wu YL,
Sasseville V, et al. 1999. A novel human
hepatic organic anion transporting
polypeptide (OATP2). Identification of a
liver-specific human organic anion trans-
porting polypeptide and identification of
rat and human hydroxymethylglutaryl-
CoA reductase inhibitor transporters.J.
Biol. Chem.274:37161–68

35. Satlin LM, Amin V, Wolkoff AW. 1997.
Organic anion transporting polypeptide
mediates organic anion/HCO3-exchange.
J. Biol. Chem.272:26340–45

36. Li L, Lee TK, Meier PJ, Ballatori N.
1998. Identification of glutathione as a
driving force and leukotriene C4 as a sub-
strate for oatp1, the hepatic sinusoidal or-

ganic solute transporter.J. Biol. Chem.
273:16184–91

37. Abe T, Kakyo M, Sakagami H, Tokui T,
Nishio T, et al. 1998. Molecular charac-
terization and tissue distribution of a new
organic anion transporter subtype (oatp3)
that transports thyroid hormones and tau-
rocholate and comparison with oatp2.J.
Biol. Chem.273:22395–401

38. Walters HC, Craddock AL, Fusegawa
H, Willingham MC, Dawson PA. 2000.
Expression, transport properties, and
chromosomal location of organic anion
transporter subtype 3.Am. J. Physiol.
Gastrointest. Liver Physiol.279:G1188–
200

39. Russel FG, Masereeuw R, van Aubel
RA. 2002. Molecular aspects of renal an-
ionic drug transport.Annu. Rev. Physiol.
64:563–94

40. Dresser GK, Bailey DG, Leake BF,
Schwarz UI, Dawson PA, et al. 2002. Fruit
juices inhibit organic anion transporting
polypeptide-mediated drug uptake to de-
crease the oral availability of fexofena-
dine.Clin. Pharmacol. Ther.71:11–20

41. Ohtsuki S, Takizawa T, Takanaga H,
Terasaki N, Kitazawa T, et al. 2003. In
vitro study of the functional expression of
organic anion transporting polypeptide 3
at rat choroid plexus epithelial cells and its
involvement in the cerebrospinal fluid-to-
blood transport of estrone-3-sulfate.Mol.
Pharmacol.63:532–37

42. Kullak-Ublick GA, Hagenbuch B, Stieger
B, Schteingart CD, Hofmann AF, et al.
1995. Molecular and functional charac-
terization of an organic anion transport-
ing polypeptide cloned from human liver.
Gastroenterology109:1274–82

43. Tamai I, Nezu J, Uchino H, Sai Y, Oku A,
et al. 2000. Molecular identification and
characterization of novel members of the
human organic anion transporter (OATP)
family. Biochem. Biophys. Res. Commun.
273:251–60

44. Eckhardt U, Schroeder A, Stieger B,
Hochli M, Landmann L, et al. 1999.



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

160 LEE ¥ KIM

Polyspecific substrate uptake by the hep-
atic organic anion transporter Oatp1 in
stably transfected CHO cells.Am. J.
Physiol. Gastrointest. Liver Physiol.276:
G1037–42

45. Kullak-Ublick GA, Ismair MG, Stieger
B, Landmann L, Huber R, et al. 2001.
Organic anion-transporting polypeptide B
(OATP-B) and its functional comparison
with three other OATPs of human liver.
Gastroenterology120:525–33

46. Saito H, Masuda S, Inui K. 1996. Cloning
and functional characterization of a novel
rat organic anion transporter mediating
basolateral uptake of methotrexate in the
kidney.J. Biol. Chem.271:20719–25

47. Masuda S, Ibaramoto K, Takeuchi A,
Saito H, Hashimoto Y, Inui KI. 1999.
Cloning and functional characterization
of a new multispecific organic anion trans-
porter, OAT-K2, in rat kidney.Mol. Phar-
macol.55:743–52

48. Takeuchi A, Masuda S, Saito H, Doi T,
Inui K. 2001. Role of kidney-specific or-
ganic anion transporters in the urinary
excretion of methotrexate.Kidney Int.
60:1058–68

