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Abstract. To assess the effect of cluster of differ-
entiation  (CD47) downregulation on autophagy in 
hypoxia/reoxygenation (H/R)‑treated H9c2 cardiomyocytes. 
H9c2 cells were maintained in normoxic conditions (95% air, 
5% CO2, 37˚C) without CD47 antibodies, Si‑CD47 or chlo-
roquine (CQ) treatment; H9c2 cells in the H/R group were 
subjected to 24 h of hypoxia (1% O2, 94% N2, 5% CO2, 37˚C) 
followed by 12 h of reoxygenation (95% air, 5% CO2, 37˚C). 
All assays were controlled, triplicated and repeated on three 
separately initiated cultures. The biochemical parameters in 
the medium supernatant were measured to evaluate the oxida-
tive stress in cardiomyocytes. The Annexin V‑fluorescein 
isothiocyanate assay was used to detect the apoptotic rate in 
the H9c2 cells. Transmission electron microscope, immuno-
fluorescent staining and western blot analysis were performed 
to detect the effect of the CD47 antibody on autophagic flux 
in H/R‑treated H9c2 cardiomyocytes. The cardiomyocytic 
oxidative stress and apoptotic rate decreased and autophagic 
clearance increased after CD47 downregulation. H/R trig-
gered cell autophagy, autophagosome accumulation and 

apoptosis in H9c2 cell lines. However, these effects can be 
attenuated by CD47 downregulation. This study demon-
strates its clinical implications in ischemia/reperfusion 
injury treatment.

Introduction

Ischemic heart disease is a leading cause of mortality in 
a number of countries, especially the United States  (1,2). 
Despite the advances in therapeutic strategy over the 
past decade, such as percutaneous coronary intervention, 
antiplatelet and antithrombotic therapies and angioplasty, 
ischemic heart disease remains prevalent and a major culprit 
for heart failure (3,4).

One therapeutic strategy for this disease is controlling 
ischemia/reperfusion (I/R) injury  (5,6), that can activate 
autophagy and consequent cell apoptosis  (7). When the 
ischemic myocardium is re‑perfused with oxygen and 
substrate‑rich blood, I/R injury develops to further damage 
the heart (4). Therefore, an increasing number of studies have 
been carried out to investigate the myocytic autophagy and 
apoptosis induced by I/R injury (8‑10).

CD47 signal controls second messengers, such as calcium, 
cAMP and cGMP. In vascular cells, CD47 inhibits the produc-
tion and effector pathways of nitric oxide (NO). Therefore, 
CD47 signaling can regulate blood flow, platelet homeostasis 
and angiogenesis  (11,12). Studies have demonstrated that 
reducing or blocking CD47 can profoundly protect cells 
and tissues from apoptosis induced by I/R injury (11‑19) or 
radiation injury through activating autophagic flux (20‑22). 
But so far, the effect of CD47 downregulation on myocytic 
autophagy induced by I/R injury remains unclear.

A hypoxia/reoxygenation  (H/R) in  vitro model is 
appropriate for exploring the molecular mechanisms and 
functions of autophagy during myocardial ischemia/reper-
fusion (I/R) (23). In this study, using the H9c2 cell line to 
model I/R  injury induced cardiomyocyte apoptosis, the 
effect of CD47 on cellular I/R  injury and autophagy was 
investigated.
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Materials and methods

H9c2 cell culture. The H9c2 cells (ventricular myocardio-
cyte, rat in origin; Cell Bank of the Chinese Academy of 
Sciences, Shanghai, China) were seeded in 6‑well plates 
(2x104  cells/cm2) and cultured in Dulbecco's modified 
Eagle's medium (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) containing 10% (v/v) fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 
100 mmol/l penicillin‑streptomycin in a humidified atmo-
sphere (95%  air and 5% CO 2, 37˚C). The medium was 
replenished every two days.

H/R in H9c2. Cardiomyocyte hypoxia was induced by exposing 
the cells to 1% O2, 94% N2 and 5% CO2 for 24 h in a modular 
incubator (Model 3131; Forma Scientific; Thermo Fisher 
Scientific, Inc.). Then the cells were reoxygenated (95% air, 
5% CO2, 37˚C) for 12 h (24). Cells under normoxia were used 
as a control throughout the experiments. All experiments were 
repeated three times.

