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INTRODUCTION

The organic ion transport systems of the renal proximal
tubules play important physiological roles in excretion of a
wide variety of ionic compounds including endogenous me-
tabolites, drugs, and xenobiotics into the urine (1). These
systems are highly effective, and evaluation of the secretion in
proximal tubules is necessary for rational design of drug ad-
ministration schedules, and for detection of drug–drug inter-
actions. Studies of renal membrane vesicles have provided
much information about the transport systems in renal baso-
lateral and brush–border membranes (1–2). However, be-
cause the renal secretion of organic ions consists of two-
transport steps in apical and basolateral membranes, it is es-
sential to study the transport in intact cells. Cultured
epithelial cells derived from the kidney have been useful in
the study of transcellular transport of solutes, including or-
ganic ions, across renal epithelial monolayers. The pig kidney
epithelial cell line LLC-PK1 was shown to be a model for the
renal proximal tubular secretion of organic cations (3) and we
clarified how apical and basolateral transport steps contribute
to transcellular transport of organic cations in LLC-PK1 cells
(4). On the other hand, OK cells, which were established from
the American opossum kidney (5), possess the ability to
transport p-aminohippurate (PAH), an organic anion, in the
apical and basolateral membranes (6). Therefore, in the pres-
ent study we established an in vitro model to evaluate mem-
brane transport of organic anions, and to quantitatively evalu-
ate PAH transport at apical and basolateral membranes in
OK cells.

MATERIALS AND METHODS

Materials

D-[1-3H(N)]-Mannitol (728.9 GBq/mmol) and p-[glycyl-
1-14C]-aminohippuric acid (1.5022 GBq/mmol) were obtained
from NEN™ Life Science Products, Inc. (Boston, MA). All
other chemicals used were of the highest purity available.

Cell Culture

OK cells were maintained as previously described (6),
and the cells were used between passages 77 and 88.

Measurement of Cell Volume and Intracellular
a-Ketoglutarate Concentration in OK Cells

The volume of OK cells cultured in Transwell™ cham-
bers (Costar, Cambridge, MA) was estimated by the amount
of sulfanilamide in the cells at steady-state (7). The amount of
a-ketoglutarate (a-KG) in OK cell monolayers cultured in
Transwell™ chambers was measured as previously described
(8). The concentration of a-KG was calculated with the in-
tracellular volume of OK cell monolayers.

Transepithelial Transport and Accumulation of PAH in
OK Cells

Transepithelial transport and cellular accumulation of
PAH were measured in OK cell monolayers cultured in Tr-
answell™ chambers. Culture medium was removed and the
monolayers were washed once with Dulbecco’s phosphate-
buffered saline (PBS), supplemented with 5 mM D-glucose or
PAH medium. PAH medium was 5, 15, or 50 mM PAH in
PBS, containing (in mM) 137 NaCl, 3 KCl, 8 Na2HPO4, 1.5
KH2PO4, 1 CaCl2, and 0.5 MgCl2, supplemented with 5 mM
D-glucose. To reach steady-state, the monolayers were incu-
bated with 2 ml of PAH medium on each side for 30 min at
37°C. Thereafter, apical and basolateral media were aspirated
off, 5, 15, or 50 mM [14C]PAH medium (7.5 or 22.5 KBq/ml,
2 ml) was added to one side, and unlabeled PAH medium (2
ml) to the other. At the indicated times, the levels of radio-
activity in the opposite side and in the cells were measured.
To estimate the paracellular transport and the extracellular
trapping of PAH, 5 or 15 mM [3H]mannitol (22.8 or 68.5
KBq/ml) was added to the [14C]PAH medium. Data were
obtained from four separate experiments with different cell
cultures. Each experiment was carried out using two or three
cell monolayers. Radioactivity and protein content were mea-
sured as previously described (6,9).

