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Abstract. Diabete mellitus (DM) is becoming a global health 
problem. Whilst many studies have previously focused on the 
therapeutic effects of exercise on diabetes, insufficient data 
exist on its effectiveness on disease prevention. The present 
study was designed to evaluate the effects of endurance 
exercises on kidney injury and on the expression of metal‑
loproteinases (MMPs), tissue inhibitors of metalloproteinases 
(TIMPs) and transforming growth factor (TGF)‑β1. Type 2 
diabetic rat model was created followng 8 weeks of feeding 
on high fat diet, followed by injection with streptozotocin 
(STZ; 30 mg/kg). A total of three different intensity endur‑
ance exercises, including low‑intensity exercise (8 m/min and 
0˚ slope), moderate‑intensity exercise (15 m/min and 5˚ slope) 
and high‑intensity exercise (20 m/min and 10˚ slope), were 
arranged during this process. Oral glucose tolerance (OGTT) 
and oral sucrose tolerance tests (OSTT) were performed in 
all rats 1 week after STZ injection. Serum interleukin‑6 and 
tumor necrosis factor‑α levels were measured using ELISA. 
After OGTT, all rats were sacrificed and kidney samples were 
removed for hematoxylin and eosin staining and western blot 
analyzes. Urea and ureatinine levels, representative of renal 
function, were estimated by using automatic biochemical 
analyzer. Rats in the DM group showed severe impaired 
glucose tolerance, which was alleviated in the moderate‑inten‑
sity exercise (ME) and the high‑intensity exercise  (HE) 
groups. Inflammatory cytokines were also significantly 
reduced rats in the ME group compared with those in the DM 
group. No difference in renal function, MMP‑9/TIMP‑1 and 
TGF‑β1 expression was observed. In addition, rats in the DM 
group exhibited glomerular enlargement with structural renal 
abnormalities, whilst those in the ME and HE groups showed 
improved symptoms. To conclude, no increased expression of 

inflammatory cytokines and renal fibrotic proteins could be 
observed in the present rat model of type‑2 DM, but evident 
structural abnormalities can be observed in the kidneys. 
Medium‑intensity endurance exercise can reduce serum 
inflammatory cytokine levels and prevent aberrant changes in 
renal structures.

Introduction

The global prevalence of diabetes has increased rapidly since 
the turn of the millennium (1). By 2025, the number of diabetic 
patients is predicted to reach 300 million in the world, with an 
increase rate of 200% in developing countries (1).

Diabetes mellitus (DM) is a metabolic disorder that is 
caused by high blood sugar levels as a result of either deficien‑
cies in insulin secretion (type I) or insulin resistance (type II 
DM, or T2DM) (2,3). Subsequently, utilization of glucose is 
hindered, which causes stress to multiple organs. Long term 
hyperglycemia can alter the metabolic and hemodynamic 
balance, in turn activating different inflammatory pathways 
and inducing injury to a number of organs, including blood 
vessels, heart, eyes, nerves and in particular the kidney (4).
Diabetic nephropathy (DN) is a major complication that is 
associated with T2DM and also serve as the leading cause of 
end‑stage renal disease (5). Renal microcirculation disorder 
and increased glycated protein levels can cause ischemia and 
stress damage to kidney tissues, which leads to glomerular 
injury (6).

DN is characterized by filtration barrier injury in the 
glomerulus, with features including glomerular mesangium 
expansion, increased glomerular basement membrane 
thickness and glomerulosclerosis, which is also known as 
glomerular atrophy (5). Transforming growth factor (TGF)‑β1 
had been reported to be an important factor for DN patho‑
genesis that participates in the progression from glomerular 
sclerosis to interstitial fibrosis (7).

In addition, hyperglycemia can enhance TGF‑β1 expres‑
sion, which stimulates the synthesis of extracellular matrix 
(ECM) proteins, including collagen, fibronectin and proteo‑
glycan, whilst suppressing ECM degradation (8).

During latter stages of the disease, hyperglycemia can lead to 
atrophy and fibrosis of the glomerulus and DN progression (5).

The pathophysiology of DN remain to be fully eluci‑
dated. However, previous studies showed that in addition to 
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hemodynamic and metabolic changes caused by hypergly‑
cemia, activation of inflammatory pathways may also be an 
important underlying cause of DN (5,9).

