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Decreased expression of adenosine receptor 2B  
confers cardiac protection against ischemia  
via restoring autophagic flux
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Abstract: Adora2B (adenosine receptor 2B) has been reported as one of the key modulators during cardiac remod-
eling after acute myocardial infarction (AMI). However, the molecular mechanism involved has not been well inves-
tigated. Thus, our study aims to investigate whether Adora2B contributes to cardiac remodeling after AMI and its 
underlying mechanisms. Adenovirus harboring Adora2B or shAdora2B was injected in the border zone in a mouse 
model of AMI experimentally produced by permanent ligation of left anterior descending (LAD) coronary artery. 
Decreased Adora2B expression protected the cardiomyocytes from MI-induced autophagic flux obstacle, improved 
cardiac function, and reduced fibrosis after MI. Adora2B downregulation attenuated the accumulation of LC3-II and 
p62, which are autophagy substrate proteins. An adenovirus containing mRFP-GFP-LC3 showed that decreased ex-
pression of Adora2B restored the autophagic flux by enhancing autophagosome conversion to autophagolysosome. 
Also, Adora2B knockdown improved cardiomyocytes’ survival and protected mitochondrial function of cardiomyo-
cytes insulted with hypoxia. Notably, the effect of Adora2B on autophagy flux and cardiomyocyte protection could 
be mitigated by autophagy inhibitor chloroquine. Our results demonstrate that decreased expression of Adora2B 
protected cardiomyocytes from impaired autophagy flux induced by MI. Modulation Adora2B expression plays a 
significant role in blunting the worsening of heart function and reducing scar formation, suggesting therapeutic 
potential by targeting Adora2B in AMI for the infarct healing.
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Introduction

Acute myocardial infarction (AMI) is one of the 
most common heart diseases that cause mor-
bidity and mortality worldwide [1, 2]. Heart fail-
ure (HF) characterized by adverse cardiac re- 
modeling and diminished cardiac performance 
is a common outcome after AMI. Despite prog-
ress in cardiovascular research and evidence-
based therapies, there is no effective therapy 
available to reverse the progression of left ven-
tricle (LV) adverse remodeling. Therefore, devel-
oping new therapeutic strategies against AMI 
and HF is critical for patients’ better survival. 

Autophagy is an evolutionarily conserved self-
eating-recycling process involved in the diges-
tion of proteins and organelles and is important 
for maintaining cellular homeostasis [3]. Many 
evidence has concluded that autophagy ho- 

meostasis in the myocardium is vital for pre-
venting the accumulation of macromolecular 
aggregates and dysfunctional organelles and 
thus preserving cardiac function, under normal 
and stress conditions [4]. Disorganized autoph-
agy in cardiomyocytes especially impaired au- 
tophagy flux has been reported in the cardiac 
ischemia-reperfusion injury [5, 6], hypertrophic 
cardiomyopathy [7], dilated cardiomyopathy [8] 
and HF [9]. The previous data shows that 
autophagy was rapidly activated after AMI and 
impaired autophagy flux worsened heart dys-
function after AMI [10]. However, the underlying 
mechanism and potential of targeting the 
impaired autophagy flux after AMI have not 
been fully understood. 

Adenosine is a nucleoside that modulates vari-
ous physiological functions by interacting with 
its receptors on the cell surface. Within the car-
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diovascular system, it plays important roles in 
various physiological processes and in regulat-
ing the myocardial remodeling process in 
response to various stimuli. Adora2B is the 
most adenosine-insensitive receptor and has 
been implicated in tissue adaptation to hypoxic 
or ischemic conditions [11-13]. Activation of 
Adora2B is coupled to the protein Gs, which 
subsequently stimulates the activity of adenyl-
ate cyclase and increases intracellular cAMP 
levels [14, 15]. Adora2B is the only one of the 
four adenosine receptors whose cardiac 
expression is induced by ischemia in both mice 
and human [16]. In ischemic mice and human 
hearts, the induction of Adora2B is associated 
with cardioprotection against ischemic heart 
damage, but the mechanism underlying this 
association remains unclear.

