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Ochratoxin A–Induced Renal Cortex Fibrosis and Epithelial-toMesenchymal Transition: Molecular Mechanisms of Ochratoxin
A-Injury and Potential Effects of Red Wine
NICOLETTA GAGLIANO,1 CARLO TORRI,1 ELENA DONETTI,1 FABIO GRIZZI,2 FRANCESCO COSTA,1
ALBERTO AE BERTELLI,1 MASSIMILIANO MIGLIORI,3 CRISTINA FILIPPI,3 MARZIA BEDONI,1
VINCENZO PANICHI,3 LUCA GIOVANNINI,3 AND MAGDA GIOIA1

We characterized the effect of chronic ochratoxin A (OTA) on rat kidney cortex, analyzing collagen content and collagen
turnover and the major markers of epithelial-to-mesenchymal transition (EMT), such as α-smooth muscle actin (αSMA), cadherins, and MMP-9. Because OTA nephrotoxicity is mediated by free radicals, we also investigated whether antioxidants in red
wine provided protection for the kidney and attenuated OTA-induced EMT. Collagen content, determined by computerized
analysis of Sirius red–stained kidney sections, increased in OTA, OTA-wine, and OTA-EtOH treated rats. In kidney cortex
homogenates, COL-I and COL-III mRNA levels tended to rise in OTA treated rats, but were similar to CT after OTA-wine and
OTA-EtOH administration. TIMP-1 gene expression was up-regulated in OTA, OTA-wine, and OTA-EtOH treated rats. LH2b
mRNA/COL-I mRNA was significantly up-regulated in OTA-wine and OTA-EtOH treated rats, compared with CT and OTA alone.
TGF-β1 signaling tended to dominate after OTA, OTA-wine, and OTA-EtOH. MMP-1 protein levels were not affected. OTA
induced proMMP-9 and αSMA overexpression, decreases of E-cadherin and N-cadherin, and DSC-2 up-regulation. OTA-wine
caused a further, unexpected decrease of E- and N-cadherins and further up-regulation of OTA-induced DSC-2, while strongly
reducing the OTA-induced increases of αSMA and proMMP-9. Posttranslational collagen modifications, such as decreased
collagen degradation through MMP inhibition and increased collagen cross-links, seem to be key mechanisms leading to
OTA-induced kidney cortex fibrosis. This mechanism was not affected by red wine in these conditions. Red wine seems to have
some protective role against OTA-induced EMT, although without completely blocking the process and determining a condition in which abundant cells display an intermediate translational phenotype, but there are no αSMA or epithelial markers.
Online address: http://molmed.org
doi: 10.2119/2005-00038.Gagliano

INTRODUCTION
Ochratoxin A (OTA) is a mycotoxin produced by some species of
fungi such as Aspergillus and Penicillum. OTA is found as a contaminant of a variety of animal and human foods, including
cereal and grain products, coffee, beer, and wine (1-3). OTA has
been identified in blood, bile, and urine of humans and animals
after consumption of contaminated food (4) and has been implicated as one of the etiological agents in Balkan endemic
nephropathy, a chronic renal disease involving progressive renal
fibrosis and impaired renal function, where contamination with
much OTA is described (5). OTA is also immunosuppressive, teratogenic, genotoxic, and carcinogenic and affects blood coagulation and carbohydrate metabolism (6).
OTA-induced nephropathy is a progressive renal disease
causing tubular degeneration, interstitial fibrosis, and impaired
renal function (7). The toxin affects multiple sites of the nephron:

