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Summary. Late structural changes such as interstitial fibrosis in the renal
cortex and tubular atrophy have been detected after severe acute tubular
necrosis (ATN). The aim of this study was to investigate the expression of
fibronectin, a-smooth muscle actin and macrophages during the evolution of
the ATN induced by glycerol and their relationship with the late structural
changes observed in the kidneys of these animals. Forty-nine male Wistar
rats were injected with a 50% glycerol solution, 8 mL/kg (4 mL/kg applied i.m.
to each hind leg) and 14 with 0.15 m NaCl solution. Before glycerol injection
on day 1, water was removed for 17h. Blood and urine samples were
collected 1 day after the injection to quantify sodium and creatinine.
The animals were killed 5, 30 and 60 days after the injections and the kidneys
removed for histological and immunohistochemical studies. The results of the
histological and immunohistochemical studies were scored according to
the extent of lesion or staining in the cortical tubulointerstitium, respectively.
The percentage of tubulointerstitial lesions was determined by morphometry.
Glycerol-injected rats presented a transitory increase in plasma creatinine
levels and in fractional sodium excretion. The immunohistochemical studies
showed increased fibronectin, a-smooth muscle actin (a-SM-actin), TGF-$
and ED-1 (macrophages) staining in the renal cortex from rats killed 5, 30 and
60 days after glycerol injection (P < 0.05) compared to control. The animals
killed on day 30 and 60 also presented chronic lesions (fibrosis, tubular
dilatation and atrophy) in the renal cortex, despite the recovery of renal
function. Macrophages, TGF-B and myofibroblasts may have contributed to
the development of renal fibrosis in these rats.
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Introduction

Hypertonic glycerol injection is one of the most frequently
used models of experimental acute renal failure (ARF).
The pathogenesis of ARF induced by glycerol may
involve, among other causes, decreased renal blood
flow, reactive oxygen metabolites and rhabdomyoglobin
release from muscle damage (Abulezz et al. 1991;
Zager et al. 1995; Shimizu et al. 1998). Renal function
and structure may not fully return to normal level after
acute renal ischemic or nephrotoxic injury (Cronin &
Henrich 2000; Fox 1967; Finn 1980; Pagtalunan et al.
1999, 2000). Late structural changes such as interstitial
fibrosis in the renal cortex and tubular atrophy were found
after severe acute ischemia (Fox 1967; Pagtalunan et al.
1999). Tubulointerstitial disease, proteinuria and glomeru-
lar lesions were observed after acute renal injury ischemia
to a solitary kidney (Pagtalunan et al. 1999, 2000). How-
ever, a long-term study with the evaluation of TGF-f,
a-SM-actin, fibronectin and ED1 (macrophages/mono-
cytes) expression and their relationship with renal function
and structure in rats with ATN induced by glycerol has not
been performed. The increase in renal production of
transforming growth factor- (TGF-B), endothelin and
angiotensin Il (All) was observed in acute tubular necrosis
(ATN) induced by different agents (Goes et al. 1995;
Basile et al. 1996; Shimizu et al. 1998; Forbes et al.
1999; Pagtalunan et al. 2000). These polypeptides can
provoke proliferation and modify the phenotypes of renal
and extrarenal cells (Desmouliere et al. 1993; Eddy 1996;
Forbes et al. 1999; Xu et al. 2001). After activation, these
cells transform into myofibroblasts, increase the produc-
tion of extracellular matrix components and start to
express o- SM-actin, a protein that normally is expressed
in renal cortex only by vascular smooth muscle cells.
An interstitial infilirate of macrophages is present in all
kidneys with progressive renal disease (Klahr et al. 1988;
Cameron 1992; Nikolic-Patterson et al. 1994; Kliem et al.
1996). It has been shown that cultured macrophages can
synthesize collagen | and fibronectin and can also
produce and release several fibrogenic cytokines includ-
ing TGF-p (Eddy 1996; Vaage & Lindblad 1990; Kliem
et al. 1996). The aim of this study was to investigate the
expression of a-SM-actin, ED1 (monocyte/macrophage),
fibronectin and TGF-f in the kidney during the evolution of
ATN induced by glycerol and their relationship with long-
term histological changes and renal function of these
animals.

