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Abstract

Exercise has an effect on the reduction of myocardial fibrosis in diabetic rats as previously reported, in which oxidative
stress and the TGF-B1/Smad signaling pathway may play key roles. There is little direct experimental evidence that exercise
alleviates myocardial fibrosis in type 2 diabetes mellitus (T2DM). Here we established a type 2 diabetic model by using
streptozotocin and a high-fat diet. Rats were divided into groups of normal control (NC), T2DM and T2DM plus exercise
(T2DME). The T2DME group received further treadmill training at moderate intensity for 8 weeks. Histological and bio-
chemical methods were used to detect the benefits of exercise to T2DM. Results showed that the weight of rats in the T2DM
group dropped dramatically, along with significant increases in blood glucose, myocardial fibrosis and oxidative stress,
associated with upregulated expression of factors of myocardial fibrosis, except Smad7. Exercise largely reversed T2DM-
induced alterations in factors of myocardial fibrosis, including suppressing expression of MMP-2, CTGF, TGF-$1, p-Smad2
and p-Smad3, and increased expression of TIMP-1 and Smad?7. Therefore, exercise might be considered an alternative

therapeutic remedy for diabetic cardiomyopathy.
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Introduction

Diabetic cardiomyopathy (DC) is an important complica-
tion caused by diabetes, which induces myocardial fibro-
sis over time. Myocardial fibrosis may lead to a decrease
in myocardial adaptation, resulting in cardiac contraction,
systolic and diastolic dysfunction, and ultimately in heart
failure [1]. Aerobic exercise has been previously reported
to reduce the extent of cardiac fibrosis and dysfunction in
diabetic rats [2]. However, the mechanism’s details remain
unclear. Diabetes-induced oxidative stress was previously
reported to be crucial to the occurrence of DC, where the
reactive oxygen species (ROS)-dependent TGF-f1 activation
was considered to play a key factor in assisting myocardial
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fibrosis, and ROS can be induced by DC-hyperglycemia [3].
The TGF-f1/Smad pathway is involved in the histogenesis of
myocardial fibrosis. Therefore, effective inhibition of TGF-
B1/Smad signaling is the key to prevent myocardial fibrosis
[4]. TGF-B1 mainly activates the downstream Smad protein,
promotes the synthesis of collagen, inhibits the degrada-
tion of collagen, leads to the imbalance between collagen
synthesis and degradation, and further induces myocardial
fibrosis. Following the binding between TGF-f1 and its
receptor on the sarcolemma, cellular Smad2 and Smad3 are
phosphorylated, then they bind with Smad4 to form a com-
plex that translocates into the nucleus, thereby regulating
the expression of related genes, while Smad7 can inhibit the
phosphorylation of Smad2/3 [5]. Hence, an important strat-
egy for the prevention and treatment of diabetic cardiomyo-
pathy is to find an intervention inhibiting the TGF-p1/Smad
signaling pathway. Exercise was known to have beneficial
effect on suppressing DC, because of its effective reduc-
tions on blood glucose inflammatory response, and cellular
apoptosis [6, 7]. However, few studies have reported the
importance of exercise on the effect of diabetic myocardial
fibrosis. Recently, long-term exercise was found to reduce
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myocardial collagens type I and III by DC in a STZ-induced
type 1 diabetic mellitus (T1DM) protocol, through down-
regulating fibrosis-associated gene expression of matrix
metalloproteinases (MMPs) 2 and 9, which were associated
with mediation by tissue inhibitors of MMPs (TIMPs). How-
ever, it is still unclear whether the exercise induced TGF-$1/
Smad signaling pathway mediates the process of myocardial
fibrosis suppression. To address this question, a model of
type 2 diabetic mellitus (T2DM) rats developed by high-fat
diet and intraperitoneal injection of low dose streptozocorcin
(STZ) was applied in the present study. We hypothesized
that exercise may inhibit myocardial fibrosis in diabetic rats
by increasing myocardial antioxidant capacity and suppress-
ing the TGF-B1/Smad signaling pathway. Therefore, exercise
might be considered an alternative therapeutic remedy for
diabetic cardiomyopathy.

Materials and methods
Experimental animals

Healthy 8-week-old male Sprague—Dawley rats (n =40 rats,
license SCXK 2012-001, Charles River, Beijing, China)
with average weights of about 296 +8 g were housed at
constant temperature 22 +2 °C, humidity 40% ~50%, and
12-h light/dark cycle. Rats were fed with standard rodent
mash for 1 week adaptation and water ad libitum, then were
randomly separated into two groups of normal control (NC,
n=_8) and type 2 diabetes mellitus (T2DM, n=32). The NC
group was fed with normal mash, while the T2DM group
was fed with a high-fat diet of total energy 20 kJ/g, which
was mixed with the basal mash and contained 28% sucrose,
20% lard, 1% cholesterol and 0.25% choleate. All animal
procedures were in accordance with the institutional guide-
lines and approved by the institutional animal care and use
committee (NIH Publication No. 85-23, revised 1996), and
approved by the Ethics Committee for Science Research of
the Hunan Technology University.

