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1 A direct e�ect of uraemic toxins in promoting progression of chronic renal disease has not been
established. In this study, we investigated the toxic e�ects of organic anions which characteristically
appeared in the patients with progressive renal disease on renal proximal tubular cells expressing
human organic anion transporter (hOAT) 1.

2 A renal proximal tubular cell line, opossum kidney (OK) cells, was transformed with hOAT1.
Among the organic anions examined, hippuric acid, para-hydroxyhippuric acid, ortho-hydroxy-
hippuric acid, indoxyl sulphate and indoleacetic acid showed a high a�nity for hOAT1 expressed in
the OK cells. Indoxyl sulphate and indoleacetic acid concentration-dependently inhibited
proliferation of the hOAT1-transformed cells. The h.p.l.c. analysis demonstrated that cellular
uptake of these organic anions was signi®cantly elevated in hOAT1-transformed cells.

3 These organic anions also concentration-dependently stimulated cellular free radical production.
The degrees of inhibition of cell proliferation and the stimulation of free radical production induced
by the organic anions were signi®cantly higher in the hOAT1-transformed cells than vector-
transformed cells. The stimulatory e�ect of indoxyl sulphate on free radical production was
abolished by anti-oxidants and probenecid.

4 Less free radical production was observed in the hOAT1-transformed cells treated with p-
hydroxyhippuric acid, o-hydroxyhippuric acid compared with indoxyl sulphate and indoleacetic acid.
Hippuric acid had little e�ect on free radical production.

5 Organic anions present in the serum of patients with progressive renal disease may cause
proximal tubular injury via hOAT1-mediated uptake. The mechanism of cellular toxicity by these
uraemic toxins involves free radical production. Thus, some uraemic toxins may directly promote
progression of chronic renal disease.
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Introduction

Circulating uraemic toxins have been proposed to facilitate
progression of chronic renal failure. In our previous study, two

experimental manoeuvre that remove uraemic toxins; perito-
neal dialysis (PD) and oral charcoal adsorbent, attenuated the
progression of glomerular sclerosis in an experimental model of

subtotal nephrectomy (Motojima et al., 1991). Clinically, such
procedures have also been reported to attenuate progression of
chronic renal disease (Lysaght et al., 1991; Rottembourg, 1993;

Sanaka et al., 1988; Niwa et al., 1997).
Serum level of indoxyl sulphate, an endogenous organic

anion, was markedly elevated in the serum of patients with end-
stage kidney diseases (Niwa et al., 1988; 1991). Administration

of indoxyl sulphate or its precursor indole accelerated the
progression of renal disease in rats (Niwa & Ise, 1994; Niwa et
al., 1994). This molecule is removable by PD or oral adsorbent

and has been considered as one of the uraemic toxins that
facilitate renal injury (Niwa et al., 1996; 1997). Beside indoxyl

sulphate, other uraemic toxins that are organic anions include
hipurric acid, indoleacetic acid, guanidinosuccinic acid,
aminoisobutylic acid, phenylacetic acid and uric acid (Geijo

et al., 1977; Dhondt et al., 2000; Vanholder et al., 2001).
Recently, a transporter responsible for organic anion

transport across renal proximal tubular cells has been cloned

(Sekine et al., 1997; Sweet et al., 1997) and named organic
anion transporter 1 (OAT1). OAT1 shows a high a�nity for
p-aminohippuric acid (PAH) and wide substrate speci®city
for organic anions such as antibiotics and biological

metabolites. Rat OAT1 and human OAT1 (hOAT1) have
been localized on the basal side of proximal tubular cells
(Tojo et al., 1999; Hosoyamada et al., 1999), and are

therefore proposed to mediate uptake of organic anions
from blood across the basal membranes. This uptake step is
rate limiting since energy-dependent uphill uptake is required.
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Nephrotoxic agents have been proposed to induce nephro-
toxicity via OAT1-mediated uptake into renal proximal
tubules. Cephalosporin antibiotics and ochratoxin A have

been shown to damage OAT1-expressing proximal tubular
cells via OAT1-mediated transport (Jariyawat et al., 1999;
Takeda et al., 1999; Tsuda et al., 1999). Organic anions have
been shown to accumulate in patients with uraemia. This

study was designed to examine whether some of these
uraemic molecules evoke a toxic e�ect on renal proximal
tubular cells by OAT-mediated uptake.