Materials and methods
Animals and experimental protocols

Forty-nine male Wistar rats were injected with a 50%
glycerol solution, 4 mL/kg applied i.m. to each hind leg
and 14 with 0.15 M NaCl solution. Before glycerol injec-
tion on day 1, water was removed for 17 h. Twenty-four
glycerol-injected animals died after injection. Blood and
urine samples were collected from the 25 surviving
animals 1, 5, 30 and 60 days after the glycerol injection
to quantify sodium and creatinine. The animals were
killed 5, 30 and 60 days after the injections, the organs
were perfused with PBS solution (0.15M NaCland 0.01 m
sodium phosphate buffer, pH 7.4) and the kidneys
removed for histological and immunohistochemical
studies.

Renal function studies

Plasma creatinine was measured by the Jaffé method
and plasma and urine sodium (Na®) and potassium
(K") by flame photometry (Micronal, model 262,
Sao Paulo, Brazil), and urine osmolality was determined
by freezing point depression (Fiske OS Osmometer,
Norwood, MS). Glomerular filtration rate (GFR) was
measured by inulin clearance in 8 control animals and
in 8 rats killed on day 5, 8 on day 30 and 8 on day 60
after glycerol injection. The animals were anaesthetized
with an i.p. injection of 50 mg/kg sodium thionembutal.
After tracheostomy, the femoral artery and vein were
cannulated to collect blood samples and to inject fluids,
and the ureters were cannulated to collect urine. The
animals received a priming inulin dose of 12mg/100g
followed by a maintenance dose of 30mg/100g/ h of
inulin. After stabilization for about 60 min, urine was
collected for a period of 60 min and blood was sampled
at 30 and 60 min. Plasma and urine inulin was measured
by the method of Fuehr et al. (1955).

Blood pressure

The femural artery were cannulated in five animals in
order to measure the mean arterial pressure. Blood
pressure was measured in these animals before and
1,4, 24, 48, 96 and 120 h after glycerol injection through
a pressure probe connected to a polygraph.
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Light microscopy

The kidneys from 6 control animals and 25 rats killed 5,
30 and 60 days after glycerol injection were fixed in 4%
paraformaldehyde, postfixed in Bouin’s solution for
4-6h, and processed for paraffin embedding. Four-um
histological sections were stained with Masson’s
trichrome and examined under the light microscope.
The percentage of glomeruli with glomerulosclerosis
was determined by scoring at least 100 glomeruli in
a section of each kidney. Tubulointerstitial injury was
defined as tubular necrosis, inflammatory cell infiltrate,
tubular dilatation and/or atrophy, or interstitial fibrosis.
Injury was graded according to Shih et al. (1988) on
a scale of 0-4 (0=normal; 0.5=small focal areas;
1=involvement of less than 10% of the cortex;
2 =involvement of 10-25% of the cortex; 3 =involve-
ment of 25-75% of the cortex; 4 =extensive damage
involving more than 75% of the cortex). The percentage
of histological alterations characteristics of chronic
nephropathy such as interstitial fibrosis, tubular atrophy
and dilatation and cellular infiltrate was also evaluated by
morphometric studies in 8 animals killed 30 and in
9 animals killed 60 days after glycerol injection and in
6 control rats. The morphometric studies were performed
with a light camera connected to an image analyser
(Kontron Electronic System KS 300, Eching, Germany).
Twenty grid fields from the renal cortex measuring
0.245mm? in a section of each kidney were evaluated.
Encircled damaged areas were traced manually on a
video screen, and determined by computerized morpho-
metry (Baroni et al. 2000).

