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ABSTRACT

The activities of renal muitispecific organic anion transporters
(OATs) 1 and 3 have not been fully evaluated in human kidneys.
In the present study, the uptake of some organic anions was
characterized in kidney slices from human intact renal cortical
tissues: hOAT1 and hOAT3 substrates [p-aminohippurate
(PAH) and 2,4-dichlorophenoxyacetate (2,4-D)] and hOAT3
substrates [benzylpenicillin (PCG), dehydroepiandrosterone
sulfate (DHEAS), and estrone sulfate (ES)]. Despite large inter-
batch differences, hOAT1 and hOAT3 mRNA levels correlated
well, and there was a good correlation between the uptake of
PAH and PCG by kidney slices. The uptake of organic anions
by kidney slices was saturable with K, values of 31 to 48 uM
for PAH, 0.73 to 4.9 uM for 2,4-D, 14 to 90 uM for PCG, and 8.2

to 11 uM for ES. These parameters were comparable with
those for hOAT1 and/or hOAT3. The uptake of DHEAS consists
of two saturable components with K, values of 2.2 to 3.8 and
1300 1M, and the K., value of the high-affinity component was
close to that for hOAT3. Furthermore, PAH more potently in-
hibited the uptake of 2,4-D than that of PCG and DHEAS. PCG
had a weaker effect on the uptake of PAH and 2,4-D than
expected from its K,,, value. Taken together, it is likely that the
uptake of PAH and 2,4-D is due to OAT1, and the uptake of
PCG and ES and part of DHEAS uptake are due to OAT3 in
human kidney slices. Human kidney slices are useful tools for
characterizing the renal uptake of drugs.

The kidney plays an important role in the urinary excre-
tion of endogenous wastes and xenobiotics, including drugs
and their metabolites. Urinary excretion of drugs is mediated
by glomerular filtration and tubular secretion and selective
and passive reabsorption. Various kinds of membrane trans-
porters involved in the renal tubular secretion have been
identified in the proximal tubules. In particular, organic
anion transporter (OAT) 1 (SLC22A6) and OAT3 (SLC22A8)
are exclusively expressed on the basolateral membrane of the
proximal tubules (Hosoyamada et al., 1999; Tojo et al., 1999;

This work was supported by Health and Labor Sciences Research Grants for
Research on Regulatory Science of Pharmaceuticals and Medical Devices from
the Ministry of Health, Labor, and Welfare (to Y.Su.), by a Grant-in-Aid for
Scientific Research (B) from Japan Society for the Promotion of Science (num-
ber KAKENHI 18390046 to H.K.), and by a grant for the 21st Century Center
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Sports, Science, and Technology, Japan (Monbukagakusho).

Article, publication date, and citation information can be found at
http//jpet.aspetjournals.org.

doi:10.1124/jpet.106.113076.

Cha et al., 2001; Hasegawa et al., 2002; Motohashi et al.,
2002) and play magjor roles in the uptake of a variety of
organic anions on the basolateral membrane of kidney prox-
imal tubule epithelial cells (Wright and Dantzler, 2004;
Sweet, 2005; Sekine et al., 2006).

OAT1 and OATS3 are multispecific transporters accepting a
variety of structurally unrelated compounds as substrates,
including clinically important drugs, such as diuretics (Uwai
et al., 2000; Hasannejad et al.,, 2004), p-lactam antibiotics
(Jariyawat et al., 1999; Ueo et al., 2005), antiviral drugs
(Cihlar et al., 1999; Wada et al., 2000), an anticancer drug
(methotrexate) (Cha et al., 2001), nonsteroidal anti-inflam-
matory drugs (Apiwattanakul et al., 1999), HMG-CoA reduc-
tase inhibitors (Hasegawa et al., 2002; Takeda et al., 2004),
and H, receptor antagonists (Tahara et al., 2005a). OAT3
exhibits a broader substrate specificity than OAT1 and ac-
cepts amphipathic and hydrophilic organic anions and some
organic cations, although the transport activities of hydro-
philic organic anions with a low molecular weight by OAT3 is

ABBREVIATIONS: OAT, organic anion transporter; PAH, p-aminohippurate; 2,4-D, 2,4-dichlorophenoxyacetate; PCG, benzylpenicillin; DHEAS,
dehydroepiandrosterone suifate; ES, estrone sulfate; KG, ketoglutarate; PCR, polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.
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much jower 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 sulfate (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.,
2006).

The functional importance of human OATs in drug dispo-
sition has been extensively analyzed by in vitro studies using
cDNA 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/hOAT3), greater for hOAT3 than rOat3, 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 hOATS 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 OAT3 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/mmeol), FHIDHEAS (60 Ci/mmol),
and [PH]ES (43.1 Ci/mmol) were purchased from PerkinElmer Life
Science (Boston, MA). [*“CIPCG (59 mCi/mmol) and [*H]2,4-D (20
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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
NaC), 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
¢DNA 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;
hOATS3, 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.
hOAT1- 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 105 cells/well. Cells were cultured
for 48 h with the above-menticned 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
KC}, 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 HC] 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-p1 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,

Ve X8

one saturable and one nonsaturable component,

Ve XS

V=% 5§ @)

