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Abstract The SLC22 family comprises organic cation
transporters  (OCTs), zwitterion/cation  transporters
(OCTNs), and organic anion transporters (OATs). These
transporters contain 12 predicted oa-helical transmem-
brane domains (TMDs) and one large extracellular loop
between TMDs 1 and 2. Transporters of the SLC22
family function in different ways: (1) as uniporters that
mediate facilitated diffusion in either direction (OCTSs),
(2) as anion exchangers (OAT1, OAT3 and URATI), and
(3) as Na*/L-carnitine cotransporter (OCTN2). They
participate in the absorption and/or excretion of drugs,
xenobiotics, and endogenous compounds in intestine,
liver and/or kidney, and perform homeostatic functions in
brain and heart. The endogenous substrates include
monoamine neurotransmitters, choline, L-carnitine, o-
ketoglutarate, cCAMP, cGMP, prostaglandins, and urate.
Defect mutations of transporters of the SLC22 family may
cause specific diseases such as “primary systemic carni-
tine deficiency” or “idiopathic renal hypouricemia” or
change drug absorption or excretion.
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Introduction

This review gives a short overview about the transporters
of the SLC22 family, which belongs to the major
facilitator superfamily [26]. This superfamily comprises
uniporters, symporters, and antiporters from bacteria,
lower eukaryotes, plants, and mammals in 18 families. In
1994, the first member of the SLC22 family, the rat
organic cation transporter OCT1, was identified by
expression cloning [17]. Rat OCT2 was identified in
1996 [38] and the human zwitterion/cation transporters
OCTNI in 1997 [56]. In the same year, the first organic
anion transporter OAT1 was cloned from rat and flounder
[45, 52, 60]. In 1998, OCT3 was identified from rat and
human [18, 22], and the human Na*-carnitine cotrans-
porter OCTN2 was cloned [54, 63]. Other highlights were
the identification of the OAT-subtypes 2-5 [7, 8, 29, 43],
the human urate transporter URATI [10], and the human
testicular carnitine transporter hCT2 [12].

Most transporters of the SLC22 are polyspecific, i.e.,
they transport multiple different substrates; in addition,
numerous other ligands can act as inhibitors. Since many
of these transporters are expressed in intestine, liver and
kidney, the SLC22 family plays a pivotal role in drug
absorption and excretion. The family can be divided into
various subgroups according to substrates and transport
mechanisms (Table 1, Fig. 1). One subgroup comprises
the OCT subtypes 1-3 which translocate organic cations,
including weak bases. Transport of organic cations by any
of the three OCT subtypes is: (1) electrogenic, (2)
independent from Na™, and (3) reversible with respect to
direction. The driving force is supplied solely by the
electrochemical gradient of the transported organic cat-
ion. A second subgroup comprises the transporters
OCTNI1-3 and hCT2 (FLIPT2) [12, 13, 54, 55, 56, 63].
These transporters may function either as (1) an organic
cation uniporter or H*/organic cation antiporter (e.g.,
OCTNI1), or as (2) uniporters for organic cations or Na*/
carnitine cotransporters (e.g., OCTN2). A third subgroup
comprises the organic anion transporters OAT1-5 and the
human urate transporter URAT1 [7, 8, 10, 19, 29, 39, 43,
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Fig. 2 Predicted topology of SLC22 transporters with functional
relevant point mutations. Predicted glycosylation sites on the large
extracellular loops of rOCT1, hOCTN2 and rOAT3 (y¥) and
predicted phosphorylation on the large intracellular loops (blue) are
indicated. Amino acids where point mutations resulted in changes
of the substrate selectivity are indicated in yellow. Glutamate 452 in
hOCTN2 (pink) is thought to be involved in Na* binding to
hOCTN?2 (for discussion see [26])

charged compounds and anions are also transported.
Substrates of human OCT]1 include model cations such as
tetracthylammonium (TEA), N-methylquinine, the xeno-
biotic 1-methyl-4-phenylpyridinium (MPP), drugs such as
desipramine, aciclovir, ganciclovir, metformin, and en-
dogenous compounds such as serotonin, prostaglandin E,
and prostaglandin F,, (for references see [26]). Expres-
sion and selectivity of OCT1 is regulated. For example,
after expression in human embryonic kidney cells (HEK-
293), transport by rOCT1 was stimulated by PKC, PKA
and tyrosine kinase and inhibited by cGMP [31, 40], and
stimulation by PKC was associated with altered substrate
selectivity. Site-directed mutagenesis experiments identi-
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fied aspartate 475 in TMDI1 of rOCT1 as part of the
cation binding pocket [16] (Fig. 2).

Physiological roles

In the human, OCT1 mediates the first step in hepatic
excretion of many cationic drugs and xenobiotics, i.e., the
uptake across the sinusoidal membrane into the hepato-
cyte. Excretion across the sinuosoidal membrane into the
bile is mediated by an as yet unidentified polyspecific H*/
organic cation antiporter and/or by P-glycoprotein MDR1
[25, 26].

Pathological implications

In human OCTI, eight single nucleotide polymorphisms
(SNPs) have been detected. Three of these mutations
affect transport [23]. After targeted disruption of OCT1 in
mice, the biliary excretion of some but not all substrates
of OCT1 was largely reduced [20]. This indicates that
defect mutations in OCTI may reduce the biliary
excretion of specific drugs and affect their efficacy and/
or toxicity.

Therapeutic aspects

The hepatotoxicity of drugs that are transported by OCT1
may be reduced by co-medication of other substrates or
inhibitors of OCT1. Detailed knowledge on the regulation
of OCT1 may provide therapeutic tools to up-regulate
OCT1 in order to improve the hepatic excretion of drugs.