Experimental protocol

The protocol for type 2 diabetic rats has been described else-
where [8]. After 4 weeks of continuous high-fat diet feeding,
the rats in the T2DM group were fasted for 12 h, then the 2%
dilution of STZ solution was dissolved with 0.01 mM citric
acid buffer at pH 4.1, and was intraperitoneally injected at
30 mg/kg BW. The rats in the NC group were given a single
intraperitoneal injection of 0.01 mM citric acid buffer of
equal volume. After 72 h, the blood was collected from the
tail vein at a random time. Following the standard of random
blood glucose that is more than 11.1 mM, the T2DM proto-
col was established successfully. A final total of 32 rats were

@ Springer

successfully modeled after 1 week of reexamination and the
removal of rats with substandard blood glucose. Rats with
successful modeling were randomly divided into the T2DM
group (n=16) and the type 2 diabetes mellitus plus exercise
group (T2DME, n=16).

Rats in the T2DME group were subjected to 1 week of
adaptive training (10 m/min, 15 min/day), then were fol-
lowed by a 8 weeks of aerobic treadmill exercise at moder-
ate intensity, which refers to the Bedford training program,
speed of 15.2 m/min, slope of 3° (exercise intensity is equiv-
alent to 58.40 + 1.7% VO,max), 60 min per day, and 5 days
per week.

Echocardiography followed a previous report [9]. In brief,
after narcosis by 10% chloral hydrate at 40 mg/100 g body
weight by intraperitoneal injection, and fixation in a supine
position, the chests of rats were defoliated. Small animal
ultrasonic probes were placed on the left anterior chest and
performed transthoracic echocardiography at 22 ~55 MHz
using SXTCH 2.0 (Ultrasonic, Gorham St, Canada). The
M-mode was used to measure the cardiac structural param-
eters in millimeters, such as LVIDd, LVIDs, LVPWd,
LVPWs, and functional parameters FS (%) and EF (%).

All rats were anesthetized by intraperitoneally inject-
ing 10% trichloroacetaldehyde monohydrate at a dose of
400 mg/kg BW. After 0.85% saline perfusion, for myocar-
dial detection by using western blot and RT-PCR, the heart
was immediately excised and the tissue close to the apex
of the left ventricle wall was collected, rapidly frozen in
liquid nitrogen, and then stored at — 80 °C. For histological
analysis, supplementary 4% paraformaldehyde was perfused
after the saline, and the heart was excised and kept in 4%
paraformaldehyde for 24 h.

Insulin resistance test

After fasting for 12 h, 8 randomly selected rats from the
NC and T2DM groups had their serums collected by
standing blood for 30 min, then the fasting blood glucose
(FBG) was detected by using an automatic biochemis-
try analyzer (Hitachi 7020, Japan) via a glucose oxidase
kit method (Enzyme-linked Biotechnology, Shanghai,
China). ELISA was applied to test fasting plasma insulin
(FINS) via a microplate reader (WellScan MK3, LabSys-
tems, USA) kit. The insulin sensitivity index (ISI) and
insulin resistance index (HOMA-IR) were calculated by
using the following formulas: ISI=—log (FPG X FINS),
HOMA-IR = (FPG x FINS)/22.5.

Sirius red staining
Sirius red staining was used to assess the extent of fibrosis

of the myocardial interstitium. The procedure of histological
handling follows our previous report [10, 11]. In brief, the
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tissue was dehydrated, made transparent, sliced, dewaxed
to water in sequence, and then soaked in a solution of picric
acid-Sirius red for 15 min. After dehydration and making
transparent, the slices were sealed with neutral gum and
images were taken at 400X magnification. Eight samples
were randomly selected from each group, and four regions
of vision were randomly selected from each sample. Image-
Pro Plus 6.0 image analysis software (Media Cybernetics,
Silver Springs, MD) was used by adjusting the grey value for
semi-quantitative analysis to distinguish areas of collagen
and non-collagen; this allowed the measurement of the ratio
between collagen area and total image, that is the collagen
volume fraction (CVF).

Immunofluorescence staining

Immunofluorescence staining was performed as described
elsewhere [12]. In brief, frozen slices were thrown into the
acetone for fixation, then washed by PBS. Fixed slices were
blocked with goat serum for 30 min, and primary rabbit anti-
bodies, collagen I (anti-rat, 1:5000, Abcam, CBG, USA),
and collagen III (anti-rat, 1:5000, Abcam, CBG, USA),
were add at 4 °C and incubated overnight. After washing
with PBS, fluorescein-labeled secondary antibodies (FITC)
were added in the dark, and washed with PBST. Glycerin
was used for sealing slices. Microscopy at 200x magnifica-
tion was used to capture images. Under the same acquisi-
tion parameters, 5 images were randomly taken from each
sample. The fluorescence intensity of the target protein was
quantified by Image-Pro Plus 6.0 image analysis software
(Media Cybernetics, Silver Springs, MD). The fluorescence
intensity of the negative control sample was taken as the
contrast, and the fluorescence intensity was expressed by
integrated optical density (IOD).

