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Abstract: The aim of the present study is to investigate if the melatonin has any protective effect on diabetic cardiomyopathy and antioxidant enzymes via phos-

phorylation of vascular endothelial growth factor-A (VEGF-A). A total of 40 male Wistar rats were enrolled in the study. Rats were divided into four groups: group
1 (control, n=10), group 2 (DM, n=10), group 3 (melatonin, n=10), and group 4 (melatonin+DM, n=10). Melatonin was injected intraperitoneally at a dose of 50
mg/kg/day for 56 days to group 3 and group 4. We investigated expression and phosphorylation of the VEGF-A in coronary vessels of all groups. Staining intensi-
ties, biochemical, immunohistochemistry analysis, and transthoracic echocardiography were performed. In comparison to the group 1, DM induced a decrease in
p-VEGF-A in coronary vessels of group 2. The lower constitutive phosphorylation of VEGF-A in the group 2 was also increased in coronary vessels after melatonin
treatment (p<0.05). Diabetic rats developed myocardial hypertrophy with preserved cardiac function (p<0.05). Cardio-protective effect of melatonin may reduce
the damages of diabetes mellitus on the heart muscle fibers and coronary vessels via the phosphorylation of VEGF-A. Melatonin-dependent phosphorylation of
VEGF-A in coronary angiogenesis may be associated with the physiological as well as with the pathological cardiac hypertrophy.

((ey words: Diabetic cardiomyopathy; Diabetes mellitus; Echocardiography; Melatonin; Vascular endothelial growth factor-A.
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Introduction Previously it was shown that attenuated augmentation
of VEGF expression in response to ischemia was res-
Hyperglycemia mediated oxidative stress plays an ponsible for the impaired recovery observed in diabe-
important role in the pathogenesis and development tic animals (15). There is a possible role of decreased
of various complications in diabetes mellitus (DM) VEGEF in the pathogenesis DM mediated impairment of
(1, 2). Diabetic cardiomyopathy, which is defined as myocardial angiogenesis (16).
myocardial dysfunction in the absence of coronary ar- Melatonin (N-acetyl-5-methoxytryptamine) is a cir-
tery disease or systemic hypertension, is one of these cadian endocrine molecule that secreted by the pineal
major DM complications (3). High glucose-induced gland which has important functions such as powerful
alterations in the myocardium structure, including car- antioxidant, anti-apoptotic, free radical purifier (17). As
diac fibrosis, cardiomyocyte hypertrophy, and cardiac it was shown in previous studies, melatonin is highly
microvascular injury play important role in the patho- effective antioxidant that can prevent the harmful ef-
physiology of diabetic cardiomyopathy and cause loss fects of DM on the heart and greatly depresses oxidative
of systolic and diastolic functions (4-6). Besides that, damage in myocardial cells (18, 19). In light of the po-
progressive reductions of the microvasculature and an tential protective role of melatonin against myocardial
impaired angiogenic response to chronic ischemia have damage, it is particularly noteworthy to explore whether
been demonstrated with the development of DM (7, 8). melatonin interrupts the progression of diabetic cardio-
Further, release of free radicals caused by high glucose myopathy. In a DM setting, the beneficial effect of me-
levels and consequent oxidative stress accelerate lipid latonin on diabetic cardiomyopathy is unknown. The-
peroxidation in muscle fibers and that results in the refore, the present study aims to investigate the effects
damage of the normal structure and disruption of the on melatonin on antioxidant enzymes and on VEGF-A
myocardium (9, 10). These microvascular changes may expression in coronary vessels and myocardial tissue of
lead to reduced perfusion of myocardium and contribute diabetic rats.
to adverse cardiovascular events (11).
VEGEF is a pivotal regulator of physiological and Materials and Methods
pathological neovascularization (12, 13), playing cru-
cial roles in developmental blood vessel formation and Number, strain and animal model
regulation of hypoxia-induced tissue angiogenesis (14). A total of 40 male Wistar rats (8 weeks of age wei-
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Table 1. Definition of animal groups.

