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Autophagy is considered as a mechanism of progression of heart failure, but under certain 
conditions, it can also act as an adaptation mechanism. Beclin-1 plays the key role in au-
tophagy. We studied the features of Beclin-1 expression in cardiomyocytes of the left ventricle 
in arterial hypertension, type 1 diabetes mellitus, and their combination. The experiment was 
performed on male 38-week-old Wistar Kyoto rats and SHR rats aged 38 and 57 weeks. Type 
1 diabetes mellitus was modeled by a single parenteral administration of streptozotocin. Ex-
pression of Beclin-1 in cardiomyocytes of the left ventricle was evaluated by immunohisto-
chemical analysis. In arterial hypertension, a decrease in the intensity of Beclin-1-dependent 
autophagy of cardiomyocytes was seen, while in combined pathology, we observed an op-
posite effect manifested as a significant increase in the expression of protein Beclin-1.
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Autophagy is one of the main mechanisms of the 
protein quality control (PQC); this catabolic process 
ensures destruction of long-living proteins and organ-
elles. Normally under conditions of sufficient supply 
of nutrients to cells, the level of autophagy is low. In 
this case, autophagic flux is necessary to maintain the 
vital activity of cells. However, under conditions of 
pronounced tissue damage or deep energy deficit ac-
companied by the development of persistent metabolic 
changes caused by intensification of oxidative stress, 
autophagy can act as a mechanism of programmed 
cell death [5].

Enhanced autophagy is observed in cellular stress 
associated most often with deficit of nutrient. In car-
diovascular pathologies, stress can also be caused by 
overload to the heart due to arterial hypertension or 
aortic stenosis. Under these conditions, the increase 
in the rate of cardiomyocyte autophagy occurs in par-

allel with the development of their hypertrophy [3]. 
Myocardial ischemia is accompanied by a transient 
increase in autophagic flux which, however, decreases 
with time below the normal stationary level [11]. Un-
der conditions of modeled acute local ischemia of the 
left ventricle (LV), the content of Beclin-1 in cardio-
myocyte cytoplasm significantly increased on day 1, 
but then gradually decreased on days 3 and 5, though 
remained above the control level [1]. During ischemia, 
intensification of cardiomyocyte autophagy is aimed 
at replenishing metabolic substrates and removing 
damaged organelles [13]. Nutrient depletion activates 
AMP-activated kinase (AMPK) which in turn inhibits 
mTOR thereby eliminating the main inhibitory fac-
tor of this process [7]. In this context, autophagy is 
considered as an adaptive response to ischemic injury 
with a cardioprotective effect.

Under conditions of reperfusion, when the content 
of oxygen and nutrients is restored, the process of 
ROS accumulation dominates in cell metabolism. In 
this case, the final effects of the changed autophagic 
flux can have both positive and negative influence 
on the tissues. In particular, activation of Beclin-1 is 
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necessary for the initiation of autophagy at the early 
stage of ischemia, but its persistent activation during 
reperfusion can lead to an excessive catabolic activa-
tion and cell death [11].

In the recent years, new data on the role of car-
diomyocyte autophagy in the development of heart 
failure caused by myocardial hypertrophy were re-
ported. A direct correlation between the increase in 
autophagic flux and the degree of LV hypertrophy 
was demonstrated on the model of LV hemodynamic 
overload caused by aortic banding [15]. The decrease 
in the intensity of autophagy of repressive microR-
NA-30a accelerates the progression of cardiac hy-
pertrophy [12], and pharmacological inhibition of 
autophagy by 3-methyladenine (3-mA) reduces fibro-
sis in the same model [10]. However, other data [15] 
indicate that low level autophagic flux is necessary 
for adaptive response under conditions of myocar-
dium hypertrophy.

In patients with terminal dilated cardiomyopathy, 
ultrastructural changes were revealed that included 
accumulation of autophagic vacuoles and damaged 
organelles and each of these was associated with 
morphological signs of cardiomyocyte death. At the 
same time, a decrease in the expression of autophagic 
markers was noted in myocardial samples from pa-
tients with dilated cardiomyopathy after mechanical 
unloading using a left ventricular assist device (LVAD) 
[4]. Taken together these observations are consistent 
with the model in which autophagy is a maladaptive 
response to pressure overload [15].

On the whole, autophagy is considered as an im-
portant factor in the progression of heart failure which, 
however, can act as a protective and adaptive mecha-
nism in a weakened heart under certain conditions. 
Despite ample data on adaptive and maladaptive ef-
fects of autophagy in different types of cardiovascular 
pathologies, there is no consensus on its role in the 
pathogenesis of myocardial damage.

The objective of this study is to compare the ex-
pression of Beclin-1 (the factor that plays a major role 
in the autophagy process) in LV cardiomyocytes of 
the heart in insulin-dependent diabetes mellitus (DM) 
in normotensive inbred Wistar-Kyoto rats, primary 
arterial hypertension (AH), and its combination with 
insulin-dependent DM in spontaneously hypertensive 
inbred SHR rats.

