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Purpose. The functional characterization of monkey OAT1 (SLC22A6) and OAT3 (SLC22A8) was
carried out to elucidate species differences in the OAT1- and OAT3-mediated transport between
monkey and human.
Methods. The cDNAs of monkey OAT1 and OAT3 were isolated from monkey kidney, and their stable
transfectants were established in HEK293 cells (mkOAT1- and mkOAT3-HEK). Transport studies were
performed using cDNA transfectants, and kinetic parameters were compared among rat, monkey and
human.
Results. The amino acid sequences of mkOAT1 and mkOAT3 exhibit 97% and 96% identity to their
corresponding human orthologues. For OAT1, there was no obvious species difference in the Km values
and the relative transport activities of 11 substrates with regard to p-aminohippurate transport. For
OAT3, there was no species difference in the Km values and in the relative transport activities of nine
substrates with regard to benzylpenicillin transport between monkey and human. However, the relative
transport activities of indoxyl sulfate, 3-carboxy-4-methyl-5-propyl-2-furanpropionate, and estrone-3-
sulfate showed a difference between primates and rat and gave a poor correlation.
Conclusion. These results suggest that monkey is a good predictor of the renal uptake of organic anions
in the human.
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INTRODUCTION

The pharmacokinetics of drugs play an essential part in
their pharmacological/toxicological effects. In vitro scaling
methods have been developed to predict pharmacokinetics in
human and to select candidate drugs with appropriate phar-

macokinetic properties. The monkey has been used in phar-
macological, toxicological, and pharmacokinetic studies in
many pharmaceutical companies and is recognized as an ani-
mal model suitable for validation of such in vitro scaling
methods, as it is the second nearest species to the human in
the evolutionary tree. In order to understand the species dif-
ference in enzymological properties between monkey and hu-
man, intensive cloning and functional analyses of monkey
cytochrome P450s in the liver have been performed (1–3).
The cumulative results suggest that it is not necessarily ap-
propriate to conclude that the metabolic activities exhibited
by monkey P450s are similar to those in human, and the
difference in the enzymatic activities per unit enzyme and/or
expression levels needs to be taken into consideration in some
cases (4,5).

The renal excretion of a drug involves glomerular filtra-
tion, active tubular secretion, and reabsorption. It has been
shown that simple allometric scaling of clearance provides a
good predictability for drugs the elimination of which is gov-
erned by physiologic parameters (glomerular filtration rate
and blood flow), as these parameters can be described by an
allometric equation (6,7). Several �-lactam antibiotics mainly
eliminated by glomerular filtration and renal tubular secre-
tion exhibit good allometric relationships between renal
clearance based on their free serum concentrations and body
weight (8), whereas there are exceptional compounds, such as
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betamipron and enprofyllin, the renal clearance of which was
greater than the predicted values (9). Therefore, it is neces-
sary to understand the molecular characteristics of renal
transporters in order to predict human parameters more ac-
curately from animal studies. The current study concentrated
on the organic anion transporters involved in the renal uptake
process and was aimed at examining the interspecies differ-
ence between monkey and human to confirm whether mon-
key is an appropriate in vivo model of the human for exam-
ining the renal elimination of drugs.

The renal uptake of organic anions on the basolateral
membrane of the proximal tubules in the human has been
characterized by three multispecific organic anion transport-
ers (hOAT1-3/SLC22A6-SLC22A8) (10–12). Of these transport-
ers, the mRNA expression level of hOAT3 determined by
quantitative real-time polymerase chain reaction (RT-PCR)
was the highest followed by hOAT1, while that of hOAT2
was quite low (13). The substrates of Oat1/OAT1 include
various drugs, such as PAH, ochratoxin A, nonsteroidal anti-
inflammatory drugs, �-lactam antibiotics, diuretics, metho-
trexate and antiviral drugs, and endogenous compounds, such
as cyclic nucleotides, prostaglandins, uremic toxins, and di-
carboxylates, while the substrates of Oat3/OAT3 include
drugs, such as �-lactam antibiotics (benzylpenicillin), HMG-
CoA reductase inhibitors (pravastatin) and H2 receptor an-
tagonists (cimetidine), and endogenous compounds, such as
uremic toxins, and conjugated steroids (DHEAS, E217�G
and E1S) (14–18). Based on kinetic analyses using rat kidney
slices, it has been proposed that the renal uptake of hydro-
philic organic anions with a low molecular weight is mainly
accounted for by rOat1, while that of more bulky organic
anions is by rOat3 (14–16). Because the known substrates of
hOAT2 are also substrates of hOAT1 (12), and the mRNA
expression in the kidney is low compared with the other two
isoforms (13), the contribution of hOAT2 to the renal uptake
of common substrates is likely to be small.

In the current study, we have cloned cDNAs of monkey
organic anion transporter1 (mkOAT1) and mkOAT3 from a
cynomolgus monkey kidney, and functional characterization
was carried out using their stable transformants in HEK293
cells to compare their substrate specificity and transport ac-
tivity with that in rats and humans.