Groups Injection Dose Period n

Group 1 (Control) Ethanol 10 mg/kg For 56 days 10
Group 2 (DM) Streptozotocin 130 mg/kg First day 10
Group 3 (Melatonin) Melatonin 50 mg/kg/day For 56 days 10

Group 4 (Melatonin+DM)

Melatonin+ Streptozotocin 50 mg/kg/day + 130 mg/kg For 56 days + First day 10

ghing 200-250 g) were used for experimental study. The
experimental design was controlled by our university
Institutional Animal Care and Use Committee Policies
for Animal Use under an approved animal. As it was
shown in Table 1, rats were randomly allocated into the
following four groups; group 1 was control group, group
2 was DM group (Streptozotocin induced DM group),
group 3 was melatonin treatment group (only melato-
nin administrated group), and group 4: melatonin treat-
ment plus DM group (melatonin administrated group
after DM induction). For induction of experimental DM
(pancreatic insulin release was abolished iatrogenically
by affecting Langerhans islet cells), rats were injected
intraperitoneally with a single dose of Streptozotocin
(STZ, 130 mg/kg, Sigma Chemical Co, St. Louis, MO,
USA) in 0.1 mol/L citrate buffer with a pH 4.5. As des-
cribed previously, successful induction of DM was defi-
ned as a constant blood glucose >300 mg/dL (20, 21).

Transthoracic echocardiography

Transthoracic echocardiography was performed in
rats of all groups using the ultrasound system (iE33,
Philips Medical Systems, Andover, MA, USA) with a
1-3 MHz broadband linear array transducer at initially
and 8 weeks after induction of DM or injection of citrate
buffer, respectively. After rats were anesthetized, heart
was imaged in the 2-dimensional parasternal short-
axis view three times over at least 20 cardiac cycles to
assess reproducibility. Mid ventricle diameters were
recorded at the level of the papillary muscle by the M-
mode echocardiography, and interventricular septal and
posterior wall thickness (IVS and LVPW), left ventri-
cular end-diastolic and end-systolic internal diameters
(LVEDD, LVESD) were determined. According to well
established method, left ventricular mass (LVM) was
calculated by the M-mode (cubic) using the formula:
LVM=1.04[(IVS+LVID+LVPW)*-(LVID)*], where
1.04 is the specific gravity of muscle (22). Left ventricle
fractional shortening (FS) was used as an index of car-
diac contractile function and calculated from the inner
diameters according to the formula: FS (%)=(LVEDD-
LVESD)/LVEDD*100.

Melatonin administration

Melatonin (Sigma Chemical Co, St. Louis, MO,
USA) was dissolved in the 10% ethanol and diluted to
normal saline, and final concentration was arranged as
50 mg/kg. Melatonin was daily injected intraperitoneal-
ly to the melatonin groups (group 3 and 4) for 56 days.

Tissue preparation and Immunohistochemistry ana-
lysis

After 8 weeks of the diabetic status, animals were
sacrificed; the hearts were prepared with immersion-
fixed in a fixative containing 4% paraformaldehyde and
0.2% picric acid for 24 hrs at 4 °C. After washing in 0.1

M PBS, pH: 7.4, 24 hrs, at 4 °C, samples were cryo-
protected with 30% saccharose and frozen-embedded in
Tissue-Tek. The 10 pm thick cryo-sections were incu-
bated for 24 hrs at 4 °C with rabbit antibodies against
total vascular endothelial growth factor A (t-VEGF-A)
(1:500; Cell Signaling Tech., Beverly, MA, USA) and
phosphorylated (1:3000; Santa Cruz Biotech., Dallas,
Texas, USA) followed by incubation with biotin-conju-
gated goat anti-rabbit IgG (1:300 and 1:1000; 114 Vector
Lab., Peterborough, UK). Then, the sections were trea-
ted with avidin-biotin peroxidase complex (1:100; Elite
ABC Kit, Vector Lab., Peterborough, UK) for 1 hr. The
reaction was visualized with 0.05% 3.3-daminobenzi-
dine tetrahydrochloride (Sigma Immunochemicals, St.
Louis, MO, USA) in 0.05 M Tris-HCI buffer with a pH:
7.6, containing 0.01% H,O, and 0.01% nickel sulfate as
described previously (10). Incubations without the pri-
mary antisera served as controls.

