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The orphan transporter hORCTL3 (human organic cation
transporter like 3; SLC22A13) is highly expressed in kidneys and
to a weaker extent in brain, heart, and intestine. hORCTL3-ex-
pressing Xenopus laevis oocytes showed uptake of [3H]nicoti-
nate, [3H]p-aminohippurate, and [14C]urate. Hence, hORCTL3
is an organic anion transporter, and we renamed it hOAT10.
[3H]Nicotinate transport by hOAT10 into X. laevis oocytes and
into Caco-2 cells was saturable withMichaelis constants (Km) of
22 and 44 �M, respectively, suggesting that hOAT10may be the
molecular equivalent of the postulated high affinity nicotinate
transporter in kidneys and intestine. The pH dependence of
hOAT10 suggests p-aminohippurate�/OH�, urate�/OH�, and
nicotinate�/OH� exchange as possible transport modes. Urate
inhibited [3H]nicotinate transport by hOAT10 with an IC50
valueof 759�M, assuming that hOAT10 represents a lowaffinity
urate transporter. hOAT10-mediated [14C]urate uptake was
elevated by an exchange with L-lactate, pyrazinoate, and nico-
tinate. Surprisingly, we have detected urate�/glutathione
exchange by hOAT10, consistent with an involvement of
hOAT10 in the renal glutathione cycle. Uricosurics, diuretics,
and cyclosporine A showed substantial interactions with
hOAT10, of which cyclosporine A enhanced [14C]urate uptake,
providing the first molecular evidence for cyclosporine A-in-
duced hyperuricemia.

The kidneys represent one avenue for the secretion of a large
number of charged molecules. Among these are metabolites as
well as exogenous substances such as drugs and environmental
toxins, which are substrates for transporters of a family called
solute carrier (SLC)2 family 22A. This transporter family con-
sists of organic anion transporters (OATs), organic cation
transporters (OCTs), and zwitterion transporters. In the last

decade, many members of these three subfamilies were identi-
fied and functionally characterized (for review see Refs. 1–3).
However, some proteins, which were classified under the
SLC22 family, e.g.ORCTL3, ORCTL4, FLIPT1, or BOCT, have
still not been characterized and are called orphan transporters
(4).
The family of OATs (SLC22A) was discovered in 1997 with

the cloning of the renal rat and flounder OAT1 (rOAT1 (5, 6)
and fOAT (7)). Meanwhile, nine OATs were functionally iden-
tified (OAT1, OAT2 (8), OAT3 (9), OAT4 (10), Oat5 (11), Oat6
(12), OAT7 (13), Oatv1 (14), and the urate transporter URAT1
(15)).Most of these are highly expressed in the kidneys (OAT1-
OAT4, Oat5, Oatv1, and URAT1), whereas Oat6 is only
expressed in the olfactory bulb, and the recently identified
humanOAT7 is currently the only liver-specificOAT.The sub-
strate panel of OATs includes important endogenous com-
pounds like urate (15–17), prostaglandins (18), neurotransmit-
ter and tryptophanmetabolites (19, 20), sulfated steroids, and a
long list of drugs such as anti-viral drugs, antibiotics, antidotes
(21), or diuretics (22–24).
hORCTL3 (human organic cation transporter like 3) was

first described in 1998 together with hORCTL4 on chromo-
some 3p21.3 and noted to be ubiquitously expressed with
some preference for kidneys, small intestine, and colon as
detected by Northern blot analysis (25). It was speculated
that hORCTL3 may function as a polyspecific organic cation
transporter in several tissues. However, protein sequence
alignments of all knownOCTs andOATs, including the non-
classified orphan transporters listed in solute carrier family
22 (SLC22) revealed several highly conserved amino acids
(data not shown). On the basis of these amino acid compar-
isons, we hypothesized that hORCTL3 is an organic anion
transporter.
In the present paper, we have examined the properties of the

orphan transporter human ORCTL3. We have found that
hORCTL3 is highly expressed at the apical side of renal proxi-
mal tubule cells in a gender-dependent manner. Furthermore,
we provide evidence that hORCTL3 is a urate and the first
identified high affinity nicotinate exchanger in kidneys and
intestine. Therefore, we renamed hORCTL3 hOAT10 (human
organic anion transporter 10). Finally, we present the first
molecular data for a cyclosporine A-induced hyperuricemia via
elevation of urate reabsorption by hOAT10.
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EXPERIMENTAL PROCEDURES

