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A B S T R A C T

In this study, the combined effects of four-week swimming training and melatonin were examined on the oxida-
tive response, inflammation, apoptosis, and angiogenesis capacity of cardiac tissue in the mouse model of dia-
betes. The mice were randomly allocated into five groups (n = 10 per group) as follows: Control; Diabetic group;
Diabetic + Melatonin group; Diabetic + Exercise group; and Diabetic + Exercise + Melatonin group. 50 mg/
kg streptozotocin was intraperitoneally administrated. In melatonin-treated groups, melatonin was injected in-
traperitoneally at 3 mg/kg body weight for four weeks and twice weekly. Swimming exercises were performed
for four weeks. We measured cardiac superoxide dismutase, glutathione peroxidase enzymes, malondialdehyde,
and total antioxidant capacity. The expression of tumor necrosis factor-α, Caspase‑3, Sirtuin1, and Connexin-43
was measured using real-time PCR analysis. The vascular density was analyzed by immunohistochemistry using
CD31 and α-smooth muscle actin antibodies. The combination of melatonin and exercise elevated cardiac super-
oxide dismutase, glutathione peroxidase coincided with the reduction of malondialdehyde and increase of total
antioxidant capacity as compared to the diabetic mice (p < 0.05). In Diabetic + Exercise + Melatonin mice, tu-
mor necrosis factor-α, Caspase‑3 was significantly down-regulated compared to the Diabetic group (p < 0.05).
Melatonin and exercise suppressed the expression of Connexin-43 and Sirtuin1 in diabetic mice in comparison
with the control mice (p < 0.05). H & E staining showed necrosis and focal hyperemia reduction in the Dia-
betic + Exercise + Melatonin group compared to the Diabetic group. Data showed a decrease of CD31+ and
α-smooth muscle actin+ vessels in the Diabetic group as compared to the normal samples (p < 0.05). The num-
ber of CD31+ vessels, but not α-smooth muscle actin+ type, increased in the Diabetic + Exercise + Melatonin
group compared to the Diabetic mice. These data demonstrated that exercise along with melatonin administra-
tion could diminish the detrimental effects of diabetes on cardiac tissue via using different mechanisms.

1. Introduction

DM is the most common metabolic disorder in the body which is
initiated by failure in the synthesis of insulin (type 1 DM) or cell inap-
propriate response to insulin (type 2 DM). These features result in the

elevation of systemic glucose. Diabetes has two main types. In type 2
DM, decreased cellular response to insulin can lead to progressive loss
of pancreatic β cells and complete defect in insulin production. The per-
sistence of a diabetic condition leads to different complications such as
cardiovascular disease, renal failure, nervous system deficiencies, and
retina degeneration. Due to increased myocardial workloads after sys
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temic hypertension, diabetic patients are prone to myocardial infarction
and cardiac tissue injuries (Gardner et al., 2012).

The close association between cardiac inflammation and DM has
been seriously debated in recent years. The increase of TNF-α causes
down-regulation, or impaired expression of glucose receptor-related re-
ceptors and impair glucose entry into muscle cells (Sowers et al.,
2003). Also, prolonged exposure of pancreatic beta cells to TNF-α and
IL-1β promoted apoptosis. The accumulation of free radicals inside car-
diac tissues could increase the intensity of inflammation and cardiomy-
ocyte injury (Donath and Shoelson, 2011).

It has been shown that the promotion of diabetic conditions predis-
poses cardiac tissue to micro and macro-vascular injuries (Verma et
al., 2012). Under the diabetic condition, most vascular injuries origi-
nate from endothelial dysfunction (Mehta et al., 2006; Orasanu and
Plutzky, 2009).