MATERIALS AND METHODS

The study was performed on 25 male SHR and Wistar-
Kyoto rats (body weight 290-400 g). All the manipu-
lations with animals were carried out in accordance 
with the European Convention for protection of Ver-
tebrates Used for Experimental and Other Scientific 

Purposes (Strasbourg, 1986). The rats were divided 
into 5 groups (5 animals per group):  consisted of 
intact normotensive 38-week-old Wistar-Kyoto rats 
(group 1; control), hypertensive 38-week-old SHR 
rats (group 2), hypertensive 57-week-old SHR rats 
(group 3), normotensive 38-week-old Wistar-Kyoto 
rats with 30 days insulin-dependent DM (group 4), 
and hypertensive 38-week-old SHR rats with 30 days 
insulin-dependent DM (group 5).

Insulin-dependent DM in rats of groups 4 and 5 
was modeled by a single intraperitoneal injection of 
streptozotocin (Alfa Aesar) in a dose of 65 mg/kg. 
Streptozotocin was dissolved in citrate buffer at 4°С 
immediately before injection. The glucose level in 
the blood taken from the caudal vein was measured 
after 3 days using an AccuChek Active glucometer 
(Roche Diabetes Care GmbH). Animals with glycemia  
>16 mmol/liter were selected for further experiments. 
The duration of DM from the moment of glycemia 
verification in animals of both groups was 30 days.

In animals of all groups, thoracotomy and ex-
tirpation of the heart were performed under general 
anesthesia at terms corresponding the above specified 
ages. The samples of LV myocardium were fixed in 
4% neutral paraformaldehyde for 72 h. The material 
was processed and embedded in paraffin by the stan-
dard technique. For immunihistochemical analysis, 
the sections (5 μm) were sliced on a Slidt 2003 mi-
crotome and mounted on poly-L-lysine-coated glass 
slides. The obtained sections of the myocardium were 
deparaffinized with xylene and processed in descend-
ing concentrations of ethanol.

For evaluation of Beclin-1 expression in cardio-
myocytes, a reaction was performed with primary 
polyclonal Anti-Beclin-1 antibody produced in rabbit 
(Sigma-Aldrich). The results of the immunohistochem-
ical reaction were visualized with a Rabbit specific 
HRP/DAB (ABC) Detection IHC Kit (Abcam). The 
slides were counterstained with Mayer’s hematoxylin. 
The appearance of brown color of cardiomyocyte cy-
toplasm indicated positive reaction. Light microscopy 
of 30 fields of view in each section of the myocardium 
at ×400 was performed using a Nikon Eclipse E-400 
microscope fitted with Watec 221S camera. Quantita-
tive analysis of positively stained cardiomyocytes was 
carried out using an Avtandilov’s grid: the ratio of 
equally distant points occupied by positively stained 
cardiomyocyte cytoplasm to the total number of points 
occupied by the cytoplasm was calculated.

The results were processed using Statistica 6.0 
software (StatSoft, Inc). For each indicator, the mean 
and error of the mean were calculated. Significance 
of differences in the obtained data were analyzed by 
the Mann—Whitney U test (the difference between 
the mean values at р≤0.05 was considered significant).
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RESULTS

In the group of isolated DM and AH+DM, the 
expression of Beclin-1 in the cytoplasm of LV cardio-
myocytes significantly increased in comparison with 
the control. On the contrary, in rats with AH (SHR 
strain) aged 38 and 57 weeks, the content of Beclin-1 
in the LV myocardium was significantly below the 
control (Fig. 1).

Qualitative analysis of LV myocardial sections 
from control rats after immunohistochemical re-
action to Beclin-1 revealed a positive local stain-
ing of cardiomyocyte cytoplasm along myofibrils; 
somewhere the staining was diffusely spread in the 
cytoplasm (Fig. 2, a). The density of staining was 
predominantly the same in the middle layer of the 
myocardium and towards the epicardium and endo-
cardium; no positive staining was observed around 
blood vessels.

Fig. 2. Expression of Beclin-1 in cardiomyocytes. LV myocardium of rats. Immunohistochemical staining, ×400. a) Control; b) AH, 
57 weeks; c) DM; d) AH (38 weeks)+DM.

Fig. 1. Content of Beclin-1 in LV cardiomyocytes in AH (38- and 
57-week-old rats), insulin-dependent DM (38-week-old Wistar-
Kyoto rats), and combination of AH and DM (38-week-old SHR 
rats). p≤0.05 in comparison with *control, +DM group.
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In 38-week-old rats with AH, the density of posi-
tively stained cardiomyocytes was lower than in the 
control. Local type of distribution of staining of in-
dividual cells with low intensity predominated. The 
number of positively stained cells slightly decreased 
towards the epicardium, but towards the endocardium, 
the intensity and density of staining of both individual 
cardiomyocytes and groups of cells increased in com-
parison with the middle layer.

In the rats with AH aged 57 weeks, a decrease in 
the intensity of cardiomyocyte staining was observed 
(Fig. 2, b). In the middle layer of the myocardium, low 
intensity diffuse staining occupied considerably areas. 
There were some intensely stained cells. Towards the 
epicardium, the density of staining decreased, but its 
intensity increased. Solitary intensively stained car-
diomyocytes were seen. Towards the endocardium, the 
intensity of cell staining increased.