Antibodies

Primary antibodies included: a) a purified 1gG fraction of
polyclonal rabbit antirat fibronectin (Chemicon, Inter-
national Inc., Temecula, CA, USA); (b) a murine mono-
clonal antibody to an NH2-terminal synthetic form of
a-smooth muscle actin (a-SM-actin) (Dako, Glostrup,
Denmark), (c) a mouse antirat ED1 antibody to a cytoplas-
mic antigen present in macrophages and monocytes
(Serotec, Oxford, UK), and (d) a purified fraction of
polyclonal rabbit antibody against TGF-$1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) that shows no
cross-reactivity with TGF-2 or TGF-f3.

Immunohistochemical studies

Six control animals, 8 animals killed 5 days after glycerol
injection, 8 animals killed 30 days after injection and
9 rats killed 60days after injection were used for this
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study. The rats were subjected to aortic perfusion with
PBS (0.15 m NaCl and 0.01 phosphate buffer, pH7.4)
until the kidneys were blanched. The kidneys were then
perfused with 4% paraformaldehyde, fixed in para-
formaldehyde 4% for 2h, postfixed in Bouin’s solution
for an additional 4—6h, rinsed with 70% ethanol to
eliminate picric acid, dehydrated through a graded
alcohol series, embedded in paraffin, sectioned into 3-um
slices, deparaffinized, and subjected to immuno-
histochemical staining (Kliem et al. 1996; Baroni et al.
2000).

The sections were incubated overnight at 4°C with
1/500 antifibronectin and 1/30 anti-TGF-B polyclonal
antibodies produced in rabbits or 1/1000 anti o-SM-actin
(overnight) and 1/2500 anti-ED-1 (1h) monoclonals
antibodies. The reaction product was detected with an
avidin-biotin-peroxidase complex (Vector Laboratories,
Burlingame, CA, USA). The colour reaction was developed
with 3, 3-diamino-benzidine (Sigma Chemical Company,
St. Louis, MO, USA), and the material was counterstained
with methylgreen, dehydrated and mounted. Nonspecific
protein binding was blocked by incubation with 20% goat
serum in PBS for 20min. Negative controls consisted of
replacement of primary antibody with equivalent concen-
trations of normal rabbit IgG or mouse 1gG for polyclonal
and monoclonal antibodies, respectively.

For evaluation of immunoperoxidase staining for
fibronectin, TGF-B and «-SM-actin each tubulointerstitial
grid field was graded semiquantitatively, and the mean
score per kidney was calculated (Kliem et al. 1996).
Each score reflected mainly changes in the extent,
rather than the intensity, of staining and depended on
the percentage of grid field showing positive staining:
0, absent or less than 5%; |, 5-25%; IlI, 25-50%,;
Ill, 50-75%, and IV, >75%. To obtain mean numbers of
infiltrating macrophages/monocyte cells in the renal cor-
tical tubulointerstitium, 30 grid fields measuring
0.245 mm? each were evaluated, and mean counts per
kidney were calculated.

Statistical analysis

Data were submitted to analysis of variance with multiple
comparisons by the Tukey test, with the level of signifi-
cance set at P< 0.05.

Results
Renal Function

All glycerol-treated rats presented a transitory increase
in plasma creatinine levels and in fractional excretion of
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Table 1. Parameters of renal function of control rats and glycerol (G)-injected rats

Groups C (N=8) G-5days (N=8) G-30days (N=8) G-60days (N=8)
FENa% 0.33+0.04 9.22 +1.09** 0.44 +0.05 0.43 +£0.038
Fek% 30.26 +£2.48 214.10 + 36.44* 46.05+2.84 32.08 £4.73
Uosm 2160 +215 752+ 77 1817 +133 1951 +259
Pcreat 0.61+0.07 1.84+017* 0.71+0.05 0.63+0.05

