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ABSTRACT. To investigate the protective role of Hsp60 against stress 
damage and its role in the sudden death of stressed animals, changes in 
the levels of Hsp60 protein and hsp60 mRNA of myocardial cells in vivo 
and in vitro were studied. In addition, the relationship between Hsp60 
expression and heat-induced damage was also studied. Rats were exposed 
to a temperature of 42° ± 1°C for 0, 20, 40, 60, 80, or 100 min. More than 
50% of the rats died suddenly within 100 min. With increasing heat stress 
duration, hsp60 mRNA levels significantly increased in both in vivo and in 
vitro rat myocardial cells; however, a similar trend was not observed for 
Hsp60 protein levels. Although the changes observed in Hsp60 expression 
in myocardial cells in vitro were inconsistent with those of rat heart tissues 
in vivo, Hsp60 expression levels were consistent with the histopathological 
damage observed in myocardial cells both in vivo and in vitro. Differences 
in Hsp60 expression may reflect the degree of injury sustained by 
myocardial cells in vivo and in vitro. As a mitochondrial protein, Hsp60 
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represents a potential biomarker of heat stress, and may protect against heat 
stress induced myocardial cellular damage both in vivo and in vitro.
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INTRODUCTION

Heat stress may lead to large economic losses in animal husbandry, because food con-
sumption, growth rate, feeding efficiency, and survival all decline when the environmental tem-
perature increases (van der Hel et al., 1992). Chronic heat exposure and heat stress are of in-
creasing concern in animal production in countries with hot climates, as well as in countries with 
temperate climates, due to reduced growth performance (Geraert et al., 1996). In chickens, high 
temperatures may cause shock and sudden death from organ failure, mostly as a consequence of 
heart failure preceded by cardiovascular damage (Lee et al., 1996). However, eukaryotic cells 
have an intrinsic mechanism to defend themselves against external stressors. This defense mech-
anism probably evolved from a group of chaperone proteins, the heat shock proteins (Hsps) 
(Snoeckx et al., 2001). Research showed that Hsps are important endogenous protective proteins 
that play a significant role in the cellular response to stress (Gullo and Teoh, 2004).

Hsps are ubiquitously expressed and highly conserved in both prokaryotes and eukary-
otes. They are classified into many families according to their molecular size, including the 
small HSPs, HSP70, and HSP90 (Tissiéres et al., 1974). There is growing evidence that Hsps are 
constitutively expressed under normal conditions, and act as molecular chaperones, preventing 
the misfolding and aggregation of proteins under conditions of cellular stress in both prokaryotic 
and eukaryotic cells (Bukau and Horwich, 1998). Hsp levels are increased by stress, including 
environmental, physical, chemical and transport (Barisic and Kopic, 2002). In addition, Hsps 
exhibit a protective role during pathologic processes (Walter and Buchner, 2002).

Hsp60, also known as GroEL in prokaryotes, is essential for cell survival under all 
conditions (Fayet et al., 1989), and plays an important role as a molecular chaperone under 
heat stress (Ewalt et al., 1997). There is evidence that Hsp60 is a biomarker of angiocardiopa-
thy. Circulating Hsp60 might be involved in the induction/progression of both hypertension 
and atherosclerosis, as well as being a marker for early cardiovascular disease (Pockley et al., 
2000). The abnormal transport of Hsp60 to the cell surface may be an early trigger for myocyte 
loss, and the progression of heart failure (Lin et al., 2007). Hence, Hsp60 serum levels could 
be valuable as predictors of cardiovascular risk in preventing pathologic episodes and manag-
ing patients at all stages of illness (Rizzo et al., 2012).

Research remains limited about the expression of Hsp60 in mammalian myocardial 
cells following hyperthermia, either in vivo or in vitro. Thus, this study aimed to investigate 
the correlation between changes in Hsp60 and its mRNA, and the relationship between Hsp60 
expression and heat induced cellular damage in myocardial cells in vivo and in vitro.

