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Purpose. We investigated the characteristics of transport of an or-
ganic anion, p-aminohippurate (PAH), at the apical membrane in a
kidney epithelial cell line OK.
Methods. Efflux and uptake of [14C]PAH across the apical membrane
were measured using OK cell monolayers grown on microporous
membrane filters.
Results. PAH efflux to the apical side was greater than that to the
basolateral side and significantly inhibited by probenecid. Diethyl
pyrocarbonate (DEPC), an inhibitor of potential-sensitive organic
anion transport, significantly decreased PAH efflux to the apical side.
Moreover, PAH efflux to the apical side was significantly decreased
on incubation with high potassium buffer, as compared with control
condition. Extracellular pH and Cl− had no effect on PAH efflux
across the apical membrane. PAH uptake from the apical side was
inhibited by various organic anions, and the inhibition patterns of
PAH uptake from the apical and basolateral sides by various dicar-
boxylates were similar.
Conclusions. These results suggested that PAH efflux to the apical
side in OK cells was mediated by a potential-sensitive transport sys-
tem, but not by an anion exchanger. Moreover, PAH uptake from the
apical side was mediated by a specific transport system, which inter-
acts with various organic anions and dicarboxylates.
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INTRODUCTION

The organic anion transport system of the renal proximal
tubules plays an important role in the elimination of a wide
variety of anionic compounds including endogenous metabo-
lites, drugs and xenobiotics (1–4). Organic anions are taken
up in the proximal tubules from the blood and secreted into
the luminal fluid. Studies with intact kidneys, renal cortical
slices, isolated renal tubules and renal membrane vesicles
have provided a great deal of information about the organic
anion transport systems. At the basolateral membrane, p-
aminohippurate (PAH), a typical organic anion, is trans-
ported via the PAH/dicarboxylate (physiologically �-ketoglu-
tarate) exchange system (5,6). Recently, organic anion trans-
porter 1 (OAT1, ROAT1) isolated from rat kidney was
shown to mediate PAH/dicarboxylate exchange (7,8) and to
be localized at the basolateral membrane (9). On the other
hand, studies using brush-border membrane vesicles sug-
gested that PAH transport at the apical membrane is medi-
ated by an anion exchanger and/or a potential-sensitive trans-

port system (10–16). PAH transport at the apical membrane
had been investigated mostly with brush-border membrane
vesicles, but little in intact cells.

The development of cell culture techniques has pro-
moted the study of transcellular transport of solutes such as
organic anions. At present, OK cells, established from the
American opossum kidney (17), are a unique established kid-
ney epithelial cell line, in which the transcellular transport of
PAH occurs unidirectionally from the basolateral to the api-
cal side (18). Moreover, PAH transport system at the baso-
lateral membrane of OK cells shows similar substrate speci-
ficity to that in rat renal proximal tubules (19) and is mediated
by the PAH/dicarboxylate exchange system (20). We kineti-
cally evaluated the characteristics of PAH transport at the
basolateral and apical membranes in OK cells, and showed
that PAH is unidirectionally transported from the basolateral
side into cells, whereas PAH transport at the apical mem-
brane was bidirectional (21). In this study, we further inves-
tigated the characteristics of PAH transport at the apical
membrane of OK cells.

MATERIALS AND METHODS

Materials

D-[1-3H(N)]-Mannitol (736.3 GBq/mmol) and p-[glycyl-
1-14C]-aminohippuric acid (1.9 GBq/mmol) were obtained
from NENTM Life Science Products, Inc. (Boston, MA). p-
Aminohippuric acid and probenecid were purchased from
Sigma Chemical Co. (St. Louis, MO). Benzylpenicillin,
methotrexate, uric acid, tetraethylammonium and DEPC
were purchased from Nacalai Tesque (Kyoto, Japan). Indo-
methacin was purchased from Wako Pure Chemicals (Osaka,
Japan). All other chemicals used were of the highest purity
available.

