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Abstract. The effects of melatonin (MLT), which exerts 
cardioprotective effects against myocardial apoptosis, in 
long-term diabetic cardiomyopathy are not currently well 
defined. The present study aimed to investigate how MLT 
protects the heart through modulating myocardial apoptosis in 
rats with type 2 diabetes mellitus (DM). In total, 36 rats were 
randomly divided into three groups, including control (n=12), 
DM (n=12) and DM + MLT (n=12) groups. The results demon-
strated that, in DM rats, a significant increase was observed in 
the serum fasting blood glucose and lipid levels, in addition 
to insulin resistance and cardiac dysfunction, which were 
attenuated in DM rats treated with MLT. Additionally, cellular 
apoptosis in rats with DM was increased, and the expression of 
Bcl-2 was downregulated, while levels of Bcl-2-associated X 
and caspase-3 were upregulated, and these observations were 
reversed by MLT, as determined by TUNEL and western blot 
analysis, respectively. As increased endoplasmic reticulum 
(ER) stress induced by hyperglycemia is reported to be a factor 
for apoptosis, the present study also determined the expres-
sion of proteins associated with ER stress in cardiac tissues 
following MLT treatment by western blotting. The results 
further indicated that MLT decreased the expression of ER 
stress hallmarks, including CCAAT/enhancer-binding protein 
homologous protein, glucose-regulated protein 78, protein 
kinase RNA-like endoplasmic reticulum kinase (PERK) 

and activating transcription factor 6α in cardiac tissues. In 
conclusion, the results of the present study indicate that MLT 
may protect heart by ameliorating cardiac ER stress-induced 
apoptosis in diabetic cardiomyopathy.

Introduction

Type 2 diabetes mellitus (DM) is a disease that is associated 
with high morbidity and mortality due to various diabetic 
complications (1). Diabetic cardiomyopathy, a severe diabetic 
complication, refers to ventricular dysfunction independent of 
alterations in blood pressure and coronary artery disease (2,3). 
In the past decades, numerous studies have investigated the 
mechanisms involved in diabetic cardiomyopathy (4-7). At 
present, of the various etiologies that have been reported to 
be associated the pathogenesis of diabetic cardiomyopathy, 
the apoptosis of cardiomyocytes is considered to be one of the 
primary causes of diabetic cardiomyopathy. Therefore, attenu-
ation of cardiomyocyte apoptosis has been investigated as a 
potential therapeutic strategy for diabetic cardiomyopathy (8,9).

The endoplasmic reticulum (ER) has important roles in 
the regulation of Ca2+ homoeostasis, and protein synthesis and 
folding (10). ER stress, which is characterized by a perturba-
tion in the Ca2+ or the redox balance of the ER, is the primary 
cause of the accumulation of misfolded proteins (11,12). 
At the initial stage of ER stress, a protective procedure 
termed unfolded protein response (UPR) is initiated in the 
ER (13), which is mediated by three transmembrane sensors, 
including protein kinase RNA-like endoplasmic reticulum 
kinase (PERK), activated transcription factor 6 (ATF‑6) and 
inositol‑requiring enzyme 1 (IRE1). Under non‑stress condi-
tions, the proteins are bound to the ER chaperone protein 
glucose‑regulated protein 78 (GRP78). Upon accumulation 
of unfolded proteins in the ER, GRP78 becomes dissociated 
from these transducers to assist with the folding of the accu-
mulated proteins (14). When ER stress is prolonged, cell death 
is triggered by activating CCAAT/enhancer-binding protein 
homologous protein (CHOP), phosphorylated (p)-eukaryotic 
initiation factor 2α (eIF2α), caspase-12, caspase-9 and 
caspase-3 (15-19). Of these factors, CHOP, which exhibits low 
expression or is barely detected under non-stress conditions, 
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promotes apoptosis by altering the Bcl-2/Bcl-2-associated X 
(Bax) ratio and generating reactive oxygen species (20,21). In 
addition, as previously described, cell apoptosis induced by 
ER stress is reported to be independent of death receptor and 
mitochondrial pathways (22). In animals with hyperglycemia, 
which is associated with the pathogenesis of diabetes, the level 
of ER stress was upregulated and associated with myocardial 
cell apoptosis (3-5). Therefore, the suppression of ER stress 
may serve as an effective strategy to alleviate myocardial cell 
apoptosis to protect the myocardial function.

