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Abstract
This study evaluated the effects of aerobic exercise performed both previously and after the induction of diabetes mellitus on

changes of renal function and structure in streptozotocin-induced diabetic rats. Female wistar rats were divided into five groups:

sedentary control (CþSe); trained control (CþEx); sedentary diabetic (DþSe); trained diabetic (DþEx) and previously trained

diabetic (DþPEx). The previous exercise consisted of treadmill running for four weeks before the induction of diabetes mellitus.

After induction of diabetes mellitus with streptozotocin, the DþPEx, DþEx and CþEx groups were submitted to eight weeks of

aerobic exercise. At the end of the training protocol, we evaluate the serum glucose, insulin and 17b-estradiol levels, renal function

and structure, proteinuria, and fibronectin, collagen IV and transforming growth factor beta 1 (TGF-b1) renal expressions.

Induction of diabetes mellitus reduced the insulin and did not alter 17b-estradiol levels, and exercise did not affect any of

these parameters. Previous exercise training attenuated the loss of body weight, the blood glucose, the increase of glomerular

filtration rate and prevented the proteinuria in the DþPEx group compared to DþSe group. Previous exercise also reduced

glomerular hypertrophy, tubular and glomerular injury, as well as the expressions of fibronectin and collagen IV. These expressions

were associated with reduced expression of TGF-b1. In conclusion, our study shows that regular aerobic exercise especially

performed previously to induction of diabetes mellitus improved metabolic control and has renoprotective action on the diabetic

kidney.
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Introduction

Diabetic nephropathy is one of the most important clinical
complications of diabetes mellitus (DM) and is the most
common cause of end-stage renal disease.1 Although evi-
dences point the female sex as a renoprotective factor
against the development of nondiabetic renal diseases,2,3

several studies demonstrated that in DM this renoprotec-
tion appears to be lost, possibly due to dysregulation of
the production of female sex hormones, which may be pre-
sent in DM.4–8

Initial stages of diabetic nephropathy are characterized
by expansion of extracellular matrix (ECM), glomerular
hyperfiltration, and renal hypertrophy associated with
microalbuminuria.9–11 However, the progression of the

disease leads to severe proteinuria and progressive fall in
glomerular filtration rate (GFR).12 Studies demonstrated
that early hyperglycemia stimulates the production of
ECM components, mainly fibronectin and collagen IV, and
this effect appears to be mediated by transforming growth
factor beta 1 (TGF-b1) in streptozotocin (STZ)-induced dia-
betic rats,13,14 as well as, in other models of renal injury.15,16

Currently, no specific therapy is available to inhibit the
progression of renal diabetic disease, and although some
studies have demonstrated the renoprotective action of
pharmacological therapies that target the glycemic and
blood pressure controls,17,18 the incidence of diabetic
nephropathy continues to increase.1 Regular exercise train-
ing is considered an unquestionable component of a healthy
lifestyle and widely accepted in the management and
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prevention of several chronic diseases.19 However, the over-
all effect of exercise on diabetic nephropathy is still
not clear, although it appears to be directly related to the
intensity of training. Some studies have shown that
exercise training of moderate intensity, besides benefiting
metabolic control, improves the kidney function, reduces
microalbuminuria, restores oxidative balance and
increases nitric oxide (NO) bioavailability in STZ-induced
diabetic rats,20–22 spontaneously hypertensive rats23 and
humans.24,25 However, the mechanisms underlying the
benefits of exercise on the diabetic kidney are poorly under-
stood, and the evidences for the renal effects of previous
exercise training in diabetic females are limited.

In this perspective, since the progression of diabetic
nephropathy is strongly correlated to the degree of glomer-
ulosclerosis and tubulointerstitial lesions, in this study we
aimed to assess the effects of moderate exercise training
performed both previously and after the induction of DM
on changes of renal function and structure in STZ-induced
diabetic female rats.

