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Mycotoxin ochratoxin A (OTA) is nephrotoxic in various animal species. In rodents, OTA intoxication impairs
various proximal tubule (PT) functions, including secretion of p-aminohippurate (PAH), possibly via
affecting the renal organic anion (OA) transporters (Oat). However, an effect of OTA on the activity/
expression of specific Oats in the mammalian kidney has not been reported. In this work, male rats were
gavaged various doses of OTA every 2nd day for 10 days, and in their kidneys we studied: tubule integrity by
microscopy, abundance of basolateral (rOat1, rOat3) and brush-border (rOat2, rOat5) rOat proteins by
immunochemical methods, and expression of rOats mRNA by RT-PCR. The OTA treatment caused: a) dose-
dependent damage of the cells in S3 segments of medullary rays, b) dual effect upon rOats in PT: low doses
(50–250 μg OTA/kg b.m.) upregulated the abundance of all rOats, while a high dose (500 μg OTA/kg b.m.)
downregulated the abundance of rOat1, and c) unchanged mRNA expression for all rOats at low OTA doses,
and its downregulation at high OTA dose. Changes in the expression of renal Oats were associated with
enhanced OTA accumulation in tissue and excretion in urine, whereas the indicators of oxidative stress either
remained unchanged (malondialdehyde, glutathione, 8-hydroxydeoxyguanosine) or became deranged
(microtubules). While OTA accumulation and downregulation of rOats in the kidney are consistent with
the previously reported impaired renal PAH secretion in rodents intoxicated with high OTA doses, the post-
transcriptional upregulation of Oats at low OTA doses may contribute to OTA accumulation and development
of nephrotoxicity.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Ochratoxin A (OTA) is ubiquitous fungal metabolite and food
contaminant with nephrotoxic and carcinogenic potential in
animals and humans (EFSA, 2006; Kuiper-Goodman and Scott,
1989; Pfohl-Leszkowicz and Manderville, 2007). It has been shown
in various animal models (rat, pig, chicken) that OTA: a) accumulates
largely in the proximal tubule (PT) cells, b) induces dose- and time-
dependent impairment of PT function, resulting in limited polyuria,
glucosuria, proteinuria and enzymuria, and diminished secretion of
organic anions (OA), c) damages the renal structure, manifested by
tubule degeneration, apoptosis, necrosis, and exfoliation of PT cells,
predominantly involving the pars recta segment (S3), and d) causes
focal tubular proliferative effects, including cell hyperplasia and
tubular cell adenoma and carcinoma (Boorman et al., 1992;
Castegnaro et al., 1998; Kuiper-Goodman and Scott, 1989; Kumar
et al., 2007; Lee et al., 1984; Rached et al., 2007; Sauvant et al., 2005).

In some studies, usually after treating experimental animals with
OTA for a few months or years, cellular mechanisms of OTA toxicity
were associated with increased lipid peroxidation and formation of
malondialdehyde (MDA), DNA damage, and apoptosis, and were
counteracted by the scavengers of reactive oxygen species (ROS),
thus indicating oxidative stress as a possible mediator of toxicity
(Cavin et al., 2007; Grosse et al., 1997; Kamp et al., 2005; Petrik et al.,
2003; Ringot et al., 2006; Schaaf et al., 2002).

OTA has a long plasma half life in the body, mainly due to binding
to serum proteins, slow biotransformation, entero-hepatic circulation,
and reabsorption in kidney (Fuchs and Hult,1992). The renal excretion
of OTA via glomerular filtration is limited, and largely proceeds via
transepithelial secretion in PT (Bahnemann et al., 1997; Jung et al.,
2001; Welborn et al., 1998). The filtered and/or secreted OTA is
partially reabsorbed along the nephron, mostly in the PT S3 segments
(Dahlmann et al., 1998; Zingerle et al., 1997). Filtration and
transepithelial secretion, followed by reabsorption, represent an
effective way of OTA accumulation in kidneys and may be a base for
development of nephrotoxicity. OTA itself is an OA and a substrate of
various renal OA transporters (Oat) located in the basolateral (BLM) or
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luminal membrane domain of (mainly) PT cells. In the mammalian
kidney, OTA can be transported by Oat1 (Slc22a6), Oat2 (Slc22a7),
Oat3 (Slc22a8), OAT4 (SLC22A11; absent in rodents), Oat5 (Slc22a19;
absent in humans), Oat-K1 (Oatp1a3/Slco1a3), H+-dipeptide cotran-
sporter (PEPT/family Slc15), and ATP-driven multidrug resistance-
associated protein Mrp2 (Abcc2) (Anzai et al., 2005; Babu et al., 2002;
Cha et al., 2001; Enomoto et al., 2002; Kobayashi et al., 2002; Kusuhara
et al., 1999; Kwak et al., 2005; Leier et al., 2000; Takeuchi et al., 2001;
Tsuda et al., 1999; Youngblood and Sweet, 2004). In the rodent PT,
Oat1 and Oat3 are localized in the BLM and thus may mediate
internalization of OTA at the basolateral side. Oat2, Oat5, Oat-K1, and
PEPT are localized in the brush-border membrane (BBM) and thus
may mediate reabsorption of OTA, whereas Mrp2 in the BBM may
serve as an active extruder of OTA.

Earlier studies in various experimental models indicated that OTA,
being itself a substrate for various Oats, can interact with the transport
of other OA. In these studies: a) OTA directly and competitively
inhibited the basolateral transport of a prototypical OA p-aminohip-
purate (PAH) in isolated PT segments and renal cortical membranes,
b) in the presence of OTA, the accumulation of PAH in the renal
cortical slices, isolated PT cells, and PT-derived established cell lines,
was impaired, and c) the OTA-treated experimental animals exhibited
a diminished accumulation of PAH in the renal cortical slices in vitro
and a lower PAH clearance in vivo (Friis et al., 1988; Gekle and
Silbernagl, 1994; Groves et al., 1998, 1999; Jung et al., 2001; Sauvant et
al., 1998; Sokol et al., 1988; Welborn et al., 1998). These data thus
indicated that OTA may affect the activity and/or expression of renal
Oats, but such possibilities have not been experimentally verified. In
order to test if OTA affects the cellular expression and distribution of
renal Oats, here we used an in vivo model of OTA intoxication in adult
male rats, and characterized the protein and mRNA expression levels
of the two basolateral (Oat1, Oat3) and two brush-border (Oat2, Oat5)
OA/OTA transporters in PT. The Oat data were correlated with the
tissue morphology, OTA accumulation in the renal tissue and its
excretion in urine, and with the tissue and/or urine indicators of
oxidative stress.

Materials and methods

Animals and treatment. Adult (12–14 weeks old) male Wistar rats
were from the breeding colony at the Institute in Zagreb. Animals
were bred and maintained according to the Guide for Care and Use of
Laboratory Animals (National Institute of Health, Bethesda, USA,
1996). The studies were approved by the Institutional Ethics
Committee.

OTA was dissolved in 51 mM NaHCO3, pH 7.4, and given by gastric
gavage. Animals (4 rats/experimental group) were gavaged with
various OTA doses (50,125, 250 and 500 μg/kg b.m.) every 2nd day for
10 days (in total, 5 doses; the last gavagewas given on the 9th day, e.g.,
the day before termination). Control rats were gavaged an equivalent
volume of solvent (10 ml/kg b.m.), using the same time pattern. The
gavage was executed between 8 and 9 am.