MATERIAL AND METHODS

In vivo model of heat stress in rats

Sixty adult Sprague Dawley (SD) rats, purchased from Qinglongshan, Nanjing, China, 
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were divided randomly into 6 groups, each containing 10 rats. After 3 days of acclimation to 
being fed at room temperature (RT), all animals were suddenly placed in a controlled-climate 
chamber (RX8-500D; New Jiangnan Co. Ltd.) and exposed to 42° ± 1°C for 0 min (control), 
20, 40, 60, 80, or 100 min. The rats were then humanely killed by decapitation. Heart tissue 
samples were collected and divided into 2 parts; 1 part was fixed in 10% neutral buffered 
formalin for histopathology, while the other part was stored in liquid nitrogen for biological 
analysis. The study protocol was reviewed and approved by the institutional Animal Care and 
Use Committee, and the experiment was conducted in accordance with the guidelines of the 
regional Animal Ethics Committee.

In vitro model of heat stress in rat myocardial cells

Cells of the H9c2 line, purchased from the American Type Culture Collection, were 
maintained in Dulbecco’s modified Eagle’s medium (11995-065; Gibco, Billings, MT, USA) 
plus 10% fetal bovine serum (16141079; Gibco) and penicillin/streptomycin (Sigma-Aldrich, 
St Louis, MO, USA) in a humidified atmosphere of 5% CO2 and 95% air at 37°C. When the 
cells covered 90% of the culture plates, the cultures were divided into 6 groups: 1 control 
group and 5 groups exposed to heat stress for 20, 40, 60, 80, or 100 min. Exposure to heat 
stress was achieved by quickly transferring the temperature-stress groups into an incubator 
with a humidified atmosphere of 5% CO2 and 95% air at 42° ± 1°C.

Histopathology and cytopathology

Heart tissues were fixed in paraformaldehyde after heat stress, then embedded in par-
affin and sliced serially into 4-µm-thick sections. The sections were stained with hematoxylin 
and eosin, using routine methods, and examined by light microscopy.

H9c2 cells (2-8 x 104 cells on 35-mm2 plates) grown on coverslips coated with polyly-
sine were fixed with 95% ethanol solution for 15 min at RT, and then fixed in 100% ethanol for 
15 min. After three 5-min washes with phosphate buffered saline (PBS), the coverslips were 
placed in hematine for 2 min and then washed under running water for 15 min and soaked in 
eosin for 2 min. After washing with PBS again, the coverslips were dehydrated and mounted. 
Stained H9c2 cells were observed under a microscope.

Semiquantitative analysis of Hsp60 expression in vivo and in vitro by Western blotting

Total proteins from heart tissues in vivo and H9c2 myocardial cells in vitro from both 
the control groups and the heat stressed groups were extracted by lysate radio-immunopre-
cipitation and ultrasound, respectively. Total protein concentrations were determined using 
a Micro BCA assay kit (232235, Micro BCATM Protein Assay Kit; Thermo, China). Thirty 
microgram samples of H9c2 cell protein extract or 80 µg samples of heart protein extract were 
separated on 5% sodium dodecyl sulfate (SDS) polyacrylamide spacer gel (60 V, 30 min) and 
12% SDS separation gel (100 V, 1.5 h), and then transferred onto nitrocellulose membranes by 
electrotransfer (200 mA, 1 h). The membranes were washed 4 times in washing buffer [20 mM 
Tris base, pH 7.6, 12.5 mM NaCl and 0.5% Tween-20 (TBST buffer)] and blocked with 5% 
non-fat milk in Tris-buffered saline (20 mM Tris-HCl, pH 7.6, 137 mM NaCl) containing 0.1% 
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Tween-20 (TBST) for 1 h at RT. The membranes were then incubated with anti-rat monoclonal 
antibody against Hsp60 (ab13532; Abcam, Cambridge, UK) at a dilution of 1:20,000 and anti-
rat GAPDH monoclonal antibody (ab8224; Abcam) at a dilution of 1:1000 for 1 h at 37°C. 
After washing with TBST, the membranes were further incubated with peroxidase-conjugated 
second antibody (BA1038; Boster, China) at a dilution of 1:1000 at RT for 1 h. The antibody-
antigen complexes were detected using Western blotting luminal reagent. The bands on the 
film developed were quantified with the Quantity One 4.6.2 software (Bio-Rad, Hercules, CA, 
USA). The density of each Hsp60 protein band was normalized to that of GAPDH protein.