Materials and methods
Animals

A total of 32 female Wistar rats weighing 180–200 g were
housed under controlled environmental conditions (12/
12 h light/dark cycle and 24� 2�C) with food and water
ad libitum. The animals were divided into the following
groups: control sedentary (Cþ Se, n¼ 6), trained control
(CþEx, n¼ 6), sedentary diabetic (Dþ Se, n¼ 7), trained
diabetic (DþEx, n¼ 6) and previously trained diabetic
(DþPEx, n¼ 7). This study was approved by the Ethics
Committee in Animal Experimentation of the Federal
University of Bahia – Multidisciplinary Institute of
Health, (protocol 008/2013). All experimental procedures
were conducted in accordance with the recommendations
of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Diabetes mellitus induction

DM was induced by a single intravenous injection of STZ
(Alfa Aesar – Ward Hill, MA, USA) (40 mg/kg) diluted in
0.1 M citrate buffer, pH 4.5, in animals weighing 290 to 310 g
after 12 h of fasting. Control rats were injected with

equivalent amounts of citrate buffer. One week after STZ
administration, the diabetes was confirmed by measuring
blood glucose levels in a tail vein blood samples with Accu-
Chek glucose strips (Roche, Mannheim, Germany). The ani-
mals with blood glucose levels higher than 250 mg/dL were
considered diabetic.

Maximal running test

Before starting the training protocol, all animals were sub-
mitted to a three-day adaptation period on the stop tread-
mill (AVS Projects – SP, Brazil) and five-day adaptation
period on the treadmill at a speed of 10 m/min for 5 min.
After this period, the animals were submitted to a max-
imum running test (1 m/min increments every 3 min up
to the rat reached exhaustion) on three alternate days, in
order to determine the exercise training intensity and the
aerobic capacity. This test was performed at the beginning,
at the end of the fourth week, and at the end of the training
protocol.21

Exercise training protocol

The exercise training duration was 20 min in the first week
and increased up to 1 h by the end of the fourth week, with
no inclination of the treadmill, five day per week. Similarly,
the intensity of exercise was also progressively increased
(55–70%) building up to 70% of the maximal running test
toward the end of the protocol.21 Only the DþPEx group
was submitted to four weeks of aerobic exercise training on
the treadmill before inducing DM. After this period, DM
was induced in the Dþ Se, DþEx and DþPEx groups.
One week after induction of DM, the CþEx, DþEx and
DþPEx groups were submitted to treadmill running for
eight weeks, as shown in Figure 1. Forty-eight hours after
the last exercise session, the animals were placed in indi-
vidual metabolic cages in order to collect 24-h urine sam-
ples to measure creatinine, urinary flow and proteinuria.
Then, the animals were euthanized by decapitation
and blood samples were collected to quantify creatinine,
insulin and 17b-estradiol levels. The kidneys were removed
and weighed for histological and immunohistochemical
studies.

Figure 1 Experimental design. 0–4, previous exercise training in the DþPEx group (4 weeks); 4–5, induction of DM in the DþSe, DþEx and DþPEx groups; 5–14,

continuation of exercise training in the DþPEx group and initiation of exercise training in the DþEx and CþEx groups; 48h, sample collection of blood and urine 48h

after the last training session, and euthanasia
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Body weight, blood pressure and glycemia

Body weight (BW) and blood pressure were measured
weekly. The blood pressure was measured by a program-
mable tail-cuff sphygmomanometer (LE 5001 Electro-
Sphygmomanometer, Panlab, Spain). The animals were
submitted to a fasting period of 12 h for measurement of
fasting capillary glycemia (FCG) by a digital glucometer
(Accu-Check Active glucose strips, Roche, Mannheim,
Germany).

Determination of Serum 17b-estradiol and
insulin concentrations

The dosage of serum 17b-estradiol was performed by
chemiluminescence. The serum insulin was analyzed by
radioimmunoassay (Research� Linco, St. Charles, MO,
USA). The measurements of plasma insulin were per-
formed by adding 125 I labeled insulin and anti-insulin
antibody on plasma samples, remaining in incubation over-
night at 4�C. The precipitating reagent was separated by
centrifugation to obtain a pellet, whose radiation was read
by a gamma counter after removal of the supernatant. The
concentration of insulin was achieved by constructing a
calibration curve constructed from the calibrator kit
reagents.