Antibodies. The use of affinity purified, rabbit-raised anti-peptide
polyclonal antibodies against the rat OA transporter (rOat) proteins
rOat1 (rOat1-ab), rOat2 (rOat2-ab), rOat3 (rOat3-ab), and rOat5 (rOat5-
ab) in immunoblotting and immunocytochemical studieswasdescribed
in details elsewhere (Anzai et al., 2005; Ljubojevic et al., 2004, 2007).
Monoclonal antibodies against α-actin (actin-ab) and α-tubulin
(tubulin-ab) were purchased from Chemicon Int. (Temecula, CA, USA)
and Sigma (St. Louis, MO, USA), respectively. Secondary antibodies, e.g.,
the CY3- (GARCY3) or alkaline phosphatase-labeled (GARAP) goat anti-
rabbit IgG, CY3-labeled donkey anti-mouse IgG (DAMCY3), and alkaline
phosphatase-labeled goat anti-mouse IgG (GAMP), were purchased
from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA)
or Kirkegaard and Perry (Geithersburg, MD, USA).

Chemicals. Anesthetics (Narketan and Xylapan) were purchased
from Chassot AG (Bern, Switzerland). OTA (free acid; 99% purity; Cat.
No. O1877), protease inhibitors (phenyl–methyl–sulfonyl–fluoride
(PMSF), antipain, benzamidine), 1,1,3,3-tetramethoxy propane,
butylated hydroxytoluene, and 2-thiobarbituric acid (TBA) were
purchased from Sigma (St. Louis, MO, USA). Water and silica gel Si-
60 (15–40 μm) for HPLC studies were obtained from Merck
(Darmstadt, Germany). Other chemicals and reagents were the
analytical or molecular biology grade, and their commercial source
was either Kemika (Zagreb, Croatia) or is indicated under description
of specific methods.

Determination of urine biochemical parameters. On the 9th day of
treatment, rats were gavaged with the last (5th) dose of OTA or
vehicle (controls), placed individually in the metabolic cages,
deprived of food but with free access to water, and urine was collected
for 24 h. The final urine volume was measured, an aliquot was
centrifuged at 2500 ×g for 15 min to remove the particulate debris,
and analysis of various parameters (glucose, creatinine, inorganic
phosphate, potassium, chloride, sodium) was performed in the
supernatant using the biochemical analyzer Olympus AU 600
(Tokyo, Japan) and HPLC apparatus (Shimadzu Corporation, Kyoto,
Japan) and commercial substrates. Protein was measured by the dye-
binding method (Bradford, 1976).

OTA analysis. Before determination, OTA was extracted from urine
and the kidney and liver tissues. OTA in urine was extracted by the
method of Breitholtz-Emanuelsson et al. (1993). Kidneys and livers
were collected from the animals terminated by cervical dislocation,
washed in physiological saline (0.9% NaCl), the respective renal
(pooled cortex plus outer stripe) and liver (the largest lobe) tissues
were manually separated, weighed, and kept frozen at −20°C until
further analysis. A 10% homogenate of the thawed tissues was
prepared in saline, and OTA was extracted exactly as described by
Bauer von et al., 1984.

The extracted OTA was determined by HPLC. The HPLC apparatus
consisted of degasser, isocratic pump, the column oven (Shimadzu
Corporation, Kyoto, Japan), and the fluorescent detector (Thermo
Separation Products – Spectra System FL 2000, Fremont, CA, USA). The
guard column (4.0 × 4.0 mm) and the analytical column
(4.0×125.0 mm) were C-18 reverse-phase (LiChrospher, Merck,
Darmstadt, Germany) with 5 μm particles. The mobile phase,
consisting of methanol, water and acetic acid (700:300:20, v/v),
was degassed before use in an ultrasonic bath for 15 min. The flow-
ratewas 0.5 mLmin−1. The excitation and emissionwavelengths were
336 nm and 464 nm, respectively. The injection volume was 20 μL and
the temperature in the column oven was set at 32°C. Under these
conditions, the retention time of OTA was about 8 min.

OAT concentration in tissue homogenates and urine samples was
calculated from the integrated peak area and linear regression curve
obtained with OTA standards. In preliminary experiments, the peak
areas of the standards were found to be linear with 0.1–15 ng OTA/mL
(not shown). The OTA standards were prepared by adding known
amounts of stock solution of OTA to portions of OTA-free urine and
control (OTA-untreated) kidney and liver tissue homogenates before
the extraction. The concentration of OTA stock solution was checked
spectrophotometrically at 333 nm using 6640 M−1 cm−1 as the
extinction coefficient.

Determination of malondialdehyde (MDA) and 8-hydroxydeoxyguanosine
(8-OHdG). To determine a lipid peroxidation product MDA, urine
samples were processed by the method of Drury et al. (1997), whereas
the renal (cortex plus outer stripe) and liver homogenates were
processed by the method of Ohkawa et al. (1979).

MDA was measured by HPLC, using the columns described above
for OTA. Themobile phase (50mMKH2PO4 andmethanol (60:40, v/v),
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pH 6.8) was degassed before use in the ultrasonic bath for 15 min. The
flow-rate was 1mLmin−1, and the UV detector was set at 532 nm. The
injection volume was 20 μL, and temperature in the column ovenwas
set at 32°C. Under these conditions, the retention time of MDA was
about 2.5 min. Quantification of MDA in tissue homogenates and urine
was performed by comparing the peak area with the regression curve
for MDA standards in aqueous solution, which was linear in the range
of 0.3–15 μmol/L (not shown).

8-OHdG, an oxidative DNA adduct, was determined only in the
urine by HPLC, as described in detail in our recent publication
(Domijan and Peraica, 2008). Quantification of 8-OHdG in urine was
performed from the measured peak area using the regression curve
for aqueous standard solution, which was linear in the range of
50–400 nmol/L (not shown).

Tissue fixation, immunofluorescence staining, and tissue morphology.
In anesthetized rats the circulatory systemwas perfused in vivo via the
left ventricle of the heart with aerated (95% O2/5% CO2) and
temperature-equilibrated (37°C) phosphate-buffered saline (PBS; in
mM: 137 NaCl, 2.7 KCl, 8 Na2HPO4, 2 K2PO4, pH 7.4) for 2–3 min. The
left kidney was then ligated and removed for preparation of tissue
homogenates and RNA isolation (vide infra). The right kidney was
further perfused with 150 ml of fixative (4% p-formaldehyde). Further
handling of the tissues, cutting of 4-μm thick tissue cryosections, rOat-
and α-tubulin-specific retrieval steps to reveal the cryptic antibody
binding sites, blocking with albumin solution, as well as incubation
with optimal dilutions of primary and secondary antibodies were
described in detail elsewhere (Ljubojevic et al., 2004, 2007; Sabolic
et al., 2006).

The stained sections were examined with an Opton III RS
fluorescence microscope (Opton Feintechnik, Oberkochen, Germany)
and photographed using a Spot RT Slider digital camera and software
(Diagnostic Instruments, Sterling Heights, MI, USA). The photos were
imported into Adobe Photoshop 6.0 for processing and labeling. The
CY3-related immunostaining was inspected under the specific filter
for red fluorescence, whereas the tissue autofluorescence under the
filter for green fluorescence was used to monitor morphology of the
tubules in non-stained or CY3-stained sections. Where required, the
Adobe Photoshop software was later used to convert red or green
fluorescence into black and white mode.