In this study, we aimed to see whether Adora2B 
regulate the autophagy flux after AMI. We 
observed that Adora2B is increased after AMI 
and overexpressed of Adora2B aggravate the 
OGD injury of cardiomyocytes in vitro. Decr- 
eased expression of Adora2B confers cardio-
protective effects against AMI while Chloro- 
quine (CQ) abolished these effects, which 
means that Adora2B regulates the autophagy 
flux and protected hearts after AMI. 

Methods

Recombinant adenovirus construction

Adenovirus containing Adora2B, shAdora2B, 
negative control, and scramble were prepared 
by the Genechem (Shanghai, China).

Animal model of AMI and adenoviral vector 
delivery

Male mice aged 10-12 weeks were randomly 
selected for the Sham group (without ligation of 
left anterior descending coronary artery (LAD) 
and induction of MI by permanent ligation of 
the LAD coronary artery as previously described 
[17, 18]. The mice were anesthetized via intra-
peritoneal injection of 50 mg/kg sodium pento-
barbital and ventilated with the use of a vol-
ume-regulated respirator and the body te- 
mperature was maintained at 37°C throughout 
the surgical procedure, and the animals re- 
mained in a supervised setting until becoming 
fully conscious. MI was produced through liga-
tion of the LAD coronary artery with an 8-0 

Prolene suture. Immediately after LAD ligation, 
mice were randomized to be injected with either 
Ad-shAdora2B or Ad-Scramble. A total of 20 μL 
Ad-shAdora2B (1×109 v.g./mL) or Ad-Scramble 
(1×109 v.g./mL) was injected into 3 sites in the 
peri-infarct zone with the use of a syringe 
attached to a 31-gauge needle. Chloroquine 
(50 mg/kg/day) was injected intraperitoneally 
for 10 consecutive days after MI 5 days.

Echocardiography

Transthoracic echocardiography (Vevo 2100, 
Visual Sonics) with a 25-MHz imaging transduc-
er was performed on anesthetized animals as 
previously described [18] with measurement of 
left ventricular (LV) ejection fraction (LVEF), LV 
fractional shortening (LVFS), and LV systolic 
dimension (LVDs). The average values were col-
lected from each of three consecutive cardiac 
cycles.

Determination of infarct size

Hearts were quickly removed from anesthe-
tized mice and washed with 5 ml cold cardiac 
arresting buffer (10% KCl), PBS, and 4% PFA 
solution. Ventricular tissues were embedded in 
OCT (SAKURA) compound for histological analy-
sis. Transversal sections (5 μm) were prepared 
at 500 μm intervals. The Masson’s Trichrome 
staining was performed as previously described 
[19-21]. Fibrous infarct area was measured as 
described previously [20, 21] and analyzed by a 
Zeiss inverted microscope (Zeiss, Japan). The 
Infarcted scar size was calculated as a total 
scar area divided by the left ventricular area. 

NRCMs culture and oxygen-glucose depriva-
tion (OGD)

The neonatal rat cardiomyocytes (NRCMs) were 
isolated from the neonatal (postnatal day 1) rat 
hearts and cultured as report [22]. The NRCMs 
were cultured and subjected to OGD as de- 
scribed previously [22]. Briefly, the cells were 
rinsed twice with serum-free, glucose and sodi-
um pyruvate free DMEM (Cat#D5030, Sigma-
Aldrich, St. Louis, MO) and cultured in the same 
medium at 37°C in an anoxic chamber (In Vivo 
500, Ruskin Life Science) saturated with 94% 
N2/5% CO2/1% O2 for 12 hours. Incubation 
Chloroquine (20 μM, Cat#C6628, Sigma-
Aldrich, St. Louis, MO) was 2 hours before OGD 
treatment.
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Adenovirus, siRNAs, and transfection

The NRCMs cells were plated in a 60 mm dish 
24 hours before transfection. Cells were then 
transfected with Ad-shAdora2B or Ad-Scramble 
for 48 hours. The NRCMs were plated in 60 mm 
plates 24 hours prior to transfection. 

