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Abstract
Background: Renal interstitial fibrosis is the pathophysiological basis of type 2 diabetes mellitus (T2DM). Exercise 
appears to improve kidney interstitial fibrosis in T2DM, in which silent information regulator factor 2-related enzyme 
1 (Sirt1) is a critical regulator. However, the role of Sirt1 in mediating exercise on renal tissue as well as its mechanism 
remains unknown.

Methods: T2DM mouse models were created using a high-fat diet mixed with streptozotocin, followed by 8 weeks 
of treadmill exercise and niacinamide (Sirt1 inhibitor) intervention. Kits for detecting biochemical indices of renal 
function were used. The pathological appearance and severity of renal tissue were examined using hematoxylin and 
eosin, Masson and immunohistochemical staining. The mRNA and protein expression of relevant signaling pathway 
factors were determined to use real-time reverse transcriptase-polymerase chain reaction and western blotting.

Results: T2DM can promote renal interstitial fibrosis, increase kidney index, serum creatinine, blood urea nitrogen 
and 24 h urinary total protein and cause pathological changes in renal tissue and affect renal function. After 8 weeks 
of exercise intervention, the biochemical indicators in the kidney of T2DM mice were decreased, Sirt1 expression 
was increased, the expression of TGF-β1, Smad3, collagen type I (COL1) and collagen type III (COL3) were decreased, 
and the renal interstitial fibrosis, renal tissue structural lesions and renal function were improved. However, after the 
nicotinamide intervention, renal interstitial fibrosis of T2DM mice was aggravated, and the improvement effect of 
exercise on renal interstitial fibrosis of T2DM mice was abolished.

Conclusion: The upregulation of Sirt1 expression by exercise can inhibit the transforming growth factor β1/Smad3 
pathway, thereby inhibiting the expression and deposition of COL1 and COL3 in renal interstitium, thereby improving 
renal interstitial fibrosis in T2DM.
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Introduction
Type 2 diabetes mellitus (T2DM) is a chronic disorder 
of metabolism, which is often accompanied by 
hyperglycemia, insulin resistance and other symptoms. 
Renal interstitial fibrosis, characterized by the 
pathological changes where normal renal tubules and 
renal interstitial structures are replaced by a large 
amount of deposited extracellular matrix (ECM), is both 
the typical symptom presented at the terminal stage 
of T2DM and nephropathy, and the main cause of the 
patient’s pathological progression to death. Meanwhile, 
its fibrosis degree affects renal function (1, 2).

Silent information regulator factor 2-related enzyme 1 
(Sirt1), as a key factor in regulating energy metabolism, 
exerts a nephroprotective effect by mediating renal 
anti-fibrosis and inflammatory response through the 
protein effect of nicotinamide adenine dinucleotide+ 
(NAD+) coenzyme (3, 4). Some studies found that 
the downregulation of Sirt1 expression in T2DM 
kidney led to renal interstitial fibrosis, accompanied 
by tubular atrophy or expansion, degeneration and 
interstitial connective tissue hyperplasia, capillary loss, 
inflammation, and other pathological manifestations, 
causing impaired renal function (5, 6). Simic et  al. (7) 
have also confirmed that the diminished expression of 
Sirt1 would contribute to the higher occurrence of renal 
interstitial fibrosis in T2DM. That is related to the fact 
that the downregulation of Sirt1 expression can activate 
the transforming growth factor β1 (TGF-β1); TGF-β1 
binds its transmembrane type II receptor and leads to 
phosphorylation of type I receptors (p-I receptors) (8). 
Next, p-I receptors can stimulate the SSXS motif at the 
C-terminus of R-Smads and start the p3TP-Lux promoter 
reporter and phosphorylate downstream Smad3, 
and translocate into the nucleus, which promotes the 
transformation of renal tubular epithelial cells into 
mesenchymal cells and the activation of collagen type I 
(COL1) and collagen type III (COL3)α1/α2 promoters, as 
well as their massive expression and deposition in the 
renal tubulointerstitium, causing excessive accumulation 
of ECM in the renal interstitium and resulting in fibrosis 
(9, 10, 11).

