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Background: The major effects of regular exercise on diabetes mellitus are glycemic
status improvement and amelioration of cardiovascular dysfunctions. This research
examines whether moderate-intensity aerobic exercise can change the gene expression
of metalloproteinase-2 and angiostatin in diabetic rats' heart tissue.

Materials & Methods: In this experimental study, thirty Wistar rats were categorized into
the 3 groups diabetic exercise (n = 10), sedentary diabetes (n = 10), and healthy control
(n = 10). To this end, moderate-intensity aerobic exercise was performed on a treadmill
for 6 weeks. Real-time PCR was used to measure metalloproteinase-2 and angiostatin
gene expression. serum cortisol concentrations were measured using an ELISA kit. The
one-way ANOVA and Tukey’s post-hoc test was used to check significant differences
among the groups.

Results: A significant decrease in metalloproteinase-2 gene expression (P < 0/001) as
well as a significant increase in angiostatin gene expression (P < 0/001) and serum
cortisol concentrations (P < 0/001) were observed in the sedentary diabetes group
compared to the healthy control group. Besides, a significant increase in
metalloproteinase-2 gene expression (P < 0/001) as well as a significant decrease in
angiostatin gene expression (P < 0/001) and serum cortisol concentrations (P < 0/001)
were observed 6 weeks after the experiment in the diabetic exercise group compared to
the sedentary diabetes group.

Conclusions: Aerobic exercise improved metalloproteinase-2 and angiostatin gene
expression in diabetic rats' heart tissue. This finding on diabetic cardiac angiogenesis
factors confirms the effect of aerobic exercise.
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Introduction

death in the world, and unfortunately the number of
CVD patients is increasing nowadays [4]. The

Diabetes mellitus (DM) is a metabolic disorder
characterized by perpetual hyperglycemia caused
by the lack of insulin or insulin resistance [1]. In
fact, it harms vessels’ function and structure,
thereby leading to cardiovascular diseases
(CVDs), with about 70% of diabetics suffering from
CVDs [2, 3]. CVDs are among the major causes of

mortality rate of CVDs in diabetics is 2-4 times
higher than that in people without diabetes [5].
Collateral vessel formation and abnormal
angiogenesis are the most prevalent
cardiovascular symptoms in diabetics [6]. Diabetes
conditions have paradoxical effects on vascular
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beds; accordingly, they decrease angiogenesis in
coronary heart disease and peripheral nervous
disorders. However, diabetes conditions increase
angiogenesis in other organs, such as eyes [7].
Angiogenesis is a complex multi-step process that
creates new capillaries controlled by both
angiogenic and angiostatic components [3, 8, 9].
Besides, it is stimulated by some regulators, such
as matrix metalloproteinases (MMPs), during
vascular development [10]. A zinc-dependent
protease, i.e. matrix metalloproteinase-2 (MMP-2)
secreted by cardio myocytes, cardiac fibroblasts,
and endocardial cells, is able to break down
extracellular matrix proteins in the cardiovascular
system [11], thereby spreading endothelial cells
[12]. Research showed that the expression or
activity of MMP-2 decreased in diabetic rats’
cardiac tissue [11, 13].

On the other hand, there is enough evidence
indicating that a potent anti-angiogenic factor and
angiostatin limit the spread and growth of new
capillaries as well as endothelial and mesenchymal
stem cells [14, 15]. Angiostatin specifically induces
apoptosis in vascular cells by inhibiting their
proliferation [15]. The binding of this potent
antiangiogenic factor to the plasma membrane-
localized ATP synthase suppresses ATP
metabolism in vascular endothelial cells, with this
downregulating endothelial cell proliferation [5].
The effects of angiostatin in patients with diabetic
nephropathy and retinopathy have been
investigated by some studies [16, 17]. Based on
past research, the activity and gene expression of
angiostatin increased in diabetics [17, 18].
Endothelial cell migration and proliferation are also
influenced by a variety of other variables, such as
growth hormone (GH), insulin-like growth factor
(IGF-1), and other cytokines, including interleukins,
as well as cortisol [19]. Cortisol has been indicated
to be associated with impaired B-cell function and
insulin resistance, which are known as the
components of the molecular pathogenesis of DM
[20]. Besides, cortisol may contribute to the
progression of cardiac function and structure
damage [21], although its relationship with
angiogenesis has not been clearly investigated in
diabetics.