MATERIALS AND METHODS

Materials

[3H]IS (241 GBq/mmol) and [3H]CMPF (241 GBq
/mmol) were synthesized and purified by Perkin Elmer Life
Sciences (Boston, MA, USA). [3H]PAH (151 GBq/mmol),
[3H]E1S (2220 GBq/mmol) [3H]MTX (555 GBq/mmol), and
[3H]E217�G (1110 GBq/mmol) were purchased from Perkin
Elmer Life Sciences. [3H]CMD (740 GBq/mmol), [3H]IA
(962 GBq/mmol), and [3H]PCG (740 GBq/mmol) were pur-
chased from Amersham Biosciences UK (Little Chalfont,
Buckinghamshire, UK). [3H]AZT (581 GBq/mmol) and
[3H]ACV (1484 GBq/mmol) were purchased from Moravec
Biochemicals (Brea, CA, USA). [3H]2,4-D (740 GBq/mmol)
was purchased from American Radiolabeled Chemicals (St.
Louis, MO, USA). Unlabeled PAH, CMD, AZT, ACV, E1S,
DHEAS, and 2,4-D were purchased from Sigma-Aldrich (St.
Louis, MO, USA), and unlabeled PCG was purchased from

Wako Pure Chemicals (Osaka, Japan). All other chemicals
were of analytical grade and commercially available.

Total RNA Extraction and RT-PCR

Male cynomolgus monkey kidney was purchased from
BOZO research (Shizuoka, Japan). Total RNA was extracted
using the extraction solution of ISOGEN (NIPPON GENE,
Tokyo, Japan) according to the manufacturer’s protocol. The
RNA was used for reverse transcription with SuperScript
First-Strand Synthesis System for the RT-PCR kit (Invitro-
gen, Carlsbad, CA,USA). One microliter of the RT reaction
mixture was taken for a standard PCR (94°C for 2 min, 94°C
for 15 s, 55°C for 30 s, 68°C for 2 min, for 40 cycles) using
KOD plus polymerase (TOYOBO, Tokyo, Japan) with spe-
cific primers based on human OATs (OAT1 sense primer,
5�-CAGCCAAGGAGGCTGCTGTC-3�; antisense primer,
5�-AGTCAAACCTTTTAATGATG-3�, OAT3 sense
primer, 5�-CACCTAGGACAGAGCAGGGACCTC-3�;
antisense primer, 5�-CCTGGCTAGGATCAGTCTCT-3�).
The PCR-products were recovered into the pENTR vector
(Invitrogen) followed by a transfer to pcDNA3.2-DEST (In-
vitrogen) by in vitro recombination. The nucleotide se-
quences reported in this article have been submitted to the
EMBL/GenBank with accession numbers AB182992
(mkOAT1) and AB182993 (mkOAT3).

Establishment of Monkey OAT1- and OAT3-Expressing
HEK293 Cells

Monkey OAT1- and monkey OAT3-expressing HEK293
cells (mkOAT1- and mkOAT3-HEK) were established by
introduction of pcDNA3.2-DEST-mkOAT1 or -mkOAT3
into HEK293 cells using TransIT-293 (Mirus Corporation,
Madison, WI, USA) according to the manufacturer’s proto-
col. The cells were maintained in selection medium contain-
ing antibiotic G418 sulfate to select gene-transfected cells.
Among the G418-resistant clones, the stable transfectants ex-
pressing mkOAT1 or mkOAT3 were selected by the trans-
port activity of [3H]PAH for mkOAT1 or [3H]estrone sulfate
for mkOAT3.

Cell Culture

hOAT1- and hOAT3-HEK were established as described
previously (14). h/mkOAT1- and h/mkOAT3-HEK were
grown in DMEM (Invitrogen) supplemented with 10% fetal
bovine serum, penicillin (100 U/ml), streptomycin (100 �g/
ml), and G418 sulfate (400 �g/ml) at 37°C with 5% CO2 and
95% humidity on the bottom of a dish. hOAT1-, hOAT3- and
mkOAT1-, and mkOAT3-HEK were seeded in polylysine-
coated 12-well plates and rOat1-, and rOat3-expressing cells
were seeded in 12-well plates at a density of 1.2 × 105 cells/well.

Transport Studies

Transport studies were carried out as described previ-
ously (19). Uptake was initiated by adding medium contain-
ing compounds at the desired concentrations after cells had
been washed twice and preincubated with Krebs-Henseleit
buffer at 37°C for 15 min. The Krebs-Henseleit buffer consists
of 118 mM NaCl, 23.8 mM NaHCO3, 4.83 mM KCl, 0.96 mM
KH2PO4, 1.20 mM MgSO4, 12.5 mM HEPES, 5 mM glucose,
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and 1.53 mM CaCl2 adjusted to pH 7.4. The uptake was ter-
minated at a designed time by adding ice-cold Krebs-
Henseleit buffer after removal of the incubation buffer. Then,
cells were washed twice with 1 ml ice-cold Krebs-Henseleit
buffer followed by determination of the radioactivities asso-
ciated with the cell and medium specimens. The transport
study was performed in the absence of Na+ to examine so-
dium-dependency of mkOAT1- and mkOAT3-mediated up-
take of PAH, using Krebs-Henseleit buffer in which the NaCl
and NaHCO3 were isotonically replaced with LiCl and Li-
HCO3, or choline chloride and choline bicarbonate, respec-
tively. In order to examine a trans-stimulatory effect, gluta-
rate was preloaded into the cells by preincubation for 15 min
at designated concentration. After washing the cells by
Krebs-Henseleit buffer, the uptake of PAH by mkOAT1 and
mkOAT3 was determined.

Ligand uptake is given as the cell-to-medium concentra-
tion ratio determined as the amount of ligand associated with
the cells divided by the medium concentration. Specific up-
take was obtained by subtracting the uptake by vector-
transfected cells (vector-HEK) from that by cDNA-
transfected cells. Fitting was performed by the nonlinear
least-squares method using a MULTI program (20) and the
Damping Gauss Newton Method algorithm was used.