CCK8 assay

As described previously [23], the cells were 
incubated with CCK8 reagent (KeyGEN, China) 
for 5 hours, followed by measurement of absor-
bance at 570 nm using a spectrophotometer.

mRFP-GFP-LC3 adenovirus transduction 

The adenovirus encoding mRFP-GFP-LC3 was 
purchased from HanBio Inc (Shanghai, China). 
Cells were infected with adenoviral particles at 
50 MOI. 24 hours after adenovirus transduc-
tion, the cells were washed and fixed with 4% 
paraformaldehyde. Histological images were 
blindly measured using a Zeiss inverted micro-
scope and processed using ZEN software. 
Three microscopic fields were quantified for 
each slice by two independent observers. 
Image-processing software (Image J) was used 
as the image quantification software. The num-
ber of GFP and mRFP dots was determined by 
manual counting of fluorescent puncta from at 
least 4 different myocyte preparations with a 
60× objective. At least 40 cells were scored in 
each experiment. 

Quantitative RT-PCR (RT-qPCR)

RT-qPCR was performed as described previ-
ously [24]. Briefly, Total RNA was extracted from 
the LV tissue using an RNeasy Plus Mini Kit 
(QIAGEN) following the manufacturer’s instruc-
tions. cDNA was generated by reverse-tran-
scribed total RNA using ReverTra Ace reverse 
transcriptase (Toyobo). RT-qPCR was per-
formed using the ABI PRISM 7900 system 
(Applied Biosystems) with the SYBR Green 
Real-time PCR Master Mix plus (TOYOBO) for 
relative quantification of the indicated genes. 
The transcript of GAPDH was used for internal 
normalization.

Western blotting

The border zone of the infarct hearts or the cell 
lysate was separated and homogenized. Equal 

amounts of protein (20 μg) were separated on 
SDS-PAGE and electro-transferred to polyvinyli-
dene difluoride membranes (Roche, Switzer- 
land). The membranes were incubated with 
rabbit anti-Adora2B (Cat#bs-5900R), rabbit 
anti-p62 (Cat#5114), rabbit anti-LC3 (Cat#386- 
8), rabbit anti-Cleaved Caspase 3 (Cat#9664), 
goat anti-GAPDH (Cat# ab181602) at 1:1,000 
dilution at 4°C overnight, and incubated with 
either goat anti-rabbit (1:4000 dilution; Abcam) 
for 1 hour at room temperature. Blots were 
developed using a chemiluminescent substrate 
and molecular band intensity was determined 
by densitometry.

Statistical analysis

All data were analyzed with the statistical soft-
ware GraphPad Prism 5.0 and were expressed 
as means ± SEM. The differences between the 
two groups were analyzed using Student’s 
unpaired t-test, and differences between three 
or more groups were evaluated via one-way 
ANOVA with Bonferroni correction. P<0.05 was 
considered statistically significant.

Results

Adora2B was induced in the heart infarct bor-
der after LAD ligation and in the neonatal rat 
cardiomyocytes (NRCMs) after oxygen-glucose 
deprivation (OGD) injury

To illustrate the role of Adora2B in the heart, we 
examined whether Adora2B is involved in car-
diac ischemia. Interestingly, in a mice model of 
MI, Adora2B protein and mRNA were promi-
nently increased in the infarcted hearts com-
pared with that of the sham-treated hearts. In 
parallel, the protein of p62 was accumulated 
(Figure 1A and 1C). However, p62 mRNA was 
relatively stable (Figure 1C). Additionally, 
Adora2B protein and mRNA were increased in 
an in vitro model of ischemic myocardial injury 
induced by OGD treatment, paralleled with the 
deposition of p62 protein (Figure 1B and 1D). 

