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Loss of cardiomyocytes due to apoptotic or necrotic death is an important component of the
pathogenesis of heart failure. Initiation of apoptosis by the mitochondrial pathway depends
on the balance between proapoptotic and antiapoptotic factors, in particular, Bax and Bcl-2.
Cardiomyocyte apoptosis in essential hypertension is studied in sufficient details. At the same
time, apoptotic processes in the myocardium in diabetes mellitus alone and in combination
with essential hypertension remain poorly understood. Here we studied the expression of Bax
and Bcl-2 in the left ventricular cardiomyocytes of 38-week-old male Wistar-Kyoto rats and
38- and 57-week-old SHR rats with essential hypertension, diabetes mellitus, and a combination of these pathologies. Insulin-dependent diabetes mellitus was modelled by a single parenteral administration of streptozotocin in a dose 65 mg/kg. Expression of Bax and Bcl-2 was
assessed by the immunohistochemical method. In essential hypertension and diabetes mellitus,
the apoptotic processes in the ventricular myocardium were enhanced, as is seen from the
increase in the content of the proapoptotic factor Bax and a decrease in the expression of the
antiapoptotic factor Bcl-2. However, in case of combined pathology, Bax content increased
less markedly, while the expression of antiapoptotic Bcl-2 was significantly increased.
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Programmed forms of cell death are significant mechanisms of the pathogenesis of cardiovascular diseases. They are now considered as potentially regulated
processes. In particular, apoptosis of cardiomyocytes
(CMC) can be influenced by both endogenous (genetic) and various exogenous (e.g., pharmacological)
factors. In initiation of apoptosis via the intrinsic (mi1
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tochondrial) pathway, an important role is played by
the balance between proapoptotic and antiapoptotic
mechanisms, in particular, mediated by proteins Bax
and Bcl-2 [9].
According to the data of an experimental study
[2], a decrease in Bax content and pronounced destructive changes in the myocardium were observed
in viable CMC of the left ventricle (LV) under conditions of acute hemodynamic overload. In cardiac
pathology, one of the main triggers of CMC apoptosis
is disturbances in energy metabolism. Experiments on
spontaneously hypertensive rats (SHR) showed that
exposure to high-energy compound phosphocreatine
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and antioxidant ethylmethylhydroxypyridine succinate
did not change Bcl-2 expression, but significantly reduced the level of Bax protein. These data attest to
an important role of energy deficiency and oxidative
stress in apoptosis induction in the myocardium in
essential hypertension (EH) [1].
Recently considerable attention was paid to the
role of clusterin (apolipoprotein J), a molecular chaperone with functions homologous to those of small
heat shock proteins. The latter are actively involved
in the initiation of apoptosis that can be activated
under oxidative stress, as well as under the effect of
proteotoxicity of individual intracellular proteins. At
the same time, clusterin is capable of inhibiting both
the external and internal pathways of initiation of the
apoptotic program. In particular, it prevents oligome
rization of Bax and subsequent release of cytochrome
C into the cytoplasm by binding active form of Bax
in mitochondria [11].
In the study [7], infusion of clusterin after acute
myocardial infarction reduced the rate of CMC apoptosis by 50% and induces the epithelial-mesenchymal
transition (the key phenomenon in tissue repair after
heart damage), as well as angiogenesis, which ultimately contributed to the preservation of myocardial
function. It was also found that clusterin is involved
in the phosphorylation of Akt (protein kinase B) under
conditions of oxidative stress [4].
Factor BAG3 is known to play a role in protecting CMC from damage caused by ischemia/reperfusion. BAG3 acts as the co-chaperone of some members of heat shock protein family in the regulation of
protein quality control. BAG3 interacts with Bcl-2,
which contributes to apoptosis inhibition and maintenance of the structural integrity of the sarcomere
due to filament binding to Z-disk through interaction
with the actin cap protein β-1 (CapZβ1) [13]. It is also
shown that overexpression of BAG3 in mice prior to
ischemia/reperfusion contributed to limitation of infarction size and improved LV function. Moreover,
overexpression of BAG3 driven by adeno-associated
virus of serotype 9 (rAAV9-BAG3) restored initially
decreased LV function in mice [8].
In case of insulin resistance, transmembrane glucose transport is disrupted and absorption of fatty
acids by mitochondria increases in the myocardium
and in the other insulin-dependent tissues. The role of
microRNA in these phenomena has been established.
In diabetes mellitus (DM), microRNA have an effect
on the function of CMC mitochondria by affecting the
level of insulin signaling components, ROS generation, and apoptosis [6]. The expression of let-7 miRNA
in the myocardium of rats with streptozotocin-induced
DM is increased, while the expression of insulin-like
growth factor receptor protein (IGF-1R), insulin re-