Semiquantitative analysis of hsp60 mRNA levels in vivo and in vitro by fluorescent 
quantitative polymerase chain reaction (qPCR)

Design of PCR primers

PCR primers were designed according to each target mRNA using the Primer Premier 
5.0 software. The ID numbers of the mRNA sequences obtained from the National Center for 
Biotechnology Information’s GenBank are NM_022229.2 and NM_031144.3, respectively. 
The hsp60 primers were hsp60 sense: 5'-CCGCCCCGCAGAAATGCTTCGA-3'; hsp60 
antisense: 5'-AGGCTCGAGCATCCGCACCAA-3'. The expected size of the PCR product 
was 128 bp. The β-actin primers were β-actin sense: 5'-TGCGCAAGTTAGGTTTTGTCA-3'; 
β-actin antisense: 5'-GCAGGAGTACGATGAGTCCG-3'. The expected size of the PCR 
product was 110 bp.

Isolation of total RNA and preparation of first strand cDNA

Total RNA from rat heart tissues in vivo and rat myocardial cells in vitro from the control 
and heat stressed groups was isolated using RNAiso Plus (D9108A; Takara, China) following 
manufacturer protocols. The concentration of each RNA sample exceeded 1000 ng/mL, with the 
optical density at 260 nm (OD260)/OD280 ranging from 1.8 to 2.0. The RNA samples were reverse 
transcribed into cDNA using PrimeScriptRT Master Mix Perfect Real Time (DRR036A; Takara) 
following the manufacturer protocol. Reaction products were stored at -80°C.

Fluorescent qPCR

Each cDNA sample (2 µL, 10 times dilution) was suspended in a total volume of 20 
µL of the qPCR system with 10 µL of 2X SYBR Premix Ex Taq (DRR041S; Takara, China), 
0.6 µL sense primer, 0.6 µL antisense primer, and double-distilled water. qPCR was performed 
using a Bio-Rad IQ5 qPCR Thermocycler (IQ5; Bio-Rad, Hercules, CA, USA) following the 
manufacturer protocol. Briefly, enzyme activation was performed at 95°C for 3 min, followed 
by 40 cycles of denaturation at 95°C for 20 s, annealing at 60°C for 30 s, and elongation at 
72°C for 30 s. For each run, a negative control without cDNA was analyzed along with the ex-
perimental samples, to ensure there was no gene pollution of the reaction system. A four-fold 
multiproportion dilution series of the cDNA was used in the qPCR to obtain standard curves as 
follows: hsp60 mRNA: slope = -3.43, r2 = 0.998; and β-actin mRNA: slope = -3.49, r2 = 0.998. 
The amplification efficiencies of the target and reference were approximately equal. There-



9375

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 13 (4): 9371-9381 (2014)

Expression of Hsp60 in heat stressed rat myocardial cells

fore, the hsp60 mRNA levels were normalized to β-actin mRNA using the following formula:
Relative quantity of mRNA = 2-ΔΔCt

]})[(]){[( groupcontrolCtCtgroupstressheatCtCtCt mRNAactinmRNAhspmRNAactinmRNAhsp −− −−−−=∆∆− ββ

Statistical analysis

Statistical analysis of the differences between the heat stressed groups and the control 
groups were performed using Duncan’s one-way analysis of variance with SPSS for Windows 
version 17.0. The results are reported as the means ± standard deviation of at least 3 indepen-
dent experiments. P < 0.05 was considered to be statistically significant.

