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A B S T R A C T

Cardiomyopathy and pancreatic injury are health issues associated with type 2 diabetes mellitus (T2DM) and are
characterized by elevated oxidative stress, inflammation and apoptosis. Melatonin (MLT) is a hormone with
multifunctional antioxidant activity. The protective effects of MLT on the heart and pancreas during the early
development of diabetic cardiomyopathy and pancreatic injury were investigated in male Wistar rats with T2DM.
MLT (10 mg/kg) was administered daily by gavage for 15 days after diabetic induction. Treatment of diabetic rats
with MLT significantly normalized the levels of serum glucose, HbA1-c, and the lipid profile and improved the
insulin levels and insulin resistance compared with diabetic rats, affirming its antidiabetic effect. MLT signifi-
cantly prevented the development of oxidative stress and sustained the levels of glutathione and glutathione
peroxidase activity in the heart and pancreas of diabetic animals, indicating its antioxidant capacity. Additionally,
MLT prevented the increase in proinflammatory cytokines and expression of Bax, caspase-3 and P53. Further-
more, MLT enhanced the anti-inflammatory cytokine IL-10 and antiapoptotic protein Bcl-2. MLT controlled the
levels of troponin T and creatine kinase-MB and lactate dehydrogenase activity, indicating its anti-inflammatory
and antiapoptotic effects. Histological examinations confirmed the protective effects of MLT on T2DM-induced
injury in the myocardium, pancreas and islets of Langerhans. In conclusion, the protective effects of melatonin
on the heart and pancreas during the early development of T2DM are attributed to its antihyperglycemic, anti-
lipidemic and antioxidant influences as well as its remarkable anti-inflammatory and antiapoptotic properties.
1. Introduction

Despite significant improvements in the past two decades, type 2
diabetes mellitus (T2DM)-induced cardiac complications present a major
global challenge for human health at all ages. Cardiovascular diseases
rank first among diabetic complications causing morbidity and mortality
[1]. The Framingham study showed that diabetic men and women were,
respectively, two and five times more likely to develop heart problems
than nondiabetic subjects [2]. T2DM is a metabolic disorder character-
ized by increased resistance to insulin in glucose-sensitive tissues and
dyslipidemia leading to hyperglycemia, prolonged inflammation, and
oxidative stress [3]. At the advanced stage, diabetic cardiomyopathy
(DCM) clinically presents as heart failure in T1DM and T2DM [4];
however, the early events during the development of T2DM-induced
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organ injury are not completely understood. Therefore, understanding
the pathogenesis and its molecular mechanisms constitutes a cornerstone
to overcome and ameliorate the complications.

Hyperglycemia initiates the overproduction of reactive oxygen spe-
cies (ROS) through several pathways [5]. Overproduction of free radicals
is a feature of diabetes linked with diabetic heart diseases. Oxidative
stress is a main factor in hyperglycemia-induced tissue injury and is
responsible for events related to the early development of T2DM-induced
organ injury [6]. Besides oxidative stress, inflammation and apoptosis
resulted from hyperglycemia, hyperlipidemia and insulin resistance,
which produce reactive oxygen and nitrogen species (ROS & RNS), are
key players involved in diabetic heart injury [7]. Mitochondria are the
main sites of superoxide radical production resulting from the leakage of
electron flux in the respiratory chain. Mitochondrial dysfunction and
edu.eg (M.E. Amer).
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oxidative stress are the main triggers of apoptosis, inflammation and the
damage of cardiomyocytes, pancreatic cells [8] and several body organs.
Diabetes-induced impairment of the redox balance in heart and pancreas
was reported to be a crucial in the stimulation of pathological inflam-
mation and DM complications. The hallmark of DCM is interstitial
fibrosis and myocardial hypertrophy [9, 10].

A study have highlighted the important role of proinflammatory and
anti-inflammatory cytokines in DCM [11]. Because oxidative stress is an
important contributor in the pathogenesis of DCM, it is anticipated that
preventing oxidative stress and mitochondrial dysfunction by antioxi-
dant intervention in diabetic patients can reduce inflammation and
improve redox homeostasis in the heart and pancreas [12].

Melatonin (5-methoxy-N-acetyltryptamine; MLT) is a strong endog-
enous antioxidant formed and secrete mainly by the pineal gland and
decreases with age [13]. MLT is involved in the regulation of several
physiological activities associated with the light-dark daily cycle. This
antioxidant hormone shows daily rhythm in the pineal gland, plasma and
pancreas, and low MLT levels in diabetes responsible for disturbed daily
rhythms and decreased antioxidative capacity of tissues [14]. The plasma
concentrations of MLT were lower in diabetic than healthy rats and
humans [15]. In addition to its high antioxidant capacity, MLT exerts
anti-apoptotic and anti-inflammatory effects under several circum-
stances, including obesity [16, 17, 18].

Recently, it is reported that the biochemical markers of the heart
function were deceased after treatment with MLT in rats with myocardial
ischemic-reperfusion injury [19]. This was attributed to its antioxidant
actions and enhanced autophagy in cardiomyocytes [20]. Furthermore,
MLT protected against left ventricular dysfunction after myocardial
infarction through its remarkable antioxidant properties [21].

Blood glucose level stimulates pancreatic B-cells to secret insulin. Up-
regulation of oxidative stress is associated hyperglycemia and respon-
sible for the development of pancreatic beta-cell dysfunction in diabetes
[22]. This is attributed to low antioxidant capacity of pancreatic
beta-cells of Langerhans which is more vulnerable to oxidative damage
than other body cells [23]. MLT influences metabolic disorders including
diabetes via the control of insulin release in vivo and in vitro [24]. MLT
regulates the hormone secretion by pancreatic islets of specific, G-pro-
tein-coupled melatonin receptor types MT1 and MT2 on main pancreatic
islet cells including Beta-cells [25]. Recently, it is reported that MLT
increased proliferation of pancreatic cells through activation of MT2 in
vitro [26].

The information on the protection against the pathophysiological
process during the early development of T2DM-induced DCM is not fully
clear and needs to be specified in the heart and pancreas. This study
investigated the effect of MLT on hyperglycemia that influences the redox
state, inflammation and apoptosis in the heart and pancreas of T2DM-
induced rats at the early phase of the development of T2DM.

2. Materials and methods

2.1. Chemicals

Melatonin and streptozotocin were purchased from Sigma Chemical
Company (St. Louis, MO, USA). Other laboratory chemicals were ob-
tained from local sources.
2.2. Animals

Adult male Wister rats (8 weeks old) with body weight 170–200 g
were purchased from the Egyptian Vaccine Company (VACERA, Cairo,
Egypt). All rats were maintained under standard laboratory conditions at
25 �C with 12-h alternating light and dark cycles. The rats were allowed
for commercial rodent standard diet and water ad libitum. The
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experimental protocol for the treatment of rats was performed according
to guidelines and approved by the Institutional Animal Ethics Committee
of Mansoura University (Sci-Z-Ph-2020-16).