ceptor (IR), and GLUT4 is significantly lower under
these conditions [10].
It was shown that the expression of miRNA-195
was enhanced in the myocardium of mice with type 1
DM, as well as in CMC isolated from C57BL/6 mice,
while the levels of sirtuin 1 (Sirt1) and Bcl-2 proteins
were significantly reduced [14]. Inhibition of miRNA-195 increased the expression of Sirt1 in diabetic
mice, as well as the expression of the Bcl-2 protein.
It was hypothesized that inhibition of miRNA-195 can
activate antiapoptotic pathways in cells. As Sirt1 is an
effector of the insulin signaling pathway, it can be assumed that microRNA can regulate protein expression
further along the insulin signaling cascade [3].
In general, modern ideas on the role of apoptosis
indicate the presence of potential opportunities for
managing this process in certain types of cardiac pathology. At the same time, new data are required on
the state of key factors in the regulation of apoptotic processes under conditions of myocardial injury
caused by a combination of EH and diabetes.
The objective of our work was to study the features of the expression of proapoptotic protein Bax and
antiapoptotic protein Bcl-2 in LV CMC in case of EH,
insulin-dependent DM, and their combination.

MATERIALS AND METHODS
The study was performed on 25 male rats of Wistar-Kyoto (WKY, normotensive) and SHR strains with
body weight 290-400 g.
All manipulations with the animals were carried
out in accordance with the European Convention for the
Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (Strasbourg, 1986).
The laboratory animals were distributed into
5 groups (5 rats per group): intact 38-week-old WKY
rats (group 1; control), hypertensive 38-week-old SHR
rats (group 2), hypertensive 57-week-old SHR rats
(group 3), normotensive 38-week-old WKY rats with
insulin-dependent DM lasting for 30 days (group 4);
hypertensive 38-week-old SHR rats with insulin-dependent DM lasting for 30 days (group 5).
Insulin-dependent DM was modeled in animals
of groups 4 and 5 by a single intraperitoneal injection
of streptozotocin (Alfa Aesar) in a dose of 65 mg/kg
body weight. Streptozotocin was dissolved in citrate
buffer at 4°С immediately before administration. Three
days later, glucose level in the blood taken from the
caudal vein was measured using a glucometer AccuChek Active (Roche Diabetes Care GmbH). The
animals with glycemia above 16 mmol/liter were used
in further experiment. The duration of DM in animals
was 30 days from the moment of verification of hyperglycemia.
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Thoracotomy and extirpation of the heart were
performed under general anesthesia. The obtained
samples of LV myocardium were fixed in 4% neutral
paraformaldehyde for 72 h. The material was processed
and embedded in paraffin by the standard technique.
Histological sections (5 μm) were prepared on a Slidt
2003 microtome and mounted on poly-L-lysine-coated
glass slides (for immunohistochemical study).
For immunohistochemical analysis, the sections
were deparaffinized with xylene and processed in descending concentrations of ethanol. To evaluate the
expression of Bax and Bcl-2 in CMC, a reaction was
performed with primary rabbit polyclonal Anti-Bax
and Anti-Bcl-2 antibodies (Sigma-Aldrich). The results of immunohistochemical reaction were visualized
using a Rabbit specific HRP/DAB (ABC) Detection
IHC Kit (Abcam). The slides were counterstained with
Mayer’s hematoxylin. The reaction was considered
positive, if brown color of cardiomyocyte cytoplasm
was seen. 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. Quantitative analysis of
positively stained CMC was carried out using Avtandilov 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.
Statistical data processing was carried out using
the program Statistica 6.0 (StatSoft, Inc.). For each parameter, the mean and standard error of the mean were
calculated. Significance of differences in the obtained
data was evaluated using the Mann—Whitney U test
(the difference between the mean values at p≤0.05 was
considered significant).