49. Takeuchi A, Masuda S, Saito H,
Hashimoto Y, Inui K. 2000. Trans-
stimulation effects of folic acid derivatives
on methotrexate transport by rat renal or-
ganic anion transporter, OAT-K1.J. Phar-
macol. Exp. Ther.293:1034–39

50. Takeuchi A, Masuda S, Saito H, Abe
T, Inui K. 2001. Multispecific substrate
recognition of kidney-specific organic an-
ion transporters OAT-K1 and OAT-K2.J.
Pharmacol. Exp. Ther.299:261–67

51. Cole SP, Bhardwaj G, Gerlach JH, Mackie
JE, Grant CE, et al. 1992. Overexpres-
sion of a transporter gene in a multidrug-
resistant human lung cancer cell line.Sci-
ence258:1650–54

52. Zaman GJ, Versantvoort CH, Smit JJ, Eij-
dems EW, de Haas M, et al. 1993. Analy-
sis of the expression of MRP, the gene for
a new putative transmembrane drug trans-
porter, in human multidrug resistant lung

cancer cell lines.Cancer Res.53:1747–
50

53. Bakos E, Evers R, Sinko E, Varadi A,
Borst P, Sarkadi B. 2000. Interactions of
the human multidrug resistance proteins
MRP1 and MRP2 with organic anions.
Mol. Pharmacol.57:760–68

54. Konig J, Nies AT, Cui Y, Leier I, Kep-
pler D. 1999. Conjugate export pumps of
the multidrug resistance protein (MRP)
family: localization, substrate specificity,
and MRP2-mediated drug resistance.
Biochim. Biophys. Acta1461:377–94

55. Leier I, Hummel-Eisenbeiss J, Cui Y,
Keppler D. 2000. ATP-dependent para-
aminohippurate transport by apical mul-
tidrug resistance protein MRP2.Kidney
Int. 57:1636–42

56. Bodo A, Bakos E, Szeri F, Varadi A,
Sarkadi B. 2003. The role of mul-
tidrug transporters in drug availability,
metabolism and toxicity.Toxicol. Lett.
140–141:133–43

57. Evers R, Kool M, Smith AJ, van Deemter
L, de Haas M, Borst P. 2000. Inhibitory
effect of the reversal agents V-104,
GF120918 and Pluronic L61 on MDR1
Pgp-, MRP1- and MRP2-mediated trans-
port.Br. J. Cancer83:366–74

58. Oude Elferink RP, Jansen PL. 1994. The
role of the canalicular multispecific or-
ganic anion transporter in the disposal of
endo- and xenobiotics.Pharmacol. Ther.
64:77–97

59. Paulusma CC, Bosma PJ, Zaman GJ,
Bakker CT, Otter M, et al. 1996. Con-
genital jaundice in rats with a mutation in
a multidrug resistance-associated protein
gene.Science271:1126–28

60. Ito K, Suzuki H, Hirohashi T, Kume K,
Shimizu T, Sugiyama Y. 1997. Molec-
ular cloning of canalicular multispecific
organic anion transporter defective in
EHBR.Am. J. Physiol. Gastrointest. Liver
Physiol.272:G16–22

61. Buchler M, Konig J, Brom M, Kartenbeck
J, Spring H, et al. 1996. cDNA cloning
of the hepatocyte canalicular isoform of



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

RENAL DRUG TRANSPORTERS 161

the multidrug resistance protein, cMrp,
reveals a novel conjugate export pump
deficient in hyperbilirubinemic mu-
tant rats. J. Biol. Chem. 271:15091–
98

62. Wada M, Toh S, Taniguchi K, Nakamura
T, Uchiumi T, et al. 1998. Mutations in
the canilicular multispecific organic an-
ion transporter (cMOAT) gene, a novel
ABC transporter, in patients with hy-
perbilirubinemia II/Dubin-Johnson syn-
drome.Hum. Mol. Genet.7:203–7

63. Schaub TP, Kartenbeck J, Konig J, Vogel
O, Witzgall R, et al. 1997. Expression of
the conjugate export pump encoded by the
mrp2 gene in the apical membrane of kid-
ney proximal tubules.J. Am. Soc. Nephrol.
8:1213–21

