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Co-administration of exercise training i

and melatonin on the function of diabetic heart
tissue: a systematic review and meta-analysis
of rodent models
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Abstract

Purpose Diabetes mellitus (DM), a hyperglycemic condition, occurs due to the failure of insulin secretion and resist-
ance. This study investigated the combined effects of exercise training and melatonin (Mel) on the function of heart
tissue in diabetic rodent models.

Methods A systematic search was conducted in Embase, ProQuest, Cochrane library, Clinicaltrial.gov, WHO, Google
Scholar, PubMed, Ovid, Scopus, Web of Science, Ongoing Trials Registers, and Conference Proceedings in July 2022
with no limit of date or language. All trials associated with the effect of Mel and exercise in diabetic rodent models
were included. Of the 962 relevant publications, 58 studies met our inclusion criteria as follows; Mel and type 1 DM
(16 studies), Mel and type 2 DM (6 studies), exercise and type 1 DM (24 studies), and exercise and type 2 DM (12 stud-
ies). Meta-analysis of the data was done using the Mantel Haenszel method.

Results In most of these studies, antioxidant status and oxidative stress, inflammatory response, apoptosis rate, lipid
profiles, and glucose levels were monitored in diabetic heart tissue. According to our findings, both Mel and exer-
cise can improve antioxidant capacity by activating antioxidant enzymes compared to the control diabetic groups
(p<0.05). The levels of pro-inflammatory cytokines, especially TNF-a were reduced in diabetic rodents after being
treated with Mel and exercise. Apoptotic changes were diminished in diabetic rodents subjected to the Mel regime
and exercise in which p53 levels and the activity of Caspases reached near normal levels (p <0.05). Based on the data,
both Mel and exercise can change the lipid profile in diabetic rodents, especially rats, and close it to near-to-control
levels.

Conclusion These data showed that exercise and Mel can reduce the harmful effects of diabetic conditions on the
heart through the regulation of lipid profile, antioxidant capacity, apoptosis, and inflammation.
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Introduction

Diabetes Mellitus (DM) is a common global health prob-
lem with different socioeconomic complications [1, 2].
According to American Diabetes Association statistics,
the number of diabetic patients is expected to increase
to more than 600 million people in 2035. Of note, more
than 10% of the adult population suffer from DM in Iran
and it is estimated that about half of this population is
unaware of their diabetic conditions [3]. Predisposing
factors such as lifestyle changes, obesity, genetic pre-
disposition, urbanization, physical inactivity, and aging
have led to the prevalence of DM [4]. From biochemical
aspects, DM coincides with abnormal insulin secretion
and insensitivity, leading to dysregulation of carbohy-
drate, protein, and lipid metabolism. With the progres-
sion of the diabetic condition, several pathologies such
as retinopathy, nephropathy, neuropathy, and cardiovas-
cular diseases are possible [5, 6]. Clinical studies have
revealed two main types of DM. Type 1 DM (T1DM) is
induced following the progressive destruction of pancre-
atic insulin-producing beta cells via the activity of auto-
reactive T lymphocytes [7]. In contrast to T1DM, type 2
DM (T2DM) is diagnosed with abnormal insulin activity
and insulin resistance (IR) in the target cells, leading to
hyperglycemic conditions. About 90% of DM is associ-
ated with T2DM and a potential risk (2- to threefold) of
cardiovascular diseases [8]. It has been shown that DM
increases heart tissue problems by two and five times in
males and females, respectively compared to non-dia-
betic counterparts [9]. Prolonged hyperglycemia leads to
the promotion of oxidative stress which per se triggers
free radical formation and lipid peroxidation. These fea-
tures cause a prominent inflammatory response, apop-
totic changes, and pathological conditions in cardiac
tissue [2, 10, 11]. Considering the high metabolic activity
in cardiomyocytes, it is logical to think that these cells are
prone to injury following the production of free radicals
and oxidative stress. In line with this claim, several stud-
ies have confirmed the accumulation of reactive oxygen
species (ROS) in cardiac tissue under diabetic conditions
[12].

Melatonin (Mel) is a lipophilic hormone produced
mainly in the brain parenchyma from tryptophan [13,
14]. Regarding the existence of physical and chemi-
cal activities, Mel with specific properties can be used
in the management of DM [15, 16]. The modulation of
inflammation and inhibition of apoptosis is the underly-
ing mechanisms by which Mel protects cardiomyocytes
against diabetic conditions [17]. Direct diffusion and
internalization via cell-membrane bound receptors help
Mel to actively neutralize cellular free radicals [18, 19].

Under resting conditions, normal cardiomyocytes
possess high oxidative metabolism with relatively lower
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antioxidant capacity. Following physical activities, intra-
cellular levels of ROS are increased and it is thought that
exercise is an important stimulus for the regulation of
various antioxidants [6]. It has been indicated that regu-
lar exercise can internalize glucose and glycogen into the
cytosol, and maintains the glucose at the normal range
by regulating the function of insulin [20]. These features
contribute to the reduction of inflammatory response
in pancreatic insulin-producing cells. Data confirmed
that beta cell insulin sensitivity is improved with regular
exercise [21]. In the current systematic review article, we
investigated the effects of exercise training and Mel on
cardiac tissue function in the diabetic rodent model.

Materials and methods

Search strategy

A systematic search was conducted in Embase, Pro-
Quest, Cochrane library, Clinicaltrial.gov, WHO, Google
Scholar, PubMed, Ovid, Scopus, Web of Science, Ongo-
ing Trials Registers, and Conference Proceedings in
July 2022 with no limit of date or language. The list of
included review articles, experiments, and contacted
authors of included trials was screened for subsequent
analyses. We also monitored the abstracts from the inter-
national congresses. Unpublished or incomplete experi-
ments were scoped via researchers known to participate
in similar studies.

Inclusion and exclusion criteria

All experiments related to the application of exercise
and Mel on diabetic heart tissue either mice or rats
were included in this study. We excluded all studies that
reported the effects of exercise or Mel on rodent non-
cardiac tissues or human subjects or studies without
access to the full text. The inclusion and exclusion criteria
are summarized in Table 1. The title and abstract screen-
ing process was done independently by two research-
ers. Each author separately evaluated the full text of the
selected articles. Any disagreement in different parts of
the study was resolved by discussion between the review-
ers until a consensus was reached.

Data extraction

Two authors independently recorded the information
using a data extraction form as follows: author, year of
publication and type, animal characteristics (including
strain, species, and sex) and age and weight, and dia-
betic disease model with details of induction protocols
and Mel, characteristics of exercise training (including
type, path, time, dose, and frequency of exercise), study
groups, duration of intervention, study results and mech-
anisms (see the following sections). We collected data for
the nature of the reported outcome, animal number per
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Table 1 Inclusion and exclusion criteria used in this study for round-I selection

Inclusion criteria

Exclusion criteria

Preclinical studies
Studies on rodent models

Participants

Intervention

Comparison

cological interventions
Outcomes
Study type Randomized clinical trials
Language No limit
Year of publication No limit

Any melatonin or exercise supplementation dose heart tissue

Placebo or usual care; any other non-pharmacological interventions or pharma-

In vitro studies
Studies with human subjects

Studies without melatonin
or exercise supplementation

None

group, and mean=+SD or mean=+ SEM. In a single pub-
lication where different experiments were shown, data
were treated as independent experiments. The disagree-
ment was resolved by consulting a third party. For data
presented graphically, we monitored the values of the
graphs using Universal Desktop Ruler (version 2.9) or
contacted the authors of the article for details.

Methodological quality

For this purpose, two reviewers assessed the methodo-
logical quality of the selected trials. The risk of bias was
assessed through a 6-criterion appraisal checklist con-
taining sequence generation, allocation concealment,
blinding, incomplete outcome data, selective outcome
reporting, and other biases. The internal validity of the
enrolled studies (e.g., selection, performance, detection,
and attrition bias) and other study quality measures (e.g.,
reporting quality, power) was assessed using a modified
version of the Collaborative Approach to Meta-Analysis
and Review of Animal Data from Experimental Studies
(CAMARADES) quality checklist [22].

