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Abstract: Ischemia/reperfusion (I/R) is a pathological process that occurs in numerous organs and is often 
associated with severe cellular damage and death. Ectodysplasin-A2 receptor (EDA2R) is a member of the TNF 
receptor family that has anti-inflammatory and antioxidant effects. However, to the best of our knowledge, its role 
in the progression of myocardial I/R injury remains unclear. The present study aimed to investigate the role of 
EDA2R during myocardial I/R injury and the molecular mechanisms involved. In vitro, dexmedetomidine (DEX) 
exhibited a protective effect on hypoxia/reoxygenation (H/R)-induced cardiomyocyte injury and downregulated 
EDA2R expression. Subsequently, EDA2R silencing enhanced cell viability and reduced the apoptosis of 
cardiomyocytes. Furthermore, knockdown of EDA2R led to an elevated mitochondrial membrane potential (MMP), 
repressed the release of Cytochrome C and upregulated Bcl-2 expression. EDA2R knockdown also resulted in 
downregulated expression of Bax, and decreased activity of Caspase-3 and Caspase-9 in cardiomyocytes, reversing 
the effects of H/R on mitochondria-mediated apoptosis. In addition, knockdown of EDA2R suppressed H/R-induced 
oxidative stress. Mechanistically, EDA2R knockdown inactivated the NF-κB signaling pathway. Additionally, 
downregulation of EDA2R weakened myocardial I/R injury in mice, as reflected by improved left ventricular function 
and reduced infarct size, as well as suppressed apoptosis and oxidative stress. Additionally, EDA2R knockdown 
repressed the activation of NF-κB signal in vivo. Collectively, knockdown of EDA2R exerted anti-apoptotic and 
antioxidant effects against I/R injury in vivo and in vitro by suppressing the NF-κB signaling pathway.
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Introduction

Ischemic heart disease is one of the leading causes of 
death worldwide [1]. Myocardial ischemia/reperfusion 
(I/R) injury is the main cause of mortality and morbid-
ity in patients with ischemic heart disease [2]. I/R results 
in the destruction of the myocardial cellular structure 

and the disturbance of myocardial cell energy metabo-
lism, thus leading to myocardial tissue infarction [3]. 
notably, I/R injury often contributes to increased oxida-
tive stress, thus triggering cell apoptosis [4]. Inhibition 
of oxidative stress and apoptosis has therapeutic sig-
nificance for I/R injury [5]. Therefore, it is essential to 
explore the molecular mechanisms of oxidative stress 
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and apoptosis during myocardial I/R injury to develop 
effective therapeutic strategies.

Ectodysplasin-a2 (EDa-a2) receptor (EDa2R), also 
known as X-linked ectodermal dysplasia receptor, is a 
recently isolated member of the TnF superfamily. In-
creasing evidence has suggested that EDa2R promotes 
apoptosis in multiple types of cells [6–9]. EDa-a2 in-
duces Dickkopf-1 (DKK-1) secretion and causes apop-
tosis in human hair follicle (HF) cells by binding EDa2R 
[10]. Lan et al. corroborated that EDa2R induced podo-
cyte apoptosis and dedifferentiation under high-glucose 
conditions [11]. Furthermore, knockdown of EDa2R 
reduces cell apoptosis, and exerts anti-inflammatory and 
antioxidant effects against hyperoxia-induced injury in 
lung epithelial cells [12]. These reports indicated that 
EDa2R may be involved in regulating cell apoptosis and 
oxidative stress. Data from the Gene Expression Omni-
bus (GEO) database (GSE160516) demonstrated that 
EDa2R expression was elevated in the myocardial tis-
sues of a mouse myocardial I/R model. However, the 
role of EDa2R in myocardial I/R injury remains poorly 
understood.

Under resting conditions, inactive NF-κB dimers 
(classically p65/p50) bind to IκB in the cytoplasm. While 
stimulated, IκB kinase mediated-IκB phosphorylation 
results in IκB ubiquitination and nuclear translocation 
of NF-κB [13, 14]. NF-κB signaling regulates the expres-
sion of genes that coordinate stress, growth and inflam-
matory responses [15]. NF-κB signal is activated by 
oxidative stress and its activation can be modulated by 
antioxidant compounds [16]. Inhibition of NF-κB has 
been shown to induce apoptosis in multiple types of cells, 
such as acute myeloid leukemia (aML) cells [17], bovine 
mammary epithelial (MaC-T) cells [18] and oligoden-
drocyte cells [19]. Sufficient studies also indicated that 
NF-κB signaling was activated in the process of myo-
cardial I/R injury, and inhibition of NF-κB signal re-
duced myocardial apoptosis, further alleviating myocar-
dial I/R injury [7, 20]. numerous studies support the 
involvement of EDa2R in apoptosis induction via nF-
κB activation in cancer cells [21–23]. Therefore, we 
hypothesized that EDa2R might serve a vital role in 
myocardial I/R injury via NF-κB signaling. However, 
whether NF-κB signaling mediates the function of 
EDA2R in myocardial I/R injury requires further con-
firmation.