64. Evers R, Kool M, van Deemter L, Janssen
H, Calafat J, et al. 1998. Drug export ac-
tivity of the human canalicular multispe-
cific organic anion transporter in polarized
kidney MDCK cells expressing cMOAT
(MRP2) cDNA.J. Clin. Invest.101:1310–
19

65. Huisman MT, Smit JW, Crommentuyn
KM, Zelcer N, Wiltshire HR, et al. 2002.
Multidrug resistance protein 2 (MRP2)
transports HIV protease inhibitors, and
transport can be enhanced by other drugs.
AIDS16:2295–301

66. Paulusma CC, van Geer MA, Evers R,
Heijn M, Ottenhoff R, et al. 1999. Canalic-
ular multispecific organic anion trans-
porter/multidrug resistance protein 2 me-
diates low-affinity transport of reduced
glutathione.Biochem. J.338(Pt. 2):393–
401

67. Keitel V, Nies AT, Brom M, Hummel-
Eisenbeiss J, Spring H, Keppler D. 2003.
A common Dubin-Johnson syndrome mu-
tation impairs protein maturation and
transport activity of MRP2 (ABCC2).Am.
J. Physiol. Gastrointest. Liver Physiol.
284:G165–74

68. Keitel V, Kartenbeck J, Nies AT, Spring
H, Brom M, Keppler D. 2000. Impaired
protein maturation of the conjugate ex-

port pump multidrug resistance protein 2
as a consequence of a deletion mutation
in Dubin-Johnson syndrome.Hepatology
32:1317–28

69. Kiuchi Y, Suzuki H, Hirohashi T, Tyson
CA, Sugiyama Y. 1998. cDNA cloning
and inducible expression of human mul-
tidrug resistance associated protein 3
(MRP3).FEBS Lett.433:149–52

70. Kool M, van der Linden M, de Haas M,
Scheffer GL, de Vree JM, et al. 1999.
MRP3, an organic anion transporter able
to transport anti-cancer drugs.Proc. Natl.
Acad. Sci. USA96:6914–19

71. Konig J, Rost D, Cui Y, Keppler D. 1999.
Characterization of the human multidrug
resistance protein isoform MRP3 local-
ized to the basolateral hepatocyte mem-
brane.Hepatology29:1156–63

72. Scheffer GL, Kool M, de Haas M, de
Vree JM, Pijnenborg AC, et al. 2002. Tis-
sue distribution and induction of human
multidrug resistant protein 3.Lab. Invest.
82:193–201

73. Rost D, Mahner S, Sugiyama Y, Stremmel
W. 2002. Expression and localization of
the multidrug resistance-associated pro-
tein 3 in rat small and large intestine.
Am. J. Physiol. Gastrointest. Liver Phys-
iol. 282:G720–26

74. Kool M, de Haas M, Scheffer GL, Scheper
RJ, van Eijk MJ, et al. 1997. Analysis
of expression of cMOAT (MRP2), MRP3,
MRP4, and MRP5, homologues of the
multidrug resistance-associated protein
gene (MRP1), in human cancer cell lines.
Cancer Res.57:3537–47

75. van Aubel RA, Smeets PH, Peters JG,
Bindels RJ, Russel FG. 2002. The
MRP4/ABCC4 gene encodes a novel api-
cal organic anion transporter in human
kidney proximal tubules: putative efflux
pump for urinary cAMP and cGMP.J. Am.
Soc. Nephrol.13:595–603

76. Chen ZS, Lee K, Kruh GD. 2001.
Transport of cyclic nucleotides and
estradiol 17-beta-D-glucuronide by mul-
tidrug resistance protein 4. Resistance to



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

162 LEE ¥ KIM

6-mercaptopurine and 6-thioguanine.J.
Biol. Chem.276:33747–54

77. Schuetz JD, Connelly MC, Sun D, Paibir
SG, Flynn PM, et al. 1999. MRP4: a pre-
viously unidentified factor in resistance
to nucleoside-based antiviral drugs.Nat.
Med.5:1048–51

78. Lee K, Klein-Szanto AJ, Kruh GD. 2000.
Analysis of the MRP4 drug resistance pro-
file in transfected NIH3T3 cells.J. Natl.
Cancer Inst.92:1934–40