Cell Culture

OK cells were cultured in medium 199 (Life Technolo-
gies, Inc., Rockville, MD) containing 10% fetal bovine serum
(Whittaker Bioproducts Inc., Walkersville, MD) without an-
tibiotics, in an atmosphere of 5% CO2–95% air at 37°C, and
subcultured every 7 days using 0.02% EDTA and 0.05% tryp-
sin (18). OK cells were used between passages 81 and 93.

Transport Measurements

The cellular uptake and efflux of PAH were measured in
OK cell monolayers cultured in Transwell® chambers (Co-
star, Cambridge, MA). The composition of incubation buffer
was as follows (in mM): 145 NaCl, 3 KCl, 1 CaCl2, 0.5 MgCl2,
5 D-glucose and 5 HEPES (pH 7.4). After removal of the
culture medium, cell monolayers were washed once and pre-
incubated for 10 min with incubation buffer at 37°C. There-
after, PAH uptake was measured as previously described
(20). D-[3H]Mannitol was used to correct for extracellular
trapping and nonspecific uptake of PAH in each experiment.
Protein content was determined by the method of Bradford
(22) with bovine �-globulin as the standard.

For measurement of PAH efflux from OK cells, the cell
monolayers were preincubated with 2 ml of incubation buffer
at the apical membrane and with 2 ml of incubation buffer
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containing 15 �M [14C]PAH (28.5 kBq/ml) and 15 �M
[3H]mannitol (68.5 kBq/ml) at the basolateral membrane at
37°C for 30 min. At the end of the preincubation period, the
cell monolayers were washed rapidly 3 times with 1.5 ml of
ice-cold incubation buffer. Then, 2 ml of incubation buffer
was added to the apical and basolateral sides, and the cell
monolayers were incubated for the specified periods. Then,
aliquots of the buffer from the apical and basolateral sides
were collected and were replaced with equal volume of incu-
bation buffer. At the end of the incubation period, the filter
was washed rapidly 3 times with ice-cold incubation buffer.
Then, the cell monolayers on the filters were solubilized in 0.5
ml of 1 N NaOH and radioactivity was counted for determi-
nation of the intracellular remaining PAH.

To investigate the effects of extracellular Cl− or pH on
PAH efflux, we substituted Cl− for gluconate or prepared the
incubation buffer with HEPES (pH 7.4, 8.0) or MES (pH 5.4,
6.4). To examine the effects of membrane potential on PAH
efflux, high potassium buffer (in mM: 3 NaCl, 145 KCl, 1
CaCl2, 0.5 MgCl2, 5 D-glucose and 5 HEPES, pH 7.4), was
added to the Transwell® chamber. In the study of the effects
of diethyl pyrocarbonate (DEPC) on PAH efflux, Dulbecco’s
phosphate-buffered saline (in mM: 137 NaCl, 3 KCl, 8
Na2HPO4, 1.5 KH2PO4, 1 CaCl2 and 0.5 MgCl2) supple-
mented with 5 mM D-glucose (PBS(G)) was used before the
beginning of PAH efflux. First, OK cell monolayers were
washed and preincubated with PBS(G) (pH 7.4) at 37°C for
10 min. Then, they were incubated at 25°C with PBS(G) (pH
6.0) in the presence of [14C]PAH and [3H]mannitol at the
basolateral side for 20 min. Thereafter, the buffer at the apical
side was aspirated and cells were incubated at 25°C with
PBS(G) (pH 6.0) or PBS(G) (pH 6.0) containing 0.5 mM
DEPC for 10 min. At the end of the incubation period, the
filter was washed rapidly 3 times with ice-cold incubation
buffer. Then, PAH efflux and intracellular remaining PAH
were measured at 37°C with incubation buffer as described
above.

Statistical Analysis

Statistical significance of differences between mean val-
ues was calculated using the paired or non-paired t test. Mul-
tiple comparisons were performed using Scheffé’s test after
one-way ANOVA.

RESULTS

Effects of Probenecid on PAH Efflux and Intracellular
Remaining PAH in OK Cells

Figure 1 shows the time course of PAH efflux and intra-
cellular remaining PAH in OK cells. PAH efflux to the apical
side was greater than that to the basolateral side, and amount
of intracellular remaining PAH decreased rapidly. Proben-
ecid, an inhibitor of the organic anion transport system, added
to the extracellular compartment significantly decreased
PAH efflux to both the apical and basolateral sides and in-
creased intracellular remaining PAH.