Spectrophotometric analysis

Protein quantification of the myocardium was performed
using the Coomassie brilliant blue method. Spectrophoto-
metric analysis was performed elsewhere [10]. In brief, kits
used to detect malondialdehyde (MDA), T-SOD and GSH-
PX were used by referring to their respective instructions
(Jiancheng Bioengineering Institute, Nanjing, China). MDA
content was detected by the TBA method, T-SOD activity
was detected by the hydroxylamine method, and GSH-PX
activity was detected by a colorimetry method. The absorb-
ance was measured by the ELISA instrument, and the data
was analyzed and calculated according to the given formula.

RT-PCR

RNA was extracted by using Trizol; 2 pg extracted RNA
was used as the template for next step cDNA synthesis.

The cDNA synthesis kits (RR370A, TaKaRa Bio Inc.,
Shiga, Japan) were used with nucleic acid amplification
(GeneAmp® PCR System 9700, Applied Biosystems, CA).
For cDNA reverse transcription, reaction conditions were as
follows: 37 °C for 15 min; 85 °C for 5 s; then maintained at
4 °C. Synthesized cDNA was used as templates, and f-actin
was set as the internal control. In 20 pl of reaction system,
each sample received three repeats and samples were ampli-
fied by a real-time fluorescent quantitative PCR system,
reaction conditions as follows: pre-degeneration at 95 °C
for 30 s; PCR reaction at 95 °C for 5 s, 60 °C for 31 s, and 40
cycles. A fluorescence quantitative kit (RR820A, TaKaRa,
Japan) was used. The relative mRNA level was calculated
by the 2724€T formula, in which AACT = (the target gene
of the CT test group — the internal reference gene of the CT
test group) — (the target gene of the CT control group — the
internal reference gene of the CT control group). All the
primers used were synthesized by Sangon Biotech, Shang-
hai, China. Primer sequences were as follows:

B-actin primary sequences were:

F: 5CATTGCTGACAGGATGCAGAAG3', R: 5GAG
CCACCAATCCACACAGAGTS3..

CTGF (connective tissue growth factor) primary
sequences were:

F: 5GGAAATGCTGTGAGGAGTGG 3, R: 5GTCAGG
GCCAAATGTGTCTT 3'.

TIMP-1 primary sequences were:

F: 5CTGGTTCCCTGGCATAATCT3', R: 5ATCGCT
CTGGTAGCCCTTCT3..

MMP-2 primary sequences were:

F: 5AAGTTCCCGTTCCGCTTC3, R: 5GGTCATAAT
CCTCGGTGGTG3'.

MMP-9 primary sequences were:

F: 5- TGTATGGTCGTGGCTCAA-3', R: 5- TTGGCT
TCCTCCGTGATT-3.

Western blotting

Total protein was extracted and measured by bicinchoninic
acid assay (BCA) and adjusted to the same concentration.
Proteins were separated by SDS-PAGE electrophoresis at a
constant 120 V for 1 h. Proteins were transferred to polyvi-
nylidene fluoride (PVDF) membranes at a constant 70 V for
70 min. The membrane was incubated in 5% milk at 4 °C
overnight. After blocking, primary antibodies used to detect
TGF-p1 (anti-rat, 1:1000, Abcam, USA), Smad?2 (anti-rat,
1:1000, Abcam, USA), Smad3 (anti-rat, 1:1000, Abcam,
USA), Smad2-phospho S467 (anti-rat, 1:500, Abcam, USA),
Smad3-phospho S213 (anti-rat, 1:500, Abcam, USA), and
B-actin mouse antibody (anti-rabbit, 1:5000, Abcam, USA)
were added and incubation was continued at 4 °C with shak-
ing overnight. After incubation, the primary antibodies were
recycled and the membranes were washed with TBST buffer
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3 times. The horseradish peroxidase (HRP) labeled second-
ary antibody (1:500) was added and incubated at room
temperature for 1 h. The membrane was washed again with
TBST buffer another 3 times, and ECL™ chemilumines-
cence reagent was added onto the membrane and incubated
at room temperature for 2 min. The integrated optical den-
sity (IOD) of the target protein and internal loading control
protein bands was calculated by Image Lab software (BIO-
RAD, Hercules, CA).

Statistical analysis

Data were analyzed using SPSS 20.0 (IBM, Chicago, IL).
One-way ANOVA was used to determine significant group
differences based on pairwise comparisons and to determine
the major effects. Post-hoc contrasts were analyzed using a
Student’s ¢-test and Newman-Keuls test (SNK). The results
were expressed as the mean =+ SD, using P <0.05 in deter-
mining statistical significance.

