bl

much lower than those by OAT1 (Kusuhara et al., 1999;
Hasegawa et al,, 2003). Consistent with these transport ac-
tivities, kinetic analyses using rat kidney slices suggest that
OAT1 plays a major role in the renal uptake of hydrophilic
organic anions with a small molecular weight, such as p-
aminohippurate (PAH), 2,4-dichlorophenoxyacetate (2,4-D),
and uremic toxins (hippurate and indole acetate), whereas
OAT3 mainly accounts for the uptake of benzylpenicillin
(PCG), dehydroepiandrosterone suifate (DHEAS), uremic
toxins (indoxyl sulfate and 3-carboxy-4-methyl-5-propyl-2-

" furanopropionate), and, in part, that of estrone sulfate (ES),

but makes only a limited contribution to the uptake of hy-
drophilic and small organic anions (Hasegawa et al., 2002,
2003; Sweet et al., 2002; Deguchi et al., 2004; Eraly et al.,
20086).

The functional importance of human OATs in drug dispo-
sition has been extensively analyzed by in vitro studies using
c¢DNA transfectant. There is a poor correlation in the trans-
port activities of OAT3 between rats and humans, whereas
there is a good correlation for OAT1 (Deguchi et al., 2004;
Tahara et al., 2005b). Therefore, the renal uptake involving
OAT3 may exhibit species difference. Indeed, the effect of
probenecid on the renal clearance of famotidine is species-
dependent. Probenecid markedly inhibits the secretion clear-
ance of famotidine in humans (Inotsume et al.,, 1990),
whereas it has no effect on the renal clearance in rats, even
though the plasma concentration of probenecid is similar or
rather higher than that in clinical studies (Lin et al., 1988).
This is accounted for partly by the species difference in the
transport activity of famotidine by rat and human OAT3
(r/hOAT?3), greater for hOAT3 than rQOat3, and partly by the

rodent-specific expression of organic cation transporter 1

(Tahara et al., 2005a). These studies prompted us to estab-
lish an in vitro experimental system to evaluate the contri-
bution of hOAT1 and hOAT3 using human kidney.

Kidney slices have been widely used to characterize renal
uptake. The extracellular marker compounds, such as me-
thoxy-inulin and sucrose, were below the limit of detection in
the luminal space of the proximal tubules, whereas they

" could be detected in the extracellular space (Wedeen and

Weiner, 1973). Therefore, the kidney slices allow limited
access of drugs from the luminal space in the kidney slices
but free access from the basolateral side, thereby allowing
evaluation of basolateral uptake. In vitro studies of the up-
take of drugs by mammalian kidney slices have proved useful
for examining uptake mechanisms. Fleck et al. (2000, 2002)
prepared kidney slices from human kidney and demon-
strated the active accumulation of PAH and methotrexate,
suggesting that human kidney slices also retain the activities
of organic anion transporters. However, transport studies
using human kidney tissue have not been thoroughly inves-
tigated focusing on the contribution of different transporters.
The purpose of the present study is to compare the uptake of
OAT1 and OATS3 substrate drugs by human kidney slices and
to establish inhibitors to evaluate the contribution of OAT1
and OATS3.

Materials and Methods

Materials. PHIPAH (4.1 Ci/mmol), [*HJDHEAS (60 Ci/mmol),
and [*HJES (43.1 Ci/mmol) were purchased from PerkinElmer Life

Science (Boston, MA). [**CIPCG (59 mCi/mmol) and [*H]2,4-D (20 .

Uptake of Organic Anions by Human Kidney Slices 363
Ci/mmol) were purchased from GE Healthcare Bio-Sciences (Wauke-
sha, WI) and American Radiolabeled Chemicals (St. Louis, MO),
respectively. Unlabeled PAH, DHEAS, ES, and 2,4-D were pur-
chased from Sigma-Aldrich (St. Louis, MO), and unlabeled PCG and
a-ketoglutarate (KG) were from Wako Pure Chemical Industries
(Osaka, Japan). All other chemicals were of analytical grade and
commercially available. )

Preparation of Human Kidney Slices and Uptake of Or-
ganic Anions by Human Kidney Slices. This study protocol was
approved by the Ethics Review Boards at both the Graduate School
of Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan
and Tokyo Women’s Medical University, Tokyo, Japan. All partici-
pants provided written informed consent.

Intact renal cortical tissues were obtained from 42 surgically
nephrectomized patients with renal cell carcinoma at Tokyo Wom-
en’s Medical University between October, 2003 and September,
2005. Samples of human kidney from subjects were stored in Dul-
becco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) on ice
immediately after kidney removal. After 30-min transportation, kid-
ney slices were prepared as described below.