Cx belong to integral membrane proteins and mediate cell-to-cell
connection in different organs such as heat, brain, vascular tissue, etc.
(Leybaert et al., 2017). In the vascular niche, Cxs like Cx-43 connect
ECs tightly to each other and regulated vascular permeability. In car-
diac tissue, Cxs are regionally expressed and form gap junctions allow-
ing electrical communication of cardiomyocytes (Lu et al., 2012). The
loss of Cxs, especially Cx-43, leads to the reduction of Na current in
cardiac ventricles and auricles which promote the possibility of cardiac
fibrillation (Leybaert et al., 2017). It has been shown that DM could
change the Cx-43 in various tissues such as the heart and vascular niche
(Isakson et al., 2006; Schulz et al., 2015). Therefore, it is worth
noting that DM could sensitize cardiac tissue to injury via the promo-
tion of inflammation, vascular deficiency, and disruption of cell-to-cell
connection (Donath and Shoelson, 2011; Glassberg et al., 2014;
Sato et al., 2002; Schulz et al., 2015). Among various signaling
pathways, Sirtuin (Sirt) family belonging to NAD+-dependent deacety-
lating enzymes, participates in different cellular events (D’Onofrio et
al., 2018). For instance, Sirt1 is best known for its protective effects
against inflammation, oxidative stress, and metabolic disorders in multi-
ple tissues (D’Onofrio et al., 2018). Experiments have shown that the
increase of NO during metabolic activity leads to overexpression of Sirt1
in the cardiovascular system (Nisoli et al., 2005). However, further
beneficial effects of Sirt1 on the pro-inflammatory status and metabolic
disorders are subject of debate.

Mel is, an amphipathic indolamine molecule, synthesized from the
tryptophan amino acid in the pineal gland with pleiotropic activities
(Stevens et al., 2007). Mel can stimulate antioxidant defense such as
SOD (Li et al., 2019), GPx, glutathione reeducates, and catalase, a de-
crease of reactive oxygen species (Anisimov, 2003).

Mel stabilizes the microsomal membranes to resist oxidative dam-
age (Alghamdi, 2018). Previously, the protective effects of MT, have
been against cardiac apoptosis in diabetic cardiomyopathy (Nduhira-
bandi and Maarman, 2018; Sun et al., 2016). In diabetic patients,
Mel could decrease cardiac tissue disease via the suppression of Bcl-2,
fibrosis, and tyrosine kinase activation (Xiong et al., 2018).

To date, exercise is recommended as a tool to prevent and control
many diseases, especially diabetes (Association A.D., 2010; Dai Kim
et al., 1996). At rest and without physical activity, the cardiomyocytes
have a high oxidative metabolism with a moderately low activity of the
antioxidant system (Bicer et al., 2018; Farhangi et al., 2017). The
tissue metabolism increases during exercise and this situation makes car-
diac tissue susceptible to oxidative damage (Farhangi et al., 2017).

On the other hand, exercise could activate various antioxidants sys-
tems simultaneously. Therefore, in the current experiment, we aimed to
study if swimming training and Mel consumption could decrease cardiac
tissue damage in diabetic mice by manipulation of oxidative stress, in-
flammation, and angiogenesis.

2. Materials and method

2.1. Animal and ethical issues

In the present experiment, a total of 80 adult male BALB/c mice,
weighing 20−25 g, were purchased (Animal House of Tabriz University
of Medical Sciences). All steps of this study were done under the su-
pervision of the Local Ethics Committee of Tabriz University of Med-
ical Sciences (IR.TBZMED.VCR.REC.1398.160) and following the Na-
tional Institutes of Health guide for the care and use of laboratory ani-
mals (NIH Publications No. 8023, revised 1978). Mice were maintained
under controlled conditions (12h: 12 h light-dark cycle at 22 ± 2 °C).
Mice had ad libitum access to food and water. One week after hous-
ing, mice were randomly divided into five groups (each in 10) as fol-
lows: (I) Control (C); (II) Diabetic (DM) group; (III) Diabetic + Mela-
tonin (DM + Mel) group; (IV) Diabetic + Exercise (DM + Exc) group;
and (V) Diabetic + Exercise + Melatonin (DM + Exc + Mel) group.
The experiment was started two weeks after induction of diabetes. In
mice that received Mel, we injected 3 mg/kg Mel intraperitoneally daily
for four weeks (twice a week) after the onset of diabetic changes (An-
war and Meki, 2003).

