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We studied the expression of small heat shock proteins HSP10 and HSP27 in left ventricular 
cardiomyocytes in animals with arterial hypertension, insulin-dependent diabetes mellitus, 
and their combination. The experiment was performed on 38-week-old male Wistar-Kyoto 
and 38-57-week-old SHR (spontaneously hypertensive) rats. Insulin-dependent diabetes mel-
litus was modeled by single parenteral injection of streptozotocin (65 mg/kg). Expression of 
HSP10 and HSP27 in left ventricular cardiomyocytes was evaluated by immunohistochemical 
assay. It was found that the content of HSP10 in the left ventricular cardiomyocytes decreased 
in comparison with the control in case of isolated diabetes mellitus and, on the contrary, 
increased in case of arterial hypertension combined with diabetes mellitus. The intensity of 
HSP27 expression decreased in case of 38-week arterial hypertension and a combination of 
arterial hypertension with diabetes mellitus. However, in case of 57-week arterial hypertension 
we observed an increase in the content of HSP27 in cardiomyocytes.
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Molecular chaperones play the key role in the main-
tenance of intracellular proteostasis, one of the most 
important processes in cellular metabolism. Their 
function consists in preventing protein denaturation 
with the possibility of their subsequent refolding [9]. 
A significant part of molecular chaperones is presented 
by small heat shock proteins (HSP) that by the char-
acter of their distribution in tissues vary from virtu-
ally ubiquitous to tissue-specific. Various members of 
the small HSP family can be phosphorylated, which 
modulates their activity and oligomeric state [5]. It 
has also been found that the members of small HSP fa-
mily inhibit activity of proteases, particularly, calpain 

that is activated in atrial fibrillation. This mechanism 
underlies stabilization of the protein composition of 
cardiomyocytes and contributes to the maintenance of 
electrophysiological properties and contractile func-
tion of the atria [6].

Cell stress is associated with sharp activation of 
protein denaturation; under these conditions, large 
HSP, such as HSP60, HSP70, and HSP90, bind un-
folded and misfolded proteins and promote their re-
folding using the ATP hydrolysis energy. Small HSP 
are ATP-independent proteins; under conditions of en-
ergy deficiency, they can prevent protein aggregation 
with lower energy expenditure [1].

An important role in the development of heart fail-
ure is played by dysfunction of the so-called protein 
quality control (PQC) system, a complex of pathways 
realized by molecular chaperones and co-chaperones 
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intended for repair or clearance of defective proteins in 
cardiomyocytes. Formation of defective PQC pathways 
and accumulation of toxic proteins are the mechanisms 
of pathogenesis of myocardial alteration in idiopathic 
cardiomyopathy as well as in coronary heart disease 
[13]. In this case, the cells respond to the loss of proteo-
static control by induction of heat shock. It is considered 
that small HSP represent the first line of cardiomyocyte 
defense under conditions of proteostasis disorders and 
provide stabilization of sarcomere proteins [8].

HSP27 (HSPB1) is the most common small HSP 
expressed in a number of body tissues, including the 
myocardium. The potential role of HSPB1 in the de-
velopment of cardiovascular diseases was demonstra-
ted in the studies of the vascular wall. In particular, 
enhanced expression of HSPB1 in the aortic wall in 
patients with coronary heart disease slowed the athe-
rosclerosis progression by inhibiting the production of 
free oxygen radicals and suppressing the mitochon-
drial pathway of apoptosis initiation [15].

HSP10 is a cofactor involved in HSP60-mediated 
protein folding and sorting. In a study of regulation 
of the transcription factor activating protein-1 (AP-1) 
acting as a mediator of NO-induced apoptosis in car-
diomyocytes, three anti-apoptotic genes were revealed 
including the gene that activates HSP10 production. It 
was found that HSP10 exhibits anti-apoptotic proper-
ties in NO-induced cardiomyocyte apoptosis and can 
serve as a pathogenetic target for negative regulation of 
this process [11]. At the same time, it was shown that 
the expression level and localization of HSP60 and its 
co-chaperone HSP10 change differently in the myocar-
dial tissue of rats exposed to heating to 42°C [3]. This 
suggests that these proteins do not form a complex in 
cardiomyocytes under conditions of heat stress.

The role of humoral factors in the myocardium 
protection was demonstrated on an experimental 
model of ischemic preconditioning. The cardioprotec-
tive effect is associated with hydrophobic peptides 
(4-12 kDa), in particular, with HSP10 [10].