Uptake studies by human kidney slices were carried out following
previous reports (Hasegawa et al., 2002, 2003). Kidney slices (300
pm thick) from intact human cortical tissue were kept in ice-cold
buffer before use. The buffer for the present study consists of 120 mM
NaCl, 16.2 mM KCl, 1 mM CaCl,, 1.2 mM MgSO,, and 10 mM
NaH,PO,/Na,HPO, adjusted to pH 7.5. One slice, weighing 3 to 10
mg, was selected and incubated at 37°C on a 12-well plate with 1 ml
of oxygenated buffer in each well after preincubation of slices for 5
min at 37°C. After incubating for 15 min, slices were rapidly removed
from the incubation buffer, washed twice in ice-cold buffer, blotted on
filter paper, weighed, and dissolved in 1 ml of Soluene-350 (Packard
Instruments, Downers Grove, IL) at 50°C for 12 h. The radioactivity
in the specimens was determined in scintillation cocktail (Hionic
Flour; Packard Instruments). '

Quantification of mRNA of hOAT1 and hOAT3 in Human
Renal Cortical Tissue. Total RNA was isolated from intact cortical
tissue of human kidney using ISOGEN (NIPPON GENE, Tokyo,
Japan) according to manufacturer’s protocol, followed by DNase
treatment (TaKaRa, Shiga, Japan). Total RNA was converted to
cDNA using random 9-mers and avian myeloblastosis virus reverse
transcriptase. Real-time quantitative PCR was performed using
SYBR Green (TaKaRa) and a LightCycler system (Roche Diagnos-
tics, Mannheim, Germany) according to the manufacturer’s instruc-
tions. Nucleotide sequences of the primers for hOAT1 and hOAT3
and GAPDH are: hOAT1, forward, 5'-GGCACCTTGATTGGC-
TATGT-3'; hOAT1, reverse, 5'-AAAAGGCGCAGAGACCAGTA-3';
hOAT3, forward, 5'-GTCCATACGCTGGTGGTCTT-3'; hOAT3, re-
verse, 5'-GCTGAGCCTTTCTCCCTCTT-3'; GAPDH, forward, 5'-
GAAGGTGAAGGTCGGAGTC-3'; and GAPDH, reverse, 5'-GAA-
GATGGTGATGGGATTTC-3'.

GAPDH was used as a housekeeping gene for the internal stan-
dards. An external standard curve was generated by dilution of the
target PCR fragment, which was purified by agarose gel electro-
phoresis. The absolute concentration of external standard was mea-
sured by PicoGreen dsDNA Quantitation Reagent (Molecular
Probes, Eugene, OR). Expression of hOAT1 and hOAT3 were nor-
malized by the expression of GAPDH. )

Transport Studies in hOAT1- and hOAT3-Transfected Cells.
hOATI1- and hOAT3-transfected HEK293 cells were established as
described previously (Deguchi et al., 2004). HEK293 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, penicillin (100 U/ml), and streptomycin at
37°C with 5% CO, and 95% humidity. HEK293 cells were seeded on
12-well plates at a density of 1.2 X 10° cells/well. Cells were cultured
for 48 h with the above-mentioned medium and for an additional 24 h
with culture medium supplemented with 5 mM sodium butyrate
before starting the transport studies.

Transport studies were carried out as described previously (Sug-
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iyama et al, 2001). Uptake was initiated by adding the medium .

containing the radiolabeled compounds in the presence or absence of
inhibitors after cells had been washed twice and preincubated with
Krebs-Henseleit buffer (118 mM NaCl, 23.8 mM NaHCO,, 4.83 mM
KCl, 0.96 mM KH,PO,, 1.20 mM MgSO,, 12.5 mM HEPES, 5 mM
glucose, and 1.53 mM CaCl,, pH 7.4). The uptake was terminated at
designated times by aspirating the incubation buffer and adding
ice-cold Krebs-Henseleit buffer. Cells were washed twice with ice-
cold buffer and dissolved in 500 ul of 0.2 N NaOH. The aliquots
neutralized with 2 N HCl were transferred to scintillation vials
containing 2 ml of scintillation cocktail (Clearsol I; Nacalai Tesque
Inc., Kyoto, Japan), and the radioactivity associated with the speci-
mens was determined in a liquid scintillation counter. The remain-
ing 50-ul aliquots of cell lysate were used to determine the protein
concentration by the method of Lowry with bovine serum albumin as
a standard.