2.2.1. Induction of the experimental T2DM model
Overnight-fasted rats were injected with nicotinamide (100 mg/kg,

ip) 20 min before streptozotocin (STZ) (55 mg/kg) to induce T2DM.
Physiological saline was used for preparation of nicotinamide while STZ
was prepared in fresh citrate buffer (0.1 M, pH: 4.5) [27]. After three
days, the glucose levels in blood were assessed using glucometer
(Elegance CT-X10, GmbH & Co. KG, Germany). The rats with fasting
blood glucose levels above 250 mg/dl denote development of hyper-
glycemia and were selected for the experiment.
2.3. Experimental design and treatment

After the acclimatization period, the animals were divided into four
groups, 5 animals in each group as follows (Figure 1): in the control
group (Cont) the rats received standard diet and tap water only. In the
melatonin treated group (MLT), rats were given MLT (10 mg/kg) by
stomach tube daily for 15 days between 10:0 and 11:00 am [28]. The 3rd

group was diabetic group (DM) in which the rats were treated with single
dose of nicotinamide following STZ [25] to develop diabetes. In the
fourth group, rats were injected with MLT at 3rd day after induction of
diabetes for 15 days. The experimental period was 15 days post diabetic
induction.

The blood glucose levels of all animals were monitored every five
days during the experimental period by glucometer.
2.4. Sample collection

Blood samples from all rats were collected from hearts under keta-
mine/xylazine (0.1 ml/100 g, i.p.) anesthesia into nonheparinized tubes.
Sera were separated after centrifugation at 3000 rpm for 15 min and
stored at �20 �C for biochemical determination. The rats then were
decapitated and the heart and pancreas were obtained then cleaned. For
biochemical analysis, portions of the heart and pancreas were homoge-
nized and centrifuged. The supernatant was obtained and stored at �20
�C for biochemical assay in tissue. For histological, histochemical and
immunohistochemical studies, portions of both tissues were fixed in 10%
neutral formalin until processing.
2.5. Biochemical analysis

The levels of serum glucose and Hb1c in the blood were evaluated
using ready-made kits provided by Spinreact (Girona, Spain) and Bio-
Systems (Barcelona, Spain), respectively. The levels of serum insulin was
assayed using the ELISA kit (RayBiotech, Georgia, USA; Catalog #: ELR-
Insulin) with a detection range (5 uIU/ml - 300 uIU/mL). The homeo-
stasis model of insulin resistance (HOMA-IR) was calculated using the
following formula (1):

HOMA� IR¼ðfasting insulin ðμIU=mLÞ � fasting glucose ðmg=dLÞ
405

(1)

Total cholesterol (TC), triglyceride (TG) and high-density lipoprotein
cholesterol (HDL-C) were assayed according to the manufacturer's in-
structions (Spinreact, Girona, Spain). Low-density lipoprotein cholesterol
(LDL-C) and very low-density lipoprotein cholesterol (VLDL-C) levels
were determined using Friedewald's formula (2 &3) [29].

LDL-C ¼ TC � (HDL-C þ VLDL-C) (2)

VLDL-C ¼ TG/5 (3)



Figure 1. Diagram of the experimental design.
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Interleukin 6 (IL-6; Catalog #: EK0412) with a detection range
(62.5pg/ml-4000 pg/ml), interleukin 1 beta (IL-1b; Catalog #: EK0393)
with a detection range (31.2pg/ml-2000 pg/ml), interleukin 10 (IL-10;
Catalog #: EK0418) with a detection range (31.2pg/ml-2000 pg/ml),
tumor necrosis factor alpha (TNF-α; Catalog #: RTFI01177) with a
detection range (15.625–1000 pg/ml) and troponin T (Catalog #: KT-
30669) with a detection range (0.078–5 ng/ml) in serum were assessed
using kits provided by BosterBio (California, USA), ElisaGenie (London,
UK) and Kamiya Biomedical (Seattle, USA), respectively. The activities of
creatine kinase (CK-MB) and lactate dehydrogenase (LDH) in serumwere
determined using kits provided by BioSystems (Barcelona, Spain). Lipid
peroxidation was determined by estimating the amount of 4-hydroxyno-
nenal (4-HNE) according to the manufacturer's instructions (FineTest,
Wuhan, China) with a detection range (31.25–2000 pg/ml) in both heart
and pancreatic tissues. The glutathione (GSH) concentration and gluta-
thione peroxidase (GPx) activities were estimated using kits supplied by
Biodiagnostic (Dokki-Giza, Egypt) in both heart and pancreatic tissues.
The activities of aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), as well as the contents of albumin, total bilirubin and total
protein in the serum, were estimated using kits provided by Bio-
diagnostic (Dokki-Giza, Egypt).
2.6. Detection of P53, Bax, caspases-3 and Bcl-2

Paraffin-embedded sections of the heart and pancreas were depar-
affinized in xylene and then processed for immunohistochemical staining
using the labeled streptavidin-biotin immunoperoxidase technique [30].
The mouse monoclonal anti-p53 antibody (DO-1: sc-126) was obtained
from Santa Cruz, CA, USA; diluted 1:50). The rabbit polyclonal primary
antibodies for caspase-3 (ab13847), Bax (ab53154) and Bcl-2 (ab59348)
were obtained from Abcam, Cambridge, MA, USA. The dilution was
1:500 for caspase-3 and 1:50 for Bax and Bcl-2. The sections incubated
with the primary antibodies overnight at 4 �C. The labeling index was
assessed as described previously [31] using Image J software [32].
2.7. Histological investigation

Samples of the heart and pancreas tissues were subjected to standard
procedures, in which the specimens were fixed, dehydrated, cleared and
then embedded in paraffin wax. Next, 5-μm sections were prepared and
stained with hematoxylin and eosin (H&E). The stained sections were
observed using a light microscope and then were photographed using
Olympus light microscope with camera (Amscope MU1000). Digital
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morphometric study for heart and pancreas was performed using com-
puter assisted digital image analysis for quantification.

2.8. Detection of cardiac fibrosis

The sections of the heart were deparaffinized then were stained with
Masson's trichrome. The stained sections were examined and photo-
graphed using an ordinary light microscope. The collagen fibers were
stained blue relative to the extent of fibrosis. Quantification of fibrosis in
heart tissue was performed using computer assisted digital image
analysis.