Biochemical analysis of superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx) activ-
ity and malondialdehyde (MDA) levels

Superoxide dismutase (SOD) activity was determi-
ned using a SAD activity assay kit (Cayman Chemical,
Ann Arbor, MI, USA). The enzyme activity was evalua-
ted by measuring the dismutation of superoxide radicals
generated by xanthine oxidase and hypoxanthine in a
convenient well format. One unit of enzyme activity
was defined as the amount of enzyme that caused 50%
dismutation of superoxide radical. Catalase (CAT) acti-
vity was estimated using a kit (Cayman Chemical, Ann
Arbor, MI, USA according to manufacturer’s instruc-
tions. One unit of CAT activity was determined as the
amount of enzyme to exhibit the formation of 1 mmol
formaldehyde per minute at 25 °C. Glutathione peroxi-
dase (GPX) activity was measured using the commer-
cially available GPX assay kit (Sigma-Aldrich Chemie,
Germany) according to manufacturer’s instructions.
The enzyme activity assay kit determines enzyme acti-
vity indirectly by a coupled with glutathione reductase.
Oxidized glutathione was recycled to its reduced state
by glutathione reductase and nicotinamide adenine
dinucleotide phosphate (NADPH). The oxidation of
NADPH to NADP was accompanied by a decrease in
absorbance at 340 nm. One unit of GPX activity was
defined as the amount of enzyme that caused the oxi-
dation of 1 mmol NADPH to NADP per minute at 25
°C. Malondialdehyde (MDA) levels were measured by
a fluorometric method as described in a previous paper
using 1.1.3.3-tetracthoxypropane as a standard (23).
MDA levels were determined fluorometrically with
excitation and emission wavelengths of 532 and 547
nm, respectively (Perkin Elmerm Luminescence spec-
trometer, LS50B, Waltham, Massa-chusetts, USA). The
protein concentrations were estimated spectrophotome-
trically (Shimadzu RF-5500, Kyoto, Japan) by a protein
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assay reagent kit (Pierce, Rock-ford, Illinois, USA),
which was based on a modified Bradford method using
bovine albumin as a standard.

Quantification of staining intensities and statistical
analysis

The densitometry was performed with a Zeiss Axios-
cop-2 Plus microscope at 40x magnification coupled
with Image System Analysis, Axiovision Ver. 4.7 150
(Carl Zeiss, Jena, Germany). The background grey va-
lue was measured from four selected regions at a section
free area. The coronary vessels grey values were mea-
sured from four selected areas of the across sectioned
blood vessels wall. Immunostaining intensity was pres-
ented as the mean of measured blood vessels grey value
minus mean of measured background grey value. Conti-
nuous variables were presented as mean plus standard
deviation (SD) for normal distributions. Normality of
distribution was verified using the Shapiro-Wilks nor-
mality test. All of the continuous variables were distri-
buting normally. Thus, One Way Anova was performed
after assessment of distributions for more than two inde-
pendent groups and a post hoc Dunnet test for unpai-
red data were applied to detect any differences between
animal groups. SPSS software 21.0 for Windows (SPSS
Inc., Chicago, IL, USA) was used for all statistical ana-
lysis. A p value of less than 0.05 was considered to indi-
cate statistical significance.

Results
Blood glucose levels

Glucose levels were significantly increased to
413417 mg/dL in the DM group (group 2, p<0.05) and

Table 2. Blood glucose levels of group 2 and 4.

to 418+16 mg/dL in the melatonin+tDM group (group
4, p<0.05) at the end of the in vivo study (Table 2). The
blood glucose levels were found to be close to normal
in group | and 3 at the end of the study. STZ injection
resulted in an exchangeable robust increase in blood
glucose in group 2 and group 4 with significant diffe-
rence throughout the observational period (Table 2).
Additionally, at the end of the study (day 56), there was
statistically significant weight loss in group 2 compared
to first day (Table 3).