Western Blot Analysis

Anti-hOAT1 and -hOAT3 rabbit sera were purchased
from Trans Genic Inc. (Kumamoto, Japan). Membrane frac-
tions were prepared from monkey kidney according to a pre-
viously reported method (16). The membrane fractions were
loaded onto a 10% SDS-polyacrylamide electrophoresis gel
with a 4.4% stacking gel. The proteins were transferred to a
polyvinylidene difluoride membrane (Pall, East Hills, NY,
USA) which was then blocked with Tris-buffered saline con-
taining 0.05% Tween 20 (TBS-T) and 5% skimmed milk for
24 h at 4°C. After washing with TBS-T, the membrane was
incubated with anti-hOAT1or -hOAT3 serum (dilution 1:500)
for 24 h at 4°C. The membrane was allowed to bind to a
horseradish peroxidase-labeled anti-rabbit IgG antibody
(Amersham Pharmacia Biotech, Buckinghamshire, UK) di-
luted 1: 5000 in TBS-T for 2 h at room temperature, followed
by washing with TBS-T.

Immunofluorescence Study

Frozen sections from monkey kidney for immunofluores-
cence investigation were fixed in acetone (20°C). The sec-
tions were incubated with anti-hOAT1 or hOAT3 antibodies
(1:500) for 24 h at 4°C, washed three times with PBS (140 mM
NaCl and 10 mM phosphate, pH 7.4), and subsequently incu-
bated with the secondary antibodies for 1 h at room tempera-
ture. The sections were then washed twice with PBS and
mounted in VECTASHIELD Mounting Medium with prop-
idium iodide (Vector Laboratories, Burlingame, CA, USA).

RESULTS

Cloning of Monkey Organic Anion Transporter 1 and 3
(mkOAT1 and mkOAT13)

Monkey orthologues of OAT1 and OAT3 cDNA were
cloned by RT-PCR of the total RNA extracted from monkey
kidney. The cDNA sequence of mkOAT1 consisted of a

1650 bp ORF encoding 550 amino acids which exhibited
96.9%, 89.5%, 88.4%, and 85.7% identity with the ortho-
logues in human, rabbit, rat and mouse, respectively. There
are three consensus sequences for N-glycosylation sites
(Asn56, Asn92, and Asn356) that are predicted to be in the
first hydrophilic loop and between the seventh and eighth
transmembrane domains in this protein. The sequence also
contains six potential protein kinase C-dependent phosphor-
ylation sites (Ser164, Thr198, Ser254, Ser279, Ser327, and
Thr513) located in the intracellular loops.

Fig. 1. Western blot analysis and immunofluorescence localization of
mkOAT1 and mkOAT3. Plasma membrane fractions from cynomol-
gus monkey kidney was separated by SDS-PAGE (10% separating
gel) with antiserum raised against hOAT1 and hOAT3 (A).
mkOAT1 and mkOAT3 were detected by horseradish peroxidase-
labeled anti-rabbit IgG. Immunoreactivity was abolished by pretreat-
ment of the antibody with the antigen. Cryosections of kidney from
cynomolgus monkey were incubated with hOAT1 (B) or hOAT3 (C)
antiserum and stained by fluorescein isothiocyanated-labeled anti-
rabbit IgG. Nucleuses were stained by propidium iodide (red). The
basolateral membrane of the proximal tubule was stained by both
antiserums (green fluorescence).
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The cDNA sequence of mkOAT3 consisted of a
1626-bp ORF encoding 542 amino acids which exhibited
96.1%, 84.4%, 79.2%, and 77.3% identity with the ortho-
logues in human, rabbit, rat, and mouse, respectively. There
are three consensus sequences for N-glycosylation
sites (Asn57, Asn91, and Asn356) that are predicted to

be in the first hydrophilic loop and between the seventh
and eighth transmembrane domains in this protein. The
sequence also contains six potential protein kinase
C-dependent phosphorylation sites (Ser164, Thr198,
Ser254, Ser279, Ser327, and Thr513) located in intracellular
loops.

Fig. 2. Time profile, sodium dependency, and trans-stimulated uptake of [3H]PAH and time profiles of the uptake of various compounds by
mkOAT1-HEK. (A) The time-dependent uptake of [3H]PAH by mkOAT1-HEK was examined at 37°C. (B) Effect of extracellular cation on
[3H]PAH uptake in mkOAT1-HEK. The uptake rate of [3H]PAH by mkOAT1-HEK for 1 min was measured in the presence or absence of
extracellular sodium. Extracellular sodium was replaced with equimolar litihium or choline. (C) Trans-stimulated uptake of [3H]PAH by
mkOAT1-HEK was preloaded with glutarate for 15 min at the indicated concentration before starting the uptake experiment. The uptake rate
of [3H]PAH by mkOAT1-HEK for 1 min was measured. The values were expressed as a percentage of [3H]PAH uptake in mkOAT1-HEK
(mean ± SE n � 3). (D) The uptake of [3H] or [14C]-labeled various compounds (1 �mol/L) by cDNA-transfected cells were examined at 37°C.
Closed circle and open circles represent the uptake by mkOAT1-HEK and vector-HEK, respectively. Statistical differences in the uptake of
mkOAT1-HEK were compared to vector-HEK by two-side unpaired Student’s t test with p < 0.05 as limit of significance (*p < 0.05; **p <
0.01). Each point represents the mean ± SE (n � 3).
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Expression of mkOAT1 and mkOAT3 in the Kidney