In the present study, we examined the a�nities of various
uraemic toxins for hOAT1 to identify the uraemic toxins
actively transported into renal proximal tubular cells, and

also investigated the toxic e�ects of these organic anions on
cellular function in a hOAT1-expressing renal proximal
tubular cell line (opossum kidney, OK) that we established.

Methods

Reagents

Hippuric acid, probenecid, indoleacetic acid, uric acid, p-

hydroxyphenylacetic acid, Dulbecco's phosphate bu�ered
saline (D-PBS) and Medium 199 were purchased from Nacalai
tesque (Kyoto, Japan). Cell counting kits and p-hydroxyhip-

puric acid were purchased fromWako (Osaka, Japan). Indoxyl
sulphate, guanidinosuccinic acid, tetraethylammonium chlor-
ide, a-ketoglutaric acid, N-acetyl-cysteine and probucol were

purchased from Sigma (St. Louis, MO, U.S.A.). Para-
hydroxyhippuric acid was purchased from Bachem (Buben-
dorf, Switzerland). Beta-aminoisobutylic acid was purchased
from Tokyo Kasei (Tokyo, Japan). Foetal bovine serum (FBS)

and Geneticin were purchased from Life Technologies (Rock-
ville, MD, U.S.A.). Original TA cloning kit and pcDNA3.1 (+)
were purchased from Invitrogen (Carlsbad, CA, U.S.A.).

Human kidney 5'-stretch plus cDNA library was purchased
from Clontech (Palo Alto, CA, U.S.A.). Oligonucleotides were
synthesized by Nihon Bio-service (Saitama, Japan). GeneAmp

RNA PCR Kit was purchased from Perkin-Elmer (Emeryville,
CA, U.S.A.). DC protein assay kit was purchased from Bio-
Rad (Hercules, CA, U.S.A.). D-[3H]-mannitol and [14C]-PAH
were purchased from NEN Life Science (Boston, MA, U.S.A.).

Dihydro¯uorescein diacetate was purchased from Molecular
Probe (Eugene, OR, U.S.A.).

Cell culture

OK cells were obtained from the American Type Culture

Collection (CRL-1840, Manassas, VA, U.S.A.) and were
grown in Medium 199 containing 10% FBS in an atmosphere
of 5% CO2-95% air at 378C.

Establishment of proximal tubular cells
stably expressing hOAT1

An 826 bp cDNA fragment of rat OAT1 spanning from bases
461 to 1286 was ampli®ed from rat kidney total RNA by the
GeneAmpRNAPCRKitaccording to thesequencedescribedby

Sekine et al. (1997). The sequence of forward primer was 5'-
GACAAGCAAGGACAACCCGAAT-3' and that of reverse
primer was 5'-GCATGGAGAGACAGAGGAAGAGG-3'.

The PCR product was cloned into TA cloning vector and
sequenced to con®rm the sequence. The rat OAT1 cDNA
fragment was used as a probe to screen human kidney cDNA

library with low stringency wash. The positive clones isolated
were analysed by restriction enzymemapping and sequencing.A
clone coding hOAT1-2 contained complete open reading frame.
The cDNA was subcloned into pcDNA 3.1(+) to obtain an

expression construct. The hOAT1 expression construct or
pcDNA 3.1(+) with no insert (control) was used to transfect
renal proximal tubular cells (OK) and stable transformants were

isolated by selection with 400 mg ml71 Geneticin. Stable
transformants were screened for PAH transport andmaintained
in medium 199 containing 10% FBS and Geneticin.