Kinetic Analyses. Kinetic parameters were obtained using the
following Michaelis-Menten equation: one saturable component,

Viws X 8

X +S 1

v =

one saturable and one nonsaturable component,

Vinax X8

-Kn—+S+PmXS (2)

v =

and two saturable components,

Vst XS
K.,+5

Va2 XS
K., xS (3)

v=

where v is the uptake velocity of the substrate (nanomoles per gram
kidney per 15 min or picomoles per milligram of protein per minute),
S is the substrate concentration of the medium (micromolar), K, is
the Michaelis constant (micromolar), V. is the maximal uptake
velocity (nanomoles per gram kidney per 15 min or picomoles per
milligram of protein per minute), and P is the nonsaturable uptake
clearance. Fitting was performed by the nonlinear least-squares
method using the MULTI program (Yamaoka et al., 1981). The input
data were weighed as the reciprocals of the observed values, and the
Damping Gauss Newton Method algorithm was used for fitting.

Results

Quantification of hOAT1 and hOAT3 mRNA Expres-
sion in Human Kidney Cortex. Figure 1A shows the rel-
ative mRNA expression levels of hOAT1 and hOATS3 in 42
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Fig. 1. Expression levels of hOAT1 and hOAT3 mRNA in human renal
cortical tissues. A, relative expression levels of hOAT1 and hOAT3 mRNA
in human kidney cortical tissues were measured by real-time PCR. Ex-
pression levels of hOAT1 and hOAT3 were normalized by that of GAPDH.
B, correlation between the relative expression levels of hOAT1 and
hOAT3 mRNA in human kidney cortical tissues. Solid line, linear regres-
sion line. Each point represents the results of one human kidney subject.

human kidney cortical tissues. The expression levels of
hOAT1 and hOAT3 mRNA, normalized by GAPDH, showed
very large deviations: from 0.147 (X10~2) to 81.1 (x10~2) for
hOAT1 and from 0.051 (xX107%) to 40.6 (X10~2) for hOATS.
The average of the relative expression of hOAT1 and hOAT3
was 8.97 + 1.27 (X107%) and 15.0 = 1.4 (X10™2), respec-
tively. A linear correlation between the relative expression
of hOAT1 and hOAT3 was observed (Fig. 1B, R = 0.814,
p < 0.001).

Uptake of [*HIDHEAS by hOAT1- and hOATS3-
Transfected HEK283 Cells. The uptake of [PH]DHEAS
by hOAT3-transfected cells was significantly greater than
that by vector-transfected cells, which was saturable with
K., (micromolar) and V_,  (picomoles per milligram of
protein per minute) values of 12.9 = 2.0 and 249 = 29,
respectively. The uptake of [PHIDHEAS by hOAT1-trans-
fected cells was similar to that by vector-transfected cells,
whereas the uptake of [*HJPAH by hOAT1- and vector-
transfected cells was 38.8 = 1.4 and 1.39 = 0.17 ul/mg
protein/min, respectively.

Interbatch Differences in the:Uptake of PAH,
2,4-D, PCG, and DHEAS by Human Kidney Slices. The
uptake of typical hOAT1 substrates (PAH and 2,4-D) and
hOAT3 substrates (PCG and DHEAS) was examined in
human kidney slices prepared from 42 subjects, and the
saturable transport activities of PAH, 2,4-D, PCG, and
DHEAS in human kidney slices are shown in Fig. 2. There
were very large interbatch differences in their transport
activities. The saturable uptake of PAH was also compared
with that of PCG in each human kidney batch, and a linear
correlation between PAH and PCG was observed (R? =
0.715, p < 0.001) (Fig. 3).

Transport Properties of the Uptake of PAH, 2,4-D,
PCG, DHEAS, and ES by Human Kidney Slices. The
uptake of PAH, 2,4-D, PCG, and DHEAS by human kidney
slices was examined in the presence of KG in external buffer.
Uptake of PAH was slightly stimulated in the presence of 10
to 30 uM KG (Fig. 4A) followed by an inhibition at greater
extracellular KG concentration. KG slightly stimulated
DHEAS uptake at 300 to 1000 M, although the effect de-
pended on the subjects (Fig. 4D). The uptake of 2,4-D and
PCG was not stimulated by extracellular KG but rather
inhibited at high KG concentrations. The concentration de-
pendence of the uptake of PAH, 2,4-D, PCG, DHEAS, and ES
by human kidney slices was examined (Fig. 5). The uptake of
PAH, 2,4-D, PCG, and DHEAS was determined using three
different human kidney batches and that of ES was deter-
mined using two different batches. Nonlinear regression
analysis showed that the uptake of PAH, 2,4-D, PCG, and ES
by human kidney slices consists of one saturable and one
nonsaturable component, whereas that of DHEAS consists of
‘two saturable components. The kinetic parameters are sum-
marized in Table 1.

