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Abstract Ochratoxin A (OTA) is a widespread myco-
toxin produced by several species of fungi. OTA induces
a tubular-interstitial nephropathy in humans and in
animals. It has been implicated as one of the aetiological
agents involved in the development of endemic
nephropathy. OTA-induced oxidative stress and apop-
tosis may play key roles in the development of chronic
tubulointerstitial nephritis connected to the long-term
exposure to this food contaminant. We studied the ef-
fects of low doses of OTA on kidney cells. Wistar rats
were treated with 120 pug OTA /kg bodyweight daily, for
10, 30 or 60 days. Toxin concentration in kidney was
proportional to the time of exposure, and amounted to
547.2,752.5 and 930.3 ng OTA/g kidney tissue after 10,
30 and 60 days, respectively. OTA treatment caused an
increased number of cells undergoing apoptosis in both
proximal and distal epithelial kidney cells. The apoptotic
cells were visualised using the TUNEL assay and
staining with haematoxylin and eosin in situ. The
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number of apoptotic cells in rats treated for 10, 30 and
60 days increased by 5-, 6.4- and 12.7-fold, respectively,
compared with the control cells. However, DNA elec-
trophoresis did not show characteristic fragmentation
(DNA laddering). The oxidative stress was evident via
increased malondialdehyde formation. The concentra-
tion of lipid peroxides showed an increase (36%), but
the activity of superoxide dismutase decreased (26%) in
60-day treated rats. In spite of the observed biochemical
and morphological changes in the kidney cells, renal
functional status was preserved to the end of experiment.
This study demonstrates that a combination of mor-
phologic and biochemical markers can be used to
monitor early cell death in OTA-induced renal injury.
We have shown that the exposure to the relatively low
OTA concentrations has activated apoptotic processes
and oxidative damage in kidney cells.
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Introduction

Ochratoxin A (OTA) is a widespread mycotoxin pro-
duced by several species of fungi of species Aspergillus
and Penicillium (Van der Merwe et al. 1965). OTA is a
structural analogue of phenylalanine and consists of a
chlorinated dihydro-isocumarin moiety linked through
its 7-carboxyl group by an amide bond to rL-phenylala-
nine. The toxin contaminates animal feed and human
food. It was also found in human sera in areas where
endemic nephropathy (EN) occurs (Cooper 1979; Hult
et al. 1982; Peraica et al. 1999), but also elsewhere
(Maaroufi et al. 1995). OTA is a potent nephrotoxic
(Krogh 1980), genotoxic (Creppy et al. 1985) and car-
cinogenic (Kanisawa and Suzuki 1978) agent, and it
affects normal blood coagulation (Galtier et al. 1979)
and immune response (Creppy et al. 1983). It has been
implicated as one of the aetiological agents involved in
the development of EN (Cooper 1979).
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Some forms of human interstitial nephropathies seem
to be related to enhanced OTA exposure (Maaroufi
et al. 1995; CvorisCec et al. 1998; Peraica et al. 1999).
Fifty-percent of human end-stage renal diseases are
of unknown origin, and current data suggest that
chemicals, including mycotoxins such as OTA, prob-
ably play a significant role in those cases where no
aetiology is documented (Bach et al. 1996; Rastegar and
Kashgarin 1998).

The toxin acts on different sites of nephron function,
including renal blood flow, glomerular function and
tubular epithelia (Krogh 1980; Gekle and Silbernagl
1993; 1994; Gekle et al. 1998). Exposure to relatively low
concentrations of OTA for several years has resulted in
accumulation of toxin in various tissues, with maximal
accumulation in proximal tubule cells. Zingerle et al.
(1997) have discovered that 70% of the ingested OTA
was reabsorbed in proximal tubules. It has been shown
that two-thirds of OTA present in glomerular filtrate
would be reabsorbed in proximal tubules and only one-
third in distal tubules. Therefore, these high concentra-
tions of toxin might produce various toxic effects
including inhibition of protein synthesis (Creppy et al.
1979), stimulation of lipid peroxidation (Rahimtula et al.
1988; Omar et al. 1990) and other changes in the kidney
cell integrity before the other tissues are attacked.
Chronic effects of OTA in kidneys are usually related to
primary lesions of proximal tubules, followed by spon-
taneous damage of glomeruli and involution of the
interstitia (Krogh 1980). In 1977, Kanisawa and
colleagues studied acute OTA intoxication, and after
several consecutive daily doses produced massive aci-
dophilic degeneration with necrosis and desquamation
of epithelium in proximal tubules (Kanisawa et al. 1977).