PAH transport assay

The hOAT1-transformed cells were seeded in 24-well tissue
culture plates at a cell density of 26104 cells well71. Two days
after seeding, the cells were washed with Dulbecco's PBS and
incubated in the same solution containing 5 mM D-glucose for

30 min at room temperature. Then, the cells were incubated in
200 ml of Dulbecco's PBS containing 5 mM D-glucose, 10 mM
D-[3H]-mannitol and 10 mM [14C]-PAH, for 10 min at room

temperature. The transport was terminated by washing with
ice-cold Dulbecco's PBS (repeated three times). The cells in
each well were dissolved in 300 ml of 0.2 N sodium hydroxide,

and 250 ml of the cell lysate was used for radioactivity
determination (Tri-Carb 2700TR, Packard, Meriden, CT,
U.S.A.). Extracellular trapping and nonspeci®c uptake were

obtained from the radioactivity of nontransportable D-[3H]-
mannitol. Protein concentrations in the cell lysate were
determined using a DC protein assay kit (Bio-Rad).

Cell proliferation assay

The hOAT1-transformed cells or vector-transformed control

cells were seeded in a 96-well tissue culture plate at a density
of 26103 cells well71. After incubation for 2 days, the culture
medium was replaced by the same medium containing 2.5%

FBS with/without uraemic toxins and incubated for another
24 h. Then, the cell number in each well was estimated using
a cell counting kit.

Cellular uptake of indoxyl sulphate and indoleacetic acid

The hOAT1-transformed cells or vector-transformed control

cells were seeded in a 6-well tissue culture plate at a density
of 56105 cells well71. Two days after seeding, the cells were
washed with Dulbecco's PBS and incubated in the same

solution containing 5 mM D-glucose for 30 min at room
temperature. Then, the cells were incubated in 1 ml of
Dulbecco's PBS containing 5 mM D-glucose, 1 mM indoxyl

sulphate or indoleacetic acid at 378C for 1 h. The transport
was terminated by washing with ice-cold Dulbecco's PBS
(repeated three times). The cells in each well were extracted
with 500 ml of methanol. The amount of indoxyl sulphate or

indoleacetic acid in the cellular extracts (10 ml) was
determined by h.p.l.c. analysis. The h.p.l.c. system consisted
of CAPCELL PAK MF (ph) column (4.66150 mm,

Shiseido, Tokyo, Japan), 655A-12 pump (Hitachi, Tokyo,
Japan), 655A-40 autosampler (Hitachi) and RF-550 ¯uor-
escent detector (Shimazu, Kyoto, Japan). The ¯uorescent
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detector was set at excitation of 295 nm and emission of
390 nm. The h.p.l.c. analysis was performed with a mobile
phase (0.1 M KH2PO4 : THF=95 : 5) and ¯ow rate of

1 ml min71. Retention time of indoxyl sulphate was 7.9 min
and that of indoleacetic acid was 3.5 min in this system.

Assessment of cellular oxidative stress

Cellular oxidative stress was assessed by the method described
by Hampel et al. (1999). The hOAT1-transformed cells or

vector-transformed control cells were seeded in a 96-well tissue
culture plate at a density of 26103 cells well71. After
incubation for 3 days, the cells were washed with Dulbecco's

PBS. One hundred ml of Dulbecco's PBS containing 5 mM D-
glucose, 20 mM dihydro¯uorescein diacetate and indicated
amount of uraemic toxins was added to each well. The

¯uorescence was measured immediately by a ¯uorescence plate
reader (Spectromax GEMINI XS, Molecular Devices, Sunny-
vale, CA, U.S.A.) at Exl 485 nm and Eml 538 nm to obtain a
reference reading. The cells were then incubated for 60 min at

378C and the ¯uorescence were again measured. The results
were expressed as percentages of increase in intensity of
¯uorescence compared to the control experiment calculated by

the following formula: (Fct60-Fct0)/(Fc0t60-Fc0t0)*100,
where Fct60=¯uorescence after 60 min incubation with
organic anions, Fct0=¯uorescence before incubation with

organic anions (reference), Fc0t60=¯uorescence after 60 min
incubation without organic anions and Fc0t=¯uorescence
before incubation without organic anion (reference).

Data analysis

Results are presented as means+s.d. Student's t-test was used

for comparisons. A P value less than 0.05 was considered

Figure 1 Time course of PAH uptake in hOAT1-transformed and
vector-transformed OK cells. The hOAT1-transformed (closed
circles) and vector-transformed control (open circles) cells were
incubated with 200 ml of Dulbecco's PBS containing 5 mM D-glucose,
10 mM D-[3H]-mannitol and 10 mM [14C]-PAH for various time
periods at room temperature. Radioactivity in the cell lysate was
measured. Extracellular trapping and nonspeci®c uptake were
obtained from the radioactivity of nontransportable D-[3H]-mannitol.
Values are mean+s.d. (n=4).

