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Abstract: We aimed to detect the role of HSP70 in endoplasmic reticulum (ER) stress-induced cell apoptosis, and to 
reveal the molecular mechanism underlying the HSP70 regulated ER stress induced-apoptosis, secretion and calci-
um signal transduction. The findings provide new intervention targets and theoretical basis of subcellular molecular 
application for myocardial protection. We used SD neonatal rat cardiomyocyte to establish a hypoxia cell model, and 
then we further detected the role of HSP70 in cell apoptosis, in production of ROS, in expression of casepase-12, 
CHOP, JNK pathway, CaSR and SERCA in ER caused by ER stress, as well as in the immunohistochemical staining 
of Bcl-xL, Bcl-2 and BAX, and Fas and FasL by overexpression or downexpression of HSP70. Results showed that 
hypoxia-induced cell apoptosis was inhibited by HSP70, but was promoted by HSP70 anti-sense oligonucleotide. 
Hypoxia-induced ROS production was also inhibited by HSP70, but was not inhibited by HSP70 anti-sense oligo-
nucleotide. HSP70 significantly inhibited the expression of Caspase-12, CaSR and CHOP. HSP70 increased the 
expression of JNK, but did not influent the expression of SERCA. HSP70 anti-sense oligonucleotide significantly 
increased the expression of CHOP, but did not significantly influent other tested molecules. Bcl-xL and Bcl-2 were 
highly expressed in HSP70-treated cells, but were low expressed in HSP70 anti-sense oligonucleotide-treated cells. 
Bax, Fas, FasL were predominantly expressed in cell treated with HSP70 anti-sense oligonucleotide, but were not 
in HSP70-treated cells. Thus, HSP70 inhibited the cell apoptosis via inhibiting the expression of Caspase 12, CHOP, 
Bax, Fas and FasL, and inhibited the Ca2+ current via inhibiting the expression of CaSR, and that the JNK pathway 
might play important roles in cell apoptosis and ROS-induced Ca2+ current.
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Introduction

Ischemic myocardial protection has always 
been a hot spot in the field of cardiovascular 
researches [1]. Since the beginning of the 21st 
century, research focused on myocardial pro-
tection has turned to cell mechanism which is 
to enhance the myocardial cell immunity of 
ischemia and hypoxia injury, to prevent cell 
damage from irreversible development and to 
improve cell survival rate [2]. It is commonly 
understood that heat shock protein 70 (HSP70) 
is a tissue-inducible protein, which has a signifi-
cant protective effect on the myocardium [3]. 
HSP70 is the inducible (or stress) protein that 
has been well-studied up till now, but its de- 
tailed molecular mechanism of subcellular met-
abolic regulation for myocardial protection has 
not been completely elucidated yet.

Cell apoptosis is defined as autonomous and 
orderly death of the gene-controlled cell, so as 

to maintain the internal environment homeo-
stasis [4]. In current, it was demonstrated that 
the signaling pathways involved in apoptosis 
mainly include: death receptor activation path-
way (exogenous pathway), mitochondrial dam-
age pathway (endogenous pathway) and endo-
plasmic reticulum (ER) stress activated apopto-
sis pathway [5]. Among them, the first two path-
ways are the classical apoptosis pathways, and 
the ER stress activated apoptosis pathway is a 
new and very important apoptosis pathway that 
has been discovered in recent years [6].

The ER is widely distributed in the cell, which is 
an important organelle in the cell [7]. According 
to whether the ribosomes are attached, the ER 
is divided into rough and smooth ER [8-11]. The 
inner membrane of the ER accounts for 50% of 
the total cell membrane structure and 10% of 
the total cell volume. ER membrane has very 
important physiological functions. It is not only 
the main site for the synthesis of protein fold-
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ing, transportation as well as Ca2+ storage in 
the cell, but also the synthesis sites of choles-
terol, steroids and many lipids [5]. The huge 
membrane structure of ER provides a wide plat-
form for molecular packaging and reaction in 
the cell [12]. ER also plays a key role in multi-
ple-signal activities. With its large membrane 
structure, ER induce apoptosis through special 
pathways such as Caspase-12, CHOP (C/EBP 
homologous protein), JNK (c-Junamino-terminal 
kinase), and so on [13, 14].