Experimental evidence indicates that impairments in
renal cell function observed after the exposure to a low
concentration of OTA are different from those seen with
a high OTA concentration (Gekle et al 1998).

EN is a chronic renal disease with a high prevalence
in a geographically limited area of Croatia. It has also
been recorded in some part of Bosnia, Serbia, Bulgaria
and Romania. Despite numerous studies conducted to
date, the aetiology of this disease has not been clarified.
Pathological studies of the kidney in the early stage of
EN have shown that renal tubules are the primary sites
of the pathologic process with an interstitial tissue
reaction, whereas glomerular alterations are of a sec-
ondary character (Cvoriscec et al. 1998).

Numerous studies have reported that OTA induced
oxidative stress in the dose-dependent manner. It stim-
ulates lipid peroxidation by complexing Fe’* and
facilitating its reduction (Omar et al. 1990). OTA has
been reported to increase malondialdehyde (MDA)
formation in vitro upon incubation with rat liver mi-
crosomes in the presence of NADPH (Rahimtula et al.
1988). However, Hoehler et al. (1997) and Gautier et al.
(2001) did not find increased MDA concentration in
kidney, liver and plasma of rats treated with lower doses
of OTA.

During normal aerobic metabolism or biotransfor-
mation of xenobiotics reactive oxygen species (ROS)
are produced. Low levels of ROS play an important
role in signal transduction, cell proliferation, apoptosis,
immunity and defence mechanisms (Jacobson 1996;
Schulze-Osthoff et al. 1997; Vogt et al. 1998). In normal
tissues there is balance between the production and
scavenging of ROS. Oxidative stress occurs when the
level of cellular antioxidant depletion exceeds the level of
ROS production. ROS include superoxide and hydrogen
peroxide that can generate the more potent hydroxyl
radical in the presence of transition metals. Tissue injury
inflicted by higher concentration of ROS may be the
result of the oxidative damage to critical cellular targets,
such as protein, lipid or DNA (Halliwell and Gutteridge
1985; Wills 1987; Jacobson 1996).

The genotoxic effects, inhibition of DNA synthesis
and mitosis, as well as histopathological effects on the
nuclei of OTA-treated cells (Wei and Sulik 1993), may
be explained by OTA-inflicted DNA damage, which
includes DNA adduct formation and DNA single-strand
breaks. OTA-DNA adducts in kidney tissue of intoxi-
cated mice has been reported (Pfohl-Leszkowicz et al.
1993). The degree of OTA-induced DNA adduct for-
mation is dose- and time-dependent. Moreover, OTA—
DNA adducts have been found in a biopsy of kidney
tissue from a patient suffering from chronic interstitial
nephropathy and having high OTA concentration in
blood (Maaroufi et al. 1994). Evidence that OTA-in-
duced renal tubular lesions were in fact partially due to
apoptosis has been demonstrated in vitro (Seegers et al.
1994a).

OTA-induced cell death has been reported both in
vivo and in vitro, in rat renal tubules (Albassam et al.
1987), in developing mouse embryos (Wei and Sulik
1993), in hamster kidney, in HeLa cells (Seegers et al.
1994a) and in human lymphocytes (Seegers 1994b). The
type of cell death observed in the affected kidneys and
the teratogenic OTA effects still remain unclear.

Cell death can generally proceed via necrosis or
apoptosis (Vaux et al. 1994). Necrosis is characterised by
the formation of lesions in the plasma membrane.
However, initiation of apoptosis can result from multiple
stimuli, including heat, toxins, free radicals, growth fac-
tors and cytokines (Vaux et al. 1994; Jacobson 1996;
Vogt et al. 1998). Apoptosis is the predominant form of
physiological cell death. Apoptosis causes cell death in a
way that differs morphologically and biochemically from
necrosis. Much evidence has indicated that alterations in
the control of cell death/survival contribute to the
pathogenesis of many human diseases (Thompson 1995).

