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Abstract: Purpose: Apoptosis induced by excessive endoplasmic reticulum (ER) stress is accompanied by the oc-
currence and progression of myocardial ischemia/reperfusion (I/R) injury. COX-2 is also known to affect the de-
velopment of I/R damage in myocardium. However, the interaction between COX-2 and ER stress in aggravating 
myocardial I/R lesion is not well characterized. Therefore, the purpose of our research was to explore the interaction 
between COX-2 and ER stress on myocardial apoptosis. Methods: The left anterior descending (LAD) coronary artery 
was ligatured with a 6-0# suture for 0.5 hours and subsequently subjected to reperfusion for 3 hours to simulate 
myocardial I/R in mice. Oxygen glucose deprivation/reoxygenation (OGD/R) was performed on H9c2 cells to con-
struct an in vitro model of this experiment. NS398 (COX-2 specific inhibitor) and Salubrinal (Sal, ER stress inhibitor) 
were administered to assess the function of COX-2 and ER stress in myocardial I/R impairment. CCK-8 assay was 
used to evaluate the viability of H9c2 cells under different treatment conditions. TUNEL and Hoechst staining were 
used to detect the occurrence of apoptosis. Infarct area/area at risk and Hematoxylin-eosin stained sections were 
assessed after I/R. Protein expressions of glucose-regulated protein 78 (GRP78), COX-2, phosphorylation of eu-
karyotic translation initiation factor 2 alpha (p-eIF2α), CCAAT/enhancer-binding protein homologous protein (CHOP), 
and Cleaved caspase 3 in the myocardium were examined using Western blotting. Changes in Cleaved caspase 3 
expression in myocardial slices were measured by immunohistochemistry. Results: Sal or NS398 partly reduced 
I/R-induced damage as testified by the apparent decrease in infarct size after I/R and reduced cell viability follow-
ing OGD/R. Sal distinctly increased p-eIF2α, but caused decreased expression of COX-2, Cleaved caspase 3, and 
ER stress-associated proteins after I/R, suggesting that Sal effectively inhibited ER stress, apoptosis, and COX-2. 
Pretreatment with NS398 blocked I/R or OGD/R-induced upregulation of COX-2, Cleaved caspase 3, and ER stress-
related marker proteins. Conclusions: Interaction of COX-2 and ER stress regulates apoptosis and contributes to 
Myocardial lesion induced by I/R.
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Introduction

Acute myocardial injury (AMI) is characterized 
by ischemia/reperfusion (I/R)-induced cardio-
myocyte apoptosis, which is a complex patho-
physiological phenomenon. In clinical settings, 
the high incidence and mortality rate of AMI 
patients was mainly due to I/R damage [1, 2]. 
Previous studies have demonstrated the asso-
ciation of myocardial I/R impairment with 
inflammatory response [3, 4], oxidative stress 
[5, 6], cardiomyocyte death [7, 8], and mito-

chondrial dysfunction [9, 10]. Apoptosis was a 
pathophysiological process following I/R, which 
aggravated the myocardial impairment [11, 
12]. Although the secondary myocardial dam-
age induced by I/R is well documented, there is 
a paucity of therapeutic target modalities for 
I/R. 

Studies have shown that COX-2 promotes car-
diomyocyte damage since it was a critical medi-
ator of inflammation, apoptosis, and septic 
shock, leading to evident lesion [13]. However, 
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a study of 2586 patients treated with rofecoxib 
showed twice the risk of heart attack or stroke 
compard with patients treated with placebo 
[14, 15]. It is not clear yet why certain COX-2 
inhibitors increase the risk of cardiovascular 
events. Recently, it has become increasingly 
convincing that Endoplasmic Reticulum (ER) 
stress is conducive to cell adaptation and is  
a self-protection mechanism [16]. However, 
excessive and sustained ER stress induced by 
I/R promoted cell death, which would affect  
the progression of myocardial damage. In- 
hibition of ER stress-induced apoptosis is a 
known therapeutic target for myocardial dam-
age [17-19]. Salubrinal (Sal), a selective phos-
phatase inhibitor of p-eIF2α, was shown to 
ameliorate diabetes’ myocardial damage by 
inhibition of ER stress and ferroptosis [20]. 
However, the underlying molecular mecha-
nisms by which Sal alleviates apoptosis after 
myocardial I/R are remain elusive. 