Chronic low‑grade inflammation can induce DN in patients 
with T2DM (10). In particular, IL‑6 was previously found to be 
a promising novel serum and urine marker for DN diagnosis 
and prognosis (11). Additonally, CD4+, CD8+ T cell infiltra‑
tion in the diabetic kidney has been demonstrated to increase 
the expression of IL‑6 and promote the development of DN 
in mice with streptozotocin (STZ)‑induced diabetes (12,13). 
Diet, medicine and exercise have traditionally been regarded 
to be the cornerstone of diabetes management (14). However, 
studies on the prevention and management of diabetes through 
exercise remain insufficient. Therefore, in the present study, 
rat T2DM models induced by high fat diet followed by injec‑
tion with STZ were established, to study the effects of exercise 
intervention on the prevention of diabetes.

Materials and methods

Ethics approval. The present study was approved by the Ethics 
Committee of Central China Normal University (Wuhan, 
China). In total, 50 specific pathogen‑free male Sprague‑Dawley 
rats (weight, 170‑230 g; age, 6 weeks) were purchased from 
The Hubei Experimental Animal Research Center [license 
no. SCXK(E) 2015‑0018, no. 42000600025097]. The animals 
were maintained on a 12‑h light/dark cycle, at the temperature 
of 20‑22˚C with the relative humidity of 40‑70% and allowed 
to eat and drink freely.

Animals and experimental design. After 1 week of adaptive 
feeding, rats were randomly divided into the following five 
groups (n=10 rats per group): i) Control group (NC); ii) the 
diabetes group (DM); iii)  the low‑intensity exercise group 
(LE); iv)  the moderate‑intensity exercise group (ME); and 
v) the high‑intensity exercise group (HE). One animal in the 
HE group died before the end of the experiment. At the same 
time of exercise intervention, rats in each group were fed 
with different diets. The NC group was fed with the national 
standard diet, whilst the DM, LE, ME and HE groups were 
all fed with high fat feed (64.5% basic feed, 18% sucrose, 
10% lard, 5% egg yolk powder, 2% cholesterol, 0.5% sodium 
bileate). After 8 weeks, rats were injected with STZ. A total 
of 1 week later, blood glucose was measured and the rats were 
euthanized.

Exercise regime. Rats in the NC and DM groups were allowed 
to move freely within their respective cages whereas those in 
the LE, ME and HE groups performed varying intensities of 
treadmill exercises during the feeding period with high fat 
diet. According to the preliminary experimental results of a 
pilot experiment and a previous study by Bedford et al (15), the 
exercise regimen designed for the present study was 8 m/min 
and 0˚ slope for the LE group, 15 m/min and 5˚ slope for the 
ME group and 20 m/min and 10˚ slope for the HE group. For 
1 h/per day and 5 days per week, all three groups of rats that 
underwent exercise were able to complete 1 h of daily running 
training for 8 weeks. High‑fat diet feeding were combined 
concomittantly with the three different intensity exercise 
regimens until the end of week 8.

Animal model establishment. T2DM rat model was estab‑
lished according to protocols decribed in a previous study (16). 
Briefly, rats in all 5 groups were fasted overnight without water 
for 12 h, whilst those in the NC group were given a single 
intraperitoneal injection of 0.1 mM citrate buffer according to 
the dose of 30 mg/kg STZ. Rats in the DM, LE, ME and HE 
groups, in addition to undergoing exercise training for 8 weeks, 
were given a single intraperitoneal injection of 30 mg/kg 2% 
streptozotocin (STZ) solution after 8 weeks of HFD feeding. A 
total of 1 week later, 50 µl blood collected from the tip of the 
rat's tail was used to measure blood glucose 1 week after STZ 
injection, where random blood glucose ≥16.7 mmol/l was used 
as the standard for T2MD modeling.