Adora2B critically regulates cardiomyocytes’ 
survival during OGD

To better understand the role of Adora2B in MI 
hearts function, we transfected the NRCMs 
with adenoviral vectors encoding Adora2B 
(Ad-Adora2B) or the short hairpin RNA targeting 
Adora2B (Ad-shAdora2B). The western blotting 
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assay was performed to confirm that the 
Adora2B expression was successfully increased 
in Ad-Adora2B and Adora2B was knocked down 
in Ad-shAdora2B (Figure 2A). Adora2B overex-
pression decreased cardiomyocytes viability 

after OGD treatment, whereas knockdown of 
Adora2B depressed OGD-induced cardiomyo-
cytes injury (Figure 2B). Annexin V and propidi-
um iodide (PI) staining assay by flow cytometry 
showed that Ad-Adora2B cardiomyocytes were 

Figure 1. Adora2B was induced in the heart infarct border after LAD ligation and in the neonatal rat cardiomyocytes 
(NRCMs) after oxygen-glucose deprivation (OGD) injury. A. Representative immunoblotting images and analysis 
result depicting p62 and Adora2B in the heart infarct border at different time points after LAD ligation. B. Repre-
sentative western blotting image and analysis depicting p62 and Adora2B in the NRCMs for different time points 
after OGD treatment. C. Quantitative PCR analysis of the relative abundance of p62 and Adora2B in the heart infarct 
border at different time points after MI. D. Quantitative PCR analysis of the relative abundance of p62 and Adora2B 
in the NRCMs for different time points after OGD treatment.
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more susceptible to apoptosis and necrosis 
under OGD compare with Ad-NC control (Figure 
2C). In contrast, Ad-shAdora2B cardiomyocytes 
exhibited resistance not only to cell apoptosis 
but also to cell necrosis under OGD (Figure 2D).

Adora2B critically regulates cardiomyocytes’ 
mitochondrial function during OGD

We sought to evaluate whether Adora2B regu-
lates mitochondrial function. Tetramethylrhod- 
amine ethyl ester (TMRE), and MitoSOX red was 

performed to assess mitochondrial membrane 
potential and mitochondrial matrix oxidative 
burden in NRCMs suffered from OGD injury. 
Relative to Ad-NC, Ad-Adora2B increased mito-
chondrial oxidant burden (Figure 3A), and 
reduced mitochondrial membrane potential (Fi- 
gure 3B). Interestingly, Ad-shAdora2B decrea- 
sed mitochondrial oxidant burden (Figure 3A), 
and increased mitochondrial membrane poten-
tial compared with Ad-NC (Figure 3B). These 
data suggest that Adora2B leads to mild mito-
chondrial respiratory chain dysfunction and an 
increase in mitochondrial oxidative stress, wh- 
ile decreased expression of Adora2B protected 
the mitochondrial function of cardiomyocytes 
after ischemic stress.

Decreased Adora2B attenuated reverse LV 
remodeling after MI in mice

To further explore the role of Adora2B in the 
post-infarct remodeling after AMI, we use ade-
novirus containing shAdora2B and correspond-
ing scramble sequence were locally injected in 
the border zone of heart after MI. The echocar-
diography assessment was performed 4 weeks 
after MI. Interestingly, the ejection fraction and 
fractional shortening were significantly incr- 
eased in the Ad-shAdora2B group compared 
with Ad-Scramble group. Besides, the LV ante-
rior wall thickness at both systole and diastole 
was increased in the Ad-shAdora2B group com-
pared with the Ad-Scramble group (Figure 4A, 
4B). Massons trichrome staining analysis of the 
heart infarct size revealed that attenuated car-
diac fibrosis in the Ad-shAdora2B group com-
pared with that of the Ad-Scramble group 
(Figure 4C).

Decreased Adora2B confers myocardial pro-
tection by restoring autophagy flux in vitro and 
in vivo

To view whether decreased Adora2B conferred-
cardioprotection was mediated by autophagy 
regulation, we investigated the expression pro-
file of key protein markers for autophagy, LC3, 
and p62, in NRCMs after OGD injury. Inter- 
estingly, the accumulation of the p62 and LC3II 

Figure 2. Adora2B critically regulates cardiomyocytes’ survival during OGD. (A) Western blot assay was performed to 
confirm that the Adora2B expression. (B) The cell viability was analyzed by CCK8 assay with or without OGD treat-
ment on NRCMs transfected with adenovirus carrying Adora2B or shRNA (*P < 0.05 vs. Ad-Null; #P < 0.05 vs. Si-
Scramble, n = 5). (C) The representative image and analysis of flow cytometry showing that Adora2B overexpression 
attenuated cardiomyocytes injury, whereas Adora2B knockdown (D) aggravated cardiomyocytes injury after OGD 
treatment. *P < 0.05 vs. Ad-Null; #P < 0.05 vs. Si-Scramble, n = 5. 