acute exposure mainly affects the postproximal parts, whereas
chronic exposure leads predominantly to damage of the proximal
tubule (8), where uptake by tubular cells is achieved by an organic
anion transport system (3). However, the exact mechanism of
OTA toxicity on kidney has not yet been elucidated.
Light microscopy shows accumulation of the main extracellular matrix (ECM) components, particularly the collagen proteins,
leading to glomerulosclerosis and tubulointerstitial fibrosis, a
hallmark of various chronic renal diseases (9).
Collagen (COL) content reflects the dynamic balance between
synthesis and degradation, with rapid turnover (10). Much of the
newly synthesized COL is immediately degraded by matrix metalloproteinases (MMP), also present in the glomeruli and proximal tubules (11). MMP activity is closely regulated at several
levels in cells, including the steps of synthesis and secretion and
inactivation by specific inhibitors (TIMP). The overall balance of
COL deposition can be affected by transforming growth factor-β1
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(TGF-β1) through a variety of biological actions: it directly
increases the abundance and stability of COL-I and -III transcripts, but also reduces the synthesis of several MMPs (12) and
increases the transcription of TIMP. The net effect of TGF-β1 is to
tip the balance of matrix turnover toward the accumulation of
ECM, and in vitro and in vivo studies have convincingly shown
that blocking TGF-β1 suppresses COL production and subsequently inhibits the fibrotic process (13).
TGF-β1 is antagonized by hepatocyte growth factor (HGF), a
multifunctional peptide with antifibrotic action in various animal
models (14). The balance between HGF and TGF-β1 may be decisive in the pathogenesis of chronic renal fibrosis (15). To our
knowledge there is still no information on how HGF is involved
in the pathogenesis of OTA-induced kidney fibrosis.
Tubulointerstitial fibrosis is a common final pathway of
chronic renal diseases leading to end-stage renal failure, irrespective of the nature of the initial renal injury. The process involves
qualitative and quantitative changes in the composition of tubular basement membranes (TBMs), accumulation of myofibroblasts, and deposition of interstitial ECM components (16-18).
Activation of α-smooth muscle actin (αSMA)-positive myofibroblasts is considered a key event in the progression of renal
fibrosis. Under pathologic conditions, tubular epithelial cells may
transdifferentiate into myofibroblasts by a conversion known as
tubular epithelial-mesenchymal transdifferentiation (EMT) (19).
EMT is a complex process in which renal tubular cells lose
their polarized tubular epithelial phenotype and acquire new features characteristic of myofibroblasts, the major effector cells
responsible for the excess deposition of interstitial ECM under
pathologic conditions (20). Tubular epithelial cells lose E-cadherin,
an adhesive junction protein expressed in differentiated and
polarized epithelial cells, and acquire the myofibroblast marker
αSMA (21,22).
Gelatinases such as MMP-9 play a key role in promoting
EMT, because disruption of the tubular basement membrane is
important (22,23). Accordingly, interstitial fibroblasts, responsible
for the secretion of collagens that accumulate in tissue fibrosis,
may come from tubular epithelial cells and can migrate in the
interstitium and produce ECM proteins (24).
Using a morphological and molecular approach in an in vivo
experimental model, this study was designed to characterize the
effect of chronic OTA on the rat renal cortex, focusing on the analysis of fibrosis-related genes and proteins to help clarify the molecular mechanisms leading to OTA-induced kidney fibrosis. We particularly investigated COL content and the COL turnover
pathway. Moreover, we analyzed the role of EMT in OTA-induced
kidney fibrosis experimentally in vivo, investigating the key markers of EMT such as αSMA, E-cadherin, and proMMP-9, together
with cytokines mainly involved in this mechanism. We also investigated, for the first time to our knowledge, the gene expression of
desmosomal cadherins, as further possible markers of EMT leading to tubulointerstitial fibrosis in these experimental conditions.
The kidney is a site of intense oxidative processes and is
extremely vulnerable to damage caused by free radicals. Oxidative stress has been suggested as one of the major causes of the
toxicity of OTA (25,26). Therefore, one might expect that the
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antioxidants in fruits, vegetables, tea, or wine would attenuate the
renal injury caused by OTA. Both ethanol and antioxidant nonalcoholic wine components, mainly polyphenols, contained in red
wine might counterbalance the OTA-induced free radicals (27,28),
so red wine could have some protective effect against OTAinduced kidney damage (27,29).
In this study we also analyzed the effect of red wine on the
overall molecular mechanisms leading to OTA-induced kidney
fibrosis and whether a moderate intake of red wine influenced
EMT in the kidney of OTA treated rats.