+ Py XS

and two saturable components,

Va1 XS
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K, X8
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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
hOATS3 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 31.1 (x10~?) for
hOAT1 and from 0.051 (X1072) to 40.6 (X10~?) for hOATS.
The average of the relative expression of hOAT1 and hOAT3
was 8.97 + 1.27 (x1072) and 15.0 = 1.4 (x107?), 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 [PH]DHEAS by hOAT1- and hOAT3-
Transfected HEK293 Cells. The uptake of [PHIDHEAS
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 [FHIDHEAS by hOAT1-trans-
fected cells was similar to that by vector-transfected cells,
whereas the uptake of [FHJPAH 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 PAHN,
2,4-D, PCG, and DHEAS by Human Kidney Slices. The
uptake of typical hOAT1 substrates (PAH and 2,4-D) and
hOATS 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. 44) followed by an inhibition at greater
extracellular KG concentration. KG slightly stimulated
DHEAS uptake at 300 to 1000 1M, 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
[PHIPAH, [*H]2,4-D, [**CIPCG, and {*H]DHEAS by human
kidney slices was examined (Fig. 6). The uptake of PHIPAH
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
[*C]PCG (Fig. 6, C and D). Although PCG was also a more
potent inhibitor than PAH for the uptake of [FHIDHEAS, 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 lsidney slices were prepared from intact
renal cortical tissues donated from 42 nephrectomized patients with renal cell carcinoma, and the uptake of 0.1 M [FHIPAH (A), 0.1 uM [FH]2,4-D
(B), 1 uM [HCIPCG (C), and 0.1 pM 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.
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Fig. 3. Correlation of saturable uptake of PAH and PCG by human
kidney slices The uptake of PH]JPAH (0.1 xM) and [“C]PCG (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 hOAT3 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 hOAT3
(Tahara et al., 2005b), and PCG, DHEAS, and ES are specific
substrates of hOAT3 (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 OATS3, but the close
correlations suggests that the functional contribution of
hOAT1 and hOATS3 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.,
20086), it is also possible that the warm ischemic conditions
during nephrectomy affect the expression of hOAT1 and/or
hOATS3. i

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

Fig. 4. Effect of a-ketoglutarate on

the uptake of PAH, 2,4-D, PCG, and

DHEAS by human kidney slices. The

uptake of 0.1 uM [PH]JPAH (A), 0.1 uM
[*H]2,4-D (B), 1 pM [**C]PCG (C), and

0.1 uM [PHIDHEAS (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 cotransport 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

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 hOAT3 (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 uM,
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 [PHIPAH (A), [*H]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 Py
wM nmollg kidney/15 min
PAH 30 395 10 62.9 =154 0.438 = 0.048
31 311+ 189 254 = 14.9 0.412 *+ 0.060
36 478 + 264 50.1 £ 275 0.436 + 0.079
2,4-D 20 3.94 = 1.04 23.0 55 1.65 = 0.13
24 0.727 * 0.449 7.03 +2.91 1.41 = 0.23
30 4.85 =139 25.6 6.2 1.09 = 0.11
PCG 20 89.8 =440 103 = 53 0.461 * 0.096
24 429 > 10.0 126 = 27 0.439 * 0.064
30 13.9 = 4.6 229 +64 0.455 + 0.041
DHEAS 3 3.57 + 1.67 (1340 = 260 19.2 + 8.9 (6750 + 760)
4 2.19 + 0.91 (1270 * 580) 20.9 * 8.2 (3810 * 1240)
5 3.91 + 1.38 (1260 + 490) 26.6 *+ 10.3 (4800) = 1340) _
ES 37 9.18 = 2.01 - 914 * 174 2.01 +0.17
39 10.7 * 2.2 148 = 26 2.31 +0.21

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

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 rOat1- and rOat3-mediated uptake. According to the
published data, the K of PAH for hOAT1 is only 5-fold
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Fig. 6. Inhibitory effect of PAH and PCG on the uptake of
[FHIPAH, [*H]2,4-D, [“CIPCG, and [PHJDHEAS by human
kidney slices. The uptake of FH]JPAH (0.1 uM, closed cir-
cles), [*H]2,4-D (0.1 M, open circles), [**C]PCG (1 uM,
closed squares), and [PH]DHEAS (0.1 uM, open squares)
was determined in the presence and absence of unlabeled
PAH (A and C) and PCG (B and D) for 15 min at 37°C. The
values are shown as a percentage of the uptake in the
absence of any unlabeled compounds. All experiments were
repeated in three subjects (two slices per subject), and each
point represents the mean + S.E. (n = 6).

human kidney slices. PAH inhibited 2,4-D uptake with an
IC;, 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 hOAT3 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 shifted
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 hOATS3.
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 hOATS3, 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
c¢DNA 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 ¢cDNA 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 hOAT3 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.
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ABSTRACT

