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Abstract. The aim of the present study was to investigate the 
association between heat shock protein (Hsp) 70 expression 
kinetics and heat stress-induced damage to rat myocardial 
cells in vitro and in vivo. The results showed that the activity 
of heart injury‑associated enzymes, including aspartate amino-
transferase and creatine kinase, significantly increased and 
myocardial cells developed acute histopathological lesions; 
this therefore suggested that heat stress altered the integrity of 
myocardial cells in vitro and in vivo. Levels of Hsp70 in vitro 
decreased following the initiation of heat stress and then steadily 
increased until heat stress ceased at 100 min; however, in vivo 
studies demonstrated a gradual increase in Hsp70 levels in the 
heart cells of rats from the initiation of heat stress, followed 
by a sharp decline at 100 min. These results indicated that the 
cells sustained different degrees of injury in vivo compared 
with those sustained in vitro, this may be due to different regu-
latory mechanisms in the two environments. Intracytoplasmic 
Hsp70 signaling was significantly reduced at 60 min in vitro, 
compared with that of the in vivo study, indicating that Hsp70 
consumption may have exceeded its production prior to 60 
min of heat stress, and following 60 min the cells produced 
sufficient Hsp70 protein for their protection against heat stress. 
Hsp70‑positive signals in the cytoplasm of heart cells in vivo 
were more prominent in the intact areas compared with those 
of the degenerated areas and the density of Hsp70‑positive 
signals was significantly reduced following 60 min of heat 
stress. In conclusion, comprehensive comparisons of enzymes, 
cell morphology and Hsp70 levels indicated that decreased 
levels of Hsp70 were associated with the reduced protective 
effect on myocardial cells in vitro and in vivo.

Introduction

Heat stress is a severe environmental condition that affects 
animals. Animals respond to environmental stress with a 
series of reactions known as the ‘fight‑or‑flight’ response (1). 
Therefore, heat stress may result in economic losses in 
animal husbandry due to a decline in food consumption, 
growth rate, feeding efficiency and survival of animals as 
the environmental temperature increases (2‑4). In addition, 
stressors, which can cause general adaptation syndrome, were 
reported to be responsible for eventual shock and sudden 
mortality of transported pigs and poultry that were exposed 
to high temperatures (5). Previous studies have demonstrated 
that chronic heat stress significantly altered physiological, 
metabolic, biochemical and cellular responses in murine and 
poultry models (6,7). However, animals have been shown to 
exhibit protective measures against environmental challenges; 
these include heat‑shock proteins (Hsps), a set of proteins 
synthesized in response to physical as well as chemical or 
biological stresses, including heat exposure (8‑10).

Hsps are ubiquitously expressed and highly conserved in 
prokaryotes and eukaryotes (11). Hsps are divided into six 
families of sequence‑associated proteins on the basis of their 
molecular size, structure and function as follows: Small Hsps, 
Hsp40, Hsp60, Hsp70, Hsp90 and Hsp110 (12). Numerous 
Hsps were reported to be effective in cell survival and adapta-
tion; however, certain Hsps exerted greater levels of cardiac 
protection than others (13), Hsp70 was suggested to have 
important roles in protection against stress‑induced cardiac 
cell damage such as ischemia-reperfusion injury (14). In 
addition, Hsps were reported to minimize the size of cardiac 
infarctions and improve contractility of heart cells in humans 
and mice (15,16). Hsp70 has been extensively studied and was 
revealed to be expressed in the vertebrae, heart and brain, 
where it serves as a molecular chaperone and has a significant 
role in protecting cells against cellular stressors (17), including 
heat (18,19), hypoxia (20), ultraviolet irradiation (21) and 
oxidative stress (22). 

Previous studies have indicated that significant increases 
of Hsp levels were the key step in the initiation of the 
heat‑shock response (23‑25). Hsp70 was also reported to be 
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involved in the folding of nascent and misfolded proteins 
under non‑stressful conditions (26). As a universal cytoprotec-
tive protein, Hsp70 was suggested to enhance the tolerance 
of cells to environmental changes or pathogenic conditions, 
increase the survival rate of stressed cells as well as have 
critical roles in cardiovascular disease, organism decay and 
cellular aging (27). Furthermore, one study demonstrated that 
Hsp70-overexpression accelerated ulcer healing via the inhibi-
tion of apoptosis as well as the promotion of proliferation and 
protein synthesis (28). 