Sedentary lifestyle as well as overweight and
obesity, being major risk factors, are associated
with DM [3]. Exercise, as a major safe factor in
lifestyle, appears to be an effective, low-cost, and
safe strategy for the treatment of diabetes [22].
Several studies report that heart tissue is affected
by regular exercise [3, 23]. Positive effects of
aerobic exercise on heart failure and coronary
artery disease in DM are attributed to the
improvement in insulin sensitivity, glycemic status,
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and plasma lipids [24, 25]. In fact, aerobic exercise
and DM are associated with changes in gene
expression patterns. To date, the effects of
different types of exercise on cell signaling events,
including changes in gene activity and protein
modifications in the heart tissue with or without
diabetic cardiomyopathy, have not been known
completely. In addition, research results have been
inconsistent with different outcomes [7, 26, 27].
There are few studies consistently reporting
significant improvements in the cardiac function
and structure in diabetics [28, 29]; however, animal
studies indicate beneficial effects and structural
alterations in the heart tissue of healthy people and
diabetics [3, 7]. According to the study by
Ardakanizade et al (2018), after long-term
anaerobic exercise, the gene expression levels of
MMP-2 increased in the left ventricle of Wistar rats
[7]. However, in a study by Ghorbanalipour et al
(2020), angiostatin decreased after 10 weeks of
anaerobic exercise, inducing gene expression in
diabetic rats’ cardiac tissue [17]. In contrast, in a
study by Kadoglou et al (2010), the effects of
exercise on MMP levels in type 2 diabetics were
examined, with no significant changes observed in
the serum levels of MMP-2 after 12 weeks of
exercise [27]. In this regard, there are few studies
that have examined the effects of moderate-
intensity anaerobic exercise on MMP-2 and
angiostatin gene expression. Therefore, it seems
that more studies are required in this field. In fact,
therapeutic effects of anaerobic exercise
interventions have been proved on the cellular
signaling process in diabetic heart tissue. In
addition, identification of exercise-induced
molecular mechanisms is an important step
towards better evaluation of the effectiveness of
different training interventions. Thus,
understanding molecular mechanisms induced by
anaerobic exercise may help identify novel
therapeutic targets. Against this backdrop, the
present study was conducted to determine if
moderate-intensity anaerobic exercise could
improve MMP-2 and angiostatin gene expression
in diabetic rats' heart tissue.

Materials and Methods

This experimental study was approved by the
Ethics Committee on the use of animals at Ardabil
University of Medical Sciences
(IR.ARUMS.REC.1398.251).

Animals and grouping: A total of 30 adult male
Wistar rats aging 10 weeks and weighing 245 + 9/4
gr were used in this study. The rats were
purchased from the Physiology Research Center
of Lorestan University of Medical Sciences, Iran. In
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fact, all procedures were followed with the
approval of the Ethics Committee of Ardabil
University of Medical Sciences, under ethics code
IR.ARUMS.REC.1398.251. The animals were
placed in separate cages with free access to water
and food (three animals in each cage). Next, they
were familiarized with the treadmill under
laboratory conditions for 2 weeks [30]. During the
familiarization process, all animals performed
treadmill walking at speed 10 m/min for 10-15 min,
5 days a week. After the familiarization stage, the
rats were checked for their weight and were
randomly divided into 3 groups. Accordingly, the
groups included diabetic exercise (DE), sedentary
diabetic (SD), and healthy controls (HC) groups.
The two last groups were kept in standard cages
without running wheels during 6 weeks.

Materials and drugs: Streptozotocin (STZ) and
citrate solution were purchased from Sigma (USA).
In addition, Xylazine and Ketamine were provided
from Alfasan Pharmaceutical Co. (Nederland).
Diabetes was induced by intraperitoneal injection
of 50 mg/kg of STZ solution prepared in the fresh
citrate buffer 0.5 M at pH 4.5. Besides, the same
volume of the citrate solution was administered to
non-diabetic animals.