Renal function

Serum and urine creatinine was measured by colorimetry
using Jaffé method (Abbott Diagnostics Kit). The GFR was
calculated through the creatinine cleareance. Urinary flow
was determined from total volume of urine in 24 h, and the
proteinuria was measured by colorimetric method (Abbott
Diagnostics Kit). All the biochemical and renal function
parameters were analyzed using an automatic biochemical
analyzer (Abbott Diagnostics C.4100 – Saint-Laurent,
Quebec, Canada).

Renal morphology
Glomerulosclerotic index

Kidney samples from rats of all groups were fixed in metha-
carn solution (methanol 60%, chloroform 30%, and 10%
acetic acid) and processed for paraffin embedding.
Histological sections (4 mm) of kidney tissue were stained
with the periodic acid-Schiff (PAS) reagent, counterstained
with hematoxylin, and examined under light microscopy
(Olympus BX51, Japan). The focal segmental glomerulo-
sclerosis (FSGS) was evidenced by segmental increases in
glomerular matrix, segmental obliteration or dilation of
capillary lumina, and accumulation of hyaline. One hun-
dred glomeruli per section were randomly selected and
the FSGS was graded according to Saito et al. (1987) on a
scale of 0 to 4 (grade 0¼normal glomeruli; grade 1¼ scler-
otic area up to 25%; grade 2¼ sclerotic area 25–50%; grade
3¼ sclerotic area 50–75%; grade 4¼ sclerotic area 75–100%).
The glomerulosclerotic index (GSI) was calculated using the
following formula: GSI¼ (1xn1)þ (2xn2)þ (3xn3)þ (4xn4)/
nT, where nx is the number of glomeruli in each grade of

glomerulosclerosis, and nT is the sum of glomeruli
evaluated.26

Glomeruli morphometry

To analyze glomerular areas, 4mm histological sections
were stained with hematoxylin-eosin and the outer edges
of 30 glomerular tufts of each kidney were traced manually
on a video screen. The encircled areas were determined by
computerized morphometry through the Image J software.
The analysis of all the procedures was performed with the
observer blinded to the treatment groups.

Tubulointerstitial Lesions

To evaluate the tubulointerstitial lesions, 4 mm histological
sections were stained with hematoxylin-eosin. The tubu-
lointerstitial damages were defined as tubular necrosis,
tubular lumen dilation or atrophy, and inflammatory cell
infiltrate. We analyzed 30 grid fields (0.087mm2 each) per
kidney cortex and the damages were graded according to
Shih et al.27 on a scale of 0 to 4 (0¼normal; 0.5¼ small focal
areas; 1¼ involvement of less than 10% of the cortex and
outer medullae; 2¼ 10–25% involvement of the cortex
and outer medullae; 3¼ 25–75% involvement of the cortex
and outer medullae; 4¼ extensive damage involving more
than 75% of the cortex and outer medullae).27

Immunohistochemistry studies

The sections were incubated overnight at 4�C with (1:30)
polyclonal anti-TGF-b1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA); (1:500) polyclonal anti-Collagen IV
(Abcam, Cambridge, UK) and (1:500) polyclonal anti-
Fibronectin (Chemicon, Temecula, CA, USA).28,15 The reac-
tion product was detected with avidin-biotin-peroxidase
complex (Vector Laboratories, Burlingame, CA, USA). The
color reaction was developed with 3,3-diaminobenzidine
(Vector Laboratories, Burlingame, CA, USA), and the sec-
tions were then counterstained with methyl green or hema-
toxylin. Nonspecific protein binding was blocked by
incubation with 20% goat serum in PBS for 30 min.
Negative controls consisted of replacing the primary anti-
bodies with equivalent concentrations of normal rabbit IgG.
The quantification of immunoreactivity of the reactions was
obtained using Image-J software and the results were
expressed as percentages.