79. Cundy KC. 1999. Clinical pharmacoki-
netics of the antiviral nucleotide ana-
logues cidofovir and adefovir.Clin. Phar-
macokinet.36:127–43

80. McAleer MA, Breen MA, White NL,
Matthews N. 1999. pABC11 (also known
as MOAT-C and MRP5), a member of
the ABC family of proteins, has anion
transporter activity but does not confer
multidrug resistance when overexpressed
in human embryonic kidney 293 cells.J.
Biol. Chem.274:23541–48

81. Wijnholds J, Mol CA, van Deemter L,
de Haas M, Scheffer GL, et al. 2000.
Multidrug-resistance protein 5 is a multi-
specific organic anion transporter able to
transport nucleotide analogs.Proc. Natl.
Acad. Sci. USA97:7476–81

82. Jedlitschky G, Burchell B, Keppler D.
2000. The multidrug resistance protein
5 functions as an ATP-dependent ex-
port pump for cyclic nucleotides.J. Biol.
Chem.275:30069–74

83. Madon J, Hagenbuch B, Landmann L,
Meier PJ, Stieger B. 2000. Transport
function and hepatocellular localization
of MRP6 in rat liver.Mol. Pharmacol.
57:634–41

84. Scheffer GL, Hu X, Pijnenborg AC, Wijn-
holds J, Bergen AA, Scheper RJ. 2002.
MRP6 (ABCC6) detection in normal hu-
man tissues and tumors.Lab. Invest.
82:515–18

85. Bergen AA, Plomp AS, Schuurman EJ,
Terry S, Breuning M, et al. 2000. Muta-
tions in ABCC6 cause pseudoxanthoma
elasticum.Nat. Genet.25:228–31

86. Ringpfeil F, Lebwohl MG, Christiano
AM, Uitto J. 2000. Pseudoxanthoma elas-
ticum: mutations in the MRP6 gene en-
coding a transmembrane ATP-binding
cassette (ABC) transporter.Proc. Natl.
Acad. Sci. USA97:6001–6

87. Mol WE, Fokkema GN, Weert B, Meijer
DK. 1988. Mechanisms for the hepatic up-
take of organic cations. Studies with the
muscle relaxant vecuronium in isolated
rat hepatocytes.J. Pharmacol. Exp. Ther.
244:268–75

88. Steen H, Merema M, Meijer DK. 1992.
A multispecific uptake system for tauro-
cholate, cardiac glycosides and cationic
drugs in the liver.Biochem. Pharmacol.
44:2323–31

89. Grundemann D, Gorboulev V, Gam-
baryan S, Veyhl M, Koepsell H. 1994.
Drug excretion mediated by a new pro-
totype of polyspecific transporter.Nature
372:549–52

90. Karbach U, Kricke J, Meyer-Wentrup F,
Gorboulev V, Volk C, et al. 2000. Lo-
calization of organic cation transporters
OCT1 and OCT2 in rat kidney.Am. J.
Physiol. Renal Physiol.279:F679–87

91. Sweet DH, Pritchard JB. 1999. rOCT2
is a basolateral potential-driven carrier,
not an organic cation/proton exchanger.
Am. J. Physiol. Renal Physiol.277:F890–
98

92. Koepsell H. 1998. Organic cation trans-
porters in intestine, kidney, liver, and
brain.Annu. Rev. Physiol.60:243–66

93. Urakami Y, Okuda M, Masuda S, Saito
H, Inui KI. 1998. Functional character-
istics and membrane localization of rat
multispecific organic cation transporters,
OCT1 and OCT2, mediating tubular se-
cretion of cationic drugs.J. Pharmacol.
Exp. Ther.287:800–5

94. Zhang L, Dresser MJ, Gray AT, Yost
SC, Terashita S, Giacomini KM. 1997.
Cloning and functional expression of a hu-
man liver organic cation transporter.Mol.
Pharmacol.51:913–21

95. Gorboulev V, Ulzheimer JC, Akhoundova



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

RENAL DRUG TRANSPORTERS 163

A, Ulzheimer-Teuber I, Karbach U, et al.
1997. Cloning and characterization of two
human polyspecific organic cation trans-
porters.DNA Cell Biol.16:871–81