RESULTS

Clinical syndrome of experimental rats after heat stress

As soon as the rats were moved from 25°C into the preheated chamber at 42° ± 1°C, 
all individuals began to exhibit polypnea and nervousness compared to the controls. After 20 
min of heat stress, the rats were sweating, and their drinking volume had increased. The first 
deaths induced by heat stress occurred within 60 min. Five percent of rats exposed to 60 min 
heat stress died, 20% of those exposed to 80 min, 50% of those exposed to 100 min, and 100% 
of those exposed to 120 min.

Histo- and cytopathological changes induced by heat stress in rat myocardial cells 
in vivo and in vitro

Histopathology showed acute degeneration induced by heat stress in the myocardial 
cells of rats in vivo (Figure 1). After 20 min of heat stress, the interstitial space between the 
muscle fibers was slightly enlarged in the hearts of the heat stressed rats compared to the control 
group. Granular degeneration characterized by cloudy cytoplasm in the myocardial fibers and 
obvious hyperemia in the blood capillaries was observed. The intercalated disc structure almost 
disappeared. After 40 min, marked acute degeneration characterized by light pink staining of 
tiny granular particles and the loss of striations in the cytoplasm appeared in the myocardial 
fibers. After 60 and 80 min, obvious granular degeneration and loss of striation were observed 
in the cytoplasm of swollen myocardial cells. After 100 min, edema characterized by enlarged 
interstitial spaces between the muscle fibers and granular degeneration characterized by cloudy 
cytoplasm in swollen heart cells were observed. Throughout the period of heat stress, necrosis 
recognized by karyolysis in the myocardial fibers was occasionally observed.

Cytopathology showed acute degeneration induced by heat stress in the H9c2 myocar-
dial cells in vitro (Figure 2). The cells had become rounder in shape and enlarged in size after 
20 min of heat stress, with the appearance of granular particles in the cytoplasm of some swol-
len cells. After 40 min, most of the cells had become rounded. Acute granular degeneration 
characterized by the light pink staining of tiny particles in the cytoplasm was observed. After 
60 min, the cells had become irregular in shape and extremely large. After 100 min, obvious 
acute degeneration characterized by the light pink staining of tiny particles in the cytoplasm 
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was observed, and necrotic cells characterized by karyolysis were occasionally observed.

Expression of Hsp60 protein in rat heart tissues in vivo and rat myocardial cells in 

Figure 1. Representative histopathological images of rat myocardial cells in vivo. Hematoxylin and eosin staining. 
Scale bar = 20 μm. A. No obvious histopathological change was observed in the myocardial cells of control rats. 
B. After 20 min of heat stress, granular degeneration was observed, which was characterized by enlarged cell size 
and cloudy cytoplasm in the myocardial fibers and obvious hyperemia in the blood capillaries. C. After 40 min, 
acute granular degeneration was observed in the myocardial fibers, with light pink staining and loss of striation in 
the cytoplasm. D. After 60 min, granular degeneration was recognized by the presence of enlarged cells and edema 
characterized by increased interstitial spaces between muscle fibers. E. After 80 min, cloudy cytoplasm in swollen 
myocardial fibers and light hyperemia were observed. F. After 100 min, necrosis was recognized by karyolysis 
in the myocardial fibers and obvious edema characterized by increased interstitial spaces between muscle fibers.

Figure 2. Representative cytopathological images of H9c2 rat myocardial cells in vitro. Hematoxylin and eosin 
staining. Scale bar = 20 μm. A. No obvious cytopathological change was observed in normal H9c2 myocardial cells. 
B. After 20 min of heat stress, granular particles had appeared in the cytoplasm of some swollen myocardial cells. 
C. After 40 min, most of the H9c2 cells had become rounder in shape. D. After 60, the cells had become irregular 
in shape. E. After 80 min, the cells had become extremely large (arrow) compared with normal myocardial cells. 
F. After 100 min of heat stress, obvious acute degeneration characterized by light pink staining of tiny granular 
particles appeared in the cytoplasm of the H9c2 cells (arrow).
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vitro on heat stress

