
MOLECULAR MEDICINE REPORTS  15:  2881-2889,  2017

Abstract. To investigate the potential protective effect of heat 
shock protein 70 (Hsp70) during heat stress (HS) in chicken 
primary myocardial cells (CPMC), a cellular model of low 
expression of Hsp70 was established using 200 µM quercetin, 
a specific inhibitor of Hsp70. Comparative analyses were done 
among a HS group, Hsp70 low expression (HS+Quercetin) 
group and quercetin treated only group (Quercetin) during 
different durations of HS (0, 1, 2, 3 and 5 h). Inhibition of 
Hsp70 expression in quercetin treatment groups was detected, 
and suggested that Hsp70 expression was inhibited signifi-
cantly. Levels of enzymes associated with cardiac damage 
were measured. In the Hsp70 low expression group, levels 
of these enzymes were elevated significantly compared with 
HS group, quercetin alone didn't elevate the level of these 
enzymes, The Hsp70 low expression group had twofold greater 
apoptosis compared with the HS group after 5 h of HS which 
was consistent with the results of Cleaved caspase‑3 protein, 
no obvious apoptosis was detected in quercetin group. Levels 
of caspase‑3 and ‑ 9 activities were significantly higher in 
the Hsp70 low expression group, no differences of apoptosis 
inducing factor (AIF) in cell nucleus were observed between 
two groups suggested that inhibition of Hsp70 in CPMC 
increased the percentage of apoptosis may involve a mitochon-
drial pathway but AIF was not included. Expression of Bax 
with Bcl‑2 and their downstream cytochrome c in two groups 
confirmed our hypothesis. Our findings suggest that in CPMC, 
Hsp70 may have a cytoprotective role during HS that may act 
via a mitochondrial pathway.

Introduction

In animals, Selye defined stress to be a non‑specific general 
reaction upon different types of stimulation (e.g., cold, surgical 

injury, hyperthermia) (1). Stress can lead to disease (or even 
death) if it is sustained and of high intensity (2).

Heat stress (HS) has been researched widely because of 
its negative effects. Research has shown that losses of US$2.4 
billion occurred in the US poultry industry because of a lack 
of heat‑abatement equipment (3). High temperature has been 
shown to elicit negative effects on broiler chickens, including 
increased consumption of fodder as well as a reduced growth 
rate and viability of chickens  (4). It can also increase the 
abdominal fat of broiler chickens, thereby reducing the 
quality of products derived from them (5). Gathiram et al 
discovered that HS can cause endotoxemia and lead to the 
death of monkeys, suggesting that the damage causes by HS in 
mammals may also have serious consequences (6). Oxidative 
damage to proteins and lipid peroxidation induced by HS has 
also been reported (7).

Cardiac failure and stroke can be induced by varies types 
of stress, including hyperthermia (6,8). Sudden cardiac death 
can occur in broiler chickens because of hyperthermia (9). 
Pathologic examination of chicken hearts has shown vacuoles 
and karyopyknosis after HS (10). Hyperthermia can induce 
tissue damage (especially heart failure) in rats (11). Studies in 
dogs have shown that HS can induce collapse of cardiovas-
cular function and death (12). Therefore, the heart might be 
damaged more easily than other organs in humans or livestock.

The heat shock protein (Hsp) family is a group of proteins 
that are highly conserved. Hsps can be found in virtually all 
organisms. They act as ‘cellular chaperones’ in animals under 
normal physiologic or pathologic conditions. Stresses such as 
hyperthermia, oxidative damage, or physical/chemical injury 
can upregulate Hsp expression dramatically and rapidly (13). 
According to their molecular weight, the Hsp family can be 
divided into small Hsps, Hsp40, Hsp60, Hsp70, Hsp90, and 
Hsp110  (14). They can combine with misfolded/unfolded 
proteins to help them fold in the correct way. Also, denatured 
proteins can be removed by Hsps to maintain the normal 
physiologic function of cells (15,16). Hsp40 could sense oxida-
tive stress to act as the first line of defence against oxidative 
which was similar with Hsp27 (17,18). Hsp60 was found to 
inhibit bax in mitochondrial and reduce the cell apoptosis (19). 
Zhang's research indicated Hsp90 induced by aspirin could 
alleviate the chicken primary myocardial cells damage and 
apoptosis during HS (20).