Figure 3. Adora2B critically regulates cardiomyo-
cyte’s mitochondrial function during OGD. Cumula-
tive data of assessing mitochondrial ROS generation 
(A) and mitochondrial membrane potential (B) in 
NRCMs suffered from OGD for 12 hours. *P < 0.05 
vs. control; #P < 0.05 vs. Ad-scramble-OGD group.
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in the NRCMs were alleviated in the Ad-sh- 
Adora2B mice compared with the Ad-Scramble 
group. Remarkably, the lysosomal inhibitor, 
Chloroquine (CQ) blocked the effect of Ad- 
shAdora2B (Figure 5A). Additionally, p62 and 
LC3II accumulation due to OGD treatment was 
also alleviated by shAdora2B, which was blunt-
ed by CQ (Figure 5A). Furthermore, the autoph-
agy flux rate was measured with live-cell imag-
ing using an adenovirus harboring tandem 
fluorescent mRFP-GFP-LC3 (Figure 5B). Impor- 
tantly, shAdora2B restored the autophagy flux 

after OGD by enhancing autophagosome con-
version to autophagolysosome, as indicated by 
the decrease of yellow puncta (indicating 
autophagosome) and significant increase of 
free red puncta (indicating autophagolyso-
some). Also, the effect of the Adora2B knock-
down was mitigated by CQ.

To determine whether the myocardial protec-
tive effect of Adora2B efficiency is mediated by 
improving autophagy flux in vivo, we injected 
the autophagy flux inhibitor CQ intraperitoneally 

Figure 4. Decreased Adora2B attenuated reverse LV remodeling after MI in mice. A, B. The representative images 
and analysis results of echocardiographic assessment of hearts 28 days after MI. C. The representative images and 
analysis results of Masson staining assessment of the hearts 28 days after MI. *P < 0.05 vs. control; #P < 0.05 vs. 
Ad-NC-CQ group.
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together with local injection of Ad-shAdora2B in 
the infracted hearts (Figure 3A, 3B). Both the 
cardiac dysfunction and infarct size were sig-
nificantly attenuated in the Ad-shAdora2B 
group; however, these effects were significantly 
blunted by CQ treatment. 

Decreased Adora2B promotes cardiomyocytes 
survival against OGD is mediated by restoring 
autophagy flux

To determine whether decreased Adora2B pro-
motes cardiomyocytes survival against OGD is 
mediated by restoring autophagy flux, we mea-
sured the apoptosis of NRCMs suffered from 
OGD injury through Annexin V and PI staining 
and Caspase 3 activation by flow cytometry and 
WB assays. The analysis of flow cytometry 
showing that cardio-protection of decreased 
Adora2B was ameliorated after CQ administra-
tion (Figure 6A). The WB analysis of cleaved 
Caspase-3 expression showing that promoting 
cardiomyocyte survival of decreased Adora2B 
was ameliorated after CQ administration (Fi- 
gure 6B). The above results indicate that 
decreased Adora2B promotes cardiomyocytes 
survival against OGD is mediated by restoring 
autophagy flux.

Discussion

It is generally considered that activation of 
autophagy is cardioprotective, while over-acti-
vation of autophagy increased accumulation of 
autophagic vacuoles which cannot be degrad-
ed leads to cell death [25]. After AMI, autopha-
gy was acutely activated, however, sustained 
ischemia impaired autophagy flux, which aggra-
vated cardiac dysfunction in the latter phase of 
AMI [10]. To assess the pathophysiological role 
of autophagy in heart diseases, autophagy flux 
is much more important than autophagy itself 
[5]. The autophagy flux rate depends on both 
autophagosome formation and autophagolyso-
some degradation [26]. However, the underly-
ing mechanism and potential of targeting the 
impaired autophagy flux after AMI need to be 
elucidated. 