SLC22A2 (0CT2)

OCT?2 has been cloned from rat [38], human [15], mouse,
rabbit, and pig (for references see [26]). It is mainly
expressed in the kidney, but has also been found in human
placenta, rat thymus, rat choroid plexus, and neurons of
the human CNS [5, 15, 26, 38, 48]. In rat and human
kidney, OCT?2 protein was localized to the basolateral
membrane of renal proximal tubules [21, 32]. Most
substrates of human OCT1 are also transported by human
OCT2 (hOCT?2), albeit with different affinities in some
cases [26]. Well-characterized substrates of hOCT?2 are
TEA, MPP, choline, dopamine, histamine, norepineph-
rine, serotonin, amantadine, cimetidine, and memantine
[5, 26]. Inward and outward currents mediated by rat
OCT2 (rOCT2) at different membrane potentials were
investigated in giant excised patches of Xenopus laevis
oocytes injected with rOCT2 cRNA [3]. Choline-induced
currents were potential dependent and symmetrical with
respect to substrate application from outside vs. inside.
The data were consistent with a transport model of a
simple uniporter. At 0 mV, similar K,, values were
obtained for organic cation influx compared to efflux;
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Desipramine secretion

Choline reabsorption

Carnitine reabsorption Acetylsalicylate secretion

Fig. 3a—e Functional subcellular arrangement of SLC22 trans-
porters in human renal proximal tubules. Examples for solute
secretion or reabsorption by cooperative function of SLC22
transporters in the basolateral (right) and luminal membrane (left)
of renal proximal epithelial cells. The transporters are color coded
as in Fig. 1. Broken arrows indicate assumed substrate movements
that have not been demonstrated experimentally. Functionally
characterized transporters that have not been identified at the
molecular level are indicated by numbers (/ Cation/proton
antiporter, 2 polyspecific electrogenic cation transporter at the
luminal membrane, 3 basolateral carnitine transporter.) A role of
OATT1 in urate reabsorption is discussed

however, the membrane potential exhibited opposite
effects on these K, values. The expression of OCT?2 is
dependent on the gender and undergoes short-term
regulation. Renal expression of rOCT2 was higher in
male rats than in females, and administration of testos-
terone to females increased OCT2 expression (for refer-
ences see [26]). hOCT?2 is constitutively activated by the

Ca”*/calmodulin complex and inhibited by the muscarinic
receptor agonist carbachol [6].

Physiological roles

hOCT?2 mediates the first step in renal excretion of many
organic cations drugs such as the antidepressant desipra-
mine (Fig. 3a). This transporter also mediates the second
step in the reabsorption of choline (Fig. 3b). In CNS,
hOCT?2 participates in the regulation of interstitial and
intracellular concentrations of monoamine neurotransmit-
ters and cationic drugs (for references see [26]).

Pathological implications

In hOCT?2, SNPs were identified that caused single amino
acid substitutions at seven positions [30]. In one of these,
the apparent K, value for expressed uptake was decreased
compared to wildtype. Mutations in hOCT2 with im-
paired function may lead to decreased renal excretion of
cationic drugs and/or to increased interstitial concentra-
tions of monoamine neurotransmitters in brain.

Therapeutic aspects

The efficacy of cationic drugs that are mainly excreted by
the kidney can be improved by co-medication of
substrates and/or inhibitors of hOCT2. Pharmaceuticals
that up-regulate hOCT2 in the kidney can increase the
renal excretion of cationic drugs.

SLC22A3 (0CT3)

OCT3 has been isolated from rat, mouse and human [18,
22, 26]. In the human, OCT3 is mainly expressed in
skeletal muscle, liver, placenta, kidney and heart, and to a
lesser extent in brain. In situ hybridization showed the
presence of OCT3 mRNA in hippocampal and cerebellar
neurons of rat and mice [41]; similarly, neuronal local-
ization of OCT3 was also observed by single cell RT-PCR
on neurons of the superior cervical ganglion of the rat
[28]. Human OCT3 (hOCT?3) has substrate and inhibitor
specificities that broadly overlap with those of hOCT1
and hOCT?2 [26]. For example, hOCT3 translocates TEA,
MPP, guanidine, dopamine, norepinephrine, and hista-
mine [18, 22, 62]. Organic cation uptake by rat and
human OCT3 showed sensitivities to some inhibitors of
norepinephrine uptake into cardiac myocytes and human
Caki-1 cells that are similar to the sensitivities of the
previously described extra-neuronal norepinephrine “up-
take, system” (for references see [26]). Since OCT3 is
localized in neurons, and OCT1 and OCT?2 also translo-
cate norepinephrine, OCT3 cannot be equated with the
functional defined “uptake, system” (for further discus-
sion see [26]).



Physiological roles

hOCT3 is thought to be involved in the biliary excretion
of cationic drugs. In CNS, ganglia and heart, hOCT3
regulates the interstitial concentrations of monoamine
neurotransmitters and cationic drugs. In placenta, hOCT3
is responsible for the release of acetylcholine during non-
neuronal cholinergic regulation [58].

Pathological implications

Pharmacokinetic studies in OCT3 knock out-mice showed
that this transporter is required for the uptake of MPP into
heart and placenta [66]. Mutations that impair the
expression or function of hOCT3 should reduce the
hepatic excretion and materno—fetal passage of cationic
drugs. They may have complex effects on neurotrans-
mission.

Therapeutic aspects

Inhibitors of hOCT3 may be employed to suppress the
cardiotoxicity of cationic drugs and to prevent fetal
intoxication when pregnant women are treated with
cationic drugs.