Reagents—Materials used included fetal bovine serum, tryp-
sin, and PBS from Invitrogen. Buffer ingredients and unlabeled
substrates were provided by Sigma-Aldrich. [2-3H]PAH (3.25
Ci/mmol) was provided by PerkinElmer Life Sciences.
[8-14C]Uric acid (urate) (50 Ci/mmol) and [5,6-3H]nicotinic
acid (nicotinate) (60 Ci/mmol) were obtained from Biotrend
(Cologne, Germany).
cDNA Clone—Sequencing of the entire expressed sequence

tag clone, which we purchased from the Resource Center/Pri-
mary Data Base, cloned into pSPORT6 expression vector
(IMAGp998D1711455Q3; GenBankTM accession number
BI517655), using an automated sequencer (Applied Biosys-
tems, Inc., Weiterstadt, Germany) and on-line services (e.g. the
Multiple SequenceAlignment Program) (26) revealed the com-
plete open reading frame of the novel hOAT10.
RT-PCR Analysis—Total RNA of several different tissues

(First Choice Human Total RNA panel) were obtained from
Ambion (Austin, TX). Total RNA from Caco-2 cells (6 days
after confluence) was prepared with SV-total RNA isolation
system (Promega) according to the manufacturer’s protocol. 2
�g of each total RNA was reverse transcribed in a 20-�l assay
applying 200 units of Moloney murine leukemia virus RT (Pro-
mega) for 1 h at 37 °C. 4–5 �l of the respective RT was used in
a PCR with hOAT10_299 (sense) 5�-CCACCGCTTCAATGA-
GAC-3�, hOAT10_1038 (antisense) 5�-GACTGTCCACAAA-
CCAGAC-3�, GAPDH_334 (sense) 5�-TCACCATCTTCCAG-
GAGCG-3�, and GAPDH_905 (antisense) 5�-CTGCTTCACC-
ACCTTCTTGA-3� as a control, performing 35 cycles (for
hOAT10 tissue expression), 40 cycles (for hOAT10 expression
in Caco-2 cells), and 20 cycles (for GAPDH) at 94 °C for 20 s, at
55 °C (for hOAT10) or 58 °C (for GAPDH) for 30 s, and at 72 °C
for 1.5 min followed by a single 10-min cycle at 72 °C for exten-
sion. RT-PCRproducts were electrophoresed on a 1.5% agarose
gel and visualized using ethidium bromide and a computer-
based documentation system (Intas, Göttingen, Germany).
Real Time PCR Analysis—Total RNA of human female kidney

and cDNA from these probes were prepared as described previ-
ously (27).Real timePCRwasperformedusinghORCTL3-specific
TaqManprimers and the real timePCRkit, according to theman-
ufacturer’s protocol (Applied Biosystems, Inc.).
Antibody, SDS-PAGE, and Western Blot Analysis—An

immune serum against the peptide sequence in the internal
loop of the protein (amino acids 306–319, LMNQLVPEKTG-
PSG), which is highly conserved among the species hOAT10
(GenBankTMNP_004247 forHomo sapiens), rOat10 (XP_236685
for Rattus norwegicus), andmOat10 (NP_598741 forMusmuscu-
lus), was raised in chicken (BioGenes, Berlin, Germany), and the
antibody (hOAT10-Ab) was affinity-purified.
Brush border (BBMV) and basolateral (BLMV) membrane

vesicles frommale and BBMVs from femaleWistar rat kidneys
were prepared as previously described (28, 29). Before use, total
protein was extracted from 1 mg of each vesicle preparation,
employing the NucleoSpin� RNA/protein kit (Macherey-Na-
gel, Düren, Germany). The final protein pellet was resolved in
200 �l of the supplied buffer, and protein concentration was
determined according to the Bradford protocol (30). 50 �g of

the denatured (95 °C for 5 min) protein of each vesicle probe
was loaded on a 10% denaturating polyacrylamide gel followed
by an electrophoretical wet transfer for 1 h at 350 mA and 4 °C
using a Mini Trans blot electrophoretic transfer cell (both Bio-
Rad) to a polyvinylidene difluoride membrane (Roche Applied
Science). After transfer, the polyvinylidene difluoride mem-
branewas blocked for 2 h in blocking buffer (5%nonfat drymilk
in PBS) and incubated at 4 °C overnight (12–14 h) in PBS buffer
containing 0.5% nonfat dry milk and hOAT10-Ab (1:500),
which was blocked by the corresponding peptide (at 37 °C for
2 h) in a parallel assay as a control. The labeling was performed
by applying the rabbit anti-chicken horseradish peroxidase sec-
ondary antibody (1:3000; Abcam, Cambridge, UK) for 1 h at
room temperature. After three more washing steps with PBS,
0.05% Tween 20, the immunoreactive bands were visualized
using the ECL Western blotting detection system (Amersham
Biosciences).
cRNA Synthesis and Xenopus laevis Oocyte Injection—X. lae-