Dexmedetomidine (DEX) is a highly selective agonist 
of α2-adrenergic receptors (α2-ARs) and has been ap-
plied in clinical anesthesia and intensive care units, 
exerting sedative, analgesic and sympatholytic effects 
[24]. DEX is effective in attenuating the stress response 
to surgical stimulation and improving the oxygen supply-

demand balance in the heart [25]. In addition, various 
studies have indicated that DEX exerts protective effects 
against I/R injury via direct action on the myocardium 
[26–28]. Therefore, to explore the protective effects of 
DEX, we screened downstream factors regulated by 
DEX through GEO database. Based on the GSE126104 
profile, DEX decreases EDA2R expression in the left 
ventricle of rats, suggesting that EDa2R may participate 
in protective effects of DEX on myocardial I/R injury.

The present study aimed to explore the role and mech-
anism of EDa2R during myocardial I/R injury using in 
vivo and in vitro experiments.

Materials and Methods

Cell culture and hypoxia/reoxygenation (H/R) model
aC16 human cardiomyocytes were purchased from 

iCell Bioscience Inc. (Shanghai, China). Cells were cul-
tured in GibcoDulbecco’s Modified Eagle Medium/F12 
(DMEM/F12, Procell Life Science & Technology Co., 
Ltd., Wuhan, China) containing 10% fetal bovine serum 
(FBS, Tianhang Biotechnology Co., Ltd., Zhejiang, 
China) at 37°C in a 5% CO2 incubator.

H/R cells were cultured under hypoxic conditions (1% 
O2; 5% CO2; 94% n2) for 16 h and then returned to 
normal oxygen conditions for 2 h. Control cells were 
cultured under normal oxygen conditions for 18 h. at 1 h 
before culture under H/R conditions, 1 µM DEX 
(BL171a, Biosharp Biotech Co., Ltd., Hefei, China) was 
added to H/R+DEX cells and cells were treated for 19 h.

Transfection
The pRnaH1.1 vector was obtained from GenScript 

(Piscataway, nJ, uSa). according to the experimental 
groups, aC16 cells were inoculated into 6-well plates (4 
× 105 per well) and cultured at 37°C in a 5% CO2 incu-
bator. Transfection was carried out after cell adherence. 
The short hairpin RNA (shRNA-1) sequence (GGAGA-
CaGGCTGGaGCTCaaTTCaaGaGaTTGaGCTC-
CAGCCTGTCTCTTTTT) and shRNA-2 sequence 
(GGCaGTTTGaGGCTGaTaaaTTCaaGaGaTTTa

TCaGCCTCaaaCTGCTTTTT) targeting EDa2R 
or negative control (NC) sequence (GTTCTCCGAAC-
GTGTCaCGTTTCaaGaGaaCGTGaCaCGTTCG-
GaGaaTTTTT) were inserted into the pRnaH1.1 
vector. Subsequently, the plasmids were transfected into 
aC16 cells using Lipofectamine 3000 (Invitrogen, 
Thermo Fisher Scientific Inc., Carlsbad, MA, USA). 
after transfection for 24 h, the cells were cultured under 
hypoxic conditions for 16 h and then under normal oxy-
gen conditions for 2 h. afterwards, cells were collected 
for subsequent experiments.
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Establishment of a mouse myocardial I/R model 
and adeno-associated virus infection

all animal experiments were carried out in accordance 
with the national Institutes of Health Guide for the Care 
and use of Laboratory animals. The study protocol was 
approved by Harbin Children’s Hospital Ethical Medical 
Committee (2023-IEC-01). Male C57BL/6 mice (8–10 
weeks old, 25 g) were obtained from Liaoning Chang-
sheng Biotechnology Co., Ltd. (Benxi, China). They 
were randomly divided into four groups: Sham, I/R, I/R 
+ adeno-associated virus 9 (aaV9)-nC and I/R+aaV9-
shEDA2R (n=24 per group). The shRNA sequence tar-
geting EDa2R was CCGGGaTTGTGGTTaTGGaGa-
a G G T T C a a G a G a C C T T C T C C aTa a C C a -
CaaTCCTTTTTT. after 1 week of adaptive feeding, 
the mouse myocardial I/R model was established by liga-
tion of the left anterior descending branch (ligation for 
30 min and reperfusion for 24 h) according to the previ-
ously reports [29, 30]. Briefly, after thoracotomy, the 
capsule was cut to expose the left atrial appendage, and 
the heart was gently pinched out of the pore. at the 
lower margin of the left atrial appendage 1–2 mm and 
next to the pulmonary conus 0.5 mm, a 5-0 suture needle 
was ligation through the anterior descending coronary 
artery with a needle width of about 2 mm. Sham mice 
received thoracotomy without ligation. I/R + aaV9-nC 
and I/R + aaV9-shEDa2R mice were injected with 
control or shEDa2R aaV9 (1 × 1011v.g, 125 µl) via the 
caudal vein 10 days before I/R model establishment. 
after 24 h, myocardial ultrasound was performed to 
evaluate the left ventricular functions, including the left 
ventricular end systolic diameter (LVESD), left ven-
tricular end-systolic volume (LVESV), left ventricular 
end diastolic dimension (LVEDD), left ventricular end-
diastolic volume (LVEDV), LVEF (= LVEDV − LVESV 
/ LVESV × 100%) and LVFS (= LVEDD − LVESD / 
LVESD × 100%). after ultrasound, all experimental mice 
were euthanized by CO2 asphyxiation (flow rate, 60% 
of the chamber volume/min). The basal myocardial tis-
sues from the free wall of the left heart in myocardial 
infarction areas were collected for the follow-up ex-
periments.