Despite ample data on the involvement of small 
HSP in the development of cardiovascular pathology, 
there is no unambiguous understanding of their role 
in the pathogenesis of myocardial damage caused by 
a widespread comorbidity, a combination of arterial 
hypertension (AH) and diabetes mellitus (DM).

Here we studied the expression of HSP10 and 
HSP27 (HSPB1) in left-ventricular cardiomyocytes 
in primary hypertension, insulin-dependent DM, and 
their combination.

MATERIALS AND METHODS

The study was performed on 25 male Wistar-Kyoto 
(WKY, normotensive) and SHR (spontaneously hy-

pertensive) rats weighing 290-400 g. All the manipu-
lations with 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).

Five animal groups were used (each group inclu-
ded 5 animals): intact 38-week-old WKY rats (group 
1; control), 38-week-old SHR rats (group 2), 57-week-
old SHR rats (group 3), 38-week-old WKY rats with 
insulin-dependent DM (group 4), and 38-week-old 
SHR rats with insulin-dependent DM (group 5).

The animals were obtained from the Pushchino 
Nursery for Laboratory Animals (Affiliated Branch of 
M. M. Shemyakin and Yu. A. Ovchinnikov Institute 
of Bioorganic Chemistry, Russian Academy of Sci-
ences). In 5 SHR rats of the same animal batch, BP 
was measured at the age of 38 weeks by the method 
of telemetric monitoring using DSI equipment. In all 
animals, systolic BP was >190 mm Hg and diastolic 
BP was >140 mm Hg

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

Thoracotomy and extirpation of the heart were 
performed under general anesthesia. The samples of 
the LV myocardium were fixed in 4% neutral para-
formaldehyde for 72 h. The material was processed 
and embedded in paraffin by the standard technique. 
Histological sections (5 μm) were sliced using a Slidt 
2003 microtome and mounted on poly-L-lysine-coated 
glass slides (for the immunohistochemical study).

Sections for the immunohistochemical study were 
deparaffinized with xylene and processed in descend-
ing concentrations of ethanol. To evaluate the expres-
sion of small HSPB1 and HSP10 in cardiomyocytes, 
the reaction with primary polyclonal anti-HSPB1 and 
anti-HSP10 antibodies produced in rabbit (Sigma-Al-
drich) was performed. The results of the immunohis-
tochemical reaction were visualized with a reagent kit 
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 mi-
croscope Nikon Eclipse E-400 fitted with Watec 221S 
camera. Quantitative analysis of positively stained 
cardiomyocytes was carried out using Avtandilov’s 
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grid: the ratio of equally distant points occupied by 
positively stained cardiomyocyte cytoplasm to the to-
tal number of points occupied by the cytoplasm was 
calculated.

Statistical data processing was carried out using 
Statistica 6.0 software (StatSoft, Inc.). For each indica-
tor, the mean and standard error of the mean were cal-
culated. Significance of differences was assessed using 
the Mann—Whitney U test (the difference between the 
mean values at р≤0.05 was considered significant).

RESULTS

Expression of HSP10 in the LV myocardium. In 
the group of isolated DM, we observed a significant 
decrease in the expression of HSP10 in the cytoplasm 
of cardiomyocytes in comparison with the control. In 
the group with combined pathology, on the contrary, a 
significant increase in the content of HSP10 in the LV 
myocardium was observed. In hypertensive rats aged 
38 and 57 weeks, the content of HSP10 did not change 
in comparison with that in the control group (Fig 1, a).

In the control group, qualitative immunohisto-
chemical analysis of LV myocardial sections for 
HSP10 showed positive staining of the cytoplasm of 
varying intensity (from local to solid staining in some 
areas) in some cardiomyocytes (Fig. 2, a). Hight stain-
ing density was seen mainly in the middle layer of 
the myocardium, while towards the epicardium and 
endocardium and also in the areas of the myocardium 
surrounding blood vessels, the number of cells with 
a positive reaction on HSP10 considerably decreased 
with a tendency to a decrease in the staining intensity.

In the group of hypertensive rats aged 38 weeks, 
the density of positively stained cardiomyocytes did 
not change considerably in comparison with that in 
the control group. A mosaic type of staining distribu-

tion of individual cells with higher or lower intensity 
was observed (Fig. 2, b). A relatively higher density of 
positively stained areas was seen in the middle layer 
of the myocardium. Towards the epicardium and en-
docardium, the number of positively stained cardio-
myocytes markedly decreased. Perivascular areas of 
the myocardium contained no cardiomyocytes with 
positively stained cytoplasm.