Statistical analysis

Outcomes of interest in the current analysis were improve-
ment of oxidative status, inflammatory and apoptotic
responses, glucose levels, and positive effects on lipid pro-
files and myocardial damage in diabetic rodents. Meta-
analysis of the data was done by using the Mantel Haenszel
method with Comprehensive Meta-Analysis software (ver.
2.2; Biostat, Englewood, NJ, USA). All variables were con-
tinuous data. Mean+SD was used to calculate the stand-
ardized mean difference and 95% confidence interval (CI).
Statistical heterogeneity was analyzed using the I* value
and the result of the chi-square test. p<0.05 and I*>50%
were considered suggestive of statistical heterogeneity. A

fixed-effect model was used when there was no statistically
significant difference in the heterogeneity (P <0.05); other-
wise, a random-effect model was applied. To examine any
potential publication bias in the studies, the results of the
comprehensive meta-analysis are shown as Funnel plots.

Results

Description of studies

We found 962 relevant publications during the search of
electronic databases. Among them, 596 were excluded after
an intensive and preliminary screening of the titles and
abstracts, duplicate publications, or human subjects. The
full text of 109 articles was evaluated and finally, 58 stud-
ies met our inclusion criteria related to the effects of Mel
and exercise on diabetic cardiac tissue (Table 2). Among
the included studies, 40 articles were conducted on T1DM,
and 18 on T2DM. Mice and rats have been used in most
of the publications. Heart tissue has been studied as one of
the most important body tissues in diabetes. The common
pathways for these changes included oxidative stress, anti-
oxidant enzyme activity, angiogenesis, autophagy, apopto-
sis, and inflammatory indicators, of which 36 studies met
all inclusion criteria. A flow chart for data selection is rep-
resented in Fig. 1.

Risk of bias in the included studies

In the current study, a modified CAMARADES quality
checklist was used to assess the internal and external valid-
ity of the selected studies. The checklist contains details
notably randomized allocation (model/sham groups),
blinded induction of the model and assessment of out-
comes, calculation of the sample size, compliance with the
existing animal welfare act, the disclosure of all relevant
conflicts of interest, reporting of animal exclusions, and
publication in peer-reviewed journals. All articles had been
issued in peer-reviewed journals.
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(n=596)

Records excluded
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Reason: irrelevant studies

Full-text articles excluded,
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(n=51)
REASONS:

- All studies with human
subjects or in-vitro
-studies without any access
full-text
- Review studies

(=]
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s
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e
é Records screened
(n=596)
v
Full-text articles assessed for eligibility
(n=109)
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Studies included in quantitative
synthesis
(n=58)
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Studies included in quantitative
synthesis (meta-analysis)
(n=36)

Fig. 1 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) diagram of included studies in qualitative and quantitative

stages

Results

Mel-treated diabetic rodents

Oxidative status

According to our analysis, administration of Mel on
diabetic rodents can significantly improve antioxidant
capacity [superoxide dismutase (SOD), glutathione, and
glutathione peroxidase (GPx)] compared to the matched
control groups. Based on the data, 4 experiments
(n=198; 41 Mel+ DM and 41 DM) were associated with

the impact of Mel on SOD under diabetic conditions.
These studies indicated that Mel can significantly induce
the activity of SOD in diabetic rats (Standardized mean
difference (SMD): 3.229 CI 95%, 0.164 to 6.294; p=0.039;
1=95.29%) (Fig. 2A) [4, 17, 23, 24]. Two experiments
(n=78; 18 Mel-treated DM and 18 DM) studied the
effect of Mel on glutathione under diabetic conditions.
Heterogeneity analysis indicated p<0.001 and Higgins’
I? reached 97.44%. Results showed that in the random
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Model  Study name Statistics for each study Std diff in means and 95% CI
Std dif  Standard Lower Upper
in means error Variance limit limit  2-Value p-Value
Aksoy et al., 2003 -0.683 0.460 0212 -1585 0218 -1.485 0.138
Ren et al., 2021 4722 0.711 0.505 3329 6.115 6.645 0.000
Zhou et al., 2018 15.498 3.216 10342 9195 21.801 4.819 0.000
Rahbarghazi et al, 2022 0.153 0.448 0201 -0725 1.031 0.342 0.733
Fixed 0.711 0.291 0.085 0.140 1.282 2.442 0.015 ‘
Random 3229 1.564 2446 0.164  6.294 2.065 0.039
-10.00 -5.00 0.00 5.00 10.00
Melatonin Diabetes Mellitus
B
Model  Study name Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper
in means error Variance  limit limit ~ Z-Value p-Value
Paskaloglu et al., 2004 18.921 3.382 11.438 12.293 25.550 5.595 0.000
Aksoy et al., 2003 -2.562 0.603 0364 -3745 -1379 -4.246 0.000
Fixed -1.899 0.594 0.353 -3.064 -0.735 -3.197 0.001 ‘
Random 7.922 10.739 115316 -13.125 28.969 0.738 0.461
-30.00 -15.00 0.00 15.00 30.00
Melatonin Diabetes Mellitus
C
Model  Study name Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper
in means error Variance  limit limit ~ Z-Value p-Value
Zhouetal,, 2018 13.525 2.821 7.955  7.997 19.053 4.795 0.000
Rahbarghazi et al, 2022 0.236 0.449 0201 -0.643 1.116 0.527 0.598
Doaa et al., 2021 3613 1.026 1.053 1602 5624 3.522 0.000 D
Fixed 1.044 0.407 0.166 0246  1.841 2.566 0.010
Random 4.834 2413 582 0105 9.563 2004 0.045
-20.00 -10.00 0.00 10.00 20.00
Melatonin Diabetes Mellitus
‘Model  Study name Statistics for each study Std diff in means and 95% CI
Std diff ~ Standard Lower Upper
in means error Variance limit limit  Z-Value p-Value
Aksoy et al., 2003 -1.000 0.474 0225 -1.930 -0.070 -2.108 0.035
Renetal., 2021 -4.177 0.651 0424 -5453 -2.900 -6.414 0.000
Yuetal, 2017 4.538 0.546 0298 3469 5608 8.315 0.000
Rahbarghazi et al, 2022 -1.342 0.495 0245 -2.312 -0372 -2711 0.007 D
Fixed -0.318 0.265 0.070 -0.838 0.201 -1.201 0.230
Random -0.487 1.695 2874 -3.810 2836 -0.287 0.774
-10.00 -5.00 0.00 5.00 10.00
Melatonin Diabetes Mellitus

Fig. 2 Improvement of oxidative status in diabetic rodents with Mel administration. Cl: confidence interval. A Superoxide dismutase, B glutathione,
C glutathione peroxidase, D malondialdehyde

model, SMD for GSH was 7.922 (CI 95%, —13.125 to activity under diabetic conditions. Heterogeneity analysis
28.969; p=0.461) (Fig. 2B) [23, 25]. Along with these and Higgins’ I> were p<0.001 and 93.12%, respectively.
studies, 3 experiments (n=106; 21 Mel+DM and 21  The analysis results showed SMD of GPx was 4.834 (CI
DM) investigated the therapeutic effects of Mel on GPx ~ 95%, mean difference: 0.105 to 9.563; p=0.045; Fig. 2C)
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[9, 17, 24]. Other 4 experiments (n=226; 59 Mel+ DM
and 59 DM) released data associated with the impact
of Mel on malondialdehyde (MDA) under diabetic con-
ditions. Heterogeneity analysis for these experiments
yielded a p-value of<0.001 and Higgins’ I* reached
97.51%. Therefore, the random model was applied and
the results showed that SMD of MDA reached —0.487
(CI 95%, mean difference: —3.810 to 2.836; p<0.774)
(Fig. 2D and Table 3) [4, 17, 23, 26].