Diabetes animal model: The rats were kept in
Plexiglas cages under controlled environmental
conditions of humidity (35 * 5%) and at a stable
temperature (23 = 5 °C) in a 12-hour light-dark
cycle. Diabetes was induced following overnight
fasting. Next, 72 hours after the injection, a small
blood drop was placed on the glucometer tape and
read by a glucometer (Roche Diagnostics K.K.,

Table 1. Training protocol

Tokyo, Japan). The rats would be considered
diabetic if their blood glucose levels exceeded 250
mg/dL [31]. To prove that the non-diabetic rats’
blood glucose was normoglycemic, its level was
measured at the beginning. In addition, the blood
glucose levels of the three groups were controlled
throughout the research.

Endurance training protocol: Given the risk of
cardiovascular events, we chose moderate-
intensity aerobic exercise to avoid a large increase
in the rats’ blood pressure and minimize the risk of
cardiovascular overload. Animals in the aerobic
exercise group were acclimated to treadmill
running and ran in wholly separated lanes. After
the 1st week of adaptation, according to our
moderate-intensity aerobic exercise protocol, all
rats in the DE group took aerobic exercise on a
treadmill for 5 weeks (5 days a week). Before and
after the exercise, 2 to 3 min of warmup and cool-
down periods were considered, respectively. In all
stages, the treadmill slope was zero; however, the
speed and duration of the treadmill gradually
increased from 10 m/min for 10 min in the 1st week
to 10 m/min for 20 min in the 2nd week, 15 m/min
for 20 min in the 3rd week, 15 m/min for 30 min in
the 4th week, and 18-17 m/min for 30 min in the
5th week. To turn adaptations into a steady state,
all exercise variables were kept constant during
the final week (6th week) (Table 1). Aerobic
exercise was taken at 08:00-12:00 am. In addition,
20 sedentary rats (SD and HC groups) were kept
in 7 cages in a separate room during the
experiment.

Weeks 1

(acclimatization) 2 3 4 S 6

Speed (m/min) 10 20 20 30 30 30
Time (min) 10 10 15 15 17-18 17-18

Slope 0 0 0 0 0 0

Biochemical assays: To measure cortisol
concentrations, all animals were sacrificed 24 h
after the last ET session by intraperitoneal injection
of ketamine (75 mg/kg) and xylazine (5 mg/kg)
after 12-h fasting. Next, blood samples were taken
from the animals' hearts and centrifuged for 15 m
at 3000 rpm to obtain serums. The serums were
stored at —-20 °C before going through analysis.
Cortisol concentrations were determined using an
ELISA kit (Diagnostic, Canada) in a multiple ELISA
reader (BioTek, Winooski, VT, USA), according to
the manufacturer's instructions.

Heart tissue extraction and RT-PCR: Each rat’s
heart tissue was removed, submerged in liquid
nitrogen, and kept at -70 °C. In addition, RNA
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extraction was performed by RNX™ reagent
according to the manufacturer's procedure
(SinaClon Bioscience, Tehran, Iran). The
supernatant was removed after homogenizing 100
mg of myocardium in one mL of Isol-RNA Lysis
Reagent. Next, it was transferred to a micro tube,
with the homogeneous product centrifuged for 10
min at 12000 g (4 °C). At the next stage,
chloroform was added to the supernatant at 200 pL
and vigorously stirred for 15 s. Next, the
microtubes were re-centrifuged for 15 min at
12000 g (4 °C). In addition, 600 pL of isopropyl
alcohol was added and centrifuged at 12000 g,
with the RNA extracted. The purity and
concentration of the RNA were calculated by
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controlling the ratio of OD260/280, and values of
acceptable purity were defined between 1.8 and 2.
The extracted RNA was reversed to
complementary DNA (c-DNA). Additionally, the
cDNA synthesis kit was used for cDNA synthesis,
according to the manufacturer’s instructions. The
real-time PCR was performed in the Roche
LightCycler detection system (Basel, Switzerland).
For this purpose, initial denaturation of 5 min at 95
°C, 45 cycles of denaturation for 15 s at 95 °C,
annealing for 30 s at 60 °C, an extension for 20 s
at 72 °C, and a melt curve analysis (50-99 °C)
were performed. Besides, to measure relative
gene expression, glyceraldehyde-3-phosphate