Cell -Counting Kit 8 (CCK-8) assay
aC16 cells were seeded into 96-well plates at a den-

sity of 5 × 103 cells per well. CCK-8 reagent (10 µl; 
KeyGen Biotech Co., Ltd., nanjing, China) was added 
into each well and cells were incubated for 2 h at 37°C. 
Optical density values at 450 nm were measured on a 
microplate reader (BioTek; agilent Technologies, Inc.,  
Winooski, VT, uSa).

Flow cytometry
according to the manufacturer’s instructions, cardio-

myocytes were centrifuged 150 × g at room temperature 
for 5 min and collected. after removing the supernatant, 
cardiomyocytes were washed twice with PBS and sus-
pended with 500 µl Binding Buffer. Subsequently, cells 
were treated with 5 µl annexin V-FITC and 5 µl PI, and 
incubated at room temperature for 5–10 min in the dark. 
A NovoCyte flow cytometer (ACEA Bioscience Inc., 
San Diego, Ca, uSa) was used to detect apoptosis.

Transmission electron microscopy
AC16 cells fixed at 4°C were rinsed with 0.1 M phos-

phate buffer PB (PH7.4), and then dehydrated with 30%-
50%-70%-80%-95%-100%-100% alcohol for 20 min 
each time, and 100% acetone twice for 15 min each time. 
The cells were permeated with 812 embedding agents 
overnight at 37°C. after polymerization for 48 h at 60°C, 
the cells were embedded using resin block and resin block 
were cut into ultrathin slices of 60–80 nm. The slices 
were stained with 2% uranyl acetate saturated alcohol 
solution for 8 min and 2.6% lead citrate solution for 8 
min in the dark. The staining was observed under trans-
mission electron microscope (Hitachi, Tokyo, Japan).

JC-1 staining
For mitochondrial membrane potential (MMP) detec-

tion, aC16 cells were incubated with JC-1 for 20 min at 
37°C. after incubation, the supernatant was removed 
and cells were treated with JC-1 dyeing buffer (1X). 
Subsequently, the images for JC-1 monomers (green 
fluorescence) and JC-1 aggregates (red fluorescence) 
were captured under a fluorescence microscope (Olym-
pus, Tokyo, Japan).

Immunofluorescence
Cell slides were fixed with 4% paraformaldehyde for 

15 min at room temperature. Subsequently, slides were 
permeabilized using 0.1% Triton X-100 and washed in 
PBS. after blocking using 1% BSa (Sangon Biotech 
Co., Ltd., Shanghai, China), the slides were incubated 
with anti-NF-κB p65 (dilution, 1:100; A2547; ABclonal 
Biotech Co., Ltd., Wuhan, China) overnight at 4°C. Sec-
ondary antibody goat anti-rabbit IgG (dilution, 1:200; 
A27039; Invitrogen, Thermo Fisher Scientific Inc.) was 
added to the slides and slides were incubated at room 
temperature for 60 min. nuclei were counterstained with 
DaPI (aladdin Biochemical Technology Co., Ltd., 
Shanghai, China). Cells were observed under a fluores-
cence microscope.
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Electrophoretic mobility shift assay (EMSA)
nuclear protein was isolated using a nuclear Protein 

Isolation Kit (Beyotime, Shanghai, China). The protein 
concentration was examined using a BCa protein con-
centration assay kit (Beyotime). The EMSa binding 
reaction was performed in line with the protocol of 
EMSA kit (Beyotime). Briefly, protein extracts were 
mixed with biotin-labeled NF-κB probe and incubated 
at room temperature for 10 min. after electrophoresis, 
samples were transferred to a membrane for 40 min and 
cross-linked for 10 min. ECL Plus Reagent solution was 
used for detection of the biotin-labeled probe (NF-κB).

H&E staining
I/R-induced myocardial histopathological changes 

were visualized using H&E staining. The embedded 
myocardial tissues were cut into 5-µm slices, and de-
waxed and hydrated in xylene and ethanol. Subsequent-
ly, sections were stained with hematoxylin for 5 min and 
then eosin for 3 min. Images were obtained using a 
microscope.

Triphenyl tetrazolium chloride (TTC) staining
TTC was dissolved with 0.01 M PBS to prepare a 2% 

staining solution. The myocardial tissues were sliced. 
TTC staining solution (2 ml) was added to the slices and 
slices were incubated at 37°C in the dark. after 15 min, 
slices were turned over and stained for 15 min. Finally, 
images of the staining results were captured under a 
microscope. The infarct area and left ventricular area of 
each slice of myocardia were measured using Image 
pro-Plus 6.0 software (Media Cybernetics, Bethesda, 
MD, USA). Briefly, each slice of the heart was com-
pletely outlined. “Count and measure objects” were used 
to output the result. The percentage of the infarct area 
(infarct weights/whole heart weights × 100%) was also 
calculated.

TUNEL staining
Paraffin-embedded myocardial tissues were sliced, 

dewaxed and rehydrated. after penetration using 0.1% 
Triton X-100 (50 µl; Beyotime), the prepared TunEL 
reaction solution (50 µl) was added to the sections and 
the sections were incubated at 37°C for 1 h. Sections 
were then stained with DaPI for 5 min, and images were 
captured under a microscope.