Exercise is an important means to improve renal 
interstitial fibrosis in T2DM (12). The study showed that 
treadmill exercise could upregulate Sirt1 expression 
in T2DM kidneys (13). The 8-week treadmill exercise 
improved T2DM renal interstitial fibrosis by inhibiting 
the TGF-β1/Smad3 pathway and the protein expression 
of COL1 and COL3 (6, 14). Although studies showed that 
the Sirt1-mediated TGF-β1/Smad3 pathway regulates the 
occurrence and development of renal interstitial fibrosis 
in T2DM (9, 11), and treadmill exercise could upregulate 
Sirt1 and inhibit the TGF-β1/Smad3 pathway in kidney 
tissue of T2DM mice (5, 6), there are few studies published 
on its mechanism.

In this case, the present study should conduct a 
preliminary exploration in such a field by modeling 

T2DM mice with high-fat diets and a streptozotocin 
(STZ) injection. Then, the mice were subjected to the 
8-week downhill running exercise and Sirt1 inhibitor 
intervention. After that, the changes of renal interstitial 
fibrosis among T2DM mice and the action mechanism 
of the Sirt1-mediated TGF-β1/Smad3 pathway in 
improvement of renal interstitial fibrosis associated with 
exercise were analyzed at multiple levels, such as renal 
tissue structure, degree of renal tissue fibrosis and gene 
expression using hematoxylin and eosin (HE) staining, 
Masson staining, reverse transcription polymerase 
chain reaction, western blotting, immunohistochemistry 
and other technologies and methods.

Materials and methods

Laboratory animals
Fifty-five 4-week-old male C57BL/6 mice with an initial 
body weight of 16.42 ± 0.63 g were purchased from the 
Laboratory Animal Center of Yangzhou University (SCXK 
(Jiangsu) 2017-0007). Mice were maintained in a room 
with a temperature of 25 ± 3°C, a relative humidity of 
60 ± 10%, and a 1:1 circadian ratio. All animal experiments 
were approved by the Institutional Animal Care and Use 
Committee of Yangzhou University. The code is No. YZU-
TYXY-31. After 1 week of adaptive feeding, the mice were 
randomly divided into normal group (ZC, n = 12) and 
T2DM model group (n = 43). Then T2DM mice were treated 
with nicotinamide and downhill running for 8 weeks. In 
this study, 40 T2DM mice were successfully cultivated 
and the rate of model development was 93.02%, and they 
were randomly divided into four groups: T2DM control 
group (TC, ten mice), T2DM + Sirt1 inhibitor group (TY, 
ten mice), T2DM exercise group (TP, ten mice) and T2DM 
exercise + Sirt1 inhibitor group (TH, ten mice).

Animal model
To establish T2DM mice model, mice were adaptively fed 
with a normal chow diet for 1 week and then fed with a 
high-fat diet (15). After 8 weeks of high-fat diet feeding, 
the mice were intraperitoneally injected with a single 
dose of STZ, 110 mg/kg (572201, Sigma-Aldrich) (16), and 
non-model mice were injected with the same dose of 
sodium citrate buffer. The fasting blood glucose (FBG) 
of mice was measured on the third day after injection, 
and if it was higher than 16.7 mmol/L, the model was 
successfully established (12).

Inhibitor injection protocol
The mice in the TY and TH groups were intraperitoneally 
injected with nicotinamide (Sirt1 inhibitor) (S1899, 
Selleck Chemicals, Houston, TX, USA). The dose was 500 
mg/kg one day apart for 8 weeks (17). Then, the mice in 
the TC and TP groups were intraperitoneally injected 
with the same dose of 0.9% saline (18, 19).
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Exercise training protocol
The mice were trained at a −9° tilt angle for 8 weeks (6 
days/week). In the first week of adaptive training, the 
training time was gradually raised from 30 to 50 min, and 
the training time was increased by 10 min every 2 days, 
and the training speed was 0.8 km/h. Then, the formal 
treadmill training was conducted from the second to 
eighth weeks, and the training speed was 0.8 km/h for 50 
min per day, 6 days a week.

Measurements of body weight, fasting blood 
glucose and insulin levels
Body weight and blood glucose were measured from 
week 1 and monitored weekly thereafter until the end 
of the experimental period. FBG levels were determined 
using fresh blood samples collected from the tail vein of 
mice using an Abbott Medisense Optium glucose meter 
(Optium Xceed, Abbott Diabetes Care Ltd, Shanghai, 
China). Fasting serum insulin levels were measured 
using the Mouse Insulin Assay kit (SEKM-0141, Beijing 
Solarbio Science & Technology Co., Ltd., Beijing, China) 
according to the manufacturer’'s instructions (20).