Stressful transports and increased environmental tempera-
ture were confirmed to be responsible for the shock and 
sudden mortality of pigs and broiler chickens, as a result of 
sudden heart failure preceded by cardiovascular damage (29). 
However, due to the numerous confounding environmental 
variables, investigating the mechanisms by which stress 
induces cell damage and alters cellular metabolism in vivo 
is challenging. The present study aimed to investigate the 
correlation between Hsp70 levels and cellular damage, using 
H9c2 cells subjected to heat stress in vitro as a model system. 
In addition, the present study aimed to evaluate the expression 
of Hsp70 in response to heat stress and examine its potential 
protective role against hyperthermia‑induced cellular damage 
in vitro and in vivo.

Materials and methods

Heat‑stress models of cell culture in vitro and experimental 
rats in vivo. H9c2 cells were purchased from the Type 
Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). Cells were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM; 11995‑065; Gibco-BRL, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine 
serum (FBS; 16141079; Gibco-BRL), 100 U/ml penicillin and 
100 µg/ml streptomycin (Gibco-BRL) in a humidified atmo-
sphere of 5% CO2 and 95% air at 37˚C. Cellular viability of 
>95% was achieved and the cultured H9c2 cells were divided 
into six groups, which were exposed to heat stress in a water 
bath at 42˚C for 20, 40, 60, 80 and 100 min. The control group 
was maintained at normal environmental conditions.

All experiments were performed in accordance with the 
guidelines of the Animal Ethics Committee of Jiangsu prov-
ince (Jiangsu, China) and were approved by the Institutional 
Animal Care and Use Committee of Nanjing Agricultural 
University (Nanjing, China). A total of 70 Sprague‑Dawley (SD) 
rats, weighing 220±20 g, were purchased from Qinglongshan 
Farms (Nanjing, China). The rats were housed in cages with 
access to food and water ad libitum. Following three days of 
adaptation feeding at room temperature (RT), the animals 
were placed in controlled‑climate chambers (RX8‑500D, New 
Jiangnan Co., Ltd., Ningbo, Zhejiang, China) and then exposed 
to 42˚C for 0 (control), 20, 40, 60, 80 and 100 min. Each group 
consisted of ten rats, with the exception of the 100 min group, 
which contained 20 rats. Mortality of the heat stressed rats 
in vivo was >40% following 100 min of heat stress. All the 
experimental rats were humanely sacrificed by decapitation at 
the end of the heat‑stress period. 

Enzyme detection in vitro and in vivo. Following exposure 
to heat stress, ~2 ml culture supernatants and ~1.5 ml serum 

from the control and the heat‑stressed rats, respectively, were 
collected from each group and the controls. The collected 
samples were then stored at ‑80˚C until further use. Enzymatic 
activities of aspartate aminotransferase (AST; C010) and 
creatine kinase (CK; A032) were measured using commer-
cial kits (Nanjing Jiancheng Biochemical Reagent Co., Ltd., 
Nanjing, China) according to the manufacturer's instructions 
and a microplate reader (Tecan Infinite M200PRO, Grödig, 
Austria). Each sample was analyzed five times, consecutively.

Cyto‑ and histopathological observations. H9c2 cells were 
cultured on glass coverslips (2-8x104 cells in 35-cm2 plates; 
Citotest Labware Manufacturing Co., Ltd., Haimen, Jiangsu, 
China) coated with poly‑L‑lysine (Sigma-Aldrich, St. Louis, 
MO, USA). Myocardial H9c2 cells were cultured at 37±1˚C 
were heat stressed by incubating them in a water bath at 
42±1˚C for 0 (control), 20, 40, 60, 80 and 100 min. Following 
heat stress, cells were fixed in 4% paraformaldehyde for 
30 min at RT and washed with phosophate‑buffered saline 
(PBS) three times. Cells were then stained with hematoxylin 
and eosin (H&E) and examined using light microscopy (Axio 
Imager A2; Zeiss, Oberkochen, Germany).