Statistical analysis

Statistical analysis was performed with the GraphPad
Prism 5 program. Data of urine flow rate and 17b-estradiol
were submitted to Kruskal-Wallis nonparametric test with
multiple comparisons by Dunn test, and expressed as
median and percentile 25 and 75. Pearson’s and
Spearman’s tests were used for analysis of correlations.
The other data were submitted to one-way analysis of vari-
ance followed by the Newman-Keuls multiple comparisons
test, and are presented as mean� standard error of the
mean (SEM). Statistical significance was defined at a
value of P< 0.05.
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Results
Body weight, maximal running test, fasting capillary
glycemia

All diabetic rats presented reduction in body weight com-
pared to control groups (P< 0.001). However, this reduction
was lower in DþPEx group compared to the Dþ Se group
(P< 0.05). The exercise also reduced BWof the CþEx group
compared to the Cþ Se group (P< 0.05) (Table 1). The pre-
vious exercise increased the physical capacity of DþPEx
group in the end of the fourth week of training compared
to the other experimental groups, as well as regarding its
own initial physical capacity (P< 0.01). After induction of
DM, exercise training improved physical performance in
DþEx and DþPEx rats compared to the Dþ Se group
(P< 0.001). The exercise training also improved the physical
capacity of the CþEx group compared to the Cþ Se group
(P< 0.05) (Table 1). All the diabetic rats presented increased
glycemia compared to the control groups (P< 0.001); how-
ever, the DþPEx group presented a discreet reduction of
glycemia compared to Dþ Se group (P< 0.05) (Table 1).

Serum hormone levels, systolic blood pres-
sure and kidney weight

All the diabetic groups rats presented drastic reduction in
plasma insulin levels compared to the control groups
(P< 0.001). However, exercise reduced serum insulin
levels in the CþEx group compared to the Cþ Se group
(P< 0.01) (Table 2). There was no statistical difference in E2
levels between the experimental groups (Table 2). Injection
of STZ induced a significant increase in systolic blood pres-
sure in all diabetic groups (P< 0.001) (Table 2). The relative
weight of kidneys of the all diabetic rats was higher than the
control groups (P< 0.001). However, the exercise attenu-
ated theses effects in the DþEx and DþPEx groups
(P< 0.01) (Table 2).

Renal function

No difference in serum creatinine was observed among the
experimental groups. However, the GFR of the Dþ Se
group was higher than the control groups (P< 0.05),
whereas exercise was able to reduce it in both the DþPEx
and DþEx groups (P< 0.05). The proteinuria was higher in
the Dþ Se (P< 0.001) and DþEx (P< 0.05) groups, whereas
previous exercise training reduced the proteinuria in
DþPEx group compared to the Dþ Se (P< 0.001) and
DþEx (P< 0.05) groups. DM induced an increase in urin-
ary flow in diabetic animals compared to the control groups
(Table 3).

Renal morphology

The glomerular tuft area was greater in Dþ Se group than
the control groups (P< 0.01), but exercise prevented this
increase in the DþEx (P< 0.05) and DþPEx (P< 0.01)
groups (Table 4). The exercise training also attenuated the
increase of the focal segmental glomerulosclerosis in the
DþPEx and DþEx groups compared to the Dþ Se group
(P< 0.01) (Table 4, Figure 2). The tubulointerstitial lesions
were more intense in the Dþ Se (P< 0.001) and DþEx
(P< 0.05) groups, and the previous exercise was able to
prevent this effect in the DþPEx group (P< 0.001)
(Table 4, Figure 2).