2.2. Induction of diabetes protocol

To induce diabetes, mice fasted for 8 h. Then, 50 mg/kg STZ was in-
jected intraperitoneally as a single dose pre-dissolved in 0.1 mM sodium
citrate buffer (pH = 4.5). After 72 h of administration of STZ, the blood
samples were collected via the tail vein and placed on a glucometer
strip, the concentration of glucose over 250 mg/dl were conceived as
hyperglycemic. We carefully monitored blood glucose levels before the
induction of diabetes, during exercise, and melatonin intake (Bicer et
al., 2018; Choi et al., 2015; Shirpoor et al., 2006).

2.3. Long-term exercise

Exercises were performed in the target groups in a swimming tank
(100 × 150 cm). The water temperature was adjusted to the range of
24−26 °C. The animals were put in a swimming tank for 10 min on the
first day of exercise and increased to 60 min within 6 days. Swimming
was performed for four weeks and one hour per day for 3 days per week.
The exercise was done from 9 a.m. to 12 pm (Ghiasi et al., 2015; San-
tana et al., 2018). After completion of the experimental protocol, the
mice were euthanized using the overdose of Xylazine and Ketamine.

2.4. Measuring oxidative status in the cardiac tissue

To assess the modulatory effects of Mel and Exc on oxidative status,
we measured the level of SOD, GPx, TAC, and MDA in the heart samples.
For this purpose, the tissues were homogenized and lysed in protein ly-
sis buffer (150 mM NaCl, 0.1 % SDS, 50 mM Tris−HCl, 2 mM EDTA, 1%
NP-40). The homogenates were centrifuged at 12,000 rpm for 20 min at
4 °C. Then, the supernatants were collected and levels of SOD and GPx
were measured using appropriate kits (Randox; Crumlin UK) according
to the manufacturer’s instructions (Dai Kim et al., 1996). Results were
expressed in units/mg of protein.

The content of cardiac MDA was also measured using the TBARS
method as previously described (Rezabakhsh et al., 2017). To this
end, total protein content was measured using the BCA kit (iNtRON
Biotechnology, Korea). Protein lysates were mixed with phosphoric acid
(1%) followed by the addition of thiobarbituric acid (0.67 %). The
samples were kept in boiling water for 45−50 min. After cooling on
ice, samples were centrifuged at 1000 g for 10 min and MDA‐thiobarbi-
turic acid adduct was detected at 570 nm. The amount of MDA was ex
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pressed as nM per mg protein. TAC was calculated using the ABTS
method (Randox Total Antioxidant laboratory kit) (Khaksar et al.,
2017). Here, we measured TAC by monitoring peroxidase activity and
production of the blue-to-green solution after the addition of ABTS. The
ODs were read at 600 nm and the final concentration was calculated by
the below formula; Factor = concentration of standard/ ΔA blank-ΔA stan-
dard; mmol/ l = factor × (A blank − A sample).

2.5. Real-time PCR analysis

To assess the transcript levels of expression, heart samples were
chopped and RNA content was extracted using the RNA extraction kit
(YT9080, Yekta Tajhiz Azma, Tehran, Iran) consistent with the man-
ufacturer's protocol. The concentration of isolated RNAs was deter-
mined using the Nanodrop system (NanoDrop UV–vis Spectrophotome-
ter). cDNA samples were synthesized from RNAs using the cDNA Syn-
thesis Kit (YT4500, Yekta Tajhiz Azma). In this study, we monitored the
expression of TNF-α, Cas-3, SIRT1, and Connexin-43 in diabetic mice
after long-term exercise and Mel administration. The primer sets were
designed using Perl Primer software along with the NCBI online pro-
gram (www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 1). Quantita-
tive Real-time PCR was performed in the volume of the 14 µL using
SYBR Green 2X (YT2551, Yekta Tajhiz Azma, Iran) in the “Roche Light-
Cycler 96″ instrument. PCR reactions were done in triplicate. The PCR
specificity was evaluated by analyzing the melting curves (Ahmadian
et al., 2020).