Heart samples were obtained from rats of each group 
following heat stress and preserved in 10% formalin. Samples 
were embedded in paraffin and then cut into 5‑µm serial 
sections. Sections were stained with H&E and the histopatho-
logical changes among the groups were examined. Images 
were captured using light microscopy.

Immunofluorescence staining. Following heat stress, 
myocardial H9c2 cells were washed with PBS and fixed with 
95 and 100% ethanol, for 15 min each. Cells were washed 
with pre‑cooled PBS for 15 min and then permeabilized 
with 0.5% TritonTM X‑100 (Beijing Dingguo Changsheng 
Biotechnology Co., Ltd., Beijing, China) in PBS for 15 min. 
Non-specific protein binding of permeabilized cells was 
blocked by incubation with 5% bovine serum albumin (BSA) 
for 30 min at RT. Cells were then incubated with Hsp70‑specific 
mouse monoclonal antibodies (1:50; ADI‑SPA‑820‑F; Enzo 
Life Sciences, Inc., Farmingdale, NY, USA) diluted with 1% 
BSA (Wuhan Boster Biological Technology, Ltd., Wuhan, 
Hubei, China) and subsequently incubated with fluorescein 
isothiocyanate (FITC)‑conjugated antibody (BA1089; Wuhan 
Boster Biological Technology, Ltd.) in 1% BSA (1:50). 
Fluorescence images were obtained using light microscopy.

Serial sections of the heart tissue were immunostained 
using the standard avidin‑biotin complex (ABC) immunoper-
oxidase detection system (AR1022; Wuhan Boster Biological 
Technology, Ltd.). Sections were then deparaffinized in 
xylene, hydrated with ethanol and rinsed with distilled water. 
Endogenous peroxidase was blocked using 3% H2O2 for 10 min 
at RT. The slides were blocked by incubation with 5% BSA for 
~30 min at 37˚C. Sections were then incubated with a 1:50 
dilution of the Hsp70‑specific primary antibodies for 2 h at 
RT. Sections were then washed with PBS and incubated with 
horseradish peroxidase (HRP)‑conjugated goat anti‑mouse 
immunoglobulin G (IgG; heavy and light chain) secondary 
antibodies for 1 h at RT. Following treatment with two drops 
of diaminobenzidine (DAB) substrate chromogen solution 
(AR1022; Wuhan Boster Biological Technology, Ltd.,) for 
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10 min, the reaction was terminated by adding ~500 ml water. 
The sections were then counterstained with hematoxylin and 
fluorescence images were obtained using light microscopy. 
The corresponding negative controls were prepared in an 
identical manner omitting the antibody. 

Western blot analysis. Heat‑stressed H9c2 cells were washed 
three times with PBS and cell protein was extracted using an 
M‑PER mammalian protein extraction reagent (78501; Thermo 
Scientific, Waltham, MA, USA) according to the manufac-
turer's instructions. Heart tissue samples were homogenized 
in 1 ml protein extraction reagent (Thermo Scientific) on ice 
using an Ultra‑Turrax homogenizer (623003; Fluko Equipment 
Shanghai Co., Ltd., Shanghai, China). Samples were then 
washed with ice‑cold physiological saline and the resultant 
homogenates were centrifuged at 12,000 xg for 20 min at 4˚C 
to remove cellular debris. The supernatant was collected and 
stored at -20˚C until further use for protein quantification. The 
protein concentration was measured using a micro‑bicincho-
ninic acid assay kit (23235; Thermo Scientific). 

The H9c2 cell protein extracts (20 µg) and heart tissue 
protein extracts (80 µg) were separated using 10% SDS‑PAGE 
and transferred onto polyvinylidene fluoride membranes 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The 
membranes were incubated overnight with Tris‑buffered 
saline containing 0.05% Tween‑20 (TBST) at 4˚C. The 
membranes were then washed with TBST and incubated 
with antibodies against Hsp70 (ADI‑SPA‑820‑F; Enzo Life 
Sciences, Inc.) and GAPDH (KC‑5G4; Kangchen Bio-tech 
Inc., Shanghai, China) in blocking buffer for 2 h at 37˚C. 
Following washing with TBST, the membranes were further 
incubated with HRP‑conjugated goat anti‑mouse IgG anti-
body (Wuhan Boster Biological Technology, Ltd.) at RT for 
1 h. Antibody‑antigen complexes were detected using western 
blotting luminal reagent (Bio-Rad Laboratories, Inc.). The 
bands were then quantified using Quantity One software 
version 4.6.2 (Bio‑Rad Laboratories). GADPH was used as a 
loading control.