In the group of hypertensive rats aged 57 weeks, 
the intensity of staining was approximately at the same 
level as in the control group. Predominant staining of 
the cytoplasm of individual cardiomyocytes was typi-
cally observed, however, in contrast to 38-week-old 
hypertensive rats, the myocardium more often con-
tained groups of cells with positive immunohistoche-
mical reaction. Cardiomyocytes with positive reaction 
for HSP10 were mainly revealed in the middle layer 
of the myocardium. In areas close to the epicardium 
and endocardium, the intensity of staining decreased.

In the DM group, the number of positively stained 
cardiomyocytes was lower than in the control. At the 
same time, continuous low-density staining over a 
considerable length was observed (Fig. 2, c). Areas 
with local staining were rare. Staining was mainly 
concentrated in the middle layer of the myocardium. 
Towards the epicardium and endocardium, staining 
intensity decreased.

In rats with combined pathology, increased num-
ber of cardiomyocytes with positive staining for HSP10 
was typically observed. At the same time, staining was 
more intensive than in the hypertensive rats aged 57 
weeks and in rats with DM as well as in the control 
group (Fig. 2, d). Intensively stained individual car-
diomyocytes were predominantly detected near the 
endocardium. In the middle layer of the myocardium, 
areas with medium staining intensity that included 
rare zones of intensive local staining were seen. More 

Fig 1. Content of HSP10 (a) and HSP27 (b) in LV cardiomyocytes in AH (38- and 57-week-old SHR rats), insulin-dependent DM 
(38-week-old WKY rats) and a combination of AH and DM (38-week-old SHR rats). *p≤0.05 in comparison with the control.
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cells with positive reaction to HSP10 were seen in the 
region of the myocardium bordering the endocardium. 
Contrary to that, closer to the epicardium the intensity 
of staining sharply decreased.

Expression of HSP27 in the LV myocardium. 
According to the results of the quantitative analysis, 
the content of HSP27 in the cytoplasm of LV cardio-
myocytes in rats with AH aged 38 weeks and in rats 
with combined pathology decreased significantly in 
comparison with the control. In rats with AH aged 57 
weeks, the level of HSP27 expression, on the contrary, 
significantly increased. In the DM group, the expres-
sion of HSP27 remained at the control level (Fig. 1, b).

Qualitative analysis of the sections of LV myocar-
dium after immunohistochemical reaction for HSP27 
revealed the following features. In the control group, 
diffusely distributed individual cardiomyocytes and 
groups of cardiomyocytes with positively stained cyto-

plasm were seen (Fig. 3, a). High density of positively 
stained cells was predominantly detected in the middle 
layer of the myocardium, while towards the epicar-
dium and endocardium as well as in the perivascular 
areas of the myocardium, the number of cells with 
positive reaction for HSP27 slightly decreased; stain-
ing intensity also tended to decrease up to complete 
disappearance. In longitudinal sections of cardiomyo-
cytes, the positive staining occupied only a small part 
of the cytoplasm.

In the group of hypertensive rats aged 38 weeks, 
the density of positively stained cardiomyocytes con-
siderably decreased in comparison with the controls. 
A mosaic pattern of distribution of individual cells 
with low staining intensity was typically seen (Fig. 3, 
b). Relatively higher density of staining was observed 
in the middle layer of the myocardium in comparison 
with areas bordering the epicardium and endocardium, 

а b

c d

Fig. 2. Expression of HSP10 in cardiomyocytes of the LV myocardium of WKY and SHR rats. Immunohistochemical staining, ×400.  
a) Control (38-week-old WKY rats); b) AH (38-week-old SHR rats); c) DM (38-week-old WKY rats); d) AH+DM (38-week-old SHR rats).
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where positive staining was almost absent. Around 
blood vessels, significant increase in the staining in-
tensity of cardiomyocyte cytoplasm was noted in com-
parison with the control.

On the contrary, in the group of rats with AH 
aged 57 weeks, a marked increase in the density of 
cardiomyocytes with positive reaction for HSP27 was 
observed. Positive, dense, and intense staining over a 
considerable length was mainly concentrated towards 
the endocardium. In the middle layer of the myocar-
dium, the intensity of staining was higher than in the 
control group (Fig. 3, c). We also observed groups of 
cells with low staining intensity, but occupying a con-
siderable part of the cytoplasm. In perivascular areas, 
a pronounced local increase in HSP27 expression was 
observed.