2.9. Statistical analysis

All the data were statistically performed using GraphPad Prism 6.0
software after checking the normality distribution for each group. The
results are expressed as the means� standard error of the mean (SEM) (n
¼ 5). Statistical comparisons were evaluated by one-way analysis of
variance (ANOVA) followed by Duncan's multiple range tests. The
percent of change in the treated groups was calculated compared with
that in the control.

3. Results

3.1. MLT improves the glucose and HbA1c levels and insulin resistance

T2DM rats showed a significant increase in the glucose and HbA-1c
levels 15 days after diabetic induction, indicating the development of
hyperglycemia compared with the control rats. Diabetic rats showed a
significant decrease in insulin levels and high HOMA-IR compared with
the control animals, indicating the development of insulin resistance.
Treatment of diabetic rats with MLT significantly prevented the increase
in the blood levels of glucose, HbA-1c and insulin compared with un-
treated diabetic rats, but the levels were still higher than those of the
control group. Consequently, HOMA-IR was significantly improved
compared with that in the untreated diabetic rats and showed values near
the control levels (Figure 2, S1). Treatment with MLT altered neither the
glucose or HbA1c levels nor insulin resistance in T2DM rats compared
with those in normal rats.

3.2. MLT improves the serum lipid profile in T2DM

Diabetic rats showed a disrupted lipid profile presented by significant
elevation of TC, TG, LDL-C and VLDL-C accompanied by a significant



Figure 2. Effect of diabetes (DM) and melatonin (MLT) on the fasting blood glucose levels at the indicated time points (a), serum glucose (b), insulin (c), insulin
resistance index (HOMA-IR) (d) and glycosylated hemoglobin (HbA1C) (e) levels of rats in the different groups. Values are expressed as means � SEM; (n ¼ 10) for
fasting blood glucose and n ¼ 5 for other parameters. (*, ** and *** indicate statistical significance at P < 0.05, P < 0.01 and P < 0.001, respectively, compared to the
control group. ## and ### indicate statistical significance at P < 0.01 and P < 0.001, respectively, compared to the diabetic group).

Figure 3. Effect of DM and MLT on the lipid profiles. Total cholesterol (a), triglyceride (b), low-density lipoprotein (LDL-C) (c), very low-density lipoprotein (VLDL-C)
(d) and high-density lipoprotein (HDL-C) (e) serum levels of rats in the different groups. Values are expressed as means � SEM; (n ¼ 5). (*, ** and *** indicate
statistical significance at P < 0.05, P < 0.01 and P < 0.001, respectively, compared to the control group. ### indicate statistical significance at P < 0.001,
respectively, compared to the diabetic group).
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decrease in HDL-C levels in the serum of diabetic rats compared with
those in control animals. Compared with untreated diabetic rats, MLT
treatment ameliorated dyslipidemia in diabetic rats. The serum lipid
profile was insignificantly changed in rats treated with MLT only
(Figure 3, S2).
3.3. MLT ameliorates oxidative stress markers and improves the
antioxidants levels in the heart and pancreas

The effect of MLT treatment on the 4-hydroxynonenal (4-HNE) con-
tent was measured to evaluate lipid peroxidation in the heart and
4

pancreas of all the studied groups. The heart and pancreas of diabetic rats
showed a significant elevation in the 4-HNE level compared with those of
the control animals. The increase in the 4-HNE level was significantly
prevented by oral treatment with MLT compared with that in untreated
diabetic rats. By contrast, a significant depletion in the GSH levels and
GPx activity was demonstrated in the heart and pancreas of diabetic rats
compared with that of control rats. Treatment of diabetic rats with MLT
significantly prevented the decrease in the GSH and GPx levels in both
tissues compared with untreated diabetic rats. Animals that received
MLT alone showed insignificant changes in the 4-HNE and antioxidant
levels compared with the normal control animals (Figure 4, S3).



Figure 4. Effect of DM and MLT on the oxidative stress marker 4-hydroxynonenal (4-HNE) (a), antioxidant glutathione (GSH) content (c) and glutathione peroxidase
(GPx) activity (e) in the heart tissues of rats in the different groups. Additionally, the effect of DM and MLT on the oxidative stress marker 4-hydroxynonenal (4-HNE)
(b), antioxidant glutathione (GSH) content (d) and glutathione peroxidase (GPx) activity (f) in the pancreatic tissues of rats in the different groups. Values are
expressed as means � SEM; (n ¼ 5). (*, ** and *** indicate statistical significance at P < 0.05, P < 0.01 and P < 0.001, respectively, compared to the control group.
### indicate statistical significance at P < 0.001, respectively, compared to the diabetic group).
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3.4. MLT alleviates pro-inflammatory cytokines and improves anti-
inflammatory cytokines

Diabetic animals exhibited a significant surge of inflammatory cyto-
kines, including TNF-α, IL-6 and IL-1β, with a significant decline in the
anti-inflammatory cytokine IL-10 level in the serum of diabetic animals
compared with that of the control group. Daily administration of MLT in
diabetic rats for 15 days significantly decreased the concentrations of the
inflammatory cytokines and elevated the levels of anti-inflammatory
cytokine compared with diabetic rats. Treatment with MLT for 15 days
showed insignificant changes in the serum levels of these cytokines in
normal rats (Figure 5, S4).
Figure 5. Effect of DM and MLT on the serum levels of pro-inflammatory mediators
beta (IL-1β) (c) and anti-inflammatory cytokine interleukin 10 (IL-10) (d) of rats in th
indicate statistical significance at P < 0.05, P < 0.01 and P < 0.001, respectively, co
respectively, compared to the diabetic group).

5

3.5. MLT improves cardiac function biomarkers

To evaluate the heart function the levels of troponin-T and the ac-
tivities of CK-MB and LDH were assessed in serum. These parameters
were significantly increased in the serum of diabetic rats compared with
that of the control group. The administration of MLT to diabetic rats
significantly prevented the elevation of these biochemical biomarkers
compared with untreated diabetic animals. Furthermore, treatment with
MLT only showed an insignificant alteration in these biomarkers in
normal rats (Figure 6, S5).
. Tumor necrosis factor alpha (TNF-α) (a), interleukin 6 (IL-6) (b), interleukin 1
e different groups. Values are expressed as means � SEM; (n ¼ 5). (*, ** and ***
mpared to the control group. ### indicate statistical significance at P < 0.001,



Figure 6. Effect of DM and MLT on the serum Troponin-T level (a) and cardiac biomarker enzymes creatine kinase myocardial band (CK-MB) (b) and lactate de-
hydrogenase (LDH) (c) of rats in different groups. Values are expressed as means � SEM; (n ¼ 5). (** and *** indicate statistical significance at P < 0.05, P < 0.01 and
P < 0.001, respectively, compared to the control group. ### indicate statistical significance at P < 0.001, respectively, compared to the diabetic group).
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3.6. MLT ameliorates serum clinical biomarkers in the T2DM rat model