Statistical analysis. Statistical analysis of the differences 
between the experimental groups and the control group were 
performed using the one‑way analysis of variance followed by 
the least‑significant‑difference multiple comparison test using 

Statistical Package for Social Sciences (SPSS) version 20.0 for 
Windows (International Business Machines, Armonk, NY, 
USA). Values are expressed as the mean ± standard deviation of 
at least three independent experiments. P<0.05 was considered 
to indicate a statistically significant difference between values.

Results

Cell damage increases the levels of enzymes AST and CK 
in vitro and in vivo. Significant differences in AST and CK 
levels were observed in heat stressed rat myocardial cells 
compared with those of the control group (Table I). Following 
initiation of heat stress, enzymatic activity was significantly 
increased in vitro and in vivo at 100 min (P<0.05). The culture 
supernatant from in vitro myocardial cells showed a signifi-
cant increase in AST levels from 40 min onwards and CK 
levels from 60 min onwards. However, in vivo levels of these 
enzymes were not significantly increased until 80 min for AST 
and 100 min for CK. 

Cyto‑ and histopathological changes in vitro and in vivo. 
Figs. 1 and 2 demonstrate the effect of different durations of 
heat stress on cytological and histopathological changes of 
myocardial cells in vitro and in vivo, respectively.

No obvious pathological changes were observed in the 
control group (Fig. 1A). Following 20 min of heat stress, 
H9c2 cells exhibited acute degeneration with enlarged cell 
size and numerous granular cytoplasmic particles (Fig. 1B). 
Small granular particles with deeply stained nuclear conden-
sation became more prominent in the cytoplasm of the 
enlarged myocardial cells following 40 and 60 min of heat 
stress (Fig. 1C and D). In the 80 min group, the primary indi-
cations of heat stress in myocardial cells were cytomorphosis 
(enlarged size) and karyopyknosis (Fig. 1E and F).

Following 20 min of heat stress in vivo, the gaps between 
the myocardial fibers were widened. The number of cyto-
plasmic granules in the intumesced myocardial cells of rats 
gradually increased with each group from the initiation of 
heat stress to its cessation at 100 min (Fig. 2B-F); of note, the 
number of granules was increased at 60 min (Fig. 2D). 

Localization of Hsp70 in heat‑stressed myocardial cells 
in vitro and in vivo. Figs. 3 and 4 reveal the distribution and 

Table I. Activity levels of AST and CK in vitro and in vivo.
 

Heat stress group/time (min)
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Enzyme 0 20 40 60 80 100
 
In vitro
  AST (U/l) 9.17±0.98 9.67±1.37 11.17±0.75* 11.33±2.06* 12.83±2.13** 15.83±2.14**

  CK (U/l) 8.67±1.19 10.17±2.12 10.33±1.79 11.67±2.51* 11.83±2.56* 12.00±2.45*

In vivo
  AST (U/l) 260.23±74.71 266.3±53.38 273.2±56.49 296.6±61.97 345.8±71.94* 406.1±97.12**

  CK (U/l) 5596.2±1680.7 5864.5±2099.8 6057.8±1989.2 6496.5±1935.2 7064.5±1599.7 7924.8±1762.9*

 
Values are presented as the mean ± standard deviation.*P<0.05 and **P<0.01 vs. control. AST, aspartate aminotransferase; CK, creatine kinase.
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localization of Hsp70 in myocardial cells in vitro and in vivo, 
respectively. Hsp70 was located in the nucleus and the cyto-
plasm of myocardial cells following stress induction; however, 
stronger Hsp70 signals were detected in the cytoplasm and 
signals were identified in the heat‑stressed groups as well 
as the control groups (Fig. 3A-F). Immunocytochemical 
staining revealed a decrease in cytoplasmic Hsp70‑positive 
signaling following 40 min of heat stress (Fig. 3C) and the 
lowest density of Hsp70 signals was observed in the cyto-
plasm of the myocardial cells following 60 min of heat stress 
(Fig. 3D).