Oral glucose tolerance test and HOMA-IR
After fasting for 12 h, the mice were gavaged with 
glucose (2 mg/g), glucose concentrations were measured 
before administration and 15, 30, 60 and 120 min after 
glucose treatment (21). The area under the curve (AUC) 
value of blood glucose was calculated using GraphPad 
Prism software. Insulin resistance was calculated using 
the following formula: HOMA-IR = fasting insulin (mIU/L) 
× FBG (mmol/L) / 22.5 (22).

Biochemical analysis
After the 8-week exercise, the weight of mice in each 
group was measured by an electronic scale. The bilateral 
kidneys of the mice in each group were removed and the 
outer envelope and adipose tissue around the kidneys 
were cleared. The weight of the bilateral kidneys of each 
mouse was recorded, and the kidney index (KI) = kidney 
weight (mg)/body weight (kg) was calculated. The 
content of urinary total protein (UTP) was detected 
according to the standard procedure of pyrogallol red 
molybdenum method, and the 24 h UTP was calculated 
using the formula (UTP × 24 h urine volume = 24 h 
UTP) (23). Serum creatinine (SCr) was measured using 
the standard procedures of oxidase test, and blood 
urea nitrogen (BUN) was measured carefully using the 
diacetyl monoxime method (24).

Histopathological staining
Renal tissues fixed in 4% PFA at 4°C were dehydrated, 
permeabilized and embedded in paraffin to obtain 4 μm  

kidney tissue sections. Hematoxylin–eosin staining 
(G1120, Beijing Solarbio Science & Technology Co., Ltd.) 
was used to observe the structure and morphology of 
renal tissue, and Masson trichrome staining (G1346, 
Beijing Solarbio Science & Technology Co., Ltd.) was 
used to examine the renal interstitial fibrosis changes. 
The staining results were observed using a fluorescence 
(IX73, Olympus) inverted microscope (25).

Immunohistochemical staining
The expression of COL1 (1:100, PA1-26204, ThermoFisher 
Scientific) protein in renal interstitium was detected 
according to the standard steps of immunohistochemical 
staining of renal tissue sections (26), and the positive 
areas on the 4 μm paraffin-embedded sections of kidney 
tissue were quantitatively detected by an Olympus 
fluorescence inverted microscope and ImageJ software.

RT-qPCR analysis
Total RNA was extracted from 100 mg of the right kidney 
using the TRIzol method after grinding. The concentration 
and purity of RNA were detected, and the extracted RNA 
was reverse transcribed into cDNA by Takara reverse 
transcription kit (RR037A, Takara Bio). Then, the mRNA 
expression was quantitatively detected using the Takara 
quantitative kit (RR014A, Takara Bio). Moreover, we 
selected β-actin as the endogenous control, and used the 
2–△△Ct method to calculate the relative gene expression 
compared with the reference gene was calculated using 
the 2−△△Ct method. Primer sequences of the related 
genes were designed and analyzed using Primer premier 
software (Table 1) and synthesized by Shanghai Sangon 
Bioengineering Co., Ltd. (Shanghai, China).

Western blotting analysis
To obtain the total protein, mouse kidney tissues 
were lysed and ground in lysate. The supernatant 
was centrifuged and the protein concentration was 

Table 1 Primer sequences of related factors.

Gene Primer Sequence

Sirt1 Forward 5′-CTACGGAACTCAGCGAAGG-3′
Reverse 5′-GTAACTTCTGGAACACCAACTC-3′

TGF-β1 Forward 5′-TGCGCTTGCAGAGATTAAAA-3′
Reverse 5′-AGCCCTGTATTCCGTCTCCGT-3′

Smad3 Forward 5′-CATTCCATTCCCGAGAACACTAA-3′
Reverse 5′-GCTGTGGTTCATCTGGTGGT-3′

COL1 Forward 5′-CACGTTTGGCTCAGAGTGAG-3′
Reverse 5′-CAAGGTCAAGAGTTGTGTGC-3′

COL3 Forward 5′-CATTATGGTAGCGCAAATTCG-3′
Reverse 5′-CGGGCCTACCTTAGAGTTGGG-3′

β-actin Forward 5′-ACCCAGAAGACTGTGGATGG-3′
Reverse 5′-TTCAGCTCAGGGATGACCTT-3′
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determined using the BCA assay. The total protein 
was then separated, transferred and blocked using gel 
electrophoresis. The membranes were subsequently 
treated with primary antibodies overnight at 4°C. 
After washing, the membranes were treated with the 
appropriate secondary antibody. Following another 
round of washing, electrochemiluminescence solution 
was added drop by drop to develop the images. The 
pictures were developed using the ODYSSEY far-infrared 
dual-color fluorescence imaging system, and the 
relevant data were analyzed using Image software. The 
antibodies used are listed in Table  2.