Table 2. The primers’ sequence for the quantitative RT-PCR

dehydrogenase (GAPDH) was used as the
reference gene to control the product’s specific
proliferation. The results were evaluated using the
-284Ct comparative method as well as LightCycler
SW1.1 software and were reported using the
general -222C¢t formula. Table 2 shows the
sequence of the primers. To measure glucose
levels, a small drop of blood was placed on the
glucometer tape by creating a small lesion on the
venous tail vein, with blood glucose levels read by
a glucometer (Roche Diagnostics K.K., Tokyo,
Japan). The rats’ hearts were weighed by a GR202
scale made in Japan.

Genes Forward Reverse

GAPDH AGTTCAACGGCACAGTCAAG TACTCAGCACCAGCATCACC

MMP-2 CTACACTGGGACCTGTCACT CCGCCAAATAAACCGATCCT
Angiostatin ACCTGCTAGACCACCTGGAG CCTTGGCTGTTATCTTCGGTACCGG

Normal distribution of the data and homogeneity of
variances were evaluated using the Shapiro-Wilk
and Levene tests, respectively (P = 0.05). Next, a
one-way ANOVA and the Tukey’s post-hoc test
were used to compare changes in different groups.
All statistical analyses were performed at the
significance level of P < 0.05 using SPSS software
V.25.0.

Results

Rats’ blood glucose levels, heart weight, and

Glucose (mg/dl)

*4:
+4:
+4:
+4:
+4:
*4:
+4:
*4-

Fig.1. Blood glucose levels in different groups

2nd week

cortisol concentrations: Blood glucose levels in
the SD group increased significantly during the
experimental period (P < 0/001). However, there
was no significant change in blood glucose levels
in the HC group (P = 0/05). The results of statistical
analysis using a one-way ANOVA showed that at
the end of 6 weeks of moderate-intensity aerobic
exercise, blood glucose concentrations were
significantly lower in the DE group than in the SD
group (P < 0/001) (Fig. 1). However, there was a
significant decrease in the DE and HC groups (P <
0/001) as well.

P<0.001

P<0.001

L
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=SD
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Disparate characters (a, b, and c) represent a significant difference among the groups based on the one-way ANOVA
test (P < 0.001). Accordingly, a represents a significant decrease in the DE group compared to the SD group; b
represents a significant increase in the SD group compared to the HC group; and c represents a significant decrease in
the HC group compared to the DE and SD groups. HC stands for the healthy control group, SD is the sedentary diabetic

group, and DE is the diabetic exercise group.
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There was a significant difference in heart weight 0/001). Nevertheless, there was no significant
among the three groups at the end of the 6 weeks difference between HC and DE groups (P = 0/05)
(P < 0/001). Accordingly, heart weight was lower in (Fig. 2).

the SD group than in the HC and DE groups (P <

1.1
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— P<0.001
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= 1
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Fig. 2. Heart weight in different groups

Disparate characters (a and b) represent a significant change among the groups based on the one-way ANOVA test (P <
0/001). Accordingly, a represents a significant increase in the DE and HC groups compared to the SD group; and b
represents a significant decrease in the SD group compared to the HC and DE groups. HC is the healthy control group,
SD stands for the sedentary diabetic group, and DT represents the diabetic exercise group.

In fact, there was a significant difference in the group than in the HC and DE groups (P < 0/001).
serum levels of cortisol among the three groups at However, there was no significant difference
the end of 6 weeks (P < 0/001). Accordingly, between the HC and DE groups (P = 0/05) (Fig. 3).

serum levels of cortisol were higher in the SD

P<0.001
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Fig. 3. Serum cortisol levels in different groups

Disparate characters (a and b) represent a significant change among groups based on the one-way ANOVA test (P <
0/001); accordingly, a represents a significant decrease in the DE and HC groups compared to the SD group; and b
represents a significant increase in the SD group compared to the HC and DE groups. HC is the healthy control group,
SD represents the sedentary diabetic group, and DE is the diabetic training group.