Preparation of tissue homogenates and membranes for PAGE. The
removed left kidney was decapsulated and either used in toto or
sagitally sliced, and the pooled tissue (cortex plus outer stripe) was
dissected manually. The tissue was homogenized (10% homogenate)
in a chilled buffer (in mM: 300 mannitol, 5 EGTA, 12 Tris–HCl, pH 7.4,
1 PMSF, 0.1 benzamidine, and 0.1 μg/mL antipain) with a Powergen-
125 homogenizer (Fisher Scientific, New Jersey, NJ, USA) at the
maximal setting (1 min homogenization–2 min pause–1 min
homogenization). Total cell membranes (TCM) were isolated from
tissue homogenates by differential centrifugation using refrigerated
centrifuges. The cell debris was first removed by centrifugation at
6000 ×g for 15 min, and the supernatant was centrifuged at
150,000 ×g for 1 h. The resulting pellet (TCM) was resuspended in
a chilled buffer (150 mM mannitol, 2.5 mM EGTA, 6 mM Tris–HCl,
pH 7.4). The protein was determined by the dye-binding assay
(Bradford, 1976), adjusted to the desired concentration, and the
membranes were stored at −70°C until further use.

SDS-PAGE and Western blotting. Following the optimal conditions
for SDS-PAGE and Western blotting of various rOats in isolated renal
membranes (Ljubojevic et al., 2004, 2007), frozen TCM were thawed
at 37°C, mixed with Laemmli buffer (final: 1% SDS, 12% glycerol,
30 mM Tris–HCl, pH 6.8), and heated in nondenaturing conditions
(without SH-reagents) at 65°C for 15 min. Protein separation through
10% SDS-PAGE, electrophoretic transfer to Immobilon (Millipore,

Bedford, MA, USA), incubation of this membrane in blotto-buffer
(5% non-fat dry milk, 0.15 M NaCl, 1% Triton X-100, 20 mM Tris–HCl,
pH 7.4) without or with the optimal concentrations of primary and
secondary antibodies, as well as visualization of the labeled protein
bands with the alkaline phosphatase activity-mediated reaction, were
described in detail in our recent publications (Ljubojevic et al., 2004,
2007). Intensity of the labeled protein bands was scanned and
expressed in arbitrary units, relative to the strongest band (=1
arbitrary unit) in control samples.

Isolation of RNA and synthesis of first-strand cDNA. The unfixed
kidney was removed, decapsulated, cut into ∼2 mm thick sagittal
slices, and one (middle) slice was immediately submerged into the
RNAlater solution (Sigma, St. Louis, MO, USA). The pooled tissue
(cortex plus outer stripe) was later dissected manually and used in
further isolation steps. Total cellular RNA was extracted using Trizol
(Invitrogen) according to manufacturer's conditions. RNA
concentration and its purity were estimated by measuring the optical
density at 260 and 280 nm. The quality and integrity of RNA were
verified by agarose gel electrophoresis. Isolated RNAs were stored at
−70°C and subsequently used for RT-PCR studies.

First-strand cDNA synthesis was performed using the First Strand
cDNA Synthesis Kit (Fermentas Int., Ontario, Canada) following the
manufacturer's instructions. Total cellular RNA (3 μg) was denatured
at 70°C for 5 min in the reaction mixture containing 0.5 μg oligo dT
(18) and reversed transcribed in total volume of 20 μL reaction
mixture containing 1× reverse transcription buffer, 20 U of ribonu-
clease inhibitor, 1 mM of dNTP mix, and 40 U of Moloney murine
leukemia virus reverse transcriptase. The reaction mixture was
incubated at 37°C for 60 min followed by incubation at 72°C for
10 min. cDNAs were diluted 5× in DNase/RNase free water (Gibco-
BRL, Grand Island, NY, USA) and stored at −20°C until use.

End-point RT-PCR. PCR was performed in total volume of 20 μL
using: 1 μL of 5× diluted first-strand cDNA, 0.4 μMspecific primers and
ready to use PCR Master Mix (Fermentas Int., Ontario, Canada)
following instructions by the manufacturer. To avoid amplification of
genomic DNA, intron over-spanning primers were used. Custom
primers for rOats and GAPDH were purchased from Invitrogen.
Forward and reverse sequences of these primers are listed in
Table 1. Reaction conditions used for PCR were: initial denaturation
for 3 min at 94°C, denaturation for 30 s at 95°C, annealing for 30 s at
57°C, and elongation for 45 s at 72°C. RT-PCR products were resolved
by electrophoresis in 1% agarose gel stained with ethidium bromide,
and visualized under ultraviolet light. The housekeeping gene GAPDH
was used as a control for variations in the input of RNA. To obtain
quantitative results, preliminary experiments were done to determine
the optimal number of the PCR cycles within the exponential phase of
the PCR reaction. The resulting optimal number of cycles was: 25 for
rOat1, 32 for rOat2, 26 for rOat3 and rOat5, and 21 for GAPDH.

Table 1
Primer sequences used for end-point RT-PCR.

Gene Forward and reverse
primers (5′–3′)

Gene bank
accession no.

Location RT-PCR
product
size, bp

rOat1 F: GGCACCTTGATTGGCTATGT NM_017224.2 712–731 372
R: CCACAGCATGGAGAGACAGA 1064–1083

rOat2 F: CGCTCAGAATTCTCCTCCAC NM_053537.2 374–393 311
R: ACATCCAGCCACTCCAACTC 665–684

rOat3 F: CGGAATAGCCAACCACAACT NM_031332.1 210–229 333
R: ATCACAGGTCCTCCAACCAG 523–542

rOat5 F: GGAGGCAGCAGAGACAAAAC XM_342011.2 1104–1123 346
R: TTGCTCCTCCTAATGATGCC 1431–1450

GAPDH F: GGTGATGCTGGTGCTGAGTA NM_017008.3 332–351 369
R: GGATGCAGGGATGATGTTCT 681–700

Genes: rat orthologs of organic anion transporters and GAPDH. F, forward; R, reverse.
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Real-time RT-PCR. Real-time RT-PCR was performed in a 50 μL
volume using 3.3 μL (100 ng) of the first-strand cDNA template,
2.5 μL of 20× Taqman Gene Expression Assays mix, 25 μL of the 2×
TaqMan Universal PCR Master Mix (all from Applied Biosystems,
Foster City, CA, USA) and 19.2 μL of nuclease-free water. Primers and
probes were designed by Applied Biosystems and supplied as
Taqman Gene Expression Assays Mix containing a 20× mix of
unlabeled PCR forward and reverse primers as well as TaqMan MGB
probe. Amplification and detection were performed using the 7500
Real-Time PCR System (Applied Biosystems). Thermal cycling

conditions included initial 2 min at 50°C, then 10 min at 95°C,
followed by 40 two-step cycles of denaturation (15 s at 95°C) and
annealing/extension (1 min at 60°C). To standardize the input of
cDNA amount, an endogenous control, i.e., the housekeeping gene
β-actin was run, quantified, and the results were normalized to these
values. Each sample was performed in duplicate. Relative
quantification of rOats mRNA amount (mean fold changes±S.E.M
of duplicate measurements) was accomplished by comparative Ct-
method using the Relative Quantification Study Software (Applied
Biosystems).