Hsp70 is one of the most important members of the HSP 
family, As well as being a molecular chaperone, it can facilitate 
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DNA repair in human bronchial epithelial cells if exposed to 
toxins such as benzo‑a‑pyrene (21). Studies have shown that 
Hsp70 expression in healthy myocardial cells is quite low, 
but is increased significantly after HS (22), suggesting that 
Hsp70 might be induced readily by HS and has physiologic 
roles in cardiac cells during HS. Hsp70 is effective for the 
survival of cells and tissues by combining with hydrophobic 
regions in unfolded proteins in an adenosine triphosphate 
(ATP)‑dependent manner to stabilize the unfolded state and 
then help proteins recover into a folded state. Li et al discov-
ered that Hsp70 overexpression by heat‑shock pretreatment 
can reduce the liver injury induced by carbon tetrachloride 
and accelerate liver repair in rats, and that these phenomena 
may be related to the anti‑oxidative properties of Hsp70 (23). 

Research has also shown that inhibition of Hsp70 expression 
by micro‑injection of monoclonal antibodies against Hsp70 
can weaken the survival and tolerance of fibroblasts during 
HS in vitro (24). Hutter et al demonstrated that the infarct 
size caused by acute occlusion of the left main coronary 
artery followed by reperfusion is decreased because of Hsp72 

overexpression in transgenic mice (25). Other studies have 
suggested that Hsp70 has anti‑apoptotic effects in several 
cell types. Wang et al discovered that induction of Hsp70 
expression by geranylgeranylacetone suppresses HS‑induced 
apoptosis of mouse cardiomyocytes in vivo (26). Increased 
expression of Hsp70 by mild HS can also increase resistance 
to subsequent severe HS in neuronal cells (27). Those results 
suggest that Hsp70 overexpression can alleviate apoptosis 
during HS. Yurinskaya et al showed that Hsp70 can decrease 
the percentage apoptosis induced by isoAsp7‑Aβ  (1‑42) 
(isoAsp7‑Aβ (1‑42) is the amyloid‑β isoform with isomerized 
aspartic acid residue at position 7) in human neuroblastoma 
cells, and that this phenomenon is related to the protein kinases 
JNK, ERK and PI3K (28). The cell‑free system established by 
Beere et al showed that Hsp70 can hinder the recruitment of 
pro‑caspase‑9 to the apoptotic peptidase activating factor‑1 
(Apaf‑1) apoptosome to execute its anti‑apoptotic effects (29). 
Hsp70 can combine with the death‑associated protein 
kinase Apaf‑1 to inhibit downstream activation of Apaf‑1 
and caspase‑9 to achieve its anti‑apoptotic function during 
stress (30,31). Therefore, Hsp70 could be an indispensable 
protein in myocardial cells in vivo and in vitro during HS.

Previously, we have shown that heart damage in chickens 
is quite obvious after HS. Research teams of Wu noted that 
levels of enzymes related to heart damage (e.g., creatine 
kinase) (CK), CK‑MB, lactate dehydrogenase (LDH) are 
elevated significantly after HS in broiler chickens, suggesting 
that HS can induce damage to myocardial cells (10). Hsp70 
may have a protective role in rat myocardial cells in vivo and 
in vitro because groups with low expression of Hsp70 have 
shown more severe damage than groups with high expression 
of Hsp70 (32). The remarkable role of Hsp70 has also been 
investigated in other types of stress, such as transport stress. 
Hsp70 expression in the pig stomach has been shown to be 
associated with protective functions (33). The cytoprotective 
role of Hsp70 has been researched widely, but little is known 
about its effects in the primary myocardial cells of chickens 
in vitro.

In the present study, we established a cellular model of low 
expression of Hsp70 and also investigated Hsp70 expression 

in the primary myocardial cells of chickens using quercetin. 
[Quercetin is a flavonoid known to inhibit Hsp70 expression 
and has been used against several types of cancer, such as 
adenocarcinoma and leukemia, to target Hsp70  (34‑36)]. 
The protective role of Hsp70 was measured by detection of 
apoptosis and its related cascades, pathologic damage, and 
other parameters in normal chicken primary myocardial cells 
(CPMC) and a cellular model of low expression of Hsp70 
during HS in vitro.