vis oocytes (Nasco, Fort Atkinson, WI) of stages V and VI were
isolated and defolliculated by overnight incubation at 18 °C
with collagenase (Type CLSII, Biochrom KG) (0.5 mg/ml) in
oocyte Ringer’s solution: 90mMNaCl, 3mMKCl, 2mMCaCl2, 1
mMMgCl2, 5 mMHEPES/Tris, pH 7.6. Subsequently, they were
injected with 23 nl of water (mock) or cRNA, which was syn-
thesized from NotI-linearized pSPORT6-hOAT10 plasmid
(mMessage mMachine-SP6 in vitro transcription kit; Ambion,
Austin, TX), according to the manufacturer’s protocol. Upon
injection, the oocytes were incubated for 3 days at 18 °C in Bar-
th’s buffer (88 mM NaCl, 2 mM KCl, 0.82 mM MgSO4, 0.66 mM
NaNO3, 0.77 mMCaCl2, 5 mMHEPES/NaOH, pH 7.6) contain-
ing 12 mg/liter gentamycin with daily medium changes.
Transport Measurements of hOAT10 in X. laevis Oocytes—

Transport experimentswere carried out 3 days after injection at
room temperature for the time periods indicated in oocyte
Ringer’s solution unless otherwise stated in the figure legends.
The oocytes were then washed in ice-cold uptake buffer and
dissolved in 0.25 ml of 1 N NaOH. For trans-stimulation exper-
iments,X. laevis oocyteswere injected 3days after cRNAorwater
injectionwith two times 23 nl of 20mMeach of p-aminohippurate
(PAH), succinate, glutarate, pyrazinoate, L-lactate, nicotinate, glu-
tathione, 1 mM hydrochlorothiazide (HCTZ), 100 �M cyclospo-
rine A, or oocyte Ringer’s solution as a control and the uptake of
400�M(100�M[14C]uricacidwith300�Mcolduricacid)uricacid
was determined for 1 h at room temperature.
Cell Culture and Transport Measurements—The human

colon adenocarcinoma-derived intestinal epithelial Caco-2 cell
line (passage 15–35; ATCC, Manassas, VA) was grown in Dul-
becco’s modified Eagle’s medium supplemented with 20% (v/v)
fetal bovine serum in plastic flasks or Petri dishes (Sarstedt,
Nümbrecht, Germany) at 37 °C in a 5% CO2 atmosphere. For
transport measurements the cells were plated onto 24-well
plates at a density of 2 � 105 cells/well. Transport assays were
performed on confluent cell monolayers 5–6 days after conflu-
ence in Ringer solution (130 mM NaCl, 4 mM KCl, 1 mM CaCl2,
1 mM MgSO4, 1 mM NaH2PO4, 20 mM HEPES, and 18 mM
glucose, pH 7.4). The cells were washed twice with 500 �l of
Ringer and incubated at 37 °C in Ringer containing 25 nM
[3H]nicotinate and the test substances for 3 min. In all of the
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experiments, the 3H and 14C contents were determined after
neutralization of the probes with 0.25 ml of 1 N HCl by liquid
scintillation counting (Canberra-Packard, Dreieich, Germany).

Kinetic and Statistical Analysis—
For the determinations of the
urate concentrations that blocked
50% of [3H]nicotinate uptake
(IC50), the Equation 1 was used
and fitted by nonlinear regression
with SigmaPlot 2006 (SPSS Sci-
ence, Chicago, IL).

v �
v0

1 � � I

IC50
�h (Eq. 1)

v is the rate of [3H]nicotinate uptake
in the presence of the inhibitor
(urate), v0 is the rate of [3H]nicoti-
nate uptake in the absence of the
inhibitor (in this case set to 100%), I
is the inhibitor concentration, and h
is the Hill coefficient representing
the cooperativity between the tested
substances and the transporter.
The hOAT10-specific uptake of

[3H]nicotinate (i.e. transport in
oocytes minus that observed in
mock) was a saturable function of
substrate concentration that was
adequately described by the
Michaelis-Menten equation (Equa-
tion 2) for competitive interaction
of labeled and nonlabeled substrate
(31),

J �
Jmax�*S�

Kt � �*S� � �S�
� C (Eq. 2)

where J is the rate of [3H]nicotinate
transport from a concentration of
labeled substrate equal to [*nicotin-
ate], Jmax is the maximum rate of
mediated [3H]nicotinate transport,
Kt �Km is the nicotinate concentra-
tion that results in half-maximal
transport (apparent Michaelis con-
stant), [S] is the concentration of
unlabeled nicotinate in the trans-
port reaction, and C is a constant
that represents the component of
total nicotinate uptake that is con-
stant (over the range of substrate
concentrations tested) and presum-
ably reflects the combined influence
of diffusive flux, nonspecific bind-
ing, and/or incomplete rinsing of
the cell layer. Unpaired Student’s t
test was used to assess differences

between two groups. Statistical analysis and grafical layout were
performed with Microsoft Excel (Microsoft, Unterschleissheim,
Germany) and SigmaPlot 2006 (SPSS Science, Chicago, IL).