Fig. 1. Morphology of tubules in the superficial cortex (A–E), medullary rays (F–J, P) and outer stripe (K–O) in vehicle (0) and OTA-treated (50–500 μg OTA/kg b.m.) rats. In the
superficial cortex (A–E), morphology of glomeruli (asterisks) and various tubules, including the proximal convoluted tubules (PCT), was not visibly affected by OTA treatment. In the
medullary rays (I–J, P), the PT S3 segments exhibited the OTA dose-dependent damage; in animals treated with 50 μg OTA/kg b.m., only the individual cells in some S3 profiles were
damaged (G, arrows), whereas with higher OTA doses, the damage was more extensive and dose-dependent, exhibiting loss of tubular form, desquamation of BBM and epithelial
cells, thinning of epithelium, and accumulation of cell debris in the tubule lumen (H–J, arrows). At 500 μg OTA/kg b.m., nearly all S3 profiles in the medullary rays were heavily
damaged (J, arrows). However, the more distal parts of these profiles at the border with outer stripe were less or not at all affected (H–J, P, arrowheads). In the outer stripe (K–O), the
S3 profiles remained unaffected by OTA treatment; the tubule profiles with damaged cells were rare (not shown). Bar=20 μm. (Q) The number of S3 profiles (mean±SEM; N=4 in
each experimental group) in the medullary rays, which exhibited a clear damage of epithelium. Damaged S3 profiles were counted in sagittal cryosection from themiddle slice of the
right kidney from each rat. Statistics (ANOVA): a:b and c:d, N.S.; all other relations, Pb0.05. Morphology of the more distal parts of the nephron was visually unchanged by OTA
treatment (not shown).
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Presentation of the data. The immunocytochemical and Western
blotting data represent findings in 4 animals in each experimental
group. The end-point and real-time RT-PCR data were obtained with
independent cDNA (mRNA) preparations from two control and two
OTA-treated animals in each experimental group. RNA for end-point
RT-PCR and for real-time RT-PCR were isolated from different animals.
The numeric data were expressed as means±SE and, where applied,
statistically evaluated by using Student's t-test or ANOVAwith Duncan
test at the 5% level of significance.

Results

Reabsorptive functions of renal tubules in OTA-treated rats

In order to determine the OTA-induced renal functional and
structural changes, specific urine parameters were analyzed and
microscopic examination of the tissue cryosections was performed in
rats treatedwith vehicle or various OTA doses for 10 days. In this initial
study, in the 24-h urine from 8 vehicle-treated and 8 OTA-treated
(50–500 μg/kg b.m.) animals we compared the urine volume, glucose,
creatinine, phosphate, potassium, chloride, and sodium, and found
that these parameters in control and OTA-treated animals were not
significantly different (data not shown). Furthermore, the OTA
treatment did not induce major change in urine protein (data not
shown), except the rats treatedwith the highest OTAdose exhibited an
elevated proteinuria (45.9±2.48 mg protein/24 h), which was,
however, not statistically different from that in vehicle-treated animals
(27.8±8.39 mg protein/24 h). These data thus indicated that, overall,
the 10-day treatment of rats with up to 500 μg OTA/kg b.m. did not
cause major loss of reabsorptive kidney functions.

Morphology of renal tubules in OTA-treated rats

The study of tissue morphology revealed the OTA dose-dependent
damage of PT S3 segments, predominantly in the medullary rays
(Fig. 1). Whereas the proximal convoluted tubules (S1/S2 segments)
and other tubule profiles in the kidney cortex were not affected by any
OTA dose (A–E), S3 segments in the medullary rays exhibited an OTA
dose-dependent damage, which was manifested by variable loss of
regular tubular structure and cell membrane, desquamation of the
luminal membrane and whole cells, thinning of epithelium, and
accumulation of the cell debris in the tubule lumen (F–J). In controls
(F), and more at 50 μg OTA/kg b.m. (G), only the individual cells in
some S3 were damaged (arrows). Damage was more extensive at
higher OTA doses (H–J, arrows); at 500 μg OTA/kg b.m., practically all
S3 profiles in the medullary rays were heavily damaged (J, arrows).
The proximal convoluted segments in the vicinity of S3, but outside
the medullary rays, showed no signs of damage (G–J, PCT). The
number of S3 profiles in the medullary rays, which had at least some
cells damaged, was visually counted over the surface of one middle
cryosection through the right kidney from each animal; as shown in
Fig. 1Q, the number of damaged S3 profiles in the medullary rays
increased dramatically with increasing the OTA dose. Damage was
more extensive in the proximal parts of S3, whereas the most distal
parts of S3 located in the medullary rays (H–J, P; arrowheads), as well
as the S3 profiles in the outer stripe (K–O), exhibited only a small
(occasional individual cells; not shown) or no visible damage of the
epithelium.

Effects of OTA treatment on epithelial morphology in renal tubules
was further tested by immunostaining microtubules, one of the
cytoskeletal elements known to be sensitive marker of the cell
integrity in various conditions associatedwith oxidative stress induced
by hypoxia and heavy metal toxicity (Sabolic, 2006, and references
there in). Fig. 2 shows microtubules in various nephron segments
localized in the superficial cortex (A–C), medullary rays (D–F), and
outer stripe (G–I) of control and OTA-treated rats. In all three

regions in vehicle-treated rats (A, D, G), the strongly stained
microtubules in various tubules were assembled in regular, apico-
basally oriented bundles of tread-like filaments, which were more
abundant in distal tubules and collecting ducts. However, in rats
treated with 125 μg OTA/kg b.m. (B, E, H), 250 μg OTA/kg b.m. (data
not shown), and 500 μg OTA/kg b.m. (C, F, I), in all three regions we
observed the OTA dose-dependent general decrease in staining
intensity and deranged microtubule bundles, whereas the damaged
S3 profiles in the medullary rays exhibited heavily deranged
microtubule network (E, F; arrows).

Cell domain-specific immunolocalization of rOats in the rat nephron

In accordance with our previous immunolocalization studies of
Oat1, Oat2, Oat3, and Oat5 with specific polyclonal antibodies in the
rat and mouse kidneys (Anzai et al., 2005; Ljubojevic et al., 2004,
2007), in Fig. 3 we confirmed localization of these rOats in the specific
cell membrane domains along the rat nephron. The green images
showing morphology of various tubule profiles in the kidney cortex
(A, B) and outer stripe (C, D) were overlapped with the red
immunostaining related to specific rOats in the same tubules.
Accordingly, rOat1 was localized to the BLM of PT S2 segments in
the cortex (A, strong staining) and S3 segments in the outer stripe

Fig. 2. Immunostaining of microtubules with tubulin-ab in cryosections of the
superficial kidney cortex (A–C), medullary rays (D–F) and outer stripe (G–I) from
rats treated with vehicle (0) or OTA (125 or 500 μg/kg b.m.). In vehicle-treated rats (0),
microtubules in various tubules were arranged in apico-basally oriented regular
bundles, which were more abundant in distal tubules and collecting ducts. Glomeruli
(G) were also strongly stained. In rats treated with 125 μg OTA/kg b.m., and even more
so in those treated with 500 μg OTA/kg b.m., the staining intensity and the regularity of
microtubule bundles were overall diminished in all tissue zones. In the damaged S3
profiles in the medullary rays, microtubules were heavily deranged (E, F; S3, arrows),
whereas in the less damaged distal parts of S3, a limited regularity of microtubules was
still retained (E, arrowheads). The S3 profiles in the outer stripe (G–I) showed the OTA
dose-dependent loss of staining intensity. G, glomeruli; PCT, proximal convoluted
tubules; DT, distal tubules; CD, collecting ducts. Bar=20 μm.
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(not shown, weak staining), rOat3 was localized to the BLM of various
tubules in the cortex (B) and other kidney zones (not shown), rOat2
was localized to the BBM of PT S3 segments in the outer stripe (C),
whereas rOat5was localized to the BBM and intracellular organelles of
PT S3 segments in the outer stripe (D).