\% 11.09+0.77 18.86 +4.09 12.71+1.15 12.88 +3.37
GFR 0.85+0.09 0.2240.04** 0.6240.05 0.6240.09

Data are expressed as mean=+SEM. FE, fractional excrection, GFR, glomerular filtration rate (ml/min/100g), P¢reat., plasma creatinine
(mg/dL), Uosm, urine osmolality (mOsm/kg H20), V, urinary volume (um/min.). **P < 0.001 vs. control

sodium and potassium (Table 1) that peaked at day 5
after glycerol injection (P < 0.01) and returned to normal
levels at day 30. The GFR measured on day 30 after
glycerol injection was 0.62+0.05mL/min/100g body
weight and did not differ from the control group
(0.85+0.09 mL/min/100g). We also observed a transi-
tory decrease in urine osmolality after glycerol injection
compared to control (Table 1).

Blood pressure

A transitory reduction in mean arterial pressure was
observed 24 and 48 h after glycerol injection, returned
to normal level 3days after injection. However, two of
these animals died 4 days after the glycerol injection.
The mean arterial pressure was 109.0+3.3mmHg
before glycerol injection and 95.8+1.3mmHg and
96.0 +2.5mmHg 24 and 48 h after, respectively.

Light microscopy studies

Light microscopy studies showed the following morpho-
logical features characteristic of ATN in the renal cortex of
rats on day 5 after glycerol injection: tubular cell necrosis,
focal areas of denuded basement membrane, intraluminal
casts, swelling and flattening of proximal tubular cells with
brush border loss, diffuse interstitial oedema, and inter-
stitial inflammatory cell infilirates (Fig. 1c). Glomerular
morphology remained unchanged. However, in the
animals killed on day 30 and 60 after glycerol injection
we found histological alterations characteristic of chronic
nephropathy such as interstitial fibrosis, tubular atrophy
and dilatation and inflammatory cell infiltrates (Figs 1b, d).
The animals killed 30 and 60 days after glycerol treatment
also showed 6.20% +0.97 and 7.01% =+0.92, respec-
tively, of the glomeruli with focal or global sclerosis,
whereas the control rats presented 1.41% +0.40 of
glomeruli with focal or global sclerosis.

Figure 1. Masson trichrome-stained
histological sections from renal cor-
tex (a, b, c and d) of a control rat
(a) and of rats killed 5 (c) and 30 days
(b and d) after glycerol injection. Note
the presence of tubular dilatation,
swelling and flattening of proximal
tubular cells with brush border loss,
diffuse interstitial oedema and inter-
stitial inflammatory cellular infiltrates
in (c) and of fibrosis, interstitial
inflammatory cellular infiltrate and
tubular dilatation and atrophy in

(b) and (d) X120, (a) and (b); X280,
(c) and (d).
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Immunohistochemical studies

The immunohistochemical studies showed increased
fibronectin and ED-1 (monocyte/macrophage) staining
in the tubulointerstitium from the renal cortex of rats
killed 5, 30 and 60 days after glycerol injection compared
to control (P < 0.05), with a diffuse distribution on day 5
and a focal distribution and primarily located in the
damaged areas on days 30 and 60. We also observed
an increase in o-SM-actin staining in the animals killed 5
and 30 days after glycerol injection. The increased fibro-
nectin, a-SM-actin and ED-1 reaction peaked on day 5
(Table2, Figs2 and 3). The control rats presented
a-SM-actin staining confined to arterial smooth muscle
cells and a small number of macrophages in the renal
cortex (Table 1, Fig.3a and 3b). Higher immunohisto-
chemical staining for TGF-$ in interstitial and tubular
cells was also observed in the glycerol-injected animals
that peaked at day 5 (Table 2, Fig. 4b, c). The immuno-
staining for this peptide presented a diffuse distribution in
the renal cortical tubulointerstitium on day 5 and a focal
distribution localized in the damaged areas on days 30
and 60. The control animals presented reaction for
TGF-B of mild intensity in the cytoplasm of some tubule
cells (Fig. 4a).