Effect of hyperglycemia on cardiac phenotype

Hearts of animals in group 2 were enlarged and the
ratio of the heart weight and length as a measure of myo-
cardial hypertrophy was significantly increased [W/L
(mg/cm), from 71£3 to 92+8; p<0.05]. Echocardiogra-
phy confirmed myocardial hypertrophy with preserved
systolic function in group 2 whereas echocardiographic
variables were unaltered in group 4 (Table 3).

Expression of total vascular endothelial growth fac-
tor-A (t-VEGF-A) in coronary vessels

When compared with staining intensities of total
vascular endothelial growth factor-A (t-VEGF-A),
a significant decrease in the staining intensities of t-
VEGF-A was observed in coronary vessels of group
2 (140£30.1 densitometry units (DU) compare with in
group 1 [400+£32.8 DU). In the expression of t-VEGF-
A in coronary vessels, there was also a significant dif-
ference between group 1 and group 2 (p<0.05). The
immunohistochemical expression of t-VEGF-A in coro-
nary vessels of group 3 showed a higher staining inten-
sity in comparison of those of group 1 (600+36.8 DU
vs. 400+£31.9 DU, p<0.05). While 62.5% decrease was

Groups 3rd d.ay. ‘ 14th fia-y . 28th fla'y ‘ 42th fla.y ‘ 56th ?la.y .
post-injection Post-injection Post-injection Post-injection Post-injection
Group 1 136+12 139+13 141+16 138+14 142+18
Group 2 348+13 389+22 409427 413+30 413+17*
Group 3 143+£15 152+17 150£11 147+16 140+14
Group 4 363+14 387+19 413+£25 416+ 29 418+16%*

Blood glucose levels of the DM (group 2) and Melatonin+DM (group 4) groups in day post injection. * Indicates a p value<0.5

compared with 3rd day injection.

Table 3. Systolic and diastolic echocardiographic findings of the groups.

Variables Group 1 (n=10)

Group 2 (n=10)

Group 3 (n=10) Group 4 (n=10)

Septum (mm) 1.534£0.02
Systolic LVESD (mm) 1.7£0.076
LVPW (mm) 1.15+£0.30
Septum (mm) 0.70+0.02
LVEDD (mm) 3.77+0.09
. . LVPW (mm) 0.71£0.05
Diastolic
LVM (mg) 95+£11
FS (%) 0.55+0.02
Heart rate (bpm) 482422
First d 214.7+8.42
Body weight irst day (g)
56th day (g) 217.6+7.32

1.91+0.06 * 1.55+0.08 1.44+0.02
1.33+£0.18 * 1.73+0.14 1.62+0.11
1.69+0.03 * 1.14+0.07 1.33+0.04
1.08+0.02 * 0.74+0.03 0.86+0.04
3.16+0.14* 3.64+0.14 3.59+0.12
1.18+0.02* 0.80+0.04 0.84+0.05
127+10%* 107490 106+11
0.56+0.06 0.54+0.02 0.53+0.01
472422 473+16 480+23
227.8+8.49 231.6+10.3 228.9+7.93
192.4+11.8* 228.4+9.7 222.6£9.75