In this study, transgenic technology was applied 
to increase the expression of heat shock pro-
tein 70 (HSP70) gene in SD neonatal rat car- 
diomyocytes, and HSP70 antisense oligonucle-
otide technology was applied to inhibit the 
HSP70 expression. Then, the model of cardio-
myocyte hypoxia/reoxygenation was establish- 
ed with the Webster method. After confirmed 
the expression of HSP70, ER was extracted to 
test the changes in expression of key signal 
molecular and pathway that related to apopto-
sis and mediated by ER stress. To study the 
molecular mechanism of HSP70 regulated ER 
stress-induced apoptosis, flow cytometry was 
used to detect apoptosis rate of neonatal rat 
myocardial cells, western blot was applied to 
test the expression of Caspase-12, CHOP, JNK 
signaling, sarco endoplasmic reticulum calcium 
adenosine triphosphatase (SERCA) and calci-
um sensitive receptor (CaSR). Also, changes of 
Bcl-2 family members on ER and Fas and FasL 
were detected by immunohistochemical stain-
ing. Thereby elucidates the HSP70 regulated 
changes of ER stress-activated Ca2+ signal- 
ing, and the subcellular molecular mechanism 
involved in HSP70 regulated apoptosis such as 
ER stress signaling transduction, protein syn-
thesis and apoptotic signaling molecules. Our 
findings provide new intervention targets and 
molecular basis for myocardial subcellular pro- 
tection.

Materials and methods

Cell isolation and establishment of hypoxia cell 
model

After anesthesia and heparin anticoagulation, 
quickly taken out the heart of neonatal rat into 
4°C pre-cold PBS. After washed 3 times, the 
tissue minced and digested in PBS contain- 
ing collagenase for 30 min in an orbital shaker 
at 37°C. Then, the supernatant was collected, 
and culture medium was added to neutralize 

the collagenase. Repeat the digestion and neu-
tralization 7~8 times. All the collected superna-
tants were digested by collagenase for another 
5 min and were neutralized by growth medium. 
After centrifugation, isolated cells were cul-
tured at 37°C.

The neonatal rat cardiomyocyte monolayers 
were treated with high purity argon gas, pre 
argon saturated in sugar free serum medium 
for 3-4 days. Then, high purity argon gas (95% 
air/5% CO2) was used to perfuse cells for 2 h  
to simulate hypoxia. Then, the culture medium 
containing sugar and serum was changed and 
continued to incubate the cells in 95% air/5% 
CO2 for 4 h to simulate the reoxygenation.

Cell apoptosis

After treatment, cell apoptosis was detected  
by double staining of Annexin V-FITC and PI 
(Keygen, China). Cells were digested by trypsin 
without EDTA, and collected by centrifugation 
at 300 g, 4°C. Cells were suspended by 100 ul 
1× Binding Buffer, mixed with 5 µl Annexin 
V-FITC and 5 µl PI Staining Solution, and then 
were incubated for 10 min in the dark at room 
temperature. Then, 400 µl 1× Binding Buffer 
was added, and cell apoptosis were detected 
by Accuri C6 flow cytometry (BD, Germany).

Western blot

The ER was isolated according to the Endoplas- 
mic Reticulum Extraction Kit (ER0100, sigma, 
USA). Then, proteins in ER were further extract-
ed by total protein extraction kit (Beyotime, 
China). The protein concertation was measured 
by Coomassie brilliant blue G-250. Proteins 
(40~60 µg) were isolated by SDS-PAGE and 
were transferred into PVDF membrane. After 
blocking with 5% fat-free milk for 60 min, the 
primary antibody (anti-caspase 12, anti-CasR, 
anti-CHOP, anti-JNK, anti-SERCA; 1:100; Ab- 
cam, USA) was incubated the membrane over-
night at 4°C, and then HRP secondary anti- 
body (1:1000, Beyotime, China) was incubated 
another 1 h at Room temperature. Finally, the 
blotting was observed in X light tablets by using 
the BeyoECLPlus chemiluminescence reagent 
(Beyotime, China).