Immunohistochemical studies

The Dþ Se group showed increased fibronectin expression
in the glomeruli compared to controls groups (P< 0.001),
whereas the exercise training was able to attenuate this
effect in both DþEx and DþPEx groups (P< 0.01)
(Table 4, Figure 3). All the diabetic groups presented
increased expression of collagen IV in glomeruli (P< 0.01),
but only the DþPEx group demonstrated lower expression
of this protein compared to Dþ Se (P< 0.001) and DþEx
(P< 0.05) groups (Table 4, Figure 3). Regarding the TGF-b1

Table 1 Body weight, maximal running test, fasting capillary glycemia of CþSe, CþEx, DþSe, DþEx and DþPEx rats

CþSe CþEx DþSe DþEx DþPEx

Body weight (g)

Initial 192.0� 3.0 192.5� 1.4 196.4� 2.2 188.2� 2.4 191.9� 3.8

After STZ/CB injection 284.0� 11.9 278.6� 8.1 279.5� 7.0 289.7� 6.0 279.4� 5.0

Final 357.0� 18.5 317.7� 7.6* 190.2� 9.8*** 215.6� 9.7*** 231.1� 7.7***#

Maximal running test (m/min)

Initial 23.5� 1.0 21.6� 1.2 22.9� 0.3 22.4� 0.4 23.4� 0.5

End of week 4 23.9� 0.5 22.7� 0.8 21.4� 0.4 20.4� 1.1 28.7� 1.3**###yyy$$

Final 20.4� 1.4 29.6� 1.4*$ 9.8� 3.4**$ 23.3� 1.6### 28.0� 0.7###$$

Fasting capillary glycemia (mg/dl)

Initial 93.25� 3.5 86.25� 3.3 94.45�3.2 91.50� 4.6 95.25�2.9

After STZ/CB injection 94.8� 2.0 95.3� 2.3 414.7� 14.3*** 405.6� 16.1*** 403.0� 11.2***

Final 94.4� 2.2 96.6� 2.1 584.0� 6.9***$$$ 564.6� 22.6***$$$ 495.2� 44.6***#$$$

Note: The data are reported as mean�SEM. After STZ/CB injection, one week after streptozotocin or citrate buffer injection. * P<0.05, ** P<0.01 and *** P<0.001

versus CþSe and CþEx; # P<0.05 and ### P<0.001 versus DþSe; yyy P<0.001 versus DþEx; $$ P<0.01 and $$$ P<0.001 versus initial data.
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expression, there was an extensive immunostaining of this
cytokine in both the glomerular mesangium and tubuloin-
terstitial compartment in the Dþ Se (P< 0.001) and DþEx
(P< 0.01) groups. However, only the previous exercise
training was able to attenuate the intensity of immunostain-
ing in DþPEx group compared to Dþ Se (P< 0.001) and
DþEx (P< 0.01) groups (Table 4, Figure 3). The expressions
of fibronectin (r¼ 0.67; P< 0.001) and collagen IV (r¼ 0.74;
P< 0.0001) were positively correlated to the expression of
TGF-b1 (Figure 4), respectively. The photomicrographs of
the CþEx group are not presented due to similarity
between the immunohistochemical and histological pattern
of Dþ Se and CþEx groups.

Discussion

The present study investigated the renoprotective effects of
exercise training on renal function and structure changes in
STZ-induced diabetic female rats. Our data demonstrate
that aerobic exercise performed prior to induction of DM

attenuated the loss of BW, blood glucose, increase of GFR,
and considerably reduced proteinuria in diabetic rats. The
previous exercise also reduced the glomerular hypertrophy,
tubular and glomerular injury, expressions of extracellular
matrix proteins and TGF-b1 in glomeruli and renal cortex of
these animals.

There are evidences suggesting an influence of gender on
the incidence and progression of nondiabetic renal disease,
and 17b-estradiol have been reported to exert renoprotec-
tive actions in both experimental animals and women of
fertile age.2–5 However, the influence of gender on diabetic
renal disease is controversial. While some studies have
demonstrated that diabetic nephropathy progress is faster
in males,29,30 others indicate the opposite,31,32 suggesting
that the renoprotection conferred to females is lost in
the presence of DM, possibly due to a dysregulation of
sex hormones.5,6 In this study, DM did not induce changes
in 17b-estradiol levels, suggesting that our findings were
independent of the levels of this hormone.