OTA treatment changed the expression of basolateral OA transporters
Oat1 and Oat3

In accordance with our recent studies in the rat kidneys
(Ljubojevic et al., 2004, 2007), in immunoblots of TCM from the
kidney cortex and outer stripe the rOat1-ab labeled the complex
(glycosylation-related) ∼68 kDa protein band, whereas the actin-ab
labeled the 42 kDa protein band (Fig. 4). The pattern (A) and
densitometric evaluation of these bands (B) show that the OTA
treatment resulted in a dose-dependent change in rOat1 protein
abundance, exhibiting a significant (∼50% above controls) increase at
125 μg OTA/kg b.m. and strong decrease (∼70% vs. controls) at
500 μg OTA/kg b.m. The abundance of α-actin was not affected by
OTA. By immunocytochemistry, in control rats the rOat1-ab stained
the BLM of PT S2 segments in the cortex (strongly) and S3 segments
in the medullary rays and outer stripe (weakly) (C). In OTA-treated
rats, the cortical tubules were stained with an increased intensity at
lower (50–250 μg/kg b.m.) and a strongly decreased intensity at the
highest (500 μg/kg b.m.) mycotoxin dose. The S3 segments in the
outer stripe only showed a decreased intensity at the highest OTA
dose (C). The data of end-point (D) and real-time RT-PCR (E) show
that in comparison with controls, the expression of rOat1 mRNA in
the renal tissue (pooled cortex and outer stripe) was unchanged at
50–250 μg OTA/kg b.m.), and dramatically decreased (∼85%) at the
highest OTA dose.

In accordance with previous findings in the rat kidney (Kojima et
al., 2002; Ljubojevic et al., 2004), the rOat3-ab in TCM from the renal
tissue of control rats labeled the glycosylation-related complex
protein band of ∼66 kDa (Fig. 5A) and stained the BLM of various
tubules in the cortex and outer stripe (C). As shown by the labeled

bands (A), and by densitometric evaluation of these bands (B), in OTA-
treated rats the abundance of rOat3 protein in TCM was strongly
increased (∼200% above the values in controls) at 125–250 μg OTA/kg
b.m., and then leveled off at 500 μg OTA/kg b.m. The immunostaining
data in the kidney cortex corroborated the Western blotting data (C);
compared with controls, the staining intensity was strongly enhanced
in rats treated with 125–250 μg OTA/kg b.m., whereas in rats treated
with 500 μg OTA/kg b.m., the staining of cortical tubules was similar to
that in controls. In the outer stripe, the staining intensity was
unaffected by OTA treatment. The end-point and real-time RT-PCR
data showed that the expression of rOat3 mRNA in the renal tissue
was largely unaffected in rats treated with 50–250 μg OTA/kg b.m.,
and strongly decreased (∼40% with respect to controls) at 500 μg
OTA/kg b.m. (D, E).

OTA treatment changed the expression of brush-border OA transporters
Oat2 and Oat5

Previous immunochemical studies in adult rats described the
rOat2 protein of ∼66 kDa in the BBM of PT S3 segments in the outer
stripe and medullary rays (Kojima et al., 2002; Ljubojevic et al., 2007).
Accordingly, in the kidney samples from control rats the rOat2-ab
labeled the 66 kDa protein in TCM (Fig. 6A) and weakly stained the
apical domain of S3 in the outer stripe (C). The pattern of protein
bands (A) and their densitometric evaluation (B) indicate that the
abundance of rOat2 protein in TCM strongly increased (∼140% above
controls) at 125–250 μg OTA/kg b.m. and declined to the control levels
at 500 μg OTA/kg b.m. This patternwas confirmed by immunostaining
tubules in the outer stripe; in controls, only the occasional tubules
were weakly apically positive, in animals treated with 125 (not
shown) and 250 μg OTA/kg b.m. (C), many positive tubules with
higher staining intensity were observed, whereas the staining was
negligible at 500 μg OTA/kg b.m. The end-point (D) and real-time (E)
RT-PCR data show that the rOat2mRNA expressionwas not affected by
up to 250 μg OTA/kg b.m., and strongly decreased (∼60% vs. controls)
at 500 μg OTA/kg b.m.

Fig. 3. Cell membrane domain-specific immunolocalization of rOats in various nephron segments of male rats. The images showing morphology of various tubule profiles in the
kidney cortex (A, B) and outer stripe (C, D) were taken under the green fluorescent filter. The red, rOat-specific immunostaining in the same tubules was taken separately, and both
green and red images were merged in Photoshop. (A) rOat1 was localized to the BLM (arrows) of PT S2 segments in the cortex; the S1 segments and distal tubules (DT) were
unstained. The S3 segments in the medullary rays and outer stripe were also weakly stained (not shown). (B) rOat3 was stained with various intensities in the BLM (arrows) of
proximal convoluted tubules (PCT), collecting ducts (CD) and other tubules in the cortex. Various nephron segments in other kidney zones were alsoweakly stained (not shown). (C)
rOat2 was weakly stained in the BBM (arrowheads) of PT S3 segments in the outer stripe; the surrounding collecting ducts (CD) were not stained. (D) rOat5 was localized to the BBM
(arrowheads) and intracellular organelles of PT S3 segments in the outer stripe; other tubule profiles were negative. Bar=20 μm.

289V. Žlender et al. / Toxicology and Applied Pharmacology 239 (2009) 284–296



Author's personal copy

In accordance with previous findings (Anzai et al., 2005; Kwak
et al., 2005), the rOat5 protein was immunolocalized to the BBM and
intracellular organelles of PT S3 segments in the outer stripe and
medullary rays (c.f., Fig. 3D, and Fig. 7C). By Western blotting of TCM
from the renal tissue, the protein was detected as the 72 kDa band
(Fig. 7A). The immunoblot in A, and densitometric evaluation of the
bands in B indicated an increased abundance of rOat5 protein in the
membranes at OTA doses of 50–250 μg/kg b.m. (up to ∼150% above
controls), whereas in rats treated with 500 μg OTA/kg b.m., the
protein abundance matched the control values. In tissue cryosections,
the staining intensity and the number of stained tubules in the outer
stripe increased in rats treatedwith OTA doses of 125 (not shown) and

250 μg/kg b.m., while the staining at 500 μg OTA/kg b.m. was similar
to that in controls (C). The end-point (D) and real-time RT-PCR (E)
studies showed no change in the rOat5mRNA expression at 50–250 μg
OTA/kg b.m., and clear downregulation (∼50% vs. controls) at 500 μg
OTA/kg b.m.