The expression of mkOAT1 and mkOAT3 in kidney
plasma membrane was confirmed by Western blot analysis.
As shown in Fig. 1A, mkOAT1 and mkOAT3 proteins were
both detected at approximately 70 kDa in the kidney. The
bands were abolished when the preabsorbed antiserum was
used, suggesting that the positive bands were specific for the
antigen peptide. The membrane localization of mkOAT1 and

mkOAT3 in the kidney was investigated by immunofluores-
ence analysis. As shown in Figs. 1B and 1C, specific immu-
nostaining for mkOAT1 (B) and mkOAT3 (C) was observed
in the basolateral membrane of the proximal tubules.

Functional Characterization of
mkOAT1-Mediated Transport

Transfection of mkOAT1 cDNA resulted in an increase
in the uptake of PAH compared with the vector-HEK

Fig. 3. Concentration dependence of the uptake of [3H]PAH, [3H]2,4-D, [3H]IA, [14C]HA, [3H]IS, and [3H]CMPF by mkOAT1-HEK. The
concentration-dependence of mkOAT1-mediated [3H]PAH (A), [3H]2,4-D (B), [3H]IA (C), [14C]HA (D), [3H]IS (E), and [3H]CMPF (F)
uptake were shown as Michaelis-Menten plots. The uptake of [3H]PAH for 0.5 min, [3H]2,4-D for 0.25 min, [3H]IA for 0.5 min, [14C]HA for
1 min, [3H]IS for 1 min, and [3H]CMPF for 1 min was determined at various concentrations (PAH; 1–200 �mol/L, 2,4,-D; 0.3–200 �mol/L, IA;
1–600 �mol/L, HA; 1–600 �mol/L IS, 0.3–600 �mol/L, and CMPF; 3–600 �mol/L; the range of concentration used). The mkOAT1-mediated
transports were obtained by substracting the transport velocity in vector-HEK from those in mkOAT1-HEK. Each point represents the mean
± SE (n � 3).
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Fig. 2A). The uptake of PAH via mkOAT1 was not affected
by the replacement of extracellular Na+ with Li+ or choline
(Fig. 2B). Intracellulary accumulated glutarate by preincubat-
ing the cells in the presence of glutarate at the deisgnated
concentrations significantly stimulated the uptake of PAH by
mkOAT1 (Fig. 2C). In addition to PAH, the specific uptake
of 2,4-D, OTA, ACV, AZT, CMD, HA, IA, CMPF, and IS by
mkOAT1 was observed, while the uptake of E1S, PCG,
MTX, and E217�G was comparable in vector- and mkOAT1-
HEK (Fig. 2D). The concentration-dependence of the uptake
of PAH, uremic toxins and 2,4-D was examined in mkOAT1-
HEK (Fig. 3), and their Km and Vmax values, determined by
nonlinear regression analysis, are summarized in Table I.

The cis-inhibitory effect of organic anions and cations on
the mkOAT1-mediated [3H]PAH uptake is shown in Fig. 4.
An inhibitory effect was observed for structurally diverse or-
ganic anions and CMD, whereas an organic cation, TEA, had
no effect. The inhibition potency of the inhibitors of
mkOAT1-mediated transport of [3H]PAH at concentration
of 10 �mol/L was in the order of chlorothiazide > probenecid
� bumetanide > �-ketoglutarate, furosemide > pravastatin,
CMD, PCG, salicylate.

Functional Characterization of
mkOAT3-Mediated Transport

Transfection of mkOAT3 cDNA resulted in an increase
in the uptake of PAH compared with the vector-HEK
(Fig. 5A). The uptake of PAH via mkOAT3 was not affected
by the replacement of extracellular Na+ with Li+ or choline
(Fig. 5B). Intracellulary accumulated glutarate stimulated the

T
ab

le
I.

K
in

et
ic

P
ar

am
et

er
s

of
th

e
U

pt
ak

e
of

V
ar

io
us

C
om

po
un

ds
by

O
A

T
1

m
kO

A
T

1-
H

E
K

29
3

hO
A

T
1-

H
E

K
29

3
rO

at
1-

L
L

C
-P

K
1

K
m

(�
m

ol
/L

)

V
m

a
x

(p
m

ol
m

in
−

1
m

g
pr

ot
ei

n−
1
)

V
m

a
x
/K

m

(�
l

m
in

−
1

m
g

pr
ot

ei
n−

1
)

K
m

(�
m

ol
/L

)

V
m

a
x

(p
m

ol
m

in
−

1
m

g
pr

ot
ei

n−
1
)

V
m

a
x
/K

m

(�
l

m
in

−
1

m
g

pr
ot

ei
n−

1
)

K
m

(�
m

ol
/L

)

V
m

a
x

(p
m

ol
m

in
−

1
m

g
pr

ot
ei

n−
1
)

V
m

a
x
/K

m

(�
l

m
in

−
1

m
g

pr
ot

ei
n−

1
)

P
A

H
10

.1
±

3.
2

50
2

±
12

6
49

.7
(6

.5
7

±
1.

32
)

20
.4

±
3.

8
29

8
±

43
14

.6
(0

.6
13

±
0.

11
8)

47
.0

±
5.

2c
13

30
±

11
0

28
.3

2,
4-

D
3.