Table 4 Tubulointerstitial lesions, glomerulosclerotic index, glomerular tuft area and immunostaining area for fibronectin (FN), collagen IV (coll. IV) and

TGF-b1 of CþSe, CþEx, DþSe, DþEx and DþPEx rats

CþSe CþEx DþSe DþEx DþPEx

TIL 0.24� 0.04 0.17�0.02 1.38�0.21*** 0.93� 0.12*# 0.65� 0.08###

GSI 0.13� 0.01 0.16�0.02 1.02�0.16*** 0.61� 0.12**## 0.52� 0.02*##

AreaGT 8007� 517.0 7833�707.0 10667�586.7** 8989� 147.6# 8259� 183.5##

FN 7.45� 2.8 8.55�3.3 25.53�2.2** 11.93� 3.3## 9.42� 3.2##

Coll. IV 2.23� 0.4 2.65�0.4 32.26�2.8*** 26.07� 3.4*** 18.43� 1.5***##y

TGF-b1 G 5.22� 0.7 3.90�1.0 18.18�1.8*** 12.42� 2.0** 4.64� 0.9###yy

TGF-b1TI 0.75� 0.3 0.69�0.2 10.61�1.6*** 9.17� 1.2*** 3.67� 1.1###yy

Note: The data are reported as mean�SEM. TIL, tubulointerstitial lesions (score); GSI, glomerulosclerotic index (score); AreaGT, glomerular tuft area (mm2); TGF-bG,

glomerular transforming growth factor beta 1; TGF-bTI, tubulointerstitial transforming growth factor beta 1. * P<0.05, ** P<0.01 and *** P<0.001, versus CþSe and

CþEx; # P<0.05, ## P<0.01 and ### P< 0.001, versus DþSe; y P<0.05 and yy P<0.01 versus DþEx.

Table 3 Renal function data of CþSe, CþEx, DþSe, DþEx and DþPEx rats

CþSe CþEx DþSe DþEx DþPEx

Pcreat. 0.48� 0.02 0.42� 0.06 0.44� 0.02 0.50� 0.06 0.59� 0.07

GFR 0.29� 0.06 0.27� 0.04 0.62� 0.1* 0.36� 0.03# 0.34� 0.07#

UFlow 4.5(3.8; 5.0) 1.4(1.4; 4.1) 71.7(38.2; 93.8)* 101.6(94.1; 102.2)* 96.5(70.1; 99.3)*

UProt 6.56� 1.11 4.16� 1.16 30.51� 5.33*** 21.12� 2.94* 9.35� 1.59###y

Note: The data are reported as mean�SEM, or median and percentile 25 and 75. Pcreat., plasma creatinine (mg/dL); GFR, glomerular filtration rate (ml/min/100 g);

UFlow, urine flow (ml/min); UProt, proteinuria (mg/24 h). * P< 0.05 and *** P<0.001 versus CþSe and CþEx; # P<0.05 and ### P<0.001 versus DþSe; y P<0.05

versus DþEx.

Table 2 Insulin and 17b-estradiol levels, systolic blood pressure and kidney weight of CþSe, CþEx, DþSe, DþEx and DþPEx rats

CþSe CþEx DþSe DþEx DþPEx

Insulin 2.02�0.19 1.39�0.23** 0.28� 0.05*** 0.12� 0.01*** 0.23� 0.07***

E2 19.0(15.5;29.0) 16.9(12.3;24.6) 15.5(9.8;21.3) 11.0(9.0;13.0) 11.0(9.5;15.5)

SBP 104.0� 4.0 100.4�2.9 130.3� 3.8*** 131.9� 2.9*** 124.6� 3.0***

KW/BW 0.27�0.01 0.3�0.01 0.68� 0.03*** 0.69� 0.00***## 0.59� 0.03***##yy

Note: The data are reported as mean�SEM, or median and percentile 25 and 75. Insulin (ng/ml); E2, 17b-estradiol (pg/ml); SBP, systolic blood pressure (mmHg); KW/