FIGURE 1. Homology of hOAT10 within the SLC22A family. A, phylogenetic tree of the solute carrier family
22A illustrating the relation of hOAT10 to the other family members. B, sequence alignment of OAT10
orthologs from human, rat, and mouse.
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RESULTS

For all of the studies an expressed sequence tag clone (Gen-
BankTM accession number BI517655) was used, including the
entire open reading frame of the orphan transporter hORCTL3
(SLC22A13), which consists of 1656 bp, coding for 551 amino
acids with a homology of 44% to hOAT1. Because OAT8 and
OAT9 were already mentioned in the literature without a
clear definition of their sequence or relation to the SLC22
family (3), we changed hORCTL3 to hOAT10, because of its
characteristics, which are to be discussed later. A compari-
son of hOAT10 with all characterized members of the SLC22
family is provided in the phylogenetic tree (Fig. 1A), docu-
menting that hOAT10 constitutes its own branch and exhib-
its only weak homologies to the other members of the SLC22
family. Further BLAST searches have explored orthologs
also from the rat (XP_236685, 72% identity) and the mouse
(NP_598741, 72% identity) (Fig. 1B).
An examination of the tissue distribution using a panel of

total RNA revealed a strong expression of the full-length
hOAT10 variant in the kidneys and weaker signals in brain,
heart, and colon (Fig. 2A). Additionally, we detected several

splice variants of hOAT10, which
we confirmed by the cloning and
sequencing of additional bands visi-
ble in Fig. 2A (white arrow) and Fig.
10 below the full-length hOAT10
PCR product (white arrow), result-
ingmostly in a loss of exon three and
of a part or all of exon 4 (data not
shown). These splice variants were
detected in many organs, indicating
a more ubiquitous expression of
hOAT10 (see Figs. 2A and 10). Real
time PCR measurements in differ-
ent nephron segments of female
kidney defined high expression of
hOAT10 in proximal convoluted
tubule and interestingly also in cor-
tical collecting duct (CCD), whereas
glomerulus and thick ascending
limb exhibited virtually no expres-
sion of hOAT10 (Fig. 2B).

To further prove hOAT10 local-
ization in rat or human kidney, we
raised an antibody against a con-
served region, an internal loop at
amino acid positions 306–319, in
chicken. Several trials to document
OAT10 expression in the kidney by
immunohistochemistry failed (data
not shown). Alternatively, we tested
whether OAT10 is expressed in the
apical or basolateral membrane of
tubular epithelial cells using rat
BLMVs and BBMVs. Western blot
analysis of protein extracts of these
vesicles showed a clear cut detection
of a band at 55 kDa in BBMV, which

was blocked by the corresponding peptide (Fig. 2C). This
molecular mass of hOAT10 correlates well with the calculated
protein mass of 61 kDa. No band was visible in BLMV, suggest-
ing that renal hOAT10 expression is restricted to the apical
membrane. A comparison of OAT10 expression in male and
female BBMVs, loading the gel with 50 �g of protein each,
showed a female over male dominance (Fig. 2C).
A functional characterization of hOAT10 was explored in

X. laevis oocytes. hOAT10-expressing oocytes exhibited
substantial uptakes of [3H]p-aminohippurate (137.4 � 8.8
versus 29 � 1.6 fmol/oocyte for 30 min; Fig. 3A), [14C]urate
(3.2 � 0.2 versus 0.8 � 0.04 pmol/oocyte for 30 min; Fig. 3B),
and [3H]nicotinate (64.3 � 4.7 versus 7.3 � 0.6 fmol/oocyte
for 30 min; Fig. 3C) each compared with mocks. Transport of
[3H]nicotinate was time-dependent and reasonably linear
for 60 min (data not shown); 30 min was used for all kinetic
studies of nicotinate transport. hOAT10-mediated nicotin-
ate uptake was saturable with a Michaelis constant (Km
value) of 22 � 14.1 �M (n � 3), indicating that hOAT10 is a
high affinity nicotinate transporter (Fig. 4). To evaluate the
affinity of hOAT10 for urate, we performed an IC50 determi-