SLC22A4 (OCTN1)

OCTNI1 has been cloned from human, rat, and mouse; the
human transporter (hOCTN1) is expressed in kidney,
skeletal muscle, placenta, prostate, and heart [26, 56].
hOCTNT1 is polyspecific and transports the monovalent
organic cations TEA, quinidine, pyrilamine, verapamil,
and the zwitterion carnitine, whereas it is inhibited by
other organic cations, zwitterions and anions [56, 64].
hOCTN1 mediates TEA transport in either direction. TEA
uptake by hOCTNI1 is independent from an inwardly
directed sodium gradient and membrane potential. Since
an inwardly directed H" gradient stimulates TEA efflux
[64], hOCTNI may work as an electroneutral H*/organic
cation antiporter that mediates the cellular efflux of
organic cations. OCTNI1 is probably localized in the
luminal membrane of renal proximal tubules (Fig. 3a)
where electroneutral H*/organic cation exchange activity
has been described (for further discussion, see [26]).
Large species differences exist with regard to the
localization and transport mechanism of OCTNI. For
example, OCTN1 could not be detected in liver from
adult humans whereas it is strongly expressed in liver
from rats [61]. Also, carnitine uptake by OCTN1 was Na*
dependent for mouse OCTNI, but not for rat OCTNI1 [55,
64].
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Physiological roles

In renal proximal tubules hOCTNI1 participates in the
secretion of organic cations (Fig. 3a). Since it transports
in both directions it may also participate in the reabsorp-
tion of organic cations.

Pathological implications and therapeutic aspects

Defect mutations in hOCTNI1 increase the nephrotoxic
potential of cationic drugs that enter proximal tubules via
hOCT2 (Fig. 3a). Pharmaceutical up-regulation of
hOCTNI should improve the renal secretion of cationic
drugs or xenobiotics without increasing their intracellular
concentrations.

SLC22A5 (0OCTN2)

OCTN?2 has been cloned from human, mouse, and rat [33,
44, 54, 63]. In humans, it is expressed in skeletal muscle,
kidney, heart, brain, and several other tissues (for
references see [26]). In mouse and rat kidney, OCTN2
protein has been localized to the brush-border membrane
of renal proximal tubules [53]. OCTN2 is a Na*/carnitine
cotransporter with a high affinity for carnitine, but can
function alternatively as a polyspecific and Na*-indepen-
dent organic cation uniporter (Fig. 3a, b). Human OCTN2
(hOCTN2) exhibits an apparent K;, for L-carnitine of
~5 uM [54, 57]. In the presence of Na*, hOCTN2
transports short-chain acyl esters of carnitine, the zwit-
terionic S-lactam antibiotic cephaloridine, L-lysine and L-
methionine (for references see [26, 57]). Independently
from Na*, hOCTN?2 translocates the cations TEA, pyril-
amine, verapamil and choline, and the weak base
quinidine [36, 57]. The zwitterions and organic cations
probably interact with the same, single substrate binding
pocket of hOCT?2 because carnitine uptake by hOCTN2
was competitively inhibited by TEA, and TEA uptake by
hOCTN2 was competitively inhibited by carnitine [34,
46]. Mutations in TMDs 4 and 11 lead to inhibition of
carnitine uptake by hOCTN2, but do not affect organic
cation uptake (Fig. 2). Mouse OCTN2 can translocate
organic cations in either direction. Furthermore, carnitine
uptake is trans-stimulated by TEA, and TEA efflux is
trans-stimulated by carnitine [35]. In mice with a defect
mutation of OCTN2 (jvs-mice), the renal excretion of
intravenously injected ['*C]TEA was reduced by 50%
[35].

Physiological roles

hOCTN2 mediates the active step in reabsorption of L-
carnitine in the proximal tubule (Fig. 3¢) and transports L-
carnitine into adipocytes and heart muscle cells. L-
Carnitine is required for the transport of fatty acids into
mitochondria by an L-carnitine-acyl cotransporter. In the
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mitochondria fatty acids are degraded by S-oxidation. In
addition to carnitine uptake, OCTN2 contributes to the
secretion and reabsorption of organ cations in renal
proximal tubules (see Fig. 3a, b).

Pathological implications

Homozygous nonsense or missense mutations in hOCTN2
cause a recessively inherited disorder called “primary
systemic carnitine deficiency” [33]. The defect of carni-
tine reabsorption in kidney and carnitine uptake in cardiac
muscle leads to the inhibition of JB-oxidation of fatty
acids. This results in hypoketotic hypoglycemia, hyper-
ammonemia, cardiomyopathy, and progressive muscle
weakness. Defect mutations in hOCTN2 may also lead to
an impaired reabsorption and secretion of organic cations.

Therapeutic aspects

Patients with primary systemic carnitine deficiency are
treated by oral supplementation of carnitine. In patients
with partial defects of OCTN2, medication with cationic
drugs interacting with OCTN2 should be avoided or
supplemented with carnitine.

mOCTN3

This transporter was found only in mice [55] where it is
expressed in testis and kidney. It translocates L-carnitine
with an apparent K, of 3 uM which is seven times lower
than in mouse OCTN2. In contrast to OCTN subtype 2
from mouse and other species, mOCTN3 transports
carnitine independently from Na*. Given that carnitine
uptake by OCTN3 was not inhibited by 0.5 mM choline,
and inhibited only by 54% by 0.5 mM TEA, OCTN3
appears less relevant quantitatively for organic cation
transport than OCTN1 and OCTN2.

hCT2

hCT2 is another high-affinity carnitine transporter that
has been identified in humans [12]. Apart from several N-
terminal amino acids, hCT2 is identical to a gene product
named OCT6 found in hematopoietic cells [14]. hCT2 is
mainly expressed in testes where it is localized to Sertoli
cells and epithelial cells of the epididymal ducts [12].
hCT2 has a greater substrate selectivity than hOCT1-3
and hOCTNI1-2 insofar as it interacts with carnitine and
betaine, but not with TEA and several other organic
anions. It translocates L-carnitine in either direction
across the plasma membrane.