2.6. IHC

To evaluate the effects of Mel and long-term Exc on vascularization
of myocardial tissue, samples were fixed in 10 % neutral buffered forma-
lin for 24 h. 5-μm size tissue sections were provided from paraffin-em-
bedded samples following the completion of experimental protocols. Af-
ter the deparaffinization, samples were incubated in 3% H2O2 solution
for 20 min and autoclaved at 15 psi in citrate buffer (pH, 6.0) for 20 min
to induce the epitope retrieval. Thereafter, samples were exposed to pri-
mary antibodies against CD31 (Dilution: 1:200; Cat no: M0823; Dako)
and α-SMA (1:100, Cat no: M0851, Dako) for 25 min. Then, slides were
treated with the EnVision + Dual Link System HRP kit (Dako) after
three washes with PBS. In this study, 0.05 % DAB was used as a chro-
mogen agent. The nuclei were stained with Mayer's Hematoxylin solu-
tion. The number of CD31 and α-SMA positive vessels was counted in
each of the 10 serial HPF.

2.7. Statistical analysis

Data are shown as mean ± SD. For statistical evaluation, One-Way
ANOVA with a post hoc Tukey test was analyzed by using Graph Pad
Prism software ver. 5 (Graph Pad Software Inc.). The P-value < 0.05
level was considered as statistically significant.

Table 1
The list of primers.

Annealing Temperature (Ta) Forward Gene

60 °C GCACAGAAAGCATGATCCGC TNFα
60 °C GAGCTTGGAACGGTACGCTA Casp3
60 °C GCACATGCCAGAGTCCAAGT SIRT1
60 °C CTCACGTCCCACGGAGAAAA Connexin-43

3. Results

3.1. Mel plus Exc modulated the function of cardiac tissue GPx and SOD in
diabetic mice

We monitored the levels of antioxidant status like GPx and SOD in
diabetic mice after injection of Mel and exercise (Fig. 1). According to
our data, DM did not alter the activity of SOD and GPx in cardiac tissues
comparing the control subjects (Fig. 1). Although DM caused a slight
decrease in the level of cardiac SOD and GPx, these data were not gained
statistically significant differences. We found that Exc in diabetic mice
increased significantly SOD in cardiac tissues compared to the control
group (p < 0.05; Fig. 1). Administration of Mel in diabetic mice did not
change the levels of SOD and GPx in cardiac tissue compared to the nor-
mal subjects (p > 0.05; Fig. 1). Exercise plus Mel increased cardiac lev-
els of SOD and GPx compared to the DM and control groups (p < 0.05;
Fig. 1). These data demonstrated that the application of Mel in diabetic
mice reached SOD and GPx levels near-to-control levels. Exercise alone
can increase the levels of SOD, but not GPx, as compared to the nor-
mal mice. It seems that the increase of SOD and GPx in DM + Exc and
DM + Exc + Mel groups is a compensatory response to an increase in
oxidative compounds.

3.2. A combination of MDA plus Exc decreased TAC and MDA in diabetic
mice

To assess whether the mixture of Mel and Exc could diminish the
oxidative status in diabetic mice, we monitored the levels of MDA and
TAC. According to our data, the promotion of diabetic status increased
the levels of MDA coincided with a significant reduction of TAC capac-
ity in the DM group (Fig. 1). It seems that Exc and Mel alone and si-
multaneous application of Exc and Mel reduced the levels of MDA in the
cardiac tissue compared to the DM subjects (p < 0.05; Fig. 1). We also
noted that Exc can increase TAC capacity in the DM group and reached
near-to-control levels. Interestingly, Mel alone was unable to increase
TAC in diabetic mice but the combination of Mel plus Exc increased TAC
compared to the DM group. These data declared that the combination
of Mel and Exc could decrease MDA levels and increase the TAC in the
heart tissue after diabetic changes.