Gene expression of MMP-2 and angiostatin: comparison of MMP-2 after 6 weeks of moderate-
Figs. 4 and 5 show the results of the one-way intensity aerobic exercise. Accordingly, gene
ANOVA and the Tukey’s post-hoc test for the gene expression of MMP-2 had a significant decrease in
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the SD group compared to the HC group (P < 0/001). However, there was a significant difference
0/001). Besides, there was a significant increase in between the DE and HC groups (P < 0/001) (Fig.
the DE group compared to the SD group (P < 4).
P<0.001
1.2
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= 0.8
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2 33353
= 0.4
[1°]
o 33352
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Fig. 4. Gene expression of MMP-2 in different groups

Disparate characters (a, b, and c) represent a significant change among the groups based on the one-way ANOVA test
(P < 0.001); accordingly, a represents a significant increase in the DE group compared to the SD group; b represents a
significant decrease in the SD group compared to the HC group, and ¢ shows a significant increase in the HC group
compared to the DE and SD groups. HC is the healthy control group, SD represents the sedentary diabetic group, and
DE is the diabetic training group.

In fact, gene expression of angiostatin had a the SD group (P < 0/001) (Fig. 5). Nevertheless,
significant increase in the SD group compared to there was no significant difference between the HC
the HC group (P < 0/001). However, it had a and DE groups (P = 0/05).

significant decrease in the DE group compared to

P<0.001
2.5

S 2
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Fig. 5. Gene expression of angiostatin in different groups

Disparate characters (a and b) represent a significant change among the groups based on the one-way ANOVA test (P <
0.001); accordingly, a represents a significant decrease in the DE and HC groups compared to the SD group; b
represents a significant increase in the SD group compared to the HC and DE groups. HC represents the healthy control
group, SD is the sedentary diabetic group, and DE is the diabetic exercise group.
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Discussion

Diabetics are at an increased risk of developing
CVDs. Nowadays, glycemic variability s
considered a noticeable causative factor for the
development of DM [3]. Animal and in vitro studies
show that exercise improves the function and
structure of the heart by better glucose control,
thereby promoting cardiovascular health [32]. In
fact, regular exercise is an effective non-
pharmacological approach for the management of
disorders among diabetics. The main findings of
the present study were a reduction in blood
glucose and cortisol levels as well as an
improvement in the gene expression of MMP-2
and angiostatin. Although fasting blood glucose
levels were significantly higher in diabetic groups,
moderate-intensity aerobic exercise controlled
serum levels of glucose during the experiment as
expected, without restoring normoglycemia. A
reduction in the blood glucose level from 364 to
325 mg/dL may reduce the risk of cardiovascular
events. To date, regulatory blood glucose
mechanisms of aerobic exercise in diabetics have
remained unclear. Probable changes in the target
proteins can affect glucose regulation in the long
term, which is associated with insulin sensitivity.
According to research, a reduction in the blood
glucose level and an improvement in insulin
sensitivity triggered anti-inflammatory processes
and affected oxidative capacity as well as
capillarization [33, 34]. In the current investigation,
heart weight in two groups of the diabetic rats
decreased significantly. In fact, this effect was
more significant in the SD group than in the DE
group, indicating that aerobic exercise somehow
controls heart tissue atrophy.

A variety of factors are required to initiate heart
angiogenesis in response to exercise, with one of
which being serum cortisol levels. Based on the
results of this study, serum cortisol levels
decreased after 6 weeks of aerobic exercise. This
result was consistent with some previous findings
[35, 36], but it was inconsistent with some other
findings [37, 38]. This inconsistency could have
been due to the different subjects, obesity,
inactivity, healthiness, and sickness. Accordingly,
these differences may be associated with different
exercise variables, including the intensity, volume,
repetition, and type of exercise. The decline in
glucose levels could be the major possible
mechanism that decreases serum cortisol
concentrations. This is due to the fact that the
activity of the central sympathetic nervous
system and the adrenal-hypophyseal-hypothalamic
axis contribute to endocrine disorders, such as
blood glucose increase [39]. Fortunately, in the
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present study, blood glucose levels decreased
during and after the 6 weeks of the aerobic
exercise, which affected adrenocorticotropic
hormone (ACTH) [40] from the hypothalamic-
pituitary axis, which controls cortisol secretion.