BW, relative weight of kidneys (g/100 g of BW). ** P< 0.01 and *** P<0.001 versus CþSe and CþEx; ## P<0.01 versus DþSe; yy P<0.01 versus DþEx.
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Figure 3 Immunolocalization of fibronectin, collagen IV and TGF-b1 in the renal cortex of CþSe, DþSe, DþEx, DþPEx rats. Note in DþPEx reductions in

immunostaining of fibronectin (FN), collagen IV (coll IV) and TGF-b (transforming growth factor beta 1). Original magnification� 400 in FN and coll IV, and�200 in TGF-b

Figure 2 Representative photomicrographs of tubulointerstitial lesions (HE staining) and glomerular histological changes (PAS staining) of CþSe, DþSe, DþEx,

DþPEx rats. Note in DþPEx reductions in tubulointerstitial lesions (arrow) and reductions in glomerular histological changes (arrowhead). Original magnification� 200

in HE and� 400 in PAS

Figure 4 Correlation between the expressions of fibronectin and TGF-b1 (a) and collagen IV and TGF-b1 in glomeruli of CþSe, CþEx, DþSe, DþEx and DþPEx.

n¼5 for all groups. (a) Pearson rank coefficient r¼ 0.67, P< 0.001, and (b) Spearman rank coefficient r¼0.74, P<0.0001
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Previous exercise training reduced the hyperglycemia
and the weight loss, and increased physical capacity in
the DþPEx group indicating an improvement in metabolic
capacity in these animals, which, at least in part, may have
contributed to the attenuation of diabetes pathophysiologic
complications investigated in this study. These findings are
in accordance with other studies, in which the aerobic train-
ing presented beneficial effects over the metabolic profile,
with better glycemic control and reduced weight loss in
STZ-induced diabetic rats.20,33. Additionally, Silva et al.
demonstrated that moderate aerobic exercise performed
previously to induction of DM was more effective in
improving metabolic profile than exercise performed after
disease onset.21 Although some studies have shown the
possibility of restoration of insulin production in STZ-
induced DM,34,35 our data show that the insulin concentra-
tions were low in diabetic rats, without differences between
trained and untrained rats. Differently, the CþEx group
had decreased insulin concentrations compared to Cþ Se
group, possibly due to better sensitivity to this hormone
induced by exercise training. Studies have shown that the
deformity of skeletal muscle cell owing to muscle contrac-
tion is a key signal to stimulate the GLUT-4 translocation
independently of insulin, allowing higher sensitivity to this
hormone and increased glucose uptake by skeletal
muscle.36,37

Renal function changes observed in Dþ Se group were
characterized by increases in GFR, proteinuria and urinary
flow. However, the exercise training attenuated the increase
in GFR in all diabetic rats and prevented the increase of
proteinuria in the DþPEx group. The literature presents
conflicting results about the effects of exercise training on
the renal function and proteinuria, and evidence suggests
that the intensity of physical training program is determin-
ant in the renal response. Thus, some studies showed that
intense physical exercise increased albuminuria in both
experimental animals38 and humans,39 while moderate-
intensity regular exercise prevented albuminuria/protein-
uria in STZ-induced diabetic rats.20,21,40 Moderate exercise
also prevented reduction in GFR and attenuated albumin-
uria in spontaneously hypertensive rats23 and in diabetic
and cardiopathic human.24,25 Although the mechanisms
by which moderate exercise training improves renal func-
tion are not fully understood, there are evidences indicating
that the better metabolic control, reduction of oxidative
stress, and increased production and bioavailability of NO
may be involved in this process.20,21,23,40 In fact, aerobic
training during eight weeks induced better metabolic con-
trol, reduction of thiobarbituric acid reactive substance
(TBARS), and increased NO production, delaying the pro-
gression of diabetic nephropathy in STZ-induced diabetic
rats.20

Our results show increase in systolic blood pressure in
all diabetic groups when compared to control groups,
regardless of physical exercise. Studies demonstrated
reduction in systolic arterial pressure due to impaired auto-
nomic function, while the exercise was able to reverse this
effect in type 1 diabetic rats.21,33 On the other hand, in
accordance with our study, it was demonstrated that
increased blood pressure due to the exacerbated renin-

angiotensin-aldosterone system activation in STZ-induced
diabetic rats.41,42 Therefore, the increase in systolic arterial
pressure observed in this study may be due, at least in part,
to increased serum levels of angiotensin II. However, future
studies are needed to confirm this finding. The best blood
pressure control is also one of the mechanisms by which
exercise exerts protective action against the development
of renal damage,23 but in our study the mechanisms
involved were independent of blood pressure, since there
was no difference in parameter between trained and
untrained diabetic animals.