MATERIALS AND METHODS
Animals
A total of 32 male Wistar rats weighing 180 to 200 g were housed
in single metabolic cages with controlled temperature (25°C) and
a 12-h alternating light-dark cycle. Rats were fed standard food
and had free access to drinking water. All experiments were conducted in accordance with local ethics committee guidelines. Rats
were divided into four groups of 8, as follows.
Group 1, untreated controls (CT): each rat was given 0.5 mL
saline by gastric gavage. Group 2, OTA: rats were treated for 90 d
with a constant dose of OTA (Sigma Aldrich), 289 µg/kg every
other day by gastric gavage, as previously reported (25). OTA was
dissolved in 0.1 M NaHCO, pH 7.4, then diluted in 0.5 mL saline.
Group 3, OTA-wine: rats were given OTA and red wine by gastric
gavage. OTA was diluted in 0.5 mL of an OTA-free red wine (Barbera d’Asti, 13.5%/vol). Group 4, OTA-EtOH: rats were given
OTA diluted in 0.5 mL of an hydroalcoholic solution containing
ethanol at the same concentration as that of red wine.
Finally, the animals were weighed and killed by an anesthetic
overdose (chloralium hydrate), and the kidneys were removed.
Kidney fragments containing both cortex and medulla were
processed for morphological examination. For molecular analysis,
the cortex was separated from the medulla and stored at –80°C.
Gene and protein analysis was done on renal cortex homogenates.

Histochemistry and Image Analysis
Immediately after removal, kidney fragments were fixed in 4% formalin in 0.1 M PBS, pH 7.4, for 5 h at room temperature, routinely
dehydrated, paraffin-embedded, and serially sectioned (thickness
5 Μm). Serial sections interspaced at 100 Μm were stained with Sirius red and counterstained with hematoxylin; 5 sections were
examined for each rat kidney. For Sirius red staining, slides were
deparaffined and immersed for 30 minutes in saturated aqueous
picric acid containing 0.1% Sirius red F3BA (Sigma, Milan, Italy),
specific for COL, staining COL proteins distinctly red.
All the Sirius red–stained sections were analyzed by light
microscopy, and the images were captured and digitized using an
image analysis system with specific software (Isole, ICH, Italy).
This software automatically selects the collagenous portion on the
basis of similarities in the color of adjacent pixels, based on an
RGB system. Tissue COL content is expressed by a fibrosis index
(%) that indicates the ratio of the mean Sirius red–stained area to
the mean whole area of the section, calculated as the mean of the
fibrosis indexes for each section for each rat.
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Table 1. Primer sequences and RT-PCR amplification conditions.

Gene

Primer sequence

COL-I

5′-TTGACCCTAACCAAGGATGC
5′-CACCCCTTCTGCGTTGTATT
5′-AGGCCAATGGCAATGTAAAG
5′-GGCCTTGCGTGTTTGATATT
5′-CACCTGCACAGCTCCAGGCAC
5′-CTTGCGACCCACGTAGTAGACG
5′-TCGTTCCTTGGGATTATTGC
5′-TGGTGCTGACTGCATTTCTC
5′-TCCCCAGAAATCATCGAGAC
5′-ATGGCTGAACAGGGAAACAC
5′-TGCGATCAGAGATGAGTGAA
5′-GTTGAGATGGGAAGTGTTGTAAT
5′-GCAGTTCTGCCAGAGAAACC
5′- AATCCTGCTTCCAGGGAGAT
5′-TGTTGCTGCAGAAAACCAAG
5′-GGCGACTCTCTGTCCAGAAC
5′-CCTTGGTGGACCAGCACTAT
5′-GACAGCACCGTCTTCCTAGC
5′-CGTAATTCCCGTCCGAGTTA
5′-TTGAGCTGTGAAGCCATTTG
5′-ATGGTGAAGGTCGGTGTGAAC
5′- GCTGACAATCTTGAGGGAGT

COL-III
TGF-β1
HGF
TIMP-1
LH2b
E-cadherin
N-cadherin
DSG-2
DSC-2
GAPDH

RT-PCR
Total RNA was extracted from approximately 100 mg frozen renal
cortex by a modification of the acid guanidinium thiocyanate-phenolchloroform method (Tri-Reagent; Sigma). RNA purity and concentration were determined spectrophotometrically. One microgram
total RNA was digested with DNase I then reverse-transcribed in
20 ΜL final volume of reaction mix (Promega Italia, Milan, Italy).
The primers used and protocols for RT-PCR are listed in Table 1.
Amplification reactions were conducted in a final volume of 25 ΜL
containing 2.5 ΜL cDNA, 200 ΜM of the 4 dNTPs, 100 pmol of
each primer, and 2.5 units Taq DNA polymerase (EuroTaq, Euroclone, Pero, Milan, Italy).
The RT-PCR products were electrophoresed on 1.5% agarose
gels, stained with ethidium bromide, and quantified by densitometric analysis (Image Pro-Plus). The results were normalized on
GAPDH gene expression.