The induction of T2DM exerted a significant increase in the serum
levels of liver function enzymes, including ALT and AST, as well as the
total bilirubin content, with a significant decrease in the serum levels of
albumin and total protein compared with those in the control group.
Compared with untreated diabetic rats, administration of MLT into dia-
betic rats showed a significant improvement the in the levels of these
biomarkers in serum. Treatment with MLT only showed an insignificant
alteration in these biomarkers in normal rats (Figure 7, S6).
3.7. MLT normalizes apoptosis-regulating proteins

Immunohistochemical observation of the heart and islet of Langer-
hans tissues from control and MLT-only treated animals showed mild
changes in caspase-3, p53, and Bax and marked expression of Bcl-2
within cardiomyocytes and the pancreas. By contrast, these tissues
from diabetic animals showed marked expression of caspase-3, p53 and
bax and a marked decrease in the expression of Bcl-2 within both tissues.
The diabetic animals treated with MLT showed a marked improvement
with a decrease in caspase-3, p53 and bax expression to almost normal
levels in heart and islets of Langerhans tissues. This expression pattern
was accompanied with a marked upregulation in the expression of Bcl-2
within both tissues. Treatment with MLT only for 15 days showed an
Figure 7. Effect of DM and MLT on the serum levels of liver function enzymes. Aspa
total bilirubin (d) and total protein (e) of rats in the different groups. Values are expre
< 0.05, P < 0.01 and P < 0.001, respectively, compared to the control group. ##
diabetic group).
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insignificant alteration in the apoptotic biomarkers in normal rats (Fig-
ures 8 and 9, S7).
3.8. MLT protects against histopathological alterations in the heart and
islets of Langerhans

Histological observation of heart tissues from control and MLT only
treated rats revealed a normal size and regular arrangement of the
myocardial fibers, with centrally located cigar-shaped nuclei. By
contrast, the heart sections of diabetic animals showed a distorted and an
irregular wavy appearance of myocardial fibers associated with deeply
stained pyknotic nuclei, cardiomyocyte degeneration and myofibrillar
discontinuation, as well as interstitial mononuclear inflammatory cell
infiltration. Additionally, the heart sections of diabetic animals treated
with MLT reduced these changes and revealed a markedly mild degree of
myocardial degeneration associated with mild interstitial mononuclear
inflammatory cell infiltration (Figure 10a, Figure S8).

The pancreatic tissues of control and MLT-only treated rats exhibited
a normal histological architecture of both exocrine and endocrine
structures, represented by a normal appearance of β-islets of Langerhans
areas surrounded by exocrine acinar structures. In the pancreas tissues of
diabetic rats, degenerative and necrotic changes were consistently found
within exocrine glands and amarked decrease in the size of the endocrine
β-islets of Langerhans. However, pancreatic tissues of diabetic animals
rtate aminotransferase (AST) (a), alanine aminotransferase (ALT) (b), albumin c,
ssed as means � SEM; (n ¼ 5). (*, ** and *** indicate statistical significance at P
# indicate statistical significance at P < 0.001, respectively, compared to the



Figure 8. a. Expression levels of caspase-3 and p53 in the heart in different animal groups. Control (Cont) rats showing mild expression of caspase-3 and p53 (arrows)
within myocardial cells. The MLT group showed weak caspase-3 and p53 immuno-expression (arrows) in myocardial cells. Diabetic (DM) animals show marked
immuno-expression of both caspase-3 and p53 (arrows) in myocardial cells respectively. Diabetic animals treated with MLT (DM þMLT) displayed a marked reduction
in caspase-3 and p53 expression to almost normal (arrows) within myocardial cells (IHC, �200). The values are expressed as the means � SEM of 5 microscopic fields/
tissue samples of caspase-3 and p53 immuno-expression. (*** and ### indicate statistical significance at P < 0.001, compared to the control group and diabetic group
respectively). b. Expression levels of Bax and Bcl-2 in the heart in different animal groups. Control (Cont) rats showing mild expression of Bax and marked immuno-
expression of Bcl-2 (arrows) within myocardial cells. The MLT group showed weak Bax and marked Bcl-2 immuno-expression (arrows) in myocardial cells. Diabetic
(DM) animals show marked immuno-expression of Bax and mild expression of Bcl-2 (arrows) in myocardial cells respectively. Diabetic animals treated with MLT (DM
þ MLT) displayed a marked reduction in Bax and strong Bcl-2 expression to almost normal (arrows) within myocardial cells (IHC, �200). The values are expressed as
the means � SEM of 5 microscopic fields/tissue samples of Bax and Bcl-2 immuno-expression. (*** and ### indicate statistical significance at P < 0.001, compared to
the control group and diabetic group respectively).
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treated with MLT showed remarkable amelioration of histopathological
alterations in the most of the islets of Langerhans cells with mild
degenerative changes within exocrine glands (Figure 10b, Figure S9).
3.9. MLT mitigates cardiac fibrosis

The control and MLT-only treated rats displayed scarce and ordinary
spreading of collagen fibers, represented by thin interstitial fibrous
connective tissue in the heart sections. T2DM-induced rats displayed a
remarkable increase in collagen fiber deposition in the interstitial area of
the heart. Treatment with MLT remarkably decreased the fibrosis in the
heart of diabetic rats (Figure 11, Figure S10).
7

4. Discussion

Diabetes mellitus (DM) is a worldwide health issue, and patients with
T2DM often develop complications, including cardiomyopathy and
pancreatic cell injury. The multifunction of MLT has attracted pro-
nounced attention as a potential agent for the prevention and treatment
of various diseases [33]. The present study revealed that MLT improved
hyperglycemia and protected the heart and pancreas against
diabetic-induced injury, an effect attributed to antioxidant,
anti-inflammatory and anti-apoptotic properties of melatonin.

