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	 Background:	 The relationship between endoplasmic reticulum and mitochondria during acute myocardial ischemic injury is 
still unclear. Our study aimed to define the dynamics of endoplasmic reticulum stress and mitochondrial dys-
function during acute ischemic injury.

	 Material/Methods:	 A rat model of acute myocardial infarction and hypoxic cardiomyocytes were used in this study. Groups were 
set at 0 hours, 1 hour, 2 hours, 4 hours, and 6 hours after ischemic injury for both in vivo and in vitro studies. 
ATF6 and GRP-78 were examined to indicate endoplasmic reticulum stress. Cellular ATP and cytosolic levels 
of mitochondrial DNA and cytochrome c were detected to evaluate mitochondrial dysfunction. Caspase-3 was 
used for apoptosis analysis.

	 Result:	 Our results showed that both mRNA and protein levels of ATF6 and GRP-78 were elevated from 1 hour after 
ischemic injury in vivo and in vitro (P<0.05). However, ATP levels were increased at 2 hours after ischemic in-
jury and significantly decreased from 4 hours after ischemic injury in vivo, while ATP level of cultured cardio-
myocytes decreased remarkably from 2 hours after ischemic injury (P<0.05). Cytosolic mitochondrial DNA lev-
els began to increase from 2 hours after ischemic injury (P<0.05). Cytosolic levels of cytochrome c increased 
from 4 hours after ischemic injury. Additionally, both mRNA and protein expressions of caspase-3 started to 
significantly elevate at 6 hours after ischemic injury (P<0.05).

	 Conclusions:	 The present study suggested that mitochondrial dysfunction was secondary to endoplasmic reticulum stress, 
which provides a novel experimental foundation for further exploration of the detailed mechanism after isch-
emic injury, especially the interaction between endoplasmic reticulum and mitochondria.
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Background

Coronary artery disease is the leading cause of death and will 
remains so for the next few decades [1]. In addition to its high 
mortality rate, it is also a leading cause of morbidity and loss 
of quality of life [2]. Acute myocardial infarction usually occurs 
due to primary coronary artery disease and there are many 
well-known risk factors [3]. Although some causes and risk 
factors have been gradually elucidated, the molecular mecha-
nisms of cardiomyocytes during acute myocardial infarction are 
still unclear and efforts are still needed to salvage para-infarc-
tion heart muscle and prevent post-infarction complications.

Recently, an increasing number of studies have focused on the 
role of endoplasmic reticulum (ER) stress and mitochondrial 
dysfunction in acute myocardial infarction. It has been demon-
strated that inhibition of endoplasmic reticulum stress can ex-
ert heart-protective effects after acute myocardial infarction [4]. 
Meanwhile, production of massive reactive oxygen species (ROS) 
is a well-known harmful factor to heart tissue, and inhibition of 
its production can limit mitochondrial damage and save heart 
tissue from damage [5]. In addition, mitochondria recently have 
been regarded as a promising target for cardio-protection in acute 
myocardial infarction [6]. However, the relationship between en-
doplasmic reticulum stress and mitochondrial dysfunction dur-
ing acute myocardial infarction is still unclear. Both ATF6 and 
GRP-78 are 2 key proteins during the development of the endo-
plasmic reticulum stress. Dissociation of GRP78 and ATF6 could 
activated unfolded protein response [7,8]. It has been reported 
that the endoplasmic reticulum stress may result in mitochon-
drial damage and cell death, presenting as the production of ROS, 
releasing of mitochondrial DNA, and cleavage of caspases [9,10].

Many studies have revealed the possible relationships between 
the endoplasmic reticulum stress and mitochondrial dam-
age in other pathophysiological scenarios [11,12]. However, 
in acute myocardial ischemic injury, these relationships have 
not been well-established, and insightful studies were imper-
atively needed. Therefore, in order to understand the patho-
physiological processes during acute myocardial infarction and 
further explore the molecular mechanisms between endoplas-
mic reticulum and mitochondria, the present study aims to 
first define the time course of endoplasmic reticulum stress 
and mitochondrial dysfunction during acute ischemic injury.