Melatonin (MLT; N-acetyl-5-methoxytryptamine), an 
endogenous substance that is primarily secreted by the 
pineal body, has various properties, including antiapoptosis, 
anti‑inflammatory and antitumor effects, in addition to roles 
in anti-oxidative stress (23-25). Previous studies have inves-
tigated the effects of MLT in the treatment of cardiovascular 
diseases (26-30). For example, Dominguez‑Rodriguez et al (29) 
indicated that reduced MLT levels were associated with the 
development of heart failure in patients with hypertensive 
cardiomyopathy. Furthermore, convincing evidence also indi-
cates that MLT is associated with protective effects against ER 
stress (30,31).

Studies have previously investigated the role of MLT 
in the protection of cardiomyopathy (26-29). However, the 
mechanisms underlying these protective effects on diabetic 
cardiomyopathy are not currently well defined. The present 
study was designed to investigate whether MLT may relieve 
myocardial apoptosis in long-term diabetic cardiomyopathy 
by targeting ER stress.

Materials and methods

Experimental animals. All experimental protocols on animals 
were performed in compliance with and approved by the 
Ethics Committee of Anhui Medical University (Hefei, 
China). A total of 36 male Sprague‑Dawley rats (6 weeks old; 
weight, 160‑200 g) were purchased from the Experimental 
Animal Center of Anhui Medical University and raised in a 
specific pathogen free environment. After one week of adapta-
tion, rats were randomized to control (n=12), DM (n=12) and 
DM + MLT (n=12) groups. All rats were allowed free access 
to food and water and were kept in conditions of 22‑24˚C 
with a relative humidity of 40‑70% on a 12 h light‑dark cycle. 
All rats were fed a high-fat diet containing 2% cholesterol, 
10% lard and 88% normal diet, apart from rats in the control 
group that were fed a normal diet. Intraperitoneal glucose 
tolerance test (IPGTT) and intraperitoneal insulin tolerance 
test (IPITT) were performed at week 8 (see below for specific 
steps). At week 9, control rats were injected with 1 mol/l 
sodium citrate saline buffer (Beijing Chemical Reagent Co., 
Ltd, Beijing, China), while the rats in the DM and DM + MLT 
groups were subject to intraperitoneal administration of strep-
tozocin (STZ; 25 mg/kg dissolved in 20 mM sodium citrate 
saline buffer; Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) once (26). The blood glucose levels were tested 
1 week after the streptozocin injection. Animals with glucose 
levels ≥11.1 mmol/l were considered to be diabetic. Rats in 
the DM + MLT group subsequently received 10 mg/kg/day 
MLT (Institute of Clinical Pharmacology of Anhui Medical 
University, Hefei, China) by gavage for 24 weeks. The control 

and DM rat groups were treated with intragastric saline 
administration. At the end of week 33, animals were starved 
overnight and anesthetized using a 10% chloral hydrate solu-
tion (300 mg/kg; intraperitoneal injection). Cardiac function 
was evaluated under anesthesia. Blood samples were collected 
from the abdominal aorta. After the hearts from each rat were 
weighed and sliced, the heart weight/body weight (HW/BW) 
was calculated and the left ventricle (LV) was rapidly dissected 
and cut into two pieces. One piece was immediately frozen in 
liquid nitrogen and stored at ‑80˚C for protein analysis and 
the other was fixed with 10% neutral formalin for 6‑8 days at 
room temperature for histological examination.

IPGTT. After a 12 h fast, all rats were intraperitoneally admin-
istrated with glucose (1 g/kg bodyweight dissolved in a sodium 
chloride injection; Sinopharm Chemical Reagent Co., Ltd, 
Shanghai, China). Blood glucose concentrations were detected 
using a blood glucose meter through a vein in the tail at 0, 15, 
30, 60 and 120 min.

IPITT. After 12 h of abrosia, insulin (1I U/kg bodyweight 
dissolved in a sodium chloride injection; Novolin 30R, Novo 
Nordisk, Beijing, China) was intraperitoneally injected into 
rats. Then blood glucose concentrations were detected through 
tail venous blood 0, 15, 30, 60 and 120 min.