The specific COX-2 inhibitor parecoxib has been 
implicated roles in regulation of ER stress-
mediated apoptosis of nucleus pulposus cells 
[21]. However, whether COX-2 is involved in 
modulating ER stress in myocardial I/R rema- 
ins unclarified. Reducing the expression of 
marker proteins in the ER stress and mitigating 
I/R-induced apoptosis has demonstrated the 
cardioprotection effect of NS398. In addition, 
ER stress has been shown to promote the 
expression of COX-2 via ATF4 [22, 23]. 
Therefore, we hypothesized that the effects of 
COX-2 inhibitor on myocardial damage and 
apoptosis induced by I/R may be partly attrib-
uted to their interaction with ER stress. To test 
this hypothesis, we investigated the effects of 
NS398 and Salubrinal on ER stress and COX-2 
in mice and H9c2 cells.

Materials and methods

Drugs and reagents 

Cell Counting Kit-8 (K1018, ApexBio, USA), LDH 
kit (A020-2-2, Jiancheng, China), and Hoechst 
33258 (C1017, Beyotime, China) were pur-
chased. Salubrinal (SML0951, Sigma-Aldrich, 
USA), a specific inhibitor of ER stress [24,  
25], which could reduce myocardial damage 
induced by I/R [20]. NS398 (HY-13913, 
MedChemEXpress, USA), an inhibitor of COX-2 
[26, 27], has been utilized to evaluated hypox-

ia/reoxygenation-induced cardiomyocyte apop-
tosis [28].

Ethics statement

The study protocol was ratified by the Animal 
Ethics Committee of First Affiliated Hospital of 
Soochow University (No. 2018-043). 

Animals and groups

C57BL mice (age: 7-8 weeks; weight: 18-22 g) 
were purchased from Cavens Biogle animal  
Co. Ltd. (Soochow, China). Mice fed in isolated 
cages in a controlled environment and were 
acclimatized for 1 week before the experiment. 
Mouse myocardial damage model construct- 
ed by I/R treatment was as formulated in the 
previous experiments [29, 30]. In brief, cut 
along the left edge of the sternum to find the 
mouse heart. Ligation of the LAD under the 
microscope. Ischemia was evidenced by the 
appearance of the pale color of the tip of the 
heart and typical S-T segment elevation on the 
electrocardiogram. The ligature was cut after 
30 min of ischemia to restore blood flow of the 
coronary artery. Successful reperfusion was 
indicated by the restoration of red color of the 
anterior wall of the left ventricle and decline in 
the ST-segment on the electrocardiogram. 
Reperfusion was maintained for 3 h.

The following four groups were established in 
our study: (1) Sham group (threading only); (2) 
I/R group; (3) I/R+Sal group (mice were admin-
istered intraperitoneal injection of Salubrinal  
1 mg/kg 0.5 h before ligation [31, 32]); (4) I/
R+NS398 group (mice were administered intra-
peritoneal injection of NS398 5 mg/kg 0.5 h 
before ligation [33]). Pentobarbital was used to 
anesthetize mice (45 mg/kg, intraperitoneal 
injection). Damage phenotypes were assessed 
by Evans Blue & TTC staining and H&E staining. 
Apoptosis detected by Western blot and TUNEL 
staining.

H9c2 culture and OGD/R establishing 

H9c2 cells were cultured in Dulbecco modified 
Eagle medium (DMEM) containing 10% fetal 
bovine serum (FBS) and 1% mycillin. Set the 
temperature in the incubator to 37°C and  
maintain CO2 concentration at 5%. The model 
construction of oxygen-glucose deprivation/
reoxygenation (OGD/R) refers to previous stud-
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ies [34, 35]. Briefly, H9c2 cells were cultured  
in glucose-free DMEM and in a 37°C bell jar 
filled with N2 and CO2 (95%: 5%) for 6 h. 
Subsequently, the cells were cultured under 
normoxia for another 6 h.

The following four treatments were establish- 
ed: (1) Control; (2) OGD/R treatment; (3) OGD/
R+Sal treatment (H9c2 disposed by Salubrinal 
20 μM for 6 h before OGD/R [36]); (4) OGD/
R+NS398 treatment (H9c2 disposed by NS398 
10 μM for 1 h before OGD/R [37]). All agents 
were added to the changed medium during 
OGD/R stimulation to maintain the working 
concentration.