Immunohistochemical staining

The samples were fixed in 4% PFA at room tem-
perature, and washed with distilled water for 2 
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than 30%. Investigators were blinded to the 
prognostic analysis data.

Figure 1. Cell apoptosis. A. Cell apoptosis in HSP70 and HSP70 anti-sense 
oligonucleotide groups were detected by flow cytometry. B. Quantification 
data of cell apoptosis. UR: later apoptosis; LR: early apoptosis; total apopto-
sis (UR+LR). *P<0.05 vs. control.

times, each time 5 min. The endogenous en- 
zymes were inactivated by treatment of 3% 

hydrogen peroxide for 10 min 
at room temperature. After  
3 times washing by distill- 
ed water, antigen was heat 
repaired by immersion in a 
citrate buffer solution. After 
high heat in a microwave oven 
for 4 minutes, cooled and 
washed with PBS for 5 min, 
samples were blocked by 5% 
BSA for 20 min at room tem-
perature and were incubated 
with 50 µL primary antibodies 
(Bcl-2, 1:100; Bcl-Xl, 1:500; 
Bax, 1:50; Fas, 1:50; FasL, 
1:50; Abcam, USA) overnight 
at 4°C. After washes, 30 µL 
biotinylated secondary anti-
bodies were incubated the 
samples for 30 min in 37°C 
water bath. SABC reagent 
(BOSTER, China), DAB color 
rendering solution (BOSTER, 
China) and hematoxylin dye 
were added. After nuclear 
staining, the slide is followed 
by 70%, 80%, 90%, 100% al- 
cohol gradient for each 5 min-
utes, and is mounted with 
neutral gum on dry slides.  
The images were taken out 
under the optical microscope.

To assess the cell-membrane 
staining, all slides were ob- 
served under a microscope. 
Immunohistochemical stain-
ing expression was graded 
using a 4-point scale, where  
0 = No staining is observed in 
cells; 1+ = Weak, incomplete 
membrane staining in any 
proportion of cells, or weak, 
complete membrane staining 
in less than 10% of cells; 2+ = 
Complete membrane staining 
that is non-uniform or weak 
but with obvious circumferen-
tial distribution in at least 
10% of cells, or intense com-
plete membrane staining in 
30%; 3+ = Uniform intense 
membrane staining of more 
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Figure 2. Production of ROS. ROS were labeled with DCFH-DA and analyzed 
by flow cytometry. A. ROS production was detected by flow cytometry. B. The 
positive rate was calculated. *P<0.05 vs. control. HSP70 significantly inhib-
ited the production of ROS, but HSP70 anti-sense oligonucleotide not signifi-
cantly influent the production of ROS.

Detection of ROS production

ROS was detected by using 
the ROS detection kit (Beyo- 
time, China) according to ma- 
nufacturer’s instruction. In 
brief, formation of intracellu-
lar ROS was determined us- 
ing a fluorescent probe 2’, 
7-dichlorofluorescein diaceta- 
te (DCFH-DA). After treatment, 
cells were incubated with  
10 μM DCFH-DA for another 
30 min incubation. Then, the 
cells were washed with PBS 
three times and the changes 
of fluorescence were obser- 
ved using Accuri C6 flow cy- 
tometry (BD, Germany).

Statistical analysis

All results are expressed as 
the mean ± SD. Statistical  
significance between groups 
was analyzed using one-way 
analysis of variance (ANOVA) 
followed post-hoc test using 
SPSS 16.0 (SPSS, USA). P< 
0.05 was considered statisti-
cally significant.