The mechanism of cell death in host response to OTA
has not been fully characterised. The objective of the
present study was to determine the sequence of events
leading to cell death produced by exposure to relatively
low doses of OTA. In this work we measured a marker
of oxidative stress (MDA), superoxide dismutase (SOD)
activity, the total antioxidant status (TAS) concentra-
tion, and the level of apoptosis in rat kidneys.



Materials and methods

Chemicals

All biochemicals, including enzymes, coenzymes and substrates
were of analytical grade and were purchased from Boehringer
(Mannheim, Germany) and Sigma Chem. Co. (St. Louis, MO,
USA). Ochratoxin A was from Sigma.

Animals and treatment

Male Wistar rats, weighing 240-280 g, that were used in the
experiments were bred in the Animal Unit of the Faculty of
Pharmacy and Biochemistry, Zagreb, Croatia. The animals were
given food and water ad libitum, the food consisting of standard
laboratory pellets, declared not to contain mycotoxin (PLIVA d.d.,
Zagreb, Croatia). Rats were allocated to control (n=28) or treated
(n=28) groups. For the OTA/10 days group, a daily dose of och-
ratoxin A 120 pg/kg bodyweight (OTA was dissolved in a volume
of 0.5 ml neutral olive oil) was administered to experimental ani-
mals each morning by gastric intubation for 10 days. OTA/30 days
group and OTA/60 days group received the same daily dose for 30
or 60 days, respectively. Control animals received a daily dose of
0.5 ml neutral olive oil for 30 days. Previously, we assessed the
effect of olive oil. No significant differences in studied biochemical
parameters were observed between the controls receiving saline and
those receiving olive oil.

Principles of good laboratory animal care were followed
throughout, as well as the Croatian Guidelines for the protection of
animals according to Organisation for Economic Co-operation and
Development Guidelines.

Samples

Rats were killed by cervical dislocation after light ether anaesthesia.
Kidneys were placed in ice-cold saline, the cortex was dissected out,
minced and placed in cold 0.14 M KCl medium supplemented with
phenylmethylsulphonyl fluoride (PMSF) as a proteinase inhibitor,
pH 7.4. An Ultra-Turrax homogenisor was used for preparing the
homogenates (100 g/l) of kidney tissue. Protein concentration in
kidney homogenates were determined by the method of Lowry et al.
(1951).

Blood was taken from the aorta while the rats were under light
ether anaesthesia, and serum was separated by centrifugation at
3000 rpm for 10 min and was stored at —20°C until analysis.

Twenty-four-hour urine was collected while the animals kept in
metabolic cages. Using test strips, the urine was tested for the
presence of blood pigment, urobilinogen, bilirubin, glucose, pro-
tein, ketones, nitrite, leukocyte and pH.

Renal status and level of apoptosis, lipid peroxidation, activity
of SOD and concentrations of TAS and OTA were determined.
DNA electrophoresis and morphological methods were used for
detection of apoptosis. The apoptotic cells were visualised using the
TUNEL assay (terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling) and were stained with haematoxylin and
eosin in situ.

DNA electrophoresis

DNA was isolated from kidney tissue by the phenol-chloroform
method for tissues (Sambrook et al. 1989). DNA concentration was
ascertained by UV spectophotometry at 260 nm and 2 pg per 10 pl
aliquots of DNA were electophoresed on a 1% agarose gel. The gel
was stained briefly with ethidium bromide, and was visualised and
photographed under UV transillumination.
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TUNEL assay

Kidney tissue was fixed in 10% buffered neutral formalin solution,
dehydrated, and embedded in paraffin. Paraffin sections (4 um)
were mounted on polylysine-coated glass slides (Polysine, Menzel-
Gliser, Freiburg, Germany) and deparaffinised. TUNEL was car-
ried out using dUTP- fluorescein isothiocyanate (FITC), according
to the instructions of the manufacturer (In Situ Cell Death
Detection Kit; Boehringer Mannheim).

Morphological characterisation

Renal tissues, used for histological examination, were fixed in
formalin, dehydrated and paraffin-embedded. Thin sections of
paraffin-embedded tissues were stained with haematoxilin and eo-
sin before microscopy examination.