Discussion

The results of this study show that glycerol-injected rats
presented histological alterations in the renal cortex
characteristic of ATN on day 5 after treatment and
histological features of chronic nephropathy such as
interstitial fibrosis, tubular atrophy or dilatation on days
30 and 60. All glycerol-injected rats showed a transitory
increase in plasma creatinine levels and in fractional
excretion of sodium and potassium which returned to
normal levels on day 30. The GFR of these animals
measured on day 30 and 60 after glycerol injection did
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not differ from control despite the morphological alter-
ations. The percentage of glomeruli with sclerosis was
6.20 and 7.01, respectively, and probably these glycerol-
injected animals had enough normal glomeruli and
tubulointerstitium areas to maintain renal function. How-
ever, disturbances in renal function can persist in some
patients with transplanted kidneys or with prior renal
disease (Brophy et al. 1980; Tilney & Guttmann 1997).
Residual areas of interstitial fibrosis in gentamicin-
treated animals were observed by Cronin & Henrich
(2000). Fox (1967) described late structural changes
such as interstitial fibrosis and round cell infiltration
following acute renal artery clamping in mice. Finn
(1980) showed that there was a reduction in the number
of functioning nephrons at 4 weeks after acute ischemic
injury in rats. Pagtalunan et al. (1999) found tubulointer-
stitial disease, proteinuria and glomerular lesions at
20 weeks after acute ischemic injury to a solitary kidney.
Some abnormalities of renal function with long-term
implications were also observed in patients with acute
tubular necrosis after renal transplantation (Brophy et al.
1980; Tilney & Guttmann 1997).

The immunohistochemical studies showed increased
immunoreaction for o-SM-actin and fibronectin and
a larger number of ED1-positive cells (macrophages/
monocytes) in the tubulointerstitial area from the renal
cortex of glycerol-injected animals which persisted until
day 30 and 60. Marked increases in macrophage and
myofibroblast content and collagen accumulation in
renal cortex were also found by Forbes et al. (1999,
2000) in a model of ischemic acute renal failure. This
increase was observed only in the first week postischemia.
The only marker of renal injury remaining 64 days post-
ischemia detected by these authors was the accumulation
of collagen Ill in the inner cortical region. An interstitial
infiltrate of macrophages is present in all kidneys with
progressive renal disease (Klahr et al. 1988; Cameron
1992; Nikolic-Patterson et al. 1994; Kliem et al. 1996).

Table2. Score and percentage (morphometric studies, MS) of tubulointerstitial lesions (TIL) and scores for a- SM-Actin, fibronectin,
and TGF-p staining in cortical tubulointerstitium and number of cells ED1 positive per grid field of renal cortex measuring 0.245 mm? for
control rats (C) and for rats killed 5 (G-5days), 30 (G-30days) and 60 days (G-60days) after glycerol (G) injection

Groups C (N=6) G-5days (N=28) G-30days (N=8) G-60days (N=9)
TIL, score 0.10+0.10 3.75+0.16*** 1.94 £ 0.24**+### 2.00 + 0.24**+###
%TIL, MS 0.63+0.28 13.824+2.74* 17.44 +£2.70*
o-SM-actin 0.025+0.01 1.48 £0.14*** 0.33 +0.07*### 0.27 +0.05%##
Fibronectin 0.3840.04 1.3140.03*** 0.97 +£0.13*# 1.11+0.08***
ED1 +cells 5.05+1.20 44.76 4+ 4.67*** 19.00 + 3.45*### 18.42 +2,08*###
TGF-B 0.664+0.07 1.52 40.04*** 1.1240.03*### 1.1440.05%*###

Data are expressed as mean + SEM, *P < 0.05 vs. control, **P < 0.01 vs. control, ***P < 0.001 vs. control, *P < 0.05 vs. G-5days, **P < 0.01

vs. G-5days, ##P<0.001 vs. G-5days.
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Figure2. Immunolocalization of fibronectin in the renal cortex
from a control rat (a) and from rats killed 5 (b) and 30 days
(c) after glycerol injection. Observe that the immunoreaction for
fibronectin is more intense in glycerol-injected rats (b and c)
than in the control animal (a). X280.