Oral Glucose tolerance test. Glucose solution was adminis‑
tered to all rats at a 50% concentration of glucose at a dose 
of 2 g/kg 1 week after STZ injection. A total of 200 µl blood 
were collected directly from each rat's tail and blood glucose 
measurements were performed using a blood glucose meter 
before gavage and then 30, 60 and 120 min after gavage, 
following which the blood glucose concentration was 
measured using a glucose meter (Sinacare). The trapezoidal 
method (17‑18) was used to calculate the glucose area under 
the curve (AUC) during the OGTT. The formula is as follows: 
AUCFBG=Fasting blood glucose (FBG) at 0 min) x1/4 + FBG 
at 0 min x½ + FBG at 60 min x3/4 + FBG (120 min) x1/2.

Measurement of serum biochemical indices. After anesthesia 
with 10% chloral hydrate (400 mg/kg), 5 ml blood was collected 
from the orbital sinus. The rats were then sacrificed by cervical 
dislocation. None of the rats showed any signs of peritonitis 
following administration of 10% chloral hydrate. Serum was 
separated by centrifugation at 2,000 x g for 10 min. ELISA 
was used to measure the protein levels in the serum. IL‑6 
(cat. no. EK0412) and TNF‑α (cat. no. EK0526) was measured 
using ELISA kits (Boster Biological Technology) according 
to the manufacturer's protocols.The level of glycosylated 
serum protein (GSP) was measured using the GSP assay kit 
(cat. no A037‑2, Nanjing Jiancheng Bioengineering Institute). 
Levels of blood urea nitrogen (BUN) and creatinine (Cr) were 
measured by an automatic biochemical analyzer (COBAS 701).

Western blot analysis. After euthanasia,the renal tissue was 
lysed using RIPA (Beyotime Institute of Biotechnology) on ice 
to extract the total protein. Protein concentration was deter‑
mined using the bicinchoninic acid protein assay kit. A total 
of 40 µg heat‑denatured protein samples were separated by 
10% SDS‑PAGE. Subsequently, proteins were transferred onto 
PVDF membranes, followed by blocking with 5% skimmed 
milk powder for 2 h at room temperature. The supernatant was 
collected as the total protein extract. The protein concentra‑
tion was estimated by the Bradford Protein Assay kit (Aidlab 
Biotechnologies), according to the manufacturer's instructions.
The membranes were then rinsed with TBS‑0.05% Tween‑20 
(TBST) and incubated with the following primary antibodiesat 
4˚C overnight: Mouse anti‑β‑actin antibody (cat. no. KM9001; 
Tiangen Sungene Biotech Co., Ltd.; 1:8,000), anti‑matrix 
metalloproteinase (MMP) 9 (cat. no. 10375‑2‑AP; ProteinTech 
Group, Inc.; 1:1,000); anti‑tissue inhibitors of metalloprotein‑
ases (TIMP)1 (cat. no. 10753‑1‑AP; ProteinTech group, Inc.; 
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1:1,000) and anti‑TGF‑β1 (cat. no. 21898‑1‑AP; ProteinTech 
Group, Inc.; 1:1,000). After washing with TBST three times, 
PVDF membranes were incubuated overnight at 4˚C with the 
goat anti‑rat secondary antibody (cat. no. ANT022; 1:10,000; 
Wuhan Antejie Biotechnology Co., Ltd.). After further 
washing with TBST, the membranes were submerged in 
BeyoECL Plus reagent (cat. no. P0018; Beyotime Institute of 
Biotechnology) and incubated for 1 min at room temperature. 
The membrane was wrapped in cling film and images were 
taken using a ChemiScope 3300 Mini gel imaging system 
(CLiNX; Scientific Instruments Co., Ltd.). The relative inten‑
sity of protein bands compared with those of β‑actin was 
quantified using the Quantity One software (version 4.6.2; 
Bio‑Rad Laboratories, Inc.).

Haematoxylin and eosin (H&E) staining for histopathology. 
HE staining were performed to evaluate the renal pathological 
changes, glomerular morphological changes and renal fibrosis 
in the rats kidneys. Kidney tissues from all the rats were fixed 
with 4% paraformaldehyde at 4˚C for 24 h and embedded in 
paraffin blocks before they were sectioned at ~3‑4 µm thick‑
ness. The sections were treated with xylene for 5‑10 min, 
immersed in a mixture of xylene and pure ethanol (1:1) for 
5 min and then in 100, 95, 85 and 75% ethanol, each for 
5 min. Samples were then stained in Harris hematoxylin for 
4 min at room temperature and rinsed in tap water for 2 min. 
Differentiation was conducted using 1% hydrochloric acid, 
followed by washing with tap water. Slides were then counter‑
stained with eosin for 2 min at room temperature. After eosin 
staining, the slices were dehydrated in 95 and 100% alcohol 
for 1 min at room temperature. The tissues were then stained 
with H&E and evaluated at x400 magnification under a light 
microscope (Olympus BX51).