The myocardial dimensions determined by two-dimensional echocardiography included the thickness of the septum and the left ventricular
posterior wall (LVPW), left ventricular end- diastolic diameters (LVEDD), and left ventricular end systolic diameters (LVESD). Data are shown
as means£SD. FS: fractional shortening; LVM: left ventricular mass; bpm: beats per min. * Indicates a p value <0.05 compared with control group.
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Figure 1. Expression and densitometric analysis of total form of
VEGF-A (t-VEGF-A) in coronary vessels of rats. The endogenous-
ly t-VEGF-A was detected in the coronary vessels of the control
(group 1) (A), DM (group 2) (B), melatonin (group 3) (C) and
melatonin+tDM (group 4) (D). Data were presented as mean+SD;
n=10 for each group. "*" indicates statistical significance melato-
nin (group 3) vs. control group (group 1), "#" indicates statistical
significance DM (group 2) vs. control group (group 1), p<0.05.
Bar: 50 um.
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Figure 2. Localization and densitometric analysis of phospho-
rylated form of VEGF-A (p-VEGF-A) in coronary vessels of rats.
The p-VEGF-A was detected in the coronary vessels of the control
(group 1) (A), DM (group 2) (B), melatonin (group 3) (C) and
melatonintDM (group 4) (D). Data were presented as mean+SD;
n=10 for each group. "*" indicates statistical significance melato-
nin (group 3) vs. control group (group 1), "#" indicates statistical
significance DM (group 2) vs. control group (group 1), p<0.05.

Bar: 50 um.

found after induction of DM, 50% increase was found
after melatonin treatment in group 3 and 25% decrease
in group 4 (300+32.4 DU) (Figure 1).

Localization of phosphorylated vascular endothelial
growth factor-A (p-188 VEGF-A) in coronary vessels

When compared with the group 2, higher staining
intensities of p-VEGF-A were detected in coronary
vessels of group 1 (300£33.1 DU vs. 100+£34.5 DU,
p<0.05). These results are compatible with a negative
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Figure 3. Malondialdehyde (MDA) levels and antioxidant enzyme

(GPX, CAT, and SOD) activities. Diagram showing GPX, CAT,
and SOD enzyme activities and MDA levels in plasma samples of

Y
3
3

animal groups. "*" indicates significant difference between group
1 and group 2 for MDA levels; group 1 and group 3 for GPX, CAT,
and SOD enzyme activities. "#" indicates significant difference
between group 3 and group 4. Note that GPX, CAT, and SOD acti-
vities and MDA levels were significantly elevated after melatonin

administration in both experimental paradigms.

effect of DM on the expression of p-VEGF-A in coro-
nary vessels of the group 2 (Figure 2). Immunohisto-
chemical expression of p-VEGF-A in coronary vessels
of group 3 showed a significantly higher staining inten-
sity in comparison to those of group 4 (550+£34.8 DU
vs. 2004£33.6 DU, p<0.05) (Figure 2). There was also
a significant difference between group 4 and group 2
(200433.3 DU vs. 100+35.6 DU, p<0.05). Percentages
of decrease after induction of the DM were 66.6% in the
non-diabetic group and 63.6% in melatonin treatment
group (Figure 2).

Biochemical analysis

The serum antioxidant enzymes activities; SOD,
CAT, and GPX were significantly lower in DM group
(group 2) than in non-DM groups (for all, p<0.05), whe-
reas lipid peroxidation was significantly higher (for all,
p<0.05). Comparison of the MDA levels of the plasma
samples revealed a beneficial effect of melatonin treat-
ment. Injection of melatonin (group 4) significantly
decreased the levels of MDA compared with that in
the DM group (group 2). On the contrary, antioxidant
enzyme activities were found to be significantly in-
creased as a result of melatonin administration in group
3 and group 4 (p<0.05). Induction of DM significantly
decreased antioxidant enzyme activities compared with
that in the non-DM groups (p<0.05). Antioxidant en-
zyme activities (SOD, CAT, and GPX) and MDA levels
are shown in Figure 3.

Discussion

The present study found that streptozotocin-induced
DM caused cardiac enlargement and hypertrophy. The
phosphorylation of VEGF-A in the coronary vessels
was decreased in diabetic conditions by higher glucose
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levels and it contributes to the development of diabetic
cardiomyopathy. A significant increase in the phospho-
rylation of VEGF-A in coronary vessels was observed
with melatonin treatment. Melatonin treatment pre-
vented the development of cardiac hypertrophy in hy-
perglycemia conditions. Additionally, melatonin treat-
ment increased the activity of the antioxidant enzyme,
which was reduced by the effect of the DM.