Hematoxylin-eosin (H&E) staining and immu-
nohistochemistry

The detailed procedure used for H&E staining  
is described elsewhere [34]. Briefly, freshly har-
vested myocardial tissues first subjected to  
4% paraformaldehyde-fixed. The tissue was 
embedded in paraffin and then sliced with a 
thickness of about 5 µm to be stained with 
hematoxylin and eosin and observed by light 
microscopy (Nikon, Japan).

Evans blue and TTC staining

Animals were anesthetized, the LAD artery was 
re-occluded and Evans blue dye (2%) was 
injected through the inferior vena cava. The tis-
sue samples were collected, frozen and cut to  
a thickness of 2 mm, which were immersed in 
TTC solution (2, 3, 5-tri-phenyltetrazolium, 1%) 
in 37°C normal saline for 0.5 h and then photo-
graphed. The unstained area was calculated 
using the Image J software.

Western blot analysis

Extract the total proteins in myocardium or 
cells with PMSF and RIPA, and carefully detect 
the proteins concentration through protein 
analysis kit (P0012, Beyotime, China). The 
PVDF membrane (Millipore, Bedford, USA, con-
taining proteins) was sealed with 5% skimmed 
milk at room temperature for 2 h. After rins- 
ing, the primary antibody was added and incu-
bated overnight at 4°C: GRP78 (C50B12), 
p-eIF2α (D9G8), eIF2α (D7D3), CHOP (L63F7), 
cleaved caspase 3 (Asp175). The dilution ratio 
of antibodies above was 1:1000 and purchas- 
ed from Cell Signaling Technology (USA). β- 

tubulin (1:3000, C66, Abmart, China), COX-2 
(1:1000, ab62331, Abcam, USA).

CCK-8 and lactate dehydrogenase assay 

The prepared cell suspension was transferred 
to the 96-well plate (6×103 cells/100 μl per 
well). Different treatments will be given after 
the cells were adhered. Only DMEM was added 
in the control group. Each group had five  
duplicate holes. The optical density value was 
detected by Spectra Max 190 plate reader 
under the condition of the 450 nm wave- 
length. 

TUNEL staining 

For the quantification of cardiomyocyte apopto-
sis, TUNEL staining (C1086, Beyotime, China) 
was performed in line with the specification. 
The fluorescence intensity was observed under 
a fluorescence Microscope (DM1000, Leica, 
USA). 

Hoechst staining

Cells were fixed with 4% formaldehyde (room 
temperature, 10 min), rinsed thrice with phos-
phate-buffered saline, and incubated with 20 
mM Hoechst 33258 (C1017, Beyotime, China) 
in dark for 10 min. Typical apoptotic cells with 
bright blue nuclei, pyknosis, and fragmentation 
could be observed under a fluorescence micro-
scope (ECLIPSE Ts2R-FL, Nikon, Japan).

Statistical analysis

Graphpad 8.0 was used for data statistics and 
picturing. Continuous variables were expressed 
as mean ± standard deviation, and the differ-
ences between the two groups were evaluated 
by independent-samples T test. More than 
three groups require the use of one-one ANOVA 
with post hoc pairwise test. Two-tailed, P values 
<0.05 were considered statistically significant.

Results

COX-2 and cleaved caspase 3 were elevated in 
OGD/R H9c2 and in I/R myocardium

As I/R injury is primarily on account of OGD/R, 
H9c2 cells were treated with OGD/R as an in 
vitro cell model of myocardial damage. LDH 
release increased following OGD/R treatment 
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(Figure 1A), and cell viability decreased detect-
ed by CCK-8 assay (Figure 1B). The expression 
of COX-2 and Cleaved caspase 3 increased  
significantly in the OGD/R group rather than in 
the control group (Figure 1C-E). In vivo, the I/R 
treatment significantly enhanced the myocar-
dial infarct (Figure 1F). And mice with I/R 
showed enhanced bleeding and neutrophil infil-
tration, irregular and disordered arrangement 
of myocardial bundles (Figure 1G). The expres-
sions of COX-2 and Cleaved caspase 3 induced 
in I/R myocardium compared with that in nor-
mal myocardium (Figure 1H-J), which was con-
sistent with the conclusion of in vitro experi-
ment. These findings indicated the potential 
involvement of COX-2 in I/R or OGD/R-induced 
apoptosis and damage.