96. Zhang L, Gorset W, Dresser MJ, Gi-
acomini KM. 1999. The interaction of
n-tetraalkylammonium compounds with
a human organic cation transporter,
hOCT1. J. Pharmacol. Exp. Ther.288:
1192–98

97. Dresser MJ, Gray AT, Giacomini KM.
2000. Kinetic and selectivity differences
between rodent, rabbit, and human or-
ganic cation transporters (OCT1).J. Phar-
macol. Exp. Ther.292:1146–52

98. Kerb R, Brinkmann U, Chatskaia N,
Gorbunov D, Gorboulev V, et al. 2002.
Identification of genetic variations of the
human organic cation transporter hOCT1
and their functional consequences.Phar-
macogenetics12:591–95

99. Okuda M, Saito H, Urakami Y, Takano
M, Inui K. 1996. cDNA cloning and func-
tional expression of a novel rat kidney or-
ganic cation transporter, OCT2.Biochem.
Biophys. Res. Commun.224:500–7

100. Sweet DH, Miller DS, Pritchard JB. 2000.
Basolateral localization of organic cation
transporter 2 in intact renal proximal
tubules.Am. J. Physiol. Renal Physiol.
279:F826–34

101. Busch AE, Karbach U, Miska D, Gor-
boulev V, Akhoundova A, et al. 1998.
Human neurons express the polyspe-
cific cation transporter hOCT2, which
translocates monoamine neurotransmit-
ters, amantadine, and memantine.Mol.
Pharmacol.54:342–52

102. Leabman MK, Huang CC, Kawamoto M,
Johns SJ, Stryke D, et al. 2002. Poly-
morphisms in a human kidney xenobiotic
transporter, OCT2, exhibit altered func-
tion. Pharmacogenetics12:395–405

103. Kekuda R, Prasad PD, Wu X, Wang H, Fei
YJ, et al. 1998. Cloning and functional
characterization of a potential-sensitive,
polyspecific organic cation transporter
(OCT3) most abundantly expressed in

placenta. J. Biol. Chem. 273:15971–
79

104. Grundemann D, Koster S, Kiefer N, Brei-
dert T, Engelhardt M, et al. 1998. Trans-
port of monoamine transmitters by the or-
ganic cation transporter type 2, OCT2.J.
Biol. Chem.273:30915–20

105. Wu X, George RL, Huang W, Wang H,
Conway SJ, et al. 2000. Structural and
functional characteristics and tissue dis-
tribution pattern of rat OCTN1, an organic
cation transporter, cloned from placenta.
Biochim. Biophys. Acta1466:315–27

106. Verhaagh S, Schweifer N, Barlow DP,
Zwart R. 1999. Cloning of the mouse
and human solute carrier 22a3 (Slc22a3/
SLC22A3) identifies a conserved clus-
ter of three organic cation transporters on
mouse chromosome 17 and human 6q26–
q27.Genomics55:209–18

107. Wu X, Kekuda R, Huang W, Fei YJ,
Leibach FH, et al. 1998. Identity of the
organic cation transporter OCT3 as the ex-
traneuronal monoamine transporter (up-
take2) and evidence for the expression of
the transporter in the brain.J. Biol. Chem.
273:32776–86

108. Hayer-Zillgen M, Bruss M, Bonisch H.
2002. Expression and pharmacological
profile of the human organic cation trans-
porters hOCT1, hOCT2 and hOCT3.Br.
J. Pharmacol.136:829–36

109. Tamai I, Yabuuchi H, Nezu J, Sai Y, Oku
A, et al. 1997. Cloning and characteriza-
tion of a novel human pH-dependent or-
ganic cation transporter, OCTN1.FEBS
Lett.419:107–11

110. Yabuuchi H, Tamai I, Nezu J, Sakamoto
K, Oku A, et al. 1999. Novel membrane
transporter OCTN1 mediates multispe-
cific, bidirectional, and pH-dependent
transport of organic cations.J. Pharma-
col. Exp. Ther.289:768–73

111. Wu X, Prasad PD, Leibach FH, Gana-
pathy V. 1998. cDNA sequence, trans-
port function, and genomic organiza-
tion of human OCTN2, a new member
of the organic cation transporter family.