Diabetic rats exhibited remarkable elevated concentrations of fasting
blood glucose, HbA1c with increased insulin resistance, as indicated by



Figure 9. a. Expression levels of caspase-3 and p53 in the pancreas in different animal groups. Control rats displayed mild expression of caspase-3 and p53 (arrows)
within pancreatic β-cells. The MLT group showed weak caspase-3 and p53 immuno-expression (arrows) in pancreatic β-cells. DM animals showed marked immuno-
expression of both caspase-3 and p53 (arrows) in pancreatic β-cells. DM þ MLT animals displayed a marked reduction of caspase-3 and p53 expression to almost
normal (arrows) within pancreatic β-cells (IHC, �200). The values are expressed as the means � SEM of 5 microscopic fields/tissue samples of caspase-3 and p53
immuno-expression. (*** and ### indicate statistical significance at P < 0.001, compared to the control group and diabetic group respectively). b. Expression levels of
Bax and Bcl-2 in the pancreas in different animal groups. Control rats displayed mild expression of Bax and marked immuno-expression of Bcl-2 (arrows) within
pancreatic β-cells. The MLT group showed weak Bax and strong Bcl-2 immuno-expression (arrows) in pancreatic β-cells. DM animals showed marked immuno-
expression of Bax and mild expression of Bcl-2 (arrows) in pancreatic β-cells. DM þ MLT animals displayed a marked reduction of Bax and marked Bcl-2 expres-
sion to almost normal (arrows) within pancreatic β-cells (IHC, �200). The values are expressed as the means � SEM of 5 microscopic fields/tissue samples of Bax and
Bcl-2 immuno-expression. (*** and ### indicate statistical significance at P < 0.001, compared to the control group and diabetic group respectively).
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the high HOMA-IR levels and decrease in the insulin level due to
dysfunction in β-cells. Treatment with MLT significantly ameliorated
hyperglycemia and the reduction of insulin levels, blocked the glyco-
sylation of hemoglobin and improved insulin resistance in T2DM rats.
These results corroborate the improvement of hyperglycemia by MLT
treatment in several experimental models [3, 34, 35]. These findings
agree with the ability of MLT to reverse the reduction of GLUT4 gene
expression, glucose intolerance and insulin resistance, and augmented
gluconeogenesis in MLT-deficient pinealectomized rats [36, 37]. The
possible mechanism by which MLT exerts its effects could be mainly
attributed to insulinogenic activity that stimulates insulin secretion,
regenerate β-cells or even protect the remaining β-cells through its strong
antioxidant properties [38]. The current data agree with previous study
that MLT exhibited an anti-diabetic effect in STZ-induced T1DM in
8

animals [28, 39]. Therefore, the present findings indicate that MLT can
exert anti-hyperglycemic and insulin-sensitizing effects.

Furthermore, it was demonstrated that MLT exhibits an anti-
dyslipidemic effect in rats with T2DM. A significant elevation in the
serum triglyceride, total cholesterol, LDL-C and VLDL-C levels accom-
panied by a decrease in the serum HDL-C level were demonstrated in
T2DM rats compared with the control group. Epidemiological and clin-
ical studies have consistently demonstrated a positive correlation be-
tween hyperlipidemia as a result of diabetes and the incidence of
cardiovascular diseases [40, 41]. Minimizing hyperlipidemia is a good
approach to prevent and ameliorate cardiac diseases related to diabetes
[42]. In the current study, the administration of MLT to diabetic rats
caused a significant improvement in the lipid profile compared with the
STZ-induced diabetic rats. These findings agree with those in which MLT



Figure 10. a. Hematoxylin- and eosin-stained cardiac sections of control and MLT-only-treated animals showing the regular arrangement of myocardial fibers with
centrally located cigar-shaped nuclei (arrows). Diabetic rats (DM) showed disorganized arrangement of the myocardial fibers associated with perivascular myocardial
degeneration (arrow), necrotic cardiac myocytes (asterisk) and mononuclear inflammatory cell aggregation (arrowhead) associated with vacuolation (curved arrow)
and hyalinization in some of the cardiac myofibers. Diabetic rats treated with MLT (DM þ MLT) showed improved arrangement of myocardial fibers associated with a
mild degree of myocardial degeneration (arrow) and mild interstitial mononuclear inflammatory cell infiltration (arrow head), H&E, (� 200). The quantification of
infiltration in heart sections of the different groups (I). Values are expressed as the means � SEM. (*** and ### indicate statistical significance at P < 0.001,
compared to the control group and diabetic group respectively). b. Hematoxylin- and eosin-stained pancreatic sections of control and MLT-only-treated animals
showing normal histological features of both exocrine and endocrine structures (arrow heads) indicates normal acinar structures and (arrows) indicates β-islets of
Langerhans. Diabetic rats (DM) showed apoptosis of exocrine glands (arrowhead) and a marked shrunken in the size of the endocrine islets of Langerhans with a
drastic decrease in the number of their cells (arrow). Diabetic rats treated with MLT (DM þ MLT) showed mild degenerative changes within exocrine glands
(arrowhead) and apparent increase in the islets of Langerhans size with normal histoarchitecture (arrow), H&E, (� 200). The quantification of islets of Langerhans blot
area (I) and β cells count (II) within the blot area in sections of the pancreas of the different groups. Values are expressed as the means � SEM. (*** and ### indicate
statistical significance at P < 0.001, compared to the control group and diabetic group respectively).
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improved the serum lipid fractions in serum of diabetic rats [43, 44, 45].
The mechanism underlying the lowering effect of MLT on cholesterol
might be through decreasing the absorption of cholesterol from the in-
testine or increasing endogenous cholesterol clearance [46]. MLT effi-
ciently prevented hyperlipidemia and enhanced HDL-C, which could be
related to increased insulin secretion, which enhances lipid storage in
adipocytes. Thus, the present study supports the anti-dyslipidemic effect
of MLT that helps to protect against lipid-induced risk factors of cardiac
diseases.

The effect of MLT on the oxidation of LDL and prevention of lipid
peroxidation was reported in previous studies [47, 48]. It was suggested
that hyperglycemia, increased ROS and the induction of oxidative stress
are the main pathophysiological links between T2DM and the early
progression of heart injury [49]. In the current study, the 4-HNE level, a
lipid peroxidation product, was remarkably increased in the heart and
pancreas and was significantly higher in T2DM rats than in the normal
control rats, indicating an excessive oxidative stress state. The increased
oxidative stress in diabetic rats may result from the continuous genera-
tion of ROS produced by hyperglycemia and glucose autoxidation [50,
51]. This expression is accompanied by a significant decrease in the GSH
content and GPx activity in cardiac and pancreatic tissues. The disrupted
redox homeostasis was improved by MLT treatment, as indicated by the
lower 4HNE level and higher antioxidant levels in the heart and pancreas
than in the untreated diabetic rats. This finding indicates the potent
antioxidant ability of MLT by enhancing the GSH/GPx system. MLT
scavenges ROS and RNS and increases antioxidant defenses, actions that
prevent tissue damage, block transcriptional factors of pro-inflammatory
cytokines and reduce free radical damage to biomolecules. Consequently,
the restoration of redox balance can potentially contribute to the pro-
tection against T2DM-induced oxidative damage in the heart and
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pancreas [52, 53]. Myocardial inflammation has also been implicated in
the pathophysiology of diabetic cardiomyopathy [54]. Inflammation is
the main pathogenic feature and is associated with hyperlipidemia and
hyperglycemia [55]. In cardiomyocytes, inflammatory signaling usually
occurs as an early response to myocardial injury, which involves the
overproduction of ROS from mitochondria [56]. Because nuclear
factor-κB (NF-κB) is a key regulator of inflammatory responses, it
up-regulates the expression of pro-inflammatory cytokines in the heart
[55]. The latter authors claimed that it is unclear whether myocardial
inflammation is involved in cardiac dysfunction in the experimental
models of T2DM. In the current study, the serum concentration of TNF-α,
IL-6 and IL-1β were significantly increased while IL-10 was significantly
decreased in diabetic group, indicating an increased inflammatory re-
action and a disrupted immune system. These results agree with the
earlier reports that pro-inflammatory cytokines are directly responsible
for the induction of diabetic complications and heart diseases [57]. The
current data showed that treatment of diabetic rats with MLT resulted in
a significant reduction in the levels of TNF-a, IL-1b and IL-6 and,
importantly, the upregulation of the anti-inflammatory cytokine, IL-10.
These results support the anti-inflammatory activity of melatonin
against diabetes-induced heart and pancreas injury.