Transfection. H9c2 cells were digested to form a single‑cell 
suspension and plated in 6‑well plates until the cells entered 
the logarithmic growth phase. When the cell density 
reached  ~80%, 20  nM short interfering (Si)‑CD47 or a 
scrambled Si‑RNA (Si‑NC) was transfected into the cells 
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocols. The sequences 
of siRNAs are: Si‑CD47, 5'‑AGA​UUU​GAC​UUU​ACU​AAG​
CAG‑3' and Si‑NC, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'. 
After 24 h of transfection, the mRNA expression of CD47 was 
determined by reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR).

Experiment design. A total of two experiments were 
performed. In experiment 1, H9c2 cells were assigned to 
5  groups. i) C ontrol group: H9c2 cells were maintained 
under normoxic conditions without the CD47 antibody 
(cat. no. sc‑53050; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) or CQ treatment; ii) H/R group: H9c2 cells were 
subjected to 24 h of hypoxia followed by 12 h of reoxygen-
ation (24); iii) CD47 group: H9c2 cells were treated with 
the CD47 antibody (7 µg/ml for 2 h) and incubated under 
normoxic conditions (25); iv) H/R+CD47 group: H9c2 cells 
treated with the CD47 antibody were subjected to 24 h of 
hypoxia followed by 12 h of reoxygenation; v) H/R+CD47+CQ 
group: H9c2 cells treated with CD47 antibody (7 µg/ml for 
2 h) and CQ (10 mmol/l for 1 h; C6628; Sigma‑Aldrich; 
Merck KGaA) were subjected to 24 h of hypoxia followed 
by 12 h of reoxygenation. CQ was used to inhibit lysosomal 
acidification and autophagosome‑lysosome fusion  (26). 
H9c2 cells were treated with CD47 and CQ for the indi-
cated times as described previously (25,26). In experiment 
2, H9c2 cells were assigned to 3 groups: i) Si‑NC+H/R: 
H9c2 cells treated with Si‑NC were subjected to 24 h of 
hypoxia followed by 12 h of reoxygenation; ii) Si‑CD47: 
H9c2 cells treated with SiCD47; iii) Si‑CD47+H/R: H9c2 
cells treated with Si‑CD47 were subjected to 24 h of hypoxia 
followed by 12 h of reoxygenation. All experiments were 
repeated three times.

Determination of cell injury. Using commercially avail-
able kits for malondialdehyde (MDA; cat.  no.  A003‑1), 
lactate dehydrogenase (LDH; cat.  no. A020‑2), creatinine 
kinase‑muscle/brain (CK‑MB; cat.  no.  H197) and super-
oxide dismutase (SOD; cat. no. A001‑1; Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China), the biochemical 
parameters of the medium supernatant and H9c2 cells were 
measured.

Reactive oxygen species (ROS) staining. To evaluate cell produc-
tion of ROS, the slides of cells were incubated with 10 µmol/l 
dihydroethidium (DHE; D‑23107; Invitrogen, Thermo Fisher 
Scientific, Inc.) in PBS in the dark for exactly 30 min at room 
temperature. Then, the sections were rinsed twice with cold 
PBS and imaged at 490‑560 nm using an Olympus microscope 
(1‑71, Olympus Corporation) immediately.

Determination of cellular apoptosis. To detect the apoptosis 
rate of the H9C2 cells, we used an Annexin V‑fluorescein 
isothiocyanate (FITC) Assay kit (cat.  no.  556547; 
BD Biosciences; Becton, Dickinson and Company, Franklin 
Lakes, NJ, USA). Briefly, the granulosa cells were washed twice 
with cold PBS which was removed afterwards from the cell 
pellet. The cells were resuspended in 500 µl of binding buffer. 
Then 5 µl of Annexin V‑FITC and 5 µl of PI staining solution 
was added. The cells were vortexed, incubated for 15 min in 
the dark and detected by flow cytometer (BD FACSCalibur; 
BD Biosciences; Becton, Dickinson and Company). The mean 
fluorescent intensity of the annexin V/PI double staining in the 
myocytes was analyzed using FlowJo software version 10.4.2 
(FlowJo LLC). The proportion of apoptotic cells (mortality) 
was defined as the percentage of Annexin V+‑FITC+ cells 
(n=9 per group).