OTA and parameters of oxidative stress in the renal tissue and urine

In order to test if the observed changes in the expression of
various OTA-transporting Oats are associated with the tissue
accumulation of OTA and oxidative stress, in the following experi-
ment we measured OTA in the renal tissue and urine, and two

Fig. 4. rOat1 expression in rats treated with various doses of OTA. (A) Representative Western blots of rOat1 and α-actin proteins in TCM from the pooled kidney tissue (cortex plus
outer stripe). (B) Densitometry of the protein bands is shown in A. Each bar is the mean±SE of the data from 4 independent TCM preparations. Versus the data in control rats (0), the
abundance of rOat1 protein in isolated TCM increased ∼50% at 125 μg OTA/kg b.m. and decreased ∼70% at 500 μg OTA/kg b.m., respectively (Pb0.05: cNa, e; eba, b, c, d). The
abundance of α-actin remained unchanged at all OTA doses. (C) Representative immunostaining of rOat1 in cryosections of the kidney cortex (CO) and outer stripe (OS). rOat1 was
localized to the BLMof PT S2 (strong staining in the CO) and S3 segments (weak staining in the OS). The staining intensity visibly increased in the CO of rats treatedwith 125 μg OTA/kg
b.m., and strongly diminished in both CO and OS of rats treatedwith 500 μg OTA/kg b.m. Bar=20 μm. (D) The representative end-point RT-PCR data, performedwith the independent
cDNApreparations from two animals in each experimental group: the rOat1mRNAexpressionwas not visibly affected byup to 250 μgOTA/kg b.m., andwas strongly downregulated in
rats treated with 500 μg OTA/kg b.m. The expression of mRNA for housekeeping gene GAPDH remained unchanged in the animals treated with all OTA doses. (E) The representative
real-time RT-PCR data are provided in duplicate measurements in cDNAs from two animals of each experimental group (mean±SE): the relative expression for Oat1 mRNA was
unaffected by 125 μg OTA/kg b.m., whereas the OTA dose of 500 μg/kg b.m. strongly (∼85%) downregulated its expression.
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parameters of oxidative stress, e.g., MDA in the renal tissue and urine
and 8-OHdG in the urine of control (vehicle-treated) and OTA-
treated rats. A lipid peroxidation product MDA, and an oxidative DNA
adduct 8-OHdG, are the indicators of oxidative stress that can be
measured in the affected tissue and/or urine (reviewed by Cooke
et al., 2000 and Draper et al., 2000). The OTA treatment was
performed with 250 or 500 μg OTA/kg b.m., e.g., with doses that in
the precedent studies resulted in upregulation and downregulation
of the tested Oats, respectively. Where possible, the data before the
treatment, as well as the comparable data in liver, were also
provided.

The respective data are summarized in Table 2. Within the 10-day
period, the treatment with both OTA doses did not affect the animal
body mass, the kidney mass, and the volume of 24-h urine.
Furthermore, control rats did not contain OTA in the renal tissue
and urine. On the contrary, rats treated with 250 μg OTA/kg b.m.
exhibited a marked accumulation of this mycotoxin in the renal tissue
and excretion in the urine, whereas in rats treatedwith 500 μg OTA/kg
b.m., the OTA accumulation in the renal tissue further increased 2.3-
fold, and the OTA excretion in the urine further increased 3.9-fold.
However, the levels of MDA were not increased neither in the renal
tissue nor in urine, whereas the levels of 8-OHdG in the urine of both

Fig. 5. rOat3 expression in rats treated with various doses of OTA. (A) Representative Western blots of rOat3 and α-actin proteins in TCM from the pooled kidney cortex and outer
stripe tissue. (B) Densitometry of the protein bands shown in A. Each bar is the mean±SE of the data from 4 independent TCM preparations. The abundance of rOat3 protein in TCM
increased with increasing OTA dose, reaching its maximum at 125–250 μg OTA/kg b.m. (∼200% above controls; Pb0.05: cNa, b, e; dNa, b, e), and then decreased to about control
levels at 500 μg OTA/kg b.m. The abundance of α-actin remained unchanged in all OTA-treated groups. (C) Representative immunostaining of rOat3 in cryosections of the kidney
cortex (CO) and outer stripe (OS): rOat3 was localized to the BLM in various nephron segments in these zones and in the inner stripe and inner medulla (data not shown; cf.
Ljubojevic et al., 2004). In the CO tubules, the staining intensity was clearly stronger in rats treated with 125–250 μg OTA/kg b.m., whereas at 500 μg OTA/kg b.m., the staining
intensity in the COwas similar to that in controls. In the tubules of OS, and innermedulla (not shown), the staining intensity remained unaffected by OTA treatment. Bar=20 μm. (D)
Representative end-point RT-PCR data, performed with independent cDNA preparations from two animals in each experimental group, showed a largely unaffected expression of
rOat3 mRNA by up to 250 μg OTA/kg b.m., and partial downregulation at the highest OTA dose. The housekeeping gene GAPDHmRNA expression was not affected by any OTA dose.
(E) Representative real-time RT-PCR data, are provided in duplicate measurements in cDNAs from two animals of each experimental group (mean±SE): the relative mRNA
expression for rOat3 was unaffected by OTA dose of 125 μg/kg b.m., and decreased (∼40% in respect to control) by OTA dose of 500 μg/kg b.m.
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vehicle-treated and OTA-treated rats were highly variable and similar,
but 3–4-fold higher than the levels before the treatment. Therefore,
the urine 8-OHdG seems to be elevated due to the treatment-related
stress (gavage of the vehicle/OTA and/or collection of urine in the
metabolic cages) and not due to the OTA-related oxidative stress in
the renal tissue. Contrary to the situation in kidneys, the liver tissue of
the same animals accumulated OTA in similar concentrations, but the
MDA concentration increased moderately (∼30%) in rats treated with
250 μg OTA/kg b.m., and strongly (∼100%) in rats treated with 500 μg
OTA/kg b.m. (Table 2). In additional experiments, in kidneys of these
rats we have tested two other cellular parameters of oxidative stress
(Sato and Bremner, 1993; Sabolic, 2006, and references therein), e.g.,
the concentration of glutathione (GSH) in the kidney tissue
biochemically, and the expression of metallothionein in PT immuno-

cytochemically. The tissue concentration of GSH remained unaffected
by both OTA doses (data not shown). The application of commercial
monoclonal antibody against the horse metallothionein revealed in
control rats a heterogeneous intensity of the cytoplasmic staining in
PT cells; this staining pattern was not affected in rats treated with 50–
250 μg OTA/kg b.m., but in rats treated with 500 μg OTA/kg b.m., the
overall staining intensity was strongly diminished (data not shown).