ER stress was present in H9c2 OGD/R and 
myocardial I/R 

GRP78, p-eIF2α, and CHOP, are recognized to 
play a pivotal role in ER stress regulation. As 
shown in Figure 2, GRP78, p-eIF2α, and CHOP 
in the OGD/R group were distinctly higher than 
those of the control group (Figure 2A-D). 
Consistent with the in vitro results, GRP78, 
p-eIF2α, and CHOP were induced in I/R mice 
compared with that in Sham mice (Figure 2E-H). 

Sal attenuated apoptosis and injury by inhibit-
ing ER stress-mediated COX-2 signaling path-
way in vitro and in vivo

To further pursue the relationship during ER 
stress, COX-2, apoptosis, and injury, Sal was 

Figure 1. Involvement of COX-2 in OGD/R or I/R-induced apoptosis and damage. A, B. LDH release and cell viability 
in the supernatant (n=5). C-E. Western blot analysis of COX-2 and Cleaved caspase 3 protein expressions in H9c2 
cells (n=6). F. Evans blue and TTC staining of heart section. G. Representative images of H&E-stained sections 
(scale bar =50 μm). H-J. Western blot analysis of COX-2 and Cleaved caspase 3 in the myocardial tissue (n=6). Data 
shown as mean ± standard deviation. **P<0.01, ***P<0.001. 
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used. Results of CCK-8 assay showed that pre-
treatment with Sal increased cell viability 
(Figure 3A), and significantly decreased LDH 
release (Figure 3B). Hoechst staining showed 
the typical morphological characteristics of 
apoptosis in OGD/R cells. Pretreatment with 
Sal was found to attenuate cell apoptosis fol-
lowing OGD/R (Figure 3C, 3D). In addition, 
p-eIF2α was examined as an indicator of I/R-
induced ER stress in the myocardium after Sal 
administration, Western blot showed that Sal 
distinctly suppressed the dephosphorylation  
of p-eIF2α after OGD/R. The level of GRP78, 
COX-2, CHOP, and Cleaved caspase 3 were 
markedly reduced in the OGD/R+Sal-treated 
group compared with the OGD/R group (Figure 

3E, 3F). Our results manifested that Sal effec-
tually restrained ER stress, COX-2, and 
apoptosis. 

In vivo, mice were treated with Sal and then 
subjected to I/R. Sal pretreatment was found  
to significantly reduce the infarct area/area at 
risk (Figure 4A, 4B). Immunohistochemistry 
(IHC) also confirmed that Sal reduced the 
expression of Cleaved caspase 3 in myocardial 
tissue (Figure 4C, 4D). Consistently, TUNEL 
assay showed that enhanced apoptosis follow-
ing I/R was inhibited by Sal administration 
(Figure 4E, 4F), indicating that Sal ameliorat- 
ed myocardial apoptosis. Sal markedly mitigat-
ed the structural impairment of myocardium 

Figure 2. ER stress was present in H9c2 OGD/R and myocardial I/R. A-D. Results of Western blot analysis show-
ing protein expressions of GRP78, p-eIF2α, and CHOP in H9c2 cells (n=6). E-H. Western blot analysis of GRP78, 
p-eIF2α, and CHOP proteins in the myocardial tissue (n=6). Data presented as mean ± standard deviation. *P<0.05, 

**P<0.01. 
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(Figure 4G). In addition, Sal induced p-eIF2α 
expression and reduced the expressions of 
Cleaved caspase 3, COX-2, and ER stress-relat-
ed proteins (Figure 4H, 4I). Collectively, our 
results indicated the involvement of ER stress 
in apoptosis-induced myocardial damage and 
suggested that Sal protects against myocardial 
I/R injury by inhibiting ER stress-mediated 
COX-2 signaling pathway. 