Electron microscopy. For transmission electron micro-
scope (TEM) examination, cells were digested and 
centrifuged (800 x g for 5 min at 25˚C) to form cell pellets, 
and fixed in 2.5% glutaraldehyde for 48 h at 4˚C, postfixed 
in 0.5%  osmium tetroxide, dehydrated and embedded in 
epoxy resin. Ultrathin sections (90 nm thick) were made and 
examined using transmission electron microscope (Tecnai G2 
Spirit Bio TWIN; FEI Ltd.) at accelerating voltage 80 kV 
and x10,000 magnification. Electron micrographs (five fields 
of view per cell) were randomly examined (five  cells at 
four corners and in the middle were selected) for each experi-
ment (n=9 per group).

Immunofluorescent staining. For immunofluorescent staining, 
H9c2 were rinsed in Dulbecco's PBS (DPBS) for 5 min at room 
temperature, then fixed in 4% paraformaldehyde in DPBS at 
25˚C for 10 min. After being washed with DPBS, the cells were 
permeabilized in 1% Triton X‑100 for 1 h and eventually blocked 
in 10% goat serum (blocking solution, cat. no. 16210072; Gibco; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature 
to inhibit nonspecific binding. Primary antibodies included 
CD47 (cat. no.  sc‑53050; Santa Cruz Biotechnology, Inc.), 
Beclin‑1 (cat. no. sc‑48341; Santa Cruz Biotechnology, Inc.), 
SQSTM1/p62 (p62; cat. no. 23214; Cell Signal Technology, 
Inc., USA) and Vimentin (cat. no. 5741; Cell Signal Technology, 
Inc.). All the cells were treated with primary antibodies in the 
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blocking solution for 24 h at 4˚C. Subsequently, the cells were 
rinsed in 1X DPBS and incubated with secondary antibodies 
in the blocking solution for 1 h at 4˚C. Alexa Fluor 546 goat 
anti‑mouse lgG (H+L) (1:200; cat. no. A11030; Invitrogen; 
Thermo Fisher Scientific, Inc.) and donkey anti‑rabbit‑CY3 
(1:200; cat. no. A21206; Molecular Probes; Thermo Fisher 
Scientific, Inc.) were used as secondary antibodies. The cells 
were then washed and stained with DAPI (Fluoroshield with 
DAPI, F6057; Gibco; Thermo Fisher Scientific, Inc.). The 
stained cells were examined using confocal images system 
(710; Zeiss AG, Oberkochen Germany). All the sections were 
incubated with the antibodies at the same concentration and 
under the same condition. The tissue section images were 
captures at 490‑560 nm with an Olympus microscope (1‑71; 
Olympus Corporation) and semi‑quantified with Image Pro 
Plus 6.0 software (Media Cybernetics, Inc.). The integrated 
optical density (IOD) was collected for each photograph. A 
total of five fields in each slice (five slides per animal) were 
randomly selected for blinded measurements (n=6 per group). 
The images were quantified by the immunoreactive area (IA) 
in µm2 and the IOD. The staining intensity (SI) for each image 
was calculated as SI=IOD/IA and the mean with standard 
deviation was obtained for each series.

RT‑qPCR. RT‑qPCR was performed according to previously 
described methods (27). Following 48 h of transfection with 
Si‑CD47 or SiNC, total RNA from H9C2 cells was extracted 
using TRIzol reagent (B5704‑1; Takara Biotechnology, Co., 
Ltd., Dalian, China). Then, 1 µg of total RNA was reverse 
transcribed to cDNA at 37˚C for 15 min and 85˚C for 5 sec 
using PrimeScript™ RT reagent kit (cat. no. RR037A; Takara 
Biotechnology, Co., Ltd.). Subsequently, PCR was performed 
using a Light Cycler PCR QC kit (Roche Applied Science) and 
7300 Real‑Time PCR System (LC96; Roche Applied Science). 
In the 25 µl reaction system, 300 nmol/l primers were added. 
The thermo cycling conditions were: 2 min at 50˚C and 10 min 
at 95˚C, followed by 40 cycles of 15 sec at 95˚C and 1 min 
at 60˚C. The primers were as follows: CD47 (NM_019195.2) 
forward: 5'‑AGA​GAA​TCA​TTC​TGC​TGC​TGG​TTG​C‑3', 
reverse: 5'‑TGG​TGA​AAG​AGG​TCA​TTC​CAA​AAG​C‑3'; 
GAPDH (NM_017008.4), forward: 5'‑CTG​GAG​AAA​CCT​
GCC​AAG​TAT​G‑3', reverse: 5'‑GGT​GGA​AGA​ATG​GGA​
GTT​GCT‑3'. The housekeeping gene GAPDH was used as 
an internal reference. GraphPad Prism 5 software (GraphPad 
Software, Inc.) was used for chart production.