00
±

1.
0

27
2

±
50

90
.7

(5
.8

4
±

0.
85

)
5.

77
±

1.
13

53
4

±
32

92
.6

10
.2

±
1.

2a
12

70
±

98
12

5
H

A
12

.2
±

2.
8

70
2

±
11

4
57

.5
(0

.8
97

±
0.

37
2)

23
.5

±
1.

7b
43

0
±

19
18

.3
27

.5
±

4.
7b

51
9

±
69

18
.9

(0
.9

2
±

0.
15

)
IA

23
.6

±
8.

4
15

0
±

40
6.

36
(0

.3
49

±
0.

12
5)

14
.0

±
8.

1b
11

0
±

50
7.

86
(0

.8
97

±
0.

22
4)

47
.1

±
17

.3
b

38
7

±
13

1
8.

22
(1

.3
9

±
0.

30
)

IS
32

.9
±

11
.4

27
0

±
85

8.
21

(2
.6

4
±

0.
34

)
20

.5
±

5.
3b

21
6

±
45

10
.5

17
.7

±
5.

3b
35

0
±

80
19

.8
(3

.4
2

±
0.

39
)

C
M

P
F

85
.3

±
13

.3
47

8
±

52
5.

60
14

1
±

10
b

80
1

±
45

5.
67

15
4

±
14

b
16

69
±

11
4

10
.8

K
m

an
d

V
m

a
x

w
er

e
de

te
rm

in
ed

by
no

nl
in

ea
r

re
gr

es
si

on
an

al
ys

is
as

de
sc

ri
be

d
un

de
r

“M
at

er
ia

ls
an

d
M

et
ho

ds
.”

D
at

a
ar

e
ta

ke
n

fr
om

F
ig

ur
es

3
an

d
8,

(a
)

H
as

eg
aw

a
et

al
.(

20
03

),
(b

)
D

eg
uc

hi
et

al
.

(2
00

4)
,a

nd
(c

)
N

ag
at

a
et

al
.

(2
00

4)
.E

ac
h

va
lu

e
re

pr
es

en
ts

th
e

m
ea

n
±

SD
(n

�
3)

.T
he

up
ta

ke
cl

ea
ra

nc
e

of
no

ns
at

ur
ab

le
co

m
po

ne
nt

w
as

gi
ve

n
in

pa
re

nt
he

se
s.

Fig. 4. Inhibitory effect of organic anions and cations on the uptake
of [3H]PAH by mkOAT1-HEK. The uptake rate of [3H]PAH by
mkOAT1 for 1 min was determined in the absence or presence of
inhibitors at the designed concentrations. The values were expressed
as a percentage of [3H]PAH uptake by mkOAT1-HEK in the pres-
ence of inhibitors vs. that in the absence of inhibitors. Each point
represents the mean ± SE (n � 3).
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Fig. 5. Time profile, sodium dependency and trans-stimulated uptake of [3H]PAH and time profiles of the uptake of various compounds by
mkOAT3-HEK. (A) The time dependent uptake of [3H]PAH by mkOAT3-HEK was examined at 37°C. (B) Effect of extracellular cation on
[3H]PAH uptake in mkOAT3- expressing HEK293 cells. The uptake rate of [3H]PAH by mkOAT3-HEK for 3 min was measured in the
presence or absence of extracellular sodium. Extracellular sodium was replaced with equimolar litihium or choline. (C) Trans-stimulated
uptake of [3H]PAH by mkOAT3-expressing HEK cells was preloaded with glutarate for 15 min at the indicated concentration before starting
the uptake experiment. The uptake rate of [3H]PAH by mkOAT3-HEK for 3 min was measured. The values were expressed as a percentage
of [3H]PAH uptake in mkOAT3-HEK (mean ± SE, n � 3). (D) The uptake of [3H] or [14C]-labeled various compounds (1 �mol/L) by
mkOAT3-HEK was examined at 37°C. Closed circle and open circles represent the uptake by mkOAT3-HEK and vector-HEK, respectively.
Statistical differences in the uptake of mkOAT3-HEK were compared to vector-HEK by two-side unpaired Student’s t test with p < 0.05 as
limit of significance (*p < 0.05; **p < 0.01). Each point represents the mean ± SE (n � 3).
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uptake of PAH by mkOAT3 (Fig. 5C). In addition to PAH,
the specific uptake of PCG, E1S, OTA, 2,4-D, CMD, MTX,
HA, E217�G, IS, and CMPF by mkOAT3 was observed,
while the uptake of IA was comparable in vector- and
mkOAT3-HEK (Fig. 5D). The concentration-dependence of
the uptake of PCG, E1S, CMD and CMPF by mkOAT3-HEK
was examined (Fig. 6), and the Km and Vmax values, deter-
mined by non-linear regression analysis, are summarized in
Table II.

The cis-inhibitory effect of organic anions and TEA on
the mkOAT3-mediated PCG uptake is shown in Fig. 7. An
inhibitory effect was observed for structurally diverse organic
anions while TEA had no effect. The inhibition potency of
the mkOAT3-mediated transport of PCG at concentration of
10 �mol/L exhibited a rank order of probenecid, furosemide
� bumetanide > pravastatin > chlorothiazide � �-ketoglu-
tarate > PAH.