Material and Methods

Experimental protocols in the acute myocardial infarction 
rat model

We used 10-week-old Sprague Dawley (SD) male rats, weight-
ing 220 to 250 g, purchased from Da-Shuo Biotech Company 

(Chengdu, China). All procedures followed the Guide for the 
Care and Use of Laboratory Animals and the protocols of the 
study were approved by the Ethic Committee of West China 
Hospital, Sichuan University.

All rats were incubated and ventilated by an animal ventilation 
with room air. The rats had a left thoracotomy through a left 
parasternal incision performed to expose the heart. After 20 
minutes stabilization, except for the control group, rats were in-
duced to acute myocardial infarction by ligating the left anterior 
descending coronary artery. After 1 hour, 2 hours, 4 hours, and 6 
hours, rats were sacrificed by cervical dislocation and their hearts 
were harvested for further analysis. Each group included 5 rats.

Primary neonatal rat cardiomyocyte culture

Neonatal rat hearts were collected within 24 hours and the 
heart tissue was cut into small pieces, followed by digestion 
with 22.5 µg/L Liberase blendzyme 4 (Roche, Germany) at 37°C 
for 40 minutes. The isolated cells were pre-plated for 90 min-
utes to remove non-cardiomyocytes, after which cardiomy-
ocytes were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) containing 10% fetal bovine serum (FBS) in 24-well 
culture plates pre-coated with 1% gelatin (Sigma). After 48 
hours of cell culture, cardiomyocytes were subjected to hy-
poxia condition with 5% O2, 5% CO2 and 90% N2 for differ-
ent time sets (0 hours, 1 hour, 2 hours, 4 hours, and 6 hours).

Cytosol extraction

Cytosol extraction was obtained by using the Mitochondria 
Isolation Kit for Tissue and Cultured Cells (KC010100, BioChain, 
USA). All procedures were strictly performed following the man-
ufacturer’s instruction. Briefly, myocardium or cultured cardio-
myocytes were collected and washed twice with 10 mL ice-
cold phosphate-buffered saline (PBS). Then the myocardium 
or cultured cardiomyocytes were homogenized and transferred 
into an Eppendorf tube, which was centrifuged at 600 g for 
10 minutes at 4°C. The supernatant was carefully transferred 
into a new tube. The supernatant was centrifuged at 12 000 g 
for 15 minutes at 4°C to obtain the cytosol extraction, which 
is stored at –80°C for further analysis.

Real-time polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted from myocardium or cultured car-
diomyocytes by using TRIzol reagent (Sigma, USA). And cDNA 
was obtained by using the M-MLV reverse transcriptase kit 
(Invitrogen, USA). SYBR green PCR master mix was used in 
the PCR system following the manufactory’s instruction (Bio-
Rad Laboratories, USA). b-actin was used as a loading control. 
The primer sequences were as follows:
1) Atf6: forward: 5’-GATTTGATGCCTTGGGAGTC-3’,
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reverse: 5’-GGACCGAGGAGAGACAG-3’;
2) Grp78: forward: 5’-AAGGTGAACGACCCCTAACAAA-3’,
reverse: 5’-GTCACTCGGAGAATACCATTAACATCT-3’;
3) caspase-3: forward: 5’-TGTCATCTCGCTCTGGTACG-3’,
reverse: 5’-AAATGACCCCTTCATCACCA-3’;
4) b-actin: forward: 5’-GACGGCCAGGTCATCACTAT-3’,
reverse: 5’-CGGGATGTCAACGTCACACTT-3’.
Samples were amplified for 34 cycles using the CFX96™ Real-
Time PCR Detection System (Bio-Rad Laboratories, USA). The ex-
pression of Atf6, Grp78 or caspase-3 in relation to b-actin was 
determined.

ATP levels detection

ATP levels from myocardium and cultured cardiomyocytes 
were detected using a specific kit (Jiancheng Bioengineering 
Institute, China). All procedures were performed following the 
manufacturer’s instruction. For the last step, the ATP level was 
detected by spectrophotometry at 636 nm. The detections were 
equilibrated by the total protein concentration.