Western blot analysis. The cells were harvested in RIPA 
lysis buffer (Bioteke Corporation, Beijing, China) containing 
1 mM phenylmethylsulfonyl fluoride. Protein concentration 
was measured using the Bio‑Rad method. Samples (20 mg 
protein) were separated by 10% SDS‑PAGE and transferred 
to a nitrocellulose membrane. The membrane was blocked 
with 5% non‑fat milk in TBST buffer (100 mM NaCl, 10 mM 
Tris‑HCl, pH 7.4, 0.1% Tween‑20) at 25˚C for 1 h, incubated with 
the primary antibodies against LC3 (1:1,000, cat. no. 4108; Cell 
Signal Technology, Inc.), Beclin‑1 (1:1,000, cat. no. sc‑48341; 
Santa Cruz Biotechnology, Inc.), p62 (1:1,000, 23214; Cell 
Signal Technology, Inc.), LAMP2 (1:1,000, cat. no. sc‑71492; 
Santa Cruz Biotechnology, Inc.), cleaved caspase‑3 (1:1,000, 
cat.  no.  9664; Cell Signal Technology, Inc.), cleaved 

caspase‑9 (1:1,000, cat. no. 7237; Cell Signal Technology, 
Inc.) and GAPDH (1:1,000, cat. no. sc‑166574, Santa Cruz 
Biotechnology, Inc.) at 4˚C overnight, and re‑incubated with 
goat anti‑rabbit IgG HRP‑conjugated secondary antibodies 
(1:5,000, cat. no. sc‑2004; Santa Cruz Biotechnology, Inc.) or 
goat anti‑mouse IgG HRP‑conjugated secondary antibodies 
(1:5,000, cat. no. sc‑2005; Santa Cruz Biotechnology, Inc.). 
Then, the membranes were washed three times in TBST. The 
blots were imaged using the ChemiDoc XRS+ Molecular 
Imager (Bio‑Rad Laboratories, Inc.) with the Pierce ECL 
Western Blotting Substrate (cat. no. 32209; Thermo Fisher 
Scientific, Inc.) and analyzed using image analysis software 
(ImageJ 1.42; National Institutes of Health, Bethesda, MD, 
USA). The housekeeping protein GAPDH was used as the 
internal control. The western blotting quantification was 
corrected to GAPDH expression prior to normalization.

Statistical analysis. All data were presented as the 
mean  ±  standard error and analyzed using SPSS  13.0 
(SPSS, I nc.). One‑way analysis of variance was used to 
determine statistical significance. Bonferroni post hoc test 
was introduced as needed. P<0.05 was considered to indicate 
a statistically significant difference. All experiments were 
repeated three times.

Results

CD47 protects cardiomyocytes against H/R‑induced 
oxidative stress and apoptosis in cardiomyocytes. The 
effects of the CD47 antibody on cardiomyocyte function 
and oxidative stress levels in H9c2 cells are presented in 
Fig.  1A‑D. There was no significant difference in LDH, 
CK‑MB, MDA and SOD levels between the control and 
CD47 groups. Compared with the control group, H/R treat-
ment significantly increased LDH, CK‑MB and MDA levels 
and significantly decreased SOD activity in the culture 
media in the H/R  group (P<0.01). Compared with the 
H/R group, CD47 antibody treatment significantly decreased 
LDH, CK‑MB and MDA levels and enhanced SOD activity 
in H/R+CD47 group (P<0.01). Compared with the control 
group, the autophagy inhibitor CQ significantly increased 
LDH, CK‑MB and MDA levels and weakened SOD activity 
in H/R+CD47+CQ group (P<0.01).