Physiological roles

hCT?2 is essential for the secretion of L-carnitine into the
lumen of epididymal duct which is required for the
viability of spermatozoa.

Pathological implications and therapeutic aspects

Defect mutations in hCT2 may lead to male infertility that
may be treated by supplementation with carnitine.
Specific inhibitors of hCT2 might be able to be used as
male contraceptives.

SLC22A6 (0AT1)

The first organic anion transporters of the SLC22 family,
OAT]1 from the kidneys of rat [45, 52] and flounder [60],
were identified by expression cloning. Subsequent clon-
ing efforts have identified the human ortholog hOATI1
[19, 39] with two splice variants, and orthologs from
rabbit, pig, and mouse (for references see [4]). Northern
blot analysis revealed that hOAT]1 is strongly expressed in
kidney, with the additional expression of differently sized
transcripts in skeletal muscle, placenta, and brain (for
references see [4]). By immunohistochemistry, OAT1 was
localized to the basolateral membrane of the renal
proximal tubule in rat and humans [19, 27]. OAT1 from
different species displayed a remarkably wide substrate
selectivity, covering endogenoussubstrates such as cyclic
nucleotides, prostaglandins and uric acid as well as a
variety of structurally different drugs such as antibiotics,
nonsteroidal anti-inflammatory drugs, diuretics, antineo-
plastic drugs, and uricosuric drugs. The basic character-
ization of OATI transporters was performed with p-
aminohippurate (PAH). PAH uptake was sodium-inde-
pendent. The K, of PAH uptake by hOAT1 measured in
different laboratories varied largely; the mean value from
eight investigations was 12 uM [4]. PAH uptake by
rOATI and hOAT1 was increased by an outwardly
directed concentration gradient of oa-ketoglutarate or
glutarate (for references see [4]). This is consistent with
the idea that OATI is an organic anion/dicarboxylate
exchanger and that the inside>outside concentration
difference of a-ketoglutarate provides the driving force
for the uptake of organic anions against the opposing
force exerted by the inside-negative membrane potential
[4]. Mutagenesis experiments suggested that arginine 478
in TMD11 of flounder OAT1 (equivalent to aspartate 475
in rOCT1, see Fig. 2) is part of the substrate binding site
[59].

Physiological roles
hOAT]1 mediates the first step in the renal excretion of

many anionic drugs and endogenous anions operating in
parallel with hOAT2 and hOAT3 that have largely



overlapping substrate specificities (Fig. 3d). Basolateral
uptake of organic anions by hOAT1 may stimulate urate/
anion antiport at the luminal membrane. Mediating the
cellular release of organic anions over the basolateral
membrane, hOAT1 also participates in the renal reab-
sorption of organic anions (Fig. 3d). In placenta hOAT1 is
involved in the materno—fetal passage of anionic drugs.

Pathological implications

Defect mutations in hOAT1 should lead to reduced renal
secretion of drugs that are transported by hOAT1 but not
by OAT2 and/or OATS3.

Therapeutic aspects

The efficacy of anionic drugs can be improved and their
materno—fetal passage reduced by co-medication of
substrates and/or inhibitors of hOAT1, hOAT2 and/or
hOATS3.

SLC22A7 (0AT2)

In 1994, a gene product (NLT) with sequence motifs of
the major facilitator superfamily was cloned from rat liver
but not characterized functionally [47]. In 1998 NLT was
re-cloned, expressed in Xenopus oocytes, identified as a
polyspecific organic anion transporter, and renamed
rOAT2 [43]. The human ortholog hOAT2 [37] is
expressed in liver and to a lesser extent in kidney [37].
In rat, OAT2 was localized to the apical surface of the
medullary thick ascending limb of Henle’s loop and the
collecting duct [27], whereas human OAT2 was localized
to the basolateral membrane of the proximal tubule [11].
When expressed in Xenopus laevis oocytes, tOAT2
mediated the uptake of PAH, dicarboxylates, PGE,,
salicylate, and acetylsalicylate [43].

Physiological roles

hOAT? participates in the renal reabsorption of organic
drugs. In liver it mediates the uptake of small anionic
drugs into hepatocytes where they may be metabolized or
excreted into the bile.

Pathological implications and therapeutic aspects

Defect mutations of hOAT2 may lead to reduced
metabolism of anionic drugs in the liver. Hepatotoxicity
of anionic drugs or xenobiotics may by be reduced by co-
medication with substrates or inhibitors of hOAT?2.
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SLC22A8 (0AT3)

OAT3 has been cloned from rat, human, and mouse [2, 7,
29]. Northern blot analysis revealed strong expression of
rOAT3 in the liver, weaker expression in brain and
kidney, and some expression in the eye. At variance,
human OAT3 (hOAT3) was strongly expressed in kidney
as well as in brain and skeletal muscle, but not in liver. In
mice, OAT3 was also detected in developing bone [2]. In
kidney, rOAT3 and hOAT3 were located to the basolat-
eral membrane of proximal tubules (Fig. 3d, e). In brain,
rOAT3 was located to the luminal membrane of the
choroid plexus (for references see [4]). Rat and human
OATs exhibited similar functional characteristics. For
example, both transporters mediated the uptake of PAH
and estrone sulfate with similar affinity (K, for PAH: 65
vs. 87 uM, K, for estrone sulfate: 2.3 vs. 3.1 uM,
respectively). They also transported the weak base
cimetidine. Estrone sulfate uptake and efflux via rOAT3
and hOAT3 were not trans-stimulated by PAH or estrone
sulfate [7, 29]. In contrast, uptake of PAH and estrone
sulfate via rOAT3 could be frans-stimulated by glutarate
[50]. Thus, basolateral anion uptake by OAT3 may be
driven by outwardly directed gradients of dicarboxylates.
Point mutations in rOAT3 showed that the 7th, 8th and
11th predicted TMDs are involved in substrate binding
and/or translocation (Fig. 2).