Effect of PAH and PCG on the Uptake of PAH, 2,4-D,
PCG, DHEAS, and ES by Human Kidney Slices. The
inhibitory effect of unlabeled PAH and PCG on the uptake of
[FHIPAH, [°H]2,4-D, [**CIPCG, and [PHIDHEAS by human
kidney slices was examined (Fig. 6). The uptake of PH]JPAH
and [°H]2,4-D was more potently inhibited by unlabeled PAH
than PCG (Fig. 6, A and B) and vice versa for the uptake of
[““CIPCG (Fig. 6, C and D). Although PCG was also a more
potent inhibitor than PAH for the uptake of [FH]DHEAS, the
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Fig. 2. Interbatch variability in the uptake of PAH, 2,4-D, PCG, and DHEAS by human kidney slices. Human kidney slices were prepared from intact
renal cortical tissues donated from 42 nephrectomized patients with renal cell carcinoma, and the uptake of 0.1 uM [FHIPAH (A), 0.1 uM [H]2,4-D
(B), 1 pM [**CIPCG (C), and 0.1 uM PHIDHEAS (D) was measured for 15 min at 37°C. The y-axis represents the saturable uptake clearance (milliliters
per gram kidney per 15 min), which was obtained by subtracting the uptake clearance in the presence of excess amount of nonlabeled compounds (1

mM) from that under tracer conditions. All the data represent the mean (n = 2 slices). N.D., not determined due to a lack of sufficient tissue.

4 -

“w

N

-

saturable uptake of PCG

(ml/g kidney/15min)

[~}
o

3 4 s
saturable uptake of PAH
{ml/g kidney/15min)

Fig. 3. Correlation of saturable uptake of PAH and PCG by human
kidney slices The uptake of [PHJPAH (0.1 M) and [**CIPCG (1 uM) was
measured for 15 min at 37°C. The saturable uptake clearance (milliliters
per gram kidney per 15 min) was obtained by subtracting the uptake
clearance in the presence of 1000 uM substrate concentrations from that
under tracer conditions. This plot was taken from the results of subjects

5, 22, 24 to 26, and 28 to 42 (see Fig. 2). Each point represents the results

of one human kidney subject.

inhibition curves of PH]DHEAS uptake by PCG and PAH
were shifted to the right in comparison with-that of PCG (Fig.
6, C and D).

Discussion

Human-derived materials, such as cryopreserved hepato-

‘. cytes, canalicular membrane vesicles, and microsomes, have

been widely used in drug development to predict the phar-
macokinetic properties of potential drug candidates (metab-
olism and membrane transport), and they also serve as es-
sential tools to evaluate drug-drug interactions in addition to
in vitro-in vivo scaling. Kidney slices from experimental an-
imals have been widely used to characterize the renal uptake
of organic anions through the basolateral membrane. Fleck
et al. (2000) demonstrated that human kidney slices retain
organic anion transport activity. The present study focused
on the use of human kidney slices to characterize the uptake
of hOAT1 and hOATS3 substrates. For that purpose, PAH,
2,4-D, PCG, DHEAS, and ES were selected for probing
hOAT1 and hOATS3 activities. PAH and 2,4-D are common
substrates of hOAT1 and hOAT3, but the transport activities
by hOAT1 were markedly greater than those by hOATS3
(Tahara et al., 2005b), and PCG, DHEAS, and ES are specific
substrates of hOATS3 (Tahara et al., 2005b; this study).

The mRNA expression of hOAT3 in human kidney slices
was 1.7-fold higher than that of hOAT1 on average, which is
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consistent with the previous determination (Motohashi et al.,
2002). There was a very large interbatch difference in the
mRNA expression of hOAT1 and hOAT3 (Fig. 1A) and the
uptake of test compounds in human kidney slices (Fig. 2).
However, the mRNA expression of hOAT1 and hOAT3 was
closely correlated (Fig. 1B), and the saturable uptake of PAH
and PCG by human kidney slices also correlated well (Fig. 3).
The interbatch difference is probably due to the large differ-
ence in the expression of OAT1 and OATS, but the close
correlations suggests that the functional contribution of
hOAT1 and hOATS to the net uptake is maintained irrespec-
tive of the batch of slices used (Figs. 2 and 3). Because the
normal part of the kidney was obtained from surgically ne-
phrectomized patients with renal cell carcinoma for prepara-
tion of slices, it is possible that renal cell carcinoma and
chemotherapy indirectly affect the expression of OATs. In-
deed, Fleck et al. (1997) reported that the uptake of PAH by
slices from intact kidney was influenced by the tumor stage
and size, although kidney slices were prepared from intact
cortical tissues (Fleck et al., 1997). Furthermore, during the
process of nephrectomy, kidney tissue is kept under warm
ischemic conditions. Considering that ischemic reperfusion
injury affects the mRNA and/or protein expression levels of
ATP-binding cassette transporters in the kidney (Huls et al.,
2006), it is also possible that the warm ischemic conditions
during nephrectomy affect the expression of hOAT1 and/or
hOAT3. .