Cardiac function testing. Cardiac function was measured under 
constant flow and constant pressure (32). Briefly, a specific 
indwelling needle was intubated to the left ventricle through 
via the right common carotid artery, which was connected to 
a force-displacement transducer to record tension and heart 
rate. Left ventricular end‑diastolic pressure (LVEDP), left 
ventricular systolic pressure (LVSP), maximal rate of increase 
of left ventricular pressure (+dp/dtmax) and maximal rate of 
decrease of left ventricular pressure (-dp/dtmax) as the rate 
of contraction and relaxation were calculated using a BL-420 
biological function experimental system (Chengdu Techman 
Software Co., Ltd., Chengdu, China).

Serum biochemical analysis. Blood samples were collected 
from the abdominal aorta and left for ~1 h at room tempera-
ture until it is completely coagulated. The samples were then 
centrifuged at 1,000 x g for 10 min at room temperature, and 
serum was obtained and kept at ‑80˚C. Serum fasting blood 
glucose (FBG), total cholesterol (TC), low‑density lipoprotein 
(LDL) cholesterol, triglyceride (TG) and insulin levels were 
determined using commercially available spectrophotometric 
assay kits (Beijing BHKT Clinical Reagent Co., Ltd., Beijing, 
China), according to the manufacturer's protocol. The insulin 
sensitivity index was calculated using the following formula: 
1 / (FBG x fasting insulin).

Histology. Formalin‑fixed, paraffin‑embedded myocardial 
tissue samples were cut into 6‑µm‑thick serial sections 
and stained by hematoxylin for 6 min and eosin for 2 min 
(H&E) or Masson's trichrome staining at room temperature. 
Masson's trichome staining was performed to detect myocar-
dial fibrosis by sequential addition of Bouin's, Weigert's and 
Biebrich solutions for 5 min each according manufacturer's 
protocol (Masson trichrome stain kit; cat. no. BSBA‑4079A; 
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Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., 
Beijing, China). Morphological analysis was performed 
using light microscopy and the mean optical density values 
for collagen levels were measured using a JD-801 patho-
logical image analysis system (version 2013; Jiangsu JEDA 
Science‑Technology Development Co., Ltd., Nanjing, China).

Apoptosis assays. Myocardial apoptosis was detected in 
6‑µm‑thick serial sections of myocardial tissue samples using 
a One Step TUNEL Apoptosis assay kit (Beyotime Institute of 
Biotechnology, Haimen, China) following their fixation with 
10% formalin and embedding in paraffin. TUNEL staining 
was performed according to the manufacturer's protocol. 
TUNEL-positive cells, which exhibited green nuclear 
staining, were observed using a Leica fluorescence micro-
scope (DM4000). All cells with DAPI and/or TUNEL staining 
were counted within five randomly selected fields in a blinded 
manner. The index of apoptosis was expressed as the ratio of 
positively stained apoptotic myocytes to the total number of 
myocytes counted.

Immunohis tochemist r y analysis.  Formal in‑f ixed, 
paraffin‑embedded 6‑µm‑thick cardiomyocyte sections were 
used for immunohistochemical staining. The slides were depa-
raffinized by gradient concentration of ethanol (anhydrous 
ethanol, then 95, 80 and 70% ethanol), rehydrated, placed 
in citric acid buffer (0.01 mol/l; pH=6.0; Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd.) to boil for 10 min 
for antigen retrieval, then cooled to room temperature. The 
slides were blocked with 3% H2O2 solution for 20 min at 
room temperature and washed with phosphate buffer solu-
tion (0.01 mol/l, pH=7.4; Beijing Zhongshan Golden Bridge 
Biotechnology Co., Ltd.). Primary antibodies against caspase‑3 
(1:1,000; cat# 9662; Cell Signaling Technology, Inc., Danvers, 
MA, USA) were incubated with the sections overnight at 4˚C. 
Subsequently, the slides were washed in Tris-buffered saline 
(TBS containing 10 mM/l Tris HCl and 0.85% NaCl; pH=7.2) 
and incubated with anti-rat IgG biotinylated antibody and 
horseradish peroxidase‑conjugated streptavidin (Universal 
IHC two‑step test kit; PV‑6000; Beijing Zhongshan Golden 
Bridge Biotechnology Co., Ltd.) according to the manufac-
turer's protocol, for 10‑20 min at room temperature. Finally, 
the samples were incubated with 3,3'‑diaminobenzidine (1:20) 
for 6 min as the substrate and counterstained with hematoxylin 
for 3 min at room temperature. Caspase‑3‑positive cells were 
observed by a light microscope and the mean optical density 
values were measured using JD-801 pathological imaging 
analysis system (version 2013).