FIGURE 2. Analysis of hOAT10 expression. A, 1.5% agarose gel of a RT-PCR analysis of hOAT10 tissue
distribution using total RNA from several tissues, including adipose (lane 1), bladder (lane 2), brain (lane 3),
cervix (lane 4), colon (lane 5), esophagus (lane 6), heart (lane 7), kidney (lane 8), liver (lane 9), lung (lane 10),
and ovary (lane 11); Lane M represents the molecular mass marker, and the white arrow documents one of
three splice variants of hOAT10. Expression of GAPDH was determined in parallel as control. B, real time
PCR analysis of nephron segments of female human kidney; GLOM, glomerulus; PCT, proximal convoluted
tubule; TAL, thick ascending limb. C, Western blot analysis of protein extracts of BBMVs and BLMVs from rat
kidney. Immunostaining of rOat10 was performed with hOAT10-Ab with or without preincubation with
the corresponding peptide. Lane M represents the molecular mass protein marker.
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nation with nicotinate as a substrate. The urate concentra-
tion inhibiting 50% of maximal nicotinate transport was
759 � 501 �M, consistent with hOAT10 being a low affinity
urate transporter like hOAT4 in comparison with the classi-
cal urate transporter hURAT1 (16) (Fig. 5).
Inhibition of hOAT10-mediated PAH (1 �M) transport

revealed a significant reduction of PAH uptake by urate
(82.5 � 4%) and salicylate (80.7 � 3%) and highly significant
inhibitions for estrone sulfate (ES, 38.8 � 3%) and the clas-
sical inhibitor of organic anion transport probenecid (57.7 �
3.5%), whereas reduced GSH and the typical substrate of
organic cation transporters, tetraethylammonium, did not
alter PAH transport, confirming that hOAT10 is an OAT
(Fig. 6). Despite the abolishment of PAH uptake by ES,

hOAT10 did not transport radio-
actively labeled ES (data not
shown).
To examine the pH dependence

of hOAT10-mediated transport, we
employed PAH as a substrate that
does not change its charge over the
applied pH ranges. Acidification of
the uptake medium to pH 5.0 led to
a more than 2-fold (219 � 13.5%)
increase in [3H]PAH uptake com-
pared with the PAH uptake at pH
7.4, which was set at 100%. Alkaliza-
tion of the medium to pH 8.5
resulted in a significant (p � 0.01)
inhibition of PAH uptake to 63.4 �
4.8% (Fig. 7), indicating a marked
pH dependence of hOAT10.
An inhibition study on hOAT10-

mediated [14C]urate uptake, using 1
mM each of succinate, L-lactate,
pyrazinoate, nicotinate, glutarate,

and, as a control, probenecid, significantly reduced urate
uptake by 22–50% (Fig. 8A). To investigate whether any of
these compounds is translocated, we injected each of these
substances in a concentration of 20 mM into hOAT10-ex-
pressing oocytes and measured [14C]urate uptake. We found
a significant trans-stimulation of 24–39% for all substances
with the exception of glutarate, suggesting that hOAT10
facilitates also urate�/PAH�, urate�/succinate2�, urate�/
pyrazinoate�, urate�/L-lactate� as well as urate�/nicotinate�

exchange (Fig. 8B).
Next we tested the interaction of hOAT10 with several

uricosurics, diuretics, and the immune suppressive agent
cyclosporine A, some of which are known to cause hyperu-
ricemia. All of the compounds reduced [3H]nicotinate
uptake substantially by 33–62%, indicating that they may
reduce urate or nicotinate reabsorption also in vivo (Fig. 9A).
An examination of the trans-stimulatory effect of HCTZ and
cyclosporine A revealed significantly enhanced urate uptake
by hOAT10-expressing oocytes for cyclosporine A (164 �
28.2). HCTZ did not change hOAT10-mediated urate uptake
in comparison with the documented trans-stimulation of
urate uptake by nicotinate (Fig. 9B). Additionally, we tested
the trans-effect of reduced GSH on hOAT10-mediated urate
uptake.We note for the first time that GSH is translocated by
an OAT, namely hOAT10, driving urate uptake by a factor of
more than 2 (244 � 42%).

Recently, it was documented that human intestinal vesicles
as well as Caco-2 cells express a high affinity nicotinate trans-
porter (32). We first tested the expression of hOAT10 by RT-
PCR in Caco-2 cells. Using male and female total RNA of the
kidney and the pSPORT6-hOAT10 plasmid as a control, we
detected several splice variants of hOAT10 in Caco-2 cells,
including the full-length variant that we used in this study for
functional characterization (Fig. 10). An evaluation of the
apparent Michaelis constant (Kt value; Equation 2) for nicotin-
ate inCaco-2 cells, whichwas carried outwith [3H]nicotinate at
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pH 5.0 for 3min at 37 °C according to the published conditions,
revealed a value of 48.4 � 33.6 �M consistent with an involve-
ment of hOAT10 in intestinal nicotinate uptake (Fig. 11).