The basolateral uptake of organic anions in renal proximal
tubule cells is indirectly coupled to the Na* gradient through

Fig. 4. Effect of o-ketoglutarate on
the uptake of PAH, 2,4-D, PCG, and
DHEAS by human kidney slices. The
uptake of 0.1 uM [PHJPAH (A), 0.1 uM
[PH12,4-D (B), 1 uM [*CIPCG (C), and
0.1 uM [*H]DHEAS (D) was measured
for 15 min at 37°C in the presence or
absence of a-ketoglutarate (0-1 mM).
All experiments were repeated in two
or three subjects (two slices per sub-
ject), and the uptake of PAH was de-
termined in subjects 22 and 24, that of
2,4-D in subjects 6, 11, and 12, that of
PCG in subjects 6, 20, and 24, and

- that of DHEAS in subjects 6, 16, and
20. Each column represents an indi-
vidual subject. The values are shown
as a percentage of the uptake in the
absence of any unlabeled compounds
(n = 2 slices).

Na*-dicarboxylate cotransporf and organic anion/dicarboxy-
late exchange (Bakhiya et al., 2003; Sweet et al., 2003). In the

" kidney slices used in this study, the effect of extracellular KG

\)

D

was compound-dependent (Fig. 4), and KG only slightly stim-
ulated the uptake of PAH and DHEAS (Fig. 4). There are two
possibilities to account for this discrepancy. One is the dif-
ference in the incubation time. In the present study, the
incubation time was shorter than in the previous study to
characterize the initial uptake process (15 versus 60 min)
(Sweet et al., 2003). It is also possible that the kidney slice
may retain sufficient activity to allow the intracellular con-
centration of KG to drive OAT1 and OAT3. However, further
studies are required to draw more definite conclusions.

Nonlinear regression analyses suggest that the uptake of
test compounds, except DHEAS, by human kidney slices
consists of one saturable and one nonsaturable component,
whereas that of DHEAS consists of two saturable compo-
nents, and the high-affinity component accounts for the ma-
jor part (56-76%) (Fig. 5). The kinetic parameters for the
uptake of organic anions by human kidney slices are sum-
marized in Table 1. The K_ value of PAH determined in
human kidney slices was similar to the K_ of hOAT1 (20 uM;
Tahara et al., 2005b) and K; of hOATS3 (100 uM; Deguchi et
al., 2004), whereas the K, values of 2,4-D and those of PCG
and ES were similar to that of hOAT1 (5.8 uM; Tahara et al.,
2005b) and hOAT3 (52 and 9.5 uM; Tahara et al., 2005b),
respectively. For DHEAS, the K, value for hOAT3 (13 pM,
this study) is close to that of the high-affinity component
rather than the low-affinity component.
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Fig. 5. Concentration dependence of the uptake of PAH, 2,4-D, PCG, DHEAS, and ES by human kidney slices. The concentration dependence of the
uptake of FHIPAH (A), PH]2,4-D (B), [“CIPCG (C), FHIDHEAS (D), and [*HJES (E) is shown as an Eadie-Hofstee plot. The uptake was measured
_for 15 min at 37°C. The concentration dependence of PAH, 2,4-D, PCG, and DHEAS was determined using three different human kidney batches and
that of ES was determined using two different batches. A to E, data for human kidney slices prepared from subjects 30, 20, 20, 3, and 37, respectively.
Each point represents the result from one slice. Solid lines represent the fitted lines obtained by nonlinear regression analysis.

TABLE 1

Kinetic parameters of the uptake of organic anions by human kidney slices
Kinetic parameters were determined by nonlinear regression analysis using data shown in Fig. 5. The parameters within parentheses represent that of low-affinity

components. Each value represents the mean + S.D.