Physiological roles

hOATS3 participates in renal excretion and reabsorption of
anionic drugs (Fig. 3d). It may also be involved in the
absorption of organic anions from the cerebrospinal fluid
by the choriod plexus. Since failure to express OAT3
during development may cause osteosclerosis in mice,
OAT3 may influence the calcification of bone by a
mechanism that remains to be clarified [2].

Pathological implications

Uptake measurements with kidney slices and choroid
plexus of OAT3 knockout-mice showed that the renal
excretion of organic anions and their absorption in the
choroid plexus are impaired when the expression or
function of OAT?3 is disturbed [51].

Therapeutic aspects

Renal excretion and nephrotoxicity of anionic drugs that
are transported by hOAT3 may be decreased by co-
medication of substrates and/or inhibitors of this trans-
porter.



674
SLC22A11 (0AT4)

In 2000, human OAT4 (SCL22A11) was isolated and
characterized functionally [8]. One year later, a different
human gene product was cloned that was also named
OAT4 [49]. We suggest calling this second gene product
of unknown function hUST3 until a function has been
established since an identical cDNA named UST3 exists
(see Table 1). Northern blot analysis revealed that OAT4
(i.e., SLC22A11) is abundantly expressed in kidney and
placenta. In kidney, hOAT4 protein was located to the
apical side of proximal tubule cells [1]. OAT4 mediates
Na*-independent, high-affinity transport of estrone sulfate
(Ky=1.0 uM), dehydroepiandrosterone sulfate, ochratoxin
A, and prostaglandins E, and F,, [8, 24]. Estrone sulfate
transport via OAT4 is inhibited by sulfate conjugates
(e.g., p-nitrophenyl sulfate, a-naphthylsulfate and 4-
methylumbelliferyl sulfate), but not by the respective S-
D-glucuronate conjugates.

Physiological roles

hOAT4 is thought to mediate the first step in the
reabsorption of ultrafiltrated prostaglandins, anionic drugs
and xenobiotics in renal proximal tubules (Fig. 3d). Since
hOAT4 transports in both directions it may also be
involved in anion secretion [8]. In the placenta, OAT4 is
thought to be important for the excretion of toxic anionic
substances from fetal into maternal circulation.

Pathological implications and therapeutic aspects

Defect mutations of hOAT4 may lead to renal loss of
prostaglandins and fetal intoxication. This may be
overcome by up-regulation of prostaglandins and/or
hOAT4 expression.

0ATS

Recently, an additional anion transporter was isolated
from a rat kidney cDNA library that encodes a protein
with 551 amino acids and is named OAT5 (Endou and
coworkers, unpublished data). This rat OAT5 has 55%
amino acid identity to a human gene product named
hOATS which has not been functionally characterized yet
[49]. It seems to be, therefore, unlikely that hOATS is a
human homolog of rat OATS. Northern blot analysis
demonstrated that rat OATS5 mRNA is exclusively
expressed in the kidney, whereas hOATS is exclusively
expressed in liver. When expressed in Xenopus oocytes,
rOATS5 mediates the Na*-independent transport of sulfo-
conjugated steroids such as estrone sulfate (K,=23.6 uM)
and of ochratoxin A (K,=0.3 uM). rOATS also interacts
with nonsteroidal anti-inflammatory drugs, diuretics,
sulfobromophthalein, penicillin G, and other sulfate
conjugates such as 4-methylumbelliferyl sulfate and S-

estradiol sulfate. By immunohistochemistry, OATS pro-
tein was found in the apical membrane of renal proximal
tubules mainly at the cortico-medullary junction.

SLC22A12 (URAT1)

Urate is a naturally occurring product of purine metab-
olism. Its concentration in human blood is particularly
high (200-500 pM) as compared to other mammals
because the human kidney efficiently reabsorbs urate
from the filtrate. The long-hypothesized urate transporter
in human kidney turned out to be a member of the SLC22
family. It was identified by in-silico cloning and named
URATI1 [10]. URAT1 was expressed exclusively in the
kidney where it was located in the luminal membrane of
proximal tubules. After expression in Xenopus oocytes,
URATI showed Na*-independent uptake of urate with an
apparent K, of 370 uM. Urate uptake via URATI1 was
trans-stimulated by inorganic anions such as CI" and
nitrate, and to a larger extent by the organic anions L-
lactate, pyrazinecarboxylic acid, and nicotinate. Efflux of

3CI or [*H]-nicotinate in oocytes expressing URAT1 was
trans-stimulated by urate. This suggests that URATI
functions as a urate/anion antiporter.

Physiological roles

URATTI is involved in renal reabsorption of urate and
helps to maintain blood levels of uric acid. It translocates
urate over the luminal plasma membrane of proximal
tubular cells in exchange for anions. At the basolateral
membrane urate is released via the organic anion
transporter OAT3.

Pathological implications

The pivotal role of URAT]1 in renal reabsorption of urate
was indicated by the finding that patients with idiopathic
renal hypouricemia that exhibit increased renal urate
excretion and decreased blood urate levels have defect
mutations in the URATI gene [10]. This disorder is
characterized by exercise-induced renal failure that is
triggered by increased production of uric acid and
reactive oxygen species during exercise. Tubular cell
death may be caused by formation of uric acid crystals in
combination with oxygen stress. Certain drugs that are
used to treat inflammation may have ‘“uricosuric” or
“antiuricosuric” effects by inhibiting or stimulating
URATI. Antiuricosuric drugs increase the risk for gout.

Therapeutic aspects

Drugs that stimulate expression of transport activity of
URATI1 may be employed for treatment of gout.



References

1.

10.

11.

12.

13.

14.

16.