Figure 2 Concentration dependence of PAH uptake in hOAT1-
transformed OK cells. The hOAT1-transformed cells were incubated
with 200 ml of Dulbecco's PBS containing 5 mM D-glucose, 10 mM D-
[3H]-mannitol and various concentrations of [14C]-PAH for 10 min at
room temperature. Radioactivity in the cell lysate was measured.
Extracellular trapping and nonspeci®c uptake were obtained from the
radioactivity of nontransportable D-[3H]-mannitol. Values are
mean+s.d. (n=4).

Figure 3 Characterization of hOAT1 expressed in OK cells. (A) Sis-
inhibitory e�ect of various compounds on PAH uptake. The hOAT1-
transformed cells were incubated with 200 ml of Dulbecco's PBS
containing 5 mM D-glucose, 10 mM D-[3H]-mannitol, 10 mM of [14C]-
PAH and indicated concentrations of competitors for 10 min at room
temperature. Extracellular trapping and nonspeci®c uptake were
obtained from the radioactivity of nontransportable D-[3H]-mannitol.
Values are mean+s.d. (n=4). Abbreviations are a-ketoglutaric acid
(aKG) and tetraethylammmonium (TEA). (B) Trans-stimulatory
e�ect of a-ketoglutaric acid on expressed hOAT1. The hOAT1-
transformed cells were pretreated with 1 mM of a-ketoglutaric acid
for 2 h and PAH uptake assay was performed. Values are mean+s.d.
(n=4).
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statistically signi®cant. Each experiment was performed at
least four times.

Results

Characterization of proximal tubular cells
stably expressing hOAT1

The hOAT1-transformed cells showed time-dependent in-

tracellular accumulation of PAH to a level 75 fold higher
than vector-transformed control cells (Figure 1). A concen-
tration dependent transport of PAH was observed in hOAT1-

transformed cells (Figure 2). Nonlinear regression analysis
yielded Km value of 22 mM and Vmax of 690 pmol mg71

protein 10 min71. To characterize the hOAT1 expressed in

OK cells, the e�ects of various substances on PAH transport
were estimated (Figure 3A). Probenecid and a-ketoglutaric
acid inhibited PAH transport, but an organic cation,
tetraethylammonium, had no e�ect on the transport. To

further characterize expressed hOAT1, the trans-stimulatory
e�ect of a-ketoglutaric acid was examined. The hOAT1-
transformed cells were pretreated with 1 mM of a-ketoglutaric
acid for 2 h. Then, PAH uptake assay was performed. Pre-
treatment with a-ketoglutaric acid increased PAH uptake
(Figure 3B). These data indicate that the hOAT1 expressed

showed characteristics of organic anion transport in the
kidney.

Affinities of uraemic toxins for hOAT1

To identify the uraemic toxins that injure the proximal
tubular cells via organic anion transporter, we ®rst performed

competition experiments of PAH transport by organic anion

species of uraemic toxins. For this purpose, concentration-

related cis-inhibitory e�ects of uraemic toxins on PAH
transport were measured in hOAT1-transformed OK cells.
A dose-dependent inhibition was observed in the cells treated
with hippuric acid, p-hydroxyhippuric acid, o-hydroxyhip-

puric acid, indoxyl sulphate and indoleacetic acid at low
concentrations (Figure 4A). The IC50 of these substances
ranged from 20 to 85 mM (Table 1). Uric acid and p-

hydroxyphenylacetic acid showed weak inhibitory e�ects
(IC50=1 mM) (Figure 4B, Table 1). Guanidinosuccinic acid
and b-aminoisobutylic acid had no e�ect on the transport up

to 5 mM. These results indicate that the uraemic toxins
examined can be categorized into high, low and no a�nity
for hOAT1.