Inflammatory status

According to our data, 3 experiments (n=110; 25
Mel+ DM and 25 DM) investigated the effect of Mel on
interleukin-6 (IL-6) levels in diabetic rats. Heterogene-
ity analysis revealed a significant difference (p=0.001)
between control and diabetic rats with Higgins’ I* values
of 96.73%. The results showed that in the random-effect
model, the SMD of IL-6 was -5.466 (CI 95%, mean dif-
ference: —14.022 to 3.091; p=0.211) (Fig. 3A) [1, 9, 27].
Besides, 2 experiments (n=235; 10 Mel4+DM diabetic
and 10 DM) monitored the changes in the levels of IL-1f
in diabetic rats after administration of Mel. Based on
data, heterogeneity, and Higgins' I*> were p<0.001 and
94.26%, respectively. The SMD of IL-1p was —55.600
(CI 95%, mean difference: -156.323 to 45.122; p=0.279)
(Fig. 3B) [1, 9]. There are 3 experiments (n=110; 25
Mel+ DM and 25 DM) related to the effect of Mel on
TNF-« in diabetic rats. Heterogeneity analysis revealed
a p-value of<0.001 and Higgins’ I* score was 93.65%.
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Using the random-effect model, the SMD of TNF-a was
—11.575 (CI 95%, mean difference: —21.922 to —1.228;
p=0.028; Fig. 3C and Table 3) [1, 9, 27].

Apoptotic indices

Six experiments (n=288; 70 Mel+DM and 70 DM)
were associated with the effect of Mel on Caspase-3
activity under diabetic conditions. Heterogeneity anal-
ysis indicated p<0.001 and Higgins' I* was 97.36%.
When using the random-effect model, the SMD of Cas-
pase-3 was — 3.730 (CI 95%, — 7.845 to 0.386; p=0.076;
Fig. 4A) [4, 9, 16, 17, 26, 28]. We also found that four
experiments (n=198; 52 Mel-treated DM and 52 DM)
released data on the status of Bcl-2 in diabetic condi-
tions after administration of Mel. Heterogeneity anal-
ysis showed a p-value of<0.001 and Higgins’ I* was
97.24%. SMD of Bcl-2 was 3.648 (CI 95%, —0.707 to
8.003; p=0.101) in the random model (Fig. 4B) [4, 9,
16, 26]. Three experiments (n=166; 44 Mel-treated
diabetics and 44 diabetics) were found related to the
analysis of Bax levels under diabetic conditions and
Mel administration. Heterogeneity analysis indi-
cated that the p-value and Higgins’ I* were <0.001 and
98.39%, respectively. The SMD of Bax was -2.206 (CI
95%, —9.195 to 4.783; p=0.536; Fig. 4C) [4, 9, 26] in
the analysis according to the random-effect model.
Four experiments (n=162; 51 Mel-treated diabet-
ics and 51 diabetics) were conducted to evaluate the
apoptosis index under diabetic conditions with Mel

Table 3 Forest plot results of the effect of Mel on diabetic heart tissue

Outcome Number Effect size and 95% interval Test of null (2-Tail) Heterogeneity
of studies Point estimate Lower limit Upper limit Z-value P-value Q-value df(Q) P-value I-squared
SOD 4 322 0.164 6.29 2.06 0.039 63.74 3 <0.001 95.29
GSH 2 792 —13.12 28.96 0.73 0461 39.10 1 <0001 9744
GPX 3 483 0.10 9.56 2.004 0.045 29.09 2 <0.001 93.125
MDA 4 —048 —3.81 2.83 —0.28 0.774 12062 3 <0.001 97.51
Caspase3 6 —3.730 —784 038 —1.77 0076 18945 5 <0.001 9736
Plasma glucose 6 —4.54 —7.05 —1.85 —3.36 0.001 88.98 5 <0.001 94.38
Bcl-2 4 3.64 —0.70 8.00 1.64 0.101 10868 3 <0.001 9724
Bax 3 —2.20 —9.19 478 —0.61 0536 12453 2 <0.001 98.39
Apoptosis index 4 — 861 —11.94 —528 —5.06 <0.001 21.58 3 <0.001 86.10
Total cholesterol 4 —544 —8.19 —270 —388 <0.001 2227 3 <0001 8653
Triglyceride (mg/dL) 4 —6.60 —11.05 —2.15 —290 0.004 57.03 3 <0.001 94.74
HDL 4 597 0.70 11.24 222 0.026 77.28 3 <0.001 96.11
VLDL 4 —7.95 —13.62 —2.29 —.275 0.006 57.36 3 <0.001 94.77
IL-6 3 —546 —14.02 3.09 —125 0.211 61.33 2 <0.001 96.73
TNF-a 3 —11.57 —2192 —-122 —2.19 0.028 31.51 2 <0.001 9365
IL-13 (ng/ml) 2 —55.60 —156.32 4512 —1.08 0.279 1742 1 <0.001 94.26
p53 2 —1032 —13.28 —737 —6.84 <0.001 1.57 1 0210 3636
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Model Study name

Statistics for each study
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Std diff in means and 95% CI

Std diff  Standard Lower Upper
in means error Variance  limit limit  Z-Value p-Value
M.M. Rahman et al. 2017 4.005 0.633 0401 2765 5246 6327  0.000 D
Doaaetal., 2021 -3.571 1.019 1.038 -5.568 -1.575 -3.506 0.000 D
Ivankiv et al., 2020 -50.000 11.198 125400 -71.948 -28.052 -4.465  0.000
Fixed 1.775 0.537 0288 0723 2828 3306 0.001 ‘
Random -5.466 4.366 19.059 -14.022 3.091 -1.252 0211

-20.00 -10.00 0.00 10.00 20.00
Melatonin Diabetes mellitus
Model Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Doaaetal., 2021 -7.053 1.699 2.888 -10.384 -3.723 -4.151 0.000
Ivankiv et al., 2020110.000  24.605 605.400-158.225-61.775 -4.471 0.000
Fixed -7.542 1.695 2.874 -10.865 -4.220 -4.449 0.000 ’
Random -556.600  51.390 2640.934-156.323 45.122 -1.082 0.279
-150.00 -75.00 0.00 75.00 150.00
C Di mellitus
Model Study name Statistics for each study Std diffin means and 95% CI
Std diff  Standard Lower Upper

in means error Variance limit limit  Z-Value p-Value
M.M. Rahman et al. 2017 -1.265 0.400 0.160 -2.049 -0.481 -3.162 0.002

Doaa et al., 2021 -8.800 2.067 4272 -12.851 -4.749  -4258 0.000 ,:l
Ivankiv et al., 2020 -50.000 11.198 125400 -71.948 -28.052 -4.465 0.000
Fixed -1.596 0.392 0.154 -2.366 -0.827 -4.068 0.000

Random -11.575 5.279 27.872 -21.922 -1.228 -2.193 0.028 ‘
50.00 25.00 0.00 25.00 50.00
Melatonin Diabetes mellitus

Fig. 3 Modulation of inflammatory status in diabetic rodents received Mel. Cl: confidence interval. A IL-6, B IL-13, CTNF-a

administration. According to heterogeneity analysis,
the p-value and Higgins’ I> were<0.001 and 86.10%,
respectively. The apoptosis index was reduced after
intervention according to the random model analysis
(SMD: —8.614 (CI 95%, — 11.948 to —5.280; p <0.001;
Fig. 4D) [4, 16, 28, 29]. Two experiments (n=52; 13
Mel-treated diabetics and 13 diabetics) investigated the