In rats with DM, the number of positively stained 
cardiomyocytes did not change considerably in com-

Fig. 3. Expression of HSP27 in LV cardiomyocytes. Immunohistochemical staining, ×400. a) Control (38-week-old WKY rats);  
b) AH (38-week-old SHR rats); c) DM (38-week-old WKY rats); d) AH+DM (38-week-old SHR rats).
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parison with the control. At the same time, staining 
was mosaic both in the longitudinal and transverse 
directions. Extensive areas of the myocardium without 
positive reaction for HSP27 were revealed. As a rule, 
staining was seen in single cells in the middle layer 
of the myocardium.

In rats with the combined pathology, the density of 
cardiomyocytes with positive staining on HSP27 was 
low. However, we observed single intensively stained 
cells or their groups. Over a considerable length,  areas 
with mosaic staining were seen, but with lower inten-
sity than in the group of rats with AH aged 57 weeks 
(Fig. 3, d). The staining was concentrated both in the 
middle layer of the myocardium and towards the epi-
cardium. The number of cells with positive reaction 
was maximum near the epicardium. On the contrary, 
near the endocardium, only scattered foci of stained 
cells, mainly around microvessels, were seen.

A. P. Sklifasovskaya and M. L. Blagonravov
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Our study showed a decrease in the content of 
HSP10 in LV cardiomyocytes in rats with isolated DM 
and its increase in animals with combined patho logy. 
Moreover, the expression of HSP27 in LV cardiomy-
ocytes decreased in AH (38 weeks) and in animals 
with combined pathology. However, in AH of longer 
duration (57 weeks), on the contrary, the synthesis of 
HSP27 in LV cardiomyocytes significantly increased.

Enhanced synthesis of HSP10 most likely has a 
protective character and is associated with pronounced 
energy deficiency developing under conditions of LV 
overload combined with insulin-dependent DM. It has 
been demonstrated that the increased expression of 
ATP-dependent low-molecular-weight HSP10 causes 
regression of tissue damage in multiple sclerosis, ul-
cerative colitis, Crohn’s disease, rheumatoid arthritis, 
and other diseases [4]. The decrease in HSP10 ex-
pression in DM can be due to reduced expression of 
mitochondrial stress-sensitive systems controlling cell 
proteostasis and cellular metabolism in case of cell 
stress under conditions hypoinsulinemia [14].

Intensification of HSP27 synthesis at later terms 
of AH development can be due to the fact that this 
protein reduces the tone of smooth muscles. In par-
ticular, it was shown that HSP27 can regulate pro-
liferation, actin reorganization, and migration of 
vascular smooth muscle cells involved in the patho-
genesis of proliferative vascular diseases [7]. The 
decrease in HSP27 synthesis in rats with combination 
of AH and DM can be a result of microvasculature 
dysfunction in hyperglycemia leading to damage to 
the vascular wall, platelet aggregation, and develop-
ment of microvascular complications [12]. On the 
other hand, hyperglycemia can act as a mild stressful 
stimulus leading to upregulation of endogenous stress 
proteins, which may play a potential role in cardio-
protection and compensate for detrimental effects of 
hyperglycemia in DM and its combination of AH of 
shorter duration [2].

Small HSP play an important role in the protec-
tion of cardiomyocytes from stress of various etiolo-
gies. They maintain the constancy of protein composi-
tion of cells and integrity of proteins by promoting to 
their folding, preventing aggregation, or eliminating 
non-functional proteins. In case of combination of 
hemodynamic overload and DM, small HSP showed 
different levels of expression in cardiomyocytes. This 
may be due to activation of various pathways of cell 
protection and damage. In particular, HSP27 expres-
sion increased only in AH of longer duration, while 
the increase in HSP10 expression was observed in 
combined pathology.

Thus, the content of ATP-independent HSP10 and 
HSP27 increases in certain types of myocardial al-
teration accompanied by energy deficit. Expression 

of HSP10 and HSP27 in cardiomyocytes changed op-
positely in AH of different duration, insulin-dependent 
DM, and their combination. Protein HSP27 can play a 
more significant role in cardioprotection in long-term 
hypertension, and protein HSP10 — in case of a com-
bination of AH and DM.
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