It has been shown that cultured macrophages can syn-
thesize collagen | and fibronectin (Eddy 1996; Vaage &
Lindblad 1990) and can also produce and release several
fibrogenic cytokines including TGF-p (Eddy 1996; Kliem
et al. 1996).

Myofibroblasts and macrophages can be involved in
the fibrosis observed in glycerol-injected rats by the
release of fibrogenic peptides such as TGF-B, inter-
leukin-1, endothelin and All and, in addition, these cells
can produce collagen and other ECM components such

as several types of collagens and fibronectin. Fibronectin
usually appears first, forming a scaffold for the deposition
of other proteins and acting as a fibroblast chemoattractant
(Eddy 1996). It was observed that «-SM-actin overexpres-
sion in the course of several renal diseases is associated
with fibrosis (Eddy 1996; El Nahas et al. 1996; Strutz et al.
1996; Geleilete et al. 2001). Fibroblasts derived from
fibrotic human kidneys synthesize more total collagen
than fibroblasts derived from normal kidneys (Rodemann &
Muller 1991). We found an increased staining for
a-SM-actin and ED1 (monocytes/macrophages) with a
diffuse distribution on day 5 after glycerol injection, and
on day 30 and 60 we observed a focal distribution for these
proteins in the tubulointerstitium from the renal cortex of
these animals primarily located in the damaged areas.

The glycerol-injected animals also presented increase
immunostaining for TGF-B in renal cortex located
primarily in the cytoplasm of tubule cells and in interstitial
cells. Higher TGF-B expression was found in experimental
models of acute renal failure provoked by ischemic
injury (Goes et al. 1995; Basile et al. 1996). This poly-
peptide can transform fibroblasts into myofibroblasts
(Desmouliere et al. 1993; Eddy 1996). TGF- has been
considered to be one of the major fibrogenic cytokines.
This polypeptide enhances the synthesis of matrix
components and blocks matrix degradation, thus promot-
ing ECM deposition (Coimbra et al. 1991; Sharma &
Ziyadeh 1994; Eddy 1996).

Angiotensin |l may also be involved in the development
of renal fibrosis in these glycerol-treated rats. All is a
potent inducer of TGF-f and PDGF and some of its effects
are mediated by the expression of these factors (Border &
Noble 1998; Sharma & Ziyadeh 1994). Pagtalunan et al.
(2000) found that reduction of angiotensin activity by treat-
ment with enalapril prevents late secondary glomerular
injury and reduces the proteinuria provoked by acute
renal ischemia. However, this treatment did not modify
the interstitial fibrosis observed during the recovery from
ischemic injury.

In conclusion, taken together, these data show that
the renal damage induced by glycerol can progress to
fibrosis despite the recovery of renal function and
suggest that TGF-B myofibroblasts and macrophages
may contribute to this process.
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Figure 3. Immunolocalization of
a-SM-actin (a, ¢ and e) and ED1
(b, d and f) in the renal cortex from
a control rat (a and b) and from rats
killed 5 (c and d) and 30days (e and f)
after glycerol injection. Note that the
staining for a-SM-actin is more
intense in ¢ and e than in a and the
increase of ED1 + cells (monocytes/
macrophages) is more marked in

d and f compared to b. X280.

Figure4. Immunolocalization of
TGF-B in the renal cortex from

a control rat (a) and from rats killed 5
(b) and 30days (c) after glycerol
injection using a polyclonal anti-TGF-f
antibody. Note that the staning for
TGF-B in tubular and interstitial cells
is more intense inb and c thanin a. d,
Immunolocalization of TGF- in the
renal cortex from rats killed 30 days
after glycerol injection using a normal
rabbit IgG; the staining was abolished
by this treatment. X280.
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