Detection of oxidative stress index
Cell precipitates were re-suspended with PBS, and the 

protein content was determined after ultrasonic lysis. 
Protein concentration was measured by a BCa protein 
assay kit (Beyotime). Malondialdehyde (MDa) content 

was determined using the MDA kit (Jiancheng). Briefly, 
after the reagents provided by MDa kit were succes-
sively added to the samples, then samples were centri-
fuged for 10 min. The absorbance of the supernatant was 
measured at 532 nm. MDa content (nmol / mgprot) = 
(measured OD value − control OD value) / (Standard OD 
value − blank OD value) × standard tube concentration 
(10 nmol/ml) / protein concentration to be measured 
(mgprot/ml). Superoxide dismutase (SOD) activity was 
measured using the SOD kit (Jiancheng). The absorbance 
of the supernatant was measured at 570 nm. SOD activ-
ity (U / mgprot) = (control OD value − measured OD 
value) / control OD value) / 50% × (total volume of reac-
tion liquid (ml) / sample size (ml) / Protein concentration 
of sample to be measured (mgprot/ml). according to the 
instructions of the reactive oxygen species (ROS) kit 
(Jiancheng), the dichlorodihydrofluorescein diacetate 
(DCFH-Da) probe was used to detect ROS levels. after 
incubation at 37°C for 30 min, single-cell suspension was 
collected. Subsequently, the supernatant was discarded 
and re-suspended with PBS. The excitation light was 488 
nm and the emission light was 525 nm. Finally, the results 
were expressed as relative fluorescence intensity.

Detection of Caspase-3 and Caspase-9 activity
The activity of Caspase-3 and Caspase-9 in cardio-

myocytes was detected using the corresponding kits 
(Beyotime) in accordance with the manufacturer’s in-
structions.

RT-qPCR
Total Rna was extracted from cardiomyocytes. Re-

verse transcription of Rna into cDna was performed 
using reverse transcriptase (BeyoRT II M-MLV; Beyo-
time). qRT-PCR amplification was performed using a 
SYBR green kit (Solarbio Science & Technology Co., 
Ltd., Beijing, China) and samples were analyzed using 
an ExicyclerTM96 PCR reaction system (Bioneer, Dae-
jeon, Korea). β-actin served as an internal control for 
mRna normalization. The relative Rna level of a gene 
was determined using by the 2-ΔΔCT method [31]. The 
sequences of primers used were as follows:

EDA2R forward, 5′-TTCTACCGAAAGACACGC-3′;
EDA2R reverse, 5′-GCTCAACTGGAAGGCAC-3′;
β-actin forward, 5′-CACTGTGCCCATCTAC-

GAGG-3′;
β-actin reverse, 5′-TAATGTCACGCACGATTTCC-3′.

Western blotting
Myocardial tissues or cardiomyocytes were lysed us-

ing RIPA lysis buffer containing 1 mmol/l PMSF (Bey-
otime). The lysates were centrifuged at 10,000 × g for 
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10 min at 4°C and the clarified protein concentration was 
measured using a BCa protein assay kit (Beyotime). 
Equal amounts (30 µg) of proteins were electrophoresed 
on 10% SDS polyacrylamide gels, and simultaneously 
transferred to polyvinylidene difluoride membranes. 
after blocking, the membranes were incubated with 
primary antibodies overnight at 4°C. after washing with 
5% TBST, the membranes were incubated with the cor-
responding secondary antibodies (goat anti-rabbit IgG, 
1:10,000; Sa00001-2; Proteintech, Wuhan, China or 
goat anti-mouse IgG, 1:10,000, Sa00001-1; Proteintech) 
at a dilution of at 37°C for 40 min. The protein bands 
were visualized with ECL luminous solution (7 Sea bio-
tech, Shanghai, China) and semi-quantified using Gel-
Pro-analyzer software 4 (Media Cybernetics).

The primary antibodies used in the present study were 
as follows: EDa2R antibody (1:5,000; ab167224; ab-
cam, Shanghai, China), Cytochrome C antibody (1:1,000; 
AF0358; Affinity Biosciences, Changzhou, China), Bcl-
2 antibody (1: 500; a0208; aBclonal Biotech Co., Ltd., 
Wuhan, China), Bax antibody (1:500; a19684; aBclonal 
Biotech Co., Ltd.), phosphorylated IκBa antibody 
(1:1,000; AP0707; ABclonal Biotech Co., Ltd.), IκBa 
antibody (1:1,000; a1187; aBclonal Biotech Co., Ltd.), 
phosphorylated p65 antibody (1:1,000; aP0475; aB-
clonal Biotech Co., Ltd.) and p65 antibody (1:500; 
a2547; aBclonal Biotech Co., Ltd.).

Statistical analysis
all data were analyzed using Prism 8.0 software 

(GraphPad, San Diego, Ca, uSa) and are presented as 
the mean ± SD. Data between two groups were analyzed 
with the unpaired t-test. Comparisons between groups 
were performed using one-way or two-way analysis of 
variance (anOVa), and multiple comparisons were 
performed with the Tukey test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

DEX has a protective effect on H/R induced 
cardiomyocyte injury

To verify the cardioprotective effects of DEX against 
I/R injury, an H/R cell model was established. Firstly, 
cell viability was examined using a CCK-8 assay, and 
the data indicated that H/R significantly decreased the 
viability of cardiomyocytes compared with the control 
group, while DEX restored the cell viability inhibited 
by H/R (Fig. 1a). Furthermore, to elucidate the effect of 
DEX on apoptosis in AC16 cells exposed to H/R, flow 
cytometry was performed. H/R increased the number of 
apoptotic cardiomyocytes cells, triggering cell apoptosis. 