3.3. Combination of exercise and Mel reduced apoptosis and inflammation
in the cardiac tissue of diabetic mice

To monitor the role of Mel and Exc on apoptosis and inflammation,
we measured the expression of both TNF-α and Casp-3 in the hearts of
diabetic mice. Data showed that DM increased significantly the levels of
cardiac TNF-α and Casp-3 comparing to the control group (Fig. 2). No-
tably, a long-term exercise in DM mice decreased the levels of TNF-α and
Casp-3 and near to the control levels (p > 0.05; Fig. 2). As expected,
the application of Mel alone or in combination with physical activity de-
creased the expression levels of TNF-α and Casp-3 compared to the DM
mice (p < 0.05; Fig. 2). These data demonstrated that long-term phys-
ical activity and Mel administration alleviate diabetic inflammation and
apoptosis in the murine cardiac tissue. These effects were prominently
when the combination of Mel and physical activity was applied.

3.4. Exercise and Mel decreased the expression of Sirt1 and Cx-43 in
diabetic mice

Gene expression of Sirt1 and Cx-43 was monitored upon the dia-
betic condition and after application of Mel and exercise. The devel-
opment of the diabetic condition in mice did not alter the expression
of Cx-43 in the cardiac tissue in comparison with the control subjects

3

http://www.ncbi.nlm.nih.gov/tools/primer-blast/


UN
CO

RR
EC

TE
D

PR
OO

F

A. Rahbarghazi et al. Tissue and Cell xxx (xxxx) xxx-xxx

Fig. 1. Measuring the levels of antioxidant enzymes (SOD and GPx), MDA, and TAC in cardiac tissues after administration of Met and four-week training program (n = 3). One-way
ANOVA with Tukey post hoc test *P < 0.05; **P < 0.01 and ***P < 0.001.

(p > 0.05; Fig. 2). Although transcription of Cx-43 increased the val-
ues were not statistically significant. Interestingly, the expression of
Cx-43 was induced in DM + Exc comparing to the normal subjects. Con-
versely, the administration of Mel alone or a combination of long-term
physical activity with Mel could suppress the expression of Cx-43 in di-
abetic mice in which the values were less compared to the control mice.
Based on our data, DM significantly decreased the expression levels of
Sirt1 as compared to the control subjects (p < 0.05; Fig. 2). It seems
that physical activity may perhaps blunt the inhibitory function of DM
on Sirt1 and returned it to normal levels. The administration of diabetic
mice significantly reduced the expression of SIRT1 compared to the nor-
mal and DM mice (p < 0.05; Fig. 2). We found a superior effect of Mel
plus Exc to reduce the expression of Sirt1 in the DM group as in compar-
ison with the control mice (p < 0.01; Fig. 2).

3.5. Mel but not exercise decreased cardiac tissue injury after diabetic
changes

3.5.1. H&E staining
H&E staining method was completed on the heart sample to show

possible tissue injury after diabetic changes and the simultaneous appli-
cation of Mel and exercise. Bright-field imaging showed that the pro-
motion of diabetic conditions led to necrotic change and local hyper-
emia compared to the control mice (Fig. 3). In group DM + Exc, car-
diac tissue injury was not evident compared to the DM group (Fig. 3).
Similar to DM + Exc group, these changes were prominently reduced in
DM + Mel and DM + Exc + Mel groups.