Statistical analysis
In this study, SPSS® 22.0 software was used to analyze 
the relevant data and show the mean ± s.d. Independent 
sample t-test and two-way analysis of variance were 
used to compare the differences between groups. P < 0.05 
was regarded as a significant difference, and if P < 0.01, it 
means the difference was quite significant.

Results

Exercise improves body weight, 
hyperglycemia and insulin resistance in 
T2DM mice
Body weight and FBG levels were significantly higher in 
mice with T2DM induced by a high-fat diet and STZ than in 
normal control mice (Fig. 1A and B). Blood glucose levels 
in all mice began to rise after the oral administration 
of glucose, peaked within 15 min, and then gradually 
returned to initial levels (Fig. 1D), and the oral glucose 
tolerance test AUC results showed a significant decrease 
in glucose tolerance in normal control mice (Fig. 1E). 
The level of insulin in the T2DM group was significantly 
lower than that in the normal control group (Fig. 1C), 
while the level of insulin resistance was significantly 
higher (Fig. 1F). The findings demonstrated that insulin 
resistance and overt hyperglycemia were prevalent in 
T2DM mice. However, the T2DM symptoms deteriorated 
after nicotinamide injection intervention. Compared 
with the TC group, the body weight, FBG level and insulin 
resistance level of the TY group were increased, and the 
insulin level was decreased. High fat, hyperglycemia, 

and insulin resistance are pathological symptoms of 
T2DM, which can be greatly alleviated by an 8-week 
exercise intervention. The body weight, FBG level and 
insulin resistance of the TP group were lower than those 
of the TC group, and the insulin level was higher than 
that of the TC group. Compared with the TY group, the 
body weight, FBG level and insulin resistance level of the 
TH group rats were decreased, and the insulin level was 
increased. However, niacinamide, as a blocking drug 
targeting Sirt1, may counteract the beneficial effects 
of exercise after injection. Body weight, FBG level and 
insulin resistance were increased in the TH group, while 
the insulin level was decreased in the TP group (Fig. 1A, 
B, C and F).

Exercise improves the morphological and 
functional damage of renal tissue in T2DM 
but alleviated by nicotinamide intervention
The morphology of renal tissue revealed by HE staining 
was used to assess the changes in renal structure in 
T2DM, in addition to the effects of nicotinamide and 
exercise intervention. In the TC group, the renal pelvis 
was dilated, the renal parenchyma was narrowed, the 
number of renal tubules was reduced, the boundary 
was unclear as opposed to the ZC group. Moreover, the 
interstitium’s connective tissues multiplied, the glomeruli 
were crowded and dilated and some renal tubular 
epithelial cells were vacuolated, necrotic, atrophic, 
and exfoliated. In T2DM, nicotinamide treatment 
worsens renal interstitial fibrosis. The degenerative 
abnormalities in the kidney were more severe in the TY 
group than those in the TC group. Conversely, exercise 
can ameliorate the renal impairment associated with 
type 2 diabetes. The TP group had less renal pathology 
than the TC group, and the inflammatory lesions of the 
renal tubules, interstitium and perivascular were milder, 
as was the glomerular congestion. In contrast to the TY 
group, the renal inflammatory lesions were made better 
in the TH group, as well as the glomerular congestion. 
Nevertheless, niacinamide intervention diminished 
the positive effects of exercise. Compared with the TP  
group, the expression of KI, SCr, BUN and 24 h UTP was 
declined in the TH group (Fig. 2A).