levels of p53 in diabetics subjected to Mel administra-
tion. Heterogeneity analysis indicated p=0.210 and
Higgins’ I* value of 36.36%. Based on the low hetero-
geneity analysis, the SMD of p53 was —10.326 (CI 95%,
—13.280 to — 7.371; p<0.001) in the fixed-effect model,
and this value reached -10.397 (CI 95%, — 14.113 to
—6.681; p<0.001) in the random model (Fig. 4E and
Table 3) [9, 16].
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Model  Study name istics for each stu
Std diff  Standard Lower Upper
inmeans  eror  Variance lmit limit ZValue p-Value
Doaa et al., 2021 -6.921 1672 2795 -10.198 -3644 -4.140 0.000
Aminetal. 2014 7470 1412 1994 10237 4702 5290 0000
Rahbarghazietal2022 2002 0548 0300 3075 -0928 -3653 0000
Renetal, 2021 -5.964 0.852 0726 -7634 -4294 -6.999 0.000
Ding et al., 2018 -5.119 1.034 1.069 -7.146 -3.093 -4.951 0.000
Yuetal.,.. 2017 4.503 0.543 0295 3439 5567 8297 0.000
Fixed 4071 0318 0101 -1694 0448 3371 0001
Random 3730 2100 4409 7845 0386 -A776 0076
B
Model ~Study name Statistics for each study
Stddiff  Standard Lower Upper
inmeans error Variance limit limit ZValue p-Value
Doaaetal, 2021 1205 0687 0473 -0.142 2553 1753 0.080
Aminetal, 2014 8984 1665 2772 5721 12247 5396 0.000
Renetal,2021 6847 095 0915 4972 8721 7.5 0.000
Yuetal,2017 1700 0337  0.113 -2.360 -1.040 -5.047 0.000
Fixed 0138 0284 0081 -0695 0419 -0.486 0.627
Random 3648 2222 4937 -0707 8003 1642 0.101
C
Model ~Study name Statistics for each study
Stddiff Standard Lower Upper
inmeans  error Variance limit limit ZValue p-Value
Doaaetal, 2021 -7.182 1726  2.979-10.565 -3.799 -4.161 0.000
Renetal,2021 -4.164 0650 0422 -5.438 -2801 -6.408 0.000
Yuetal, 2017 4385 0533 0284 3341 5429 8234 0.000
Fixed 0512 0401 0.161 -0.273 1297 1278 0201
Random 2206 3566 12716 -9.195 4783 -0619 0536
D
Model ~Study name Statistics for each study
St diff Standard Lower Upper
inmeans error Variance limit limit ZValue p-Value
Dingetal, 2018 -7.758 1460 213110619 -4.897 -5315 0.000
Renetal,2021 -5002 0752 0565 -6.566 -3618 -6.771 0.000
Aminetal, 2014 22263  3.967 15.739-30.039-14.488 5612 0.000
Zhangetal, 2017 -7.662  0.913 0834 -9.451 5872 -8391 0.000
Fixed 6641 0534 0286 -7.689 -5.504 -12.426 0.000
Random 8614 1701  2894-11.948 5280 -5.064 0.000
E
Model ~Study name Statistics for each study
Stddiff Standard Lower Upper
inmeans error Variance limit limit ZValue p-Value
Doaaetal,2021 -8623 2029  4.118-12600 -4.646 -4.249 0.000
Aminetal, 2014-12.423 2252  5073-16.838 -8.009 -5516 0.000
Fixed 10326 1508  2273-13.280 -7.371 -6.849  0.000
Random 410397 1896  3.595-14.113 -6.681 -5.484 0.000

Fig. 4 Status of Caspase-3 in diabetic rodents received Mel. Cl: confidence interval. A Caspase-3, B Bcl-2. C Bax, D Apoptosis Index, E P53

means and 95% CI

-10.00

-5.00 0.00 5.00 10.00
Melatonin Diabetes mellitus
$Std diff in means and 95% CI
-10.00 5.00 0.00 5.00 10.00
Melatonin Diabetes mellitus
Std diff in means and 95% CI
-15.00 -7.50 0.00 750 15.00
Melatonin Diabetes mellitus
Std diff in means and 95% CI
-15.00 -7.50 0.00 750 15.00
Melatonin Diabetes mellitus
$td diff in means and 95% CI
-20.00 -10.00 0.00 10.00 20.00
Melatonin Diabetes mellitus
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Lipid and Glucose profiles

Six experiments (n=218; 53 Mel+ DM and 53 DM) were
associated with the effect of Mel on lipid and glucose
profiles under diabetic conditions. Heterogeneity analysis

A

B

C

D

E

Fig. 5 Glucose levels in in diabetic rodents received Mel. Cl: confidence interval. A Level Glucose, B total cholesterol, C triglyceride, D HDL, E vL.DL

Model  Study name

(2023) 15:67

revealed that the p-value and Higgins’ I* were 0.001 and
94.38%, respectively. The results showed that the SMD
of glucose level was —4.454 (CI 95%, —7.051 to — 1.858;
p<0.001; Fig. 5A) [10, 16, 25, 30, 31]. Four experiments

Statistics for each study

10.00

15.00

-20.00

Std diff  Standard Lower  Upper
inmeans  error  Variance limit limit ZValue p-Value
Paskaloglu et al., 2004 0.3%9 0505 0255 -1.389 0591 -0.7%0 0429
Sudnikovich et al. 2007 03% 0369 013 -0.333 1112 1058 029
AlRashedi et al. 2021 (male) ~ -11.662 2121 4500 -15820 7504 5497  0.000
AlRashed et al. 2021 (female) ~ -17.000 3047 9281 22971 -11.029 5580  0.000
Amin etal, 2014 -7.583 1431 2047 -10.387 4779 -5300  0.000
KUSHNIR etal., 2019 0265 0580  033% -0872 1401 045 0648
Fixed -0.400 0258 0066 -0905 0104 -1555 0120
Random 4454 1325 1755 7051 -1.85%8 3362  0.001
Model  Study name Statistics for each study
Std diff  Standard Lower Upper
inmeans  error  Variance limit limit Z-Value p-Value
Doaaetal, 2021 14172 2555 6526 -19.178 -9.165 5547  0.000
M.M. Rahman etal. 2017 -4.525 0689 0475 -5876 -3.175 6569  0.000
Doaaetal,.. 2021 -4.789 1244 1547 7227 2352 -3851 0000
Samanoglu et al., 2016 2372 0698 0487 -3740 -1.005 -3401  0.001
Fixed -3.966 0449 0202 4846 -3086 883  0.000
Random 5.449 1.401 1963 8195 -2703 -3.889  0.000
Model  Study name Statistics for each study
Std diff  Standard Lower Upper
inmeans  eror  Variance limit limit Z-Value p-Value
Doaa etal, 2021 23.157 4124 17.007 -31.240 -15074 -5615  0.000
M.M. Rahman etal. 2017 -5.028 0745 0555 -6.488 -3568 -6751 0000
Doaaetal.,.. 2021 -5.813 1445 2089 -8645 2980 -4021 0000
Saimanogluetal, 2016 -0.397 0540 0291 -1455 0661 -0736 0462
Fixed 252 0416 0173 -3340 -1.708 -6065 0000
Random 6.605 2271 5159 -11.057 2153 2908 0004
Model  Study name Statistics for each study
Std diff  Standard Lower Upper
inmeans  eror  Variance limit  limit Z-Value p-Value
Doaa etal., 2021 4372 0921 0847 2568 6176 4750 0000
M.M. Rahman etal. 2017 14.000 1844 3400 10386 17.614 7.593  0.000
Doaactal., .2021 6782 1643 2700 3562 10003 4128 0000
Saimanoglu et al., 2016 0404 0540 0292 -1462 0654 0748 0454
Fixed 1972 0435  01% 1119 2826 4530 0000
Random 5975 2667 722 0708 11242 2223 002
Model  Study name Statistics for each study
Std diff ~ Standard Lower Upper
inmeans  eror  Variance limit limit ZValue p-Value
Doaacetal, 2021 -12.800 1937 3753 16597 -9.003 6607  0.000
M.M.Rahman etal. 2017 -10.752 1435 2060 13565 -7.939 -7.491 0000
Doaaetal,... 2021 -7.007 1690 2855 -10318 3695 -4.147 0000
Samanoglu et al., 2016 1813 0635 0403 -3057 -0.568 2855  0.004
Fixed -4.348 0528 0279 -5384 -3313 8231  0.000
Random -7.959 2888 8342 -13620 2298 275  0.006

L
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(n=156; 35 Mel+DM and 35 DM) were done con-
cerning total cholesterol (TC) analysis in DM with the
administration of Mel. Heterogeneity analysis indicated
P=0.001 and Higgins’ I* was 86.53%. TC was reduced
after treatment (SMD: —5.449; CI 95%, —8.195 to
—2.703; p<0.001; Fig. 5B) [9, 27, 32]. Four experiments
(n=156; 35 Mel+ DM and 35 DM) released data on tri-
glyceride in DM and Mel. Heterogeneity analysis indi-
cated p<0.001 and Higgins’ I> was 94.74%. Similar to TC,
the amount of TG was decreased (SMD:-6.605; CI 95%,
—11.057 to —2.153; p=0.004; Fig. 5C) [9, 27, 32]. Four
experiments (n=156; 35 Mel + DM and 35 DM) released
data on HDL in diabetic rodents that received Mel. Het-
erogeneity analysis indicated p=0.001 and Higgins' I*
was 96.11%. The HDL value was increased in treated rats
with Mel using the random model analysis (SMD: 5.975;
CI 95%, 0.708 to 11.242; p=0.026; Fig. 5D) [9, 27, 32].
Four experiments (n=156; 35 Mel4+DM and 35 DM)
released data on VLDL in DM and Mel. Heterogeneity
analysis indicated p<0.001 and Higgins’ I* was 94.77%.
Data showed that the amount of VLDL was decreased
in the random model (SMD: 5.975; CI 95%, —13.620 to
—2.298; p=0.006; Fig. 5E and Table 3) [9, 27, 32].