Simultaneous use of nonsteroidal anti-inflammatory drugs
(NSAIDs), probenecid, and other drugs has been reported to
delay the plasma elimination of methotrexate in patients. Pre-
viously, we have reported that inhibition of the uptake process
cannot explain such drug-drug interactions using rats. The
present study quantitatively evaluated the possible rols of the
transporters in such drug-drug interactions using human kidney
slices and membrane vesicles expressing human ATP-binding
cassette (ABC) transporters. The uptake of methotrexate by
human kidney slices was saturable with a K,, of 45 to 49 uM.
Saturable uptake of methotrexate by human kidney slices was
markedly inhibited by p-aminohippurate and benzylpenicillin,
but only weakly by 5-methyltetrahydrofolate. These transport
characteristics are similar to those of a basolateral organic
anion transporter (OAT) 3/SLC22A8. NSAIDs and probenecid
inhibited the uptake of methotrexate by human kidney slices,

and, in particular, salicylate, indomethacin, phenylbutazone,
and probenecid were predicted to exhibit significant inhibition
at clinically observed plasma concentrations. Among ABC
transporters, such as BCRP/ABCG2, multidrug resistance-as-
sociated protein (MRP) 2/ABCC2, and MRP4/ABCC4, which
are candidates for the luminal efflux of methotrexate, ATP-
dependent uptake of methotrexate by MRP4-expressing mem-
brane vesicles was most potently inhibited by NSAIDs. Salicy-
late and indomethacin were predicted to inhibit MRP4 at clinical
plasma concentrations. Diclofenac-glucuronide significantly in-
hibited MRP2-mediated transport of methotrexate in a concen-
tration-dependent manner, whereas naproxen-glucuronide had
no effect. Inhibition of renal uptake (via OAT3) and efflux pro-
cesses {via MRP2 and MRP4) explains the possible sites of
drug-drug interaction for methotrexate with probenecid and
some NSAIDs, including their glucuronides.

Drug-drug interactions involving metabolism and/or excre-
tion processes prolong the plasma elimination half-lives lead-
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ing to the accumulation of drugs in the body and potentiate
pharmacological/adverse effects. Recent progress in molecu-
lar biological research has shown that many types of trans-
porters play important roles in the tissue uptake and/or
subsequent secretion of drugs in the liver and kidney, and
such transporters exhibit a broad substrate specificity with a
degree of overlap, suggesting the possibility of transporter-
mediated drug-drug interactions with other substrates
(Shitara et al., 2005; Li et al., 2006).

Methotrexate (MTX) is an analog of natural folate and has
been widely and successfully used for the treatment of neo-
plastic diseases and autoimmune diseases, including rheu-

ABBREVIATIONS: MTX, methotrexate; NSAID, nonsteroidal anti-inflammatory drug; BBM, brush border membrane; Oat/OAT, organic anion
transporter; r, rat; h, human; RFC, reduced folate carrier; MRP, multidrug resistance-associated protein; BCRP, breast cancer resistance protein;
PAH, p-aminohippurate; DHEAS, dehydroepiandrosterone sulfate; PCG, benzylpenicillin; 2,4-D, 2,4-dichlorophenoxyacetate; 5-MTHF, 5-meth-
yltetrahydrofolate; HEK, human embryonic kidney, MOI, muttiplicity of infection; TS, Tris-sucrose.
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matoid arthritis and psoriasis. However, when administered
conconitantly with nonsteroidal anti-inflammatory drugs
(NSAIDs) (Liegler et al., 1969; Ellison and Servi, 1985;
Maiche, 1986; Thyss et al., 1986; Ng et al., 1987; Tracy
et al., 1992), penicillin antibiotics (Ronchera et al., 1993;
Yamamoto et al., 1997; Titier et al., 2002), probenecid
{Aberne et al,, 1978), and ciprofloxacin (Dalle et al., 2002),
the elimination of MTX from the systemic circulation was
delayed or its pharmacokinetics was affected, sometimes re-
sulting in severe adverse effects. Considering that MTX is
largely excreted into the urine in unchanged form, the inhi-
bition of renal tubular secretion has been considered as a site
of drug-drug interactions.

Renal secretion of drugs is achieved by vectorial transport
via the kidney epithelium of the proximal tubules, which
consists of the uptake from blood via the basolateral mem-
brane and the subsequent efflux into the lumen via the brush
border membrane (BBM). MTX has been shown to be a sub-
strate of basolateral organic anion transporters rOatl/
hOAT1 (Sle22a6/SLC22A6) (Sekine et al, 1997; Hosoy-
amada et al., 1999; Nozaki et al., 2004) and rOat3/hOAT3
(Slc22a8/SLC22A8) (Cha et al., 2001; Nozaki et al., 2004).
NSAIDs are inhibitors of rOat8 and exhibit significant inhi-
bition of rOat3-mediated uptake at clinical plasma concen-
trations. We quantitatively investigated drug-drug interac-
tions between MTX and NSAIDs using rat kidney slices
(Nozaki et al., 2004). Unexpectedly, the MTX uptake was not
markedly inhibited by NSAIDs in rat kidney slices because of
the involvement of the NSAIDs-insensitive uptake mecha-
nism, presumably reduced folate carrier (RFC)-1(Slc19al), a
transporter of reduced folate and its derivatives (Nozaki et
al., 2004). However, the possibility of interspecies differences
could not be excluded. Indeed, the drug-drug interaction be-
tween famotidine and probenecid could not be reproduced in
rodents because of an interspecies difference in the tissue
distribution of OCT1 and the transport activity exhibited by
OAT3 (Tahara et al., 2005). Recently, we were able to obtain
kidney slices from human intact renal cortical tissues re-
moved from surgically nephrectomized patients with renal
cell carcinoma and have demonstrated that they retain the
transport activities of OAT1 and OAT3 (WNozaki et al., 2007).
In the present study, the inhibitory effects of NSAIDs on the
uptake of MTX by human kidney slices were examined to
evaluate their clinical relevance.