However, DEX decreased the apoptotic rate of cardio-
myocytes, reversing the effects of H/R on apoptosis 
(Figs. 1B and C). Results of GSE126104 chip showed 
that DEX decreased EDa2R expression in the left ven-
tricle of rats (Fig. 1D). In addition, RT-qPCR and west-
ern blotting analysis were used to assess the mRna and 
protein levels of EDa2R in cardiomyocytes treated with 
DEX. notably, as shown in Fig. 1E, DEX markedly de-
creased EDa2R expression in a H/R cell model. Taken 
together, the aforementioned findings suggested that 
DEX attenuated H/R-induced cardiomyocyte injury, and 
EDA2R might be involved in the protective effects of 
DEX during the I/R process.

EDA2R knockdown suppresses H/R-induced 
cardiomyocyte apoptosis

Firstly, shEDa2R-1 and shEDa2R-2 were transfect-
ed into AC16 cells to analyze the effect of EDA2R 
knockdown on cardiomyocyte apoptosis. The results of 
RT-qPCR and western blotting demonstrated that EDA2R 
expression was significantly downregulated in H/
R+shEDa2R cells compared with the H/R+shnC cells, 
indicating successful transfection (Fig. 2a). To deter-
mine the effects of EDA2R silencing on cell viability, a 
CCK-8 assay was performed. The results demonstrated 
that H/R decreased cell viability, and knockdown of 
EDa2R reversed this phenotype, while shnC transfec-
tion did not (Fig. 2B). With respect to cardiomyocyte 
apoptosis, the results of flow cytometry shown in 
Figs. 2C and D suggested that H/R triggered an increase 
in the number of apoptotic cardiomyocytes, while 
EDa2R knockdown deceased the apoptosis rate, abolish-
ing the promoting effects of H/R on apoptosis. Collec-
tively, these data indicated that knockdown of EDa2R 
suppressed H/R-induced cardiomyocyte apoptosis.

EDA2R knockdown represses mitochondria-
mediated apoptosis

To further verify the effect of EDA2R knockdown in 
mitochondria-mediated apoptosis, the mitochondrial 
morphology of cardiomyocytes was first observed by 
transmission electron microscopy. as shown in Fig. 3a, 
mitochondria in the control group exhibited standard 
reniform structure with complete morphology and clear 
cristae. Mitochondria in the H/R cells were shriveled 
and vacuolated, and the cristae were fuzzy. In addition, 
mitochondrial morphology in the EDa2R knockdown 
group was restored, which suggested that EDa2R knock-
down repaired the mitochondrial morphology destroyed 
by H/R. Furthermore, to identify the molecular basis of 
apoptosis suppression by shEDa2R, the changes in 
MMP were determined using JC-1 staining. as shown 
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Fig. 2. Ectodysplasin-a2 receptor (EDa2R) knockdown suppresses hypoxia/reoxygenation (H/R)-induced cardiomyocyte apoptosis. 
(A) The knockdown efficiency of EDA2R in cardiomyocytes was detected by RT-qPCR and western blotting. (B) Cell -Count-
ing Kit 8 (CCK-8) was applied to detect cell viability. (C, D) Apoptosis was determined using flow cytometry, and apoptotic 
rate was calculated. ***P<0.001; ****P<0.0001 vs. con. ##P<0.01; ###P<0.001; ####P<0.0001 vs. H/R+shnC. n=3.

Fig. 1. Dexmedetomidine (DEX) has a protective effect on hypoxia/reoxygenation (H/R)-induced cardiomyocyte injury. (A) Cell 
-Counting Kit 8 (CCK-8) was used to measure cell viability. (B, C) Apoptosis and apoptotic rate were determined using flow 
cytometry. (D) GSE126104 showed that DEX decreased ectodysplasin-a2 receptor (EDa2R) expression in the left ventricle of 
rats. ***, P<0.001 vs. con. (E) The expression of EDA2R in cardiomyocytes was detected by RT-qPCR and western blotting. 
**P<0.01; ***P<0.001; ****P<0.0001 vs. con. ##P<0.01; ####P<0.0001 vs. H/R. n=3.
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in Fig. 3B, the MMP in H/R-treated cardiomyocytes was 
decreased, while that in EDa2R knockdown-treated 
cardiomyocytes was significantly increased. In addition, 
the present study examined the release of Cytochrome 
C (a component of the electron transport chain in mito-

chondria). H/R increased cytoplasmic Cytochrome C 
levels and decreased mitochondrial Cytochrome C lev-
els, indicating that the integrity of the mitochondria was 
impaired, while EDa2R knockdown reversed these al-
terations caused by H/R (Figs. 3C and D).