Glomerular diameter measurements. In total, six images of 
the glomerulus containing the vascular/urinary poles were 
randomly taken for each H&E‑stained kidney tissue section. 
NDP.view  2.6.13 image analysis software (Hamamatsu 
Photonics KK), was used to directly measure the maximum 
diameter of each glomerulus and to subsequently calculate the 
average glomerular diameter (19).

Statistical analysis. SPSS 20.0 (IBM Corp.) was used for statis‑
tics analysis and the data were expressed as the mean ± SD. 

Data were analyzed using one‑way ANOVA with the Tukey's 
post hoc test. Mixed ANOVA followed by Bonferroni's test 
was used to measure differences in weight and fasting blood 
glucose (FBG) between groups at different time points. P<0.05 
was considered to indicate a statistically significant difference.

Results

Effects of exercise during DM modeling on the weight of rats. 
At the end of the 8th week, compared with those in the NC 
group, whilst rats in DM group showed significant body weight 
gain (P<0.05), no such increase was observed for rats in any of 
the three exercise groups. In addition, the weight of rats in the 
HE group was significantly lower compared with that in the 
LE and ME groups (P<0.05). Subsequently, 7 days after STZ 
injection, the weight of rats in HE group was lower compared 
with that in rats in the NC, DM, LE and ME groups (P<0.05). 
Compared with the weight of rats at the end of week 8, those in 
rats in the DM, LE and HE groups were significantly reduced 
1 week after STZ injection (P<0.05; Table I).

Exercise can alleviate insulin resistance in rats with DM. No 
statistical difference was observed in the FBG levels among the 
groups after week 8. FBG levels remained unchanged 1 week 
after STZ injection in rats in the NC group but were increased 
significantly in those in the DM, LE, ME and HE groups 
(P<0.05) compared with week 8. By contrast, FBG levels in rats 
in the ME and HE groups were significantly lower compared 
with those in the DM group (P<0.05). Additionally, GSP levels 
were measured 1 week after STZ injection. Compared with 
those in the NC, GSP levels were significantly increased in 
DM group (P<0.05). GSP levels were significantly decreased 
in ME group compared with those in the DM group (P<0.05; 
Table II). However, there was no significant difference between 
other exercise groups and the DM group in terms of GSP.

The AUCFBG of the rats in DM group was significantly 
greater compared with that in the NC group (P<0.05), but 
there was no significant difference between that in DM and 
LE groups (Table III). AUCFBG in the ME and HE groups are 
almost identical, but both are significantly lower compared 
with those in the DM group (P<0.05; Fig. 1; Table III).

Effect of exercise on serum inflammatory cytokine levels in 
each group. There were no significant differences between 

Table I. Changes in body weight of rats in the different groups at different stages.

Groups	 N	 Initial (g) 	 End of week 8 (g)	 Day 7 after streptozotocin injection (g)

NC	 10	 214.80±9.17	 496.56±36.01	 501.07±38.24
DM	 10	 211.50±12.88	 549.86±15.08b	 499.80±47.99a

LE	 10	 207.50±11.40	 520.23±43.36	 482.89±30.75a

ME	 10	 212.00±13.28	 524.30±65.97	 511.53±86.00
HE	 9	 202.4±30.52	 465.22±25.93c‑e	 432.00±19.32a‑e

Data are presented as the mean ± SD. aP<0.05 vs. end of the week 8; bP<0.05 vs. NC group; cP<0.05 vs. DM group; dP<0.05 vs. LE group; and 
eP<0.05 vs. ME group. NC, control group; DM, diabetes mellitus model group; LE, low intensity exercise intervention group; ME, moderate 
intensity exercise intervention group; HE, high intensity exercise intervention group.
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NC and DM in terms of both IL‑6 and TNF‑α. Compared 
with those in rats in the LE group, serum TNF‑α levels were 
significantly lower in the ME and HE groups (P<0.05). Serum 
IL‑6 levels were significantly lower in the LE and ME groups 
compared with those in the DM group (P<0.05; Table IV). 
Although the difference of IL‑6 between DM and HE groups 
appeared to be large, there was no statistical difference.