DISCUSSION

A re-evaluation of the tissue distribution of the orphan trans-
porter hORCTL3 by RT-PCR revealed a strong expression in
kidneys, indicating hORCTL3 to be a kidney-specific transport
protein. Moreover, we found weaker expressions of different
splice variants of the open reading frame of hORCTL3 espe-
cially in brain, heart, and colon, supporting the previous find-

ings of a more general expression of hORCTL3 (25). A detailed
picture of the renal expression of hORCTL3was determined by
real time PCR of isolated segments of a human female nephron
such as the glomerulus, the proximal convoluted tubule, the
thick ascending limb, and the CCD. Surprisingly, we detected
hORCTL3 not only in the proximal convoluted tubule but also
in the CCD.
To confirm these PCR results and to explore the membrane

localization of hORCTL3, we raised an antibody against a
highly conserved internal loop of hORCTL3 in chicken. Unfor-
tunately, this antibody did not show any immune reaction in rat
or human kidney tissues. However,Western blot analysis using
BBMVs or BLMVs of rat kidney demonstrated an expression of
rOrctl3 at the luminal side of proximal tubule cells. This was
expected, because ORCTL3 possesses a PDZ domain motif at
the C-terminal end, similar to other apical OATs such as
hOAT4 or hURAT1 (33, 34). A further comparison ofmale and
female BBMVs suggested a gender dependence of ORCTL3
expression with a dominant female over male expression, sim-
ilar to that described recently for rat organic anion transporter
2 (35). Other transporters such as Oat1, Oat3, and URAT1
showed male over female dominance (36, 37). Gender-specific
constellations of transport proteins may result in gender-spe-
cific reabsorption as well as secretion of organic anions such as
endogenous metabolites or drugs (38).
This is the first report of an apical organic anion transporter

in CCD. Recently, we demonstratedmouse Oat3 expression on
the basolateral side of the whole nephron. The concept of baso-
lateral prostaglandin E2 release in macula densa cells via OAT3
may also be realized in CCD cells. Prostaglandin E2 regulates
adenylate cyclase activity of CCD cells, leading to a down-reg-
ulation of water transport by aquaporin 2 (20, 39). Based on our
findings, we have to consider organic anion transport (reab-
sorption as well as secretion) additionally in CCD. Possible sub-
strates for hORCTL3 in CCD include prostaglandins (e.g. pros-
taglandin E2) and urate. Further experiments are necessary to

FIGURE 5. IC50 determination for urate versus nicotinate for hOAT10. The
concentration dependence of hOAT10-mediated uptake of 25 nM [3H]nicoti-
nate uptake in X. laevis oocytes applying increasing concentrations of cold
urate for 30 min at room temperature is illustrated. The open circle represents
the uptake of nicotinate by water-injected (mock) oocytes as a control. The
data are the means (�S.E.) of uptakes determined in three separate experi-
ments with 8 –11 oocytes each. The line was based upon a nonlinear regres-
sion algorithm using eq. 1.
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evaluate the role of organic anion transport and therefore of
OAT3 as well as ORCTL3 in cortical collecting ducts.
To address our hypothesis that hORCTL3 belongs to the

OATs, a functional evaluation of hORCTL3 was performed by
uptake of several organic anions, including PAH, urate, nicotin-
ate, and ES in hORCTL3-expressingX. laevis oocytes. The sub-
stantial uptake of PAH, urate, and nicotinate compared with
water-injected oocytes constitutes the first proof that
hORCTL3 is an organic anion transporter. An inhibition of
PAH uptake by ES, salicylate, and probenecid and no alteration
of PAH uptake by tetraethylammonium reflect typical charac-
teristics ofmembers of theOAT family (1, 3, 24). Consequently,
and because of the lack of the molecular identity of OAT8 and
OAT9 (3), we renamed this transporter hOAT10 (human
organic anion transporter 10).
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FIGURE 10. Analysis of hOAT10 expression in Caco-2 cells. 1.5% agarose
gel of a RT-PCR analysis of hOAT10 expression in Caco-2 cells is shown. Lane M
represents the molecular mass marker, and the white arrow documents the
full-length variant of hOAT10. Total RNA from male (lane 2) and female (lane 3)
human kidney and hOAT10-pSPORT6 plasmid (lane 4) were used as positive
controls. Lanes 5 and 6 show negative controls.
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Nicotinate (niacin) is an essential vitamin (vitamin B3),
which has to be reabsorbed in the intestine from the diet or
synthesized via breakdown of the essential amino acid trypto-
phan in the so called “kynurenine pathway” in times of low
niacin supply, resulting in low nicotinate plasma concentra-
tions of 2–4 �M. Intestinal reabsorption of nicotinate was
thought to involve an anion exchange mechanism and a pro-
ton-coupled transport system (40). Recently, the sodium-cou-
pled monocarboxylate transporter 1 (SMCT1) was docu-
mented to transport nicotinate with a relatively high affinity
(Km value of 230 �M). Because of its abundant expression in the
intestine, it was presumed to be themost important transporter
for nicotinate reabsorption (41).
However, Nabokina et al. (32) documented high affinity and