Immunohistochemical analysis revealed no observable 
differences in the distribution of Hsp70 in the myocardial 
cells of heat‑stressed rats and normal control rats (Fig. 4). 
Hsp70‑positive signals were primarily detected in the cyto-
plasm of the myocardial cells in vivo. Of note, following 
60 min heat stress, Hsp70‑positive signals in the cytoplasm 
of the myocardial cells were more prominent in intact areas 
than in degenerated areas (Fig. 3D-F). At 80 min of heat stress, 
the Hsp70‑positive signals were unevenly distributed in favor 
of the cytoplasm of myocardial cells in vitro (Fig. 3E and F). 
Increasingly stronger cytoplasmic Hsp70-positive signals 

Figure 1. Representative images of in vitro heat-stressed myocardial cells in animals that succumbed prior to 100 min. Myocardial H9c2 cells were incubated 
at 37˚C and subjected to heat stress at 42˚C as follows: (A) Control, 0 min; (B) 20; (C) 40; (D) 60; (E) 80; and (F) 100 min. Cells were then stained with 
hematoxylin and eosin and examined using light microscopy. Arrow, cytoplasmic granular degradation.

Figure 2. Representative images of the heat-stressed rat heart cells in vivo. Rats were subjected to heat‑stress at 42˚C as follows: (A) Control, 0 min; (B) 20; 
(C) 40; (D) 60; (E) 80; and (F) 100 min. Animals were sacrificed following 100 min heat stress and serial sections of the heart tissue were obtained from each 
group. Sections were then stained with hematoxylin and eosin and examined using light microscopy.
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were observed in myocardial cells in vivo following 40 and 
60 min of heat stress, respectively (Fig. 4C and D). In addition, 
following 80 min of heat stress, Hsp70 staining was observ-
ably lower in the cytoplasm of degenerated areas (Fig. 4E). As 
shown in Fig. 5, partial myocardial fiber collapse was observed 
in several rats (Fig. 5A), whereas no lesions were observed in 
the myocardium of normal rats. Hsp70‑positive signals mark-
edly decreased in the cytoplasm and were unevenly distributed 
in the myocardial cells of the rats (Fig. 5B). 

Hsp70 expression levels in heat‑stressed H9c2 cells in vitro 
and in heart tissues in vivo. Hsp70 expression in H9c2 cells 
in vitro decreased slightly, but not significantly, following 
exposure to heat stress; however, by 40 min, this decrease 
was significant and remained low until the cessation of heat 
stress (P<0.05) (Fig. 6). 

Hsp70 expression levels in the myocardial cells of 
heat‑stressed rats showed a slight, but not significant increase 
at 20 min following heat stress. Hsp70 expression in these cells 

Figure 3. Distribution of heat shock protein 70 signals in the control and the heat-stressed H9c2 cells. Myocardial H9c2 cells were incubated at 37˚C and sub-
jected to heat stress at 42˚C as follows: (A) Control, 0 min; (B) 20; (C) 40; (D) 60; (E) 80; and (F) 100 min. Cells were visualized using immunocytochemical 
staining and fluorescence microscopy.

Figure 4. Distribution of heat shock protein 70 signals in the hearts of the control and heat‑stressed rats. Rats were subjected to heat‑stress at 42˚C as follows: 
(A) Control, 0 min; (B) 20; (C) 40; (D) 60; (E) 80; and (F) 100 min. Animals were sacrificed following 100 min heat stress and serial sections of the heart tissue 
were obtained from each group. Sections underwent immunocytochemical staining followed by counter-staining with hematoxylin and eosin and visualized 
using fluorescence microscopy.
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peaked and was statistically significant at 40 min following 
heat stress; however, expression levels then decreased until 
100 min at which point they were significantly decreased 
compared to those of the control group (P<0.05). Of note, the 
protein levels of Hsp70 in the heart tissues of rats post-mortem 
were also significantly lower than those of the control rats 
(P<0.01) (Fig. 6).

