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Abstract

Background/Aims: In Argentina, hemolytic uremic syn-
drome (HUS) constitutes the most frequent cause of acute
renal failure in children. The aim of our study was to analyze
the early tubular response under the effect of Shiga toxin
type 2 (Stx2) in a rat experimental model of HUS. Methods:
Adult male Sprague-Dawley rats were injected intraperito-
neally with culture supernatant from recombinant Escheri-
chia coli expressing Stx2. Functional, histological, immuno-
histochemical and Western blot studies were performed at
48 h postinoculation. Results: Renal tubules showed the loss
of the epithelial markers E-cadherin and B-catenin, and an
increase in transforming growth factor-B1 expression. We
detected the expression of a-smooth muscle actin in the in-
terstitium and fibrosis in the periglomerular areas. Conclu-
sion: Our results indicate that the early tubular response to
the effects of Stx2isrelated toanimmunophenotype change
of tubular cells and the presence of mild fibrosis in the inter-

stitium. Copyright © 2010 S. Karger AG, Basel

Introduction

Hemolytic uremic syndrome (HUYS) is a disease de-
fined by thrombotic microangiopathy, hemolytic ane-
mia, thrombocytopenia, and acute renal failure (ARF).
HUS associated with diarrhea is caused by Shiga toxin
(Stx)-producing Escherichia coli. HUS constitutes the
most common cause of ARF in Argentina. Approximate-
ly 2-4% of patients die during the acute phase, and one
third out of the 96% who survive are at risk of having
chronic renal sequelae [1]. However, the pathophysiology
of ARF during HUS is not well understood.

During ARF, proinflammatory cytokines such as
tumor necrosis factor-a (TNF-a) and transforming
growth factor-B1 (TGF-B1) may contribute to evolving
renal disease [2]. TGF-f is involved in many of the events
that are observed during renal repair and is also related
to the development of fibrosis in several pathologies [3, 4].
Hyperactive TGF-f1 signaling under pathological condi-
tions is related to the development of immunophenotype
cell changes that acquire new characteristic features of
the mesenchyme [3, 4]. The loss of epithelial markers such
as the cadherin/catenin complex, an essential regulator of
both intercellular adhesion and epithelial cell polarity,
and the increase in the mesenchymal markers in tubular
cells from several kidney diseases have been reported [5-
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7]. Furthermore, the increase in the expression of a-
smooth muscle actin (a-SMA), a marker of myofibro-
blasts, predicts progressive renal dysfunction in human
and experimental models of renal disease [8]. That tubu-
lar phenomena are occurring in the early phase of HUS
has not yet been described. In an experimental model of
HUS in rats, we hypothesize that inflammatory factors
released during the first 48 h of acute kidney injury in-
duced by Stx2 could be related to the interstitial changes.

Materials and Methods

Adult male Sprague-Dawley rats (150 = 3 g body weight) were
obtained from the animal facility of the School of Pharmacy and
Biochemistry, University of Buenos Aires, Argentina. The rats
were housed individually under controlled conditions of light/
dark, humidity, and temperature, with food and water available
ad libitum.

Experimental Protocols

Rats were randomly divided into two groups of 8 rats. Experi-
mental HUS was induced as previously described [9]. Briefly, rats
from the experimental group (Stx2-treated rats) were injected in-
traperitoneally with recombinant Escherichia coli culture super-
natant (sStx2) containing Stx2 (20 pg/kg body weight). Control
rats were inoculated with the same volume of culture supernatant
that did not contain Stx2.

sStx2 was obtained as previously described having a cytotoxic-
ity of 2 X 10* CDso/ml (1 CDs = 40 pg/ml) [10]. The LPS content
in the supernatant determined by the HEK-Blue LPS Detection
Kit (Invitrogen, San Diego, Calif., USA) was 70 ng LPS/pg Stx2
protein.

All rats were kept in cages for 48 h with free access to water
and food and with control of the light/dark cycle and temperature.

Renal Functions

To recollect the urine volume rats were kept in metabolic cag-
es for 48 h with free access to water and food and under a con-
trolled light/dark cycle and temperature. Blood samples were ob-
tained from rats by cardiac puncture prior to sacrifice. Creatinine
and urea plasma concentrations were assessed using a commer-
cial kit (Wiener Lab, Argentina).