Since the progressive accumulation of ECM is strongly
correlated to the development of renal failure,10,12 the
effects of exercise on this pathological feature of diabetic
nephropathy have particular clinical importance. The
expansion of mesangial matrix in early stage of diabetic
nephropathy may occur by increased accumulation of pro-
teins that are normally present in these structures, such as
fibronectin and type IV collagen.43 During tissue remodel-
ing, collagens have numerous binding partners and among
those critical for fibrillar assembly include fibronectin, col-
lagen-binding integrins, and latent TGF-binding proteins.44

In renal fibrotic diseases, fibronectin is the first protein to be
deposited, constituting a scaffold for the deposition of other
proteins and acting as a fibroblast chemoattractant.45 As
expected, our results demonstrated increased expression
of extracellular matrix proteins in the Dþ Se group,
whereas the exercise prevented the accumulation of fibro-
nectin and only the previous exercise attenuated the accu-
mulation of collagen IV in glomeruli of the DþPEx group.
Furthermore, DþPEx group rats also showed reduction in
glomerular and tubulointerstitial lesions and hypertrophy.
Rodrigues et al. demonstrated that moderate exercise pre-
vented the mesangial expansion and reduced vacuolar
degenerative changes in the tubules of STZ-induced dia-
betic rats.20 Aerobic training was associated with less
mesangial volume expansion, and less glomerular base-
ment membrane thickening in a model of obesity-related
diabetes46 and in STZ-induced diabetic Sprague–Dawley
rats.40 Up to this time, there are no studies evaluating the
effect of exercise, especially the previous exercise, on the
regulation of ECM proteins, and the mechanisms by
which it promotes this probable protective action are still
unclear. However, it is reasonable to suppose that the likely
increase in NO production induced by exercise could be
involved in this process. Studer et al. showed that NO
inhibited TGF-b bioactivity and fibronectin synthesis, sup-
pressing the stimulation of mesangial cell and matrix pro-
tein synthesis in diabetic rats.47

Our data demonstrate that the increased expression of
matrix proteins in the Dþ Se group was followed by
increased expression of TGF-b1, whereas previous exercise
also reduced the expression of this cytokine in the DþPEx
group. Furthermore, the expressions of fibronectin and col-
lagen IV were positively correlated to the expression of
TGF-b1. Several studies have demonstrated the involve-
ment of hypertrophic and pro-sclerotic cytokine TGF-b1 in
the progression of diabetic nephropathy, especially mediat-
ing ECM accumulation and fibrosis development.8,10,13 The
starting stimulation of TGF-b1 in diabetic kidney is
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principally induced by hyperglycemia,10 glycation of pro-
teins,11 and increased angiotensin II.12 In 1994, Sharma and
Ziyadeh showed that an early hyperglycemic state stimu-
lated the production of fibronectin and collagen IV in the
kidney of STZ-induced diabetic mice. The authors
described that such effect seemed to be mediated by
TGF-b1, since the upregulation of this cytokine and its
respective receptor were followed by an upregulation of
fibronectin and collagen IV genes.13 However, no previous
study reported the effects of previous exercise training on
the structural and hypertrophic changes induced by DM.

In conclusion, our data show that regular exercise train-
ing of moderate intensity performed previously to induc-
tion of DM improved metabolic control and attenuated the
renal function and structure changes. Our study also shows
that previous exercise reduced the expression of collagen
IV, and this effect was associated with reduced expression
of TGF-b1. Taken together, these findings suggest that the
regular previous exercise training is effective in protecting
the kidney against the progression of diabetic nephropathy
in STZ-induced diabetic female rats.
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