Figure 4 E�ects of uraemic toxins in the form of organic anions on PAH uptake in OK cells expressing hOAT1. The hOAT1-
transformed cells were incubated with 200 ml of Dulbecco's PBS containing 5 mM D-glucose, 10 mM D-[3H]-mannitol, 10 mM of
[14C]-PAH and indicated concentrations of competitors for 10 min at room temperature. Extracellular trapping and nonspeci®c
uptake were obtained from the radioactivity of nontransportable D-[3H]-mannitol. Values are mean+s.d. (n=4). (A) High a�nity
group uremic toxins. (B) Low and no a�nity group uremic toxins.

Table 1 A�®nities of organic anion species of uraemic
toxins for hOAT1 expressed in OK cells

IC50 (mM)* or
Uraemic toxin % inhibition at 1 mM**

Hippuric acid 20+7 mM*
p-hydroxyhippuric acid 25+5 mM*
o-hydroxhippuric acid 27+8 mM*
Indoleacetic acid 83+16 mM*
Indoxyl sulphate 83+5 mM*
p-hydroxyphenylacetic acid 52+1 %**
Uric acid 46+6 %**

Values of IC50 of hOAT1-mediated PAH uptake are listed for
hippuric acid, p-hydroxyhippuric acid, o-hydroxyhippuric
acid, indoleacetic acid and indoxyl sulphate. Since weak
a�nities of p-hydroxyphenylacetic acid and uric acid for
hOAT1 resulted in variable IC50, and uric acid was insoluble
at concentrations higher than 1.5 mM, percentages of
inhibition of PAH uptake at 1 mM of these toxins are shown.
Values are mean+s.d. of four independent experiments.
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Effects of uraemic toxins on proliferation of
hOAT1-transformed cells

To determine the cytotoxicity of organic anions showing high
a�nity for hOAT1, the e�ects of these organic anions on
cellular proliferation of hOAT1-transformed tubular cells were
studied. Indoxyl sulphate and indoleacetic acid inhibited cell

proliferation at concentrations of 1 ± 2 mM (Figure 5A,B). Cell
proliferation was inhibited by these uraemic toxins, at least in
part, via hOAT1-mediated transport because vector-trans-

formed control cell proliferation was inhibited to a signi®cantly
less extent by these toxins. Hippuric acid and p-hydroxyhip-
puric acid had almost no e�ect on cell proliferation up to

10 mM (Figure 5C,D). Ortho-hydroxyhippuric acid showed an
inhibitory e�ect at higher concentrations (10 mM) (Figure 5E),
but no signi®cant di�erence was observed between hOAT1-

transformed and vector-transformed control cells.

Cellular uptake of indoxyl sulphate and indoleacetic acid

To investigate cellular uptake of indoxyl sulphate and
indoleacetic acid, we measured cellular content of these
organic anions by h.p.l.c. analysis. When the hOAT1-

transformed tubular cells were incubated with 1 mM indoxyl
sulphate, cellular content of indoxyl sulphate was signi®-
cantly higher in these cells than that of vector-transformed

Figure 5 E�ects of uraemic toxins on cellular proliferation of hOAT1-transformed OK cells. The hOAT1-transformed cells (closed
circles) or vector-transformed control cells (open circles) were incubated in a culture medium containing 2.5% FBS and indicated
concentrations of uraemic toxins for 24 h. Then, the cell number in each well was estimated by a cell counting kit. Values are
mean+s.d. (n=4 to 8). (A), indoxyl sulphate. (B) indoleacetic acid. (C) Hippuric acid. (D) p-hydroxyhippuric acid. (E) o-
hydroxyhippuric acid. *P50.05 vs vector-transformed cells. {P50.05 vs non-treated control.
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control cells (Table 2). Similar results were obtained with
cells incubated with indoleacetic acid. Thus, the uptake of
these organic anions was substantially enhanced by expres-

sion of hOAT1, although there was some uptake of these
organic anions in vector-transformed control cells.