Then, we examined biochemical markers in kidney 
tissue and discovered that KI, SCr, BUN and 24 h UTP 
in the TC group were considerably higher than those 
in the ZC group. Furthermore, niacinamide treatment 
may reduce Sirt1 expression, which substantially 
compromises renal function in T2DM. KI, SCr, BUN and 
24 h UTP in the TY group were considerably greater than 
those in the TC group. The findings were consistent with 
those of the TP group when compared to the TH group. 
Exercise can improve renal tissue function in T2DM mice. 
Nevertheless, there was a decrease in the expression of 
KI, SCr, BUN and 24 h UTP in the TC group compared with 
the TP group. As the TY group was compared to the TH 
group, the results were consistent (Fig. 2B, C, D and E).

Table 2 Antibodies used for western blot analysis.

Antibody Catalog number Company Dilution ratio

Sirt1 mAb#8469 CST 1:1000
TGF-β1 mAb#70667 CST 1:1000
p-Smad3 mAb#9520 CST 1:1000
COL1 mAb#72026 CST 1:1000
COL3 mAb#66887 CST 1:1000
β-actin mAb#4970 CST 1:1000
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Exercise alleviates renal interstitial fibrosis 
induced by T2DM
The proportion of the interstitial glial fiber area 
was measured using Masson staining to detect renal 
interstitial fibrosis. Compared to the ZC group, the 
renal interstitial area in the TC group was greatly 
enhanced, and a considerable number of blue-purple 
collagen fibers were deposited in the renal tubular 
interstitium; the percentage of collagen area was also 
greatly enhanced. Nicotinamide can induce severe renal 
inflammation in T2DM mice, which can be improved 
by an 8-week exercise intervention. When compared to 
the TC group, the blue-purple collagen deposition in the 
renal tubulointerstitium was dramatically enhanced in 
the TY group, while it was significantly decreased in the 
TP group. The favorable effect of exercise improvement 
was reduced after concurrent nicotinamide and exercise 
intervention. In contrast to the TY group, the TH group 
had much less blue-purple collagen deposition in the 
renal tubulointerstitium. The proportion of the blue-
purple collagen deposition region in the renal tubule 
interstitium in the TH group was substantially higher 
than in the TP group (Fig. 3A and B).

Sirt1 expression in renal tissue is regulated 
by exercise and nicotinamide
We investigated Sirt1 secretion levels in renal tissues in 
order to find out its contribution to the exercise-induced 
improvement of T2DM nephropathy. The mRNA and 
protein expression levels of Sirt1 in the TC group were 
lower than those in the ZC group. Following an 8-week 
exercise intervention, Sirt1 expression in the TP group 
was greater than that in the TC group. The results of the 
TH group were consistent with those of the TY group. 
It is well known that nicotinamide is the precursor of 
nicotinamide adenine dinucleotide, and Sirt1 is an NAD-
dependent class III histone deacetylase, so nicotinamide is 

Figure 1

Exercise reduces body weight and hyperglycemia 
and improves insulin resistance. (A) Body weight. 
(B) Fasting blood glucose. (C) Insulin levels.  
(D) Results of the OGTT. (E) Area under the curve 
of the OGTT. (F) Result of HOMA-IR. *P < 0.05,  
**P < 0.01. AUC, are under the curve;  
OGTT, oral glucose tolerance test.

Figure 2

Renal injury in each group. (A) Representative images of H&E staining. 
Bar: 50 μm. (B, C, D, E) Expression levels of KI, 24UTP, SCr and BUN. (a) 
Glomerulus. (b) Renal interstitium. *P < 0.05, **P < 0.01.
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often used as an inhibitor of Sirt1 (17). After nicotinamide 
injection, the TY group experienced a decrease in Sirt1 
mRNA and protein expression in contrast to the TC 
group. According to these findings, Sirt1 expression in 
the kidney declines with the onset of T2DM but can be 
restored by exercise intervention. Sirt1 is believed to 
regulate energy metabolism and may be implicated 
in the improvement of renal function impairment in  
T2DM by exercise. Nicotinamide obstructed the 
ameliorative effect of exercise in both treatments, and 
the expression of Sirt1 in the TH group was higher than 
that in the TY group but lower than that in the TP group 
(Fig. 4A, B and C).