The main result of this study was that after the
injection of STZ, the gene expression of MMP-2
and angiostatin remarkably decreased and
increased, respectively, in the diabetic cardiac
group. In addition, the 6 weeks of systemic aerobic
exercise tended to decrease that. This result
indicates the supportive effect of moderate-
intensity aerobic exercise on diabetic heart
angiogenesis through balancing gene expression
of angiogenesis-related factors, or probably
predominance of pro-angiogenic factors relative to
anti-angiogenic factors as well as fibrosis due to
diabetes in the diabetic cardiac group [3]. As
observed in our study, after 6 weeks of aerobic
exercise, gene expression of MMP-2 increased,
having been in line with some other studies [41,
42]. Habibian et al (2016) reported that after 8
weeks of swimming, MMP-2 cardiac activity
increased [41]. In the same vein, Kwak et al (2011)
reported that after 12 weeks of aerobic exercise,
MMP-2 gen activity increased in the left ventricular
[42]. Elevated glucose levels can facilitate growth
factor B1 (TGFB1) activation by increasing the
synthesis of anti-angiogenic agents, such as
thrombospondin-1 (TSP1). In addition, profibrotic
factor TGF1 can accelerate accumulation of the
extracellular matrix by mediating inflammatory
responses [43]. Therefore, increasing gene
expression of MMP-2 in cardiac tissue and
decreasing blood glucose levels in the rats that
took exercise in the present study would confirm
the cardiac supportive role of aerobic exercise
under diabetes conditions. It has been suggested
that elevated levels of glucose, angiotensin Il, and
oxidative stress can cause structural changes in
diabetics’ heart by increasing MMP-2 [44, 45] and
decreasing angiostatin. However, in the present
study, the two mentioned factors (angiotensin Il
and oxidative stress) were not investigated, which
could be one of the limitations of the present
research. Fortunately, a decrease in angiotensin Il
and oxidative stress has been reported following
aerobic exercise [46, 47]. As few studies have
examined MMP-2 signaling and its activity in
normal or diabetic heart tissue, discussion in this
regard is limited.

In this study, angiostatin regulation increased in
the diabetic group. Therefore, our study confirms
previous studies which reported a significant
change in the gene expression of angiostatin in the
diabetic heart of rats compared to the healthy heart
[48]. In this regard, it is indicated that angiostatin
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inhibited angiogenesis of pathological conditions
as well, yet it had no effect on general
physiological angiogenesis [49]. It is not well
known how DM increases angiostatin. However, it
has been indicated that the activity of
phosphoglycerate kinase (PKG) increased under
diabetes conditions following an increase in
angiotensin expression. The association between
increased angiostatin and PGK efficacy could be
due to the fact that plasmin revival is the first step
in angiostatin formation. In a study, the enzyme
PGK facilitated plasmin reduction, with the
increase in PGK activity stated as the reason for
the increase in angiotensin expression [18].
Although the expression of the angiostatin gene
increased in diabetics [18, 48], fortunately 6 weeks
of aerobic exercise decreased its gene expression.
There is not enough clinical research to have
examined angiostatin responses to exercise;
however, laboratory findings show that 10 weeks
of exercise (at the rate of 17 m/min for 10-50 min)
reduced levels of angiostatin and caspase-3 gene
expression, thereby increasing the capillary density
of arteries in mice with myocardial infarction [48].
The reason for angiostatin reduction in response to
exercise is not clearly known. In fact, a reduction in
MMPs probably reduced release of angiostatin
from plasminogen after exercise, due to the
relationship between MMP activity and nitric oxide
production [50]. The result of a study showed that
coronary collateralization was dependent on nitric
oxide, which in part severely restricted the activity
of MMPs and subsequent angiostatin production
from plasminogen [50]. Therefore, changes in nitric
oxide could be effective in angiostatin production,
yet its amount was not measured in the present
study; however, its activity increased after exercise
in most studies [51, 52].

Conclusion

In summary, systemic moderate-intensity aerobic
exercise in diabetic rats exerted beneficial effects
on the diabetic heart disease, controlled blood
glucose, increased MMP-2 gene expression, and
decreased angiostatin gene expression. These
benefits could help improve the angiogenesis
process, form new capillaries, and increase blood
flow to the affected areas in diabetics.
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