To assess the effects of CD47 deficiency on ROS production, 
intracellular generation of the ROS moiety O2

‑ was visualized 
with the fluoroprobe DHE (Fig. 1E). The superoxide anion 
oxidizes DHE to a novel product that binds to DNA, leading 
to enhanced fluorescence. In this assay, confocal microscopy 
demonstrated that cell slides from the H/R group exhibited 
widespread and significant increases in DHE fluorescence 
compared with those from the control group (P<0.01; Fig. 1F) 
and CD47 antibody treatment in the H/R+CD47 group signifi-
cantly decreased ROS fluorescence intensity compared with 
H/R alone (P<0.01). However, the autophagy inhibitor CQ 
significantly increased the ROS fluorescence intensity in the 
H/R+CD47+CQ group (P<0.01).

Annexin  V/PI double staining was used to assess the 
apoptotic rate of the H9c2 cells (Fig.  1G). There was no 
significant difference in apoptotic rates between the control 
and CD47 groups (Fig. 1H). Compared with the control group, 
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H/R treatment significantly increased the apoptotic rate in the 
H/R group (P<0.01). Compared with the H/R group, CD47 

antibody treatment significantly decreased the apoptotic rate 
in the H/R+CD47 group (P<0.01). Compared with the control 

Figure 1. CD47 protects cardiomyocytes against H/R‑induced function oxidative stress and apoptosis. The biochemical parameters of the medium super-
natant, including (A) LDH, (B) CK‑MB and (C) SOD activities and (D) MDA level, were measured (n=9). (E) The ROS levels in the cells from all groups 
were revealed by DHE staining. (F) The fluorescence intensity of DHE staining was analyzed using Image‑Pro Plus (n=9). (G) Quantitative assessment of 
cell mortality by Annexin V‑FITC/PI staining. Intact cells are V‑/PI‑, early apoptotic cells are V+/PI‑, late apoptotic cells are Annexin V+/PI+ and necrotic 
cells are Annexin V‑/PI+. The figures are representative images of three different experiments. (H) Flow cytometry results are displayed as quantitative bar 
graphs. Mortality is defined as the percentage of Annexin V+ cells (n=9). The data were collected from three different experiments. Data are presented as 
the mean ± standard deviation. Statistical significance: *P<0.05 and **P<0.01 vs. the control group, #P<0.05 and ##P<0.01 vs. the H/R group, respectively. 
SOD, superoxide dismutase; MDA, malondialdehyde; LDH, lactate dehydrogenase; CD, cluster of differentiation; CK‑MB, creatine kinase; PI, propidium 
iodide; FITC, fluorescein isothiocyanate; CQ, chloroquine; H/R, hypoxia/reoxygenation.
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group, the autophagy inhibitor CQ significantly increased the 
apoptotic rate in the H/R+CD47+CQ group (P<0.05).

CD47 suppresses the accumulation of autophagosomes in 
H/R‑treated cardiomyocytes. TEM results demonstrated that 
there was no significant difference in apoptotic rates between 
the control and CD47 groups (Fig. 2A and B). Compared 
with the control group, H/R treatment significantly increased 
autophagic vesicle number in the H/R group (P<0.01). 
Compared with the H/R group, CD47 treatment significantly 
decreased the autophagic vesicle number in the H/R+CD47 
group (P<0.01). Compared with the control group, the 
autophagy inhibitor CQ significantly increased the autophagic 
vesicle number in the H/R+CD47+CQ group (P<0.01).

CD47 inhibits the accumulation of protein aggregates in 
H/R‑treated cardiomyocytes. As presented in Fig. 3, there was 
no significant difference in Beclin‑1 and Vimentin expression 
between the control and CD47 groups. Compared with the 
control group, CD47 treatment significantly decreased CD47 
fluorescence intensity in the CD47 group (P<0.01). Compared 
with the control group, H/R treatment significantly increased 
CD47, Beclin‑1 and Vimentin expression in the H/R group 
(P<0.01). Compared with the H/R  group, CD47 antibody 
treatment in the H/R+CD47 group significantly decreased 
CD47, Beclin‑1 and Vimentin expression (P<0.05 and P<0.01, 
respectively). Compared with the control group, the autophagy 
inhibitor CQ significantly increased Beclin‑1 and Vimentin 
expression in the H/R+CD47+CQ group (P<0.01).