Materials and methods

Culture of CPMC. All experiments were undertaken in 
accordance with the guidelines of the Animal Ethics 
Committee of Jiangsu Province (China). The study protocol 
was approved by the Animal Care and Use Committee of 
Nanjing Agricultural University (Nanjing, China). Specific 
pathogen‑free embryonated embroys (12 days of age; Qian 
Yuan Hao Biotechnology Company, Nanjing, China) were 
harvested. Hearts were removed under sterile conditions 
and cut into pieces before washing four times in phos-
phate‑buffered saline (PBS). Collagenase type I (1 mg/ml; 
Life Technologies, Carlsbad, CA, USA) was added to digest 
heart fibers at 4˚C for 14‑16 h. The reaction was terminated 
by addition of Dulbecco's modified Eagle's medium (DMEM; 
Life Technologies) with 20% fetal bovine serum (FBS; Life 
Technologies) before centrifugation at 1,000 x g for 10 min 
at 4˚C. Primmorphs were resuspended by DMEM containing 
20% FBS, 100 units/ml penicillin and 100 units/ml strepto-
mycin before culture in cell culture plates in a humidified 
atmosphere of 5% CO2 and 95% air at 37˚C. Cells were 
transferred to new cell culture plates after 1 h and 0.1 mM 
5‑Bromo‑2'‑deoxyuridine solution (Sigma‑Aldrich, St. Louis, 
MO, USA) was added to the culture solution to inhibit the 
growth of fibroblast. Cells were cultivated for 48 h.

Cell viability assay. The 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑di-
phenyltetrazolium bromide salt (MTT) assay was employed 
to determine cell viability when different concentrations 
of quercetin (dissolved in dimethylsulfoxide (DMSO; 
Sigma‑Aldrich)) were added. Final concentration of DMSO 
in the culture medium was 0.1%. CPMC were incubated in 
96‑well plates at 1x104 per well for 48 h. Then, quercetin (150, 
200, 250, 300 µM) was added for 24 h. As a control solu-
tion, 0.1% DMSO was added in triplicate. Then, 10 µl MTT 
(0.5 mg/l) was added to each well, and the plate transferred 
to a system at 37˚C to allow formation of blue formazan crys-
tals. The remaining MTT was removed after 2 h and 150 µl 
DMSO added for 30 min. After shaking for 1 h, absorbance 
was measured at 570 nm by a spectrophotometer (Infinite 200 
PRO; Tecan, Geneva, Switzerland).

HS model in CPMC. Cells (3‑4x106) were plated in cell culture 
dishes (diameter, 60  mm). Then, cell plates were divided 
randomly into the inhibitor group [HS+Quercetin; in which 
200 µM quercetin (Sigma‑Aldrich) dissolved in DMSO was 
added to the culture solution 1 h before HS. Final concentration 
of DMSO was 0.1%] and HS group (which was treated with the 
same amount of DMSO as inhibitor group and a humidified 
atmosphere of 5% CO2 and 95% air at 42˚C), quercetin group 
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which was treated with quercetin without HS. Duration of HS 
was 0, 1, 2, 3 and 5 h (n=3).

Semi‑quantitative measurement of transcription of Hsp70 
mRNA. Treated CPMC were collected by TRIzol Reagent 
(Life Technologies) for measurement of total RNA according 
to manufacturer instructions. Then, RNA samples were 
reverse‑transcribed into cDNA by a Transcript M‑MLV 
kit (Life Technologies) according to manufacturer instruc-
tions. All cDNA samples were stored at ‑20˚C. Sequences 
of Hsp70 and glyceraldehyde‑3‑phosphate dehydrogenase 
(GAPDH) were supplied by the gene bank of the National 
Center for Biotechnology Information. Primers of target 
genes were designed by Primer Premier v5.0. Primers of 
Hsp70 (forward and reverse) were AGC​GTA​ACA​CCA​
CCA​TTC​C and TGG​CTC​CCA​CCC​TAT​CTC, and those 
for GAP​DH were TGA​AAG​TCG​GAG​TCA​ACG​GAT and 
ACGCTCCTGGAAGATAGTGAT, respectively. Expected 
size of Hsp70 and GAPDH polymerase chain reaction (PCR) 
product was 372 and 230 bp, respectively. A thermocycler 
(AB7300; Life Technologies) was employed for quantitative 
PCR. Levels of Hsp70 mRNA were normalized using the 
following formula:

Expression of Hsp70 protein. Protein in CPMC of the HS 
group, HS+Quercetin group and Quercetin group was 
collected by RIPA Lysis Buffer containing 1% phenyl methane 
sulfonyl fluoride according to manufacturer instructions. The 
supernatant was collected by a pipette when the mixture was 
centrifuged at 12,000 x g for 15 min. Protein concentration 
was measured by a bicinchoninic acid (BCA) assay kit (Life 
Technologies) according to manufacturer instructions. Each 
sample was boiled for 15 min and then stored at ‑20˚C. For 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis, 
each track was loaded with an equal amount of protein (30 µg). 
Then, the protein was transferred onto a polyvinylidene fluo-
ride (PVDF) membrane (Bio‑Rad, Hercules, CA, USA) at 
120 V for 90 min. Then, 5% skimmed milk powder dissolved 
in PBST was employed to block the PVDF membrane at 37˚C 
for 2 h. After washing with PBST, the PVDF membrane was 
incubated with anti‑chicken Hsp70 and GAPDH monoclonal 
antibody (Abcam, Cambridge, UK) for 16 h at 4˚C. After 
the first incubation, the PVDF membrane was washed four 
times with PBST before incubation with the corresponding 
peroxidase‑conjugated goat IgG antibody (Boster, Beijing, 
China). Luminous fluid was used to detect the protein on the 
membrane. Bands on the developed film were quantified using 
Quantity One v4.6.2 (Bio‑Rad). Relative amount of Hsp70 was 
normalized using the following formula:

Heart damage‑related enzymes. Supernatant (3  ml) of 
CPMC were collected from each group after HS. Activities 

of pathologic damage‑associated enzymes of myocardial cells 
(CK, CK‑MB, LDH) were tested using kits (Nanjing Jiancheng 
Biochemical Reagent, Nanjing, China) according to their 
instructions.

Detection of CPMC apoptosis during HS. CPMC were washed 
twice with pre‑cooled FACS Buffer after HS. Pancreatic 
enzymes without ethylenediamine tetra‑acetic acid were used 
to digest CPMC. After resuspension with 200  µl binding 
buffer, 10 µl annexin V‑fluorescein isothiocyanate and 15 µl 
propidium iodide were added. Flow cytometry was employed 
for all samples within 1 h. FlowJo v7.6.1 was used for data 
analyses.

Activities of caspase‑3, ‑8  and  ‑9 after HS. CPMC were 
collected after HS. Protein concentration in cells was 
measured by BCA kits. Cells were added to 96‑well plates, 
and each well contained 100‑200 µg protein. Activities of 
caspase‑3, ‑8 and ‑9 (which are associated with apoptosis) 
were detected using kits (Nanjing KeyGen Biotech Co., Ltd., 
Nanjing, China) according to their instructions.

Expression of cleaved caspase‑3, AIF, Bax, Bcl‑2 and 
cytochrome c. Apoptosis‑associated proteins in CPMC of the 
HS group and HS+Quercetin group was detected according 
to western blot by anti‑chicken AIF, Cleaved caspase‑3, Bax, 
Bcl‑2 and cytochrome c monoclonal antibody (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA).

Statistical analysis. Differences between experimental groups 
and the control group were analyzed by one‑way analysis 
of variance followed by the least square difference multiple 
comparison test using SPSS (IBM, Armonk, NY, USA). 
Results are the mean ± standard deviation (SD). P<0.05 was 
considered significant and P<0.01 was considered highly 
significant. Unless indicated otherwise, experiments were 
done in triplicate.

Results

Cell viability after quercetin treatment. The effect of different 
concentrations of quercetin on CPMCs after 24 h is shown in 
Fig. 1. Cell viability was reduced significantly by ~25% at 250 
and 300 µM quercetin, but the other groups were not influ-
enced. According to these results, a quercetin concentration of 
200 µM was selected for experimentation.

Transcription of Hsp70 mRNA during HS. The transcription 
level of the RNA of the housekeeping gene GAPDH did not 
change in response to HS. The transcription level of Hsp70 
mRNA increased significantly (P<0.01) from the beginning 
of HS (1 h) in the HS group. In contrast to the HS group, the 
transcription level of Hsp70 mRNA in HS+Quercetin group 
did not change significantly (P>0.05) until 5 h (P<0.01). No 
obvious change was discovered in Quercetin group (P>0.05). 
These results suggested that quercetin inhibited Hsp70 mRNA 
transcription during HS within 5 h (Fig. 2).