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

164 LEE ¥ KIM

Biochem. Biophys. Res. Commun.246:
589–95

112. Wu X, Huang W, Prasad PD, Seth P, Rajan
DP, et al. 1999. Functional characteristics
and tissue distribution pattern of organic
cation transporter 2 (OCTN2), an organic
cation/carnitine transporter.J. Pharma-
col. Exp. Ther.290:1482–92

113. Tamai I, Ohashi R, Nezu J, Yabuuchi
H, Oku A, et al. 1998. Molecular and
functional identification of sodium ion-
dependent, high affinity human carnitine
transporter OCTN2.J. Biol. Chem.273:
20378–82

114. Wagner CA, Lukewille U, Kaltenbach S,
Moschen I, Broer A, et al. 2000. Func-
tional and pharmacological characteriza-
tion of human Na(+)-carnitine cotrans-
porter hOCTN2.Am. J. Physiol. Renal
Physiol.279:F584–91

115. Nezu J, Tamai I, Oku A, Ohashi R, Ya-
buuchi H, et al. 1999. Primary sys-
temic carnitine deficiency is caused by
mutations in a gene encoding sodium
ion-dependent carnitine transporter.Nat.
Genet.21:91–94

116. Tang NL, Hwu WL, Chan RT, Law LK,
Fung LM, Zhang WM. 2002. A founder
mutation (R254X) of SLC22A5 (OCTN2)
in Chinese primary carnitine deficiency
patients.Hum. Mutat.20:232

117. Wang Y, Ye J, Ganapathy V, Longo N.
1999. Mutations in the organic cation/
carnitine transporter OCTN2 in primary
carnitine deficiency.Proc. Natl. Acad. Sci.
USA96:2356–60

118. Ohashi R, Tamai I, Inano A, Katsura
M, Sai Y, et al. 2002. Studies on func-
tional sites of organic cation/carnitine
transporter OCTN2 (SLC22A5) using a
Ser467Cys mutant protein.J. Pharmacol.
Exp. Ther.302:1286–94

119. Saito S, Iida A, Sekine A, Ogawa C,
Kawauchi S, et al. 2002. Catalog of 238
variations among six human genes encod-
ing solute carriers (hSLCs) in the Japanese
population.J. Hum. Genet.47:576–84

120. Seth P, Wu X, Huang W, Leibach FH,

Ganapathy V. 1999. Mutations in novel
organic cation transporter (OCTN2), an
organic cation/carnitine transporter, with
differential effects on the organic cation
transport function and the carnitine trans-
port function.J. Biol. Chem.274:33388–
92

121. Kim RB. 2002. Transporters and xeno-
biotic disposition.Toxicology 181–182:
291–97

122. Thiebaut F, Tsuruo T, Hamada H, Gottes-
man MM, Pastan I, Willingham MC.
1987. Cellular localization of the multi-
drug-resistance gene product P-glyco-
protein in normal human tissues.Proc.
Natl. Acad. Sci. USA84:7735–38

123. Hori R, Okamura N, Aiba T, Tanigawara
Y. 1993. Role of P-glycoprotein in renal
tubular secretion of digoxin in the isolated
perfused rat kidney.J. Pharmacol. Exp.
Ther.266:1620–25

124. Kerb R, Hoffmeyer S, Brinkmann U.
2001. ABC drug transporters: hereditary
polymorphisms and pharmacological im-
pact in MDR1, MRP1 and MRP2.Phar-
macogenomics2:51–64

125. Schwab M, Eichelbaum M, Fromm MF.
2003. Genetic polymorphisms of the hu-
man MDR1 drug transporter.Annu. Rev.
Pharmacol. Toxicol.43:285–307

126. Kim RB. 2002. MDR1 single nucleotide
polymorphisms: multiplicity of haplo-
types and functional consequences.Phar-
macogenetics12:425–27

127. Okano T, Inui K, Maegawa H, Takano M,
Hori R. 1986. H+ coupled uphill transport
of aminocephalosporins via the dipep-
tide transport system in rabbit intestinal
brush-border membranes.J. Biol. Chem.
261:14130–34