_ Human Kidney Slices

Substrate
Subject Nos. K., Vinax ) Pye
. uM nmol/g kidney/15 min
PAH 30 395 % 1.0 62.9 = 15.4 0.438 + 0.048
31 31.1+ 189 25.4 = 149 0.412 + 0.060
36 47.8 = 26.4 50.1 = 27.5 0.436 = 0.079
2,4-D 20 3.94 = 1.04° 23.0+5.5 1.65 + 0.13
24 0.727 = 0.449 7.03 = 291 141 + 0.23
30 4.85 + 1.39 25.6 £ 6.2 1.09 £ 0.11
PCG 20 89.8 = 44.0 103 = 53 0.461 = 0.096
24 42.9 = 10.0 126 * 27 0.439 = 0.064
30 139 = 4.6 229+ 6.4 0.455 = 0.041
DHEAS 3 3.57 + 1.67 (1340 = 260 19.2 + 8.9 (6750 = 760)
4 2.19 * 0.91 (1270 x 580) 20.9 + 8.2 (3810 * 1240)
b 3.91 * 1.38 (1260 = 490) 26.6 = 10.3 (4800) + 1340)
ES 37 9.18 = 2.0% 914 +174 2.01 = 0.17
39 10.7 = 2.2 148 = 26 231 +021

v

To estimate the contribution of OAT1 and OATS3, an inhi-
bition study was carried out. Hasegawa et al. (2002) previ-
ously demonstrated different inhibition potencies of PAH and
PCG for rOatl- and rOat3-mediated uptake. According to the
published data, the K, of PAH for hOATI is only 5-fold

different from the K; value for hOAT3 (20 versus 100 pM),
whereas PCG exhibits a 30-fold difference (52 versus 1700
uM) (Deguchi et al., 2004; Tahara et al., 2005b). As shown in
Fig. 6, PAH and PCG showed different potencies for the
uptake of PAH and 2,4-D and that of PCG and DHEAS in
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human kidney slices. PAH inhibited 2,4-D uptake with an
1Cy, value similar to its own K value, whereas it inhibited
the uptake of PCG and DHEAS, but with lower potencies. On
the contrary, PCG had only a weak effect on the uptake of
PAH and 2,4-D by the kidney slices, and, particularly, at a
concentration similar to its K, value, it had no effect. These
mutual inhibition studies kinetically suggest that PAH
shares the same transporter (hOAT1) with 2,4-D, but not
with PCG. PAH and 2,4-D are also substrates of hOATS with
low transport activities (Tahara et al., 2005b), and its contri-
bution to PAH and 2,4-D uptake by human kidney slices is
probably smaller than hOAT1. As in the case of PCG uptake,
PCG more potently inhibited the uptake of DHEAS than
PAH (Fig. 6, C and D). However, the inhibition curves shified
to the right in comparison with that of PCG uptake (Fig. 6D).
- Because the uptake DHEAS consists of two saturable com-
ponents, PCG and PAH may have different inhibition poten-
cies to these two components.

Taken together, it is likely that the uptake of PAH and
2,4-D in human kidney slices is due to hOAT1 and that of
PCG and ES, and part of DHEAS uptake is due to hOATS.
There was 'a 6.3-fold difference in the intrinsic transport
activities (V,,,/K,,) of PAH and 2,4-D in hOAT1-expressing
HEK293 cells (Tahara et al., 2005b), which was close to the
difference observed in the human kidney (6-fold) (Table 1).
This holds true for PCG, ES, and DHEAS. Assuming that the
high-affinity component of DHEAS uptake is solely explained
by hOAT3, the intrinsic transport activities of ES and
DHEAS were 5.2- and 7.5-fold greater than that of PCG in
human kidney, and the corresponding values were 4.7 and

7.7 in hOAT3-expressing HEK293 cells, respectively. The
transport activities relative to PAH and PCG transport are
probably preserved between human kidney slices and the
cDNA transfectants, which allows the application of relative
activity factor method in which the transport activities of test
compounds in the kidney/liver were predicted from the in-
trinsic parameter of test compound in ¢DNA transfectants
multiplied by the scaling factor obtained using reference
compounds (Hasegawa et al., 2003; Hirano et al., 2004),

The present study shows that human kidney slices main-
tain the transport activities due to hOAT1 and hOATS and
thus enable us to determine the contribution of hOAT1 and
hOATS3 ex vivo. This experimental system will help in the
characterization of the renal uptake of novel drugs and the
quantitative evaluation of likelihood of drug-drug interac-
tions caused by inhibition of the renal uptake transporters.
However, the possible impact of disease state and patient
drug treatments on OAT function in the available source
tissues is unknown, and caution must be used when extrap-
olating such data to quantitative evaluation of the normal
human response. :

References .

Apiwattanakul N, Sekine T, Chairoungdua A, Kanai Y, Nakajima N, Scphasan S,
and Endou H (1999) Transport properties of nonsteroidal anti-inflammatory drugs
by organic anion transporter 1 expressed in Xenopus laevis oocytes. Mol Pharma-
col 55:847--854.