Lipid peroxidation determinations

Lipid peroxidation (LPO) was assayed by quantifying malondial-
dehyde (MDA) in the form of thiobarbituric acid-reactive sub-
stances (TBARS), using the thiobarbituric acid reaction (Ohkawa
et al. 1979). TBARS were measured in the homogenate of kidney
cortex at 532 nm.

Superoxide dismutase

The activity of SOD was measured by colorimetric assays (Ransod;
Randox Laboratories Ltd, Crumlin, UK). This method employs
xanthine and xanthine oxidase to generate superoxide radicals that
react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium
chloride to form a red formazan dye. SOD activity is then mea-
sured by the degree of inhibition of this reaction.

Total antioxidant status (TAS)

TAS was measured by colorimetric assay kit (Randox Laborato-
ries). ABTS (2,2-azino-di-[3-ethylbenzothiazoline sulfonate]) is
incubated with a peroxidase (metmyoglobin) and H,O, to produce
the radical cation ABTS™, a relatively stable blue-green colour,
which is measured at 600 nm. Antioxidants in the added sample
cause suppression of this colour production to a degree that is
proportional to their concentration.

Measurement of OTA concentration

OTA concentration in serum, urine and kidney cortex was assayed
by high-performance liquid chromatography (Peraica et al. 1999).

Statistics

The data are presented as mean values +SD. Significance of dif-
ferences was tested by Wilcoxon/Mann-Whitney test. Values were
considered significantly different if P <0.05 (Samuels 1989).

Results

In this study we have examined the effects of relatively
low concentrations of OTA (120 pg/kg bodyweight per
day) on the level of lipid peroxidation and apoptosis in
rat kidney tissues. Furthermore, SOD activity, TAS
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Fig. 1 Concentrations of ochratoxin A (OTA) in blood serum (ng/
ml), kidney tissue (ng/g) and urine (ng/ml) of treated and control
rats. OTA was administered by gastric intubation at 120 pg/kg
bodyweight per day for 10, 30 or 60 days. Values represent means
+SD

concentration in the kidneys and biochemical param-
eters significant for the characterisation of renal status
have been determined.

The results show that OTA was well absorbed and
that its concentration in all samples increased with the
time of exposure. Figure 1 displays concentrations of
OTA in the sera, homogenates of kidneys and urine of
experimental animals during the course of the study. The
increase between days 10 and 60 amounted to 2.3, 1.7

Fig. 2 Morphological evidence
for renal cell apoptosis in rats
following ochratoxin A (OTA)
treatment and in controls. OTA
was administered by gastric
intubation at 120 pg/kg
bodyweight per day for 10, 30
or 60 days. Representative
microscopy images of thin
sectioned fixed, paraffin-
embedded rat kidneys are
shown (haematoxylin and
eosin, x630). Apototic cells
(arrowheads) and karyomegaly
(arrows) are seen in kidney of
OTA-treated rats

Table 1 Concentration of lipid peroxides (LPO), activity of super-
oxide dismutase (SOD), and total antioxidant status (TAS) in
kidney tissue of rats following oral treatment with ochratoxin A
(OTA, 120 pg/kg bodyweight daily) for 10, 30 or 60 days. Values
represent means +SD

Treatment n Parameter
group

LPO SOD TAS

(umol/g tissue) (U/g tissue) (mmol/g tissue)
Controls 8 1145+1.12 0.882+£0.170  0.120£0.005
OTA/10 days 8 11.44+1.26 1.087+£0.160  0.114+0.004
OTA/30 days 8 12.38+£2.55 0.813+£0.088 0.112+0.003
OTA/60 days 8 15.57+2.27*  0.652+0.109* 0.111=+0.003

*P<0.05, significantly different from control values

and 10.2 times for serum, kidney tissue and urine,
respectively. Toxin concentration in renal cortex and
outer medulla amounted to 547, 752 and 930 ng OTA/g
tissue after 10, 30 and 60 days, respectively.

Results of the routine urine examination have shown
no significant damage to kidney functions in any of the
treated groups of rats (results not shown). Previous
research has proven that the concentrations of urea and
creatinine in serum and urine, as well as the respective
clearance tests remained within the normal range, thus
indicating preservation of the kidney function even in
the group of experimental animals that were treated for
60 days (Petrik et al. 2002).