It is known that phosphorylation of VEGF-A is
required for physiological angiogenesis (24-26). The
regulation of the endothelial cell migration by phospho-
rylation of VEGF is also essential for angiogenesis and
it was found that the phosphorylation residue of VEGF
receptor 2 (VEGFR2) and VEGF-A in endothelial cells
regulates endothelial cell migration during angiogene-
sis (27). In our incubations, we used a specific antibody
against p-VEGF-A and we detected a higher phospho-
rylation of VEGF-A in coronary vessels of the rats. It
is possible that migration of endothelial cells in coro-
nary vessels during physiological angiogenesis may be
regulated by constitutive activation of VEGF-A. As a
result of our study, the development of hypertrophy in
coronary capillaries and myocardial tissue supports that
constitutive activation of VEGF-A in capillaries may be
associated with cardiac hypertrophy.

As it was previously shown, the diabetic cardiomyo-
pathy observed in insulin-resistant or hyperinsulinemic
states is characterized by impaired myocardial insulin
signaling, mitochondrial dysfunction, endoplasmic reti-
culum stress, impaired calcium homeostasis, abnormal
coronary microcirculation, activation of renin-angioten-
sin-aldosterone system, sympathetic nervous system,
and maladaptive immune responses (28, 29). These pa-
thophysiological changes lead to multiple toxic effects
on cardiomyocytes. In our study, too much decrease in
the phosphorylation of VEGF-A was observed in coro-
nary vessels of the streptozotocin-induced DM rats.
According to the results of the present study, we can re-
mark that in the diabetic conditions the phosphorylation
of VEGF-A may be reduced in the coronary angiogene-
sis and it may be associated with pathological cardiac
hypertrophy.

In comparison to the non-diabetic rats, staining
intensity of p-VEGF-A was significantly increased in
coronary vessels of melatonin treatment non-diabetic
rats. This finding may suggest that melatonin treatment
may lead to excessive increase in phosphorylation of the
VEGF-A in coronary vessels of the rats. These results
indicated that for a constitutive activation of VEGF-A
in coronary vessels, melatonin may have a protective ef-
fect. The phosphorylation of VEGF-A in coronary ves-
sels of diabetic rats is weakly decreased in comparison
to the phosphorylation of VEGF-A in coronary vessels
of melatonin treatment diabetic rats. Therefore, it may
be possible that melatonin might prevent the pathologi-
cal effects of DM on the activation of VEGF-A in coro-
nary vessels.

Anti-oxidative enzymes (SOD, CAT, GPx) which
metabolize radicals or reactive oxygen species (ROS)
into non-radical products play a crucial role in antioxi-
dant defense (30). In different studies, it has been esta-
blished that melatonin treatment increases the activity
of antioxidant enzymes, such as SOD, CAT, and GPx in
different tissues in which oxidative stress was induced

by various agents (31, 32). It was proposed by several
studies that over levels of oxidative stress are related to
apoptosis of myocardial cells and the pathological pro-
cess that causes cardiac hypertrophy (17). It was shown
in the current study that MDA levels increased with
DM, indicating that over stress from ROS is involved in
the pathological development of diabetic cardiomyopa-
thy. Additionally, the melatonin treatment group had re-
markably increased antioxidant enzymes activities and
significantly decreased MDA levels, which is a marker
of oxidative stress compared to the diabetic group.

In the streptozotocin-induced DM conditions, the
phosphorylation of VEGF-A was significantly de-
creased. But, melatonin treatment prevented the reduc-
tion of this phosphorylation. This is indicating that
the cardio-protective effect of melatonin by regulating
phosphorylation of VEGF-A may prevent cardiac hy-
pertrophy. Demonstrating the underlying mechanism
behind VEGF-A-mediated pathophysiological features
in the heart will be important in improving influential
therapies against diabetic cardiomyopathy in terms of
melatonin.
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