Babu E, Takeda M, Narikawa S, Kobayashi Y, Enomoto A,
Tojo A, Cha SH, Sekine T, Sakthisekaran D, Endou H (2002)
Role of human organic anion transporter 4 in the transport of
ochratoxin A. Biochim Biophys Acta 1590:64-75

. Brady KP, Dushkin H, Fornzler D, Koike T, Magner F, Her H,

Gullans S, Segre GV, Green RM, Beier DR (1999) A novel
putative transporter maps to the osteosclerosis (oc) mutation
and is not expressed in the oc mutant mouse. Genomics
56:254-261

. Budiman T, Bamberg E, Koepsell H, Nagel G (2000) Mech-

anism of electrogenic cation transport by the cloned organic
cation transporter 2 from rat. J Biol Chem 275:29413-29420

. Burckhardt BC, Burckhardt G (2003) Transport of organic

anions across the basolateral membrane of proximal tubule
cells. Rev Physiol Biochem Pharmacol 146:95-158

. Busch AE, Karbach U, Miska D, Gorboulev V, Akhoundova A,

Volk C, Arndt P, Ulzheimer JC, Sonders MS, Baumann C,
Waldegger S, Lang F, Koepsell H (1998) Human neurons
express the polyspecific cation transporter hOCT2, which
translocates monoamine neurotransmitters, amantadine, and
memantine. Mol Pharmacol 54:342-352

. Cetinkaya I, Ciarimboli G, Yalcinkaya G, Mehrens T, Velic A,

Hirsch JR., Gorboulev V, Koepsell H, Schlatter E (2003)
Regulation of human organic cation transporter hOCT2 by
PKA, P13K, and calmodulin-dependent kinases. Am J Physiol
Renal Physiol 284:F293-F302

. Cha SH, Sekine T, Fukushima JI, Kanai Y, Kobayashi Y, Goya

T, Endou H (2001) Identification and characterization of human
organic anion transporter 3 expressing predominantly in the
kidney. Mol Pharmacol 59:1277-1286

. Cha SH, Sekine T, Kusuhara H, Yu E, Kim JY, Kim DK,

Sugiyama Y, Kanai Y, Endou H (2000) Molecular cloning and
characterization of multispecific organic anion transporter 4
expressed in the placenta. J Biol Chem 275:4507-4512

. Chen JJ, Li Z, Pan H, Murphy DL, Tamir H, Koepsell H,

Gershon MD (2001) Maintenance of serotonin in the intestinal
mucosa and ganglia of mice that lack the high-affinity serotonin
transporter: abnormal intestinal motility and the expression of
cation transporters. J Neurosci 21:6348-6361

Enomoto A, Kimura H, Chairoungdua A, Shigeta Y, Jutabha P,
Cha SH, Hosoyamada M, Takeda M, Sekine T, Igarashi T,
Matsuo H, Kikuchi Y, Oda T, Ichida K, Hosoya T, Shimokata
K, Niwa T, Kanai Y, Endou H (2002) Molecular identification
of a renal-urate anion exchanger that regulates blood urate
levels. Nature 417:447-452

Enomoto A, Takeda M, Shimoda M, Narikawa S, Kobayashi Y,
Kobayashi Y, Yamamoto T, Sekine T, Cha SH, Niwa T, Endou
H (2002) Interaction of human organic anion transporters 2 and
4 with organic anion transport inhibitors. J Pharmacol Exp Ther
301:797-802

Enomoto A, Wempe MF, Tsuchida H, Shin HJ, Cha SH, Anzai
N, Goto A, Sakamoto A, Niwa T, Kanai Y, Anders MW, Endou
H (2002) Molecular identification of a novel carnitine trans-
porter specific to human testis: Insights into the mechanism of
carnitine recognition. J Biol Chem 277:36262-36271

Eraly SA, Hamilton BA, Nigam SK (2003) Organic anion and
cation transporters occur in pairs of similar and similarly
expressed genes. Biochem Biophys Res Commun 300:333-342
Gong S, Lu X, Xu Y, Swiderski CF, Jordan CT, Moscow JA
(2002) Identification of OCT6 as a novel organic cation
transporter preferentially expressed in hematopoietic cells and
leukemias. Exp Hematol 30:1162-1169

. Gorboulev V, Ulzheimer JC, Akhoundova A, Ulzheimer-

Teuber I, Karbach U, Quester S, Baumann C, Lang F, Busch
AE, Koepsell H (1997) Cloning and characterization of two
human polyspecific organic cation transporters. DNA Cell Biol
16:871-881

Gorboulev V, Volk C, Arndt P, Akhoundova A, Koepsell H
(1999) Selectivity of the polyspecific cation transporter rOCT1

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

217.

28.

29.

30.

31.

32.

33.

675

is changed by mutation of aspartate 475 to glutamate. Mol
Pharmacol 56:1254-1261

Griindemann D, Gorboulev V, Gambaryan S, Veyhl M,
Koepsell H (1994) Drug excretion mediated by a new prototype
of polyspecific transporter. Nature 372:549-552

Griindemann D, Schechinger B, Rappold GA, Schomig E
(1998) Molecular identification of the corticosterone-sensitive
extraneuronal catecholamine transporter. Nat Neurosci 1:349—
352

Hosoyamada M, Sekine T, Kanai Y, Endou H (1999) Molecular
cloning and functional expression of a multispecific organic
anion transporter from human kidney. Am J Physiol Renal
Physiol 276:F122-F128

Jonker JW, Wagenaar E, Mol CAAM, Buitelaar M, Koepsell H,
Smit JW, Schinkel AH (2001) Reduced hepatic uptake and
intestinal excretion of organic cations in mice with a targeted
disruption of the organic cation transporter 1 (octl[Slc22al])
gene. Mol Cell Biol 21:5471-5477