3.5.2. IHC staining
IHC staining was performed to evaluate the possible damage of

diabetic condition on the cardiac tissue vascular system using CD31
and α-SMA antibodies. Data showed that the progression of DM de-
creased the
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Fig. 2. Real-time PCR analysis of TNF-α, Casp-3, Cx-43, and Sirt1 in diabetic mice received Met and four-week training program (n = 3). Data showed that Met along with exercise
decreased inflammation and apoptotic changes in diabetic hearts by suppression of the expression of TNF-α, Casp-3. The transcription of Sirt1 and Cx-43 was decreased in diabetic mice
upon Met administration and a four-week training program. One-way ANOVA with Tukey post hoc test *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.

number of CD31+ micro-capillaries compared to the control mice group
(p < 0.05; Fig. 4A,B). CD31 staining is commonly used as a marker
for ECs. The decrease of CD31+ micro-capillaries in the cardiac tissue
possibly showed the decrease of vascular density and or inability of
ECs to synthesize CD31 under diabetic conditions (Fig. 4A,B). In sim-
ilar to the DM group, the use of long-term physical activity on dia-
betic mice did not change the number of CD31+ micro-capillaries com-
pared to the DM group, leading to reduced vascular density. In con-
trast, the administration of Mel alone or in combination with long-term
exercise increased the number of CD31+ micro-capillaries, close to the
control values (Fig. 4A,B). At high magnification, the endothelial bar-
rier was determined in the entire luminal surface of capillaries of con-
trol heart samples indicated by brown color (Fig. 4C). In groups DM
and DM + Exc, it seems that endothelial cells were separated from the

luminal surface in which brown-colored cell masses were detectable in-
side the vessels’ lumens. The administration of Mel alone or in com-
bination with physical activity decreased the slaughtering of ECs from
the luminal surface in DM mice. The extent of restorative effects was
superior in Mel-treated DM mice compared to the DM + Exc + Mel
(Fig. 4C). To monitor the reparative effect of Mel and exercise on
small arterioles in cardiac tissues after initiation of DM, we measured
the number of α-SMA+ vessels (Fig. 4D,E). Data showed that DM sig-
nificantly decreased α-SMA+ vascular density compared to the control
group (p < 0.0001). According to our findings, non-significant changes
were shown in diabetic mice after long-term activity compared to the
DM mice. In groups treated with Mel alone or a combination of Mel
and exercise, a slight increase in the number of α-SMA+ vessels was
achieved. However, the values were statistically significant compared
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Fig. 3. Histological examination of cardiac samples using H&E staining. Bright-field imaging revealed local hyperemia and necrosis in diabetic heart tissue. Met in combination with
exercise reduced the detrimental effects of DM on murine hearts.

to the control mice. These findings showed that the promotion of di-
abetic conditions could decrease angiogenesis and vascular density in
the cardiac tissue. Physical activity did not alter cardiac CD31+ and
α-SMA+ vascular density. The administration of Mel alone or in combi-
nation with physical activity could blunt the detrimental effects of dia-
betes on CD31+ vessels, but not α-SMA+ vessels.

4. Discussion

The prevalence of metabolic diseases mainly DM has become one of
the main concerns related to cardiovascular complications during the
last decades (Hassanpour et al., 2018; Khaksar et al., 2018; Rezaie
et al., 2018). Here, the combined effect of Mel and exercise was inves-
tigated on oxidative stress, inflammation, and angiogenesis capacity of
heart tissue in DM mice.

We found that the combination of Mel with long-term exercise in-
creases the level of cardiac SOD and GPx enzymes in diabetic mice,
showing an increase in antioxidant defenses of the heart during diabetic
changes. Zehsaz et al. confirmed that maximal endurance training po-
tentially increased SOD activity in diabetic rats (Alouie et al., 2017).
Mel could induce antioxidant activity especially SOD in STZ-induced di-
abetic rats (Armagan et al., 2006). Exercise can directly regulate the
balance of antioxidants and oxidants by reducing free radicals (Kanter
et al., 2017; Sallam and Laher, 2016). In line with the advantages
of exercise, Mel could eliminate the free radicals like ROS and activate
SOD (Rodriguez et al., 2004) and GPx. On the other hand, the sup-
pression of lipoxygenase inhibitor by Mel, making this hormone a pow-
erful biological agent (Alghamdi, 2018). During the hyperglycemic
condition, Mel can stabilize microsomal membranes against oxidative
stress (Alghamdi, 2018). By the activity of Mel, ROS and reactive
nitrogen species are oxidized to N1-acetyl-N2-formyl-5-methoxykynu-
ramine. Additionally, Mel activates nuclear Nrf2 (NF-E2-related factor
2) which in turn initiates anti-oxidant mechanisms (Fu et al., 2020).
GPx is in large quantities in the cardiac tissue inside the cytosol and
mitochondria, highlighting the particular importance of this enzyme
as an antioxidant defense mechanism in the heart. Due to the dispu-
tation of O2 − by SOD and production of free hydroxyl radicals, it