However, it has been mentioned that OTA could
stimulate lipid peroxidation. Increased concentrations of
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Fig. 3 DNA electrophoresis for characterisation of kidney tissue
samples. Lane / Standard DNA (1 kb DNA ladder); 2, 3 and 4
controls; 5, 6, and 7 ochratoxin A (OTA, 120 pg/kg) treatment for
10 days; 8, 9 and 10 OTA treatment for 30 days; /7, 12 and 13 OTA
treatment for 60 days

lipid peroxides have been found so far in animals treated
with high doses only (Omar et al. 1990; Rahimtula et al.
1988).

Our results showed a significant increase (36%) of lipid
peroxide concentration in kidney tissue in the group of
animals that were treated with OTA for 60 days, while the
catalytic activity of SOD was substantially decreased
(—26%) in the same group of animals. The TAS concen-
tration did not change during the experiment (Table 1).

We suspected that the observed increased concen-
tration of lipid peroxides, along with decreased SOD
activity, were capable of inducing some injuries visible at
the cellular level. We therefore studied the morphologi-
cal changes in the kidney tissue.

Fig. 4 Fluorescence microscopy
of kidney cells from rats treated
with ochratoxin A (OTA) and
controls. OTA was
administered by gastric
intubation at 120 pg/kg
bodyweight per day for 10, 30
or 60 days. Representative
photomicrographs of sections
stained with FITC-dUTP by
the TUNEL technique are
shown (x630). The TUNEL-
positive nuclei indicating
apototic cells (arrowheads) are
stained yellow-green
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Table 2 Number of apoptotic cells in haematoxylin and eosin-
stained vertical kidney sections of experimental rats following oral
treatment with ochratoxin A (OTA, 120 pg/kg bodyweight daily)
for 10, 30 or 60 days (SD standard deviation, CV% coefficient of
variation)

Animal no. Treatment group

Controls OTA/10 days OTA/30 days OTA/60 days

1 9 25 8 19

2 2 13 25 25

3 1 5 9 61

4 1 23 31 54

5 3 17 26 40

6 10 20 78 120
7 11 52 56 86

8 1 35 11 80
Mean 4.75 23.75* 30.50* 60.63*
SD 4.43 14.41 24.80 33.84
CV% 93.26 60.67 81.31 55.81

*P<0.05, significantly different from control values

Figure 2 shows representative samples of the tubule
and interstitial cells of rat kidneys stained with hae-
matoxylin—eosin. In the treated animals, cells undergo-
ing apoptosis were observed. Apoptosis was manifested
as cell shrinkage and chromatin condensation. Only a
few apoptotic cells were found in rats treated for 10 days
but, in the animals treated for 30 and 60 days, more
apoptotic cells could be observed, along with a number
of cells with karyomegaly.

It has been well documented that apoptosis is asso-
ciated with DNA fragmentation, resulting from activa-
tion of endonucleases induced during the apoptotic
process. We have performed DNA electrophoresis in
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order to find the characteristic DNA ladder pattern on
the agarose gel.

Figure 3 represents electrophoretic separation of
genomic DNA isolated from the kidney tissue on 1%
agarose gel. The characteristic fragmentation of DNA
was not noticed in the samples tested. We observed a
light DNA smear in samples from animals treated for 60
days. The DNA smear most probably resulted from
random DNA digestion connected with necrosis, or
accidental degradation that occurred during the isola-
tion of genomic DNA.

Therefore, we performed more sensitive TUNEL
staining in situ to check our morphological results.
Figure 4 represents the fluorescent marking of breaks in
the DNA chain (TUNEL method) in slices of rat kid-
neys (magnification x630). The upper left photomicro-
graph of Fig. 4 presents a representative slide of a
control animal (no positive TUNEL reaction). However,
apoptosis in epithelial cells of the proximal tubule can be
seen in animals treated with OTA for 10 days, (TUNEL-
positive nuclei are fluorescent and stained yellow-green).
It can also be seen that the number of TUNEL-positive
cells increased in the OTA/30 days and OTA/60 days
groups. The bottom left panel of Fig. 4 shows the results
in the OTA/30 days group, with two distal tubule cells in
apoptosis, and fluorescent apoptotic bodies. On the
photomicrograph of an animal treated for 60 days with
OTA (OTA/60 days), more epithelium cells of the
proximal tubule in apoptosis are visible, together with
fluorescent cell nuclei.