Light Microscopy

Ratswereanesthetized (100 pgketamineand 10 pgdiazepam/g
body weight, intraperitoneally) and perfused with 4% parafor-
maldehyde in phosphate-buffered saline (PBS). Kidneys were re-
moved and tissues were fixed in formol buffer 10% in PBS 0.1 M
(pH 7.4). The tissue sections were dehydrated and included in par-
affin. Sagittal cuts (5 pum) were made with a microtome (Leica RM
2125, Wetzlar, Germany) and mounted on 2% silane-coated
slides. The slides were stained with Mallory’s trichrome and ob-
served by light microscopy (Nikon Eclipse 200, N.Y., USA).

Immunoperoxidase
Samples were blocked of endogenous peroxidase with H,O,
0.3% for 10 min. Later, the slides were preincubated with no im-
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mune rabbit serum, diluted in PBS (1:100) at room temperature
for 30 min and incubated with the primary antibodies: anti-TGF-
B1 (1:100, Santa Cruz Biotechnology), anti-E-cadherin (1:100,
Dako, USA), anti B-catenin (1:100, Dako), in a humidity chamber
at 4°C overnight. The immunoperoxidase technique was then
performed following the protocol from the RTU Vectastain Kit
(Vector, Peterborough, UK). The antigen was revealed by diami-
nobenzidine (DAB, Vector). Finally, the sections were counter-
stained and mounted for observation.

Immunofluorescence

The slides were preincubated with no immune rabbit serum in
PBS (1:100) at room temperature for 30 min, following by incuba-
tion with a monoclonal anti-smooth muscle a-actin (a-SMA
1:100, Dako, USA) antibody overnight in a wet chamber at 4°C.
After several rinses in PBS, the slides were incubated with an an-
timouse biotinylated IgG antibody (1:200; GE Healthcare, USA)
for 1 h and then incubated with streptavidin-Texas red and con-
jugated (1:100, GE Healthcare, USA) for 1 h at room temperature
in a wet chamber. Finally, all the slides were mounted on a mix-
ture containing PBS:glycerol (1:3), and observed in an epifluores-
cent microscope (Nikon Eclipse E200). Negative controls were
performed without primary antibodies.

Western Blot

The renal cortex was micro-dissected and homogenized in
buffer (10 mM triethanolamine, 250 mM sucrose, pH 7.6) with
proteinase inhibitors. The protein concentration was determined
with the BCA Protein Assay Kit (Pierce Biotechnology Inc., Rock-
ford, IIL., USA). Samples of 100 g were electrophoresed using
12.5% gels and electroblotted. Blots were incubated with rabbit
polyclonal anti-TGF-1 antibody (1:1,000) and horseradish per-
oxidase-conjugated goat antirabbit IgG antibody (1:3,000 Bio-
Rad, Hercules, Calif., USA). Then membranes were incubated
with mouse monoclonal antihuman a-SMA antibody (1:1,000)
and with horseradish peroxidase-conjugated rabbit antimouse
IgG antibody (1:3,000 Sigma-Aldrich Co., Saint Louis, Mo., USA).
To determine the uniformity ofloading, protein blots were probed
with the monoclonal anti-B-actin antibody (1:1,000 Sigma-Al-
drich). Band intensities were measured using the Quantity One
densitometry software package (BioRad). Protein bands were
normalized to their respective B-actin bands. The immunoblot
analysis was carried out on three different tissue preparations
from three independent experiments.

Measurement of Fibrosis and E-Cadherin and -Catenin

Expression

Ten separate fields of each section stained by Mallory-tri-
chrome and immunohistochemistry using E-cadherin and (3-
catenin antibodies were scanned at X200 magnifications, put
into digital form and analyzed using imaging software (Image
Pro Plus, Media Cybernetics, USA) [11]. Mallory’s trichrome
technique detects areas of fibrosis stained in blue.

Statistical Analysis

Data shown are mean * SEM. The statistical significance be-
tween two mean values obtained for two different experimental
conditions was calculated by Student’s t test. p < 0.05 was consid-
ered significant.
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Fig. 1. Expression of the epithelial markers E-cadherin and B-
catenin by immunohistochemistry. The expression of E-cadherin
is significantly decreased in renal tubules from experimental rats
undergoing the effect of Stx2 (a, black arrows) as compared to
control rats (b). 3-Catenin is found in cytoplasmic granules local-
ized in perinuclear areas (c, black arrow) in experimental rats as