Results

Effects of exercise on body weight and blood
glucose in diabetic rats

Changes in weight of rats are shown in Fig. 1a. Compared
with the NC group, the weight of rats in the T2DM group
and T2DME group were significantly reduced (P <0.01).
The weights of rats in the T2DME group were heavier than
in the T2DM group, but there was no significant difference.
Figure 1b shows the changes in levels of blood glucose.

Compared with the NC group, blood glucose was signifi-
cantly increased in both the T2DM group and the T2DME
group (P <0.01). However, blood glucose was significantly
reduced in the T2DME group in comparison with the T2DM
group (P <0.05).

In Table 1, rats in the T2DM group had significantly
higher FBG and FINS than those in the NC group (P <0.01,
P <0.05, respectively), had significantly lower ISI than those
in the NC group (P <0.05), and had significantly higher
HOMA-IR than in the NC group (P <0.01). The results
showed that insulin resistance was increased in the T2DM
group. This indicated that the present animal model was con-
sistent with the representations of type 2 diabetes.

Effects of exercise on myocardial collagen and LV
functions in diabetic rats

To determine whether exercise could also affect myocardial
collagen formation, Sirus red staining assay was applied.
Figure 2a shows the results of Sirus red staining, where the
nuclei of rat cardiomyocytes was stained blue and cyto-
plasm was stained brown. No obvious red-stained fibrosis
was shown in the NC group, but significant portion of tissue
in the T2DM and T2DME groups were stained by red. Col-
lagen Volume Fraction (CVF) was used to indicate fibrosis
extension. As shown in Fig. 2b myocardial CVF was sig-
nificantly increased in T2DM group (P <0.01) and T2DME
group (P <0.05) in comparison with NC group even though
T2DME group was lower than T2DM group (P <0.01),

To further detect collagen type I (Col-I) and Col-
lagen type III (Col-III) expression, immunofluores-
cence staining assay was performed. The scanned green

Fig.1 Weight and blood 800 - 401
glucose of rats. a Changes in g
weight of rat. b Changes in ~ 6004 g 30 - *% #
levels of blood glucose. NC ‘Ec I " 5 —I—
negative control, TZ2DM type ) 400 4 *% @ 20
2 diabetes mellitus, TZ2DME § I §
type 2 diabetes mellitus plus z _g,
exercise. **Compared with NC R 200 - o 104
Group, P <0.05; *Compared g
with T2DM Group, P <0.05 0 T T o 9 ¥ T
NC T2DM T2DME NC T2DME
A
Table 1 Changes of insulin Groups FBG (mmol/l) FINS (mIU/l) IST HOMA-IR
sensitivity of T2DM (n=8 per
group) NC 5.08+0.43 6.73+2.66 -1.54+0.13 1.52+0.21
T2DM 9.47 +0.84%** 11.35+£3.17* —2.04+0.25* 4.78 +£0.32%*

FBG fasting blood glucose, FINS fasting plasma insulin, IS/ insulin sensitivity index, HOMA-IR insulin
resistance. NC and T2DM respectively represent control group, type 2 diabetes group

*P<0.05 vs NC
#*P<(0.01 vs NC
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Fig.2 Sirius Red staining of
rat myocardium and echocar-
diograms. a Images of Sirius
Red staining, non-fibrosis area
of myocardium stained brown,
fibrosis area of myocardium
stained red. Original magnifica-
tion was X200. b Percentage

of Sirius Red staining—col-
lagen volume fraction (CVF).

¢ Analysis of left ventricular
echocardiography. B-mode
showing in upper and M-mode
showing in lower part of each
image. Green dotted lines
indicate diastolic (longer) and
systolic (shorter) chamber
lengths in M-mode. Real-time
parameters are shown in the
bottom-right corner for each
group. NC negative control,
T2DM type 2 diabetes mellitus;
T2DME type 2 diabetes mellitus
plus exercise. *Compared with
NC Group, P <0.05; **com-
pared with NC Group, P<0.01;
#compared with T2DM Group,
P<0.01

amhatahasahah s Kn
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immunofluorescence images of collagen type I (Col-I) were
shown in Fig. 3a. Figure 3b were quantified data obtained
from Fig. 3a. Results showed that T2DM has the highest
expression level of myocardial Col-I among the 3 groups and
myocardial Col-I expression level both in T2DM group and
T2DME group were significantly increased in comparison
with NC group (P <0.05) Similar to collagen type I (Col-I)

OVANAANAAAAA A A A AGRS:: (0
HR:22Tbpm

HR:357bpm
HR:357bpm

expression, Collagen type III (Col-III) expression was also
elevated in T2DM group in comparison with NC group
(P <0.05), While Col-III expression tended to increase in
T2DME group, the difference between NC and T2DME
group was not statistically significant.