Protein Analysis
Renal cortex samples were homogenized in ice-cold extraction
buffer (1 mL/100 mg tissue) containing Tris-HCl 50 mM, pH 7.5,
NaCl 100 mM, and CaCl2 2 mM. The homogenates were centrifuged (4°C, 5 min, 14,000g), and the supernatant was decanted
and saved on ice. The final concentration of the renal cortex
extracts was determined with a standardized colorimetric assay
(DC Protein Assay; Bio-Rad), and the samples were divided into
aliquots and stored at –20°C.
Dot blot and immunoassay. Total protein extracts (25 mg for
each sample in a final volume of 200 mL TBS) were spotted in
triplicate on a nitrocellulose membrane in a Bio-Dot SF apparatus

Annealing
temperature, °C

No. of
cycles

Product
size, bp

54

30

197

53

30

187

54

32

153

55

32

571

55

32

329

53

32

229

55

28

315

53

28

309

57

35

316

55

35

386

54

28

473

(Bio-Rad). After the entire sample had filtered through the membrane under gentle vacuum, each sample well was washed with
300 ΜL TBS. After complete draining, the membrane was air-dried
for 30 min then placed in blocking solution for 1 h.
For MMP-1 determination, the membrane reacted with a
monoclonal antibody to MMP-1 (0.5 mg/mL in PBST/BSA
1%/NaN3 0.02%) (Ab-1; Calbiochem) for 1 h and with a HRPconjugated rabbit anti-mouse serum (Sigma); the immunoreactive
bands were revealed by Amplified Opti-4CN (Bio-Rad) and
scanned densitometrically.
SDS-zymography. Renal cortex extracts were thawed on ice
and mixed 3:1 with substrate gel sample buffer (10% SDS, 4%
sucrose, 0.25 M Tris-HCl, pH 6.8, 0.1% bromophenol blue). Each
sample (30 Μg) was loaded under nonreducing conditions onto
electrophoretic minigels (SDS-PAGE) containing 1 mg/mL of
type I gelatin (Sigma). The gels were run at 15 mÅ/gel through
the stacking phase (4%) and at 20 mÅ/gel for the separating
phase (10%), with a running buffer temperature of 4°C. After SDSPAGE, the gels were washed twice in 2.5% Triton X-100 for 30 min
each, rinsed in water, and incubated overnight in a substrate
buffer (Tris-HCl 50 mM, CaCl2 5 mM, NaN3 0.02%, pH 8) at 37°C.
The MMP gelatinolytic activity was detected after staining the
gels with Coomassie brilliant blue R250, as clear bands on a blue
background. To confirm the identity of this activity, purified
MMP-1 and MMP-2 (100 ng) (Calbiochem) were run as standards.
Western blot. For each sample 25 mg total protein extracts
were diluted in SDS sample buffer, loaded on 10% SDS polyacrylamide gel, separated under reducing and denaturing conditions at
80 V according to Laemmli (30), and transferred at 90 V to a nitro-
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Table 2. Mean body weight (BW) and kidney weight (KW) and ratio
of KW to BW in CT, OTA, OTA-wine, and OTA-EtOH treated rats.
Treatment

BW, g

KW, g

KW:BW

CT
OTA
OTA-wine
OTA-EtOH

412.5
355.0a
405.8b
381.0

1.02
0.87a
0.96a
0.86a

0.0025
0.0024
0.0024
0.0023

aP

< 0.05 vs. CT; bP < 0.05 vs. OTA-wine.

cellulose membrane in 0.025 M Tris, 192 mM glycine, and 20%
methanol, pH 8.3. After electroblotting, the membranes were airdried and blocked for 1 hour. After being washed in TBST (TBS/
Tween-20 0.05%), membranes were incubated for 1 h at room temperature in monoclonal antibody to αSMA (1:500 in TBST) (clone
1A4; Sigma) and, after washing again, in HRP-conjugated rabbit
anti-mouse serum (1:80,000 dilution; Sigma). Immunoreactive
bands were revealed using the Opti-4CN substrate (Bio-Rad).
Figure 2. Bar graphs showing the fibrosis index obtained by computerized analysis of kidney sections of CT, OTA, OTA-wine, and OTA-EtOH
treated rats. The index indicates tissue collagen content and is calculated as described in “Materials and Methods.” Means ± SEM. *P < 0.05
compared with CT renal cortex.