Discussion

Variations in CK and AST activities were reported to be 
associated with liver and heart disease (30,31). However, the 
present study revealed that activity levels of the two enzymes 
differed between the in vivo and in vitro experiments; in addi-
tion, activity levels of AST and CK in the supernatants of 
heat‑stressed H9c2 cells as well as the sera of the heat‑stressed 
rats exhibited significant variations. In H9c2 cells, the enzyme 
activities, markedly AST activity, increased immediately 

following exposure to heat stress. Furthermore, acute degenera-
tion was observed in the heat‑stressed cells in vitro and in vivo, 
characterized by increased cell size, cytoplasmic granular 
degradation as well as nuclear condensation. Altered AST levels 
were found to correspond with the pathological changes that 
occurred following heat stress in the cytoplasm of rat myocar-
dial cells in vitro and in vivo. This therefore indicated that 
H9c2 cells and myocardial cells were protected from damage, 
particularly at the beginning of heat stress. These results were 
comparable with the findings of previous studies (32,33). It 
has been reported that increased levels of AST and LDH were 
associated with heart disease (34), the proposed mechanism of 
this is thought to be due to external stresses that may damage 
myocardial cell membranes, leading to the release of CK into 
the supernatant in vitro (35). AST, which was used as a heat 
stress indicator in these experiments, may be beneficial for 
the further elucidation of the correlation between enzymatic 
activity induction and cardiac tissue damage (36).

Figure 5. Post mortem histological images of myocardial cells from rats following heat stress. (A) Hematoxylin and eosin staining and (B) immunohisto-
chemical staining of myocardial cells from rats which did not survive 100 min heat stress.

Figure 6. Western blot analysis and quantification of Hsp70 levels in heat-stressed H9c2 cells in vitro and in rat heart tissues in vivo. Values are presented as 
the mean ± standard deviation. *P<0.05 and **P<0.01 vs. control group (0 min). Hsp, heat shock protein.
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Cytopathological results of the present study demonstrated 
acute degeneration, with increased cell size and numerous 
granular particles in the cytoplasm of H9c2 cells following heat 
stress for 20 min. Increased damage was observed with the 
duration of heat exposure. H9c2 cell cytoplasmic changes were 
consistent with the cytopathological changes in the myocardial 
cells in vivo. In addition, histopathological analysis revealed 
degeneration of the heart tissue and disordering of myocardial 
fibers following 20 min of heat stress as well as cell karyo-
pyknosis in vivo; furthermore, following 60 min of heat stress 
exposure the damage observed had worsened. These results 
confirmed that heat stress at 42˚C injured the myocardial cells 
in vitro as well as in vivo.

Hsps are important endogenous, protective proteins that 
have a significant role in the cellular response to stress (37). 
Hsps from different families exhibit different roles and func-
tions and it was hypothesized that the localization of Hsps 
may be associated with the protection function of molecular 
chaperones (38). In the present study, immunocytochemical 
analysis revealed that Hsp70 was primarily distributed in the 
cytoplasm of myocardial cells, which was partially consistent 
with previous reports of Hsp family members being localized 
in the nucleus as well as the cytoplasm (39,40). However, in 
the present study, the cytoplasm of H9c2 cells demonstrated 
a lower density of Hsp70‑positive signals in vitro following 
60 min of exposure to heat stress. This therefore indicated that 
Hsp70 consumption may exceed its production prior to 60 min 
of heat stress, following which the cells produced sufficient 
Hsp60 in order to protect them against heat stress. In addi-
tion, immunohistochemical analyses revealed that Hsp70 was 
primarily expressed in the cytoplasm of muscle fibers in vivo; 
this was consistent with the results of previous studies where 
Hsp70 was detected in the muscle fibers of transported pigs. 
The present study reported that following 60 min of heat stress, 
Hsp70‑positive signals in the cytoplasm of the heart cells were 
more prominent in intact areas than in degenerated areas; 
furthermore, the density of Hsp70‑positive signals was reduced 
following 60 min of heat stress. These results were also 
consistent with those of previous studies (32,41,42). Of note, 
the present study demonstrated that Hsp70‑positive signals 
with lower densities were unevenly distributed throughout the 
cytoplasm of myocardial cells of rats subjected to heat stress 
post mortem; however, these changes were not consistent with 
the in vivo and in vitro experiments. This inconsistency may 
be due to the different regulatory mechanisms in vivo and 
in vitro. 