Effects of uraemic toxins on cellular free radical
production

Since nephrotoxic agents such as cephaloridine, gentamicin and

cyclosporine A have been shown to induce nephrotoxicity by
increasing generation of free radicals (Takeda et al., 1999;
Baliga et al., 1999), we investigated the e�ects of uraemic toxins

with high a�nity for hOAT1 on cellular free radical
production. There was a time-dependent increase in cellular
free radical production determined by the ¯uorescent probe

when 2 mM indoxyl sulphate was added to the hOAT1-
transformed cells (Figure 6). Indoxyl sulphate and indoleacetic
acid dose-dependently increased free radical production
(Figure 7A,B). When treated with indoxyl sulphate and

indoleacetic acid, a signi®cantly larger amount of free radical
was produced in cells transformed with hOAT1 than in those
transformed with control vector. In contrast, hippuric acid

showed no e�ect (Figure 7C). Ortho-hydroxyhippuric acid and
p-hydroxyhippuric acid increased cellular free radical produc-
tion to a less extent than that induced by indoxyl sulphate and

indoleacetic acid (Figure 7D,E). Since a considerable amount
of free radical production was observed in the cells transfected
with control vector, we investigated the e�ects of low and no

a�nity uraemic toxins on free radical production (Figure 8).
Addition of uric acid to the assay system resulted in a marked
induction of free radical production. However, no signi®cant
di�erence was observed between hOAT1-transfected and

vector-transfected cells. Weak inducible e�ects of free radical
production were observed with p-hydroxyphenylacetic acid and
guanidinosuccinic acid. Beta-aminoisobutylic acid had little

e�ect on the free radical production.
We then examined the e�ects of antioxidants and an inhibitor

of transporters on the indoxyl sulphate-stimulated free radical

production. Addition of an antioxidant; N-acetylcysteine or
probucol, abolished the stimulatory e�ect of indoxyl sulphate
on cellular free radical production (Figure 9A). Probenecid, a
non-speci®c transporter inhibitor, reduced the indoxyl sul-

phate-stimulated radical production. There was little di�erence
in the amount of free radical production between hOAT1-
transformed and vector-transformed control cells when cells

were treated with probenecid at higher concentrations (20 and
40 mM) (Figure 9B). These results indicate that indoxyl
sulphate increases cellular free radical production via hOAT1-

mediated cellular uptake of the molecule.

Discussion

In the present study, organic anions commonly present as
uraemic toxins in the serum of patients with renal failure

were studied for their toxic e�ect on renal cells. Since these
molecules are actively taken up by speci®c transporters in
proximal tubular cells, we established a proximal tubular cell

line that expresses a high level of hOAT1. The hOAT1
expressed in OK cells showed properties of renal tubular
transport of PAH (Figures 1 ± 3). The Km of 22 mM obtained

from the hOAT1-transformed cells was close to the values
obtained with xenopus oocytes (Sekine et al., 1997; Sweet et
al., 1997; Hosoyamada et al., 1999) and mouse proximal

tubular S3 cells (Takeda et al., 1999). PAH transport
mediated by hOAT1 was inhibited by probenecid and a-
ketoglutaric acid, and was trans-stimulated by pretreatment
with a-ketoglutaric acid. Using this cell line, organic anion

species of uraemic toxins were studied for their transport
characteristics and cytotoxicity.

The organic anions tested in the present study showed

variable characteristics with respect to hOAT1-mediated
transport. Based on the inhibitory e�ects on the hOAT1-
mediated transport of PAH, the organic anions were divided

into three groups: high a�nity, low a�nity, and no a�nity
groups (Figure 4, Table 1). By competing for hOAT1, serum
concentrations of uraemic toxins with high a�nity for

hOAT1 may be elevated in chronic renal disease in which
the number of functional nephrons is reduced.

Among uraemic toxins with high a�nity to hOAT1,
indoxyl sulphate and indoleacetic acid concentration-depen-

dently inhibited the proliferation of renal tubular cells, and
the inhibition was also dependent on hOAT1 expression

Figure 6 Time course of cellular free radical production in hOAT1-
transformed OK cells stimulated by indoxyl sulphate. The hOAT1-
transformed cells were incubated in Dulbecco's PBS containing 5 mM

D-glucose, 20 mM dihydro¯uorescein diacetate and 1 mM indoxyl
sulphate for the indicated time at 378C, and ¯uorescence intensities
were measured. Values are mean+s.d. (n=4).