Results

HSP70 inhibited cell apop-
tosis, but HSP70 anti-sense 
oligonucleotide promoted

As shown in Figure 1, the apo- 
ptosis rate in the hypoxia cells 
was at very high level (UR+ 
LR=9.28+28.6%, UR: later 
apoptosis; LR: early apopto-
sis). HSP70 inhibited hypoxia-
induced cell apoptosis includ-
ing both early and later apop-
tosis (UR+LR=4.3+11.6%). In 
contrast, HSP70 anti-sense 
oligonucleotide further pro-
moted hypoxia-induced cell 
apoptosis including both early 
and later apoptosis (UR+LR= 
29.3+34.4%).
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HSP70 significantly inhibited production of 
ROS, but HSP70 anti-sense oligonucleotide did 
not

Hypoxia induced high level of ROS. HSP70  
significantly inhibited the production of ROS 
(38.5% of HSP70 vs. 80.0% of control; Figure 
2). But HSP70 anti-sense oligonucleotide did 
not significantly influent the production of ROS 
(77.0% of HSP70 anti-sense oligonucleotide vs. 
80.0% of control).

HSP70 inhibited the expression of caspase 
12, CaSR and CHOP, increased the expression 
of JNK, and did not influent the expression of 
SERCA in endoplasmic reticulum

The expression levels of apoptosis-related mol-
ecules Caspase 12, CHOP and JNK, and Ca2+ 
current-related molecules CaSR and SERCA in 
ER were further investigated by western blot 
(Figure 3). HSP70 significantly inhibited the 
expression of Caspase 12 (Figure 3A), CaSR 
(Figure 3B) and CHOP (Figure 3C), increased 
the expression of JNK (Figure 3D), and did not 
influent the expression of SERCA (Figure 3E). 
HSP70 anti-sense oligonucleotide significantly 
increased the expression of CHOP, but did not 
significantly influent other tested molecules. It 
was suggested that HSP70 inhibited the cell 
apoptosis via inhibiting the expression of Cas- 
pase 12 and CHOP, and inhibited the Ca2+ cur-
rent via inhibiting the expression of CaSR, and 
that JNK pathway might play important roles in 
cell apoptosis and ROS-induced Ca2+ current.

Effects of HSP70 and HSP70 anti-sense oligo-
nucleotide in expression of Bcl-xL, Bcl-2 and 
BAX

Immunohistochemical staining of Bcl-xl, Bcl-2 
and BAX was performed (Figure 4). This ana- 
lysis indicated that Bcl-Xl and Bcl-2 were pre-
dominantly expressed by cells treated with HS- 
P70, and BAX were predominantly expressed 
by cells treated with HSP70 anti-sense oligo-
nucleotide. Very strong immunohistochemical 
staining (IHC3+) of Bcl-xL and Bcl-2 was obser- 
ved in cells in HSP70 group, and that of BAX  
in cells in HSP70 anti-sense oligonucleotide 
group. It was further confirmed that HSP70 in- 

hibited the hypoxia-induced cell apoptosis, and 
HSP70 anti-sense oligonucleotide promoted 
the hypoxia-induced cell apoptosis.

Effects of HSP70 and HSP70 anti-sense oligo-
nucleotide in expression of Fas and FasL

Immunohistochemical staining of Fas and FasL 
were also detected (Figure 5). Fas and FasL 
were predominantly expressed in cells of HS- 
P70 anti-sense oligonucleotide group. Lower 
staining levels of Fas and FasL detected in  
cells in HSP70 group were IHC 2+ and 0, re- 
spectively.

Discussion

At present, the time limitation of myocardial 
protection is still the main reason for restricting 
further development of cardiac surgery, and it 
is also one of the main death causes for the 
patients after cardiac surgery. The study of 
myocardium has been developed from the level 
of whole organ to the level of subcellular mole-
cule [15, 16]. However, no new progress has 
been made in the protective methods in clinical 
practice up till now [17]. Therefore, it’s neces-
sary to explore the subcellular mechanisms 
and methods for myocardial protection, so as 
to strengthen the myocardial protection.

Apoptosis mediated by ER stress is different 
from the one mediated by death receptors and 
mitochondria. Apoptosis mediated by ER stress 
is a new apoptotic pathway. ER stress is a novel 
therapeutic target in heart diseases [18, 19]. 
The study of ER stress can deepen our under-
standing of cardiomyocyte biology. Molecular 
chaperone that is involved in ER stress and the 
protein specially induced by ER stress can be 
an effective target of myocardial protection. 