Data of left ventricular (LV) functions were shown in
Table 2 and Fig. 2c by analyzing echocardiograms. Left

@ Springer



866

The Journal of Physiological Sciences (2019) 69:861-873

Fig. 3 Staining of collagen
type-I (Col-I) and collagen type
IIT (Col-III) in myocardium. a
Scanning immunofluorescence
images of collagen type I. The
images showed green fluores-
cence. Original magnification
was X200. b IOD value of
collagen type I. ¢ Scanning
immunofluorescence images of
collagen type III. The images
showed green fluorescence.
Original magnification was
x%200. d IOD value of collagen
type III. NC negative control,
T2DM type 2 diabetes mellitus;
T2DME type 2 diabetes mellitus
plus exercise. *Compared with
NC Group, P <0.05; **com-
pared with NC Group, P<0.01;
#compared with T2DM Group,
P <0.05

ventricular end diastolic diameter (LVIDd) and left ven-
tricular end-systolic diameter (LVIDs) in the T2DM group
were significantly higher than that in the NC (P <0.01),
where short axis shortening fraction (FS) and ejection
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fraction (EF) were correspondingly lower than that in
the NC (P <0.01, P<0.05, respectively). These indicate
T2DM was associated with LV dysfunction. Exercise sig-
nificantly reversed these undesirable changes of T2DM
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Table2 Changes of the structural and functional parameters in the
left ventricle (n =8 per group)

Index NC T2DM T2DME
LVIDd (mm) 7.51+0.86 9.06+0.74+* 8.13+0.85
LVIDs (mm) 5.25+0.98 7.26+0.97+% 5.82+0.63"
LVPWd (mm) 1.01+0.35 1.38+0.48 1.28+0.42
LVPWs (mm) 1.37+0.34 1.69+0.41 1.54+0.50
FS (%) 31+4.78 23+4.18% 29 +3.36%
EF (%) 71+9.60 56 +5.07+* 67 +6.19%

LVIDd left ventricular end diastolic diameter, LVIDs left ventricular
end systolic diameter, LVPWd wall thickness of left ventricular end
diastole, LVPWs wall thickness of the left ventricle at the end of sys-
tolic period, FS short axis shortening fraction of the left ventricle, EF
left ventricular ejection fraction. NC, T2DM and T2DME respectively
represent control group, type 2 diabetes group and type 2 diabetes
plus exercise group

*P<0.05 vs NC
#%P <0.01 vs NC
#P<0.05 vs T2DM

in aspects of LVIDs, FS and EF by 19.83%, 26.09%, and
19.64%, respectively (P <0.05).

Effects of exercise on myocardial oxidative stress
in diabetic rats

To elucidate whether exercise also affected the function of
myocardial anti-oxidation system. malondialdehyde (MDA)
content, T-SOD and GSH-PX activity, which were impor-
tant indicators of myocardial oxidation system function were

-
L4
]

Fig.4 Changes in myocar-

dial oxidative stress of rats.

a Changes in MDA levels.

b Changes in total (7)-SOD
activity. ¢ Changes in GSH-PX
activity. NC negative control,
T2DM type 2 diabetes mellitus,
T2DME type 2 diabetes mellitus
plus exercise vs NC Group.

-
(=]
1

MDA level(nmol/mg)
L]

*%x

tested to measure reflect the level of myocardial oxidative
stress and degree of oxidative damage.

As shown in Fig. 4a Compared with NC group, and
MDA content in T2DM group was significantly increased
(P<0.01) and MDA content in the T2DME group was sig-
nificantly lower than that in the T2DM group (P <0.05),
but still significantly higher than that in the NC group
(P <0.05). Figure 4b, ¢ show changes in total (T)-SOD
activity and GSH-PX activity respectively. Compared with
NC group, the activity of T-SOD and GSH-PX in T2DM
group was significantly reduced (P <0.05). Compared with
the T2DM group, the activity of T-SOD and GSH-PX in
the T2DME group was significantly increased (P <0.01),
and the activity of GSH-PX was significantly higher than
that in the NC group (P <0.05).

Effects of exercise on myocardial fibrosis factors
in diabetic rats

The mRNA level of myocardial fibrosis factors includ-
ing matrix metalloproteinase-2 (MMP-2), connective tis-
sue growth factor (CTGF), MMP-9 and tissue inhibitor
of metalloproteinase-1 (TIMP-1) were also tested among
NC, T2DM and T2DME groups. As shown in Fig. 5, com-
pared with the NC group, MMP-2 (Fig. 5a) and CTGF
expression levels (Fig. 5d) were significantly decreased in
the T2DM group (P <0.01). Also, the MMP-2 expression
level was much lower in the T2DM group in comparison
with the T2DME group (P < 0.05).There was no significant
difference in MMP-9 expression (Fig. 5b) between all 3
groups. TIMP-1 expression (Fig. 5¢) in the T2DM group

w
o
]

»n
o
i

-
o
1

T-SOD activit(U/mg)

*Compared with NC Group,

P <0.05; **compared with NC
Group, P<0.01; #compared
with T2DM Group, P <0.05;
#compared with T2DM Group,
P<0.01
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Fig.5 mRNA changes of