In addition to the uptake process, it is also possible that
NSAIDs and other inhibitors accumulate in the renal tu-
bular cells by basolateral organic anion transporter(s) and
inhibit the excretion of MTX across the BBM. To date,
many kinds of transporters of organic anions have been
identified on the apical side of the human kidney epithe-
lium, including multidrug resistance-associated protein
(MRP) 2, MRP4, breast cancer resistance protein (BCRP),
OAT4, URAT1, and NPT1 (for review, see Russel et al.,
2002). Hulot et al. (2005) identified a heterozygous muta-
tion, which results in a loss of function of MRP2, in a
patient who exhibited delayed MTX elimination. In addi-
tion, the pharmacokinetics of MTX was analyzed in Berpl
knockout mice. The area under the curve of the plasma
concentration-time curve of MTX was approximately 2-fold
higher in Berpl knockout mice than in wild-type mice,
whereas the amount of MTX excreted into the urine was

Inhibition of Renal MTX Uptake by NSAIDs 1163
unaltered (Breedveld et al., 2004). Therefore, the renal
clearance of MTX, which is calculated by dividing the
amount of MTX excreted into the urine by the area under
the curve, was reduced in Berpl knockout mice by approx-
imately 50%. MRP4 is also expressed in the BBM of kidney
proximal tubules and involved in the renal secretion of
organic anions (Hasegawa et al., 2007; Imaoka et al.,
2007). The present study examined the effect of NSAIDs
and their glucuronide conjugates on the ATP-dependent
uptake of MTX by MRP2-, BCRP-, and MRP4-expressing
membrane vesicles.

Materials and Methods

Materials. PHIMTX (25-29 Ci/mmol) was purchased from
Moravek Biochemicals (Brea, CA). [°H]p-Aminohippurate (PAH; 4.1
Ci/mmol) and [*Hldehydroepiandrosterone sulfate (DHEAS; 60 Ci/
mmol) were purchased from PerkinElmer Life Science (Boston, MA),
and [*Clbenzylpenicillin (PCG; 59 mCi/mmol) and [*H]2,4-dichloro-
phenoxyacetate (2,4-D; 20 Ci/mmol) were obtained from GE Health-
care BioSciences (Waukesha, WI). Unlabeled MTX and 5-methyltet-
rahydrofolate (5-MTHF) were purchased from Sigma-Aldrich (St.
Louis, MO). All other chemicals used in the present study were of
analytical grade and commercially available.

Preparation of Human Kidney Slices and Uptake of
[*HIMTX by Human Kidney Slices. This study protocol was ap-
proved by the Ethics Review Boards at 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 five surgically
nephrectomized patients with renal cell carcinoma at Tokyo Wom-
en’s Medical University between November, 2005 and January,
2006. Human kidney slices were prepared from kidney subjects;
subsequently, the uptake of MTX and other substances by these
human kidney slices was examined as described previously (Nozaki
et al, 2007). The uptake of typical hOAT1 substrates (PAH and
2,4-D) and hOAT3 substrates (PCG and DHEAS) by human kidney
slices was examined as positive controls and found to be comparable
with previous results (Nozaki et al., 2007). Because the uptake of
MTX by kidney slices apparently lasts for at least for 30 min (Fleck
et al., 2002), the accumulation of MTX in human kidney slices for 15
min was used for the subsequent analyses.

Transport Studies in hOATI1- and hOAT3-Transfected
HEK293 Cells. hOAT1- and hOAT3-transfected HEK293 cells were
established as described previously (Tahara et al., 2005). HEK293
cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, penicillin (100 U/ml), and
streptomyecin 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 the transport studies.

Transport studies were carried out as described previously
(Tahara et al., 2005). Uptake was initiated by adding 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
ghacose, and 1.53 mM CaCl,, pH 7.4} containing radiolabeled
compounds in the presence or absence of inhibitors after cells had
been washed twice and preincubated with buffer. The uptake was
terminated at designated times by aspirating the incubation
buffer and adding ice-cold buffer. Cells were washed twice with
ice-cold buffer and dissolved in 500 u] of 0.2 N NaOH. The aliquots
neutralized with 2 N HC] were transferred to scintillation vials
containing 2 ml of scintillation cocktail (Clearsol 1; Nacalai
Tesque Inc., Kyoto, Japan), and the radioactivities associated with
the specimens were determined in a liquid scintillation counter.
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Fig. 1. Concentration dependence of the uptake of MTX by
human kidney slices. The concentration dependence of the
uptake of MTX is shown as an Eadie-Hofstee plot. The
uptake of MTX was measured at concentrations between
0.1 and 10,000 pM for 15 min at 37°C. A and B, data for
human kidney slices prepared from subjects 1 and 2, re-
spectively. Each point represents the results from one slice.
Solid lines represent the fitted lines obtained by nonlinear
regression analysis.
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The remaining 50-ul aliquot of cell lysate was used to determine
the protein concentration by the method of Lowry with bovine
serum albumin as a standard.