Fig. 3. Ectodysplasin-a2 receptor (EDa2R) knockdown represses mitochondria-mediated apoptosis. (a) Mitochondrial morphology 
of cardiomyocytes was observed by transmission electron microscopy (the arrows represented mitochondrial morphology, scale 
bar=500 nm). (B) Mitochondrial membrane potential (MMP) was detected by JC-1 (Scale bar=100 µm, Red: ****P<0.0001 vs. 
con. or hypoxia/reoxygenation (H/R)+shnC; Green: ####P<0.0001 vs. con. H/R+shnC). (C, D) The levels of cytochrome C in 
mitochondria and cytoplasm of cardiomyocytes were determined by western blotting. (E) The expressions of Bax and Bcl-2 
were determined in cardiomyocytes by western blotting. (F, G) Caspase-3 and Caspase-9 activity in cardiomyocytes was de-
tected. ***P<0.001; ****P<0.0001 vs. con. #P<0.05; ##P<0.01; ###P<0.001; ####P<0.0001vs. H/R+shnC. n=3.
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To investigate the possible role of EDa2R knockdown 
in apoptosis, the levels of apoptosis-related factors were 
detected in cardiomyocytes. The levels of apoptosis-
associated proteins were markedly altered after H/R 
administration. as shown in Figs. 3E–G, H/R markedly 
increased Bax levels, Caspase-3 and Caspase-9 activity, 
and decreased Bcl-2 levels. EDa2R knockdown showed 
opposite function. These findings demonstrated that 
knockdown of EDa2R repressed mitochondria-mediat-
ed apoptosis in cardiomyocytes.

EDA2R knockdown relieves H/R-induced oxidative 
stress

To determine the effect of EDA2R knockdown on 
oxidative stress, the index related to oxidative stress was 
measured. as suggested in Figs. 4a and B, H/R increased 
the MDa content and decreased SOD activity in cardio-
myocytes, indicating that oxidative stress occurred fol-
lowing H/R injury. Of note, the aforementioned effects 
were markedly abolished by EDa2R knockdown. ad-
ditionally, to investigate whether EDa2R knockdown 
affects ROS, cardiomyocytes were stained with DCFH-
Da and ROS production was detected. as expected, the 
results of flow cytometry confirmed that, in contrast to 
H/R, EDA2R knockdown caused a significant decrease 
in ROS production (Fig. 4C). Based on these observa-
tions, knockdown of EDa2R relieved H/R-induced 
oxidative stress in cardiomyocytes.

EDA2R knockdown inhibits the activation of the 
NF-κB signaling pathway

We hypothesized that EDa2R served a key role in the 
process of cardiac I/R injury by regulating NF-κB signal-
ing. Therefore, western blotting analysis was carried out 
to determine the levels of IκBα, p-IκBα, NF-κB p65 and 

p-NF-κB p65 in cardiomyocytes. The results in Fig. 5A 
demonstrated that the levels of these proteins were mark-
edly changed after H/R. H/R decreased IκBα levels, and 
enhanced the phosphorylation of IκBα and NF-κB p65. 
However, EDa2R knockdown decreased the phosphor-
ylation of IκBα and NF-κB p65, reversing the effects of 
H/R on NF-κB signaling. Moreover, analysis of immu-
nofluorescence staining and the EMSA indicated that 
H/R increased the nuclear translocation of NF-κB p65 
and the specificity binding of NF-κB, which was mark-
edly abolished by EDa2R knockdown (Figs. 5B and C). 
These results provided evidence that EDa2R knockdown 
inhibited the activation of the NF-κB signaling pathway 
in cardiomyocytes, thus alleviating H/R-induced I/R 
injury.

EDA2R knockdown weakens myocardial I/R injury 
in mice

To examine the effect of EDA2R on I/R-treated hearts, 
a mouse myocardial I/R model was established and 
EDa2R expression was decreased using an adeno-asso-
ciated virus system (Fig. 6a). Firstly, the left ventricular 
function was measured in mice after I/R injury. Our data 
showed that the LVESD, LVESV, LVEDV and LVEDD 
were significantly increased and the LVEF and LVFS 
was decreased after I/R. Mice with EDa2R knockdown 
exhibited significantly improved cardiac function during 
reperfusion (Fig. 6B), supporting a protective role of 
EDA2R knockdown in mice suffering from I/R injury. 
ultrasonic cardiogram of each group was shown in Fig. 
6C. The heart rate slowed down in the I/R group, while 
it recovered in the EDa2R knockdown group (Fig. 6D). 
additionally, H&E staining was used to detect histo-
pathological changes of myocardial tissues, and the re-
sults verified that increased infarct size and histological 

Fig. 4. Ectodysplasin-a2 receptor (EDa2R) knockdown relieves hypoxia/reoxygenation (H/R)-induced oxidative 
stress. (a, B) Superoxide dismutase (SOD) activity and malondialdehyde (MDa) levels in cardiomyocytes. 
(C) Dichlorodihydrofluorescein diacetate (DCFH-DA) probe was used to examine reactive oxygen species 
(ROS) levels in cardiomyocytes. ***P<0.001; ****P<0.0001 vs. con. #P<0.05; ##P<0.01; ###P<0.001; ####, 
P<0.0001 vs. H/R+shnC. n=3.
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damage were observed after I/R, while EDa2R knock-
down alleviated it, exhibiting cardioprotective effects 
(Fig. 6E). I/R also increased heart weight, whereas 
EDa2R knockdown decreases it (Fig. 6E). TTC staining 
confirmed that I/R led to myocardial infarction, while 
EDa2R knockdown reduced the infarct size and percent-
age of infarct size, thus weakening I/R injury (Fig. 6F). 
Furthermore, apoptosis was detected by TunEL and 
JC-1 staining. The results in Figs. 6G and H showed that 
TunEL-positive cells were increased and the MMP was 

decreased in I/R mice, while EDa2R-knockdown mice 
exhibited the opposite phenotype, implying that EDa2R 
knockdown largely decreased I/R-induced apoptosis. 
Similarly, I/R mice exhibited a notable increase in MDa 
content and ROS levels, as well as a decrease in SOD 
activity (Fig. 6I). The opposite results were obtained in 
the EDa2R knockdown group (Fig. 6I). additionally, 
EDa2R knockdown reversed the increase in nuclear 
NF-κB p65 levels following I/R, thus inhibiting the ac-
tivation of the NF-κB signaling pathway (Fig. 6J). In 