°
myocardial fibrosis factors in E 15 1
myocardium. a Changes in rela- <
tive levels of MMP-2 mRNA. % |
b Changes in relative levels o 101
of MMP-9 mRNA. ¢ Changes %
in relative levels of TIMP-1 = .
mRNA. d Changes in relative s 7]
levels of CTGF mRNA. NC 2
negative control, 72DM type 5 0.0
2 diabetes mellitus, T2DME € NG
type 2 diabetes mellitus plus
exercise. *Compared with NC
Group, P <0.05; #compared T 90
with T2DM Group, P <0.05 ﬁ
Z 154
£
s P
% 1.0
'_
© 05
s
s
o 0.0 T
@ NC

was higher than that found in the NC group, or theT2DME
group (P <0.05).

Effects of exercise on myocardial TGF-$1/Smad
signaling pathway in diabetic rats

Previous studies have demonstrated that the TGF-f signaling
pathway plays a key role in myocardial fibrosis formation. To
test whether exercise alleviated myocardial fibrosis was medi-
ated through regulating the TGF-f signaling pathway, TGF-p1/
Smad signaling pathway related gene expression was detected.
Results showed that compared with the NC group, TGF-$1
protein levels were (Fig. 6a) significantly increased in the
T2DM group (P <0.05), but no significant increase in TGF-
B1 was found in the T2DME group. Also, the TGF-f1 protein
level was significantly higher in the T2DM group than in the
T2DME group, (P <0.05). Although western blotting showed
no significant change in the expression of Smad2 (Fig. 6b)
or Smad3 (Fig. 6d) among the 3 groups, the protein level of
p-Smad?2 (Fig. 6¢) and p-Smad3 (Fig. 6e) were significantly
increased in the T2DME group and the T2DM group when
compared with the NC group (P <0.01), even though p-Smad2
and p-Smad3 in T2DM were much higher than in the T2DME
group (P <0.01). Compared with the NC group, the expression
of Smad7 (Fig. 6f) in myocardium of the T2DM group was
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significantly reduced (P <0.01), and the expression of Smad7
in the T2DME group was significantly higher than that in the
T2DM group (P <0.01).

Discussion

“Three more and one less”, that is, more drink, more food,
more urine and weight loss are typical characteristics of
diabetic people. Changes in weight of diabetic patients can
indirectly reflect the severity of diabetes [13]. In the pre-
sent study, it was found that the weight of diabetic rats was
significantly reduced. However, compared with the diabetic
rats, the weights of the rats were elevated after 8§ weeks of
treadmill training. The trends of weight loss in diabetic
rats were not significantly reversed, and this may be due to
the exercise-assisted degradation of substances caused by
increased energy consumption. In addition, changes in body
weight were the consequence of long-term changes, and this
may relate to exercise intervention which did not take long
enough, failing to cause significant weight improvement in
diabetic rats.

We found that the blood glucose levels of diabetic rats
were significantly reduced by 8 weeks of treadmill exer-
cise, but it was still significantly higher than that of control
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Fig.6 Protein expression NC T2DM T2DME 1.5-
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rats, indicating that 8 weeks of aerobic exercise can partially
alleviate the increase of blood glucose caused by diabetes.
In patients with type 2 diabetes, increased blood glucose is
mainly associated with the organism’s sensitivity to insu-
lin; insulin in the blood is relatively insufficient, and pro-
motes an increase in insulin sensitivity. In aerobic exercise,
more Glut4 (glucose transporters 4) was transferred to the
cytomembrane, which promoted the metabolism of glucose
molecules into the cell, thus reducing the blood glucose [14].

Studies have shown that diabetic cardiomyopathy is one
of the important complications in diabetic patients, which

can more than double the mortality rate of diabetic patients
[15, 16]. Human and animal experiments have shown that
myocardial fibrosis may be one of the important pathologic
mechanisms of diabetic cardiomyopathy [17, 18]. Myocar-
dial fibrosis refers to the phenotype of myocardial extra-
cellular matrix (ECM) representing its excessive increases.
Where Col-III and Col-I are main components of the ECM,
Col-I is more than 80%. Excessive increase of ECM can lead
to increased myocardial hardness and decreased myocardial
compliance [19]. Studies have found that the proportion
of diabetic cardiomyopathy in patients is associated with
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myocardial ECM changes, and with significantly increased
Col-I and Col-III [20]. Diabetes is an independent patho-
genic factor leading to myocardial fibrosis. The degree of
myocardial fibrosis is related to the duration of diabetes,
and the degree of myocardial fibrosis gradually increases
with the progression of the disease [21]. Gonzalez-Quesada
et al. found that 4-month-old db/db mice showed obvious
symptoms of obesity and diabetes, and gradually showed
symptoms of myocardial fibrosis, accompanied by cardio-
myocyte hypertrophy and myocardial dysfunction [22]. In
the present study, rats generated myocardial fibrosis by
one-time intraperitoneal injection of STZ and feeding with
a high-fat diet for 4 weeks. After another 8 weeks of the
experimental cycle, myocardial fibrosis was found by Sirius
Red staining. Consistent with previous studies, during the
modeling process of type 2 diabetic rats, obvious myocardial
fibrosis lesions can only be observed after 4 ~ 12 weeks of
high-fat dietary intervention after streptozotocin has been
injected [23].