Vesicle Transport Studies. Membrane vesicles were prepared
from HEK 293 cells, which were infected with haman BCRP-, MRP2-,
and MRP4-recombinant adenoviruses, as described previously
(Hasegawa et al., 2007; Imaoka et al., 2007). In brief, HEK293 cells
were infected with recombinant adenovirus containing human MRP4
[10 multiplicity of infection (MOI})] and BCRP (2 MOI). As negative
controls, cells were infected with a virus containing green fluores-
cence protein cDNA (10 MOI). Cells were harvested 48 h after infec-
tion, and membrane vesicles were isolated by the hypotonic method
(Hasegawa et al., 2007; Imacka et al., 2007). Cells were diluted
40-fold with hypotonic buffer (1 mM Tris-HCl, 0.1 mM EDTA, pH 7.4,
at 4°C) and stirred gently for 1 h on ice in the presence of 2 mM
phenylmethylsulfonyl fluoride, 5 ng/ml leapeptin, 1 pg/ml pepstatin,
and 5 pg/ml aprotinin. The cell lysate was centrifuged at 100,000g
for 30 min at 4°C, and the resulting pellet was suspended in 10 ml of
isotonic TS buffer (10 mM Tris-HC], 250 mM sucrose, pH 7.4 at 4°C)
and homogenized in a Dounce B homogenizer (glass/glass, tight
pestle, 30 strokes). The crade membrane fraction was layered on top
on a 38% (w/v) sucrose solution in 5 mM Tris-HEPES, pH 7.4, at 4°C
and centrifuged in a Beckman SW41 rotor centrifuge at 280,000g for
45 min at 4°C. The turbid layer at the interface was collected, diluted
to 23 ml with TS buffer, and centrifuged at 100,000g for 30 min at
4°C. The resulting pellet was suspended in 400 ml of TS buffer.
Vesicles were formed by passing the suspension 30 times through a
27-gauge needle using a syringe. They were finally frozen in liquid
nitrogen and stored at —80°C until required.

Vesicle transport studies were carried out as described in a pre-
vious report. In brief, the transport buffer (10 mM Tris, 250 mM
sucrose, and 10 mM MgCl,, pH 7.4) contained the ligands, 5 mM ATP
or AMP, and an ATP-regenerating system (10 mM creatine phos-
phate and 100 mg/] creatine phosphokinase). An aliquot of transport
medium (15 ) was mixed rapidly with vesicle suspension (5 ug of
protein/5 ul), incubated at 37°C for designated times, and the trans-
port reaction was stopped by the addition of 1 ml of ice-cold stop
solution (10 mM Tris, 250 mM sucrose, and 0.1 M NaCl,, pH 7.4),,
The stopped reaction mixture (900 pI) then was passed through a
0.45-um HA filter (Millipore Corp., Bedford, MA), and the filter was
washed twice with 5 ml of ice-cold stop solution. The radioactivity
retained on the filter was measured in a liquid scintillation counter.
The ATP-dependent uptake of ligands was calculated by subtracting
the ligand uptake in the presence of AMP from that in the presence
of ATP.

Preparation of Diclofenac- and Naproxen-Glucuronides.
£-1-O-Glucuronides of diclofenac and S-naproxen were prepared bio-
synthetically in vitro from the respective parent druge using rat liver
microsomes according to published methods (Iwaki et al., 1995) with
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Fig. 2. Inhibitory effect of PAH, PCG, and 5-MTHF on the uptake of MTX
by human kidney slices. The uptake of PHIMTX (0.1 oM) was determined
in the presence and absence of unlabeled PAH (open circles), PCG (clozed
circles), and 5-MTHF (open squares) for 15 min at 37°C. The values are
shown as a percentage of the uptake in the absence of inhibitors. The
present data were taken from those of subjects 3 and 4. Each point
represents the mean * SE. (n = 8 slices).

slight modifications. In brief, a mixture containing 10 mg/ml micro-
somal protein, 0.1 M Tris-HCI buffer, pH 6.9, 10 mM MgCl, 20 mM
p-glucaric acid-1,4-lactone, 2 mM phenylmethylsulfonyl fluoride,
0.2% Triton X-100, 1 mM diclofenac or naproxen, and 10 mM UDP-
glucuronic acid was incubated for 1.5 h at 37°C. The reaction was
terminated by the addition of 5 volumes of acetonitrile, acidified
immediately with acetic acid, and then centrifuged. The obtained
supernatant was evaporated to remove organic solvent under re-
duced pressure at 30°C, and the residual aqueous phase was freeze-
dried. The residue was redissolved in a minimal volume of acetoni-
trile per 50 mM acetic acid (10:90, v/v). The glucuronides in this
solution were purified by liquid chromatography (30 X 1.5-cm id,
Cosmosil 75C,-PREP; Nacalai Tesque) using a stepwise gradient
(acetonitrile per 50 mM acetic acid, 10:90, 20:80, 30:70, and 50:50).
Eluted glucuronide fractions were collected and freeze-dried. The
identities of the glucuronides were confirmed by cleavage to the
respective parent drugs with p-1-glucuronidase and 1 N NaOH. The
purity of the glucuronides obtained was determined by analytical
high-performance liquid chromatography and found to be homoge-
neous (>96%) at a UV wavelength of 254 nm, with the remaining
fraction consisting of polar impurities that did not yield the respec-
tive parent drugs.