sodium-independent nicotinate transport (Km value of 0.5 �M)
in the human intestinal epithelial Caco-2 cell line.Moreover, in
additional experiments on brush border membrane vesicles of
human jejunum, they confirmed a strict pH dependence of nic-
otinate reabsorption, being higher at low pH. This is consistent
with our observation of a pH dependence of hOAT10, facilitat-
ing nicotinate/H	 symport or more likely nicotinate�/OH�

exchange. Furthermore, we detected hOAT10 in colon and
Caco-2 cells. ComparableKm values for nicotinate transport by
hOAT10 (22 �M) expressed in X. laevis oocytes and for Caco-2
cells (44 �M) at pH 5.0 lead us to conclude that hOAT10 repre-
sents the postulated high affinity nicotinate transporter in
Caco-2 cells and, consequently, in human intestine.
Nicotinate may serve not only for NAD	 synthesis, which is

important for energetic processes, signal transduction path-
ways, or even the activation of the NAD	-dependent histone
deacetylase SIRT1 and therefore life extension (42), but also for
reabsorption of the purine metabolite urate.
In higher primates includingman, urate is the end product of

the purine metabolism, because of the loss of hepatic uricase
activity. Approximately 70% of daily urate secretion occurs via
the kidneys, involving reabsorption and secretion processes

(43). The low fractional excretion of urate in humans (FEurate �

10%) results in high urate plasma levels of 200–500 �M,
which are presumed to be an advantage during hominoid evo-
lution, because of the scavenging properties of urate on reactive
oxygene species and of its influence on blood pressure regula-
tion (for review see Ref. 44). Nowadays, urate comes back into
clinical focus, because of its impact on cardiovascular and neu-
rodegenerative diseases (45). Transporters currently known to
play a significant role on urate plasma levels have recently been
identified as URAT1, Oat1, Oat3, and glucose transporter 9
(GLUT9, SLC2A9), determined via knock-out mouse models
or single nucleotide polymorphisms in man (15, 46–48).
Our observation of hOAT10-mediated urate transport as

well as the inhibition of nicotinate uptake by increasing concen-
trations of urate indicates that hOAT10 is a low affinity urate
transporter possibly involved in renal urate reabsorption like
hOAT4 (16). The impact of hOAT10 on urate plasma levels in
man is still open, but studies on renal urate reabsorption in
Urat1 knock-outmice showed that a substantial fraction is cov-
ered by a yet unknown transporter, which might be the mouse
ortholog of hOAT10 (46).
A further characterization of the driving forces for urate

uptake by hOAT10 to be able to differentiate between the var-
ious apical urate transporters such as URAT1, hOAT4, and
Oatv1 included preloading of X. laevis oocytes with L-lactate,
nicotinate, or pyrazinoate. All three tested substances
enhanced urate uptake by hOAT10, indicating urate�/L-lac-
tate�, urate�/nicotinate�, as well as urate�/pyrazinoate�

transport modes of hOAT10 similar to hURAT1 (15), but
different to hOAT4 and Oatv1. L-Lactate, nicotinate, and
pyrazinoate are substrates for the high and low affinity SMCT1
and SMCT2. hOAT10 is speculated to be present in S1/S2 seg-
ments because of ourWestern blot data of rOat10 expression in
cortical brush border membrane vesicles. Considering the
localization of SMCT1 (no expression in S1, weakly expressed
in S2, and highly expressed in S3 segment) and SMCT2, which
represents the low affinity lactate and nicotinate transporter
(expressed in all three segments) in the proximal tubule, the
question arises of whether SMCT1 could be the important
player, providing the driving forces for urate uptake via
hURAT1 (49). We postulate that SMCT2 provides the lactate
gradient for hURAT1 and probably also for hOAT10-mediated
urate transport, which might be the main driving force for
urate reabsorption in renal proximal tubule cells, because a
knock-down of SMCT1 and SMCT2 in CCAAT enhancer-
binding protein � null mice showed reduced lactate levels in
plasma and elevated urate levels in the urine (50). Nicotinate
may serve as counter ion for urate reabsorption in the prox-
imal tubule only under therapeutic concentrations. Thus,
the physiological role of hOAT10 is supposed to be the nic-
otinate uptake pathway.
Glutarate, which is used as a nondegradable analog of �-ke-