Western blotting. The protein expression of the ER stress 
proteins, GRP78, CHOP, ATF‑6α, PERK, IRE1α and 
caspase-12, and the apoptotic markers Bax, Bcl-2, caspase-3 
and caspase‑9, were assessed by western blotting analysis. 
Cardiac muscle tissue was sheared and ground with protein 
lysis solution (5X protein lysis solution: 21.75 g 150 mmol/l 
NaCl, 5 ml 1% Triton‑X100, 0.5 g 0.1% SDS and 50 mmol/l 
Tris-HCl, the volume was made up to 500 ml with ultrapure 
water) into homogenate on the ice. The 5X protein lysis solu-
tion, physiological saline, phenylmethylsulfonyl fluoride (cat. 
no. ST505; Beyotime Institute of Biotechnology) and leupeptin 

(cat. no. L2884; Sigma‑Aldrich; Merck KGaA) were used in 
the ratio 200:800:1:1. The homogenate was centrifuged at 
14,000 x g for 15 min at 4˚C. Then the supernatant fluid was 
collected, and protein concentration was determined by BCA. 
Proteins (50 µg) were separated by 8‑15% SDS‑PAGE and 
electrophoretically transferred onto polyvinylidene fluoride 
membranes. Following blocking with 5% non‑fat dry milk 
for 2 h at room temperature, the membranes were washed 
with TBS‑Tween‑20 [150 mM NaCl, 50 mM Tris (pH=7.5) 
and 0.1% Tween‑20] and incubated with primary antibodies 
against caspase-9 (1:1,000; cat# sc-133109), caspase-3 (1:1,000; 
cat# sc‑373730), Bcl‑2 (1:500; cat# sc‑23960), Bax (1:500; cat# 
sc‑20067), GRP78 (1:1,000; cat# sc‑376768), CHOP (1:1,000; 
cat# sc‑71136), PERK (1:50; cat# sc‑9477), ATF‑6α (1:500; cat# 
sc-22799), IRE1α (1:1,000; cat# sc-10510), caspase-12 (1:500; 
cat# sc-21747) and β-actin (1:1,000; cat# sc-130300) overnight 
at 4˚C. All primary antibodies were obtained from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). The bound antibody 
was visualized with horseradish peroxidase‑conjugated 
secondary antibodies (goat anti‑mouse IgG; cat. no. AP124P; 
1:1,000, goat anti‑rabbit IgG, cat. no. AP132P, 1:2,000 and 
rabbit anti‑goat IgG; cat. no. AP106P; 1:4,000; EMD Millipore, 
Billerica, MA, USA) for 2 h at room temperature. The bands 
were detected using an enhanced chemiluminescence kit 
(BeyoECL Plus; Beyotime Institute of Biotechnology) and 
rapidly exposed to an autoradiography film (Amersham 
Hyperfilm ECL; GE Healthcare Life Sciences, Little Chalfont, 
UK) to detect light emission by a nonradioactive method. The 
values were quantified using Quantity One software (version, 
4.6.2; Bio‑Rad Laboratories, Inc., Hercules, CA, USA). β-actin 
antibody was used as the internal reference.

Statistical analysis. Statistical analysis was performed using 
SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). Each 
experiment was repeated ≥3 times. Data are presented as the 
mean ± standard deviation. The differences among the groups 
were evaluated using one-way analysis of variance followed by 
the Student‑Newman‑Keuls method. P<0.05 was considered to 
indicate a statistically significant difference.

Results

IPGTT and IPITT results. After week 8, IPGTT and IPITT 
results demonstrated that the blood glucose levels in DM rats 
were significantly higher compared with those in control rats 
at baseline and at 15, 30, 60 and 120 min time points (P<0.05; 
Fig. 1).

Myocardial dysfunction in diabetic models. When inves-
tigating cardiac function at the end of week 33, the results 
demonstrated that LVSP, +dp/dtmax and -dp/dtmax were 
significantly decreased, while the LVEDP was significantly 
increased, in DM rats compared with control rats (P<0.05; 
Fig. 2). These results indicate that long‑term hyperglycemia 
led to myocardial dysfunction. However, MLT improved 
cardiac function significantly compared with DM rats without 
MLT treatment (P<0.05; Fig. 2).