Western blots

Protein expressions of cleaved-ATF-6, GRP-78, cleaved-cas-
pase-3, and cytochrome c were assessed by western blots. 
The myocardium was homogenized, and the cultured car-
diomyocytes were lysed at 4°C for protein extraction, which 
was subjected to bicinchoninic acid (BCA) assay for measur-
ing protein contraction. 50 µg protein extraction was added 
into 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred to a nitrocellulose 
membrane. The membrane was incubated with specific pri-
mary antibodies against rat cleaved-ATF6, GRP-78, cleaved-cas-
pase-3, cytochrome c and actin at 1: 1000 dilution overnight 
at 4°C, followed by incubation with horseradish peroxidase 
(HRP) conjugated secondary antibodies (Cell Signaling, USA) 
at room temperature for 1 hour. Protein bands were developed 
on an x-ray film. Densitometric ratios of cleaved-ATF6, GRP-78, 
cleaved-caspase-3, and cytochrome c to actin were obtained.

Cytosolic mitochondrial DNA levels detection

The whole cytosolic DNA was obtained by using the DNeasy 
Blood & Tissue Kit (No. 69504, Qiagen, China) as pre-
viously described [13]. The mitochondrial DNA level was 
detected using the SYBR green PCR master mix and the 
PCR system the CFX96™ Real-Time PCR Detection System 
(Bio-Rad Laboratories, USA). The primer sequences used 
to detect mitochondrial DNA (rat NADH dehydrogenase 1 
gene) were as follows: CGCCTGACCAATAGCCATAA (forward); 
ATTCGACGTTAAAGCCTGAGA (reverse). All samples were ana-
lyzed 3 times for quality control.

Statistical analysis

All descriptive data was expressed as mean±standard er-
ror of the mean (SEM). Statistical studies were performed by 
GraphPad Prim 6 (GraphPad Software). One-way ANOVA fol-
lowed by Bonferroni’s test were used between multiple groups. 
P<0.05 was considered as statistical significance.

Results

As shown in Figures 1 and 2, both mRNA levels and protein lev-
els of ATF6 and GRP-78 were significantly increased at the first 
hour and continued to increase in vivo and in vitro (P<0.05). 
The in vivo study revealed that the ATP levels were increased 
at the first 2 hours after ischemic injury and significantly de-
creased from 4 hours after ischemic injury (P<0.05). Intriguingly, 
ATP level of cultured cardiomyocytes decreased remarkably 
from 2 hours after ischemic injury (P<0.05). Both in vivo and in 
vitro studies showed cytosolic levels of mitochondrial DNA in-
creased at 2 hours (P<0.05). While cytochrome c increased at 4 
hours in vitro and 6 hours in vivo after ischemic injury (P<0.05).

In addition, caspase-3, as the central biomarker of cell apop-
tosis, was used to examine the apoptotic status of the car-
diomyocytes. Significant increasing of mRNA expression of 
caspase-3 and protein expression of cleaved caspase-3 were 
found at 6 hours after ischemic injury in vivo (P<0.05). In ad-
dition, in vitro study also revealed that increased mRNA level 
of caspase-3 at 6 hours and protein level of cleaved caspase-3 
at 6 hours after ischemic injury (P<0.05).

Discussion

The present study first showed that after acute ischemic in-
jury to cardiomyocytes, indicators for endoplasmic reticulum 
stress significantly increased at 1 hour, which demonstrat-
ed that endoplasmic reticulum stress occurred in the early 
stage of disease. In addition, ATP levels, which indicate ener-
gy metabolism were significant inhibited at 4 hours. In addi-
tion, mitochondrial DNA, which is a marker of mitochondrial 
damage, was elevated significantly at 2 hours, which demon-
strated that the mitochondrial damage presented later than 
the endoplasmic reticulum stress. Our study implied that the 
mitochondrial dysfunction was secondary to the endoplasmic 
reticulum stress under ischemic insults.