seems that GPx possesses superiority in protecting cardiac tissue against
oxidative stress (Gupta et al., 2009).

We also found that physical activity along with Mel could decrease
MDA and increase TAC in diabetic mice. Conflicting results are respect-
ing the effects of exercise on the antioxidant system during metabolic
disease in the cardiac tissue (Goldfarb et al., 2007; Jarrete et al.,
2014).

Following our data, Salehi and colleagues found the accumulation of
MDA in murine cardiac tissue after eight-week forced training (Salehi
et al., 2009). Ouali and colleagues found that long-term exercise in-
creased oxidative stress in the heart tissue (Ouali et al., 2007). The
discrepancy is possibly due to the changes in sex, age, and breed of the
animal used as diabetic models. Also, type, intensity, and duration of
study differ in numerous studies (Huang et al., 2006). The data from
our study showed that the administration of Mel with a four-week exer-
cise increased the anti-oxidant defense system and reduced byproducts
during the hyperglycemic changes.

Another part of the results showed that DM increased the expres-
sion of TNF-α and Casp-3. The combined application of Mel and ex-
ercise down-regulated these genes and closed to near-to-normal levels,
indicating the reduction of apoptotic changes and inflammation inside
the cardiac tissue (Amin et al., 2015; Belotto et al., 2010; Cheng
et al., 2013; Onk et al., 2018; Xiong et al., 2018). Along with
our findings, 8-week of swim training reduced TNF-α in diabetic rats.
The comparison of swimming training at different intensities showed
that moderate-intensity training was able to further reduce the pro-in-
flammatory factor TNF-α compared to high-intensity training. It has
been shown that TNF-α participates in insulin resistance and the pro-
duction of ROS via glucolipotoxicity pathways (Akash et al., 2018).
TNF-α can activate nuclear NF-κB and COX-2 which accelerate cellular
apoptosis and inflammation (Cnop et al., 2005; Fischer and Maier,
2015; Xuyan et al., 2017). Increased apoptotic cardiomyocytes have
been indicated during DM in human and experimental animal models
(Akash et al., 2018; Al Hroob et al., 2019). The accumulation of
systemic glucose and byproducts as well as ROS contributes to mito-
chondrial apoptotic death via the activation of Casp-3 and cytochrome

6



UN
CO

RR
EC

TE
D

PR
OO

F

A. Rahbarghazi et al. Tissue and Cell xxx (xxxx) xxx-xxx

Fig. 4. IHC staining of microvessels to measure microvessel density using anti-CD31 and -αSMA antibodies (A-E). Data showed that DM decreased the number of CD31+ capillaries com-
pared to the control group (A-B; black arrows). Met alone or in combination with exercise increased the number of CD31+ capillaries. DM separated ECs from the luminal surface (C;
arrowheads). Met alone or in combination with exercise decreased the number of separated ECs in diabetic hearts. α-SMA staining showed reduced arteriole number in the heart samples
of diabetic mice compared to the control group (D-E). The use of Met or exercise did not alter the number of α-SMA+ vessels in diabetic mice. One-way ANOVA with Tukey post hoc test
*p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.

C leakage into the cytosol (Glassberg et al., 2014). Commensurate
with these descriptions, the reduction of TNF-α and Casp-3 by Mel and
exercise decreased the detrimental of hyperglycemic condition on car-
diac tissue.