Statistical Analysis
Experimental groups were compared by one-way ANOVA, followed by the Student-Neumann-Keuls post test. Results are
expressed as mean ± SEM. A P value less than 0.05 was considered
significant.

RESULTS
Kidney and Body Mass
The kidney weights (KW) and body mass (BW) of CT and rats
treated with OTA, OTA-wine, and OTA-EtOH are presented in
Table 2. Neither treatment had any effect on kidney weight, and
the ratio of KW to BW was similar in all groups.

Morphological and Quantitative Image Analysis
Light microscopy analysis of Sirius red–stained paraffin-embedded
rat kidney sections indicated diffuse fibrosis in the whole kidney
of rats in all treatment groups, compared with CT. COL accumulation was evident in the tubulointerstitium, but the glomeruli
did not seem to be affected (Figure 1).
COL content, expressed as the fibrosis index, rose in the
whole kidney of OTA, OTA-wine, and OTA-EtOH treated rats,
compared with CT, but more in the cortex; the fibrosis index was
high in the cortex of all treated groups (116%, NS; 244%, P < 0.05;
255%, P < 0.05 vs. CT; ANOVA P = 0.015) (Figure 2).
Figure 1. Microphotographs of Sirius red–stained kidney sections of CT (a,
b), OTA (c, d), OTA-wine (e, f), and OTA-EtOH (g, h) treated rats. Original
magnification ×10 (a, c, e, g) and ×40 (b, d, f, h).
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Expression of Fibrosis-Related Genes in the Renal Cortex
The changes in the abundance of COL-I, COL-III, TIMP-1, and LH2b
transcripts in renal cortex homogenates are presented in Figure 3.
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Figure 3. Bar graphs showing COL-I (a), COL-III (b), TIMP-1 (c), LH2b (d), and LH2/COL-I (e) mRNA levels in CT and OTA treated rats. Changes in mRNA
are expressed as normalized densitometric units relative to GAPDH mRNA. Means ± SEM. *P < 0.05 compared with CT.

OTA raised COL-I mRNA levels by 25% compared with CT.
In OTA-wine and OTA-EtOH treated animals, COL-I gene
expression was similar to CT (ANOVA P = 0.060) (Figure 3a).
COL-III mRNA levels showed a similar pattern, with a 26%
increase in OTA treated rats compared with CT and no effect
on gene expression in OTA-wine and OTA-EtOH treated animals (ANOVA P = 0.087) (Figure 3b). TIMP-1 gene expression
was up-regulated in OTA, OTA-wine, and OTA-EtOH treated
rats (respectively, by 51% P < 0.05; 27%, NS; and 36%, NS compared with CT; ANOVA P = 0.029) (Figure 3c). LH2b gene
expression tended to be higher in OTA, OTA-wine, and OTAEtOH treated rats than in CT (respectively, 26%, 15%, and 30%,

NS compared with CT) (Figure 3d). If LH2b mRNA levels are
expressed in relation to COL-I mRNA levels, OTA-wine (116%
and 117%, P < 0.05 compared with CT and OTA treated) and
OTA-EtOH (116%, P < 0.05 vs. CT) rats had the highest LH2b
gene expression (Figure 3e).
For TGF-β1 gene expression, as described for interstitial COL,
TGF-β1 mRNA levels were 24% and 31% higher, respectively, in
OTA and OTA-EtOH treated rats than in CT (NS); in OTA-wine
treated animals, TGF-β1 gene expression was similar to that in CT
(Figure 4a).
HGF gene expression was slightly affected by OTA with or
without wine or EtOH (Figure 4b). If we consider the ratio TGF-

34 | MOLECULAR MEDICINE | JANUARY–DECEMBER 2005

VOLUME 11, NUMBER 1–12

ARTICLES

Figure 5. Bar graphs showing MMP-1 protein levels after densitometric
analysis of immunoreactive and lysis bands obtained by dot blot.