Effects of DEPC Preincubation on PAH Efflux to the
Apical Side and Intracellular Remaining PAH in OK Cells

We investigated the effects of DEPC on PAH efflux to
the apical side in OK cells. DEPC pretreatment did not sig-

nificantly affect PAH accumulation before the initiation of
PAH efflux (control, 47.0 ± 11.7; DEPC pretreatment, 39.7 ±
11.5 pmol/mg protein; mean ± SE of three monolayers). As
shown in Fig. 2, DEPC pretreatment significantly decreased
PAH efflux to the apical side, accompanied with an increase

Fig. 1. Effects of probenecid on PAH efflux (A) and intracellular
remaining PAH (B) in OK cells. [14C]PAH (15 �M) and D-[3H]man-
nitol (15 �M) were added to the basolateral side of the monolayers.
After incubation for 30 min at 37°C, the monolayers were washed and
PAH efflux to the apical (�, �) and basolateral (�, �) sides and
intracellular remaining PAH (�, �) were measured at the indicated
times in the absence (control, open symbols) or presence of 5 mM
probenecid (solid symbols). The data at 2 min represent cumulative
values. Each point represents the mean ± SE of three monolayers
from a typical experiment. *p < 0.05, significantly different from con-
trol.

Fig. 2. Effects of DEPC preincubation on PAH efflux to the apical
side (A) and intracellular remaining PAH (B) in OK cells. [14C]PAH
and D-[3H]mannitol were added to the basolateral side of the mono-
layers. After incubation for 20 min, buffer on the apical side was
replaced with fresh buffer (open columns) or that containing 0.5 mM
DEPC (solid columns) and cells were incubated for 10 min. Efflux to
the apical side and intracellular remaining PAH at 0 min and 2 min
were measured. Each column represents the mean ± SE of three
monolayers from a typical experiment. *p < 0.05, significantly differ-
ent from control.
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in the amount of intracellular remaining PAH, although this
was not significant.

Effects of Membrane Potential on PAH Efflux to the
Apical Side in OK Cells

We investigated the effect of membrane potential on
PAH efflux to the apical side by means of changing the com-
position of incubation buffer. When OK cells were incubated
with high potassium buffer, PAH efflux to the apical side was
significantly decreased compared with control buffer (control,
40.6 ± 6.1; high potassium buffer, 30.5 ± 4.6% of intracellular
PAH at 0 min; mean ± SE of three experiments; p < 0.05). In
the same experiments, PAH efflux to the basolateral side was
not changed by the incubation with high potassium buffer
(control, 20.7 ± 3.5; high potassium buffer, 19.8 ± 2.8% of
intracellular PAH at 0 min; mean ± SE of three experiments).

Effects of Extracellular pH and Chloride Ions on PAH
Efflux to the Apical Side and Intracellular Remaining PAH
in OK Cells

In previous studies of brush-border membrane vesicles,
PAH was shown to be transported by an anion exchanger,
which interacts with OH− or Cl− (10,11,15). Therefore, we
investigated the effects of extracellular pH and Cl− on PAH
efflux to the apical side in OK cells. No stimulation of PAH
efflux by alkalinization of the buffer was observed (Fig. 3 A
and B). The substitution of gluconate for Cl− in the incuba-
tion buffer did not significantly affect PAH efflux to the api-
cal side or intracellular remaining PAH (Fig. 3 C and D).

Effects of Inhibitors on PAH Uptake from the Apical Side
in OK Cells

We investigated the effects of various ionic compounds
on PAH transport from the apical side into OK cells (Fig. 4).
Various organic anions, i.e., unlabeled PAH, benzylpenicillin,
probenecid and indomethacin, strongly inhibited PAH up-
take, and methotrexate and uric acid showed moderate in-
hibitory effects. On the other hand, tetraethylammonium, an
organic cation, did not significantly inhibit PAH uptake from
the apical side.