Results

A significant increase in creatinine (115 * 3 vs. 38
+ 2 pmol/l, p< 0.0l n=8) and urea 27 * 2vs. 5 *
1 mmol/l, p <0.01, n = 8) plasma concentrations was ob-
served 48 h after sStx2 treatment. Urine volume was in-
creased in the first 24 h after treatment (32.1 * 1.3 vs.
20.4 = 3.2 ml/day, p < 0.05, n = 8) but in the next 24 h
(48 h after treatment) returned to normal levels (14.8 *
3.1vs.18.7 * 2.0 ml/day, n = 8).
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compared to controls (d). X1,000. Using a grid superimposed on
the image, the number of tubules positive for E-cadherin and -
catenin was counted, and the percentage was measured. Expres-
sion of E-cadherin (10.1 £ 0.7 vs. 93.2 £ 0.5%; p < 0.001, n = 10,
e) and B-catenin (9.2 * 0.5 vs. 96.5 £ 0.8%; p <0.001, n = 10, f)
were significantly decreased with respect to the controls.

Immunohistochemistry of tubular epithelial cells
from sStx2-treated rats at 48 h showed a decrease in the
expression of E-cadherin and B-catenin in the mem-
brane and cytoplasm (fig. 1a, c). Perinuclear localization
of B-catenin was observed in several tubule cells. In cor-
tex, morphometric quantification detected a significantly
decrease in the expression of E-cadherin (10.1 * 0.7 vs.
93.2 * 0.5%; p < 0.001, n = 10) and B-catenin (9.2 £ 0.5
vs. 96.5 £ 0.8%; p < 0.001, n = 10) in respect to the con-
trols (fig. le, f).
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Fig. 2. Tubular response to the injury.
TGF-B1 is expressed in the basolateral
membranes (asterisk in a) and the cyto-
plasm (arrowhead in a) of epithelial tubu-
lar cells from the experimental rats. TGF-
B1 was negative in the control group (b).
a-SMA was expressed in smooth muscle
vessels from control rats (white arrowhead
in d, white arrow in f). De novo labeling
was observed in vessels and interstitium
(black arrow in ¢, white arrow in e) and
interstitium (black asterisk in ¢, white as-
terisk in e) of experimental rats. a, b Im-
munoperoxidase, X1,000. ¢, d Immuno-
peroxidase, X400. e, f Immunofluores-
cence, X200.

Injured renal tubules showed strong labeling of TGEF-
B1 in the basolateral membranes and cytoplasm (fig. 2a)
as well as labeling of a-SMA in the interstitial fibroblasts
and vessels (fig. 2¢, ). In control rats, TGF- 31 was not
detected and a-SMA was observed only in the vessels
(fig. 2d, ).

In order to determine whether the presence of a-SMA
is related to the development of interstitial fibrosis, Mal-
lory’s trichrome staining was performed. Areas of fibro-
sis were detected around the glomeruli and renal tubules
(fig. 3a, b). Morphometric quantification showed a sig-
nificant increase in areas of periglomerular fibrosis in
Stx2-treated rats with respect to the controls (8.0 = 0.6
vs. 0.9 * 0.3%, n = 14) (fig. 3¢).

Western blot analysis performed in renal cortex from
Stx2-treated rats using anti-TGF-B1 antibody showed
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3 protein bands at approximately 12.5, 52 and 105 kDa
with a different expression pattern when compared with
that observed in control rats (fig. 4a). The 12.5-kDa band
corresponding to the monomeric active form of TGF-31
was more abundant, whereas the 52- and 105-kDa bands
were less abundant in the Stx2-treated rats than in the
control group (fig. 4b). A different a-SMA expression
was also observed. An increase in the 42-kDa band in
renal cortex from the Stx2-treated compared with the
control rats was observed in renal tubules and the inter-
stitium (fig. 4c, d).
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Fig. 3. Fibrosis detection. Areas of periglomerular fibrosis stained
in blue were observed in Stx2-treated rats (b, black arrowheads)
as compared to controls (a). Mallory’s trichrome. X200. Using a
grid superimposed on the image, the number of points overlap-
ping the blue collagen staining was counted, and the percentage

Percentage of fibrosis
(10 fields x200)
(9]
|

94 p<0.001

Control

Stx2

of blue collagen area in the examined tubulointerstitium was
measured. Periglomerular fibrosis was significantly increased
with respect to the controls (8.0 = 0.6 vs. 0.9 = 0.3%; p < 0.001,
n=14,c).