We are trying to elucidate the subcellular mech-
anism of HSP70 prevent myocardial injury th- 
rough inhibition of ER stress-induced cell apop-
tosis. We demonstrated that HSP70 participa- 
tes in regulation of ER stress-mediated apopto-
sis in myocardial protection. In this study, trans-
genic technology was applied to increase the 
expression of HSP70 gene in SD neonatal rat 
cardiomyocytes, and HSP70 antisense oligo-

Figure 3. Expression of (A) caspase 12, (B) CasR, (C) CHOP, (D) JNK, and (E) SERCA in endoplasmic reticulum in 
HSP70-transfected cells or HSP70 anti-sense oligonucleotide-treated cells were detected by western blot and quan-
tification by using ImageJ. *P<0.05 HSP70 vs. control.
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nucleotide technology was applied to inhibit 
HSP70 expression. Then, the model of cardio-
myocyte hypoxia/reoxygenation was establish- 
ed with the webster method. After confirmed 
the expression of HSP70 and inhibition of 
HSP70 in cell apoptosis, ER was extracted to 
test the changes in expression of key signal 
molecular and pathway that related to apopto-
sis and mediated by ER stress, such as ROS, 
and casepase-12, CHOP, JNK pathway, CaSR, 
SERCA in ER, as well as Bcl-xL, Bcl-2 and BAX, 
and Fas and FasL.

It was demonstrated that hypoxia leads to Na, 
K-ATPase downregulation via Ca2+-Release-
Activated Ca2+ Channels and AMPK activation 
[20]. The production of ROS could induce the 
influx of Ca2+ and release of CytC, which fur- 
ther results in myocardial dysfunction [20]. Inhi- 

bition the production of ROS could inhibit the 
cell apoptosis. The deficient in Bax could inhib-
ited the cell apoptosis, prevent the production 
of ROS. SERCA is a myocardial Ca2+-ATP en- 
zyme, plays an important role in calcium home- 
ostasis. Heat-shock proteins attenuate SERCA 
inactivation via the anti-apoptotic protein Bcl-2, 
possible responsible for the ER Ca2+-mediated 
apoptosis [13]. It was reported that PML regu-
lates apoptosis at ER by modulating calcium 
release [21]. Exendin-4 prevents c-Jun N-ter- 
minal protein kinase activation via tumor ne- 
crosis factor alpha (TNF-α) and inhibits TNF-α-
induced apoptosis in insulin-secreting cells 
[22]. This study further confirmed the HSP70 
inhibited hypoxia-induced cell apoptosis via in- 
hibition the production of ROS, expression of 
BAX, Caspase 12 and CHOP, and promotion  
of the Bcl-xL, Bcl-2 and JNK pathway. HSP70 

Figure 4. Immunohistochemical staining of Bcl-xL, Bcl-2, and BAX (×400). A. Bcl-xL immunohistochemical staining 
included very strong staining (IHC 3+) in cells in HSP70 group, but did not in cells in HSP70 anti-sense oligonucle-
otide group (IHC 1+). B. Bcl-2 immunohistochemical staining included very strong staining (IHC 3+) in cells in HSP70 
group, but did not in cells in HSP70 anti-sense oligonucleotide group (IHC 1+). C. BAX immunohistochemical stain-
ing did not include strong staining (IHC 3+), but included very strong staining (IHC 3+) in cells in HSP70 anti-sense 
oligonucleotide group.
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might inhibited the hypoxia-induced influx of 
Ca2+ through decreasing ROS, and inhibition of 
CaSR and SERCA.

This project has been studied the regulation rel-
evance of tissue-inducible protein HSP70 and 
ERS, which combines the myocardial protection 
with subcellular changes. This study is helpful 
to elucidate myocardial protection mechanism 
of HSP70 regulated ER stress-induced apop- 
tosis from molecular levels, to lay the founda-
tion of molecular theory for myocardial protec-
tion into subcellular levels, and to provide new 
intervention targets and theories of transfor-
mation application for myocardial subcellular 
protection.
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