Hsp60 expression was detected in rat heart tissues in vivo and in rat myocardial cells 
in vitro from both the control and heat-stressed groups (Figure 3). Hsp60 protein expression 
(normalized to GAPDH protein levels) increased after heat stress in both the heart tissues and 
the myocardial cells, but varied in differing manners. After 20 min of heat stress, Hsp60 protein 
expression in the heart tissues in vivo increased dramatically (P < 0.01) compared to that in the 
control group, with these higher levels being maintained until 80 min (P < 0.01). At 100 min, 
Hsp60 expression in the heart tissues was reduced compared to the control group. In H9c2 
myocardial cells, Hsp60 expression was constitutively expressed under both normal conditions 
and heat stress. Significant induction of Hsp60 in vitro began from 80 min (P < 0.05); however, 
there was a slight increasing tendency from the beginning of heat stress (P > 0.05).

Transcription of hsp60 mRNA in rat heart tissues in vivo and rat myocardial cells 

Figure 3. Changes in Hsp60 levels in rat heart tissues in vivo and rat myocardial cells in vitro with increasing 
duration of heat stress. *P < 0.05 and **P < 0.01 compared to the controls. Values are reported as means ± standard 
deviation.
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in vitro on heat stress

Hsp60 mRNA transcription was detected in rat heart tissues in vivo and rat myocardial 
cells in vitro from both the control and the heat stressed groups (Figure 4). The transcription 
of hsp60 mRNA was normalized to β-actin mRNA levels. Compared to the control group, 
the transcription of hsp60 mRNA had decreased at 20 min of heat stress; however, the differ-
ence was not significant (P > 0.05). A dramatic increase in hsp60 mRNA transcription started 
at 100 min compared to the control group (P < 0.01). The transcription of hsp60 mRNA in 
rat myocardial cells in vitro showed a tendency to be induced from 20 to 40 min; however, 
the differences were not significant (P > 0.05) compared to the control group. hsp60 mRNA 
transcription in the myocardial cells significantly increased (P < 0.05), and was maintained at 
a higher level, after 60 min. The highest level of hsp60 mRNA transcription was observed at 
100 min. In both heart tissues in vivo and myocardial cells in vitro, hsp60 mRNA transcription 
in the heat stressed groups was greatest at 100 min.

DISCUSSION

Extremely high temperature causes eventual sudden death in heat stressed rats in vivo. 
In the present study, almost all of the heat stressed rats were dead within 2 h after the start of 
heat stress. This finding was not entirely consistent with that previously reported for chickens, 
in which the death rate was more than 50% when the environmental temperature was higher 
than 40°C for 2-3 h. Some chickens remained alive, even after heat stress for 5 h (Yan et al., 

Figure 4. Changes in hsp60 mRNA transcription in rat heart tissues in vivo and rat myocardial cells in vitro with 
increasing duration of heat stress. *P < 0.05 and **P < 0.01 compared to the controls. Values are reported the means 
± standard deviation.
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2009). This difference may be due to the differing physiologies of mammals and birds. His-
topathologically, we observed granular degeneration in heart tissues from the onset of heat 
stress. However, while 50% of the rats died within 100 min, no obvious necrotic myocardial 
cells were observed. This finding suggests that the acute degeneration of myocardial cells, 
without necrosis, is sufficient to cause sudden death in animals. Previous studies showed that 
sudden death in response to high environmental temperature may arise from acute failure 
of various organs, such as the heart, kidney and liver (Bouchama and Knochel, 2002), with 
cardiac failure alone increasing the risk of sudden death five-fold (Kannel et al., 1988). Heart 
failure affects the mitochondrial but not myofibrillar properties of skeletal muscle (De Sousa 
et al., 2000). However, the particular mechanism of heat stress that induces sudden death re-
mains to be confirmed.