Fig.4. TGF-B1 immunodetection by West-
ern blot. a Representative blots of TGF-B1 a B-Actin
expression in renal cortex. b Bar graphs
representing average protein levels nor-
malized to the internal control B-actin.
Note that a 12.5-kDa band corresponding
to the active form of TGF-BI increased
and that upper bands at 52 and 105 kDa
corresponding to the precursor form of
TGF-B1 decreased in the experimental
rats as compared to controls. ¢ Expected
42-kDa band corresponding to a-SMA.
The intensities of the bands were quanti-
fied by Image J software (d). Note that the
42-kDa band increased in the cortex of ex-
perimental rats (lane 2) when compared to
controls (lane 1). These results are repre-
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sentative of 4 rats from each group (* p < ¢
0.05).
344 Am ] Nephrol 2010;32:340-346

Ochoa/Lago/Gerhardt/Ibarra/Zotta



Discussion

In the present study, we have studied the early epithe-
lial renal tubular response during acute renal injury in an
experimental model of HUS in rats.

In agreement with our previous findings, Stx2-treated
rats developed an increase in creatinine and urea plasma
concentrations were used as markers of renal dysfunc-
tion. Urine volume showed similar modifications as re-
ported previously indicating not only tubular but also
glomerular dysfunction [9].

Western blot analyses showed that TGF-B1 protein
was differentially expressed in Stx2-treated rats with re-
spect to the controls. The temporal expression of TGF-31
and its effects during the early stage of HUS nephropathy
have not yet been clearly defined although it is known
that hyperactive TGF-B1 signaling under pathological
conditions is related to the development of cellular chang-
es such as loss of their epithelial phenotype [5, 8]. The
activation of TGF-1 in vivo has also been described in
the evolution of the chronic renal sequelae [12-14]. Ac-
cording to this finding, the 12.5-kDa band correspond-
ing to the active form of TGF-1 increased [15, 16] where-
as the 52- and 105 kDa-bands corresponding to the pre-
cursor’s forms of TGF-31 decreased in the Stx2-treated
rats compared with the controls. A similar early response
has been described in cultured tubular epithelial cells af-
ter 6 h of TGF-1 incubation [15-17]. Alterations in the
physiology due to the effect of autocrine/paracrine TGF-
B activity were localized predominantly in the proximal
tubule of the injured and regenerating kidney in a model
of ischemia-reperfusion in rats [18]. In another model of
AREF, Lebeau et al. [19] demonstrated that the proximal
tubular dysfunction could be detected as early as 2 days
after aristolochic acid administration, and a more pro-
nounced intoxication may lead to severe tubular atrophy
and interstitial fibrosis with an increase of TGF-B1 ex-
pression in the tubulointerstitial areas. Taken together
with these data, our results suggest that the tubular epi-
thelial cells affected by Stx2 may be the targets of the focal
activation of TGF-1 at 48 h. Moreover, a decrease in the
expression of E-cadherin and (3-catenin at 48 h indicates
an immunophenotype change in tubular cells that could
be induced by TGFB1. Recent studies have provided evi-
dence that the immunophenotype change could contrib-
ute to the generation of kidney fibroblasts during experi-
mental renal fibrosis [20].

In our model, we detected a development of mild fi-
brosis and a significant increase of a-SMA after 48 h of
sStx2 treatment. The origin of these cells may be in the
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activation of interstitial resident fibroblasts, hemopoietic
or mesenchymal stem cells migrant from flat bones, and
epithelial to mesenchymal transition [21]. Recent reports
have described similar results in other animal models. A
mouse ureteral obstruction model progressed to a tubule-
interstitial fibrosis after 24 h treatment showing TGF-31
signaling in renal tubules [22]. Injection of cyclosporine
induced the development of fibrosis and the expression of
TGF-P1 [23]. Indeed, an early tendency towards fibrosis
(fast fibrosis) similar to the one described here has been
detected in renal biopsies with acute tubular necrosis
[24]. Although it has been described that the immuno-
phenotype changes are suggestive of an epithelial-to-
mesenchymal transition [25] other mechanisms of renal
fibrosis cannot be discarded such as the production of
tubular chemokines with stimulation of interstitial fibro-
blasts [26].

Despite the mechanism of the development of incipi-
ent fibrogenesis requiring further studies, our results
suggest that the immunophenotype changes could be as-
sociated to an activated state of tubular cells. So, the de-
velopment of fast fibrosis in the renal interstitium could
be related to the response to the injury produced by sStx2.

In summary, we report for the first time in a rat ex-
perimental model of HUS an induction of immunophe-
notype changes in renal tubules, a modification in the
TGEF-f protein expression pattern, an increase in the ex-
pression of a-SMA in interstitium and a development of
incipient fibrosis during the first 48 h of chronic renal
disease. Further studies will be necessary to determine
whether this response could be responsible for the evolu-
tion to the chronic renal disease characteristic of HUS.
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