The right choice of exercise intervention is particularly
important when applying non-pharmacological therapy to
diabetic cardiomyopathy (DC), because excessive training
intensity and volume were likely insufficient to form adap-
tations for T2DM-induced stresses: for example, it fails to
restore imbalanced nitroso-redox, but also induces albumi-
nuria to aggravate renal risks [24, 25]. As such, short-term
exercise may aggravate diabetic myocardial oxidative stress
and fibrosis [26]. Instead, recent studies have shown that
long-term aerobic exercise can alleviate type 2 diabetes-
induced myocardial fibrosis. For example, swimming train-
ing can reduce the degree of myocardial fibrosis in rats,
which promotes myocardial compliance, and facilitate the
diabetes-caused myocardial dysfunction [27]. Moderate
exercise intervention has also been reported to have a better
oxygen transport elevations on T2DM patients in myocardial
stain rate and HbA, when relative to vigorous activity [28].
We found that 8 weeks of treadmill exercise can significantly
reduce CVF and myocardial fibrosis caused by type 2 diabe-
tes by 36%, which is concurrent with reversed T2DM-associ-
ated cardiac dysfunction. Although the immunofluorescence
showed that the contents of Col-I and Col-III were signifi-
cantly reduced, Sirius Red staining showed that myocardial
fibrosis in diabetic rats which trained for 8 weeks was not
fully inhibited, possibly due to the relatively short duration
of single-bout exercise. Exercise can reduce the degree of
myocardial fibrosis, which may be related to such factors
as reduced oxidative stress in diabetic myocardium, attenu-
ated activity of renin angiotensin and inhibited advanced
glycosylation end products (AGEs) [29, 30]. Further, moder-
ate exercise was reported to increase mitochondrial adapta-
tions which potentially suppress fibrosis-related oxidative
stress in T2DM; these thus preserve cardiac function from
the perspective of energy metabolism [31, 32]. However,
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there are few reports on the intracellular signal transduction
pathways of exercise-relieved diabetic myocardial fibrosis,
which requires further study.

Many studies have shown that transforming growth
factor-p1 (TGF-P1) is a key factor in leading to myocardial
fibrosis, and plays an important regulatory role in the pro-
cess of myocardial fibrosis caused by myocardial infarction
and hypertension [33]. Guan et al. found that the myocardial
collagen content in diabetic rats was significantly correlated
with the content of TGF-p1, and TGF-p1 may mediate the
fibrosis process [34]. Recently, Suematsu et al. have shown
that streptozotocin induced the increase in expression of
TGF-B1 in the myocardium of diabetic mice, resulting in
myocardial fibrosis accompanied by myocardial dysfunc-
tion [35]. In the present study, we found that the expression
of TGF-B1 and downstream Col-I, Col-1II, MMP-2, and
CTGF were significantly elevated in the myocardial tissue
of diabetic rats. Consistent with this, Wu et al. confirmed
that at 2 months after streptozotocin treatment, myocardial
fibrosis can be seen by Masson staining in mice, and the
expression of TGF-p1 was significantly increased [36]. After
the intervention of resveratrol, the expression of TGF-f1
was downregulated and myocardial fibrosis was reversed
[36]. Recent studies have reported that aerobic exercise can
reduce the expression of renal TGF-f1 in rats, reducing dia-
betic nephrotic fibrosis, and improving renal function [37].
However, the effect of aerobic exercise on the expression of
TGF-P1 in diabetic myocardium has not been reported. The
results of the present study showed that 8 weeks of aerobic
exercise can significantly reduce the expression of TGF-f1
and the downstream molecules in the myocardium of dia-
betic rats and may be involved in the inhibition of myo-
cardial fibrosis. TGF-B1 is a restoration factor for impair-
ments. Short-term increase of TGF-f1lcan be beneficial to
the healing of the lesion area [38]. However, long-term high
expression of TGF-f1 can lead to excessive tissue repair and
further generate fibrosis [39]. Cellular TGF-f1 is regulated
by adrenal hormones, and lower intensity aerobic exercise
may significantly reduce the level of adrenaline in the cir-
culation of patients with hypertension and diabetes [40, 41].
Therefore, exercise in the present study may decrease the
expression of TGF-B1 in the myocardium of diabetic rats
and reduce the degree of myocardial fibrosis by inhibiting
the secretion of adrenaline in diabetic rats [42].