Exercise alleviates renal interstitial fibrosis 
in T2DM mice through the Sirt1-mediated 
TGF-β1/Smad3 pathway
TGF-β1 may initiate the downstream Smad protein 
transduction pathway, which impacts renal fibrosis 
and inflammation. We hypothesized that exercise 
could improve renal interstitial fibrosis by inhibiting 
the TGF-β1/Smad3 pathway. Compared to the ZC group, 
the mRNA and protein expression of TGF-β1, COL1 and 
COL3 were significantly upregulated in the TC group. 
The results were consistent with the expression of 
Smad3 mRNA and p-Smad3 protein. Sirt1 is a regulator 
of energy metabolism and can regulate the TGF-β1/
Smad3 signaling pathway. Therefore, we blocked Sirt1 

signaling by nicotinamide. Compared with the TC group, 
the mRNA and protein expression of TGF-β1, COL1 and 
COL3 were significantly upregulated in the TY group. 
The same was true for Smad3. Exercise intervention 
reversed the activation of this pathway. The mRNA and 
protein expression of TGF-β1, COL1 and COL3 were 
significantly downregulated in the TP group; however, 
Smad3 mRNA showed a downregulation trend, but the 
difference was not significant. Compared with the TY 
group, the mRNA and protein expression of TGF-β1, 
COL1 and COL3 were significantly downregulated in 
the TH group. Nevertheless, nicotinamide attenuated 
the effect of exercise intervention. Compared to the TP 
group, the mRNA and protein expression of TGF-β1, 
COL1 and COL3 were significantly upregulated in the TH 
group. The difference of Smad3 protein expression was 
more significant than that of mRNA expression (Fig. 5).

Immunohistochemistry results revealed that the 
percentage of a positive area of COL1 expression in the 
renal tissue in the TC group was considerably higher 
than that in the ZC group. Compared with the TC group, 
the percentage of a positive area of COL1 expression 
significantly increased in the TY group, and significantly 
decreased in the TP group. The percentage of positive 
area of COL1 expression markedly decreased in the 
TH group compared to the TY group. Moreover, the 
percentage of COL1 expression positive area in the TH 
group was significantly lower than that in the TY group, 
and significantly higher than that in the TP group (Fig. 
6A and B).

Discussion

High-fat diet combined with STZ method was used to 
build T2DM model, and niacinamide (Sirt1 inhibitor) 

Figure 3

Renal interstitial fibrosis in each group. (A) Representative images of 
Masson staining. Bar: 50 μm. (B) The percentage of renal 
tubulointerstitial collagen area. (a) Glomerulus. (c) Collagen. *P < 0.05, 
**P < 0.01.

Figure 4

Sirt1 expression in kidney tissue of each group. (A) Sirt1 protein 
expression. (B) Sirt1 mRNA expression. (C) Quantification of Sirt1 protein 
expression. *P < 0.05, **P < 0.01.
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and exercise were added to intervene in T2DM mice. The 
key findings were as follows: (1) renal fibrosis in T2DM 
mice was closely related to the activation of the TGF-
β1/Smad3 pathway after the downregulation of Sirt1 
expression, which promoted the expression of COL1 and 
COL3 in renal tissue. (ii) Exercise significantly improved 
renal interstitial fibrosis among T2DM mice, and the 
main mechanism was that exercise upregulated Sirt1 
expression and inhibited the TGF-β1/Smad3 pathway, 
consequently reducing the protein expression and 
deposition of COL1 and COL3 in the renal interstitium, 
thus improving renal interstitial fibrosis (Fig. 7).

Renal interstitial fibrosis is the pathological underpinning 
for the progressive development of T2DM-related renal 
lesions, and the KI index and biochemical indicators 
(SCr, BUN, 24 h UTP) in the blood and urine of T2DM mice 

were increased following renal dysfunction (27, 28). The 
present investigation found that KI, SCr, BUN and 24 h 
UTP were higher in T2DM mice. These findings showed 
that the renal function of T2DM mice was impaired 
because pathological changes in hemodynamics and 
hemorheology caused by T2DM hyperglycemia led to 
glomerular hyperperfusion and hyperfiltration, resulting 
in fine damage to renal tubules and impairments of 
large vessels (29). However, glomerular permeability 
increased while tubular reabsorption decreased, as 
did SCr, BUN, 24 h UTP and KI, and renal function was 
reduced (30, 31). Nogueira et  al. (32) found that renal 
tissue microstructure lesions were caused by renal 
interstitial fibrosis. HE staining of the renal tissue showed 
that the renal pelvis was dilated; the renal parenchyma 
was narrowed; the number of renal tubules was reduced; 
the boundary was unclear; a large number of connective 