RESULTS
Expression of Bax in LV myocardium. In all groups,
Bax expression in the cytoplasm of the LV CMC significantly surpassed the control (Fig. 1, a). In the DM
group, the expression of Bax increased by more than
2 times in comparison with the control.
Qualitative analysis of myocardial sections in the
control group showed diffuse positive staining of CMC
cytoplasm of moderate intensity; some areas demonstrated local intense staining (Fig. 2, a). In the group
of 38-week-old hypertensive rats, the density of positively stained CMC increased in comparison with the
control. We observed mosaic type of distribution of
less intense, but more extensive staining of individual
cells. There were also some areas of transition to a
diffuse type of low intensity. The density of positively
stained areas did not differ considerably between the
layers of the myocardium.

In the group of 57-week-old hypertensive animals
(Fig. 2, b), the number of positively stained CMC
significantly increases in comparison with the control
group. Intensive staining of the cytoplasm of individual CMC predominated, but in contrast to 38-weekold hypertensive rats, the staining somewhere became
dense and continuous. Similar to the control group,
the difference in the density between the myocardial
layers was insignificant.
In the DM group (Fig. 2, c), the number of CMC
with positive immunohistochemical reaction for
Bax was significantly increased in comparison with
the group of intact animals, high-intensity staining
predominated. In both individual muscle fibers and
groups of cells, extensive staining was observed. Areas
of local staining were rare. The positive reaction was
mainly seen in the middle layer of the myocardium.
Towards the epicardium, the density of staining decreases, it was presented by intensively stained points;
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Fig. 1. Content of Bax (a) and Bcl-2 (b) in LV CMC in EH
(38- and 57-week-old rats), insulin-dependent DM (38-weekold Wistar-Kyoto rats) and under a combination of EH and DM
(38-week-old SHR rats). *p≤0.05 in comparison with the control.
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Fig. 2. Expression of Bax in LV CMC in rats. Immunohistochemical staining, ×400. a) Control; b) EH 57 weeks; c) DM; d) EH
38 weeks+DM.

towards the endocardium, the intensity of positive
staining in CMC increased.
In the groups of 38-week-old animals with EH
and DM (Fig. 2, d), increased the density of CMC
with positive reaction for Bax was observed. In the
middle layer of the myocardium, areas of solid staining of high intensity predominated, areas of local
positive reaction were rare. More cells with positive
reaction to Bax were found in the middle layer of the
myocardium. Closer to the epicardium, the intensity
of staining sharply decreased, individual CMC with
low staining intensity were still observed; towards the
endocardium, the density of staining decreased and
some individual positively stained groups of CMC
were preserved.
Expression of Bcl-2 in LV myocardium. According to the results of the quantitative analysis
(Fig. 1, b), the content of Bcl-2 in the cytoplasm of
LV CMC in 38- and 57-week-old animals with EH

and in the group of animals with isolated DM was
significantly decreased in comparison with the control.
In animals with combined pathology, on the contrary,
the expression of Bcl-2 was significantly increased in
comparison with the control group.
In the control group, immunohistochemical analysis for Bcl-2 revealed (Fig. 3, a) positive staining of
low and high intensity in the cytoplasm in some individual CMC and their groups. High intensity of positive staining in CMC was mainly fond in the middle
layer of the myocardium, while towards the epicardium and endocardium, the number of cells with positive
reaction for Bcl-2 decreased, the intensity of staining
tended to decrease up to its complete disappearance.
In the group of 38-week-old hypertensive rats,
the density of positively stained CMC significantly decreased in comparison with the control. A diffuse staining pattern of low intensity in some fibers
was typical. A relatively higher staining density was
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Fig. 3. Expression of Bcl-2 in LV CMC in rats. Immunohistochemical staining, ×400. a) Control; b) EH 57 weeks; c) DM; d) EH
38 weeks+DM.