CD47 protects cardiomyocytes against H/R injury through 
rescuing impaired autophagy flux. As presented in Fig. 4, the 
expression levels of LC3‑II, Beclin‑1, p62, LAMP2, Cleaved 
caspase‑3 and cleaved caspase‑9 exhibited no significant 
difference between the control and CD47 groups. Compared 

with the control group, H/R treatment significantly increased 
LC3‑II, Beclin‑1, p62, cleaved caspase‑3 and cleaved 
caspase‑9 protein levels and significantly decreased LAMP2 
protein level in the H/R group (P<0.01). Compared with the 
H/R group, CD47 treatment significantly decreased LC3‑II, 
Beclin‑1, p62 protein, cleaved caspase‑3 and cleaved caspase‑9 
levels and significantly increased LAMP2 protein level in 
the H/R+CD47 group (P<0.01). However, compared with 
the control group, the autophagy inhibitor CQ significantly 
increased LC3‑II, Beclin‑1, p62 protein, cleaved caspase‑3 
and cleaved caspase‑9 levels and decreased LAMP2 protein 
level in the H/R+CD47+CQ group (P<0.01 and P<0.05, 
respectively).

Downregulating CD47 expression inhibits H/R‑induced 
oxidative stress and apoptosis in cardiomyocytes. To investi-
gate the action of CD47 in H9C2 cells, CD47 expression was 
knocked‑down using RNA interference technology (Si‑CD47), 
along with a non‑targeting Si‑NC that was constructed to use 
as a negative control in all assays. The interference efficiency 
of Si‑CD47 on H9c2 expression is demonstrated in Fig. 5A. 
Compared with the Si‑NC, Si‑CD47 exerted significantly 
increased efficiency in knocking down CD47 mRNA expres-
sion (P<0.01; an inhibition rate of 62%). Western blotting 
results (Fig. 5B and C) indicated that the protein expression of 
CD47 in the Si‑CD47 group was decreased compared with in 
the Si‑NC group (P<0.01).

The effects of si‑CD47 on cardiomyocytic function and 
oxidative stress levels in H9c2 are presented in Fig. 6A‑D. 
Compared with the Si‑CD47 group, H/R treatment significantly 
increased LDH, CK‑MB and MDA levels and significantly 
decreased SOD activity in H9C2 cells in the Si‑NC+H/R 
group (P<0.01). Compared with the Si‑NC+H/R group, CD47 
downregulation decreased LDH, CK‑MB and MDA levels and 
increased SOD activity in the Si‑CD47+H/R group (P<0.01). 

Figure 2. CD47 antibody reduces the accumulation of autophagosome in H/R‑treated cardiomyocytes. (A) AV were detected by TEM in H9c2 cells subjected 
to H/R. AVs (black arrows) by TEM were measured. The figures are representative images of three different experiments. (B) AVs in different groups are 
quantified and presented as bar graphs (n=9). Data are presented as the mean ± standard deviation. Statistical significance: **P<0.01 vs. the control group, 
##P<0.01 vs. the H/R group, respectively. AVs, autophagic vesicles; TEMs transmission electron microscope; H/R, hypoxia/reoxygenation; CQ, chloroquine; 
CD, cluster of differentiation.
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Annexin V/PI double staining was used to assess the apoptotic 
rate in the H9c2 cells (Fig. 6E). Compared with the Si‑CD47 
group, H/R treatment significantly increased the apoptotic rate 

in the Si‑NC+H/R group (P<0.01; Fig. 6F). Compared with the 
H/R group, CD47 downregulation significantly decreased the 
apoptotic rate in the Si‑CD47+H/R group (P<0.01).

Figure 4. CD47 antibody protects cardiomyocytes against H/R injury through rescuing impaired autophagy flux. (A) Representative western blotting images 
depicting the protein levels of LC3‑II, Beclin‑1, p62, LAMP2, cleaved caspase‑3 and cleaved caspase‑9 in H9C2. The figures are representative images of three 
different experiments. (B) The protein expression levels are quantitatively analyzed (n=6). Data are presented as the mean ± standard deviation. Statistical 
significance: *P<0.05 and **P<0.01 vs. the control group, #P<0.05 and ##P<0.01 vs. the H/R group, respectively. H/R, hypoxia/reoxygenation; CD, cluster of 
differentiation; CQ, chloroquine.