The TGF-p1/Smad signaling pathway regulates fibrosis
mainly through Smad protein, including smad2/3, smad4
and smad7. In the present study, it was found that there
was no significant change in the expression of Smad2 and
Smad3 in diabetic rats, but both Smad2/3 were phospho-
rylated, and Smad7 was upregulated, indicating the acti-
vation of the TGF-B1/Smad signaling pathway in diabetic
myocardium. The activity of matrix metalloproteinase
(MMP) including MMP-2 and MMP-9 can be inhibited
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by TGF-B1/Smad via promoting the expression of tissue
inhibitor of metalloproteinase (TIMP) which slows down
the degradation rate of collagen [21, 43, 44]. In the present
study, the low expression of TIMP and high expression of
MMP signaling resulted in an imbalance between MMP
and TIMP, leading to myocardial fibrosis. In accordance
with this, it has been confirmed that the activation of the
TGF-p1/Smad signaling pathway in diabetic rats induced
by STZ injection significantly increased expression of
TIMP-1, as well as decreased expression of MMP-2. The
ratio of MMP-2/TIMP-1 was thus decreased, and the deg-
radation of collagen was suppressed, forming myocardial
fibrosis [45]. According to previous reports, increased
MMPs play key roles in fibrosis degradation and TIMP-1
inhibits this process. On the other hand, as markers of
fibrosis, increased MMPs make CTGF tend to fibrosis
has been reported [46]. We noticed that Silva, et al. have
reported TIDM reduce MMP2 mRNA levels, and coun-
teracted by exercise, which is consistent with our results.
We also considered that these may be due to different pro-
tocols that ours is T2DM. However, further experimental
evidence in vivo about cardiac MMP mRNA expression is
absent, and the present results might provide a fresh proof
on exercise-alleviated T2DM-fibrosis.

Oxidative stress has been reported to promote the devel-
opment of cardiac fibrosis by upregulating TGF-f1 expres-
sion [3]. ROS are largely generated from mitochondria, and
ROS predominant oxidative impairment can be attenuated
by various antioxidant enzymes such as superoxide-scav-
enger SOD and NADPH-preserver GSH-PX [10]. In the
T2DM, the activities of antioxidant enzymes were reported
to be suppressed by upstream SIRT1 and PGC-1a inhibition,
and ROS was further generated by upregulated Ang-II [47,
48]. Based on these, uninhibited ROS exerts an important
effect on the development of DC [49]. Diabetes-induced
oxidative stress also leads to cardiac injury and interstitial
fibrosis [3]. Ang-II inducing TGF-f1-mediated fibrosis is
attenuated by Smad7 [50]. Smad7 was reported to reduce
NADPH-mediated ROS production, and inhibits ROS-
dependent MMP-9 activation [50]. TGF-f1 itself can also
be induced by ROS via transforming from latent TGF-f1
[51]. Therefore, there exists extensive crosstalk between oxi-
dative stress and fibrotic factors. Malondialdehyde (MDA),
is a negative product of lipid peroxidation, and is thus con-
sidered to be a marker of ROS imbalance. Our data showed
that the production of MDA was increased in the T2DM
group, which was accompanied by reductions of SOD activ-
ity and GSH-PX activity, suggesting ROS overexpression.
Conversely, the generation of MDA is significantly reduced
by exercise, in which decreased MDA is strongly associated
with the increased activities of SOD and GSH-PX. Beyond
these, we found that the MDA levels coincided with levels
of connective tissue growth factor (CTGF) mRNA. CTGF

is another fibrotic factor besides TGF-p1. We speculated
that CTGF expression in the T2DM group may be inhibited
by exercise through attenuating ROS-mediated extracellular
signal-regulated kinase (ERK) phosphorylation [52]. Taken
together, these findings were in accord with a previous study,
which demonstrated that left atrium dilation and cardiac dys-
function were potentially attenuated by exercise, and that
reduced oxidative stress is a factor [53].

In summary, the present study demonstrates that exer-
cise could attenuate diabetes-induced myocardial fibrosis,
the mechanism of which may mostly rely on suppression
of oxidative stress and the TGF-B1/Smad signaling path-
way. Where the long-term moderate exercise reduce ROS
generation of T2DM by preventing cardiac function, is then
contributed to TGF-P1 inhibition. Therefore, the phospho-
rylation of Smad2/3 was attenuated by Smad7 activity, to
increase transcription of MMP-2, as well as to decrease
mRNA expressions of TIMP-1 and of CTGF. In conse-
quence, collagen I/III generations were inhibited to T2DM-
fibrosis [31, 51, 54].

Conclusion

Diabetic rats showed that myocardial fibrosis is associated
with TGF-p1/Smad signaling pathway activation. Eight
weeks of treadmill exercise reduced blood glucose in dia-
betic rats, partially inhibited myocardial fibrosis, decreased
expression of myocardial TGF-B1 protein, and inhibited
phosphorylation of Smad2/3. These results indicated that
exercise may reduce myocardial fibrosis in diabetic rats by
inhibiting the TGF-B1/Smad signaling pathway, in which
increased activities of antioxidant enzymes play potential
roles for inhibition of DC-myocardial fibrosis.
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