Exercise-treated diabetic

Oxidative status

Five experiments (n=162; 45 Exc+DM and 45 DM)
released data on SOD under diabetic conditions exposed
to Exc. Heterogeneity analysis indicated p=0.001 with
Higgins’ I* value of 86.42%. SMD of SOD was 3.327 (CI
95%, 1.616 to 5.038; p<0.001; Fig. 6A) [17, 20, 33-35]
using a random effect model. Five experiments (n=156;
43 Exc+ DM and 43 DM) released data on GPx in DM
and Exc. Heterogeneity analysis indicated p<0.001 and
Higgins’ I* was 96.10%. SMD of GPx in the random model
was 4.505 (CI 95%, 0.303 to 8.707; p=0.036; Fig. 6B) [17,
33, 34, 36, 37]. Eight experiments (n=204; 64 Exc+DM
and 64 DM) released data on MDA in DM and Exc.
Heterogeneity analysis indicated p=0.001 and Higgins’
I> was 96.04%. The SMD of MDA was —4.766 (CI 95%,
—8.686 to —0.846; p=0.017; Fig. 6C and Table 4) [17, 33,
34, 36—40] in the random effect model.

Inflammatory status

Two experiments (n=72; 17 Exc+DM and 14 DM)
released data on IL-6 in DM and Exc. Heterogeneity anal-
ysis indicated p <0.001 and Higgins’ I* was 97.29%. Anal-
ysis results showed that in the random model, the SMD
was — 1.260 (CI 95%, — 8.630 to 6.110; p=0.738; Fig. 7A)
[41, 42]. Two experiments (n=56; 16 Exc+DM and 16
DM) released data on IL-1f in DM and Exc. Heterogene-
ity analysis indicated p <0.001 and Higgins’ I* was 94.92%.
The analysis results showed a decrease in IL-1f in the
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random model (SMD: —5.201 (CI 95%, — 13.122 to 2.721;
p=0.198; Fig. 7B) [41, 43]. Two experiments (n=39; 14
Exc+DM and 14 DM) released data on TNF-a in DM
and Exc. Heterogeneity analysis indicated p=0.994 and
Higgins’ I* was 00.00%. Analysis results showed that in
the fixed-effect model, SMD of TNF-a was —11.862 (CI
95%, —15.056 to —8.668; p<0.001), and in the random
model this value reached —11.862 (CI 95%, — 15.056 to
— 8.668; p<0.001; Fig. 7C and Table 4) [41, 44].

Apoptoticindices

Five experiments (n=140; 47 Exc+DM and 47 DM)
released data on Caspase-3 in DM and Exc. Heteroge-
neity analysis indicated p<0.001 and Higgins' I*> was
96.03%. In the random model, Caspase-3 was decreased
(SMD: —11.459; CI 95%, — 16.582 to —6.336; p<0.001;
Fig. 8A) [45-49]. Five experiments (n=110; 42 Exc+ DM
and 42 DM) released data on Bcl-2 in DM and Exc. Het-
erogeneity analysis indicated p <0.001 and Higgins’ I was
94.83%. The SMD of Bcl-2 was 2.920 (CI 95%, —0.935 to
6.776; p=0.138; Fig. 8B) [45, 48, 50-52] in random effect
analysis. Five experiments (n=110; 42 Exc+ DM and 42
DM) released data on Bax in DM and Exc. Heterogeneity
analysis indicated p<0.001 and Higgins’ I* was 96.59%.
The value of Bax was decreased in the intervention group
compared to the non-treated control (SMD: -1.627; CI
95%, 6.924 to 3.531; p=0.536; Fig. 8C) [45, 48, 50-52].
Three experiments (n=68; 21 Exc+DM and 21 DM)
released data on the apoptosis index in DM and Exc.
Heterogeneity analysis indicated p <0.001 and Higgins’ I?
was 90.76%. SMD of apoptosis index was reduced in the
experiment group in the random model (SMD: — 6.530;
CI 95%, —11.641 to —1.419; p=0.012; Fig. 8D) [35, 45,
49]. Four experiments (n=100; 32 Exc+ DM and 32 DM)
released data on p53 in DM and Exc. Heterogeneity anal-
ysis indicated p <0.001 and Higgins’ I* was 96.81%. Anal-
ysis results showed that the SMD of p53 in the random
model was -6.347 (CI 95%, -13.743 to -1.048; p=0.093;
Fig. 8E and Table 4) [47, 48, 50, 53].

Lipid and Glucose profiles

Twelve experiments (n=362; 113 Exc+DM and 114
DM) released data on the level of glucose in DM and
Exc. Heterogeneity analysis indicated p<0.001 and Hig-
gins’ I was 86.18%. Analysis results showed that SMD of
glucose levels in the random model was -2.779 (CI 95%,
-3.770 to -1.789; p<0.001; Fig. 9A) [37-39, 41, 43, 52,
54-59]. Two experiments (n=84; 23 Exc+ DM and 23
DM) released data on TC in DM and Exc. Heterogeneity
analysis indicated p=0.848 and Higgins’ I* was 00.00%.
Results showed that in the fixed-effect model, the SMD
of TC was —7.566 (CI 95%, —9.217 to — 5.915; p<0.001),
and in the random model this value reached —7.566 (CI
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Model Study name

Statistics for each study
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Std diff in means and 95% CI

Std diff  Standard Lower Upper
in means error Variance limit limit  Z-Value p-Value
Naderi et al. 2015 4.995 1.085 1477 2869 7.121 4.604 0.000
Farhangi et al. 2016 1.104 0.480 0230 0163 2045 2300  0.021 D
Salehiet al. 2009 6.895 1.178 1.388 4585 9.204 5.851 0.000
Kanter et al. 2015 3.058 0.736 0542 1615 4.501 4153 0.000 —D—
Rahbarghazi et al,2022 1.814 0.531 0.282 0.773  2.85%6 3.415 0.001 D
Fixed 2.308 0.298 0.089 1725 2.891 7.757  0.000 ’
Random 3.327 0.873 0.762 1.616  5.038 3.811 0.000
-10.00 -5.00 0.00 5.00 10.00
Exercise Diabetes mellitus
B
Model Study name Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper
in means error Variance limit limit  Z-Value p-Value
Chodari er al. 2019 5.313 1.064 1132 3227 7398 4993  0.000 -D-
Naderi etal. 2015 9.427 1.860 3459 5781 13.072 5.068 0.000 — -I:]—
Ali-AghdamA etal. 2018 12.592 2.281 5205 8.121 17.064 5519  0.000 —D
Salehiet al. 2009 -3.481 0.709 0.503 -4.870 -2.091 -4.908 0.000 D
Rahbarghazi et al, 2022 0.791 0.464 0216 -0.119 1.701 1.704  0.088
Fixed 0.824 0.354 0.125 0.131 1.517 2.329 0.020
Random 4.505 2.144 4595 0303 8707 2102 0.036 Q
-15.00 -7.50 0.00 7.50 15.00
Exercise Diabetes mellitus
C
Model Study name Statistics for each study Std diffin means and 95% CI
Std diff  Standard Lower Upper
in means error Variance  limit limit  Z-Value p-Value
Chodari er al. 2019 -4.899 1.000 1.000 -6.859 -2939 -4899  0.000 D
Naderi et al. 2015 -4.639 1.027 1.054 6651 -2626 -4518  0.000 D
Hussein et al.2020 -25.840 4.595 21.116 -34.846 -16.833 -5.623 0.000 &
Ali-Aghdam Aetal. 2018  -10.676 1.952 3.812 -14.503 -6.849 -5.468 0.000 —E ]—
Riahi et al. 2015 -6.077 1.499 2247 -9.015 -3.140 -4.055 0.000 —D—
Samadi et al. 2014 1.571 0.512 0262 0569 2574 3.071  0.002 l:‘
Salehiet al. 2009 8.279 1.383 1914 5568 10990 5985  0.000 —D -
Kanter et al. 2015 -4.661 0.964 0929 -6.549 -2.772 -4.836  0.000 -E}-
Fixed -1.319 0.351 0.123 -2.007 -0.632 -3.760  0.000 0
Random -4.766 2.000 4001 -8686 -0.846 -2.383  0.017 0
-20.00 -10.00 0.00 10.00 20.00
Exercise Diabetes mellitus