Karbach U, Kricke J, Meyer-Wentrup F, Gorboulev V, Volk C,
Loffing-Cueni D, Kaissling B, Bachmann S, Koepsell H (2000)
Localization of organic cation transporters OCT1 and OCT2 in
rat kidney. Am J Physiol Renal Physiol 279:F679-F687
Kekuda R, Prasad PD, Wu X, Wang H, Fei Y-J, Leibach FH,
Ganapathy V (1998) Cloning and functional characterization of
a potential-sensitive, polyspecific organic cation transporter
(OCT3) most abundantly expressed in placenta. J Biol Chem
273:15971-15979

Kerb R, Brinkmann U, Chatskaia N, Gorbunov D, Gorboulev
V, Mornhinweg E, Keil A, Eichelbaum M, Koepsell H (2002)
Identification of genetic variations of the human organic cation
transporter hOCT1 and their functional consequences. Phar-
macogenetics 12:591-595

Kimura H, Takeda M, Narikawa S, Enomoto A, Ichida K,
Endou H (2002) Human organic anion transporters and human
organic cation transporters mediate renal transport of prosta-
glandins. J Pharmacol Exp Ther 301:293-298

Koepsell H (1998) Organic cation transporters in intestine,
kidney, liver, and brain. Annu Rev Physiol 60:243-266
Koepsell H, Schmitt BM, Gorboulev V (2003) Organic Cation
Transporters. Rev Physiol Biochem Pharmacol DOI 10.1007/
$10254-003-0017-x

Kojima R, Sekine T, Kawachi M, Cha SH, Suzuki Y, Endou H
(2002) Immunolocalization of multispecific organic anion
transporters, OAT1, OAT2, and OAT3, in rat kidney. J Am
Soc Nephrol 13:848-857

Kristufek D, Rudorfer W, Pifl C, Huck S (2002) Organic cation
transporter mRNA and function in the rat superior cervical
ganglion. J Physiol (Lond) 543:117-134

Kusuhara H, Sekine T, Utsunomiya-Tate N, Tsuda M, Kojima
R, Cha SH, Sugiyama Y, Kanai Y, Endou H (1999) Molecular
cloning and characterization of a new multispecific organic
anion transporter from rat brain. J Biol Chem 274:13675-13680
Leabman MK, Huang CC, Kawamoto M, Johns SJ, Stryke D,
Ferrin TE, DeYoung J, Taylor T, Clark AG, Herskowitz I,
Giacomini KM (2002) Polymorphisms in a human kidney
xenobiotic transporter, OCT2, exhibit altered function. Phar-
macogenetics 12:395-405

Mehrens T, Lelleck S, Cetinkaya I, Knollmann M, Hohage H,
Gorboulev V, Boknik P, Koepsell H, Schlatter E (2000) The
affinity of the organic cation transporter rOCT]1 is increased by
protein kinase C-dependent phosphorylation. ] Am Soc Nephrol
11:1216-1224

Motohashi H, Sakurai Y, Saito H, Masuda S, Urakami Y, Goto
M, Fukatsu A, Ogawa O, Inui K-I (2002) Gene expression
levels and immunolocalization of organic ion transporters in the
human kidney. J Am Soc Nephrol 13:866-874

Nezu J-I, Tamai I, Oku A, Ohashi R, Yabuuchi H, Hashimoto
N, Nikaido H, Sai Y, Koizumi A, Shoji Y, Takada G, Matsuishi
T, Yoshino M, Kato H, Ohura T, Tsujimoto G, Hayakawa J-I,
Shimane M, Tsuji A (1999) Primary systemic carnitine
deficiency is caused by mutations in a gene encoding sodium
ion-dependent carnitine transporter. Nat Genet 21:91-94



676
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ohashi R, Tamai I, Inano A, Katsura M, Sai Y, Nezu J-1, Tsuji
A (2002) Studies on functional sites of organic cation/carnitine
transporter OCTN2 (SLC22A5) using a Ser467Cys mutant
protein. J Pharmacol Exp Ther 302:1286-1294

Ohashi R, Tamai I, Nezu J-I, Nikaido H, Hashimoto N, Oku A,
Sai Y, Shimane M, Tsuji A (2001) Molecular and physiological
evidence for multifunctionality of carnitine/organic cation
transporter OCTN2. Mol Pharmacol 59:358-366

Ohashi R, Tamai I, Yabuuchi H, Nezu J-I, Oku A, Sai Y,
Shimane M, Tsuji A (1999) Na*-dependent carnitine transport
by organic cation transporter (OCTN2): its pharmacological
and toxicological relevance. J Pharmacol Exp Ther 291:778—
784

Ohsiro N, Kobayashi Y, Tokuyama S, Sekine T, Endou H,
Yamamoto T (2000) Molecular mechanism of drug transport.
Jpn J Pharmacol 82:155P

Okuda M, Saito H, Urakami Y, Takano M, Inui K-I (1996)
c¢DNA cloning and functional expression of a novel rat kidney
organic cation transporter, OCT2. Biochem Biophys Res
Commun 224:500-507

Reid G, Wolff NA, Dautzenberg FM, Burckhardt G (1998)
Cloning of a human renal p-aminohippurate transporter,
hROAT1. Kidney Blood Press Res 21:233-237

Schlatter E, Monnich V, Cetinkaya I, Mehrens T, Ciarimboli G,
Hirsch JR, Popp C, Koepsell H (2002) The organic cation
transporters rOCT1 and hOCT2 are inhibited by cGMP. J
Membr Biol 189:237-244

Schmitt A, Mdssner R, Gossmann A, Fischer IG, Gorboulev V,
Murphy DL, Koepsell H, Lesch KP (2003) Organic cation
transporter capable of transporting serotonin is up-regulated in
serotonin transporter-deficient mice. J Neurosci Res 71:701—
709