Kinetic Analyses. Kinetic parameters were obtained using the
following Michaelis-Menten equations:
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One saturable component, v =
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one saturable, and one nonsaturable component,

Ve X S
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v =

where v is the uptake velocity of the substrate (nanomoles per gram
of kidney per 15 min or picomoles per milligram of protein per
minute), S is the substrate concentration of medium (micromolar),
K, is the Michaelis constant (micromolar), V,,, is the maximal
uptake velocity (nanomoles per gram of kidney per 15 min or pico-
moles per milligram of protein per minute), and P4y is the nonsat-
urable uptake clearance (milliliters per gram of kidney per 15 min).

The degree of inhibition (R) is expressed by the following equation:

_ CL. wohibior 1
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where CL represents the uptake clearance and CL.japbibicar TEpPTE-
sents the uptake clearance in the presence of inhibitor. I represents
the concentration of inhibitor (micromolar). The substrate concen-
tration was low compared with its K, in the inhibition studies.
Fitting was performed by the nonlinear least-squares method using
the MULTI program (Yamaoka et al., 1981). The input data were
weighted as the reciprocals of the observed values, and the Damping
Gauss Newton Method algorithm was used for fitting.

Statistical Analysis. Statistical differences were determined us-
ing a one-way analysis of variance with Dunnett’s post hoc test.
Differences were considered to be significant at P < 0.05.
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Fig. 3. Inhibitory effect of NSAIDs and other drugs on the uptake of MTX by human kidney slices. The uptake of MTX (0.1 uM) was determined in
the presence and absence of unlabeled salicylate (A), diclofenac (B), indomethacin (C), ketoprofen (D), naproxen (E), phenylbutazone (F), probenecid
(G), and ciprofloxacin (H) for 15 min at 37°C. The data of salicylate, indomethacin, probenecid, and ciprofloxacin were taken from subject 1, that of

ketoprofen was from subject 3, that of diclofenac was from subject 4, and those of naproxen and phenylbutazone were from subject 5. Values are shown
as a percentage of the uptake in the absence of inhibitors. Solid lines represent the fitted lines obtained by nonlinear regression analysis. Each point

represents the mean * SE. (n = 3).

TABLE 1

Quantitative evaluation of drug-drug interactions with MTX using human kidney slices

Human kidney slices were incubated with buffer containing [FHIMTX in the presence or absence of inhib

, and K| values were determined by nonlinear regression analysis

(Fig. 8). Plasma unbound concentrations of the inhibiters (I,) were calculated from the total plasma concentrations and unbound fractions.

Clinical Concentration

Inhibitors K; . R Value
Total |
oM
Salicylate 1100-2200° 55440 184 *+ 86 0.040-0.25
Diclofenac 3.6° <0.018 26.6 + 5.2 1.0
Indomeihacin 0.84-84* 0.084-8.4 8.11 * 158 0.27-0.97
Ketoprofen 12 0.0096 1.85 * 0.96 1.0
Naproxen >217* 0.651 143+ 53 0.96
Phenylbutazone 162-786° 6.3-19.0 487+ 14 0.20-0.44
Probenecid 170° 18.7 0.171 + 08 0.009
Ciprofloxacin 7.6° 45 >1000 1.0

® Takeda et al. (2002).
® Riess et al. (1978).
“ Brunton et al. (2006).
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(milliliter per gram of kidney per 15 min, mean of duplicate
determinations) of the typical substrates in subject 1 (PAH,
2.88; 2,4-D, 8.28; PCG, 3.87; DHEAS, 8.21), subject 2 (PAH,
1.69; 2,4-D, 6.19; PCG, 1.97; DHEAS, 5.10), subject 3 (PAH,
1.98; 24-D, 6.10; PCG, 1.95; DHEAS, 7.78), subject 4 (PAH,
1.25; 2,4-D, 9.11; PCG, 2.31; DHEAS, 5.18), and subject 5
(PAH, 1.48; 2,4-D, 5.83; PCG, 2.40; DHEAS, 7.55) was com-
parable with those in a previous report (Nozaki et al., 2007).

Characterization of the Uptake of MTX by Human
Kidney Slices. The concentration dependence of the uptake
of MTX was examined using human kidney slices, which
were prepared from two different batches (Fig. 1, A and B).
The uptake of MTX by two batches of human kidney slices
consists of one saturable and one nonsaturable component,
with K, values of 48.9 = 17.3 and 44.6 * 23.4 uM, V. of
70.2 =23.1and 48.5 * 24.1 uM, and Pgy;;0f0.514 *+ 0.048 and

0.515 + 0.065 ml/g kidney per 15 min, respectively (mean *-

S.D.).