Fig. 6 Oxidative stress status in diabetic rodents with regular exercise. Cl: confidence interval. A Superoxide dismutase (SOD), B glutathione

peroxidase (GPx), C malondialdehyde (MDA)

95%, —9.217 to —5.915; p<0.001; Fig. 9B) [57, 60]. Two
experiments (n=284; 23 Exc+ DM and 23 DM) released
data on triglyceride levels in DM and Exc. Heterogeneity
analysis indicated p=0.054 and Higgins’ I* was 73.06%.
Analysis results showed that in the fixed-effect model,
the SMD of triglycerides was —3.410 (CI 95%, —4.334

to —4.466; p<0.001) and in the random model this value
reached —3.409 (CI 95%, —5.190 to —1.628; p<0.001;
Fig. 9C) [57, 60]. Two experiments (n=284; 23 Exc+DM
and 23 DM) released data on HDL in DM and Exc. Het-
erogeneity analysis indicated p <0.001 and Higgins’ I was
96.13%. Results showed that HDL was increased in the
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Table 4 Forest plot results of the effect of exercise on diabetic heart tissue
Outcome Number  Effect size and 95% interval Test of null Heterogeneity

of studies (2-Tail)

Pointestimate Lower limit Upperlimit Z-value P-value Q-value df(Q) P-value I-squared

SOD 5 332 1.61 5.03 3.81 <0.001 2947 4 <0.001 8642
GPX 5 4.50 0.30 8.70 2.10 0036 10265 4 <0.001 96.10
MDA 8 —4.76 —8.68 —0.84 —238 0017 17687 7 <0.001 96.04
Caspase3 5 —1145 —16.58 —633 —4.38 <0.001  100.85 4 <0.001  96.03
Plasma glucose 12 —2.77 —3.77 —1.78 —550 <0.001 79.59 1 <0.001 86.18
Bcl-2 5 292 —093 6.77 148 0.138 7749 4 <0.001 9483
Bax 5 —1.62 —6.78 3.53 —061 0536 11749 4 <0.001 96.59
Apoptosis index 3 —6.53 —11.64 —141 —2.50 0.012 21.64 2 <0.001 90.76
Total cholesterol 2 —7.56 —9.21 —591 —898 <0.001 0.037 1 0848 0
Triglyceride (mg/dL) 2 —340 —5.19 —1.62 —375 <0.001 3.71 1 0.054  73.06
HDL 2 9.28 —135 19.92 1.71 0.087 25.84 1 <0.001 96.13
VLDL 2 —6.92 —10.03 —3.82 —4.37 <0.001 4.00 1 0.045  75.05
VEGF 5 3.69 1.83 555 3.89 <0.001 3346 4 <0.001 88.04
IL-6 2 —1.26 —863 6.11 —033 0.738 36.98 T <0001 9729
TNF-a 2 —11.86 —15.05 —8.66 —7.27 <0.001 0.005 1 0994 0
IL-1B (hg/ml) 2 —5.20 —13.12 272 —1.28 0.198 19.69 1 <0001 9492
p53 4 —6.34 —13.74 1.04 —1.68 0.093 94.09 3 <0.001 96.81

random model (SMD: 9.299; CI 95%, —1.350 to 19.927;
p<0.087; Fig. 9D) [57, 60]. Two experiments (n=84; 23
Exc+ DM and 23 DM) released data on VLDL in DM and
Exc. Heterogeneity analysis indicated p=0.045 and Hig-
gins’ I was 75.05%. Analysis results showed that in the
fixed-effect model, SMD of VLDL was —6.835 (CI 95%,
—8.381 to —5.290; p<0.001), and in the random model,
this value reached —6.929 (CI 95%, — 10.033 to — 3.825;
p<0.001; Fig. 9E and Table 4) [57, 60].

VEGF

Five experiments (n=162; 48 Exc+DM and 48 DM)
released data on VEGF in DM and Exc. Heterogeneity
analysis indicated p=0.210 and Higgins' I*> was 36.36%.
Subgroup analysis results showed that in the fixed-effect
model, SMD of VEGF was 2.524 (CI 95%, 1.934 to 3.114;
p<0.001), and in the random model this value was 3.694
(C195%, 1.834 to 5.554; p<0.001; Fig. 10 and Table 4) [41,
61-64].

Discussion

Biological similarity to humans is one of the most impor-
tant characteristics of laboratory animals such as mice
and rats. Therefore, these animals are preferred in most
experimental studies related to DM. The prevalence of
metabolic diseases, mainly DM, has become one of the
main concerns related to cardiovascular complications
in recent decades. Here, the combined effect of Mel and
Exc was investigated on oxidative status, inflammation,

apoptosis, and lipid and glucose profile of heart tissue in
diabetic rodents [65, 66]. We found that Mel along with
Exc increases the level of cardiac SOD, GSH, and GPx
enzymes in a mouse model of DM, showing an increase
in antioxidant defenses under diabetic conditions. Stud-
ies have shown that Exc can lead to an increase in anti-
oxidant enzyme activity in diabetic rats. In addition, Mel
can increase the activity of these antioxidant enzymes in
STZ-induced diabetic rats. Reduction of free radicals and
regulation of antioxidant balance is one of the features of
Exc which can eliminate free radicals such as ROS. One
of the effective functions of Mel in diabetic conditions is
the stabilization of microsomal membranes against oxi-
dative stress [67]. It should be noted that with the activ-
ity of Mel, ROS and active nitrogen species (RNS) can be
oxidized to N1-acetyl-N2-formyl-5-methoxykynuramine
[68]. Mel activates nuclear Nrf2 (NF-E2-related factor
2), which in turn initiates antioxidant mechanisms [68].
In addition, the antioxidant enzyme’s key role in redox
homeostasis is coherent as the y-glutamyl tripeptides
may serve as a substrate for the GPx/Glutathione reduc-
tase (GR)/NADPH system which is directly linked with
energy metabolism through the pentose phosphate path-
way [69]. As a free radical-producing system, lipid per-
oxidation is directly related to tissue damage caused by
diabetic conditions. Of note, MDA is a suitable factor
for the evaluation of lipid peroxidation rate. Studies have
reported increased levels of MDA with the progression of
diabetic changes. Glutathione provides major protection
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Model Study name

Statistics for each study
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Std diff in means and 95% CI