Effects of exercise on renal function. Serum concentrations of 
urea and creatinine were subsequently measured 1 week after 
STZ injection, where no significant differences were observed 
among the five groups tested (Table V).

Effects of exercise on the expression MMP‑9/TIMP‑1 and 
TGF‑β1 in the kidney. The expression levels MMP‑9, TIMP‑1 and 
TGF‑β1 in renal tissue were next measured by western blotting 
1 week after STZ injection. There were no statistically signifi‑
cant differences in the expression levels of MMP‑9, TIMP‑1 and 
TGF‑β1 in tissues among the five groups tested (Fig. 2).

Effects of exercise on the kidney morphological structure and 
glomerular diameter. Compared with that in the NC group, 
glomerular diameter exhibited a significant increase in DM 
and LE groups (P<0.05). Compared with that in the DM group, 

glomerular diameter was significantly reduced in the ME and 
HE groups (P<0.05) (Table VI).

No notable pathological changes were observed in the 
kidney slices obtained from rats in the NC group by H&E 
staining. In the tissues from the DM group, histological 
analysis revealed unclear glomerular structures, glomerular 
hypertrophy, increased basal membrane thickness and mesan‑
gial region width, in addition to increased glomerular cell 
number. In the kidney tissues of rats in the LE group, glomer‑
ular hypertrophy was also observed, along with increased 
glomerular cell number and slight increases in the mesangial 
region width. The renal tubular and glomerular damage in the 
ME and HE groups were notably reduced, where the number of 
glomerular cells were also reduced without evident glomerular 
hypertrophy (Fig. 3).

Discussion

In the present study, T2DM rat model was established by 
adopting high fat diet in combination with STZ injection, 

Table II. Fasting blood glucose and glycosylated serum protein levels.

	 Fasting blood glucose (mmol/l)
	------------------------------------------------------------------------------------------------------------------------------------------
Group	 Week 1 	 Week 8	 1 week after streptozotocin injection	 Glycated serum protein (mmol/l)

NC	 4.91±0.56	 4.38±0.64	 4.87±0.50	 1.59±0.21
DM	 4.88±0.57	 4.65±0.57	 16.11±5.10a,b	 2.92±0.85b

LE	 4.69±0.51	 4.29±0.68	 15.26±4.63a,b	 2.48±0.42
ME	 4.79±0.59	 4.57±0.55	 9.09±3.40a‑d	 2.19±0.52c

HE	 4.72±0.65	 4.64±0.95	 9.00±3.88a‑d	 2.53±0.77

Data are presented as the mean ± SD. aP<0.05 vs. Week 8; bP<0.05 vs. NC; cP<0.05 vs. DM; dP<0.05 vs. LE. NC, control group; DM, diabetes 
mellitus model group; LE, low intensity exercise intervention group; ME, moderate intensity exercise intervention group; HE, high intensity 
exercise intervention group.

Table III. AUCFBG on day 7 after injection of streptozotocin.

Group	 N	 AUCFBG

NC	 10	 13.73±0.95
DM	 10	 47.18±10.20a

LE	 10	 41.02±10.26
ME	 10	 30.51±10.65b

HE	 9	 30.52±13.68b

Data are presented as the mean ± SD. aP<0.05 vs. NC; bP<0.05 vs. 
DM. NC, control group; DM, diabetes mellitus model group; LE, low 
intensity exercise intervention group; ME, moderate intensity 
exercise intervention group; HE, high intensity exercise interven‑
tion group; OGTT, oral glucose tolerance test; FBG, fasting blood 
glucose; AUC, area under the curve.