Functional Characterization of hOAT1 and hOAT3

Time profile, sodium dependency and trans-stimulated
uptake of [3H]PAH by hOAT1- and hOAT3-HEK, and the
time-profiles of the uptake of various anionic compounds,
nucleoside derivatives and CMD are shown in Figs. 8 and 9,
respectively. Transfection of hOAT1 or hOAT3 cDNA re-
sulted in an increase in the uptake of PAH compared with the

vector-HEK (Figs. 8A and 9A). The uptake of PAH via
hOAT1- and hOAT3-HEK was sodium-independent (Figs.
8B and 9B), and trans-stimulatory effect by glutarate was
observed in the uptake of PAH by hOAT1- and hOAT3-
HEK (Figs. 8C and 9C). A significant increase was observed
in the uptake of PAH, 2,4-D, OTA, AZT, and CMD by
hOAT1-HEK compared with the vector-HEK, but no signifi-
cant uptake of PCG and E1S and ACV was observed (Fig.
8D). The uptake of PAH and 2,4-D by hOAT1-HEK was
saturable (Fig. 8D), and the Km and Vmax values for their
uptake are summarized in Table I. Transfection of hOAT3
cDNA resulted in a significant increase in the uptake of PCG,
E1S, CMD, 2,4-D, PAH, ACV, and OTA compared with the
vector-HEK, but the uptake of AZT by hOAT3-HEK was
comparable with that by vector-HEK (Fig. 9D). The concen-
tration-dependence of the uptake of PCG, E1S and CMD was
examined by hOAT3-HEK (Fig. 9D), and the Km and Vmax

values for their uptake are summarized in Table II.

Correlation of OAT1- and OAT3-Mediated Transport
Activities Among Rats, Monkeys, and Humans

To correct for the difference in the expression levels
in the cDNA-transfectants, the relative transport activities
of OAT1 substrates with regard to PAH transport were

Fig. 6. Concentration dependence of the uptake of [3H]PCG, [3H]E1S, [3H]CMD, and [3H]CMPF by mkOAT3-HEK. The con-
centration-dependence of mkOAT1-mediated [3H]PCG (A), [3H]E1S (B), [3H]CMD (C), and [3H]CMPF (D) uptake were shown
as Michaelis-Menten plots. The uptake of [3H]PCG (A) for 0.5 min, [3H]E1S for 0.25 min, [3H]CMD for 0.5 min, and [3H]CMPF
for 0.5 min was determined at various concentrations (PCG; 1–100 �mol/L, E1S; 0.3–50 �mol/L, CMD; 1–100 �mol/L, and CMPF;
1–100 �mol/L; the range of concentration used). The mkOAT3-mediated transports were obtained by substracting the transport
velocity in vector-HEK from those in mkOAT3-HEK. Each point represents the mean ± SE (n � 3).
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compared (Fig. 10A and 10B). A linear correlation among
the species tested, hOAT1 vs mkOAT1 (A; R2 � 0.984) and
hOAT1 vs rOat1 (B; R2 � 0.946) was observed. For OAT3,
the relative transport activities of OAT3 substrates with re-
gard to PCG transport were compared (Figs. 10C and 10D).
Although a good correlation was observed between hOAT3
and mkOAT3 (C; R2 � 0.971), the correlation was poor be-
tween hOAT3 and rOat3 (D; R2 � 0.450).

DISCUSSION

In the current study, we reported the isolation and func-
tional characterization of OAT1 and OAT3 from cynomolgus
monkey kidney and compared the transport properties of
OAT1 and OAT3 in terms of their affinity and activity in rat,
monkey and human.

Cloning of mkOAT1 and mkOAT3 revealed that their
amino acid sequences are quite similar to their corresponding
human orthologs. Both mkOAT1 and mkOAT3 were de-
tected in monkey kidney by Western blot at the same mo-
lecular weight as in other species (16,21,22) (Fig. 1A). They
are localized on the basolateral membrane of the proximal
tubules (Fig. 1B and C), which is consistent with previous
reports in human (10,11).

Expression of mk/hOAT1 and mk/hOAT3 increased the
uptake of PAH in HEK293 cells in a sodium-independent
manner. Sodium-independence of the uptake by mk/hOAT1
and mk/hOAT3 is consistent with the previous reports in
which the uptake was examined using X. laevis oocytes
(10,11,23). r/hOAT1 and rOat3 are apparently dicarboxylate
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Fig. 7. Inhibitory effect of organic anions and cations on the uptake
of [3H]PCG by mkOAT3-HEK. The uptake rate of [3H]PCG by
mkOAT3 for 1 min was determined in the absence or presence of
inhibitors at the designed concentrations. The values were expressed
as a percentage of [3H]PCG uptake by mkOAT3-HEK in the pres-
ence of inhibitors vs. that in the absence of inhibitors. Each point
represents the mean ± SE (n � 3).
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exchangers indirectly coupled to the sodium gradient (24–28).
Intracellulary accumulated glutarate stimulated the uptake of
PAH via mkOAT1- and mkOAT3-HEK to a similar degree
to that observed in hOAT1- and hOAT3-HEK (Fig. 2), sug-
gesting that both mkOAT1 and mkOAT3 are organic ion/
dicarboxylate exchangers. It is speculated that the lack of any
apparent sodium dependence is accounted for by the absence
of a sodium-dicarboxylate cotransporter in HEK293. Indeed,
Sweet et al. (26) demonstrated that coexpression of a sodium-
dicarboxylate contransporter with rOat3 in X. laevis oocytes
clearly induced the sodium-dependent uptake of E1S. These
results suggest that mkOAT1 and mkOAT3 have transport
characteristics similar to their corresponding human ortho-
logues.