Bakhiya A, Bahn A, Burckhardt G, and Wolf N (2003) Human organic anion
transporter 3 (hOAT3) can operate as an exchanger and mediate secretory urate
flux. Cell Physiol Biochem 13:249-256.

Cha SH, Sekine T, Fukushima JI, Kanai Y, Kobayashi Y, Goya T, and Endou H
(2001) Identification and characterization of human organic anion transporter 3
expressing predominantly in the kidney. Mol Pharmacol 59:1277-1286.




Cihlar T, Lin DC, Pritchard JB, Fuller MD, Mendel DB, and Sweet DH (1999) The
aniiviral nucleotide analogs cidofovir and adefovir are novel substrates for human
and rat renal organic anion transporter 1. Mol Pharmacol 56:570-580.

Deguchi T, Kusuhara H, Takadate A, Endou H, Otagiri M, and Sugiyama Y (2004)
Characterization of uremic toxin transport by organic anion transporters in the
kidney. Kidney Int 65:162-174.

Eraly SA, Vallon V, Vaughn DA, Ganguiti JA, Richter K, Nagle M, Monte JC, Rieg
T, Truong DM, Long JM, et al. (2006) Decreased renal organic anion secretion and
plasma accumulation of endegenous organic anjons in OAT1 knock-oui mice.
J Biol Chem 281:5072-5083.

Fleck C, Bachner B, Gockeritz S, Karge E, Strohm U, and Schubert J (2000) Ex vivo
stimulation of renal tubular p-aminohippurate transport by dexamethasone and
triiodothyronine in human renal cell carcinoma. Urol Res 28:383-390.

Fleck C, Gockeritz S, and Schubert J (1997) Tubular PAH transport capacity in
human kidney tissue and in renal cell carcinoma: correlation with various clinical
and morphological parameters of the tumor. Urol Res 25:167-171.

Fleck C, Hilger R, Jurkutat S, Karge E, Merkel U, Schimske A, and Schubert J
(2602) Ex vivo stimulation of renal transport of the cytostatic drugs methotrexate,
cisplatin, topotecan (Hycamtin) and raltitrexed (Tomudex) by dexamethasone, T3
and EGF in intact human and rat kidney tissue and in human renal cell carci-
noma. Urol Res 30:256-262. .

Hasannejad H, Takeda M, Taki K, Shin HJ, Babu E, Jutabha P, Khamdang S,
Aleboyeh M, Onozato ML, Tojo A, et al. (2004) Interactions of human organic anion
transporters with diuretics. J Pharmacol Exp Ther 308:1021-1029.

Hasegawa M, Kusuhara H, Endou H, and Sugiyama Y (2003) Contribution of organic
anion transporters to the renal upiake of anicnic compounds and nucleoside
derivatives in rat. J Pharmacol Exp Ther 305:1087—1097.

Hasegawa M, Kusuhara H, Sugiyama D, Ito K, Ueda S, Endou H, and Sugiyama Y
(2002) Functional invelvement of rat arganic anion transporter 3 (rOat3; Slc22a8)
in the renal uptake of organic anions. J Pharmacol Exp Ther 300:746-753.

Hirano M, Maeda K, Shitara Y, and Sugiyama Y (2004) Contribution of OATP2
(OATP1B1) and OATPS (OATP1B3) to the hepatic uptake of pitavastatin in
humans. J Pharmacol Exp Ther 311:139-146.

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

Huls M, van den Heuvel JJ, Dijkman HB, Russel FG, and Masereeuw R (2006) ABC
transporter expression profiling after ischemic reperfusion injury in mouse kidney.
Kidney Int 69:2186-2193.

Inotsume N, Nishimura M, Nakano M, Fujiyama S, and Sato T (1990) The inhibitory
effect of probenecid on renal excretion of famotidine in young, healthy volunteers.
J Clin Pharmacol 30:50-56. -

Jariyawat S, Sekine T, Takeda M, Apiwattanakul N, Kanai Y, Sophasan S, and
Endou H (1999) The interaction and transport of beta-lactam antibiotics with the
cloned rat renal organic anion transporter 1. J Pharmacol Exp Ther 290:672—-677.

Kusuhara H, Sekine T, Utsunomiya-Tate N, Tsuda M, Kojima R, Cha SH, Sugiyama
Y, Kanai Y, and Endou H (1999) Molecular cloning and characterization of a new
multispecific organic anion transporter from rat brain. J Biol Chem 274:13675—
13680. -

Lin JH, Los LE, Ulm EH, and Duggan DE (1988) Kinetic studies on the competition
between famotidine and cimetidine in rats: evidence of multiple renal secretory
systems for organic cations. Drug Metab Dispos 16:52~56.