In case of isolated DM, the number of positively 
stained cardiomyocytes was higher than in the control. 
At the same time, high intensity staining occupied 
considerable areas of the middle layer; individual in-
tensely stained cells were also seen (Fig. 2, c). To-
wards the endocardium, the intensity of solid staining 
increased, and towards the epicardium, the density 
and intensity of staining decreased up to complete 
disappearance.

In rats with AH in combination with DM, the in-
tensity of staining of cardiomyocyte cytoplasm was 
higher than in the control (Fig. 2, d). In the middle 
layer of the myocardium, intensively stained individu-
al cells were found, and the density of staining towards 
the endocardium and epicardium changed: towards the 
epicardium, the staining was dense, point-like, with 
high intensity, and towards the endocardium it was 
less intense, but continuous; some intensively stained 
areas were also seen.

Thus, Beclin-1 expression in LV cardiomyocytes 
significantly decreased in rats with AH of different du-
ration; in 57-week-old rats, the level of Beclin-1 was 2 
times below the control. However, in rats with DM it 
increased by 1.5 times in comparison with the control. 
In 38-wekk-old rats with AH combined with DM, the 
expression of Beclin-1 also increased in comparison 
with the control.

An enhancement of Beclin-1 synthesis in DM can 
be due to the fact that Beclin-1-dependent autophagy 
is one of the mechanisms mediating the link between 
ROS production and an increase in the interactions of 
polymorphonuclear circulating leukocytes with endo-
thelium in this pathology. Initiation of inflammatory 
mechanisms typical of diabetes and hyperglycemia 
contributes to the production of chemokines and ROS, 
which modulates the functions of the endothelium and 
polymorphonuclear leukocytes and promotes their in-

teraction. At the same time, the level of Beclin-1 is 
differentially correlated with the parameters of the in-
teraction of polymorphonuclear circulating leukocytes 
with the endothelium [2].

On the other hand, considerable energy deficit 
that occurs during the progression of insulin resis-
tance modifies cell metabolism and requires mobiliza-
tion of intracellular resources via degradation of cell 
organelles and re-use of cell proteins for synthetic 
processes. Under stress conditions, homeostasis of the 
endoplasmic reticulum changes, its “waterlogging” oc-
curs due to accumulation of misfolded proteins. These 
processes activate autophagic flux aimed at preserving 
the cell and preventing activation of programmed cell 
death. In particular, mice with knockout of the STR4 
gene (serine/threonine kinase 4) demonstrate increased 
autophagic flux due to expression of autophagy pro-
tein LC3-II (microtubule-associated protein 1A/1B 
light chain 3, a conjugate LC3-I and phosphatidyl-
ethanolamine); activation of the apoptotic program 
through Bax along the mitochondrial pathway is also 
suppressed in these mice due to destruction of Beclin-
1-Bcl-2 complex and enhanced interaction between 
Bcl-2 and Bax [14].

Increased synthesis of Beclin-1 in AH is most 
likely a result of suppression of activity of some 
mitochondrial autophagy genes, in particular, Drp1 
(Dynamin-1-like protein) under conditions of pressure 
overload. It was reported [9] that in 5 days after trans-
verse aortic constriction, the autophagic flux decreases 
below the physiological level in response to pressure 
overload. Administration of exogenous Beclin-1 in-
creased the autophagic flux, decreased mitochondrial 
dysfunction, and decelerated progression of heart failure 
[9]. Thus, downregulation of mitochondrial autophagy 
plays an important role in mediating the development 
of mitochondrial dysfunction under pressure overload, 
while restoration of mitochondrial autophagy through 
activation of Beclin-1 production attenuates progres-
sion of heart failure in case of elevated BP.

Under combination of hemodynamic overload and 
DM, the level of Beclin-1 in cardiomyocytes was sig-
nificantly higher than in the control. Moreover, it was 
lower than in isolated DM. This is due to superposition 
of two opposite effects, but activation of the autopha-
gic flux due to DM seems to prevail. This process can 
be associated with both activation of proinflammatory 
mechanisms under conditions of hyperglycemia and 
suppression of autophagy under pressure overload due 
to activation of various mechanisms [6]. In both cases, 
the decrease in the intensity of autophagy under pres-
sure overload and the increase in the level of basal 
autophagy in DM play rather a maladaptive role in the 
process of cardiomyocyte damage caused by various 
stress factors.
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Under the effect of various stress factors on car-
diomyocytes the conditions of hemodynamic overload 
and metabolic disorders caused by hyperglycemia, Be-
clin-1-dependent autophagy plays an important role in 
cell survival. For various pathologies it is necessary to 
titrate the autophagic flux, while titration of autophagy 
in one pathology may have adverse consequences for 
concomitant diseases of the cardiovascular system [8].

Thus, chronic LV overload caused by AH devel-
opment is characterized by a decrease in the rate of 
Beclin-1-dependent autophagy of cardiomyocytes. In 
isolated insulin-dependent DM and in its combination 
with AH, an opposite effect is observed that manifests 
in a significant increase in Beclin-1 expression.
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