Fig. 5. Ectodysplasin-A2 receptor (EDA2R) knockdown inhibits the activation of the NF-κB signaling pathway. (A) The levels of IκBα, 
p-IκBα (Ser32), NF-κB p65 and p-NF-κB p65 (Ser536) were detected in cardiomyocytes by western blotting. (B) The expression 
distribution of NF-κB p65 in cardiomyocytes was determined by immunofluorescence, the fluorescence intensity of p65 in the 
nucleus was quantified in three fields of three sections (the arrows represented the distribution of p65 in the nucleus, scale bar=50 
µm). (C) The transcriptional activity of NF-κB in cardiomyocytes was measured by the electrophoretic mobility shift assay 
(EMSa). ****P<0.0001 vs. con. ####P<0.0001. n=3.
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Fig. 6. Ectodysplasin-a2 receptor (EDa2R) knockdown weakens myocardial ischemia/reperfusion (I/R) injury in mice. (a) The knock-
down efficiency of EDA2R was determined by western blotting. (B, C) The left ventricular end systolic diameter (LVESD), left 
ventricular end-systolic volume (LVESV), left ventricular end-diastolic volume (LVEDV), left ventricular end diastolic dimen-
sion (LVEDD), LVEF and LVFS were evaluated, and representative echocardiograms were presented. (D) Heart rate in each 
group. (E) H&E staining was used to detect histopathological changes of myocardial tissues (Scale bar=100 µm). Heart weight 
was also measured. (F) The infarct size was determined by triphenyl tetrazolium chloride (TTC) staining, and infarct percentage 
was measured. (G) Myocardial tissue apoptosis was detected by TunEL staining (Scale bar=50 µm). (H) mitochondrial mem-
brane potential (MMP) was determined by JC-1 in myocardial tissues (Scale bar=50 µm). JC-1 monomer and dimer were the 
same cell samples and field of view for each experimental condition. (I) Superoxide dismutase (SOD) activity and malondial-
dehyde (MDA)  levels in myocardial tissues. Dichlorodihydrofluorescein diacetate (DCFH-DA) probe was used to examine 
reactive oxygen species (ROS) levels in myocardial tissues. (J) The levels of cytoplasmic NF-κB p65 and nuclear NF-κB p65 
in myocardial tissues were detected by western blotting. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 vs. sham. #P<0.05; 
##P<0.01; ###P<0.001; ####P<0.0001 vs. I/R + adeno-associated virus 9 (AAV9) − NC. n=6.
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summary, these data confirmed that knockdown of 
EDa2R weakened myocardial I/R in mice, consistent 
with the in vitro results.

Discussions

I/R injury is the leading cause of death and morbidity 
in patients with ischemic heart disease, and effective 
clinical therapies for the prevention or treatment of myo-
cardial I/R injury are still lacking [32, 33]. Multiple 
mechanisms are involved in myocardial I/R injury, such 
as inflammation, apoptosis and ROS [34]. notably, GEO 
database results indicated that EDa2R expression was 
elevated in the myocardial tissues of a mouse myocar-
dial I/R model. Furthermore, the cardioprotective prop-
erties of DEX have been confirmed in several studies 
[35–37]. For example, Yang et al. suggested that DEX 
pretreatment protected the hearts against I/R injury by 
inhibiting inflammation and apoptosis [38]. Based on 
analysis of the GEO database and the present study, DEX 
downregulated EDa2R expression in the left ventricle 
of rats and cardiomyocytes, suggesting that EDa2R 
might be involved in the protective effects of DEX on 
myocardial I/R injury. Thus, an H/R cell model was es-
tablished and EDa2R expression was knocked down to 
identify the effect of EDA2R knockdown on myocar-
dial I/R injury.

apoptosis has been demonstrated to exert an important 
role in I/R-induced tissue damage [39]. a study suggests 
that I/R-induced apoptosis increases cardiomyocyte in-
jury severity, which is associated with cardiomyocyte 
death [40]. EDa2R has been shown to be associated with 
tumor progression and metabolic diseases [41]. Sufficient 
studies have indicated that EDa2R mediates apoptosis 
in numerous cell types [6, 23, 42]. For instance, EDa2R 
has been implicated in isoform EDa-a2-induced apop-
tosis of hair follicle cells [6] and osteosarcoma cells [43]. 
Furthermore, silencing of EDa2R enhanced the viabil-
ity and reduced the apoptosis of hyperoxia-induced 
murine lung epithelial cells [12]. The present findings 
suggested that EDa2R knockdown increased cell viabil-
ity and suppressed H/R-induced cardiomyocyte apopto-
sis. additionally, H/R-induced mitochondrial dysfunc-
tion and apoptosis are responsible for the exacerbation 
of myocardial I/R injury [44]. We also demonstrated that 
EDa2R knockdown repaired H/R-destroyed mitochon-
drial morphology and further increased the MMP. It is 
also well known that cytochrome C is essential for apop-
tosis and released from the mitochondria to the cytosol 
[45]. It can cleave and activate the key executioner Cas-
pase-3 or Caspase-9, resulting in apoptosis [46]. Our 
results demonstrated that EDa2R knockdown markedly 