Std diff  Standard Lower Upper
in means error Variance limit limit  Z-Value p-Value
Broderick et al. 2019 -5.059 1.025 1.050 -7.067 -3.051 -4.937  0.000 D
Boudia D et al. 2017 2.463 0.693 0480 1.105 3820 3.555  0.000 |:|
Fixed 0.103 0.574 0329 -1.022 1228 0179  0.858
Random -1.260 3.760 14140 -8630 6.110 -0.335 0.738
-20.00 -10.00 0.00 10.00 20.00
Exercise Diabetes mellitus
B Model Study name Statistics for each study $Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Kar et al.2019 -1.323 0.552 0.305 -2.405 -0.241 -2.397 0.017
Broderick et al. 2019-9.414 1.738 3.019-12.819 -6.008 -5.418 0.000
Fixed -2.065 0.526 0.277 -3.096 -1.034 -3.925 0.000 ‘
Random -5.201 4042 16.335-13.122 2.721 -1.287 0.198
-20.00 -10.00 0.00 10.00 20.00
Exercise Diabetes mellitus
C
Model  Study name Statistics for each study Std diff in means and 95% CI
Std diff ~ Standard Lower Upper
in means error Variance  limit limit  Z-Value p-Value
Soleymani etal. 2022 -11.733 2.464 6.069 -16.561 -6.904 -4.763  0.000
Broderick et a.2019 -11.963 2173 4722 16222 -7.704 -5505  0.000
Fixed -11.862 1.630 2656 -15.056 -8.668 -7.279  0.000
Random -11.862 1.630 2656 -15.056 -8.668 -7.279  0.000

-20.00 -10.00 0.00 10.00 20.00

Exercise Diabetes mellitus

Fig. 7 Inflammatory response status in diabetic rodents with regular exercise. Cl: confidence interval. A IL-6, B IL-13, CTNF-a

against oxidative damage by participating in the cellu-
lar defense system against oxidative damage. It has been
reported that tissue damage caused by various stimuli is
associated with glutathione depletion [25, 70].

We also showed that DM increases the expression of
inflammatory cytokines such as IL-6, IL-1p, and TNF-a.
The use of Mel and Exc reduces these factors and closes
them to almost normal levels, indicating the reduction
of inflammation changes inside the heart tissue. Stud-
ies have shown that TNF-« participates in insulin resist-
ance and ROS production through the regulation of
glucolipotoxicity pathways [71, 72]. By neutralizing ROS

and RNS, Mel can prevent tissue damage, block tran-
scription factors of pro-inflammatory cytokines, and
reduce free radical damage to biomolecules [9]. Myocar-
dial inflammation is also involved in the pathophysiol-
ogy of diabetic cardiomyopathy [9, 73]. It was suggested
that inflammation is the main pathogenic feature and is
associated with hyperlipidemia and hyperglycemia [9].
Within the cardiac tissue, inflammatory signaling is usu-
ally initiated in response to myocardial injury, because of
the overproduction of mitochondrial ROS [9]. Nuclear
factor-kB (NF-kB) is a key regulator of inflammatory
responses, regulating the expression of pro-inflammatory
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Model  Study name Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper

in means error Variance  limit limit  Z-Value p-Value

Sunetal.2021 23000 518 26850 -33.156 -12844 -4.439  0.000

S.-M. Cheng et al. 2013 -2.770 0.495 0245 -3739 -1.800 -5.597 0.000

Jaferi et al. 2021 23212 3697 13669 -30.458 -15965 6278  0.000

Jokar et al. 2019 038 058 0340 07% 1528 0662 0508
Chengiietal. 2018 21466 3423 11720 -28.176 -1475% 6270  0.000

Fixed 2015 0372 0438 -2745 1286 -5417 0000 (]
Random 1459 2614 6833 -16562 -63% 4384 0000
-30.00 -15.00 0.00 15.00 30.00
Exercise Diabetes mellitus
Model ~ Study name Statistics for each study Std diff in means and 95% CI

Std diff  Standard Lower Upper
inmeans  ermor  Variance limit limit Z-Value p-Value

S.-M. Cheng etal. 2013 5570 1104 1219 3405 7734 5044 0000
Jafari et al. 2021 3124 0666 0444 1818 4429 4688 0.000 D
Alimanesh et al. 2020 -8.368 1561  2.438-11.428 -5.307 -5359  0.000
Delfan et al.2021 22634 4656 21679 13508 31.760 4.861 0.000
Montazery Taleghani etal. 2020  1.620 0515 0266 0610 2631 3144 0.002 D
Fixed 2.100 0.370 0137 1374 2826 5671 0.000 .
Random 2920 1.967 3870 0935 6776 1485 0.138

-15.00 -1.50 0.00 7.50 15.00
C Exercise Diabetes mellitus

Model ~ Study name Statistics for each study Std diff in means and 95% CI

Std diff ~ Standard Lower Upper
inmeans  emor  Variance limit limit Z-Value p-Value

S.-M. Cheng etal. 2013 1.01 2010 4039 7.072 14950 5479  0.000
Jafari et al. 2021 -10.636 1.740 3.028-14.046 -7.225 -6.112 0.000
Alimanesh et al. 2020 3.054 0.736 0541 1611 449 4.150 0.000 D
Delfan et al 2021 -9.799 2082  4334-13.879 -5718 -4707  0.000
Montazery Taleghani etal. 2020 -2.025 0.550 0.303 -3.103 -0.947 -3682 0.000 D
Fixed -0.688 0410 0.168 -1.491 0.115 -1.680 0.093
Random -1.627 2631 6.924 -6.784 3531 -0618 0.536

-15.00 750 0.00 7.50 15.00
Exercise Diabetes mellitus
Model  Study name Statistics for each study Std diff in means and 95% CI
Std diff ~ Standard Lower  Upper
in means error Variance limit limit  Z-Value p-Value
Sunetal 2021 1998 27%  7.59% -17401 -65% 435 0000
Kanter et al. 2015 7.109 1352 1829 -9759 -4458 525  0.000
$.-M. Cheng et al. 2013 -2.094 0622 0387 -3.313 -0.874 -3.366 0.001 D
Fixed 333 0554 0307 -4.419 2249 6021  0.000 ‘
Random 6530 2608 6801 11641 -1.419 2504 0012
-15.00 -7.50 0.00 7.50 15.00
E Exercise Diabetes mellitus
Model  Study name Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower Upper
in means error Variance limit limit  Z-Value p-Value
Zarinkalam etal. 2022 -10.482 1919 3684 14244 6720 5462  0.000
Alimanesh et al. 2020 2012 0614 0376 0809 3215 3279 0001
Jokar etal. 2019 7776 1689 2853 -11.086 -4465 4604  0.000
Al-Jarrah et al. 2012 -9.558 1576 2484 -12647 -6469 -6.065 0.000
Fixed 4407 0521 0272 2429 008 2124 0034
Random -6.347 3773 14237 13743  1.048  -1.682 0.093
-20.00 -10.00 0.00 10.00 20.00
Exercise Diabetes mellitus

Fig. 8 Apoptotic indices in diabetic rodents with regular exercise. Cl: confidence interval. A Caspase-3, B Bcl-2, C Bax, D Apoptosis Index, E P53