The histopathological observations of the heart and pancreas
confirmed the aforementioned findings. The sections of the heart from
diabetic rats showed remarkable damage in the form of necrosis of car-
diac myocytes, vacuolation, hyalinization and interstitial mononuclear
inflammatory cell infiltration in the heart tissue. Additionally, the pre-
sent results demonstrated interstitial fibrosis in the heart tissue of dia-
betic rats that can result in the impairment of both diastolic and systolic
functions [55]. These pathological changes agree with previous study
showing the harmful impact of oxidative stress on the hearts of diabetic



Figure 11. Masson trichrome-stained cardiac sections of control and MLT-only-treated animals showed normal thin interstitial collagen fibers in between myocardial
fibers (arrow). (DM) rats showed marked perivascular (arrowhead) and interstitial (arrow) fibrosis. The (DM þ MLT) group showed a marked decrease in interstitial
fibrous connective tissue (arrows) (�200). Percent of fibrosis area in Masson trichrome stained heart sections in the different groups (I). Values are expressed as the
means � SEM. (*** and ### indicate statistical significance at P < 0.001, compared to the control group and diabetic group respectively).
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rats [27, 58]. These pathological alterations might be amenable to MLT
treatment to reduce the risk of heart injury in the context of T2DM.
Increased oxidative stress and elevated inflammatory cytokines
contribute considerably to the histopathology and pathophysiology of
diabetic heart injury, and the association of redox imbalance and diabetic
cardiomyopathy provides a rational for antioxidant treatment for man-
aging heart injury. Treatment with MLT, characterized by its potent
antioxidant and anti-inflammatory properties, exerted remarkable pro-
tection of the heart histology and blocked fibrosis in the heart compared
with the control, indicating an anti-fibrotic effect of MLT.

To further support the protective effect of MLT on the heart, we
assessed some heart function parameters. A significant elevation in the
activities of CK-MB and LDH and troponin-T levels was observed in the
diabetic rats compared with those in control animals, indicating damage
to the cardiomyocyte membranes that contributes to myocardial injury.
These findings agree with that reported in previous studies [59, 60].
Treatment of diabetic rats with MLT prevented the elevation of cardiac
10
function markers, indicating that MLT can sustain the integrity of car-
diomyocytes and ameliorate myocardial injury. This might be attributed
to its membrane-stabilizing property in T1DM [28]. Recent studies have
shown that MLT sustains cardiomyocyte integrity and prevents mem-
brane damage. Recently, it is reported that MLT sustains cardiomyocyte
integrity and prevents the leakage of cardiac biomarkers in infarcted
myocardium [61]. Furthermore, treatment with MLT significantly
ameliorated the elevation of AST and ALT activities and total bilirubin
concentrations and the decline in albumin and total protein contents in
serum of diabetic rats. These findings are consistent with results reported
by [62, 63], reflecting the efficacy and safety application of melatonin.
Notably, these biochemical parameters were not altered in MLT
only-treated rats, indicating that melatonin has a high safety profile [64].

The pancreatic tissue of diabetic rats exhibited histopathological
alteration in which islets appeared shrunken in size and hypocellular
with an altered histoarchitecture. These findings were consistent with
those reported in previous studies [65, 66] and might be attributed to



D.A. Abdulwahab et al. Heliyon 7 (2021) e06474
dysregulation of redox status, activation of inflammatory processes and
apoptosis [67]. The current results showed that treatment of diabetic rats
with MLT improved histopathological changes in pancreatic tissues
compared with the untreated diabetic rats, indicating the potential pro-
tective effect of MLT and improvement of the pancreatic structure,
including islets of Langerhans. The present results agree with other
studies that the administration of MLT protected pancreas against
oxidative damage and ameliorated histological damage, as well as the
hyperamylasemia and hyperlipidemia via increasing antioxidant power
and reduction of pro-inflammatory cytokines in cerulean-induced
pancreatitis [68, 69]. These effects are supported by the current
biochemical findings, including increased insulin secretion and amelio-
ration of insulin resistance. The mechanism underlying the ameliorative
effects of MLT was suggested to be through the antioxidant and hypo-
glycemic effects of MLT that protects pancreatic tissue [70].

To further reveal the mechanism underlying the improved heart and
pancreas structures and function following treatment with melatonin,
apoptosis-regulating proteins were investigated. A significant increase
was found in the levels of pro-apoptotic proteins Bax, caspase-3 and p53
in both tissues of T2DM rats with decrease of the anti-apoptotic protein
Bcl-2, indicating mitochondrial pathology. By contrast, treatment of
diabetic rats with MLT restored the balance between regulating proteins
of apoptosis. These findings indicate that MLT can protect the heart and
pancreas by sustaining mitochondrial function and modulating the
apoptosis process during the early onset of T2DM through its antioxidant
and anti-apoptotic properties [15].

In the present study, MLT was used to ameliorate heart and pancreas
injury induced by DM and to maintain their functions. Although there are
several studies concerning glucose homeostasis, the effect of MLT on
glucose homeostasis has not been clearly illustrated. This is due to
incomplete information on how and where MLT exerts its action on
glucose homeostasis. It is believed that the decreased glucose level in
diabetic rat models is attributed to the restoration of pancreatic islet cells
by ML [71]. Melatonin receptors are found in many cells, including
pancreatic β-cells and cardiomyocytes, indicating the prevalent effects of
MLT on several physiological functions [25]. It was reported that MLT
protects pancreatic β-cells from STZ-induced cellular oxidative injury and
the development of T2DM [72, 73].