Sekine T, Cha SH, Endou H (2000) The multispecific organic
anion transporter (OAT) family. Pflugers Arch 440:337-350
Sekine T, Cha SH, Tsuda M, Apiwattanakul N, Nakajima N,
Kanai Y, Endou H (1998) Identification of multispecific
organic anion transporter 2 expressed predominantly in the
liver. FEBS Lett 429:179-182

Sekine T, Kusuhara H, Utsunomiya-Tate N, Tsuda M, Sugiya-
ma Y, Kanai Y, Endou H (1998) Molecular cloning and
characterization of high-affinity carnitine transporter from rat
intestine. Biochem Biophys Res Commun 251:586-591
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
272:18526-18529

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 transport
function. J Biol Chem 274:33388-33392

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 107:1065-1072

Slitt AL, Cherringtion NJ, Hartley DP, Leazer TM, Klaassen
CD (2002) Tissue distribution and renal developmental changes
in rat organic cation transporter mRNA levels. Drug Metab
Dispos 30:212-219

Sun W, Wu RR, van Poelje PD, Erion MD (2001) Isolation of a
family of organic anion transporters from human liver and
kidney. Biochem Biophys Res Commun 283:417-422

Sweet DH, Chan LMS, Walden R, Yang X-P, Miller DS,
Pritchard JB (2003) Organic anion transporter 3 (S/c22a8) is a
dicarboxylate exchanger indirectly coupled to the Na* gradient.
Am J Physiol Renal Physiol 284:F763-F769

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62

63.

64.

65.

66.

Sweet DH, Miller DS, Pritchard JB, Fujiwara Y, Beier DR,
Nigam SK (2002) Impaired organic anion transport in kidney
and choroid plexus of organic anion transporter 3 (Oat3
(S1c22a8)) knockout mice. J Biol Chem 277:26934-26943
Sweet DH, Wolff NA, Pritchard JB (1997) Expression cloning
and characterization of ROATI, the basolateral organic anion
transporter in rat kidney. J Biol Chem 272:30088-30095
Tamai I, China K, Sai Y, Kobayashi D, Nezu J-I, Kawahara E,
Tsuji A (2001) Na*-coupled transport of L-carnitine via high-
affinity carnitine transporter OCTN2 and its subcellular local-
ization in kidney. Biochim Biophys Acta 1512:273-284
Tamai I, Ohashi R, Nezu J-1, Yabuuchi H, Oku A, Shimane M,
Sai Y, Tsuji A (1998) Molecular and functional identification
of sodium ion-dependent, high affinity human carnitine trans-
porter OCTN2. J Biol Chem 273:20378-20382

Tamai I, Ohashi R, Nezu J-I, Sai Y, Kobayashi D, Oku A,
Shimane M, Tsuji A (2000) Molecular and functional charac-
terization of organic cation/carnitine transporter family in mice.
J Biol Chem 275:40064-40072

Tamai I, Yabuuchi H, Nezu J-I, Sai Y, Oku A, Shimane M,
Tsuji A (1997) Cloning and characterization of a novel human
pH-dependent organic cation transporter, OCTN1. FEBS Lett
419:107-111

Wagner CA, Liikewille U, Kaltenbach S, Moschen I, Broer A,
Risler T, Broer S, Lang F (2000) Functional and pharmaco-
logical characterization of the human Na®-carnitine cotrans-
porter hOCTN2. Am J Physiol Renal Physiol 279:F584-F591
Wessler I, Roth E, Deutsch C, Brockerhoff P, Bittinger F,
Kirkpatrick CJ, Kilbinger H (2001) Release of non-neuronal
acetylcholine from the isolated human placenta is mediated by
organic cation transporters. Br J Pharmacol 134:951-956
Wolff NA, Griinwald B, Friedrich B, Lang F, Godehardt S,
Burckhardt G (2001) Cationic amino acids involved in
dicarboxylate binding of the flounder renal organic anion
transporter. J] Am Soc Nephrol 12:2012-2018

Wolff NA, Werner A, Burkhardt S, Burckhardt G (1997)
Expression cloning and characterization of a renal organic
anion transporter from winter flounder. FEBS Lett 417:287—
291

Wu X, George RL, Huang W, Wang H, Conway SJ, Leibach
FH, Ganapathy V (2000) Structural and functional character-
istics and tissue distribution pattern of rat OCTNI, an organic
cation transporter, cloned from placenta. Biochim Biophys Acta
1466:315-327

. Wu X, Kekuda R, Huang W, Fei Y-J, Leibach FH, Chen J,

Conway SJ, Ganapathy V (1998) Identity of the organic cation
transporter OCT3 as the extraneuronal monoamine transporter
(uptake,) and evidence for the expression of the transporter in
the brain. J Biol Chem 273:32776-32786

Wu X, Prasad PD, Leibach FH, Ganapathy V (1998) cDNA
sequence, transport function, and genomic organization of
human OCTN2, a new member of the organic cation transporter
family. Biochem Biophys Res Commun 246:589-595
Yabuuchi H, Tamai I, Nezu J-I, Sakamoto K, Oku A, Shimane
M, Sai Y, Tsuji A (1999) Novel membrane transporter OCTN1
mediates multispecific, bidirectional, and pH-dependent trans-
port of organic cations. J Pharmacol Exp Ther 289:768-773
Zhang L, Dresser MJ, Gray AT, Yost SC, Terashita S,
Giacomini KM (1997) Cloning and functional expression of a
human liver organic cation transporter. Mol Pharmacol 51:913—
921

Zwart R, Verhaagh S, Buitelaar M, Popp-Snijders C, Barlow
DP (2001) Impaired activity of the extraneuronal monoamine
transporter system known as uptake-2 in Orct3/Slc22a3-
deficient mice. Mol Cell Biol 21:4188-4196