Figure 1. Serum glucose levels in oral glucose tolerance test in each group 
of rats. After feeding with glucose in rats orally, blood glucose levels were 
measured at 0, 30, 60, 90 and 120 min and were under the oral glucose 
tolerance test blood glucose curve. Data are presented as the mean ± SD. 
aP<0.05 vs. NC, bP<0.05 vs. DM, cP<0.05 vs. LE. NC, control group; DM, 
diabetes mellitus model group; LE, low intensity exercise intervention group; 
ME, moderate intensity exercise intervention group; HE, high intensity exer‑
cise intervention group.
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which exhibits similar pathophysiology to that of T2DM 
caused by obesity in humans (20).

This method confers many advantages, including short 
experiment duration, ease of establishment, low cost and rela‑
tive reliability, rendering it to be one of the most commonly 
applied methods for modeling T2DM  (21,22). Using this 
method, insulin resistance was induced in animals by feeding 
them with high fat diet, followed by injection with low doses of 
STZ, which enters the β cells in the pancreas via the GLUT2 
transporters (23).

In the β cells, STZ is hydrolyzed into glucose and 
methyl nitrosourea, with the latter causing DNA break and 
cytotoxicity (24,25).

Subsequent β cell damage leads to the failure of insulin 
synthesis and release by the pancreas, which in return causes 
increases in blood sugar levels. The characteristics of this 
model were insulin resistance but normal plasma insulin 
levels, middle to high level blood sugar levels and high blood 
lipid levels (21,22).

The precise pathogenesis of DN remain unclear. However, 
it has been reported that hyperglycemia promotes renal inflam‑
mation, oxidative stress and renal fibrosis, all of which serve 
important roles in the development of this condition (26,27).

Although no difference in the FBG levels was observed 
among the all groups at 8 weeks, FBG levels were significantly 
lower in the ME and HE groups compared with those in the 
LE and DM groups 1 week after STZ injection. This suggests 
that moderate to high‑intensity endurance exercise helps to 
suppress the elevation of blood sugar levels induced by DM. 
This observation was also in line with glycosylated serum 
protein levels which was measured in the present study. GSP 
level is a good indicator to reflect the average level of blood 
glucose in the prior 1‑2 weeks (28). In the present experiment, 
due to STZ injection in the last week, in order to better eval‑
uate the change of blood glucose, GSP was used for auxiliary 
evaluation.

Patients with impaired glucose tolerance patient frequently 
exhibit periphery insulin resistance, impaired glucose metabo‑
lism in the muscle and adipose tissues, coupled with deficiency 
in insulin secretion (29,30).

In the present study, it was demonstrated that exercise 
intervention during the model construction phase can reduce 

the severity of impaired glucose tolerance. The AUCFBG values 
in theME and HE groups were significantly lower compared 
with those in the DM group. Furthermore, compared with that 
in the LE group, the lower AUCFBG values in the ME and HE 
groups indicates that middle and high intensity endurance 
exercises are more efficient at improving glucose metabolism 
by peripheral tissues. Therefore, moderate‑intensity exercise 
during the pre‑diabetes period can potentially prevent impair‑
ments in sugar metabolism.

T2DM is a chronic inflammatory condition caused by 
adipose cell dysfunction induced by obesity (31). Adipose cells 
can produce excessive amounts of inflammatory cytokines, 
including TNF‑α and IL‑6 (32). This chronic inflammatory 
state further promotes insulin resistance (33,34). Patients with 
DN typically display significantly elevated serum and urine 
levels of inflammatory cytokines, which has been previously 
demonstrated to correlate with the progression of DN (35,36). 
Belotto et al (37) reported that 3 weeks of exercise can reduce 
the level of serum TNF‑α, IL‑6 in rats with DM, where 
middle‑intensity exercise exerted notable anti‑inflammatory 
effects in rats with DM rats. In the present study, all three exer‑
cise regimens were demonstrated to reduce TNF‑α and IL‑6 
cytokine levels in the serum by different degrees (compared to 
that in the DM group, TNF‑α in the ME and HE groups was 
decreased and IL‑6 in the LE and ME groups was decreased), 
with effects mediated by moderate‑intensity exercise being 
superior compared with those by low and high‑intensity 
exercises. This finding was consistent with that reported by 
Belotto et al (37).