ProMMP-9 Protein Levels
SDS-zymography showed lysis bands weighing 92 kDa, consistent with proMMP-9, and lysis bands of higher molecular weight
consistent with MMP-9 polymers. The densitometric analysis of
bands consistent with gelatinase B indicated, respectively, a 59%
increase (P < 0.05 compared with CT) and a 52% decrease (P < 0.05
compared with OTA) in OTA and OTA-wine treated rats compared with CT, and a 152% increase in OTA-EtOH treated rats
compared with CT (P < 0.05 compared with CT, OTA, and OTAwine) (Figure 7a, b).
Figure 4. Bar graphs showing TGF-β1 (a), HGF (b) mRNA levels and the
ratio of TGF-β1 to HGF mRNA (c) in CT, OTA, OTA-wine and OTA-EtOH
treated rats. Changes in mRNA are expressed as normalized densitometric units relative to GAPDH mRNA. Means ± SEM.

αSMA Protein Expression

β1/HGF, TGF-β1 signaling tended to dominate after OTA alone
(16%, NS) and with wine (20%, NS) or EtOH (11%, NS) (Figure 4c).

αSMA protein expression was evaluated by Western blot. Densitometric analysis of immunoreactive bands showed much stronger
expression (95%) in OTA treated rats compared with CT. After
OTA-wine treatment, αSMA protein expression fell to CT levels,
66% lower than in OTA treated rats (P < 0.05). Also, after OTAEtOH treatment, αSMA protein expression was similar to CT
levels (Figure 8a, b).

Collagen Degradation

DISCUSSION

MMP-1 protein levels were evaluated by dot blot. The antibody recognized both the latent and active forms of interstitial collagenase.
Densitometric analysis of MMP-1–immunoreactive bands indicated that interstitial collagenase expression was similar in renal
cortex homogenates from all the experimental groups (Figure 5).

E- and N-Cadherins and DSG-2 and DSC-2 Gene
Expression
E-cadherin mRNA levels dropped 7% after OTA (NS), 23% after
OTA plus wine (P < 0.05 compared with CT and OTA), and 8% after
OTA plus EtOH (NS) (Figure 6a). N-cadherin gene expression gave
a similar pattern, though without significant differences (Figure 6b).
DSG-2 gene expression was similar in all experimental groups
(data not shown). DSC-2 mRNA levels, however, increased steeply
after OTA, OTA-wine, and OTA-EtOH (respectively, 40%, 45%, and
22%, P < 0.05 compared with CT) (Figure 6c).
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Because there is some evidence of a correlation between the presence of OTA in human blood and food samples and the incidence
of human nephropathies (31), and OTA induces tubulo-interstitial
nephropathy in animals similar to the human variety (4,32), we
investigated the overall molecular mechanisms leading to the
ECM remodeling in the kidney of OTA treated rats, and the possible protective role of red wine on this injured kidney.

OTA and Kidney Fibrosis
Renal fibrosis is characterized by changes of tubular basement
membrane and interstitial matrix, tubular atrophy, and the accumulation of myofibroblasts (17,18,33).
The analysis of renal cortex COL content found strong cortical fibrosis in OTA treated rats. Enhanced COL deposition in the
kidney may result from reduced breakdown by proteolytic
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Figure 7. (a) Bar graph showing proMMP-9 levels after densitometric
analysis of immunoreactive and lysis bands obtained by SDS-zymography (means ± SEM). (b) Representative gelatin zymogram of MMP in kidney cortex homogenates of CT, OTA, OTA-wine, and OTA-EtOH treated
rats. The lysis bands are consistent with proMMP-9. Each lane represents
a single rat. *P < 0.05 compared with CT; **P < 0.05 compared with OTA;
***P < 0.05 vs. OTA, CT, OTA-wine.