Based on the obtained data, the expression level of Sirt1 was dras-
tically decreased in the DM mice (Bartoli-Leonard et al., 2019). The
four-week exercise was shown to increase Sirt1 and closed it to normal
levels. Extensive evidence has shown that the decrease of Sirt1 in dia-
betic conditions predisposes cardiomyocytes and other cells to pro-apop-
totic factors and oxidative stress (D’Onofrio et al., 2018; Favero et
al., 2020). It has been shown that the promotion of AMPK/mTOR sig-
naling induces autophagic response and mitochondrial protection in di-
abetic cardiomyocytes upon Mel treatment (Song et al., 2020). In
contrast to previous studies, we found that the use of Mel alone or in
combination with exercise decreased the expression of Sirt1 to values
less than the control group. The prolonged activation of Sirt1 leads to
phosphorylation of ERK1/2 at Thr202/Tyr204 and Homer1a and subse-
quent cardiomyopathy (Karbasforooshan and Karimi, 2017). Some
authors declared that chronic pathological conditions and oxidative sta

tus could suppress SIRT1 by the consumption of NAD (Li, 2014). One
reason possible reason for the discrepancy is associated with the potency
of Mel to reduce oxidative stress and inflammatory status (Liang et al.,
2009). The underlying cellular mechanisms supporting the dual effects
of Mel on Sirt1 should be addressed.

We also noted increased cardiac expression of Cx-43 in diabetic con-
ditions compared to the normal group, but this increase was not signif-
icant. In contrast, 4-week of exercise significantly increased the expres-
sion of Cx-43 compared to the DM group. The administration of Mel
alone or in combination with exercise suppressed the expression Cx-43.
These data showed that DM could reduce cardiomyocytes' communica-
tion via intercellular Gap-junction through the activation of protein ki-
nase C (Figueroa and Duling, 2009).

Previously, it has been shown that the reduction of gap-junction
communication in DM was associated with suppression of Cx-43 expres-
sion, phosphorylation, and alteration in the permeability of Cx-43 chan-
nels. The reason for the reduction of Cx-43 expression in Mel-treated
groups should be investigated in future studies (Figueroa and Duling,
2009; Fu et al., 2020).
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The prolonged diabetic condition could increase cardiac tissue injury
via alteration of blood supply and angiogenesis (Khaksar et al., 2018).
Here, we showed that DM could induce local hyperemia and necrosis.
The application of Mel with exercise reduced these changes. DM de-
creased the number of CD31+ microvascular units in cardiac slices com-
pared to the normal tissues. Interestingly, a four-week exercise did not
alter the density of CD31+ and α-SMA+ vascular units in diabetic hearts.
These data showed that the application of long-term exercise protocols
could not restore the angiogenesis capacity of the diabetic heart. We
found that the combination of exercise as well as Mel administration
blunted the detrimental effects of DM on the heart vascular system and
returned to the near-to-normal levels. Based on our data, it seems that
neither exercise nor Mel administration does affect the dynamic activ-
ity of arterioles during the diabetic condition. Simultaneous application
of Mel and exercise could change the density of micro-capillaries rather
than arterioles. These data show that the concurrent application of Mel
with exercise is an appropriate strategy to increase blood nourishment to
the diabetic heart (Dwaich et al., 2016). The increase of blood supple-
mentation could decrease the accumulation of byproducts, oxidants in-
side cardiac tissues during hyperglycemic conditions while prevents the
cardiomyocytes from undergoing hypoxic insults (Kahya et al., 2015;
Yang et al., 2014).

5. Conclusion

The administration of Mel with proper training programs could de-
crease cardiac tissue injury during diabetic conditions. The induction of

anti-oxidative defense and decrease of byproducts were seen in diabetic
mice who received Mel and four-week exercise. Besides, the levels of in-
flammation and apoptosis were decreased coincided with the improve-
ment of vascularization inside the diabetic hearts (Fig. 5). According
to the data from the present study, it seems that the application of Mel
and regular exercise programs could be an appropriate strategy to re-
duce cardiomyopathy in DM patients.
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