Effects of Various Dicarboxylates on PAH Uptake from
the Apical Side in OK Cells

We previously reported the inhibition pattern of PAH
uptake at the basolateral membrane by various dicarboxyl-
ates with different carbon chain lengths (19). Therefore, we
investigated the effects of various dicarboxylates on PAH up-
take from the apical side (Fig. 5). Dicarboxylates with 3 or 4
carbon atoms (malonate, succinate) had no effect on PAH
uptake from the apical side. However, those with 5 or 6 car-
bon atoms (glutarate, �-ketoglutarate, adipate) strongly in-
hibited PAH uptake from the apical side and the inhibition
was weaker for a longer molecule with 7 carbon atoms (pime-
late). The inhibitory effect increased again with increasing
number of carbon atoms (suberate, azelate).

DISCUSSION

The organic anion transport system at the apical mem-
brane has been characterized by investigations with brush-

border membrane vesicles (10–16). These reports suggested
PAH transport at the apical membrane was mediated by an
anion exchanger and/or potential-sensitive system. However,
PAH transport at the apical membrane in intact cells is not
well understood. OK cells are a unique kidney epithelial cell
line in which transcellular transport of PAH corresponding to
renal secretion was demonstrated (18). Therefore, we inves-
tigated the characteristics of PAH transport across the apical
membrane in an intact kidney epithelial cell line OK.

As shown in Fig. 1, PAH was effluxed preferentially to
the apical side and PAH efflux was inhibited by probenecid,
suggesting that PAH efflux to the apical side was a specifically
mediated process in OK cells. Studies with brush-border
membrane vesicles suggested that PAH was transported via a
potential-sensitive transport system (12–15) and diethyl pyro-

Fig. 3. Effects of extracellular pH (A, B) or Cl− (C, D) on PAH efflux
to the apical side (A, C) and intracellular remaining PAH (B, D) in
OK cells. After incubation for 30 min with [14C]PAH and
D-[3H]mannitol, cells were washed and incubated for 2 min with
incubation buffer prepared at various pHs or substituted Cl− for glu-
conate (solid columns). Efflux to the apical side and intracellular
remaining PAH at 2 min were measured. Each point and column
represent the mean ± SE of three monolayers from a typical experi-
ment.
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carbonate (DEPC) selectively inhibited potential-sensitive
PAH transport but not the anion exchanger (16). The pre-
treatment of OK cells with DEPC significantly decreased
PAH efflux to the apical side, and PAH efflux to the apical
side was significantly decreased on incubation with high po-

tassium buffer in comparison with controls. Therefore, we
considered that DEPC-sensitive PAH efflux to the apical side
in OK cells might be the potential-sensitive PAH transport.
In contrast to our results, in microperfusion using rat intact
kidney, PAH efflux were not affected by changes of mem-
brane potential using high potassium buffer (23). We did not
know the exact reason for these differences, but OK cells
might be useful to evaluate characteristics of potential-
sensitive PAH transport.

In brush-border membranes, PAH is also transported by
an anion exchanger that transports inorganic anions such as
OH− and Cl− (10,11,15). Therefore, we investigated the ef-
fects of extracellular pH and Cl− on PAH efflux in OK cells.
As shown in Fig. 3, extracellular pH and Cl- had no effect on
PAH efflux to the apical side in OK cells and the exchanger
appeared to be absent in OK cells. Ullrich and Rumrich (23)
reported that PAH efflux to the apical side was not trans-
stimulated by Cl− and OH− in microperfusion using rat intact
kidney, which was consistent with our results. The reason for
the difference between the investigations with brush-border
membrane vesicles and those with intact cells is unclear. The
anion exchanger was reported to be different between spe-
cies, and to be present in dogs and rats (10,11,15), but absent
in rabbits and pigs (12,13) and all these species that do not
have the anion exchanger secrete organic anions. Thus, the
anion exchanger does not appear to be an obligatory compo-
nent of secretion.