toglutarate, is a well known exchange anion for several urate
transporters such as OAT1, OAT3, and hOAT4 (16, 24). How-
ever, preloading ofX. laevis oocytes with glutarate did not stim-
ulate urate transport by hOAT10, documenting that hOAT10
shares some more properties with hURAT1 than with other
urate transporters.
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Interestingly, hOAT10 facilitates urate�/succinate2�

exchange, but it does not take up succinate from the extracel-
lular side (data not shown). Recently it was found that rat Oat5
exchanges ES against succinate (51). The human ortholog of
OAT5 is exclusively expressed in the liver (52), indicating that
hOAT10 is the first identified human renal OAT, which uses
succinate as a driving force. Consequently, we suggest that
hOAT10 is functionally connected to NaDC-1 (sodium dicar-
boxylate cotransporter 1), which provides the succinate gradi-
ent. Succinate was recently identified as a ligand for a G pro-
tein-coupled receptor, namely GPR91, which is exclusively
expressed in the distal nephron segment especially in macula
densa cells (53). High plasma concentrations of succinate result
in renin-dependent hypertension, which is reversed in GPR91
nullmice, indicating that transporters like hOAT10,whichmay
increase succinate concentration in the primary urine,may play
a role in succinate homeostasis in the urine.
hOAT10 shows pHdependencewith highest PAHuptakes at

pH 5.0, a pH value at which PAH is still in its anionic form,
suggesting that hOAT10 additionally supports PAH/OH� or
urate/OH� exchange and may be therefore possibly coupled
with the sodium proton exchanger 3 like hOAT4. Conse-
quently, hOAT10 resembles in some aspects characteristics of
both hURAT1 and hOAT4. Classifications of urate transport-
ers by their transport modes and their associated proteins like
these are necessary to identify and differentiate in the future
those transporters involved in reabsorption and those facilitat-
ing the secretion processes of urate in the kidneys.
It has been known for a long time that up to 80%of transplant

patients treated with cyclosporine A have hyperuricemia and
up to 25% of these develop gout (54). The cyclosporine-induced
hyperuricemia is presumed to be due to a decrease in kidney
function or even kidney damage. Trans-stimulation studies on
urate uptake by hOAT10 demonstrate for the first time that
secretion of cyclosporine A enhances urate reabsorption,
resulting finally in hyperuricemia. Whether cyclosporine A
enters the cell from the basolateral side via an OAT, possibly
OAT1 or OAT3, is still not known. Hydrochlorothiazide did
not alter urate uptake by hOAT10, indicating that this effect is
specific for hOAT4 (16).
GSH has been shown to provide protection against the toxic

effects of free radicals especially under ischemic conditions and
toxins, which normally result in oxidative injury and cellular
disruption. The renal proximal tubule cells synthesize and store
high amounts (up to 10 mM) of GSH, whereas the plasma con-
centration of GSH is quite low (10 �M) (55). Luminal secretion
of GSH is known to be high in the S1 segment of rabbit kid-
neys and has been proposed to involve OATP1 (organic
anion transporting polypeptide 1) as well as MRP2 and
MRP4 (multi-drug resistance-related proteins 2 and 4) (55).
hOAT10 exhibited an asymmetric behavior for glutathione
handling, because GSH did not alter PAH uptake if it was
provided from the cis-(luminal) side. However, trans-stimu-
lation studies, offering GSH from the cytosolic side, revealed
the first evidence that GSH serves as a counter ion for urate
reabsorption, releasing GSH into the lumen. Consequently,
we suggest that hOAT10 is involved in the luminal glutathi-
one cycle in the kidneys.

In summary, we have identified a new human organic anion
transporter, hOAT10, that is a urate and the first known high
affinity nicotinate transporter. Moreover, we are able to pro-
vide the first molecular evidence for cyclosporine A-induced
hyperuricemia because of a hOAT10-mediated increase in
urate reabsorption. Finally, the two newly identified substrates
(counter ions) of hOAT10 (succinate and glutathione) and their
influence on kidney function pave the way for further interest-
ing studies on this transporter.
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