Discussion

Previous studies in OTA-treated mice, rats and rabbits described
alterations in renal function and structure induced with subchronic
treatment with high doses (≥500 μg/kg b.m./day, for 5–10 days) or
with chronic treatment with lower doses (100–250 μg/kg b.m./day,

Fig. 6. rOat2 expression in rats treated with various doses of OTA. (A) Representative Western blots of rOat2 and α-actin proteins in TCM from the pooled kidney cortex and outer
stripe tissue. (B) Densitometry of the protein bands shown in A. Each bar is the mean±SE of the data from 4 independent TCM preparations. The abundance of rOat2 protein in TCM
increased with increasing the OTA dose, reaching maximum at 125–250 μg OTA/kg b.m. (∼140% above controls), and decreased to control levels at 500 μg OTA/kg b.m. (Pb0.05: cNa,
b, e; dNa, b, e). The abundance ofα-actin remained unchanged in all OTA-treated groups. (C) Representative immunostaining of rOat2 in cryosections of the kidney outer stripe (OS),
where rOat2 protein is localized in low abundance to the brush border of PT S3 segments (Ljubojevic et al., 2007). In control animals (0), most of the S3 segments were negative and
occasional tubules wereweakly apically positive. In animals treatedwith 125 (not shown) and 250 μg OTA/kg b.m., more positive tubules with higher staining intensity were found in
respect to controls. At OTA dose of 500 μg/kg b.m., the immunostaining was negligible. Bar=20 μm. (D) Representative RT-PCR data are performed with independent cDNA
preparations from two animals in each experimental group: rOat2 mRNA expression was similar at OTA doses of up to 250 μg/kg b.m., and clearly diminished at 500 μg OTA/kg b.m.
The expression of mRNA for housekeeping gene GAPDH was unaffected in all OTA-treated rats. (E) Representative real-time RT-PCR data are provided in duplicate measurements in
cDNAs from two animals of each experimental group (mean±SE), revealed that the relativemRNA expression for rOat2was unaffected and strongly downregulated (∼65% in respect
to control) by OTA doses of 125 and 500 μg/kg b.m., respectively.
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for a few weeks to two years) of this mycotoxin. These studies
revealed only limited, OTA dose-dependent defects in renal reabsorp-
tive and secretory functions, whereas the morphological damage was
observed primarily in PT at high OTA doses applied for a longer time
(Gekle et al., 1993; Gekle and Silbernagl, 1996; Kumar et al., 2007;
Rached et al., 2007; Rasonyi et al., 1999). In the present study, we also
did not observe major changes in the usual urinary parameters (urine
volume, glucose, creatinine, protein, phosphate, potassium, chloride,
and sodium), which remained largely unaffected even in rats treated
with the highest OTA dose, thus indicating that, overall, the
reabsorptive and secretory kidney functions in our rats were not
significantly affected with OTA.

Our studies of tissue morphology and integrity of microtubules
clearly revealed an OTA dose-dependent damage of epithelial cells,
predominantly in the PT S3 segments located in themedullary rays. S3
segments in the outer stripe as well as the proximal convoluted

tubules and other nephron segments in the cortex and inner medulla
exhibited no visible morphological damage. However, the upregulat-
ing effects upon rOats in all PT segments, as well as the damaging
effect upon microtubule network in proximal and other tubules,
indicate that the whole nephron underwent some OTA-related toxic
influences. Our data support the findings by others, showing S3
segments in the medullary rays as the most sensitive nephron part to
OTA in rats (Rached et al., 2007; Rasonyi et al., 1999). The studies in
isolated microperfused tubules from rat kidneys indicated S3 as the
site of highest reabsorption of OTA (Dahlmann et al., 1998), whichmay
be mediated by the H+-dipeptide cotransporter (possibly PEPT2) and
by several OA transporter (Oat2, Oat5, and OAT-K1) predominantly
localized in the BBM of this PT segment (Anzai et al., 2005; Kwak et al.,
2005; Ljubojevic et al., 2007; Masuda et al., 1997; Shen et al., 1999).
The reason for such hypersensitivity of S3 cells in the medullary rays
to OTA is not clear. These cells may have either the highly efficient

Fig. 7. rOat5 expression in rats treated with various doses of OTA. (A) Representative Western blots of rOat5 and α-actin proteins in TCM from the pooled kidney cortex and outer
stripe tissue. (B) Densitometry of the protein bands shown in A. Each bar is the mean±SE of the data from 4 independent TCM preparations. The OTA doses of 50–250 μg/kg b.m.
significantly increased the abundance of rOat5 protein in TCM (up to ∼150% above controls), whereas the dose of 500 μg OTA/kg b.m. had no effect compared with controls (Pb0.05:
bNa; cNa, e; dNa, e). The abundance of α-actin remained unchanged in TCM from all OTA-treated groups of rats. (C) Representative immunostaining of rOat5 in cryosections of the
kidney outer stripe (OS). The staining was localized to the brush border and intracellular vesicles in the cells of PT S3 segments (c.f., Fig. 2D). The staining intensity and the number of
positive tubules increased in rats treated with OTA doses of 125 (not shown) and 250 μg/kg b.m., whereas the staining at OTA dose of 500 μg/kg b.m. was similar to that in controls.
Bar=20 μm. (D) Representative RT-PCR data, performed with independent cDNA preparations from two animals in each experimental group: the expression of mRNA for rOat5 was
unaffected by OTA doses of up to 250 μg/kg b.m., and visibly diminished at the highest dose. The expression of GAPDH mRNA in all OTA-treated rats remained unchanged. (E)
Representative real-time RT-PCR data are provided in duplicatemeasurements in cDNAs from two animals of each experimental group (mean±SE): the relativemRNA expression for
rOat5 was unaffected and downregulated (∼50% in respect to control) by OTA doses of 125 and 500 μg/kg b.m., respectively.
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mechanisms of OTA accumulation and/or highly inefficient mechan-
isms for its elimination, and/or a very low content of intracellular ROS
scavengers and other molecules that could protect from the possible
OTA-generated oxidative stress and damage. It is, however, interesting
that in rats treated even with the highest OTA dose, a significant
damage of S3 in the medullary rays did not disturb the urine
parameters related to the kidney function, such as the volume,
glucose, protein, creatinine and various ions. This indicates that either
the respective part of S3 played an overall minor role in handling these
parameters or that other, unaffected S3 segments in the outer stripe
and the distal parts of the nephron compensated for the functional
loss of the damaged S3 segment in the medullary rays.

The immunochemical and RT-PCR data show that the OTA
treatment had a dose-dependent effect on the rOats abundance in
the cell membrane and the expression of their mRNA in the renal
tissue. In rats treated with lower OTA doses (≤250 μg/kg b.m.) we
observed an upregulation of the tested rOat proteins without a change
in their mRNA expression. The unchanged expression of rOats mRNA
indicates an involvement of post-transcriptional, stimulatory effects of
low OTA doses on the transporter abundances. Previous short-term
studies have identified a number of compounds and some peptide
hormones that stimulated or inhibited the OA transport and/or
changed the activity of relevant Oats in various experimental models
in vitro and in vivo (reviewed in Terlouw et al., 2003). These effects,
however, occurred within a few minutes to a few hours through
protein kinase-mediated intracellular signaling which involved chan-
ging in phosphorylation of the transporters and/or exocytotic
recruitment of dormant transporters from an intracellular storage
compartment. These mechanisms are not expected to change the total
abundance of a transporter in the cell/isolated TCM, and thus are
unlikely cause of the enhanced abundance of four renal rOats in our
rats treated with low OTA doses. On the other side, the long-term
regulation of expression of rat renal rOat1 and rOat3 proteins is driven
by strong androgen stimulation and weak estrogen inhibition at their
mRNA level (Buist et al., 2002; Ljubojevic et al., 2004), whereas the
expression of rOat2 and rOat5 proteins is regulated by strong
androgen inhibition and weak estrogen stimulation, also at their

mRNA level (Ljubojevic et al., 2007; Sabolic et al., 2007, and references
there in). Since these hormones have completely different effects on
the transporters in opposite membrane domains, the low OTA dose-
induced upregulation of both basolateral and apical rOats can not be
mediated by the levels of sex hormones. We, however, cannot exclude
the possibility that low doses of OTA affected the levels of thyroid
hormones and/or glucocorticoids, which were previously shown to
stimulate the rOat1-mediated PAH uptake in the renal cortical slices
from rats treated with these hormones (Bahn et al., 2003; Terlouw
et al., 2003). Since OTA is a substrate for all four rOats, their higher
expression driven by low OTA doses may represent a phenomenon of
substrate-induced stimulation, similar to that observed for rOat1 after
7-day administration of loop diuretics in rats (Kim et al., 2003), which
may result from a post-transcriptional increased synthesis and/or
decreased degradation of rOat proteins.