Data presented here indicate that apoptosis is asso-
ciated with the early changes in renal tissue during OTA
administration. Our determinations of apoptosis relied
on multiple criteria: morphological staining (haemat-
oxylin and eosin), and nuclear chromatin staining with
the TUNEL assay.

Quantitative results of morphological changes of cells
in rat kidney are presented in Table 2. The table shows
the number of apoptotic cells in a vertical longitudinal
section of kidney tissue stained with haematoxylin and
eosin. In the control group, the number of cells in apop-
tosis varied per section, ranging from 1 to 11, with an
average of 4.75 for eight sections of rat kidneys examined.

The number of apoptotic cells in kidney tissue of
OTA-treated animals showed increased values of 5, 6.4
and 12.8 times that of controls in the OTA/10 days,
OTA/30 days and OTA/60 days groups, respectively. In
this work, we have demonstrated a higher than normal
level of apoptotic cell death in kidney tissues of rats
treated with OTA for 10, 30 and 60 days. Apoptosis
occurred in both proximal and distal epithelial cells, but
with higher frequency in the proximal tubule cells.

Discussion

OTA contaminates foods of plant and animal origin; it
is exceptionally stable and accumulates in human and
animal tissues.

The kidney is the main target organ for toxic effects
of OTA (Kuiper-Goodman and Scott 1989; Krogh 1992;
Gekle and Silbernagl 1994). The high sensitivity of
kidneys is partially explained by the toxicokinetics of
OTA.

Aetiology and mechanism of EN development and of
approximately 50% of tubulointerstitial nephritis in the
world are not known. OTA, together with some other
factors, can play a significant role in the aetiological
mosaic. Delayed pathogenesis, lack of specific symptoms
and impossibility of early diagnosis are characteristic of
this nephropathy.

The mechanism of OTA cytotoxicity mainly depends
on the quantity of toxin and the length of time that the
organism was exposed to the toxin. That is why signs of
damage to the kidney function after being given rela-
tively small concentrations of OTA (similar to natural
exposure in endemic areas) differ from those occurring
during the exposure of experimental animals to higher
concentrations of OTA. Primary unspecified effects of
OTA, such as inhibition of the synthesis of macromol-
ecules (Creppy et al. 1979), stimulation of lipid peroxi-
dation (Rahimtula et al. 1988) or disintegration of
mitochondria (Aleo et al. 1991), happen only at rela-
tively high experimental concentrations of the toxin
(Gekle et al. 1998). Low concentrations of OTA affect
cells in a specific way. Interactions of the toxin with
secondary messengers and other cell targets, which can
activate mitogen-activated protein kinase (Sauvant et al.
1998) or inhibit certain carriers (Gekle and Silbernagl
1994) and disturb the normal cell homeostasis, are as-
sumed. There are literature reports that some damage to
kidney cells occurs primarily in the proximal tubules,
distal tubule and interstitium (Krogh 1980) following a
long-term exposure to low OTA concentrations.

The objective of this study was to create the condi-
tions that precede chronic damage caused by OTA and
to characterise such status with the biochemical and
morphological tests. We have examined the effects of
the relatively low concentrations of OTA on the level
of lipid peroxidation and apoptosis in the rat kidney
tissues.

According to our research results, there is a linear
correlation between the measured concentrations of OTA
and the toxin exposure period. The toxin concentration is
determined in the cortex and external medulla of the
kidney due to the localisation of the cells of proximal and
distal tubules in these regions. It has already been reported
that OTA distribution in kidney tissue greatly depends on
the manner of toxin application. Following the acute
administration of toxin to Wistar rats, the highest con-
centrations were measured in the papilla and inner
medulla. However, during the chronic toxin exposure of
adult rats, OTA concentrations were significantly higher
in the cortex and external medulla (Kane et al. 1986;
Fuchs et al. 1988; Schwerdt et al. 1996).