Figure 5

Changes in mRNA and protein expression of 
TGF-β1/Smad3 pathway factors in the kidneys of 
each group. (A, B, C, D) mRNA expression of TGF-β1, 
Smad3, COL1 and COL3. (E, F, G, H, I) Protein 
expression and quantitative analysis of TGF-β1, 
Smad3, COL1 and COL3. *P < 0.05, **P < 0.01.
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tissue hyperplasia in the interstitium; the glomerulus 
was congested and dilated; some renal tubular epithelial 
cells were vacuolated, necrotic, atrophic and shed; and 
inflammatory cell infiltration was seen in the renal 
tubulointerstitium and blood vessels. The number of 
renal tubules was reduced, the boundary was unclear 
and inflammatory cell infiltration was observed in the 
interstitium of renal tubules and around blood vessels. 
The fraction of collagen area in renal tissue in the ZC 
group was greater than that in the TC group, according 
to Masson staining. This study discovered a significant 
level of collagen expression and deposition in the 
renal interstitium of T2DM mice, as well as a severe  
degree of renal interstitial fibrosis, supporting previous 
findings (31).

Sirt1 is implicated in regulating renal interstitial fibrosis 
as a crucial element in regulating energy metabolism 
(33, 34). It was discovered that when Sirt1 expression 
was reduced, the TGF-β1/Smad3 pathway was activated, 
which exacerbated the deposition of ECM of COL1 and 
COL3 in the renal interstitium, leading to renal interstitial 
fibrosis (5, 35). The findings of the study were that the 
expression of Sirt1 mRNA and protein was remarkably 
reduced, while the mRNA and protein expression of 
TGF-β1, COL1, COL3 and Smad3 mRNA expression 
and p-Smad3 protein expression were rising in the TC 
group. The percentage of COL1 protein-positive area in 
the kidney was increased, and the excessive expression 
of collagen protein would aggravate renal interstitial 
fibrosis (9). After nicotinamide treatment, the mRNA and 
protein expressions of Sirt1, TGF-β1, COL1 and COL3 in the 
TY group were consistent with those in the TC group, and 
the differences were more significant, showing that the 
renal interstitial fibrosis in T2DM is more serious. Among 
them, Smad3 mRNA expression was not significant, the 
expression of p-Smad3 protein was downregulated, as it 
has been confirmed that Smad3 played a certain role in 
its own differential phosphorylation (36). In this study, 
it also found that the area percentage of mice’s renal 
interstitial collagen was increased in the TY group by 
Masson staining of kidney tissue, which led to significant 
structural and functional degeneration of the renal 
pelvis, glomerulus and tubule presented by HE staining. 
Meanwhile, impaired renal function led to significant 
increases in KI, SCr, BUN and 24 h UTP in the TY group. 
We could see that the Sirt1-mediated TGF-β1/Smad3 
pathway regulates the occurrence and development 
of renal interstitial fibrosis in T2DM mice. Studies 
have found that with the development of T2DM, renal 
tissue will appear obvious fibrosis in the later stage, 
while hyperglycemia leads to internal environmental 
inflammation, oxidative stress and apoptosis, which 
increases the risk of developing or aggravating diabetic 
nephropathy. In contrast, dysfunction of the glomerular 
capillary barrier to circulating proteins leads to protein 
overload into the tubular epithelial cells, which damages 
the tubulointerstitium (30). In addition, previous 
studies have shown that hyperglycemia can induce the 
expression of TGF-β1 in mesangial cells, which leads to 

Figure 6

COL1 localization and expression in the kidney of each group. (A) 
Representative images of immunohistochemical staining. Bar: 50 μm.  
(B) The percentage variation of positive area of COL1 expression.  
(a) Glomerulus. (d) COL1. *P < 0.05, **P < 0.01.

Figure 7

Schematic depicting the mechanism of the Sirt1-mediated TGF-β1/Smad3 
pathway in exercise to improve renal interstitial fibrosis in T2DM.
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the accumulation of an ECM. The imbalance of Smad3, 
a signal transduction factor of TGF-β1 family, is a key 
mechanism of renal fibrosis (37).