Basic parameters in diabetic models. After 24 weeks of 
MLT treatment, FBG, TC, LDL and TG levels, and HW/BW 
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and insulin resistance, were significantly higher in DM rats 
compared with control rats (P<0.05; Table I). However, MLT 
therapy reduced FBG, lipid levels and the HW/BW (Table I). 
Additionally, MLT marginally reduced insulin resistance, 
although this change was not significant (Table I).

Morphological characteristics. The morphological charac-
teristics of the myocardial lesions were examined by H&E 
(Fig. 3A) and Masson's trichome staining (Fig. 3B and C). 
Compared with the control rats, myocardial fibers were 
arranged irregularly and the staining was uneven in the rats of 
the DM group (Fig. 3A). MLT treatment improved the struc-
tural impairments of the myocardium and the disarrangement 
of myocardial fibers was corrected (Fig. 3A). Masson's staining 
demonstrated that collagen content was significantly increased 
and thick collagen fibers formed complex network structures 
in the heart of DM rats (P<0.05; Fig. 3B and C). However, the 
collagen content was significantly reduced in DM rats treated 
with MLT (P<0.05, Fig. 3B and C).

Cardiac apoptosis. TUNEL assay results demonstrated that 
the percentage of apoptotic myocardial cells was significantly 
increased in DM rats compared with the control rats (P<0.05; 
Fig. 4). However, a significant decrease in the percentage of 
apoptotic myocardial cells was observed in DM rats treated 
with MLT (Fig. 4). Caspase‑3 is the primary terminal cleavage 
enzyme in the process of cell apoptosis. In the present study, 
immunohistochemical analysis demonstrated that the expres-
sion of caspase-3 was markedly upregulated in the cardiac 
muscle tissues of DM rats compared with the control rats 
(P<0.05; Fig. 5), while MLT treatment reduced DM-induced 
upregulation of caspase‑3 (P<0.05; Fig. 5).

Measurement of relative protein expression levels. The expres-
sion of caspase-3, caspase-9 and the proapoptotic protein Bax 
were significantly upregulated in the myocardium of DM rats 
compared with control rats, while the expression of the antiapop-
totic protein Bcl‑2 was significantly downregulated (P<0.05; 
Fig. 6). These alterations were reversed in DM rats treated with 

Figure 1. IPGTT and IPITT results at week 8 after a high‑fat or normal diet. (A) Blood glucose levels during IPGTT. (B) Blood glucose levels during 
IPITT. Data are presented as the mean ± standard deviation, n≥6 per group. *P<0.05 vs. control group. IPGTT, intraperitoneal glucose tolerance test; IPITT, 
intraperitoneal insulin tolerance test; DM, diabetes mellitus; MLT, melatonin.

Figure 2. Cardiac function of DM rats with or without MLT treatment. The contractile function of rat hearts was determined. Alterations in (A) LVEDP, 
(B) LVSP, (C) +dp/dtmax and (D) ‑dp/dtmax were examined. Data are presented as the mean + standard deviation, n≥6 per group. *P<0.05 vs. control group; 
#P<0.05 vs. DM group. DM, diabetes mellitus; MLT, melatonin; LVEDP, left ventricular end‑diastolic pressure; LVSP, left ventricular systolic pressure; 
+dp/dtmax, maximal rate of increase of left ventricular pressure; ‑dp/dtmax, maximal rate of decrease of left ventricular pressure.
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MLT (P<0.05; Fig. 6). Furthermore, in rats in the DM group, the 
protein expression of GRP78, PERK, ATF‑6α, caspase-12 and 
CHOP was significantly increased in the myocardium compared 
with control rats (P<0.05; Fig. 7). However, in DM rats that 
received MLT treatment, the expression of these proteins was 
significantly downregulated (P<0.05; Fig. 7). Notably, although 
the expression of IRE1α was significantly increased in DM rats 
compared with control rats (P<0.05), the expression of IRE1α 
was not significantly reduced in DM rats with MLT treatment 
compared with the DM group (Fig. 7).