Figure 2 describes the inhibitory effect of PAH, PCQG, and
5-MTHF on the uptake of MTX by human kidney slices. PAH,
PCQG, and 5-MTHF (typical inhibitors of hOAT1, hOAT3, and
RFC-1, respectively) inhibited the uptake of MTX in a con-
centration-dependent manner. PAH and PCG inhibited the
saturable component of MTX uptake (49.5 = 1.2 and 45.0 =
4.8% of control at 1 mM, respectively), whereas the inhibitory
effect of 5-MTHF was weak (65.0 = 4.0% of control at 1 mM)
(Fig. 2).

Inhibitory Effect of NSAIDs on the Uptake of MTX by
Human Kidney Slices and hOAT1 and hOAT3. The effect
of NSAIDs and other drugs was examined with regard to the
uptake of MTX in human kidney slices (Fig. 3). Except for
ciprofloxacin, the inhibitors inhibited MTX uptake in a con-
centration-dependent manner. The K| values are summa-
rized in Table 1. The unbound plasma concentrations (I.) at
clinical dosages are taken from the literature, and, based on
the K; values, the degree of inhibition in clinical situations
(R) was predicted (Table 1). The inhibitory effect of NSAIDs
on hOAT1- and hOAT3-mediated uptake was also examined,
and the K, values of NSAIDs for hOAT1 and hOAT3 are
summarized in Table 2.

ATP-Dependent Uptake of MTX by Human BCRP-,
MRP2., and MRP4-Expressing Vesicles. The uptake of
MTX by human BCRP-, MRP2-, and MRP4-expressing vesi-
cles and control vesicles was examined in the presence of
ATP or AMP. The ATP-dependent uptake of MTX was sig-
nificantly greater in BCRP-, MRP2-, and MRP4-expressing
vesicles than that in control vesicles (Fig. 4, A-C, respec-
tively). The concentration dependence of BCRP-, MRP2-, and
MRP4-mediated transport of MTX was examined (Fig. 4,
D-F, respectively), and their K, values were 5210 = 500,
1540 * 250, and 103 = 5 uM, and their V., values were
74.1 * 7.6, 21.2 + 2.8, and 1.33 * 0.06 nmol/mg protein per
5 min, respectively.

Inhibitory Effect of NSAIDs and Other Drugs on
ATP-Dependent Transport of MTX via BCRP, MRP2,
and MRP4. We examined the inhibitory effect of NSAIDs
and other drugs on the ATP-dependent transport of MTX via
BCRP, MRP2, and MRP4 (Fig. 5, A-C, respectively). BCRP-
mediated transport of MTX was partially inhibited by indo-
methacin, phenylbutazone, diclofenac, ‘and probenecid (Fig.
5A). MRP2-mediated transport of MTX was inhibited only by
probenecid and stimulated in the presence of 1 uM phenyl-

butazone (Fig. 5B). Compared with BCRP and MRP2, MRP4
was more sensitive to the tested inhibitors (Fig. 5C), and
indomethacin, ketoprofen, ibuprofen, naproxen, phenylbuta-
zone, and salicylate inhibited the MRP4-mediated transport
of MTX in a concentration-dependent manner, with K values
of 2.95 *+ 0.76, 23.3 + 6.8, 73.3 * 20.9, 75.3 = 19.7, 354 * 54,
and 218 * 29 uM, respectively (mean * S.D.) (data not
shown). The clinical concentrations, plasma unbound concen-
trations, K values calculated from in vitro vesicle transport
studies, and R values of inhibitors are summarized in Table
3. The inhibitory effect of diclofenac and naproxen glucu-
ronides on BCRP-, MRP2-, and MRP4-mediated transport of
MTX was also examined (Fig. 5, D-F, respectively). Diclofe-
nac glucuronide significantly inhibited MRP2-mediated
transport of MTX in a concentration-dependent manner,
whereas BCRP and MRP4 were inhibited slightly or not at all
by diclofenac and naproxen glucuronides.

Discussion

NSAIDs, penicillin, and other drugs have been reported to
inhibit the renal tubular secretion of MTX, leading, in some
cases, to lethal toxicity. The underlying mechanisms of the
interactions remain to be elucidated. We previously investi-
gated this interactions focusing on the uptake process using
rat kidney slices and reported that the inhibitory effect of
NSAIDs on the uptake of MTX by rat kidney slices was too
weak to account for the drug-drug interactions by inhibition
of the uptake process (Nozaki et al., 2004). In the present
study, we re-evaluated the drug-drug interactions using hu-
man kidney slices and membrane vesicles expressing human
ATP-binding cassette transporters.

The uptake of MTX by human kidney slices was saturable
(Fig. 1). Nonlinear regression analysis revealed that the up-
take of MTX in human kidney slices consists of one saturable
component and one nonsaturable component, whereas the
uptake in rat kidney slices consisted of three components
(two saturable components and one nonsaturable component)
{Nozaki et al., 2004). The K, value of MTX uptake in human
kidney slices was comparable with that of the low-affinity
component in rat kidney slices (77 uM). To identify the can-
didate transporter involved, inhibition studies were carried
out. Although PAH and PCG exhibited different potencies

TABLE 2
The K, values of NSAIDs for hOAT1 and hOAT3

The inhibitory effect of NSAIDs on the uptake of PAH (0.1 M) and PCG (1 pM) by
hOATI- and hOAT3-transfected HEK293 cells, respectively, was examioed. The K;
values were determined by nonlinear regression analysis. All values represent the
mean * 8.D.