Because mitochondrial dysfunction and diabetes are linked [74],
mitochondrial pathology may play a key role in cardiac and pancreatic
cell injury. Thus, targeting the mitochondrial integrity by MLT against
oxidative damage is crucial for glucose homeostasis. Mitochondria are
essential organelles for cellular function and contribute to the regulation
of redox homeostasis, oxidation of free fatty acid and apoptosis [75].
Cardiomyocytes and pancreatic cells have a remarkable amount of
mitochondria because of the high energy demand of these organs. Both
hyperglycemia and hyperlipidemia can hyperpolarize mitochondria,
resulting in enhanced ROS production [76, 77], explaining the mito-
chondrial pathology commonly observed in the critical organs of both
types of diabetes.

The present results suggest that MLT protected the mitochondria
function, as evidenced by the amelioration of the histological structure of
both organs, restoration of redox balance and controlled release of the
apoptotic regulating proteins in diabetic rats. As a cytoprotective agent,
MLT has been reported as a mitochondrial protector due to its antioxi-
dant and anti-inflammatory properties [78]. Experimental evidence re-
ported that MLT can stabilize the mitochondrial functions, which could
be participate in the prevention of progression of several diseases
including pancreatitis [79]. Therefore, we suggest that MLT protects and
sustains the mitochondrial function and integrity necessary for glucose
homeostasis in T2DM.

In conclusion, treatment of T2DM with a pharmacological dose of
MLT is a central approach to fortify the body's antioxidant defense system
and consequently block hyperglycemia, oxidative stress, and inflamma-
tory and apoptosis mechanisms, preventing and protecting against
T2DM-induced complications at the early stage of organ injury.
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[53] A. Hacışevki, B. Baba, An overview of melatonin as an antioxidant molecule: a
biochemical approach, Melat. Molec. Biol. Clin. Pharm. Appr. (2018) 59–85.

[54] D.L. Mann, Innate immunity and the failing heart: the cytokine hypothesis revisited,
Circ. Res. 116 (2015) 1254–1268.

[55] K. Nishida, K. Otsu, Inflammation and metabolic cardiomyopathy, Cardiovasc. Res.
113 (2017) 389–398.

[56] J. Fuentes-Antras, A.M. Ioan, J. Tunon, J. Egido, O. Lorenzo, Activation of toll-like
receptors and inflammasome complexes in the diabetic cardiomyopathy-associated
inflammation, Internet J. Endocrinol. 2014 (2014) 847827.

[57] B. Zhang, Q. Shen, Y. Chen, R. Pan, S. Kuang, G. Liu, G. Sun, X. Sun, Myricitrin
alleviates oxidative stress-induced inflammation and apoptosis and protects mice
against diabetic cardiomyopathy, Sci. Rep. 7 (2017), 44239-44239.

[58] R. Khanra, S. Dewanjee, T. K Dua, R. Sahu, M. Gangopadhyay, V. Feo, M. Zia-Ul-
Haq, Abroma augusta L. (Malvaceae) leaf extract attenuates diabetes induced
nephropathy and cardiomyopathy via inhibition of oxidative stress and
inflammatory response, J. Transl. Med. 13 (2015) 6.

[59] F. Ali, S.A. Naqvi, M. Bismillah, N. Wajid, Comparative analysis of biochemical
parameters in diabetic and non-diabetic acute myocardial infarction patients,
Indian Heart J. 68 (2016) 325–331.

[60] V. Kain, S. Kumar, A.S. Puranik, S.L. Sitasawad, Azelnidipine protects myocardium
in hyperglycemia-induced cardiac damage, Cardiovasc. Diabetol. 9 (2010) 82.

[61] H. Aygun, S.S. Gul, Cardioprotective effect of melatonin and agomelatine on
doxorubicin-induced cardiotoxicity in a rat model: an electrocardiographic,
scintigraphic and biochemical study, Bratislava Med. J. 120 (2019) 249–255.

[62] F.Y. Xiong, S.T. Tang, H. Su, H.Q. Tang, P. Jiang, Q. Zhou, Y. Wang, H.Q. Zhu,
Melatonin ameliorates myocardial apoptosis by suppressing endoplasmic reticulum
stress in rats with long-term diabetic cardiomyopathy, Mol. Med. Rep. 17 (2018)
374–381.

[63] N. Luhinich, I. Gerush, Effects of 7-day melatonin introduction on the hydrogen
sulfide production and glutathione system in the liver of alloxan induced diabetic
rats, Georgian Med. News 289 (2019) 135–139. https://PMID: 31215895.

[64] M.A. El-Missiry, Z.M. El-Missiry, A.I. Othman, Melatonin is a potential adjuvant to
improve clinical outcomes in individuals with obesity and diabetes with coexistence
of Covid-19, Eur. J. Pharmacol. (2020) 173329.

[65] K.S. Balamash, H.M. Alkreathy, E.H. Al Gahdali, S.O. Khoja, A. Ahmad,
Comparative biochemical and histopathological studies on the efficacy of
metformin and virgin olive oil against streptozotocin-induced diabetes in Sprague-
Dawley rats, J. Diabetes Res. 2018 (2018).

[66] S. Nurdiana, Y.M. Goh, H. Ahmad, S.M. Dom, N.S.a. Azmi, N.S.N.M. Zin,
M. Ebrahimi, Changes in pancreatic histology, insulin secretion and oxidative status
in diabetic rats following treatment with Ficus deltoidea and vitexin, BMC Comp.
Altern. Med. 17 (2017) 290.

[67] L.M. Shawky, A.A. Morsi, E. El Bana, S.M. Hanafy, The biological impacts of
sitagliptin on the pancreas of a rat model of type 2 diabetes mellitus: drug
interactions with metformin, Biology 9 (2020) 6.

[68] C. Carrasco, A.M. Marchena, M.S. Holguín-Ar�evalo, G. Martín-Partido,
A.B. Rodríguez, S.D. Paredes, J.A. Pariente, Anti-inflammatory effects of melatonin
in a rat model of caerulein-induced acute pancreatitis, Cell Biochem. Funct. 31
(2013) 585–590.