As a mitochondrial protein, Hsp60 is a potential biomarker of heat stress, and may pro-
tect against hyperthermia induced myocardial cellular damage both in vivo and in vitro. In the 
present study, Hsp60 expression was detected in both rat heart tissues in vivo and rat myocardial 
cells in vitro under heat stress conditions. Hsp60 was constitutively expressed in the myocardial 
cells both in vivo and in vitro, with Hsp60 expression gradually and significantly increasing 
under heat stress. Many previous studies have also observed this pattern (Kammenga et al., 
1998; Lewis et al., 1999). Hsp60 expression significantly increased in rat heart tissues after just 
20 min of heat stress in vivo, indicating that myocardial cells respond to heat stress as soon as it 
occurs, and increase the production of Hsp60 to protect against further stress. This hypothesis 
supports the findings of previous studies, whereby Hsp60 may serve as an early trigger for myo-
cyte loss and the progression of heart failure (Gullo and Teoh, 2004). The overexpression of 
Hsp60 may explain the increased requirement for ATP under heat stress in the heart, due to an 
increased rate of heart contraction (Koelkebeck and Odom, 1995), and provides strong support 
for the role of Hsp60 protein in thermo-tolerance (Sharma et al., 2006). However, many of the 
experimental rats in the present study died during heat stress, despite the induction of Hsp60 
in their heart tissues in vivo, indicating that the rats continued to suffer injury, and that Hsp60 
is inadequate for the protection of heart tissue from extreme heat stress. Nevertheless, Hsp60 
may potentially be used as a biomarker in the diagnosis and prognosis of heat stress damage, 
in addition to assessing response to treatment. It has been previously reported that Hsp60 has a 
potential role as a biomarker in cardiovascular disease (Rizzo et al., 2011).

Changes in Hsp60 expression in H9c2 rat myocardial cells in vitro were inconsistent 
with those in rat heart tissues in vivo. Our preliminary results show that the histopathological 
damage caused by heat stress differed between heart tissues and myocardial cells, as did the 
expression of Hsp60. From 20 to 60 min of heat stress, no significant changes were observed 
in the expression of Hsp60 in heat stressed H9c2 myocardial cells. According to published 
data, Hsp60 protein may be transported from the cytoplasm to mitochondria or membrane to 
intracellular sites (Koll et al., 1992; Soltys and Gupta, 1997). It has been reported that Hsp60 
markedly decreases in the kidney papilla of rats that are water restricted, whereas the protein 
increases in the mitochondria of the kidney papilla (Itoh et al., 2002). In the present study, 
significant induction of Hsp60 expression only occurred at 80 min after the onset of heat stress 
in H9c2 myocardial cells in vitro, whereas Hsp60 expression significantly increased after just 
20 min in heart tissue in vivo. This difference may reflect the degree of injury sustained by 
myocardial cells in vivo and in vitro. The results indicate that the overexpression of Hsp60 in 
rat myocardial cells in vitro is delayed, or that a more complicated regulatory mechanism is 
involved in the response to high temperature of myocardial cells in vivo. The detailed mecha-
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nism remains unclear.
hsp60 mRNA levels increased under heat stress both in vivo and in vitro. The induc-

tion of heat shock proteins is largely regulated at the transcriptional level (Kaarniranta et al., 
2002). However, in the present study, the transcription of hsp60 mRNA in heat stressed rat 
myocardial cells differed in vivo and in vitro. H9c2 cell transcription in vitro had increased 
significantly after 60 min of heat stress, whereas transcription in heart tissues in vivo only 
increased by 100 min; i.e., about 40 min later. This result is partly consistent with a previ-
ous finding that heat stress promotes the transcription of heat shock protein genes (Sorger 
and Pelham, 1988). The difference between hsp60 mRNA transcription in vivo and in vitro 
may arise because of the physiological accommodation at the organ and/or system level in 
vivo. Variation in Hsp60 levels did not correspond with changes in hsp60 mRNA levels in 
the heart tissues of rats in vivo under heat stress. This observation is not consistent with the 
classic regulatory mechanisms that link transcription and translation. However, in the H9c2 
myocardial cell line in vitro, the expression profiles of Hsp60 at the mRNA and protein levels 
were strongly concordant with each other, with this finding being consistent with observations 
of hemocytes (Cui et al., 2010). This result might be due to physiological accommodation; 
however, the detailed mechanism requires further study.
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