Hsp70 expression of during HS. Expression of Hsp70 in HS 
group, HS+Quercetin and Quercetin group was normalized to 
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that of the housekeeping gene GAPDH (Fig. 3). At 0 h, Hsp70 
had low expression in CPMC, but then increased significantly 
(P<0.05) from 1 h of HS and maintained high expression until 
5 h (P<0.01). After quercetin treatment, Hsp70 expression 
was reduced highly significantly compared with that in the 
HS group. Expression of Hsp70 in Quercetin group was quite 
low and no change was discovered (P>0.05). These results 
suggested that quercetin caused low expression of Hsp70 in 
CPMC within 5 h of HS, however, quercetin failed to decreased 
the expression of Hsp70 without HS.

Levels of heart damage‑associated enzymes during HS. Levels 
of CK‑MB, LDH and CK released from heat‑stressed CPMC 
were detected in the supernatants of all groups (Fig. 4). After 
HS, levels of these three enzymes were significantly higher 
(P<0.05) in HS group and HS+Quercetin group. However 

when Hsp70 was inhibited in HS+Quercetin group, CK‑MB 
release was significantly greater (P<0.05) than the HS group 1, 
2 and 5 h after HS. Also LDH levels were significantly higher 
in HS+Quercetin group at 1 (P<0.05), 3 and 5 h (P<0.01) 
compared with the HS group. CK showed a similar trend to 
the other two enzymes. Between the two treatment groups, 
CK release was threefold higher at 3 h than in the HS group. 
No cell damage was discovered in Quercetin groups. Enzyme 
activities suggested that damage to CPMC in the Hsp70 
low‑expression group (HS+Quercetin) was more than that in 
the HS group.

Apoptosis of CPMC during HS. Apoptosis in all experimental 
groups was shown in Fig. 5. At 0 h, All of the groups showed no 
obvious apoptosis. After 1 h of HS, apoptosis was observed in 
HS‑ and quercetin‑treated group, but there was no significant 

Figure 1. Effects of quercetin on cell viability. Cell viability was reduced significantly by nearly 25% at 250 and 300 µM quercetin, but the other groups were 
not influenced (*P<0.05, **P<0.01).

Figure 2. Expression of Hsp70 mRNA during heat stress (HS). The transcription level of Hsp70 mRNA increased significantly from the beginning of HS (1 h) 
in the HS group. In contrast to the HS group, the transcription level of Hsp70 mRNA in HS+Quercetin group did not change significantly until 5 h. Levels of 
Hsp70 mRNA in Quercetin group was quite low and no change was discovered (*P<0.05; **P<0.01).
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difference between them. Percentage of apoptotic cells in the 
inhibitor group was higher compared with the HS group at 2 
(P<0.05), 3 and 5 h (P<0.01), and a considerable number of 
non‑viable apoptotic cells was observed at 5 h. No apoptosis 
was discovered in quercetin groups without HS (P>0.05). 
These results suggested that apoptosis became more severe in 
the group which Hsp70 expression was inhibited.

Levels of apoptosis‑associated enzymes during HS. Levels of 
the apoptosis‑related enzymes caspase‑9, ‑8, and ‑3 are shown 
in Fig. 6. Almost no change in caspase‑8 activity was observed 
during HS in all experimental groups. Levels of caspase‑9 
and caspase‑3 were elevated significantly at the start of HS. 
Quercetin‑treated CPMC showed higher levels of caspase‑9 
at 1, 2 and 3 h compared with the HS group. Caspase‑3 levels 
were also significantly (2 and 5 h) or highly significantly (3 h) 
elevated in HS+Quercetin groups during HS. When treated with 
quercetin alone, all of the enzymes showed no change during 5 h.

Levels of heart apoptosis‑associated proteins during HS. 
Levels of cleaved caspase‑3, AIF, Bax and cytochrome  c 
are shown in Fig. 7. Expression of cleaved caspase‑3 was 
significantly elevated at the start of HS in both groups, 
quercetin‑treated CPMC was higher than that in HS groups 
during HS at 2 (P<0.01), 3 (P<0.05) and 5 h (P<0.01). As for 
AIF, though expression of AIF in cell nucleus was elevated at 
3 and 5 h (P<0.05), no obvious difference was observed between 

two groups during HS. Expression of Bax in Quercetin‑treated 
CPMC was significantly elevated compared with HS group at 
1 (P<0.01), 2 (P<0.05) and 3 h (P<0.01). Expression of Bcl‑2 
in HS+Quercetin group didn't show obvious change during 
HS except 2 h and was lower in quercetin‑treated groups at 2 
(P<0.05), 3 and 5 h (P<0.01). Cytochrome c was upregulated 
by HS in both groups, however, levels in HS+Quercetin (Hsp70 
low expression) groups were significantly higher at 1 (P<0.05), 
3 (P<0.01) and 5 h (P<0.05) compared with HS group.