Significant uptake of typical substrates by mkOAT1 and
mkOAT3 was observed (Figs. 2 and 5). The substrate speci-
ficity of mkOAT1 and mkOAT3 shows overlap although
some compounds were specifically transported either by
mkOAT1 or mkOAT3. 2,4-D, HA, PAH, and IS are sub-
strates of mkOAT1, and their transport activities were mark-
edly greater with mkOAT1 than mkOAT3, and vice versa for
CMD. IA is a specific substrate of mkOAT1, whereas E1S,
PCG, methotrexate, and E217�G were specifically trans-
ported by mkOAT3 (Figs. 2 and 5). CMPF showed similar
transport activities in mkOAT1 and mkOAT3, however, the Km

value of CMPF was much smaller for mkOAT3 than for
mkOAT1 (Tables I and II). An overshoot-like phenomena was
observed in the uptake of 2,4-D and CMPF by mkOAT1-HEK

Fig. 8. Time profile, sodium dependency, and trans-stimulated uptake of [3H]PAH and time profiles of the uptake of various compounds by
hOAT1-HEK. (A) The time-dependent uptake of [3H]PAH by hOAT1-HEK was examined at 37°C. (B) Effect of extracellular cation on
[3H]PAH uptake in hOAT1-HEK. The uptake rate of [3H]PAH by hOAT1-HEK for 1 min was measured in the presence or absence of
extracellular sodium. Extracellular sodium was replaced with equimolar litihium or choline. (C) Trans-stimulated uptake of [3H]PAH by
hOAT1-expressing HEK cells was preloaded with glutarate for 15 min at the indicated concentration before starting the uptake experiment.
The uptake rate of [3H]PAH by mkOAT1-HEK for 1 min was measured. The values were expressed as a percentage of [3H]PAH uptake in
hOAT1-HEK (mean ± SE n � 3). (D) The uptake of [3H] or [14C]-labeled various compounds (1 �mol/L) and the uptake of [3H]PAH for
1 min and [3H]2,4-D for 0.25 min by hOAT1-HEK were examined at various concentrations (PAH; 0.5 to 1000 �mol/L, 2,4-D; 0.3 to 300
�mol/L; the range of concentration used). Closed circle and open circles represent the uptake by hOAT1-HEK and vector-HEK, respectively.
Statistical differences in the uptake of hOAT1-HEK were compared to vector-HEK by two-side unpaired Student’s t test with p < 0.05 as limit
of significance (*p < 0.05; **p < 0.01). Each point represents the mean ± SE (n � 3).
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and of CMPF by mkOAT3-HEK for some unknown reason
(Figs. 2 and 5). The cis-inhibition study showed selectivity of
inhibitors for mkOAT1 and mkOAT3 (Figs. 4 and 7). �-KG
and chlorothiazide are more potent inhibitors of mkOAT1

than mkOAT3, whereas furosemide and pravastatin are more
potent inhibitors of mkOAT3. These inhibitors can be used to
estimate the contribution of mkOAT1 and mkOAT3 to the
total membrane transport process.

Fig. 9. Time profile, sodium dependency, and trans-stimulated uptake of [3H]PAH and time profiles of the uptake of various compounds by
hOAT3-HEK. (A) The time-dependent uptake of [3H]PAH by hOAT3-HEK was examined at 37°C. (B) Effect of extracellular cation on
[3H]PAH uptake in hOAT3-HEK. The uptake rate of [3H]PAH by hOAT3-HEK for 3 min was measured in the presence or absence of
extracellular sodium. Extracellular sodium was replaced with equimolar litihium or choline. (C) Trans-stimulated uptake of [3H]PAH by
hOAT3-expressing HEK cells was preloaded with glutarate for 15 min at the indicated concentration before starting the uptake experiment.
The uptake rate of [3H]PAH by hOAT3-HEK for 3 min was measured. The values were expressed as a percentage of [3H]PAH uptake in
hOAT3-HEK (mean ± SE n � 3). (D) The uptake of [3H] or [14C]-labeled various compounds (1 �mol/L) and the uptake of [3H]PCG for
1 min, [3H]E1S for 0.25 min, and [3H]CMD for 0.5 min by hOAT3-HEK were examined at various concentrations (PCG; 1 to 1000 �mol/L,
E1S; 0.2 to 1000 �mol/L, and CMD 1 to 1000 �mol/L; the range of concentration used). Closed circle and open circles represent the uptake
by hOAT3-HEK and vector-HEK, respectively. Statistical differences in the uptake of hOAT3-HEK were compared to vector-HEK by
two-side unpaired Student’s t test with p < 0.05 as limit of significance (*p < 0.05; **p < 0.01). Each point represents the mean ± SE (n � 3).
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In order to examine the interspecies difference, the Km

values and the relative transport activities with regard to the
transport activity of reference compounds (PAH for OAT1,
and PCG for OAT3), were compared (Table I and Fig. 10).
The Km values for OAT1-mediated transport are comparable
among the species tested (Table I), and the relative transport
activities of OAT1-mediated transport with regard to the up-
take of PAH exhibited a good correlation (Figs. 10A and
10B). These results suggest that there is a minimal species
difference in the Oat1/OAT1-mediated transport. This is in a
good agreement with a successful allometric scaling that has
been reported for 2,4-D in the mouse, rat, pig, calf and human
(29). 2,4-D is eliminated predominantly by the kidney (29),
and its basolateral uptake has been suggested to be predomi-
nantly accounted for by rOat1 (15). Although the absolute
value of the uptake is too small to affect the correlation, a
species difference in CMD uptake by mk/hOAT1 and rOat1
was observed. CMD does not interact with rOat1 (30),
whereas it is a poor substrate of mkOAT1 (this study) and
hOAT1 (31). Therefore, difference in the amino acid se-
quences between primates and rat weakly affect the substrate
recognition by OAT1.