Data Analysis

Transport clearance of PAH in OK cell monolayers was
analyzed using a simple model (Fig. 1) as previously described
(4). CLA-B and CLB-A were analyzed by the two-compart-
ment model using [3H]mannitol transport data simulta-
neously assayed with [14C]PAH. CLA-C, CLC-A, CLC-B, and
CLB-C of PAH transport were analyzed by a three-compart-
ment model using [14C]PAH net transport and accumulation
data. In this analysis, CLA-B and CLB-A were fixed to the
values obtained using [3H]mannitol data in each condition.
The kinetic parameters were calculated with NONMEM soft-
ware (10) on a FACOM M1800 running on a UXP/M UNIX
clone at the Kyoto University Data Processing Center.

Data are expressed as means ± S.E. Statistical analysis
between mean values was performed using Sheffé’s test fol-
lowing ANOVA. Statistical significance in kinetic analysis
was evaluated by likelihood ratio test using the minimum
values of the objective function (−2 log likelihood) produced
by NONMEM (10). P values of less than 0.05 were considered
significant.

RESULTS AND DISCUSSION

To study transport of organic anions across apical and
basolateral membranes in renal proximal cells, we analyzed
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PAH transport based on a simple three-compartment model.
We also examined the concentration dependence of PAH
transport using this model.

The transport and accumulation of PAH by OK cells
were measured at steady-state with 5 mM PAH. As shown in
Figure 2A, the basolateral-to-apical transport of PAH was
greater than that of mannitol. On the other hand, the apical-
to-basolateral transport of PAH was less than that of manni-
tol. Therefore, PAH was transported in the secretory direc-
tion. When PAH was accumulated from the apical or baso-
lateral side, the amounts of PAH in OK cells were 0.0849 ±
0.0260 or 0.306 ± 0.077 % of dose at 60 min, and the intra-
cellular concentration reached about 0.74 or 2.7-fold higher
than the extracellular concentration, respectively.

PAH clearance across each membrane was calculated at
5 mM PAH (Table 1) using the intracellular volume of 2.40 ±
0.06 ml/mg protein obtained by analyzing sulfanilamide accu-
mulation. In this analysis, we evaluated the paracellular flux
of PAH by mannitol transport. The mean values of CLA-B

and CLB-A were estimated as 3.60 ± 0.15 and 3.40 ± 0.15
ml/min/mg protein, respectively. CLA-C and CLC-A were simi-
lar under all conditions examined, while CLB-C was much
larger than CLC-B. Thus, the characteristics of PAH transport
were different between the apical and basolateral mem-
branes. The characteristics of organic anion transport across
the basolateral membrane were reported to be essentially the
same in all vertebrate species studied to date (11). Recently,
organic anion transporter 1 (OAT1, ROAT1) was isolated
from rat kidney (12–13) and the characteristics of PAH up-
take across basolateral membrane in OK cells were shown to
be similar to those of OAT1 (14). On the other hand, the
detailed characteristics of organic anion transport across the
apical membrane are not known since they appear to be dif-
ferent between species (1). OK cells are a uniquely estab-
lished kidney epithelial cell line in which organic anion trans-
port across the apical and basolateral membranes are specifi-
cally mediated processes (6). Therefore, OK cells appear to
be a useful model to examine organic anion secretion in intact
epithelial cells.

The results of kinetic analysis showed the unidirectional
transport of PAH at the basolateral membrane in OK cells.
Since a-KG is considered to be the primary physiological
driving force of organic anion transport at the basolateral

membrane (15), we measured intracellular concentration of
a-KG in OK cells. Intracellular a-KG concentrations after
incubation with 0, 5, 15, and 50 mM PAH were 1.36 ± 0.04,
1.31 ± 0.02, 1.36 ± 0.09, and 1.13 ± 0.05 mM, respectively,

Fig. 1. Three-compartment transport model. CLA-C, CLC-A, CLC-B,
and CLB-C represent clearance across membranes from the apical
medium to cells, from cells to the apical medium, from cells to the
basolateral medium and from the basolateral medium to cells, respec-
tively. CLA-B and CLB-A represent clearance through the paracellular
route in the apical to basolateral, and the basolateral to apical direc-
tion, respectively.