Discussion

If cells suffer HS, intracellular proteins undergo oxidation, and 
proteins that can ‘sense’ this change become misfolded (37). 
Hsp70 can be induced readily during severe stress and can act 
as a ‘sensor’ for such misfolded proteins.

Studies have shown that Hsp70 is expressed in several cell 
types under HS (38‑40). However, the importance of Hsp70 in 
myocardial cells (especially those in poultry) under HS is not 
known. To ascertain if Hsp70 has a protective role in chicken 
myocardia, we inhibited Hsp70 expression using quercetin in 
CPMC. Inhibition of the transcription and translation of Hsps 
has been investigated (41,42). Also, to ascertain if quercetin 
can affect CPMC viability, we used the MTT assay. We found 
that CPMC were unchanged after using quercetin (200 µM) 
and our results also showed quercetin was no‑harmful to 
CPMC without HS. Therefore, all further apoptosis and heat 

Figure 3. Expression of Hsp70 in chicken primary myocardial cells during heat stress (HS). After quercetin treatment, Hsp70 expression was reduced highly 
significantly in HS+Quercetin group compared with that in the HS group. Expression of Hsp70 in Quercetin group was quite low throughout 5 h (*P<0.05; 
**P<0.01).
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stressed‑damage were not induced by quercetin itself, but 
by a shortage of Hsp70. Western blotting showed that Hsp70 
expression was obviously elevated at the start of HS in both 
groups. However, Hsp70 expression in the quercetin‑treated 
group was reduced significantly compared with that in the HS 
group. PCR data revealed that expression of Hsp70 mRNA 
was also reduced in the quercetin‑treated group according. 
These results suggest that 200 µM quercetin can obviously 
inhibit transcription of mRNA and protein expression of 
Hsp70 during HS. These results also demonstrate that a model 
of low expression of Hsp70 was established.

CK, CK‑MB and LDH are present in myocardial cells and 
possess different biologic activities. Studies have shown that 
these enzymes can be released from the cytoplasm if cells are 
damaged. Thus, concentrations of these enzymes in cellular 
supernatants can reflect the extent of cell damage (43). CK and 
CK‑MB are associated with energy transfer, muscle contrac-
tion, and ATP regeneration in cells, and are regarded as specific 

Figure 4. Levels of heart damage‑associated enzymes during HS. Levels of 
(A) CK‑MB, (B) LDH and (C) CK was higher in Hsp70 HS+Quercetin group 
compared with HS group during HS (*P<0.05; **P<0.01). 

Figure 5. Percentage apoptosis during heat stress (HS). Approximately 20% 
apoptotic cells are noted at 1 h of HS in both experimental groups. Percentage 
apoptosis increases to 27% in the inhibitor group, and that in the HS group 
is <30% during HS. Percentage apoptosis in the inhibitor group increased 
from the start of HS and reaches ~50% by the end of HS (*P<0.05, **P<0.01).

Figure 6. Levels of apoptosis‑associated enzymes. Almost no change 
in (B)  caspase‑8 activity was observed during HS in all experimental 
groups. Levels of (A) caspase‑9 and (C) caspase‑3 was higher during HS in 
HS+Quercetin group compared with HS group, no obvious change of three 
enzymes was discovered in Quercetin group (*P<0.05, **P<0.01).
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diagnostic factors for myocardial damage (44). Previously, we 
showed that transport stress can cause pathologic damage 
to the myocardial cells of piglets, and that LDH levels are a 
damage criterion of myocardial cells (45). Here, we discovered 
that activities of CK‑MB and LDH in the quercetin‑treated 
group were elevated significantly, and that CK levels were also 
higher than those in the HS group. These results confirmed our 
hypothesis that damage to CPMC is associated with inhibition 
of Hsp70 expression.

Studies have demonstrated that HS can induce oxidative 
stress in livestock (46,47). Hsp70 can sense the redox status of 
organisms and upregulate the level of oxidation of non‑protein 
thiols (especially glutathione) to execute an anti‑oxidative 
effect (48,49). On the basis of those studies, we hypothesized 
that inhibition of Hsp70 expression may be associated with 
damage to CPMC during HS.