NS398 decreases ER stress-induced apoptosis 
following OGD/R by inhibiting COX-2 in vitro

To assess whether ER stress is also a mediator 
of the effects of COX-2 in I/R damage, NS398-
pretreated OGD/R H9c2 cells. Results of CCK- 
8 test revealed that NS398 decreased cell 
death (Figure 5A). Preconditioning with NS398 
alleviated cell apoptosis (Figure 5B, 5C) and 
decreased LDH release (Figure 5D) following 
OGD/R. Moreover, NS398 pretreatment of 
H9c2 cells significantly decreased the proteins 
level of GRP78, Cleaved caspase 3, COX-2, and 
CHOP (Figure 5E, 5F).

NS398 alleviates ER stress-induced apoptosis 
following myocardial I/R by suppressing COX-2

We further used NS398 to probe the interac-
tion between COX-2 and ER stress in myocardi-
al I/R. Results of TUNEL assay showed that 
NS398 treatment dampened the enhanced 
apoptosis after I/R (Figure 6A, 6B). Pretreat- 
ment with NS398 markedly reduced the myo-
cardial infarct size caused by I/R (Figure 6C, 
6D). Immunohistochemistry also confirmed 
that NS398 reduced the expression of Cleaved 
caspase 3 in myocardial tissue (Figure 6E,  
6F). NS398 markedly mitigated the structural 
damage of myocardial tissue (Figure 6G). 
Consistent with the experimental results in 
vitro, the proteins levels of GRP78, CHOP, 
Cleaved caspase 3, COX-2 were significantly 
decreased by NS398 pretreatment in vivo 
(Figure 6H, 6I). These data demonstrated that 
NS398 alleviates myocardial I/R-induced apop-
tosis through regulating COX-2/ERS signaling 
pathway.

Figure 3. Sal attenuated apoptosis and injury by inhibiting ER stress-mediated COX-2 signaling pathway in vitro. A. 
Results of CCK-8 assay (n=5); B. Lactate dehydrogenase activity (LDH) (n=5); C, D. Hoechst 33258-stained sections 
showing apoptotic cells (white arrows) (n=5, Scale bar: 50 μm). E, F. Western blot analysis of GRP78, CHOP, eIF2α, 
p-eIF2α, COX-2, and Cleaved caspase 3 proteins in H9c2 cells (n=6). Data presented as mean ± standard deviation. 
*P<0.05, **P<0.01, ***P<0.001.
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Discussion 

In this research, we explored whether the coac-
tions between ER stress and COX-2 are involv- 
ed in the myocardial I/R-induced damage and 
apoptosis. Suppression of ER stress or COX-2 
partly alleviated myocardial damage and apop-
tosis. Our data indicate the involvement of the 
interaction between COX-2 and ER stress in the 
apoptosis-induced myocardial I/R injury.

ER stress has been confirmed to be associated 
with the progression of I/R [38], and to contrib-
ute to the activation of apoptosis [39]. GRP78, 
CHOP, and p-eIF2α are all recognized indices 
proteins of ER stress [16]. Our results showed 
markedly increased ER stress marker proteins, 
indicating the reaction of ER stress in mice with 

I/R. To ascertain the function of ER stress in 
the myocardial elicited by I/R, Sal was used in a 
mouse model of I/R injury.

Sal is a specific phosphatase inhibitor of 
p-eIF2α. In our study, Sal markedly suppress- 
ed the dephosphorylation of eIF2α following 
myocardial I/R, and reduced ER stress-associ-
ated proteins. The eIF2α signaling pathway is 
critical for adaptation to ER stress, improving 
the ability of folding and restoring translation of 
ER [16]. Our results demonstrated increase of 
p-eIF2α after I/R, which might be correlated 
with promotion of cell survival. Nevertheless, 
uncontrolled activation of CHOP after myocar-
dial I/R revealed persistent and severe I/R,  
and thus resulted in the activation of ER stress. 
The protein expression of Cleaved capase3 

Figure 4. Sal attenuated apoptosis and injury through inhibiting ERS-mediated COX-2 signaling pathway in vivo. A, 
B. Evans blue and TTC staining (n=3); C, D. Immunohistochemistry (IHC) (n=4), Scale bar: 50 μm; E, F. TUNEL assay, 
(n=4), Scale bar: 50 μm; G. HE-stained heart section (n=4), Scale bar: 50 μm; H, I. Western blot analysis of GRP78, 
CHOP, Cleaved caspase 3, eIF2α, p-eIF2α, and COX-2 proteins in myocardial tissue (n=6). Data presented as mean 
± standard deviation. *P<0.05, **P<0.01, ***P<0.001.