As expected from high sequence homology, minimal dif-
ference was also observed for h- and mkOAT3 (Table II, Fig.

10). However, the correlation of the relative transport activi-
ties between r- and hOAT3 was poor, and E1S, CMPF and IS
were out of the correlation (Fig. 10D). The relative transport
activity of E1S was greater in mk/hOAT3 than in rOat3, and
vice versa for CMPF and IS (Fig. 10D). Because relative
transport activity of E1S by rOat3 with regard to benzylpeni-
cillin uptake was similar in LLC-PK1 and HEK293 cells (data
not shown), the poor correlation is presumably accounted for
by the species difference, but not to the difference in the host
cell line. Similar Km values of IS and E1S between primates
and rat suggests that this interspecies difference is ascribed to
their Vmax values. IS and CMPF are uremic compounds that
accumulate in patients suffering from renal dysfunction, and
are normally eliminated into the urine (32,33). In rats, the
renal uptake of IS is equally mediated by rOat1 and rOat3,
while that of CMPF is mainly accounted for by rOat3 (14).
Because IS and CMPF are substrates of mkOAT1 and
mkOAT3, and the E1S uptake by rat kidney slices has been
suggested to be mediated by rOat3 and other unknown trans-
porter(s) (15), such a species difference may alter the contri-
bution of OAT1 and OAT3 in rats and primates. In addition,
OAT3 has been hypothesized to account for species depen-
dent effect of probenecid on the renal clearance of famoti-
dine, an H2 receptor antagonist (34,35). The renal secretion

Fig. 10. Correlation of OAT1/OAT3-mediated transport activities between rats, humans,
and monkeys. The correlation of OAT1-mediated relative activities between human and
monkey (A) and human and rat (B). The correlation of OAT3-mediated relative activities
between human and monkey (C) and human and rat (D). The relative transport activity
was calculated from initial uptake velocity of tested compounds dividing by that of OAT1-
mediated PAH or OAT3-mediated PCG. In every experiment, PAH and PCG were used
as reference compounds to check the transport activity by OAT1- and OAT3-expressing
cells. Dot line indicates correspondence 1:1. Data are taken from Figs. 2, 5, 8, and 9,
Hasegawa et al. (2003) (15), Deguchi et al. (2004) (14), and Nagata et al. (2004) (17).
(Significant correlation: A, R2 � 0.984, p < 0.01; B, R2 � 0.946, p < 0.01; C, R2 � 0.971,
p < 0.01. No significant correlation: D, R2 � 0.450, p > 0.05, Pearson‘s correlation). OAT1
substrates: PCG(1), ACV(2), CMD(3), CMPF(4), IA(5), IS(6), AZT(7), PAH(8),
OTA(9), HA(10), 2,4-D(11). OAT3 substrates: ACV(1), IS(2), 2,4-D(3), PAH(4),
CMD(5), PCG(6), CMPF(7), OTA(8), E1S(9).

Tahara et al.658



clearance of famotidine was significantly reduced by a coad-
ministration of probenecid in healthy volunteers (34),
whereas this interaction was not observed in rats (36). Moto-
hashi et al. (35) reported that famotidine is a substrate of
hOAT3, but not of other basolateral transporters, hOAT1
and hOCT2, while it is a poor substrate of rOat3 (17). It is
possible that the contribution of r- and hOAT3 to the renal
uptake of famotidine differs between rat and human. Consid-
ering the good correlation in the relative transport activity of
OAT3 between monkey and human, it is possible that the
monkey is a good predictor of the drug-drug interaction.

These results suggest that the OAT1-mediated transport
will be a very good predictor of renal clearance by scaling
from rat to human based on an allometric equation, while the
species differences in OAT3-mediated transport may be as-
sociated with a poor predictability of renal clearance in hu-
man from animal experiment, and with over- or underestima-
tion of the contribution of the transporters. Transport studies
using human cDNA transfectants are informative, however, it
appears to be difficult to confirm the prediction from in vitro
experiments because of the limited availability of human ma-
terials. Transport studies using monkey cDNA transfectants
and tissue will provide a strong support for the prediction as
far as the uptake process is concerned. Tubular secretion in-
cludes the efflux process at the brush border membrane as
well as the uptake process at the basolateral membrane. The
molecular characteristics of the monkey transporters involved
in the apical excretion, which include multidrug resistance
associated protein 2 (37,38), breast cancer resistant protein
(BCRP) (39,40), NPT1 (41) and renal specific transporter
(42), should be compared with those in human in future study
to conclude that the monkey is an appropriate animal for
investigating the overall tubular secretion of drugs in order to
make predictions in humans.

In conclusion, we have characterized monkey multispe-
cific OAT1 and OAT3 in terms of substrate specificity and
localization in the kidney, and demonstrated that there is a
minimal species difference compared with human orthologs.
Taking all these findings into consideration, the monkey ap-
pears to be a better predictor of the renal uptake of exog-
enous organic anions in humans than in rat.
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