128. Inui K, Okano T, Takano M, Saito H, Hori
R. 1984. Carrier-mediated transport of
cephalexin via the dipeptide transport sys-
tem in rat renal brush-border membrane
vesicles. Biochim. Biophys. Acta769:
449–54

129. Swaan PW, Stehouwer MC, Tukker JJ.
1995. Molecular mechanism for the



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

RENAL DRUG TRANSPORTERS 165

relative binding affinity to the intestinal
peptide carrier. Comparison of three ACE-
inhibitors: enalapril, enalaprilat, and lisin-
opril. Biochim. Biophys. Acta1236:31–
38

130. Hori R, Tomita Y, Katsura T, Yasuhara
M, Inui K, Takano M. 1993. Transport of
bestatin in rat renal brush-border mem-
brane vesicles.Biochem. Pharmacol.45:
1763–68

131. Saito H, Inui K. 1993. Dipeptide trans-
porters in apical and basolateral mem-
branes of the human intestinal cell line
Caco-2. Am. J. Physiol. Gastrointest.
Liver Physiol.265:G289–94

132. Daniel H, Rubio-Aliaga I. 2003. An up-
date on renal peptide transporters.Am. J.
Physiol. Renal Physiol.284:F885–92

133. Takahashi K, Nakamura N, Terada T,
Okano T, Futami T, et al. 1998. In-
teraction of beta-lactam antibiotics with
H+/peptide cotransporters in rat renal
brush-border membranes.J. Pharmacol.
Exp. Ther.286:1037–42

134. Fei YJ, Kanai Y, Nussberger S, Ganapa-
thy V, Leibach FH, et al. 1994. Expression
cloning of a mammalian proton-coupled
oligopeptide transporter.Nature368:563–
66

135. Liang R, Fei YJ, Prasad PD, Ramamoor-
thy S, Han H, et al. 1995. Human intesti-
nal H+/peptide cotransporter. Cloning,
functional expression, and chromosomal
localization. J. Biol. Chem.270:6456–
63

136. Ogihara H, Saito H, Shin BC, Terado
T, Takenoshita S, et al. 1996. Immuno-
localization of H+/peptide cotransporter
in rat digestive tract.Biochem. Biophys.
Res. Commun.220:848–52

137. Shen H, Smith DE, Yang T, Huang YG,
Schnermann JB, Brosius FC III. 1999. Lo-
calization of PEPT1 and PEPT2 proton-
coupled oligopeptide transporter mRNA
and protein in rat kidney.Am. J. Physiol.
Renal Physiol.276:F658–65

138. Terada T, Saito H, Mukai M, Inui K.
1997. Recognition of beta-lactam antibi-

otics by rat peptide transporters, PEPT1
and PEPT2, in LLC-PK1 cells.Am. J.
Physiol. Renal Physiol.273:F706–11

139. Terada T, Saito H, Mukai M, Inui K. 1997.
Characterization of stably transfected kid-
ney epithelial cell line expressing rat
H+/peptide cotransporter PEPT1: local-
ization of PEPT1 and transport of beta-
lactam antibiotics.J. Pharmacol. Exp.
Ther.281:1415–21

140. Ganapathy ME, Huang W, Wang H,
Ganapathy V, Leibach FH. 1998. Vala-
cyclovir: a substrate for the intestinal
and renal peptide transporters PEPT1 and
PEPT2.Biochem. Biophys. Res. Commun.
246:470–75

141. Sugawara M, Huang W, Fei YL, Leibach
FH, Ganapathy V, Ganapathy ME. 2000.
Transport of valganciclovir, a ganciclovir
prodrug, via peptide transporters PEPT1
and PEPT2.J. Pharm. Sci. 89:781–
89

142. Zhu T, Chen XZ, Steel A, Hediger MA,
Smith DE. 2000. Differential recogni-
tion of ACE inhibitors inXenopus laevis
oocytes expressing rat PEPT1 and PEPT2.
Pharm. Res.17:526–32

143. Liu W, Liang R, Ramamoorthy S, Fei
YJ, Ganapathy ME, et al. 1995. Molec-
ular cloning of PEPT 2, a new member
of the H+/peptide cotransporter family,
from human kidney.Biochim. Biophys.
Acta1235:461–66