Based on our analysis of Adora2B in regulating 
the autophagy flux after AMI, we found that 
Adora2B is increased after AMI and it aggra-
vates the ischemic injury of cardiomyocytes, 
while decreased expression of Adora2B con-
fers cardioprotective effects against AMI. CQ 
abolished the cardioprotective effects of 
decreased expression of Adora2B, which me- 
ans that Adora2B regulates the autophagy flux 
after AMI and protected hearts. This study is 
the first time to find that decreased expression 
of adenosine receptor 2B confers cardiac pro-
tection against ischemia via restoring autopha-
gy flux.

Adenosine is commonly recognized as playing a 
crucial role in the synthesis of ATP [27]. In con-
trast to its intracellular activities, adenosine in 
the extracellular compartment functions as a 
signaling factor through activating GPCRs [28]. 
Importantly, to hearts, adenosine has cardio-
protective effects during ischemic cardiac dis-
ease [29, 30]. Four distinct adenosine recep-
tors have been found, Adora1, -2A, -2B, and -3, 
which differ in their affinity for adenosine and 
the biological effects [31, 32]. Among these 4 
receptors, Adora2B is the most adenosine-
insensitive receptor and has been implicated in 
tissue adaptation to ischemic stimulations [11, 
33, 34]. Activation of Adora2B is coupled to the 
protein Gs, which subsequently stimulates the 
activity of adenylate cyclase and increases 
intracellular cAMP levels [35]. 

There is an ongoing debate about Adora2B sig-
naling in cardioprotection from ischemia. 
Adora2B-elicited circadian rhythm protein peri-
od 2 (Per2) stabilization confers protective 
effects via promoting a HIF-dependent meta-
bolic switch during ischemia. Although a recent 
study indicates that Adora2B agonist treatment 
as a novel form of cardioprotection [36-38], 
several other studies implicate Adora2B signal-
ing also could be detrimental during cardiac 
remodeling after acute myocardial infarction 
[39], as our findings in this study. Most likely, 
these differences are due to differences in the 
animal models, or the timing of treatment [40, 
41].

Figure 5. Decreased Adora2B confers myocardial protection by restoring autophagy flux in vitro. A. The autophagy 
associated protein marker p62 and LC3 I/II was examined by Western blotting in the heart infarct border 28 days 
after MI with or without CQ. B. The representative fluorescent image and analysis of the autophagosome and au-
tophagolysosome in the presence or absence of CQ after Ad-shAdora2B transfection in the NRCMs with OGD treat-
ment. (*P < 0.05 vs. OGD + Ad-Null; #P < 0.05 vs. OGD + Ad-shAdora2B, n = 5).
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Our results indicated that decreased expres-
sion of Adora2B protected cardiomyocytes 
autophagy flux induced by MI. Modulation 
Adora2B expression plays a significant role in 
blunting the worsening of heart function and 
reducing scar formation, suggesting therapeu-
tic potential by targeting Adora2B in AMI for the 

infarct healing. Together, using both in vivo and 
in vitro heart ischemic stimulation, we firstly 
highlighted Adora2B as a crucial factor involved 
in autophagy flux. To be highlighted, the deta- 
iled molecular mechanism of Adora2B in modu-
lating autophagy flux still needs further re- 
search.

Figure 6. Decreased Adora2B promotes cardiomyocytes survival against OGD is mediated by restoring autophagy 
flux. A. The representative image and analysis of flow cytometry showing that cardio-protection of decreased Ador-
a2B expression was ameliorated after CQ administration. B. The representative immunoblotting image and analysis 
of cleaved-Caspase 3 expressions showing that cardio-protection of decreased Adora2B expression was amelio-
rated after CQ administration. (*P < 0.05 vs. CTL; #P < 0.05 vs. OGD + Ad-Null; &P < 0.05 vs. OGD + Ad-shAdora2B, 
n = 6).
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