Apoptotic cells were not observed under the non‑HS state 
in the HS group and HS+Quercetin group. When both groups 
were exposed to HS, 20% apoptosis appeared from 1 h onwards. 
Apoptosis increased with increasing duration of HS. In the 
Hsp70 low expression group, significantly more apoptotic cells 
were observed compared with the HS group at 2‑3 h of HS, and 
>50% apoptosis was noted in the Hsp70 low expression group 
at 5 h compared with 28% apoptosis in the HS group. Results 
of western blot also indicated Cleaved caspase‑3, the performer 
of cell apoptosis, was higher in inhibitor group during HS, 
We hypothesized that reduced expression of Hsp70 may be a 
key reason for the increase in apoptosis of CPMC during HS. 
Detection of apoptosis‑related enzymes showed that caspase‑8 
activity was not elevated because of HS in the HS group or 
HS+Quercetin group. However, activities of caspase‑3 and 

caspase‑9 were increased during HS, and the quercetin‑treated 
group had higher levels than those in the HS group during HS.

Caspase‑dependent apoptosis acts via two pathways. The 
extrinsic pathway is characterized by activation of death recep-
tors on cell surfaces and involves caspase‑8 activation (50). 
The intrinsic (mitochondrial pathway) involves activation of 
caspase‑9 and caspase‑3  (51,52). AIF was also involved in 
mitochondrial pathway, It was released from mitochondria 
to cell nucleus under various stressed conditions which can 
directly lead to apoptosis via a caspase‑independent way, 
Hsp70 has been reported that could sequester released AIF 
from the mitochondria to cell nucleus (53). In the present study, 
the activity of caspase‑8 did not show significant changes in 
the HS group or HS+Quercetin group, suggesting that inhibi-
tion of Hsp70‑induced apoptosis may not be via the death 
receptor pathway in CPMC during HS. Activities of caspase‑3 
and caspase‑9 were elevated significantly, which suggested 
that apoptosis induced by low expression of Hsp70 might be 
related to the mitochondrial pathway. Expression of AIF in 
two groups performed a similar trend, but no differences 
were detected between them, so we inferred that aggravated 
cell apoptosis in quercetin‑treated groups was uncorrelated 
with AIF, Gordon et al discovered that upregulated expres-
sion of Hsp70 can inhibit p53‑mediated apoptosis and reduce 
expression of Bax, which can induce cytochrome c to release 
from mitochondria (54), Bcl‑2 was another member of Bcl‑2 
family involved in the regulation of cell apoptosis, and it had 
been much accounted of because of its anti‑apoptosis effect by 
decreasing the releasing of cytochrome c (55). Previous studies 
indicated that Hsp70 could alleviate apoptosis by upregulating 
Bcl‑2 (56,57). We discovered that Bax in the quercetin‑treated 

Figure 7. (A) Levels of apoptosis‑associated proteins. (B) No differences was observed between two groups, when Hsp70 was inhibited in HS+Quercetin group, 
expression of Bax and cytochrome c was upregulated compared with HS group, to the contrary, expression of Bcl‑2 was lower when Hsp70 was inhibited 
(*P<0.05, **P<0.01).
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group were elevated significantly, Levels of Bcl‑2 in the 
quercetin‑treated group were significantly reduced. Studies 
also have shown that various types of stress (including HS) 
can trigger apoptosis (58,59). cytochrome c was regarded as 
the downstream of Bax and Bcl‑2, Hsp70 can inhibit release of 
cytochrome c, which activates Apaf‑1 to inhibit formation of the 
apoptosome and subsequent activation of caspase‑9 (49), Also, 
direct combination with Apaf‑1 can inhibit events downstream 
of Apaf‑1 activation (33). Data showed that cytochrome c was 
elevated during HS, however, expression in quercetin‑treated 
group were elevated significantly.

The present study suggests that Hsp70 may have a protec-
tive role against HS in CPMC. Aggravated apoptosis induced 
by low expression of Hsp70 may be associated with the upreg-
ulation of Bax, cytochrome c and negative regulation of Bcl‑2 
involved in mitochondrial pathway during HS. However, the 
specific apoptotic pathway that mediated by Hsp70 in CPMC 
during HS needs further investigation.
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