144. Akarawut W, Lin CJ, Smith DE. 1998.
Noncompetitive inhibition of glycylsarco-
sine transport by quinapril in rabbit renal
brush border membrane vesicles: effect on
high-affinity peptide transporter.J. Phar-
macol. Exp. Ther.287:684–90

145. Lin CJ, Akarawut W, Smith DE. 1999.
Competitive inhibition of glycylsarco-
sine transport by enalapril in rabbit re-
nal brush border membrane vesicles:
interaction of ACE inhibitors with high-
affinity H+/peptide symporter.Pharm.
Res.16:609–15

146. Sawada K, Terada T, Saito H, Hashimoto
Y, Inui KI. 1999. Recognition of L-amino



30 Nov 2003 14:38 AR AR204-PA44-07.tex AR204-PA44-07.sgm LaTeX2e(2002/01/18)P1: GCE

166 LEE ¥ KIM

acid ester compounds by rat peptide trans-
porters PEPT1 and PEPT2.J. Pharmacol.
Exp. Ther.291:705–9

147. Cass CE, Young JD, Baldwin SA.
1998. Recent advances in the molecular
biology of nucleoside transporters of
mammalian cells.Biochem. Cell Biol.76:
761–70

148. Ritzel MW, Ng AM, Yao SY, Graham
K, Loewen SK, et al. 2001. Molecular
identification and characterization of
novel human and mouse concentrative
Na+-nucleoside cotransporter proteins
(hCNT3 and mCNT3) broadly selective
for purine and pyrimidine nucleosides
(system cib).J. Biol. Chem.276:2914–
27

149. Thyss A, Milano G, Kubar J, Namer M,
Schneider M. 1986. Clinical and pharma-
cokinetic evidence of a life-threatening in-
teraction between methotrexate and keto-
profen.Lancet1:256–58

150. Masuda S, Saito H, Inui KI. 1997. Inter-
actions of nonsteroidal anti-inflammatory
drugs with rat renal organic anion trans-
porter, OAT-K1.J. Pharmacol. Exp. Ther.
283:1039–42

151. Muirhead MR, Somogyi AA. 1991. Effect
of H2 antagonists on the differential secre-
tion of triamterene and its sulfate conju-
gate metabolite by the isolated perfused
rat kidney.Drug Metab. Dispos.19:312–
16

152. Tanigawara Y, Okamura N, Hirai M, Ya-

suhara M, Ueda K, et al. 1992. Transport
of digoxin by human P-glycoprotein ex-
pressed in a porcine kidney epithelial cell
line (LLC-PK1).J. Pharmacol. Exp. Ther.
263:840–45

153. Wakasugi H, Yano I, Ito T, Hashida T,
Futami T, et al. 1998. Effect of clar-
ithromycin on renal excretion of digoxin:
interaction with P-glycoprotein.Clin.
Pharmacol. Ther.64:123–28

154. De Maat MM, Ekhart GC, Huitema AD,
Koks CH, Mulder JW, Beijnen JH. 2003.
Drug interactions between antiretrovi-
ral drugs and comedicated agents.Clin.
Pharmacokinet.42:223–82

155. Choo EF, Leake B, Wandel C, Imamura
H, Wood AJ, et al. 2000. Pharmacologi-
cal inhibition of P-glycoprotein transport
enhances the distribution of HIV-1 pro-
tease inhibitors into brain and testes.Drug
Metab. Dispos.28:655–60

156. Polli JW, Jarrett JL, Studenberg SD,
Humphreys JE, Dennis SW, et al. 1999.
Role of P-glycoprotein on the CNS dis-
position of amprenavir (141W94), an HIV
protease inhibitor.Pharm. Res.16:1206–
12

157. Huisman MT, Smit JW, Wiltshire HR,
Beijnen JH, Schinkel AH. 2003. Assess-
ing safety and efficacy of directed P-
glycoprotein inhibition to improve the
pharmacokinetic properties of saquinavir
coadministered with ritonavir.J. Pharma-
col. Exp. Ther.304:596–602