Since our experiments were conducted in the form of
a subchronic intoxication model, OTA concentrations
were higher in serum than in kidneys. In orally treated



rats, about 99% of OTA was bound to plasma proteins,
foremost to albumin (Fuchs and Hult 1992; Krogh
1992). Although we measured the highest absolute
concentrations of OTA in kidney tissue in the OTA/
60 days group, the rate of accumulation was the highest
in the initial phase (10-day group) and we observed a
substantial accumulation of toxin in the kidney tissue.
The concentrations found in urine were proportional
to the time of exposure (82.81, 129.45 and 921.50 ng
OTA/ml for groups OTA/10 days, OTA/30 days and
OTA/60 days, respectively). It has been suggested
that OTA uses the same transport mechanism in luminal
and in basolateral membranes of proximal tubule cells as
p-aminohippurate (Sokol et al. 1988; Gekle and Silber-
nagl 1994; Welborn et al. 1998; Tsuda et al. 1999).

The concentrations of urea and creatinine in serum
and urine and their respective clearances were not sig-
nificantly altered in the treated animals, not even in the
OTA/60 days group. Routine examination of urine,
using test strips, confirmed the fact that there was no
greater damage to the kidney, most probably because
these biochemical indicators do not reveal smaller
changes. The results indicated preservation of the func-
tional state of kidneys, which is in agreement with our
earlier results (Petrik et al 2002). However, it is known
that the functional reserve of the kidney is great and that
the kidney might be substantially damaged before
impairments to its functions can be noticed by conven-
tional biochemical diagnostics.

OTA activates peroxidation processes in the cell,
stimulates lipid peroxidation by complexing Fe* ", and
lessens reduction of the complex, which has been noticed
so far only in cases of relatively large doses of toxin
(Omar et al. 1990; Rahimtula et al. 1988).

We observed a significantly increased (36%) con-
centration of lipid peroxides in the kidney tissue of rats
treated with OTA for 60 days. According to Gekle et al.
(1998), OTA stimulates lipid peroxidation only at large
concentrations, so it can be supposed that our finding of
930 ng OTA/g kidney tissue approaches the critical
concentration. However, in the process of lipid peroxi-
dation, a significant part is played by the cell homeo-
static mechanisms, most of all through the antioxidative
status of kidney cells. Catalytic activity of SOD is sig-
nificantly decreased (-26%) in the 60-day group of
animals, indicating an increase of prooxidative in com-
parison to antioxidative events in the cell. SOD is part of
an antioxidant system that prevents the formation of
new free radical species. However, TAS concentration,
which refers to the general antioxidative status of the
organism, was not changed in the kidneys in any group
of animals tested (Table 1).

It has been reported that OTA also provokes apop-
tosis in HeLa and HaK cells (Seegers et al. 1994a).
Oxidative stress is considered to play the key role in the
process of apoptosis. General manifestations under
these circumstances are an accumulation of oxidised
proteins and lipids, which additionally accelerate the
creation of reactive oxygen intermediaries, a change in
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the cells’ redox potential and interruption of transport
processes (Kroemer 1997). This may result in increased
atrophy of cells through apoptosis.

Apoptosis can be detected through characteristic
morphological changes, such as aggregation of chro-
matin and creation of apoptotic bodies, fragmentation
of DNA, expression of proteins important for apoptosis,
proteolysis of apoptosis specific substrates (creation of
neo-epitope) or exposure of phosphatidyl serine on the
external side of cell membrane.

We determined the number of apoptotic cells in a
vertical longitudinal section of kidney tissue (Fig. 2,
Table 2) in OTA-treated groups and in the control
group of animals. We found on average 4.75 apoptotic
cells in control animals and considered this as the level
of physiologic apoptosis in rat kidney. The number of
apoptotic cells increased with the time of exposure to
OTA, such that in the OTA/10 days group the increase
was 5-fold, in OTA/30 days group 6.4-fold, and in the
OTA/60 day group 12.8-fold higher. The increased cell
death of epithelial cells can play a significant role in the
development of chronic changes in kidney parenchyma.

The electrophoretic separation of genomic DNA,
isolated from the kidney tissue, did not show the char-
acteristic fragmented DNA products. However, this
technique is not sensitive enough for identification of a
relatively low number of apoptotic cells. Therefore, we
used the more sensitive TUNEL technique for detection
apoptosis, and we found TUNEL-positive cells (Fig. 4).
Results obtained by TUNEL technique are in good
correlation with results of our morphologic studies.