The expression of Hsp70 in the presence and absence of 
external stressors indicated the potential role of these proteins 
in physiological adaptation (43). The results of the present 
study showed that Hsp70 levels in vitro decreased following the 
initiation of heat stress and reached the lowest levels at 60 min, 
gradually increasing thereafter until the heat stress experiment 
was terminated at 100 min. These results were comparable 
with the results of the immunocytochemical analysis in the 
present study. By contrast, the Hsp70 levels in the heart cells 
of rats in vivo gradually increased from the initiation of heat 
stress and decreased sharply at 100 min of heat stress; this was 
not consistent with the results of the H9c2 cells in vitro, which 
may be due to different regulatory mechanisms in vivo and 
in vitro. It was reported that increased Hsp expression occurs 

in the majority of cells in response to stress (44) or exposure to 
high temperatures (45). In addition, overexpression of Hsp70 
was shown to confer substantial heat resistance and protect 
cells and proteins from thermal damage via the efficient 
recognition of denatured proteins (46). By contrast, decreased 
Hsp70 levels were reported to have a reduced protective effect 
on myocardial cells (47).

Hsps are synthesized in response to increased tempera-
ture in order to repair or degrade damaged proteins as a 
defense strategy to ensure cell survival (48‑50). Hsp70 
family members refold degenerated proteins by recognizing 
and binding to the cytoskeletal myosin heavy chain and 
actin in damaged gastric mucosa (51). In addition, Hsp70 
has an important role in cytoprotection in numerous cell 
types by preventing denaturation as well as enhancing the 
proper assembly of cellular proteins and structure. Induction 
of Hsp70 was also associated with myocardial protection 
(52,53).

In the present study, increased expression of Hsp70 was 
observed in damaged heart tissue and myocardial cells, char-
acterized by acute cell degeneration and release of specific 
enzymes. Hsp70 expression levels were compared with 
histopathological changes in myocardial cells and the results 
demonstrated that following heat stress, increased levels of 
specific enzymes and tissue damage were accompanied by 
the reduction of Hsp70 expression. Of note, within 100 min 
of heat stress there was a 45% mortality rate, accompanied 
by sustained severe heat‑induced damage of myocardial cells 
in rats as well as a low uneven distribution of Hsp70 in the 
cytoplasm. This therefore indicated that heat stress injured 
myocardial cells in vivo and in vitro. However, the altered 
expression levels of Hsp70 in H9c2 cells in vitro did not corre-
spond with those of rat myocardial cells in vivo following heat 
stress. 

Hsp70 expression in myocardial cells was hypothesized 
to enable the organism to resist the adverse effects of stress. 
When exposed to heat stress, the heart rate is increased (54). 
Increased expression of Hsp70 in transgenic mouse hearts was 
reported to increase resistance to ischemia/reperfusion injury 
and significantly improve recovery of cardiac function (55). 
Furthermore, increased cellular levels of Hsp70 via gene 
transfer was demonstrated to significantly increase resistance 
in myocardial cells in vitro as well as in transgenic animals 
in vivo (55). A previous study reported that Hsp72 overexpres-
sion reduced the size of cardiac infarctions in in vivo transgenic 
mouse models of myocardial ischemia and reperfusion (56). 
These studies therefore indicated that enhanced Hsp70 expres-
sion may be a mechanism to improve cell survival in response 
to stressful environments, which may proceed via protecting 
proteins from degradation and facilitating their refolding 
(57,58). In the present study, Hsp70 levels decreased in vivo 
at the later stages of heat stress exposure, which may be due 
to the rats developing a tolerance to heat following several 
hours of exposure to heat stress, or due to material deficiencies 
following long‑term stress. It has been previously reported that 
caloric restriction increased the induction of Hsp70 transcrip-
tion and improved thermotolerance (59). It was also reported 
that inorganic phosphate deficiencies may affect the major 
cellular biochemical pathways controlling Hsp protein expres-
sion (60‑63). 
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In conclusion, comprehensive comparisons of enzymes, 
cell morphology and Hsp70 levels indicated that decreased 
levels of Hsp70 were associated with the reduced protective 
effect on myocardial cells in vitro and in vivo. However, further 
studies are required in order to fully elucidate the mechanisms 
underlying the interaction between Hsp70 and tissue damage 
in heat‑stressed cells in vivo and in vitro.
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