Exercise could improve renal interstitial fibrosis in T2DM 
(38, 39). After the 8-week treadmill exercise, KI, SCr, BUN 
and 24 h UTP in the TP group declined. And HE staining 
showed that the tubular structure, interstitial and 
perivascular inflammatory lesions were significantly 
eased, and glomerular congestion was improved in the 
TP group. Masson staining showed reduced collagen 
deposition in the mesenchyme. All of these suggested 
that 8-week exercise could improve renal interstitial 
fibrosis in T2DM, and then improve the pathological 
structure of renal tissue and renal function, which was 
related to the upregulation of the TGF-β1/p38 mitogen-
activated protein kinase (p38 MAPK) pathway and 
epithelial–mesenchymal transition and the inhibition 
of TGF-β1/connective tissue growth factor pathway 
mediated by interleukin 6 in the kidney of T2DM mice. 
Activation or inhibition of these signaling pathways 
reduced renal interstitial ECM deposition and improved 
renal interstitial fibrosis (12). To investigate the function 
of Sirt1-mediated exercise in alleviating renal interstitial 
fibrosis in T2DM patients, Sirt1 mRNA and protein 
expression were enhanced in the TP group, but TGF-β1, 
COL1 and COL3 mRNA and protein expressions were 
diminished. After phosphorylation, Smad3 plays a role 
in the pathway. Furthermore, immunohistochemical 
staining observation also confirmed that the positive 
percentage of COL1 expression in renal tissue was also 
significantly downregulated. In addition, Sirt1 secretion 
was increased in the TH group, and secretion of TGF-β1, 
COL1 and COL3 was decreased in renal tissue, further 
confirming the role of the Sirt1-mediated TGF-β1/Smad3 
pathway in exercise in improving T2DM renal interstitial 
fibrosis. Immunohistochemistry labeling revealed that 
COL1 protein expression in renal tissue was reduced. 
Exercise intervention executed after nicotinamide 
injection could downregulate the Sirt1 expression in the 
kidney of T2DM mice, which activated the TGF-β1/Smad3 
pathway and reduced renal interstitial collagen fiber 
deposition. In the TP group, KI, SCr, BUN and 24 h UTP 
were decreased, and the renal tubular structural damage, 
interstitial and perivascular inflammatory lesions were 
eased. It may be that exercise improves renal interstitial 
fibrosis, renal disease and renal function damage in 
T2DM, while any exercise-related improvement in the 
TH group was inhibited after nicotinamide injection. An 
analysis on the mechanism showed that the augmented 
levels of Sirt1 by exercise inhibited the activation of 
TGF-β1, resulting in the dephosphorylation of Smad3 
into the nucleus and acting on the SBE region of 353 bp 
fragment of COL1 and COL3 A2 promoters, which would 
inhibit their expression and deposition in the kidney and 
lead to the improvement of renal interstitial fibrosis, 
renal tissue microstructure lesions and renal function 
impairment among T2DM mice (40).

In conclusion, this study revealed that the development 
of present exercise upregulation of Sirt1 expression 

inhibits the TGF-β1/Smad3 pathway, which inhibits renal 
mesangial COL1/COL3 expression and deposition and 
improves renal mesangial fibrosis in T2DM. Although 
great efforts have been made, the present research 
is far from satisfactory. In this study, we only injected 
nicotinamide to inhibit the expression of Sirt1 in the 
study of the Sirt1-mediated TGF-β1/Smad3 pathway 
affecting renal fibrosis in T2DM mice. In subsequent 
studies, the Sirt1 gene can be knocked out in mice by 
gene knockout technology. The mechanism of Sirt1 
affecting renal fibrosis in T2DM mice was confirmed. In 
addition, this study explored the effects of two different 
exercise intensities on renal fibrosis in T2DM mice, but 
considering that the two exercise methods are classified 
as running platform exercise, the exercise intervention 
can be performed in mice by choosing to change the 
form, time, frequency, etc. in subsequent studies to 
better explore the effects of different exercise on renal 
fibrosis in T2DM mice. Because of its deposition in the 
renal interstitium, COL3 is one of the primary causes of 
renal interstitial fibrosis. The primary disadvantage of 
this study is that it only used the western blotting test 
to identify the expression of COL3 protein but failed to 
discover the percentage of positive area and expression 
of COL3 with immunohistochemical staining. In addition, 
the upregulation and downregulation of Sirt1 expression 
have significant effects on the TGF-β1/Smad3 pathway 
mediating renal fibrosis in T2DM mice. In the fields of 
biology and medicine, the development of related drugs 
based on Sirt1 can treat T2DM and its complications.
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