Our results are in agreement with several in vitro and
in vivo studies. Morphological changes or activation of
enzymes participating in the apoptotic process have been
found in a number of cell lines. In 1994, Seegers and col-
leagues found that OTA at 20 pg/ml caused nuclear and
nucleolar changes characteristic of apoptosis in hamster
kidney and HeLa cells (Seegers et al. 1994a). The mor-
phological and biochemical lesions were distinct; in
hamster kidney cells formation of micronuclei predomi-
nated, but in HeLa cells apoptotic body formation was
more prevalent. Ueno et al. (1995) found that OTA
induced apoptotic nuclear changes and DNA fragmen-
tation in HL-60 human promyelotic leukaemia cells. In
cultured human proximal tubule cells OTA, in low con-
centrations, induced time- and concentration-dependent
activation of caspase 3 (Schwerdt et al. 1999). Activation
of caspase 3 is crucial for the development of apoptosis.
Gekle et al. (2000) found that OTA at nanomolar con-
centrations induced c-jun amino-terminal kinase (JNK)
activation and apoptosis in MDCK-C7 cells. Horvath
et al. (2002) also showed induced apoptosis in the myc-
transfected cell line. In studies in vivo, Atroshi et al. (2000)
showed the presence of intracellular apoptotic bodies in
livers of mice treated with OTA for 2 weeks only.

A number of descriptive studies have suggested a
correlation between exposure to OTA and EN, and have
found a correlation between the geographical distribu-
tion of EN and high incidence of mortality from uro-
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thelial urinary tract tumours. According to International
Agency for Research on Cancer, OTA is classified in
group 2B, i.e., potentially carcinogenic to humans
(TARC 1993). Under our experimental conditions, no
morphological changes have been observed in rat kidney
tissues that would point to malignant transformations.

Karyomegaly in renal parenchyma was also shown in
rats treated with OTA. When OTA was administered for
a long period, the apoptotic-like cells and carcinogenic
effects were documented (Maaroufi et al. 1999). Epi-
thelial cells with karyomegaly were found in our study
for the animals treated for 60 days.

However, it is not clear how OTA activated the
process of apoptosis in our experiments. It is possible
that during long exposure (OTA/60 days group) accel-
eration of the apoptosis process predominated due
the damage of the mitochondrial membrane caused by
increased free radicals concentration. In the 60-day
group of animals the concentration of lipid peroxides
was significantly increased.

On the other hand, it is well known that treatment
with 10 mg OTA/kg body mass for 4 days causes glo-
merular changes and necrosis of epithelial cells of the
kidney proximal tubule in rats (Kanisawa et al. 1977).
For rats, the LDsg is 22-44 mg OTA/kg body mass. In
rats that had been exposed to relatively high concen-
trations of OTA (5 mg/kg food, which corresponds to
360 ug OTA/kg body mass a day) for 3-4 months,
kidney damage developed, followed by tubular degen-
eration and later interstitial fibrosis, then atrophy and
sclerosis of glomeruli (Krogh 1980).

A great deal of reference data and our results show
that the mechanism of OTA cytotoxicity is related to the
dose and time of exposure. Sensitivity of certain cells,
tissues and organs differs substantially. In general, one
can distinguish four phases of cell response to in vivo
exposure to the toxin: (1) preserved homeostasis with
reversible changes, (2) activation of apoptotic process,
(3) stimulation of both apoptosis and necrosis, and (4)
mainly necrotic changes, which occur when high OTA
concentrations persist in kidney tissue.

Lieberthal and Levine (1996) showed the same
developmental stages of necrotic and apoptotic cell
death induced by ischaemic and toxic injuries in renal
tissue. Their hypothesis also suggests that tubular epi-
thelial cells may die by either necrosis or apoptosis,
depending upon the severity of the injury to which the
cells are exposed.

The results of our study show that exposure to rela-
tively low OTA doses caused oxidative stress and
apoptosis. OTA significantly stimulated apoptosis in
both proximal and distal tubule cells of the kidney. Due
to the additional antimitotic impact of OTA, the process
of apoptosis was accelerated and could play an impor-
tant role in the development of chronic tubulointerstitial
kidney damage.

It has been thought so far that OTA nephrotoxicity
develops primarily through mechanisms that end in
proximal tubule cell necrosis. Our results point to the

conclusion that in the initial development phase of
tubulointerstitial nephropathy and, with exposure to
relatively low concentrations of OTA, a significant role
could be played by the accelerated apoptotic process.
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