Figure 6. Bar graphs showing E-cadherin (a), N-cadherin (b), and DSC-2
(c) gene expression in CT, OTA, OTA-wine, and OTA-EtOH treated rats.
Changes in mRNA are expressed as normalized densitometric units relative to GAPDH mRNA. Means ± SEM. *P < 0.05 compared with CT.

enzymes such as MMP, whose activity is closely regulated; any
mismatch in pathological conditions could result in excessive
ECM accumulation (34-36).
We found MMP-1 levels in the renal cortex of OTA, OTA-wine,
and OTA-EtOH treated rats similar to those in CT, suggesting that
the interstitial COL accumulation indicated by Sirius red staining
is not a consequence of lower levels of interstitial collagenase. This
is in line with the results on TIMP-1 and LH2b gene expression.
TIMP-1 mRNA levels were significantly up-regulated by
OTA, and tended to increase after OTA-wine and OTA-EtOH
treatment, compared with CT. Because TIMP-1 inhibits active
MMP-1 in a 1:1 stoichiometric relationship, its overexpression in
OTA, OTA-wine, and OTA-EtOH treated rats, though showing
similar interstitial collagenase expression, suggests that MMP-1
inhibition may be one of the molecular mechanisms underlying
COL accumulation in OTA and OTA-wine treated rats, leading to
the histological pattern expressed by the fibrosis index. In particular, TIMP-1 up-regulation in OTA treated rats is consistent with
the increased kidney cortex collagen deposition.
This result is borne out by LH2b gene expression. We analyzed the long LH2b (37) gene expression whose increase is a gen-

eral fibrotic phenomenon leading to the over-hydroxylation of the
COL telopeptides, contributing to unwanted COL accumulation
(38). The LH2b/COL-I mRNA ratio indicates the gene expression
of LH2b relative to COL-I. This ratio was significantly higher in
OTA-wine and OTA-EtOH treated rats than in the CT and OTA
groups, suggesting that LH2b induction exceeds that of COL-I
and that the synthesized COL will become over-hydroxylated
(38). Because cross-linked COL is harder to degrade, this is

Figure 8. (a) Bar graph showing αSMA protein levels after densitometric
analysis of immunoreactive obtained by western blot (means ± SEM). (b)
Representative Western blot of αSMA in kidney cortex homogenates of
CT, OTA, OTA-wine, and OTA-EtOH treated rats. The immunoreactive band
is αSMA. Each lane represents a single rat. *P < 0.05 compared with OTA.
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another mechanism helping to explain why renal cortex tubulointerstitial fibrosis is more evident in OTA-wine and OTA-EtOH
treated rats, according to the results of the fibrosis index.
Pivotal cytokines such as HGF and TGF-β1 are very likely
involved in this mechanism. HGF has antifibrotic effects, including blockade of EMT (14,24). Conversely, TGF-β1 is the major isoform involved in fibrosis; not only does it affect the formation of
connective tissue, but it is also probably the most important mediator of the EMT.
HGF and TGF-β1 gene expressions were slightly affected by
OTA with or without wine or ethanol, suggesting that OTA itself
induces a response in injured kidneys. However, the TGF-β1/
HGF mRNA ratio, as previously described (14,39), favors TGF-β1,
so in OTA and to a greater extent in OTA-wine and OTA-EtOH
treated rats, the ratio tended to be out of balance and TGF-β1 signaling dominated. This is consistent with our findings on renal
cortex COL content and TIMP-1 gene expression, confirming this
cytokine as a key mediator in fibrosis, although with no significant differences in control and treated rats. It is conceivable that
the chronic OTA schedule we used, with longer treatment, might
well have worthwhile activity in the mechanisms leading to OTAinduced kidney injury.