cytokines in the heart [74]. Pro-inflammatory cytokines  of diabetic mice with Mel led to a significant decrease in
are directly responsible for the complications of diabetes  the levels of TNF-a, IL-1pB, and IL-6 [74—77]. Under dia-
and heart disease [74]. Studies have shown that treatment  betic conditions, endothelial function is impaired due
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Model - Study name Statistics for each study
Stddiff  Standard Lower Upper
in means error Variance  limit limit ~ Z-Value p-Value
Nakos etal. 2018 2162 0514 0264 -3169 -1.155 -4208 0.000
Gimenes etal. 2015 1273 0361 0130 -1.980 -0.566 -3529 0.000
Chodari er al. 2017 A774 0528 0279 -2809 -0740 -3361 0.001
Broderick etal 2019 0520 0508 0258 -0477 1516 1023 0306
Wang et al. 2020 4087 0879 0772 -5809 -2.365 -4652 0.000
Hussein et al, 2020 8175 1520  2338-11.172 5178 5346  0.000
Ali-Aghdam Aet al. 2018 3686 0821 0675 -5295 -2076 -4488  0.000
Mohammadi et al. 2022 2501 0667 0445 -3809 -1.193 -3747 0.000
Sheikhzadeh et al. 2013 9523 1571 2467-12602 -6.444 -6063 0.000
Montazery Taleghani etal. 2020 2452 0592 0350 -3612 -1292 -4143  0.000
Karetal 2019 2296 0644 0415 -3559 -1.034 -3565 0.000
Riahi et al.2016 1546 0721 0520 -2959 -0.133 2145 0032
Fixed 1925 0477 0031 -2272 -1579 10887 0.000
Random 2779 0505 0255 -3770 -1789 -5.503 0.000
B Model Study name ‘Statistics for each study
Std diff Standard Lower Upper
inmeans  error  Variance limit limit ZValue p-Value
G.Sharma, etal. -7.688  1.058  1.118 -9.761 -5615 -7.270 0.000
Wangetal. 2020 -7.354  1.393  1.940-10.084 -4624 -5280 0.000
Fired 7566 0842 0709 -9.217 5915 -8.983 0.000
Random 7566 0842 0709 -9.217 5915 -8.983 0.000
Model ~ Study name Statistics for each study
Std diff  Standard Lower Upper
inmeans  eror Variance limit limit Z-Value p-Value
G.Sharma, etal. -4317 0666 0444 5623 -3.011 -6479 0.000
Wang etal. 2020 2500 0667 0445 -3.808 -1.192 -3.746 0.000
Fired 3410 0472 0222 -4334 -2486 -7.232 0.000
Random 3409 0909 0825 -5.190 -1628 -3.752 0.000
Model ~ Study name Statistics for each study
Stddiff Standard Lower Upper
inmeans  error  Variance limit  Z-Value p-Value
G.Sharma, etal. 4000 0866 0750 2303 5697 4619 0.000
Wang etal. 2020 14859 ~ 1953  3.813 11.032 18687 7.609 0.000
Fied 5785 0792 0627 4233 7.3% 7.307 0.000
Random 9280 5428 29462 -1.350 19.927 1.711 0.087
Model ~ Study name Statistics for each study
Stddiff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
G.Sharma, etal. -5.376  1.074  1.153 -7.481 -3271 -5.006 0.000
Wang etal. 2020 -8544  1.162  1.350-10.821 -6.267 -7.353 0.000
Fixed 6835 0789 0622 -8.381 -5290 -8.668 0.000
Random 6920  1.584  2.508-10.033 -3825 -4.375 0.000
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Std diff in means and 95% CI

15.00 750 0.00 750 15.00
Exercise Diabetes mellitus
means and 95% CI
-15.00 7.50 0.00 7.50 15.00
Exercise Diabetes mellitus
n means and 95% CI
1000 -5.00 0.00 5.00 10.00
Exercise Diabetes mellitus
n means and 95% CI
2000 1000 0.00 10.00 2000
Exercise Diabetes mellitus
iff in means and 95% CI
15.00 7.50 000 7.50 15.00
Exercise Diabetes mellitus

Fig. 9 Improvement of lipid and glucose profiles in diabetic rodents with regular exercise. Cl: confidence interval. A Level glucose, B total
cholesterol, C triglyceride, D HDL, E vLDL

to the elevation of TNF-a or IL-6, suggesting that these
cytokines can also promote endothelial dysfunction
in coronary arteries [78]. Exc can significantly reduce
TNF-a and IL-6 levels in diabetic rats [78]. Since Exc

significantly affects cellular homeostasis, the levels of

cytokines decrease after adaptation to regular exercise
[44].
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Model Study name for each study

Std diff  Standard Lower Upper
in means error Variance limit limit
Lew etal. 2020 7.200 1.367 1870 4520 9.880
Erekat et al. 2014 1.000 0.474 0.225 0.070 1.930
Broderick et al.2019 3.405 0.782 0.612  1.871  4.939
Vali Zadeh et al.2018 2.433 0.539 0.290 1.378 3.488
Bakhtiari et al. 2019 5.754 1.014 1.028 3767 7.741
Fixed 2.524 0.301 0.091  1.934 3.114
Random 3.694 0.949 0.901 1.834 5.554
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Std diff in means and 95% CI

Z-Value p-Value

5265  0.000 -—D—
2108 0.035 {1

4351 0.000 —D—

4518 0.000 -D-

5676 0.000 —:]—
8383  0.000 ’

3892  0.000 q

-10.00 -5.00 0.00 5.00 10.00

Exercise Diabetes mellitus

Fig. 10 Changes in VEGF levels in diabetic rodents with regular exercise. Cl: confidence interval

A significant increase of pro-apoptotic proteins such as
Bax, Caspase-3, and p53 with a decrease of anti-apoptotic
protein Bcl-2 has been observed in the heart tissue of dia-
betic rats [79]. Data indicated that treatment of diabetic
mice with Mel can restore the balance between apop-
tosis regulatory proteins [79]. Hyperglycemia leads to
excessive production and accumulation of ROS in mito-
chondria, which triggers intrinsic apoptotic signals [80].
It seems that these conditions promote mitochondrial
dysfunction in endothelial cells in an AMPK-dependent
manner [81]. Accumulation of systemic glucose and
byproducts as well as ROS contribute to mitochondrial
apoptotic death through the cytochrome C leakage into
the cytosol and activation of Caspase-3 [82]. Mel has
the potential to reduce mitochondrial dysfunction by
the regulation of the AMPK signaling cascade [63]. The
reduction of cardiomyocyte damage is associated with
the reduction of mitochondrial oxidant stress and apop-
tosis [63]. The reduction of Caspase-3 by Mel and Exc
blunts the deleterious effects of hyperglycemic conditions
on cardiac tissue [17].

Exc increases the activity of antioxidant enzymes and
cell resistance to oxidative stress [83]. As a correlate, Exc
can neutralize oxidative damage, improve insulin sen-
sitivity, and increase glucose metabolism [84]. Also, Exc
before ischemia leads to the reduction of pro-apoptotic/
anti-apoptotic proteins and inactivation of the Caspase
pathway, especially Caspase-3 [85]. One of the important
effects of Exc is related to the expression of protein kinase
B. These mechanisms can protect the host cells against
apoptosis by the phosphorylation of the Bcl-2 family and
regulation of pro-apoptotic proteins such as Bax [86, 87].

Mel treatment significantly can reduce hyperglyce-
mia and block hemoglobin glycosylation in diabetic rats

[88-90]. Due to insulinogenic and antioxidant activities,
Mel can stimulate insulin secretion, regenerate [-cells,
or even protects remaining B-cells [91]. One of the thera-
peutic effects of Mel in diabetic conditions is associated
with the reduction of oxidative stress induced by homo-
cysteine [92]. It has been indicated that the elevation of
homocysteine accelerates insulin-receptor cleavage and
diminishes insulin-resistant conditions [72].

There is a positive correlation between diabetic hyper-
lipidemia and the occurrence of cardiovascular diseases
[93]. Mel has been shown to exert anti-dyslipidemic
effects under diabetic conditions [93, 94]. A significant
increase in serum triglyceride, TC, LDL-C, and VLDL-
C levels along with a decrease in HDL-C levels occurs
in DM [95-97]. The underlying mechanism of the Mel
cholesterol-lowering effect may be through decreasing
cholesterol absorption from the gut or increasing endog-
enous cholesterol clearance [98]. Mel effectively prevents
hyperlipidemia by increasing insulin secretion and lipid
storage in fat cells [9]. The accumulation of excess fat in
fat cells causes insulin resistance. Under such conditions,
the secretion of insulin and adipose cytokines leads to the
death of pancreatic beta cells because of free fatty acids
[99]. It was suggested that exercise training reduces fat
accumulation. Besides, Exc changes the amount of some
adipokines and reduces the accumulation of fatty acids,
and increases insulin sensitivity [99].

Conclusions

The occurrence of diabetic conditions is associated
with cardiovascular pathologies, especially in cardio-
myocytes with the promotion of apoptotic changes,
inflammatory responses, oxidative status, etc. These
features can affect the normal physiology of the heart,
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leading to micro- and macro-vascular injuries. Here,
systematic review and meta-analysis indicated that
co-administration of Mel and Exc can blunt the detri-
mental effect of DM via the regulation of anti-oxidant
capacity, lipid metabolism, inflammatory response, and
apoptotic changes, leading to the reduction of cardio-
myopathy in diabetic patients.
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@] Confidence interval
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