Motchashi H, Sakurai Y, Saito H, Masuda S, Urakami Y, Goto M, Fukatsu A, Ogawa

Uptake of Organic Anions by Human Kidney Slices 369

0, and Inui K (2002) Gene expression levels and immunolocalization of organicion
transporters in the human kidney. J Am Soc Nephrol 13:866—-874. .

Sekine T, Miyazaki H, and Endou H (2006) Molecular physiology of renal organic
anion transporiers. Am J Physiol 290:F251-F261.

Sugiyama D, Kusuhara H, Shitara Y, Abe T, Meier PJ, Sekine T, Endou H, Suzuki
H, and Sugiyama Y (2001) Characterization of the effiux transport of 178-
estradiol-p-178-glucuronide from the brain across the blood-brain barrier. J Phar-
macol Exp Ther 298:316~322.

Sweet DH (2005) Organic anion transparter (Slc22a) family members as mediators of
toxicity. Toxicol App! Pharmacol 204:198-215.

Sweet DH, Chan LM, Walden R, Yang XP, Miller DS, and Pritchard JB (2003)
Organic anion iransporier 3 (Slc22a8) is a dicarboxylate exchanger indirectly
coupled to the Na* gradient. Am J Physiol 284:F763-F769.

Sweet DH, Miller DS, Priichard JB, Fujiwara Y, Beier DR, and Nigam SK (2002)
Impaired erganic anion transpert in kidney and choroid plexus of organic anion
transporter 3 (Oat3 (S1c2228)) knockout mice. J Biol Chem 277:26934 -26943.

Tahara H, Kusuhara H, Endou H, Koepsell H, Imaoka T, Fuse E, and Sugiyama Y
(2005a) A species difference in the transport activities of H2 receptor antagonisis
by rat and human renal organic anion and cation transporters. J Pharmacol Exp
Ther 315:337-345.

Tahara H, Shono M, Kusuhara H, Kinoshita H, Fuse E, Takadate A, Otagiri M, and
Sugiyama Y (2005b) Molecular cloning and functional analyses of OAT1 and OAT3
from cynomolgus monkey kidney. Pharm Res (NY) 22:647—660.

Takeda M, Noshiro R, Onozato ML, Tojo A, Hasannejad H, Huang XL, Narikawa S,
and Endou H (2004) Evidence for a role of human organic anion transporters in the
muscular side effects of HMG-CoA reductase inhibitors. Eur J Pharmacol 483:
133-138.

Tojo A, Sekine T, Nakajima N, Hosoyamada M, Kanai ¥, Kimura K, and Endou H
(1999) Immunchistochemical localization of multispecific renal organic anion
transporter 1 in rat kidney. J Am Soc Nephrol 10:464—471.

Ueo H, Motchashi H, Katsura T, and Inui K (2005) Human organic anion transporter
hOATS3 is a potent transporter of cephalosporin antibiotics, in comparison with
hOAT1. Biochem Pharmacol 70:1104-1113.

Uwai Y, Saito H, Hashimoto Y, and Inui KI (2000) Interaction and transport of
thiazide diuretics, loop diuretics, and acetazolamide via rat renal organic anion
transporter rOAT1. J Pharmacol Exp Ther 295:261~265.

Wada S, Tsuda M, Sekine T, Cha SH, Kimura M, Kanai ¥, and Endou H (2000) Rat
multispecific organic anion transporter 1 (rOAT1) transports zidovudine, acyclo-
vir, and other antiviral nucleoside analogs. J Pharmacol Exp Ther 294:844-849.

Wedeen RP and Weiner B (1973) The distribution of p-aminohippuric acid in rat
kidney slices. I. Tubular localization. Kidney Int 8:205-213.

Wright SH and Dantzler WH (2004) Molecular and cellular physiology of renal
organic cation and anion transpert. Physiol Rev 84:987-1049.

Yamaoka K, Tanigawara Y, Nakagawa T, and Uno T (1981) A pharmacokinetic
analysis program (multi) for microcomputer. J Pharmacobiodyn 4:879—885.

Address correspondence to: Dr. Hiroyuki Kusuhara, Department of Molec-
ular Pharmacokinetics, Graduate School of Pharmaceutical Sciences, The Uni-
versity of Tokyo, 7-3-1 Hongo, Bunkyoku-Tokyo 13-0033, Japan. E-mail:
kusuhara@mol.f.u-tokyo.ac.jp

165