OTA and EMT
Epidemiological findings indicate that moderate consumption of
wine is associated with lower mortality from cardiovascular and
cerebrovascular diseases (40), but the kidney might also be one of
the organs enjoying a wine-induced protective effect, because
reactive oxygen species play a key role in the mechanisms of
seemingly unrelated nephropathies (27).
Oxidative stress may well be a component of the toxicity of
OTA (25,26), and antioxidant compounds such as melatonin have
been reported to counteract oxidative stress in rats fed an OTAcontaminated diet (41,42).
We analyzed the molecular mechanisms of EMT and the possible protective effect of red wine on rat OTA-injured kidney.
The key role of EMT, especially in the early phases of OTAinduced renal fibrosis, is supported by recent findings (43) that
OTA uptake occurs in tubular epithelial cells, but not in fibroblasts because they have no transporter for OTA.
To make EMT possible, changes in the expression of various
genes accomplish epithelial-to-mesenchymal phenotypic conversion, and cellular events lead to the completion of the process.
A loss of E-cadherin is one of the features of EMT, together
with the expression of the myofibroblast marker αSMA and the
disruption of TBM by gelatinases, an event of pivotal importance
in clearing the path for transformed cells to migrate toward the
interstitium (44,45).
We found that OTA induced a tendency to decrease for Ecadherin and N-cadherin, the 2 prototypical cadherins of the
tubular epithelial cell phenotype (46). Because tubular epithelial
cells express desmosomes containing the cadherins DSC-2 and
DSG-2, we investigated, for the first time to our knowledge,
whether OTA also influences the expression of these epithelial
markers. Whereas DSG-2 was unaffected, DSC-2 gene expression
was strongly up-regulated by OTA. Interestingly, OTA-wine and

VOLUME 11, NUMBER 1–12

OTA-EtOH caused a further, unexpected decrease of the E- and
N-cadherins, and OTA further up-regulated DSC-2. By contrast,
red wine strongly reduced the OTA-induced increase of αSMA
and proMMP-9 protein levels, that, by contrast, remained highly
expressed after OTA-EtOH.
These results point to an effect on the mechanisms of EMT in
OTA-wine treated rats and suggest that the nonalcoholic components of red wine exert a protective role on OTA-induced EMT,
reducing migration of epithelial converted cells into the interstitium and favoring the transition of myofibroblasts to the epithelial phenotype.
However, red wine did not block OTA-induced E- and Ncadherin down-regulation. Possibly the wine prevents the
progress of tubular epithelial cells through a mesenchymal-toepithelial transitional stage, so they lose the myofibroblast marker
αSMA. The unexpected concomitant loss of the tubular markers Eand N-cadherin suggests a condition in which there are abundant
cells at the translational stage with absence of αSMA and tubular
markers, thus displaying an intermediate translational phenotype.
EMT is a highly dynamic process with several intermediate
stages (45), and our findings are consistent with the observation
that several cells are still positive for epithelial markers in the
widened interstitium of end-stage diseased kidneys in patients
during EMT (47). Because tubular epithelial cells are developmentally derived from the metanephrogenic mesenchyme through
mesenchymal-to-epithelial conversion (48), hypothetically red
wine might induce a similar transition, preserving the tubular
epithelial phenotype and blocking OTA-induced EMT.
There is very little information on desmosomal cadherins
DSC-2 and DSG-2 in the kidney in physiological or pathologic
conditions, both of which play a role in directing differentiation in
epithelial tissues (49). Therefore they may be needed during EMT.
DSC-2 was strongly up-regulated after OTA, OTA-wine, and
OTA-EtOH. On the basis of a previous suggestion that DSC-2
might act as a limiting factor for desmosome assembly during differentiation (50), we can speculate that OTA may help reduce cell
adhesion between tubular epithelial cells and that red wine did
not affect this.
The overall EMT process is governed by cytokines such as
TGF-β1 and HGF (14,51). Our data show that OTA and, to a
greater extent, OTA-wine and OTA-EtOH, shifts the TGF-β1/
HGF ratio toward TGF-β1, suggesting that this cytokine is
involved in the events leading to OTA-induced EMT and that red
wine is not able to balance the TGF-β1/HGF ratio.

Conclusions
As a whole, our data point to EMT as a key event in the development of renal cortical fibrosis triggered by OTA. In these experimental conditions, red wine protects the kidney, somehow
inhibiting the molecular mechanisms of this transition. This effect
is very likely mediated by the nonalcoholic components of red
wine. After chronic treatment, however, OTA induces evident
tubulointerstitial fibrosis. Posttranslational COL modifications,
such as reduced COL degradation through inhibition of MMP-1
by TIMP-1 and increased COL cross-links, are the key mechanisms leading to OTA-induced renal cortical fibrosis. This mecha-
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nism very likely predominated and was unaffected by red wine in
these experimental conditions.
Altogether, these data give new insights on the description of
the molecular events triggered by OTA dietary intake in kidney and
may be useful to understand the interactions between the toxin and
nutrients currently assumed by dietary intake, and therefore contribute to the assessment of the human health risk posed by OTA.
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