The mechanism of DN pathogenesis include hemody‑
namic changes in the kidney induced by hyperglycemia, 
non‑enzymatic protein glycosylation, and the aberrant sorbitol 
metabolism of cellular glucose (38).

All of those aforementioned can result in the elevation and 
activation of IL‑6, and TNF‑α  causing lesions in the kidney 
tubules and increases in extracellular matrix deposition in the 
glomerular mesangial matrix (39). Fakhruddin S, Alanazi W 
and Jackson KE: Diabetes‑induced reactive oxygen species: 
Mechanism of their generation and role in renal injury. Journal 
of diabetes research 2017: 2017. Diabetic damage to the kidney 
is progressive, with its early histological manifestation charac‑
terized by glomerular hypertrophy, followed by the increases 
in GBM thickness, excessive accumulation of collagen 

Table IV. Serum inflammatory factor content in each group.

Group	 N	 TNF‑α (pg/ml)	 IL‑6 (pg/ml)

NC	 10	 8.88±4.22	 74.66±41.06
DM	 10	 9.00±4.35	 88.37±48.63
LE	 10	 11.71±5.80	 30.79±18.56a

ME	 10	 5.14±3.72a,b	 31.64±19.73a

HE	 9	 2.85±1.22a,b	 51.77±29.80

Data are presented as the mean ± SD. aP<0.05 vs. DM; bP<0.05 vs. 
LE. NC, control group; DM, diabetes mellitus model group; LE, 
low intensity exercise intervention group; ME, moderate intensity 
exercise intervention group; HE, high intensity exercise intervention 
group; TNF, tumor necrosis factor; IL, interleukin.

Table V. Concentration of serum urea and creatinine.

Group	 N	 Urea (mmol/l)	 Creatinine (µmol/l)

NC	 10	 1.13±0.15	 6.00±1.25
DM	 10	 1.09±0.14	 5.80±0.63
LE	 10	 1.24±0.24	 5.44±0.88
ME	 10	 1.00±0.23	 6.30±1.49
HE	 9	 1.16±0.22	 5.56±0.88

Data are presented as the mean ± SD. NC, control group; DM, diabetes 
mellitus model group; LE, low intensity exercise intervention group; 
ME, moderate intensity exercise intervention group; HE, high inten‑
sity exercise intervention group.
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type IV, sedimentation of mesangial matrix and increases in 
the excretion ratio of urinary proteins, which finally results in 
glomerulosclerosis and renal failure (39,40).

TGF‑β1 can stimulate the expression of monocyte chemoat‑
tractant protein‑1 in mesangial cells (35), which is known to 
be an important mediator in ECM and collagen deposition 
and fibrosis formation during DN (41). Kuusniemi et al (41) 
hypothesized that renal tubular epithelial cells can directly 
promote fibrosis by ECM protein generation. The accumula‑
tion of ECM proteins was found to be the result of increases in 
synthesis, reductions in degradation or the combination of both. 
Under physiological conditions, synthesis and degradation 

of the ECM is maintained in a dynamic balance (42). MMPs 
and TIMPs are the main mediators of ECM degradation (43). 
In particular, MMP‑9 is an important member of the MMPs 
family that is able to degrade multiple types of ECM 
proteins, such as type IV collagen and endothelial junctional 
protein (44,45).

Type  IV collagen mainly exists in the kidney basal 
membrane, where its catabolism is generally slow unless 
specific degradative enzymes are activated  (46). The 
combination of MMP‑9 and TIMP‑1 activities can keep 
the degradation and resynthesis of type  IV collagen in 
balance (44). In the present study, the expression levels of 
MMP‑9 and TIMP‑1 in the kidney did not vary among the five 
experimental groups, suggesting that during the early stages 
of T2DM, ECM synthesis and degradation in the rat kidney 
tissue was still maintained in a dynamic balance, where this 
balance between MMP‑9 and TIMP‑1 was not disturbed. This 
was also supported by the comparable expression levels of 
kidney TGF‑β1 expression among these groups. Therefore, it 
is reasonable to suggest that at the onset of diabetes, over‑
expression of MMP‑9 and TGF‑β1 may not be evident even 
though sugar levelswere disturbed.