Discussion

The present study established a rat model of type 2 DM 
to investigate the therapeutic effects of MLT in diabetic 
cardiomyopathy. The results of this study indicate that MLT 

Table I. Basic parameters of rats in different experimental 
groups at the end of 33 weeks.

Parameter Control (n=6) DM (n=6) DM + MLT (n=8)

FBG, mmol/l 4.75±0.38 19.27±1.03a 16.59±1.45a,b

TC, mmol/l 2.53±0.08 8.05±1.54a 5.25±0.43a,b

LDL, mmol/l 1.14±0.09 6.12±1.96a 3.81±0.48a,b

TG, mmol/l 1.15±0.06 5.63±0.77a 4.08±0.48a,b

Insulin, µIU/ml 11.40±2.15 34.79±7.97a 30.30±6.22a

Ln (ISI) ‑3.97±0.20 ‑6.48±0.23a ‑6.04±0.42a,b

HW/BW (x10-2) 0.23±0.02 0.35±0.04a 0.29±0.04a,b

ISI=1/(FBG x fasting insulin). Data are presented as the 
mean ± standard deviation. aP<0.05 vs. control group; bP<0.05 vs. 
DM group. DM, diabetes mellitus; MLT, melatonin; FBG, fasting 
blood glucose; TC, total cholesterol; LDL, low-density lipoprotein; 
TG, triglyceride; ISI, insulin sensitivity index; HW, heart weight; 
BW, body weight.

Figure 3. MLT relieved damage in the hearts of DM rats. (A) Hematoxylin 
and eosin stained sections of myocardium from different treatment groups. 
Magnification, x200. (B) Myocardium sections were stained by Masson's 
trichome staining. Magnification, x200. (C) Mean optical density of 
Masson's trichome stained sections indicates the content of the collagen. 
Data are presented as the mean + standard deviation, n≥6 per group. *P<0.05 
vs. control, #P<0.05 DM + MLT group vs. DM group. DM, diabetes mellitus; 
MLT, melatonin; SD, standard deviation.

Figure 4. Melatonin ameliorated myocardial apoptosis in diabetic rats. (A) A 
representative photomicrographs of in situ detection of apoptotic myocytes 
by TUNEL staining under a magnification of x200. (B) The percentage of 
TUNEL‑positive nuclei. 1: Control, 2: DM group, 3: DM + MLT group. Data 
are expressed as mean ± SD, n≥6 per group. *P<0.05 vs. control, #P<0.05 
DM + MLT group vs. DM group. TUNEL, terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling; DM, diabetes mellitus; MLT, melatonin; SD, 
standard deviation.

Figure 5. Effects of melatonin on Caspase‑3 expression. (A)
Immunohistochemistry showed the expression of Caspase-3 in diabetic rats 
was increased (magnification x200). 1: Control, 2: DM group, 3: DM + MLT 
group. (B) Data are expressed as mean ± SD, n≥6 per group. *P<0.05 vs. 
control, #P<0.05 DM + MLT group vs. DM group. DM, diabetes mellitus; MLT, 
melatonin; SD, standard deviation.
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may exert a protective effect on cardiomyopathy by suppressing 
ER stress.

Apoptosis is considered to be closely associated with the 
pathogenesis of diabetic cardiomyopathy (33). It has also been 

reported that cardiomyocytes undergo apoptosis in response 
to diabetic hyperglycemia, inflammation and ER stress (34). 
In addition, evidence indicates that the apoptosis of cardio-
myocytes was increased in animals with DM (8). Furthermore, 

Figure 6. (A) Effect of melatonin on the expression of Caspase‑9, Caspase‑3, Bcl‑2 and Bax in myocardial tissue. 1: Control, 2: DM group 3: DM + MLT group. 
(B) Data are expressed as mean ± SD, n≥6 per group. *P<0.05 vs. control, #P<0.05 DM + MLT group vs. DM group. DM, diabetes mellitus; MLT, melatonin; 
SD, standard deviation.