Table 2 Uptake of indoxyl sulphate or indoleacetic acid in
hOAT1-transformed OK cells

Indoxyl sulphate Indoleacetic acid
(mg/16105 cells) (mg/16105 cells)

Vector-transformed control 0.63+0.03 1.57+0.08
hOAT1-transformed 2.78+0.16* 3.25+0.31*

The hOAT1-transformed cells or vector-transformed control
cells were incubated in 1 ml of Dulbecco's PBS containing 5
mM D-glucose, 1 mM indoxyl sulphate or indoleacetic acid at
378C for 1 h. Then, the amount of indoxyl sulphate or
indoleacetic acid in the cellular extracts (10 ml) was
determined by h.p.l.c. analysis. *P50.05 vs vector-trans-
formed cells.
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(Figure 5). Thus, these uraemic toxins transported by hOAT1
may induce cellular dysfunction leading to attenuated
proliferation. The concentrations required for inhibition of

proliferation were comparable to those required for stimulat-
ing free radical production (Figure 7). Indoxyl sulphate and
indoleacetic acid showed higher stimulatory e�ect on free
radical production than other organic anions. Para-hydro-

xyhippuric acid and o-hydroxyhippuric acid, also inhibited
proliferation of the hOAT1-transformed cells and stimulated
free radical production, however, the concentrations required

for inhibition of cell proliferation and stimulation of free
radical production were considerably higher compared with
indoxyl sulphate and indoleacetic acid. Oxidative stress has

been shown to inhibit or attenuate cell proliferation (Curcio
& Ceriello, 1992; Harris et al., 2000). Therefore, the ability to
inhibit cell proliferation was closely linked to the ability to

induce free radical formation by the organic anions
examined. Inconsistent with these observations, cellular
uptake of indoxyl sulphate and indoleacetic acid was
signi®cantly higher in the cells transformed with hOAT1

than that in the cells transformed with the vector (Table 2).
There was a considerable uptake of these organic anions in
the vector-transformed control cells, which may inhibit

cellular proliferation and induce free radical formation in
these control cells. The cellular uptake of PAH in these cells
was 1/75 of hOAT1-transformed cells. Taken together, OK

cells may express other transport systems for these organic
anions. With this regard, uraemic toxins in the form of
organic anions with low a�nity or no a�nity for hOAT1
may be excreted by other transporters such as OAT3 or

OATaps (Inui et al., 2000). Our results indicated that some of
uraemic toxins with low and no a�nity for hOAT1 also
induced cellular free radical production (Figure 8). Thus, the

oxidant stress in renal tubular cells in progressive renal
disease may be induced by various uraemic toxins.
It is reported that serum concentrations of indoxyl sulphate

in patients with chronic renal failure were approximately
80 mmol l71 in undialyzed uraemic patients, 360 mmol l71 in
patients undergoing haemodialysis and 250 mmol l71 in

patients undergoing CAPD (Niwa et al., 1996). At these
concentrations, signi®cant increase in free radical formation
was observed with cells transformed with hOAT-1 or vector
(Figure 7). Thus, indoxyl sulphate is indicated to stimulate free

radical formation at such pathophysiological conditions. Serum
concentrations reported for indoleacetic acid were approxi-
mately 0.5 mg dl71 (30 mmol l71) in patients undergoing

Figure 7 E�ects of uraemic toxins on cellular free radical production of hOAT1-transformed OK cells. The hOAT1-transformed
cells (closed columns) or vector-transformed control cells (open columns) were incubated in Dulbecco's PBS containing 5 mM D-
glucose, 20 mM dihydro¯uorescein diacetate and indicated amount of uraemic toxins for 60 min at 378C, and ¯uorescence intensities
were measured. Values are mean+s.d. (n=4). (A) Indoxyl sulphate. (B) Indoleacetic acid. (C) Hippuric acid. (D) p-hydroxyhippuric
acid. (E) o-hydroxyhippuric acid. *P50.05 vs vector-transformed cells. {P50.05 vs non-treated control.
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haemodialysis (Saito et al., 1980) and 4 mmol l71 in patients
undergoing CAPD (Qureshi & Baig, 1993). The concentrations
in these pathophysiological conditions are less than those used

in the present study. Indoleacetic acid may enhance toxic e�ects
of indoxyl sulphate in pathophysiological conditions.