In the present study, evident pathological changes were 
observed in the kidneys of rats in the DM group, which were 
prevented by endurance exercises. In addition, the present 
study also measured the glomerular diameter to evaluate the 
degree of glomerular hypertrophy. There was an increase in 
glomerular diameter and glomerular hypertrophy during the 
early stages of T2DM, which could be prevented by endurance 
exercise of moderate and high intensities.

Figure 2. Expression of MMP‑9/TIMP‑1 protein in the kidney tissues from rats in each group. (A) Representative western blotting images of the expression 
of MMP‑9, TIMP‑1 and TGF‑β1. Quantification of (B) MMP‑9, (C) TIMP‑1 and (D) TGF‑β1. Data represent the mean ± SD (n=10). NC, control group; 
DM, diabetes mellitus model group; LE, low intensity exercise intervention group; ME, moderate intensity exercise intervention group; HE, high intensity 
exercise intervention group; MMP, matrix metalloproteinase; TIMP, tissue inhibitors of metalloproteinase; TGF, transforming growth factor.

Table VI. Glomerular diameter measurements.

Group	 N	 Diameter (µm)

NC	 10	 138.22±5.23
DM	 10	 155.43±4.20a

LE	 10	 157.67±3.69a

ME	 10	 137.75±2.23b

HE	 9	 135.22±3.63b

Data are presented as the mean ± SD. aP<0.05 vs. NC; bP<0.05 vs. 
DM. NC, control group; DM, diabetes mellitus model group; LE, 
low intensity exercise intervention group; ME, moderate intensity 
exercise intervention group; HE, high intensity exercise intervention 
group.
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Eddy (47) previously divided the pathological process of 
renal tubulointerstitial fibrosis into four stages. The first of 
which is cell activation and damage stage, where the peri‑
tubular capillary endothelium can promote the migration of 
monocytes to the renal interstitium where they would mature 
to become macrophages. At this stage, myofibroblasts and 
activated fibroblasts would start filling the interstitium., where 
soluble products, including fibronectin and alarmins, released 
from these cells would cause persistent inflammation (47). 
The levels of inflammatory cytokines TNF‑α and IL‑6 were 
not found to be altered in the DM group compared to that 
in the NC group in the present study. This suggests that the 
renal fibrosis process did not begin one week after the end of 
modeling.

The second stage of fibrosis is known as the fibrotic 
signaling stage (47). At this stage, a variety of growth factors 
and cytokines are involved, where factors, such as TGF‑β 
serve a pivotal role. Excessive secretion of TGF‑β1 has been 
widely reported to be one of the major molecular events of 
fibrotic diseases (27). Other factors, including blood TNFs 
and ILs, may also be involved (26). In the third stage, matrix 
protein synthesis is increased where matrix transformation 
becomes impaired, in manner that is caused by increases in 
the expression of factors such as TIMPs. In the present study, 
expression levels of neither TGF‑β1 nor MMPs in DM group 
exhibited significant difference among the five groups. The 
fourth stage is known as the kidney damage stage (47), which 
constitutes as the ultimate consequence of excessive matrix 
accumulation.

All of the effects aforementioned suggest further that 
renal tubule interstitial fibrosis may not occur during the 
early stages of diabetes. Although rats in the DM groups 
showed no differences in the inflammatory cytokine levels, 
endurance exercises of varying intensities reduced the 
inflammatory cytokine levels in the body to various degrees. 
Although a number of studies previously found that exercise 
can reduce inflammatory cytokine levels (48,49), few have 
reported the effects of exercise intervention during the 

process of T2DM induction. The results of the present study 
suggest that exercise may inhibit renal fibrosis by reducing 
the inflammation level in the body, thereby protecting the 
renal structure from further damage. However, a limitation 
of the present study was that all experiments were terminated 
1 week after STZ injection, at which time the rats could still 
be at the early stages of T2DM, such that the extent of kidney 
damage may not have been significant, since most indicators 
did not show differences.

In conclusion, at the onset of T2DM, whilst the levels of 
inflammatory cytokines were not significantly increased, 
disrupted renal structures and the compensatory glomerulus 
hypertrophy were observed. Exercise intervention could 
reduce the inflammation levels and inhibit renal fibrosis by 
improving glucose metabolism, which served to preserve renal 
structure and function.
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