Figure 7. (A) Western blot was performed to measure GRP78, CHOP, PERK, ATF‑6α, IRE1α and Caspase‑12 in myocardial tissue. 1: Control, 2: DM group, 3: 
DM + MLT group. (B) Data are expressed as mean ± SD, n≥6 per group. *P<0.05 vs. control, #P<0.05 DM + MLT group vs. DM group. DM, diabetes mellitus; 
MLT, melatonin; SD, standard deviation.
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cardiomyocytes apoptosis is also the key initiating factor for 
cardiac dysfunction by stimulating cardiomyocyte hyper-
trophy and fibroblast proliferation. The most recognized 
marker proteins of apoptosis are Bax, caspase-3 and the anti-
apoptotic protein Bcl‑2. Of these, caspase‑3, a member of the 
caspase family that is involved in programmed cell death, is a 
frequently activated death protease that catalyzes the cleavage 
of key cellular proteins (35,36). In the present study, TUNEL 
assays demonstrated increased apoptosis in cardiac myocytes 
of the DM group compared with the control group. In addi-
tion, the expression of caspase‑3 and Bax were significantly 
upregulated in the DM group compared with control rats. With 
regards to the expression of Bcl-2, an antiapoptotic member of 
the Bcl-2 family (37), significant downregulation was observed 
in the DM rats compared with the control group. Consistent 
with previous studies, the results of the current study indicate 
that apoptosis is elevated was increased in rats with diabetic 
myocardiopathy.

MLT has been reported to exert protective effects on 
the heart against myocardial infarction (38). Notably, it is 
able to prevent apoptosis in several biological processes, 
including the induction of interleukin release. In a recent 
study, Amin et al (28) reported that MLT ameliorated apop-
tosis through extrinsic and intrinsic pathways. In the present 
study, melatonin ameliorated the apoptosis of cardiomyocytes 
through upregulation of Bcl-2, and downregulation of Bax and 
Caspase‑3, compared with the DM group.

Various studies have focused on the mechanisms of regu-
lating the apoptosis of cardiomyocytes in DM (39,40). The 
identification of agents capable of interfering with apoptosis 
is clinically important to target the specific pathways that are 
activated during diabetic cardiomyopathy. ER stress may be 
a potential cause of apoptosis in diabetic cardiomyopathy. 
Previously, hyperglycemia and insulin resistance were reported 
to enhance ER stress in diabetic cardiomyocytes. Other than 
hyperglycemia, the diabetic myocardium may experience 
other adverse factors, including oxidative stress, hyperhomo-
cysteinemia, hypoxia and lipid deposition, which may lead to 
ER stress (41). According to previous studies (42,43), ER stress 
may induce apoptosis through a complex mechanism in which 
UPR-mediated signals have important roles in the initiation, 
commitment and execution of the process. The present study 
primarily focused on the function of PERK, CHOP and 
ATF‑6α. Previous studies have reported that signaling via 
PERK and ATF‑6α contributed to the triggering of proapop-
totic signals (42-44). Regarding the mechanism, PERK is not 
active under normal conditions, however, in the presence of 
ER stress, dissociation of GRP78 from PERK initiates the 
dimerization and autophosphorylation of the kinase, which 
activates PERK. Upon dissociation of GRP78, ATF‑6α is also 
activated, which moves to the nucleus and induces genes with 
an ER stress response element. Furthermore, downstream 
elements such as CHOP or c-Jun N-terminal kinase may induce 
apoptosis in cells. The results of the current study demon-
strated that the expression of PERK, CHOP and ATF‑6α in 
DM rats was downregulated when treated with MLT. On this 
basis, we hypothesized that MLT may attenuate the apoptosis 
of cardiomyocytes by suppressing the ER stress.

Previously, MLT was demonstrated to protect against the 
cardiac toxicity of doxorubicin in rats (45). Furthermore, MLT 

improved cardiovascular function and attenuated damage in 
the heart of rats with renovascular hypertension, although the 
exact mechanism remains to be established (46). In the present 
study, the results indicated that MLT reduced LVEDP, and 
increased LVSP, +dp/dt and -dp/dt, compared with DM rats 
without MLT treatment. These results demonstrate that MLT 
may improve cardiac function DM rats.

In conclusion, ER stress has an important role in the acti-
vation of apoptosis in the streptozocin‑induced diabetic rat 
model. The results of the present study may provide a novel 
therapeutic strategy for treating diabetic myocardial injury. 
The beneficial effects of MLT may, at least partially, occur 
via the PERK/ATF‑6α/CHOP pathway. Therefore, MLT may 
have potential for clinical use as an adjuvant therapy to treat 
diabetic cardiomyopathy. Further in vitro studies are required 
to fully elaborate the effect of MLT on diabetic ER stress.
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