[69] C. Carrasco, A.B. Rodriguez, J.A. Pariente, Effects of melatonin on the oxidative
damage and pancreatic antioxidant defenses in cerulein-induced acute pancreatitis
in rats, Hepatobiliary Pancreat. Dis. Int. : HBPD INT 13 (2014) 442–446.

http://refhub.elsevier.com/S2405-8440(21)00579-X/sref14
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref14
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref14
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref14
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref15
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref15
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref15
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref16
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref16
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref16
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref16
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref17
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref17
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref17
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref17
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref18
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref18
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref18
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref19
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref19
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref19
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref20
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref20
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref20
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref21
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref21
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref21
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref22
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref22
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref22
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref23
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref23
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref23
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref24
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref24
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref24
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref25
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref25
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref25
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref26
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref26
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref26
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref26
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref27
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref27
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref27
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref27
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref27
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref27
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref28
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref28
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref28
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref28
https://PMID:%204337382
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref30
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref30
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref30
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref31
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref31
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref32
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref32
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref32
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref32
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref32
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref33
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref33
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref33
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref34
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref34
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref34
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref34
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref34
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref35
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref35
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref35
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref35
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref36
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref36
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref36
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref36
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref36
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref37
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref37
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref37
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref37
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref37
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref37
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref38
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref38
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref38
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref38
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref38
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref38
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref38
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref39
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref39
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref39
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref39
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref40
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref40
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref40
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref40
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref40
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref41
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref41
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref42
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref42
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref42
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref42
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref43
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref43
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref43
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref43
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref44
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref44
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref44
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref45
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref45
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref45
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref45
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref46
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref46
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref46
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref46
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref47
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref47
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref47
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref48
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref48
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref48
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref49
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref49
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref49
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref49
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref50
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref50
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref50
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref50
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref51
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref51
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref51
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref51
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref51
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref52
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref52
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref52
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref52
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref52
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref53
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref53
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref53
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref53
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref54
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref54
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref54
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref55
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref55
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref55
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref56
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref56
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref56
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref57
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref57
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref57
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref58
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref58
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref58
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref58
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref59
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref59
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref59
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref59
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref60
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref60
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref61
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref61
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref61
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref61
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref62
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref62
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref62
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref62
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref62
https://PMID:%2031215895
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref64
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref64
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref64
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref65
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref65
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref65
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref65
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref66
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref66
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref66
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref66
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref67
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref67
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref67
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref68
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref68
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref68
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref68
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref68
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref68
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref69
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref69
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref69
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref69


D.A. Abdulwahab et al. Heliyon 7 (2021) e06474
[70] Y.H. Ahmad, S. Rai, M. Basheer, H. Ghosh, S. Singh, Protective role of melatonin in
streptozotocin induced pancreatic damages in diabetic wistar rat, Pakistan J. Biol.
Sci.: PJBS 21 (2018) 423–431.

[71] M. Kanter, H. Uysal, T. Karaca, H.O. Sagmanligil, Depression of glucose levels and
partial restoration of pancreatic beta-cell damage by melatonin in streptozotocin-
induced diabetic rats, Arch. Toxicol. 80 (2006) 362–369.

[72] I. Bazwinsky-Wutschke, L. Bieseke, E. Muhlbauer, E. Peschke, Influence of
melatonin receptor signalling on parameters involved in blood glucose regulation,
J. Pineal Res. 56 (2014) 82–96.

[73] E. Peschke, I. Bahr, E. Muhlbauer, Melatonin and pancreatic islets:
interrelationships between melatonin, insulin and glucagon, Int. J. Mol. Sci. 14
(2013) 6981–7015.

[74] L. Hu, M. Ding, D. Tang, E. Gao, C. Li, K. Wang, B. Qi, J. Qiu, H. Zhao, P. Chang,
F. Fu, Y. Li, Targeting mitochondrial dynamics by regulating Mfn2 for therapeutic
intervention in diabetic cardiomyopathy, Theranostics 9 (2019) 3687–3706.
13
[75] M. Wajner, A.U. Amaral, Mitochondrial dysfunction in fatty acid oxidation
disorders: insights from human and animal studies, Biosci. Rep. 36 (2015), e00281.

[76] C.A. Galloway, Y. Yoon, Mitochondrial dynamics in diabetic cardiomyopathy,
Antioxidants Redox Signal. 22 (2015) 1545–1562.

[77] F. Westermeier, M. Navarro-Marquez, C. Lopez-Crisosto, R. Bravo-Sagua,
C. Quiroga, M. Bustamante, H.E. Verdejo, R. Zalaquett, M. Ibacache, V. Parra,
P.F. Castro, B.A. Rothermel, J.A. Hill, S. Lavandero, Defective insulin signaling and
mitochondrial dynamics in diabetic cardiomyopathy, Biochim. Biophys. Acta 1853
(2015) 1113–1118.

[78] D.P. Cardinali, D.E. Vigo, Melatonin, mitochondria, and the metabolic syndrome,
Cell. Mol. Life Sci. : CMLS 74 (2017) 3941–3954.

[79] C. Carrasco, M.S. Holguín-Ar�evalo, G. Martín-Partido, A.B. Rodríguez, J.A. Pariente,
Chemopreventive effects of resveratrol in a rat model of cerulein-induced acute
pancreatitis, Mol. Cell. Biochem. 387 (2014) 217–225.

http://refhub.elsevier.com/S2405-8440(21)00579-X/sref70
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref70
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref70
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref70
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref71
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref71
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref71
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref71
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref72
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref72
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref72
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref72
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref73
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref73
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref73
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref73
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref74
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref74
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref74
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref74
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref75
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref75
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref76
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref76
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref76
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref77
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref77
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref77
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref77
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref77
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref77
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref78
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref78
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref78
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref79
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref79
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref79
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref79
http://refhub.elsevier.com/S2405-8440(21)00579-X/sref79

	Melatonin protects the heart and pancreas by improving glucose homeostasis, oxidative stress, inflammation and apoptosis in ...
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Animals
	2.2.1. Induction of the experimental T2DM model

	2.3. Experimental design and treatment
	2.4. Sample collection
	2.5. Biochemical analysis
	2.6. Detection of P53, Bax, caspases-3 and Bcl-2
	2.7. Histological investigation
	2.8. Detection of cardiac fibrosis
	2.9. Statistical analysis

	3. Results
	3.1. MLT improves the glucose and HbA1c levels and insulin resistance
	3.2. MLT improves the serum lipid profile in T2DM
	3.3. MLT ameliorates oxidative stress markers and improves the antioxidants levels in the heart and pancreas
	3.4. MLT alleviates pro-inflammatory cytokines and improves anti-inflammatory cytokines
	3.5. MLT improves cardiac function biomarkers
	3.6. MLT ameliorates serum clinical biomarkers in the T2DM rat model
	3.7. MLT normalizes apoptosis-regulating proteins
	3.8. MLT protects against histopathological alterations in the heart and islets of Langerhans
	3.9. MLT mitigates cardiac fibrosis

	4. Discussion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