K;
Inhibitors
hOAT1 hOAT3

M
Salicylate 407 * 82 111+ 28
Diclofenac 1.62 = 0.07 6.57 = 0.48
Sulindac 778+ 11.1 6.89 = 1.51
Indomethacin 6.72 + 1.22 0.979 = 0.052
Etodolac 103 = 23 12.0 > 3.8
Tolmetin 5.08 + 0.48 5.32 = 0.68
Thuprofen 1.38 + 0.48 511% 113
Ketoprofen 0.890 * 0.400 50416
Naproxen 1.18 * 0.60 716 = 2.34
Phenylbutazone 716+ 7.1 6.82 + 1.75
Piroxicam N.D. 4.83 = 1.63

N.D., not determined.
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with regard to the uptake of OAT1 and OAT3 substrates in
human kidney slices (Nozaki et al., 2007), they inhibited the
uptake of MTX with a similar potency in human kidney slices
(Fig. 2). In addition, 5-MTHF weakly inhibited MTX uptake
in comparison with PAH and PCG. It should be noted that
PAH and PCG did not fully inhibit the saturable uptake of
MTX by human kidney slices. Saturable uptake accounted
for 75 and 67% of the net uptake, whereas almost 50% of the
uptake remained in the presence of 1 mM of PAH or PCG.
The effect of NSAIDs and other drugs, all of which have
caused drug-drug interactions with MTX in clinical situa-
tions, was examined using human kidney slices (Fig. 3). All
the tested compounds, except ciprofloxacin, inhibited the up-
take of MTX in human kidney slices in a concentration-
dependent manner. Using K; values determined in this study
and the plasma unbound concentrations at clinical dosages,
the degree of inhibition (R value) was predicted (Table 1).
Among the tested compounds, the R values of salicylate,
phenylbutazone, and probenecid were less than 1, suggesting
that their inhibition is clinically relevant. In particular, pro-
benecid is predicted to markedly inhibit the uptake of MTX in
the kidney. Indomethacin has also the potential to inhibit the
renal uptake of MTX at high clinical concentrations. It
should be noted that the degree of inhibition by ketoprofen
and probenecid was smaller than that by other drugs. Fifty
percent of the uptake remained as the noninhibitable frac-
tion for ketoprofen and probenecid, whereas the saturable
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fraction was almost completely inhibited by the other drugs
(Fig. 3). Together with the partial inhibition by PAH and
PCG, this suggests an involvement of multiple transporters
in the uptake of MTX in human kidney slices, which exhib-
ited different sensitivity to ketoprofen and probenecid. Be-
cause probenecid is a potent inhibitor of OAT1 and QAT3
(Tahara et al., 2005), the degree of inhibition by probenecid
suggests a contribution of OAT1 and OATS3 to the net uptake.
This is also supported by the fact that the inhibitable fraction
by probenecid was comparable with that by PAH and PCG
(Figs. 2 and 3G). Unlike the typical substrates (Nozaki et al.,
2007), the inhibition profiles by PAH and PCG were similar
and failed to clearly indicate the isoform involved in MTX
uptake. Considering that the K, value determined in the
human kidney is similar to that for OAT3 (21 uM) rather
than OAT1 (550 uM) (Takeda et al., 2002), it is likely that
OAT3 makes a more significant contribution to the net up-
take process.

There was an interspecies difference in the potency of
inhibition by NSAIDs for the uptake of MTX in human and
rat kidney slices. Unlike rodents, some drugs are predicted to
inhibit significantly the renal uptake process of MTX in clin-
ical situations. Two factors can account for this interspecies
difference. Firstly, the contribution of OATSs to the net uptake
is greater in human than in rat kidney. Indeed, the PAH- and
PCG-inhibitable fraction was greater in human kidney slices
than in rat kidney slices (50 versus 30% in human and rat
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Fig. 4. The uptake of MTX by BCRP-, MRP2-, and MRP4-expressing vesicles. Time profiles of ATP-dependent uptake of MTX (A~C). Membrane
vesicles (5 pg) prepared from HEK293 cells infected with BCRP (A), MRP2 (B), and MRP4 (C) adenoviruses (circles) or GFP adenoviruses (squares)
were incubated at 37°C in the presence of FHJMTX (0.1 1M). Open symbols, uptake in the presence of ATP; closed symbols, uptake in the presence
of AMP. Concentration dependence of the uptake of MTX (D-F). The uptake of PHIMTX (1 xM—-30 mM for BCRP, 1 uM-10 mM for MRP2, 0.1 uM-3
mM for MRP4) by membrane vesicles prepared from HEK293 cells infected with BCRP (D), MRP2 (E), and MRP4 (F) adenoviruses was measured for
5 min at 37°C. Values shown are given by subtracting the uptake clearance in the presence of AMP from that in the presence of ATP. Data are shown
as Eadie-Hofstee plots. Solid lines represent the fitted lines obtained by nonlinear regression analysis. Each point represents the mean * SE. (n =

3.
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