We further performed inhibition studies of PAH trans-
port from the apical side into OK cells. Probenecid, uric acid,
and penicillin inhibited PAH influx at brush-border mem-
brane vesicles (11). PAH uptake from the apical side of OK
cells was inhibited by probenecid, uric acid and benzylpeni-
cillin and other organic anions examined also significantly
inhibited PAH uptake from the apical side, but tetraethylam-
monium, an organic cation, did not. These results indicated
that PAH was transported from the apical side into cells via a
specifically mediated system that recognized various organic
anions. Previously, we kinetically evaluated membrane trans-
port of PAH in OK cells and showed that the value of PAH
influx clearance was similar to that of PAH efflux clearance at
the apical membrane (21). Because membrane potential
should work effectively for PAH efflux, potential-sensitive
PAH transport system could not be responsible for bi-
directional PAH transport at the apical membrane and we
considered that PAH efflux and influx at the apical mem-
brane was mediated by distinct transport systems in OK cells.

The interaction of basolateral PAH transporter with di-
carboxylates of various chain lengths was investigated in rat
proximal tubules (24), across the basolateral membrane in
OK cells (19) or in rat organic anion transporter 1 (rOAT1)-
expressing oocytes (25). In this study, we showed the inhibi-
tion pattern of PAH uptake across the apical membrane by
dicarboxylates, which was similar to that across the basolat-
eral membrane in OK cells (19). Organic anion transporter 1
exclusively localizes at the basolateral membrane of rat and
human proximal tubules (9,26). However, experiments using
bovine and human brush-border membranes indicated that
the PAH/�-ketoglutarate exchange system can function in the
same fashion in the basolateral membrane (27,28). Therefore,
our results in OK cells could be explained by the following
two possibilities. First, OAT1 homologue may localize both at
the basolateral and apical membranes in OK cells, although

Fig. 5. Effects of various dicarboxylates on PAH uptake from the
apical side in OK cells. [14C]PAH uptake from the apical side was
measured as described in Fig. 4 in the absence (control; �) or pres-
ence of 1 mM �-ketoglutarate (�) and other dicarboxylates (COOH-
(CH2)X-COOH) (�) with 3 (malonate), 4 (succinate), 5 (glutarate), 6
(adipate), 7 (pimelate), 8 (suberate) and 9 (azelate) carbon atoms.
Each point represents the mean ± SE of three monolayers from a
typical experiment. *p < 0.05, significantly different from control.

Fig. 4. Effects of inhibitors on PAH uptake from the apical side in
OK cells. [14C]PAH (15 �M) and D-[3H]mannitol (15 �M) were
added to the apical side of monolayers, and PAH uptake at 1 min was
measured in the absence (control; open column) or presence of 1 mM
inhibitors (solid columns). Each column represents the mean ± SE of
three monolayers from a typical experiment. *p < 0.05, significantly
different from control.
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OAT1 homologue in OK cells is not identified. Second, PAH
uptake at the apical membrane in OK cells may be mediated
by a transporter that interacts with dicarboxylates and is not
OAT1 homologue.

Recently, some transporters that transport PAH and are
localized at the apical membrane of renal proximal tubules
were cloned (29,30). NPT1, characterized as human type 1
sodium-dependent inorganic phosphate transporter, trans-
ported organic anions such as PAH, benzylpenicillin and uric
acid (29). They speculated that PAH transport via NPT1
could be voltage-sensitive. The apical multidrug resistance
protein MRP2 was a part of the PAH transport systems in the
renal proximal tubule (30). However, the contributions of
these transporters to organic anion transport under physi-
ologic conditions are unclear and further studies at the mo-
lecular level are needed to understand the mechanisms of
renal secretion of organic anions.

In conclusion, we demonstrated that PAH transport at
the apical membrane was mediated by specific processes in
OK cells. The efflux of intracellular PAH occurred preferen-
tially to the apical side, and this process was mediated by a
potential-sensitive transport system. However, PAH efflux to
the apical side was not mediated by an anion exchanger in OK
cells. We also proposed the presence of a specific transport
system for PAH uptake across the apical membrane in OK
cells. These results should contribute to our understanding of
the transport mechanisms of organic anions in the kidney.
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