Previous reports have reported that oxygen radical

production is increased in a remnant kidney model (Schrier
et al., 1994; Alfrey, 1994). Increased oxygen radicals in
nephron have been proposed to cause tubulo-interstitial
injury and progression of chronic renal disease. Increased

free radicals produced by organic anion species of uraemic
toxins in proximal tubular cells may contribute to this
pathophysiological process that lead to tubulo-interstitial

damage, while the exact mechanism for inducing oxidative
stress in hOAT1-transformed OK cells treated with indoxyl
sulphate and other organic anions remains to be determined.

Other nephrotoxic agents transported by OAT have been
shown to produce free radicals via iron-dependent mechan-
isms and alterations of cellular anti-oxidant defenses (Baliga

et al., 1999; Kiyomiya et al., 2000).
Indoxyl sulphate, indoleacetic acid and hippuric acid are

metabolites of tryptophan and phenylalanine (Niwa et al.,
1996; Dhondt et al., 2000; Qureshi & Baig, 1993). Low-

protein diet has been shown to attenuate progression of the
disease in experimental and clinical studies (Mitch, 2000).
Low protein diet also has been reported to reduce the serum

levels of indoxyl sulphate in progressive renal disease (Niwa
& Ise, 1994). As mentioned, reduction of serum uraemic
toxins by CAPD and oral adsorbent treatment has been

shown to attenuate the progression of renal disease in a rat
model of subtotal nephrectomy and clinical study. Further,
protein restriction has been proposed to reduce oxidant stress

in remnant kidney (Nath et al., 1990; Jarusiripipat et al.,
1991). These circumstantial evidences suggest a pathophysio-

Figure 9 Characteristics of indoxyl sulphate-induced cellular free radical production. (A) E�ects of anti-oxidants on indoxyl
sulphate-induced cellular free radical production. The hOAT1-transformed cells (closed columns) or vector-transformed control cells
(open columns) were incubated in Dulbecco's PBS containing 2 mM indoxyl sulphate, 5 mM D-glucose, 20 mM dihydro¯uorescein
diacetate and indicated amount of anti-oxidants for 60 min at 378C, and ¯uorescence intensities were measured. Values are
mean+s.d. (n=4). *P50.05 vs vector-transformed cells. {P50.05 vs 2 mM indoxyl sulphate-treated cells. (B) E�ects of transporter
inhibitor on indoxyl sulphate induced cellular free radical production. The hOAT1-transformed cells (closed columns) or control
cells (open columns) were incubated in Dulbecco's PBS containing 2 mM indoxyl sulphate, 5 mM D-glucose, 20 mM
dihydro¯uorescein diacetate and indicated amount of probenecid for 60 min at 378C, and ¯uorescence intensities were measured.
Values are mean+s.d. (n=4). *P50.05 vs vector-transformed cells. {P50.05 vs 2 mM indoxyl sulphate-treated cells.

Figure 8 E�ects of uraemic toxins with low and no a�nity for
hOAT1 on cellular free radical production of OK cells. The hOAT1-
transformed cells (closed columns) or vector-transformed control cells
(open columns) were incubated in Dulbecco's PBS containing 5 mM

D-glucose, 20 mM dihydro¯uorescein diacetate and indicated amount
of uraemic toxins for 60 min at 378C, and ¯uorescence intensities
were measured. Values are mean+s.d. (n=4). {P50.05 vs non-
treated control.

British Journal of Pharmacology vol 135 (2)

Uraemic toxins damage renal proximal tubulesM. Motojima et al562



logical signi®cance of some uraemic toxins in the progression
of chronic renal disease. The present study provided direct
evidence that some organic anion species of uraemic toxins

damage proximal tubular cells via OAT1-mediated uptake.
Such mechanism may constitute important pathophysiology
in progression of chronic renal disease.

Portions of this study were presented at the 74th Annual Meeting
of the Japanese Pharmacological Society, Yokohama, 2001, and
published in abstract form (2001, Jpn. J. Pharmacol. 85 (suppl. I),
202P). A portion of this study was supported by the Grant-in-Aid
for scienti®c research from the Ministry of Education, Culture,
Sports, Science and Technology (No.12670784).
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