GRP-78-initiated unfolded protein response plays a critical 
and corrective role in endoplasmic reticulum stress, in which 
ATF6 is a key factor in the unfolded protein response [14,15]. 
It is reported that acute ischemic injury could cause significant 
endoplasmic reticulum stress, which induced cardiomyocytes 
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apoptosis through endoplasmic reticulum stress-related apop-
totic pathways [16]. Recently, increasing studies have demon-
strated that inhibition of endoplasmic reticulum stress had 
great benefits on the ischemic injury cardiomyocytes [17,18]. 
Therefore, targeting endoplasmic reticulum stress might be a 
compromising strategy for treating acute myocardial infarction.

Additionally, many studies have focused on acute myocar-
dial infarction-induced mitochondrial dysfunction. As a major 
energy-producing organism in the cardiomyocyte, the mito-
chondria are essential for contraction through constant oxi-
dative phosphorylation [19]. Under ischemic insults, multiple 
signaling pathways are activated to cause the uncoupling of 
the electron transport chain, opening of the mitochondrial per-
meability transition pore, and releasing of cytochrome c, which 
induces mitochondrial dysfunction-mediated cell death [5,20].

It is well-known that mitochondrial dysfunction-induced mas-
sive ROS production and cytochrome c release are responsi-
ble for apoptosis and necrosis, which have negative effects on 
adjacent cardiomyocytes and expands the infarct area [21]. 
Growing evidence has identified the inflammatory properties of 
free mitochondrial DNA, and that mitochondrial dysfunction or 

cell injury could result in releasing mitochondrial DNA from the 
mitochondria [22,23]. In addition, our previous study showed 
elevated circulatory mitochondrial DNA levels in patients with 
acute myocardial infarction [24].

In the present study, we found that mitochondrial dysfunction 
occurred later than endoplasmic reticulum stress under acute 
ischemic injury, which implied that mitochondrial dysfunc-
tion was secondary to endoplasmic reticulum stress. A study 
revealed a relationship between endoplasmic reticulum and 
mitochondria-regulated synthesis of proteins in the endo-
plasmic reticulum, and production of ATP in the mitochondria 
and apoptosis [25]. Another study demonstrated that endo-
plasmic reticulum stress could affect not only mitochondrial 
biosynthesis, but also mitochondrial function, in which mito-
chondrial-associated membrane (MAM), acting as the phys-
ical connecting site between the endoplasmic reticulum and 
the mitochondria, plays a critical role [26]. It has been sug-
gested that endoplasmic reticulum stress could induce mito-
chondrial dysfunction and cell death through the disruption 
of Ca2+ homeostasis [27]. Deniaud et al. found that endoplas-
mic reticulum, as the storage of Ca2+, could release massive 
Ca2+ after endoplasmic reticulum stress, which could cause 
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Figure 1. �In vivo (A) and in vitro (B) western blot images and quantified analyses of Cleaved-ATF6, GRP-78, cytochrome c, cleaved-
caspase-3, and actin. * P<0.05 versus SO. # P<0.05 versus 2 hours. N=4–6. SO group – sham-operation, or 0 hours group.
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significantly increased concentration of Ca2+ in the mitochon-
dria. Intriguingly, inducing accumulation of Ca2+ in the mito-
chondria without endoplasmic reticulum stress failed to result 
in the apoptotic status of mitochondria [28].

Conclusions

From our preliminary data, we need to further explore the in-
teraction between endoplasmic reticulum stress and mito-
chondrial dysfunction and identify the critical components, 
like some calcium channel proteins and small genetic regula-
tors, in the ischemic injury. In summary, the present study first 

revealed the time-dependent variations of endoplasmic retic-
ulum stress and mitochondrial dysfunction after the insult of 
ischemic injury, which suggested that mitochondrial dysfunc-
tion was secondary to endoplasmic reticulum stress. Our study 
provided a novel experimental foundation for further explor-
ing the detail mechanism after ischemic injury, especially the 
interaction between endoplasmic reticulum and mitochon-
dria, which could help identify more pharmacological targets 
for rescuing the myocardium after ischemic injury.
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Figure 2. �mRNA levels of ATF6, GRP-78 and caspase-3, ATP level and cytosolic mitochondrial DNA level in vivo (A) and in vitro (B). 
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