The highest OTA dose (500 μg/kg b.m.) affected the expression of
rOats at the level of both protein and mRNA. However, at the level of
protein in isolated TCM, only the rOat1 abundance decreased below
the control values (∼70%). Considering strong upregulation of all four
rOats with the OTA doses of 125–250 μg/kg b.m., the lower (albeit
control) levels of protein abundances in rats treated with the highest
OTA dose point to an active downregulating process, which is
supported by RT-PCR data showing diminished expression of mRNA
for all four rOats. mRNA for the housekeeping gene GAPDH was not
affected by any OTA dose, indicating that OTA was not generally toxic
but exhibited some specificity in targeting. Diminished expression of
rOat1 protein in PT in rats treated with the highest OTA dose may
explain the previously observed OTA-induced reduction of PAH
transport in the mammalian kidney in vivo and in vitro (Friis et al.,
1988; Gekle and Silbernagl, 1994; Groves et al., 1998, 1999; Sauvant et
al., 1998; Welborn et al., 1998). Having the highest affinity for PAH,
rOat1 was recently described as a major contributor to the renal PAH
transport/secretion in physiological and toxic conditions in rats (Habu
et al., 2003), rabbits (Zhang et al., 2004), mice (Eraly et al., 2006) and
humans (Nozaki et al., 2007), whereas Oat3 and Oats in the PT BBM
play a relatively minor role in this process. Based on the down-
regulating pattern of mRNA expression for other Oats with the highest
OTA dose, one can assume that with longer treatment (N10 days) with
the highest OTA dose, the abundances of all rOat proteins in PT would
further decrease and thus contribute to the loss of renal capacity in
PAH secretion. However, our finding of a dramatic accumulation of
OTA in the renal tissue in rats treatedwith 250, and evenmore so with
500 μg/kg b.m., indicates that the previously observed impaired PAH
accumulation in the renal cortical slices, and excretion via urine, may
have two reasons: a) following subchronic treatment with low OTA
doses, the accumulated OTA may directly interact with, and inhibit
transport/secretion of PAH and other OA, and b) following chronic
treatment with low OTA doses, or subchronic treatment with high
OTA doses, the PAH transport may be inhibited by concerted action of
accumulated OTA in the cells, lower expression of Oats in the
respective membrane domains of PT, and loss of secretory and/or
reabsorptive surface in the damaged epithelial cells.

An increased abundance of the renal OTA-transporting Oats in
rats treated with low OTA doses (≤250 μm/kg b.m.) may have wider
pathophysiological meaning. Previous in vivo and in vitro studies
have shown fair correlation between the expression level of various
Oats and the transport rate of relevant OA (Bahn et al., 2003; Habu
et al., 2003; Sabolic et al., 2007, and references there in; Schneider
et al., 2007; Zhang et al., 2004). One can thus assume that the
simultaneous upregulation of both basolateral (rOat1, rOat3) and
apical (rOat2, rOat5) OTA transporters in the PT, as found in our rats
treated with low OTA doses, may contribute to development of OTA
nephrotoxicity with possibly the following pattern: a) the enhanced
expression of rOat1 and rOat3 proteins may accelerate the
intracellular OTA uptake via the BLM, whereas the enhanced
expression rOat2 and rOat5 proteins may accelerate the OTA

Table 2
Body and kidney mass, accumulation of OTA and MDA in the renal and liver tissues, and
urine excretion of OTA, MDA, and 8-OHdG in rats before and after the 10-day treatment
with vehicle (0) or two different doses of OTA.

OTA dose (μg/kg b.m.) Before the
treatment

After the treatment

0 0 250 500

Body mass (g) 291±3.4 318±9.4 319±11.6 318±1.7
Kidney mass (mg)a N.D. 1501±38 1599±40 1516±53

Parameters in the renal tissue (cortex plus outer stripe)
OTA (ng/g tissue) N.D. 0 40±7.0 92±4.8b

MDA (nmol/g tissue) N.D. 130±10.6 150±8.4 159±16.1

Parameters in the liver tissue
OTA (ng/g tissue) N.D. 0 52±8.5 112±18b

MDA (nmol/g tissue) N.D. 128±9.8 167±19.4 261±5.1b

Parameters in urine
Volume (mL/24 h) 24.7±2.86 26.0±2.83 24.5±2.21 23.8±3.35
OTA (ng/mL) 0 0 1.31±0.40 5.10±0.80b

MDA (μmol/L) 0.81±0.15 0.78±0.20 0.40±0.10c 0.41±0.13
(μmol/g creatinine) 1.05±0.24 1.59±0.43 0.71±0.18 0.60±0.15

8-OHdG (nmol/L) 85±28 266±67c 225±57c 200±53
(nmol/g creatinine) 115±43 514±111c 422±139 376±125

Shown are the data (mean±SEM) measured in the tissue samples, and in urine before
the treatment (N=12 in each group) and after the 10-day treatment with indicated
OTA doses (N=4 in each experimental group). N.D., not determined.

a Both kidneys.
b Significantly different from the data obtained with 250 μg OTA/kg b.m.
c Significantly different from the “before the treatment” data. Other comparisons are

not significant.
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reabsorption via the BBM, b) the accumulated OTA may directly
interfere with the cellular handling of endogenous non-toxic and
toxic OA, and impair their elimination by secretion into urine, and c)
the accumulated both OTA and toxic OA may damage various
intracellular structures/organelles directly and/or inhibit mitochon-
drial oxidative phosphorylation, decreasing production of ATP (Jung
and Endou, 1989) and increasing generation of ROS, with further
toxic consequences related to ROS. However, the levels of the well
known indicators of oxidative stress, e.g., MDA, GSH, and 8-OHdG in
the kidney tissue and/or urine of our rats treated with 250–500 μg
OTA/kg b.m. did not change. The insensitivity of the applied
methods was not the problem; the same methods detected a
significant OTA dose-dependent increase in MDA in the liver tissue.
Furthermore, low OTA doses (≤250 mg/kg b.m.) did not affect the
expression of metallothionein in PT, but the dose of 500 mg/kg b.m.
strongly downregulated it, indicating an unspecific, general toxicity
of the high OTA dose in PT cells. However, a limited dose-dependent
toxicity of OTA in other parts of the nephron, and particularly in the
S3 segment, was demonstrated by the deranged structure and loss of
the oxidative stress-sensitive microtubules. Therefore, most of our
findings do not support the view that the accumulated OTA had a
significant effect in generating oxidative stress in PT cells. Rather, the
accumulated OTA may have directly affected the rOats expression at
the mRNA and/or protein level, and damaged the cell cytoskeleton
and morphology. Alternatively, MDA, GSH, metallothionein, and 8-
OHdG may have been insensitive indicators of a limited oxidative
stress in the kidney tissue.
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