COX-2 and ER stress interact in myocardial I/R

3367 Am J Transl Res 2022;14(5):3360-3371

was examined so as to evaluate I/R-mediated 
apoptosis. The results also showed upregula-
tion of Cleaved capase3 expression and in- 
creased infarct area in the I/R group, which was 
reversed by Sal pretreatment, suggesting that 
Sal could block the activation of apoptosis and 
mitigate I/R-induced myocardial injury. In addi-
tion, Sal markedly reduced the expression of 
COX-2 after I/R, indicating that Sal effectively 
inhibited injury by suppressing COX-2.

NS398, a specific inhibitor of COX-2 [40], is 
known to play a cardioprotective effect against 
I/R injury [28], and has been shown to protect 
against progression of cell apoptosis. However, 
whether the anti-apoptotic effect of NS398 is 
linked to ER stress is unclear. We showed that 
NS398 pretreatment resulted in a distinct 
decrease of Cleaved caspase 3, indicating that 
NS398 alleviates apoptosis. 

Inhibition of COX2 activity with NS398 consis-
tently decreased the expression level of the 
components of the COX2 [41-43]. Therefore, 

detecting the expression of COX2 protein is  
an effective strategy to verify the effect of 
NS398 in this study. Consistent with previous 
studies which showed a close connection 
between COX-2 and ER stress [44, 45]. Our 
data showed that NS398 decreased the ER 
stress level by inhibition of COX-2. Augmenta- 
tion of GRP78 is recognized as the beginning  
of ER stress [46], and CHOP is known as the 
key element of cell death and ER stress-induc- 
ed apoptosis [47]. Increased CHOP expression 
and cell death occur during excessive and per-
sistent ER stress. In the present study, the 
expression of CHOP was significantly decreas- 
ed after NS398 administration, suggesting that 
NS398 suppresses ER stress in I/R by inhibit-
ing the expression of CHOP and the ER stress-
related signaling pathway. These results were 
similar to the results of the investigation that 
celecoxib could significantly reduce the key ER 
stress proteins BIP and CHOP. They concluded 
that COX-2 activates ER stress through the BIP/
CHOP pathway, further exacerbating lung injury 
[48]. Furthermore, the suppression of COX-2-

Figure 5. NS398 decreased ER stress-induced apoptosis following OGD/R through inhibition of COX-2 in vitro. A. 
CCK-8 assay (n=5); B, C. Hoechst 33258 staining showing the apoptotic cells (white arrows) (n=5), Scale bar: 50 
μm; D. Lactate dehydrogenase activity (LDH) (n=5); E, F. Western blot analysis of GRP78, Cleaved caspase 3, COX-2, 
and CHOP proteins in H9c2 cells (n=6). Data presented as mean ± standard deviation. *P<0.05.



COX-2 and ER stress interact in myocardial I/R

3368 Am J Transl Res 2022;14(5):3360-3371

ing the COX-2. ER stress may be related to  
COX-2-induced apoptosis, which can be inhibit-
ed by specific COX-2 inhibitor NS398. Sal sig-
nificantly decreased the expression of COX-2 
after I/R, indicating that Sal can suppress cell 
injury and apoptosis by inhibiting COX-2 (Figure 
7). Although further studies are required to 
assess the efficacy of COX-2 and ER stress as 
therapeutic targets for AMI, our results high-
light the need to further investigate COX-2 and 
ER stress-mediated-apoptosis inhibition strate-
gies for myocardial I/R injury.
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mediated PI3K/Akt pathway with celecoxib suc-
cessfully down-regulated ER stress in hepato-
cellular carcinoma cells [45]. Therapeutic 
administration of celecoxib effectively reduces 
hepatic apoptosis in thioacetamide-induced 
cirrhotic rats. The mechanism of action may be 
attributed to the suppression of CHOP expres-
sion, which subsequently inhibits ER stress 
[49]. A limitation of this study is that it only 
explores the interaction between COX-2 and ER 
stress, which leads to apoptosis and aggra-
vates myocardial I/R injury. Further explora-
tions are required for the complex regulatory 
mechanism between COX-2 and ER stress.

Conclusion

Our research reveals that I/R can induce apop-
tosis by activating the ER stress and upregulat-
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