c haracteristic of the middle layer of the myocardium
in comparison with the areas bordering the epicardium
and endocardium, where positive staining was rare and
was characterized by local character and low intensity.
In the group of 57-week-old hypertensive animals
(Fig. 3, b), a more pronounced decrease in the density
of CMC with a positive reaction to Bcl-2 was observed
in comparison with the previous term of EH (38-weekold SHR rats). In all layers of the myocardium, diffuse
staining of low intensity was seen, and areas of individual stained CMC of medium intensity were rare.
In isolated DM (Fig. 3, c), the number of positively stained CMC also decreased in comparison with
that in intact control. Immunohistochemically positive
cells were rare. Low and medium intensity of staining
was observed in both longitudinal and cross sections.
There were some vast areas of the myocardium with
no positive reaction to Bcl-2. No positive staining was
found in the middle layer of the myocardium.

In the group of 38-week-old hypertensive animals
with DM (Fig. 3, d), the density of positive staining
for Bcl-2 was slightly higher than in the group of intact animals. Staining of medium intensity in CMC
groups somewhere transforming into continuous staining of low intensity over a considerable length was
observed. Positive staining was concentrated both in
the middle layer of the myocardium and towards the
epicardium and endocardium.
Enhanced Bax synthesis and inhibited Bcl-2 expression in hypertensive animals with different duration of EH can be mediated by different mechanisms.
In particular, the increase in Bax expression in EH
can be caused by activation of the apoptotic program
due to persistent stress of the endoplasmic reticulum.
Under these conditions, transcriptional induction of
the homologous protein C/EBP (CHOP/GADD153),
caspase-12-dependent pathway, and activation of
the c-Jun NH2-terminal kinase (JNK)-dependent
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p athway can contribute to initiation of the apoptotic
processes [5].
A possible cause of increased expression of Bax
and decreased expression of Bcl-2 in DM is regulation of both metabolism of energy substrate during
the transition from glucose to free fatty acid utilization
and the processes mediating activation of the apoptotic
program in CMC during hyperglycemia with microRMA. In particular, receptors activated by peroxisome
proliferators (PPAR) are the main transcription factors
responsible for the expression of the program of fatty
acid oxidation. It was found that PPAR coactivator
PGC-1, an essential PPAR coactivator, and a midchain acyl-CoA dehydrogenase inducer are directly
regulated by the miRNA-29 family (miRNA-29a-c).
It is interesting that the expression of miRNA-29a is
reduced in CMC in streptozotocin-induced DM which,
to a certain extent, explains PPAR induction and an
increase in fatty acid oxidation [12].
Activation of the apoptotic program under conditions of hyperglycemia is determined by a number
of factors including lipotoxicity, glucotoxicity, and
increased oxidative stress. Many microRNAs are involved in in the induction of apoptosis under conditions of hyperglycemia in CMC. In rat CMC with high
glucose content, the expression of miRNA-34a is increased and the expression of the target anti-apoptotic
protein Bcl-2 is decreased. Moreover, as was shown in
a model of streptozotocin-induced DM in mice, Bcl-2
is downregulated by overexpression of miRNA-195
resulting in a decrease in ROS production and inhibition of apoptosis [14].
The results of our study showed that apoptotic processes in the LV myocardium are increased in animals
with EH alone and DM alone. However, in combined
pathology (EH+DM) the content of proapoptotic factor
Bax is less significantly increased, and the expression
of the anti-apoptotic protein Bcl-2 also significantly
increases. It can be hypothesized that in this case there
will be no changes in the rate of CMC apoptosis due
to the balance between the factors Bax and Bcl-2.
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