Fig. 2. Transport of PAH from apical to basolateral medium (m) and
from basolateral to apical medium (n), and cellular accumulation of
PAH from apical medium (l) and from basolateral medium (L).
Paracellular flux of mannitol from the apical (d) and basolateral
medium (s). Extracellular concentration of PAH was 5 mM (A), 15
mM (B) or 50 mM (C). The lines represent the estimated transport
and accumulation using the mean clearance values obtained from 4
separate experiments. Each point represents the mean ± S.E. of 4
separate experiments.
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obtained from 4 monolayers in a typical experiment. Pritch-
ard measured a-KG levels in rat renal slices and estimated
extramitochondrial cytoplasmic a-KG concentration (15).
Applying a similar hypothesis, our observations indicated that
the extramitochondrial cytoplasmic a-KG concentration in
OK cells would be approximately 600 mM. We reported that
the rate of a-KG efflux from OK cells into the basolateral
medium (0.5 ml) was approximately 1.5 nmol/cm2/60 min,
which corresponded to 14 mM a-KG in basolateral medium
(8). Thus, a-KG concentration in basolateral medium was
much smaller than the intracellular a-KG concentration, and
the unidirectional PAH transport across the basolateral mem-
brane may be due to an overwhelming driving force.

To evaluate the concentration dependence of PAH
transport, the transport and accumulation were measured at
steady-state with 15 and 50 mM PAH. The characteristics of
PAH transport at 15 mM (Fig. 2B) were similar to those at 5
mM PAH (Fig. 2A). On the other hand, transport of PAH at
50 mM approached that of mannitol (Fig. 2C). Therefore,
transcellular transport of PAH was partially saturated at a
concentration of 50 mM. Then, we calculated PAH clearance
at 15 and 50 mM PAH. Since the value of CLC-B was negli-
gible, we fixed CLC-B as 0 (Table 1). Log likelihood ratio test
showed that CLC-B was not significantly different from 0 in all
experiments. Each clearance at 15 mM PAH was nearly
equivalent to that at 5 mM PAH. At 50 mM PAH, CLA-C,
CLC-A, and CLB-C were about half of those at 5 mM. There-
fore, PAH transport at both membranes seemed to have high
affinity. The Michaelis constant was 64.0 mM estimated from
the basolateral uptake of PAH in OK cells (6), which was not
markedly different from our results.

In conclusion, our model offers a simple means of ana-
lyzing the transport of anionic drugs across apical and baso-
lateral membranes simultaneously in intact epithelial cells.
This method clarified the kinetic characteristics of PAH
transport across both membranes in OK cells.
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Table 1. PAH Clearance in OK Cells

PAH

Clearance (ml/min/mg protein)

CLA-C CLC-A CLC-B CLB-C

5 mM 0.383 ± 0.095 0.726 ± 0.077 5.02E–13 ± 4.82E–13 1.685 ± 0.161
0.383 ± 0.095 0.726 ± 0.077 0 1.685 ± 0.161

15 mM 0.405 ± 0.090 0.541 ± 0.026 3.39E–11 ± 3.38E–11 1.819 ± 0.287
0.405 ± 0.090 0.541 ± 0.026 0 1.819 ± 0.287

50 mM 0.214 ± 0.033 0.260 ± 0.046 1.14E–1 ± 9.09E–2 0.946 ± 0.015
0.202 ± 0.040 0.323 ± 0.056* 0 0.856 ± 0.057*

Note: Values are means ± S.E. from 4 separate experiments. In each experiment, clearance values were calculated as described in Materials
and Methods. The values in the lower row were obtained from analysis in which CLC-B was fixed as 0. CLA-C, clearance from the apical medium
to cells; CLC-A, clearance from cells to the apical medium; CLC-B, clearance from cells to the basolateral medium; CLB-C, clearance from the
basolateral medium to cells.
* P < 0.05, significantly different from 5 mM PAH.
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