decreased cytoplasmic Cytochrome C levels and in-
creased mitochondrial Cytochrome C levels. addition-
ally, EDa2R knockdown decreased Bax levels, Cas-
pase-3 and Caspase-9 activity, and increased Bcl-2 
levels, further suppressing mitochondria-mediated apop-
tosis and restoring mitochondrial integrity. Following 
on from these findings, the present study demonstrated 
that inhibition of EDa2R relieved myocardial I/R in-
jury, in accordance with the aforementioned studies.

Oxidative stress caused by massive ROS production 
induced by I/R is an important pathogenesis of I/R [47]. 
Therefore, inhibition of oxidative stress may effectively 
alleviate I/R injury and cell death. MDa is an end-prod-
uct of lipid peroxidation, while SOD is an enzyme for 
scavenging ROS, and they both reflect the lipid peroxi-
dation degree [48]. Of note, in this work, EDa2R knock-
down group also exerted anti-oxidative effects during 
I/R injury, which was manifested by increased MDa 
content and decreased SOD activity. Furthermore, the 
concomitant excessive ROS production that occurs dur-
ing reperfusion causes additional damage to the heart, 
contributing to the expansion of the infarct size and the 
deterioration of myocardial function [49]. Lan et al. 
indicated that silencing of EDa2R inhibited high glu-
cose-induced accumulation of ROS and apoptosis of 
podocytes [11]. We also confirmed that knockdown of 
EDa2R caused a marked decrease in ROS production. 
Based on these observations, knockdown of EDa2R 
relieved H/R-induced oxidative stress.

Activation of NF-κB is the main factor that determines 
the degree of cardiac injury [7, 50]. Additionally, NF-κB 
also influences cell survival and induces either pro-
apoptotic or anti-apoptotic genes [51]. accumulating 
evidence has indicated that EDa2R is involved in activa-
tion of the NF-κB signaling pathway [21–23, 52]. For 
example, Jia et al. indicated that knockdown of EDa2R 
alleviated hyperoxia-induced lung epithelial cell injury 
by inhibiting NF-κB pathway [12]. In addition, Verhelst 
et al. suggested that EDa2R activated the non-canonical 
NF-κB pathway [53]. These reports were similar to our 
results. Likewise, in this work, we explored the molecu-
lar mechanism of EDa2R during the process of myocar-
dial I/R injury. Our findings revealed that knockdown of 
EDA2R decreased the phosphorylation of IκBα and p65 
in cardiomyocytes, suggesting that loss of EDa2R might 
suppressed the activation of the NF-κB signaling path-
way, thereby attenuating myocardial I/R injury. notably, 
Sinha et al. verified that EDA2R was involved in binding 
to TRAF3 and −6 and served a major role in the activa-
tion of the NF-κB pathway [23]. We hypothesized that 
EDA2R activates NF-κB signaling pathway by binding 
to TRAF3 and −6 during myocardial I/R injury. How-
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ever, this hypothesis needs further verification in the 
future.

notably, a limitation of this study is that in vivo results 
are preliminary data. Our in vivo experiment resluts re-
vealed that EDa2R knockdown relieved the left ven-
tricular function, with downregulated LVESD, LVESV, 
LVEDV and LVEDD and upregulated LVEF and LVFS. 
In addition, after I/R, increased myocardial infarct sizes 
and histological damage were observed in I/R mice, and 
these effects were effectively alleviated by EDA2R 
knockdown. Furthermore, basal myocardial tissues from 
the free wall of the left heart in myocardial infarction 
areas were used to evaluate apoptosis, oxidative stress 
and so on. Our findings indicated that knockdown of 
EDa2R largely repressed myocardial apoptosis, oxida-
tive stress and activation of NF-κB signaling, further 
potentiating its cardioprotective effects. In summary, 
these findings demonstrated that knockdown of EDA2R 
protected mice hearts from I/R damage, in line with the 
in vitro results. Therefore, future clinical studies are 

needed to verify the cardioprotective effects of inhibition 
of EDa2R in patients at risk of myocardial I/R injury.

Conclusions
The current study indicated that downregulation of 

EDA2R participated in the protective effects of DEX, 
alleviating myocardial I/R injury, which was reflected 
by inhibition of mitochondria-mediated cardiomyocyte 
apoptosis and oxidative stress via the NF-κB signaling 
pathway (Fig. 7). However, whether EDa2R mediates 
the role of DEX needs to be further verified. These find-
ings demonstrated that EDa2R may be an important 
target for the treatment of myocardial I/R injury.
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Fig. 7. a scheme of ectodysplasin-a2 receptor (EDa2R) role in myocardial ischemia/reperfusion (I/R) injury. 
Dexmedetomidine (DEX) downregulates the expression of EDa2R, and decreasing EDa2R inhibits the 
activation of the NF-κB signaling pathway, thus suppressing cell apoptosis and oxidative stress, further 
alleviating myocardial I/R injury.
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