Figure 3. CD47 inhibits the accumulation of protein aggregates in H/R‑induced cardiomyocytes. (A) Representative immunofluorescent staining images for 
CD47, Beclin‑1 and Vimentin in H9c2 cells subjected to H/R. The figures are representative images of three different experiments. (B) Semi‑quantitative 
evaluation of CD47, Beclin‑1 and Vimentin expression are represented as IOD/Area (n=9). Area, µm2. Data are presented as the mean ± standard deviation. 
Statistical significance: *P<0.05 and **P<0.01 vs. the control group, #P<0.05 and ##P<0.01 vs. the H/R group, respectively. CD, cluster of differentiation; 
H/R, hypoxia/reoxygenation; IOD, integrated optical density; CQ, chloroquine.
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Figure 5. CD47 downregulation significantly reduces CD47 expression in H9c2 cells. (A) Quantitative polymerase chain reaction analysis demonstrated 
that CD47 mRNA level of H9c2 cells transfected with Si‑CD47 was significantly reduced compared with that with Si‑NC. (B) Western blot analysis and 
(C) densitometric analysis demonstrated that CD47 protein level of H9c2 cells transfected with Si‑CD47 was significantly reduced compared with that with 
Si‑NC. Data are presented as the mean ± standard deviation. Statistical significance: **P<0.01 vs. the Si‑NC group. Si‑NC, small interfering‑negative control; 
CD, cluster of differentiation.

Figure 6. CD47 downregulation protects cardiomyocytes against H/R‑induced oxidative stress. The biochemical parameters of the medium supernatant, 
including (A) LDH, (B) CK‑MB and (C) SOD activities and (D) MDA level, were measured (n=6). (E) Quantitative assessment of mortality by Annexin V‑FITC/PI 
staining. Intact cells are V‑/PI‑, early apoptotic cells are V+/PI‑, late apoptotic cells are Annexin V+/PI+ and necrotic cells are Annexin V‑/PI+. The figures are 
representative images of three different experiments. (F) Flow cytometry results are displayed as quantitative bar graphs. Cell mortality is defined as the 
percentage of Annexin V+ cells (n=6). The data were collected from three different experiments. All data are presented as the mean ± standard deviation. 
Statistical significance: **P<0.01 vs. the Si‑NC group, #P<0.05 and ##P<0.01 vs. the Si‑CD47+H/R group, respectively. SOD, superoxide dismutase; PI, prop-
idium iodide; FITC, fluorescein isothiocyanate; LDH, lactate dehydrogenase; MDA, malondialdehyde; H/R, hypoxia/reoxygenation; CK‑MB, creatinine 
kinase‑MB; CD, cluster of differentiation.
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CD47 protects cardiomyocytes against H/R injury through 
rescuing impaired autophagy flux. As presented in Fig. 7, 
H/R  treatment significantly increased LC3‑II, Beclin‑1, 
p62, cleaved caspase‑3 and cleaved caspase‑9 protein 
levels and significantly decreased LAMP2 protein level in 
the Si‑NC+H/R group compared with the Si‑CD47 group 
(P<0.01). Compared with the Si‑NC+H/R group, CD47 down-
regulation group significantly decreased LC3‑II, Beclin‑1, 
p62  protein, cleaved caspase‑3 and cleaved caspase‑9 
levels and significantly increased LAMP2 protein level in 
Si‑CD47+H/R (P<0.01).

Discussion

CD47 deficiency has been reported to protect normal cells 
and tissues from I/R injury‑induced apoptosis (11,12,28‑40). 
However, the molecular mechanism behind this protection 
remains obscure. In the present study, CD47 downregulation 
protected cardiomyocytes against H/R injury in H9c2 cells, 
an effect largely attributed to the inhibition of autophagy. It 
was demonstrated that more obvious cardiomyocyte function 
damage, oxidative stress, protein aggregation, cardiomyocyte 
apoptosis and autophagy inhibition appeared in untreated 
H/R H9c2 cells, and that all these changes were decreased 
by CD47 downregulation through autophagy promotion; 
moreover, the autophagosome‑lysosome fusion inhibitor CQ 
reversed the effect of CD47 treatment.

Oxidative stress and apoptosis are two major mechanisms 
involved in cardiomyocyte injury following hypoxia and 
I/R (31‑33). Autophagy regulates intracellular homeostasis 
and cardiomyocytic survival. Mounting evidence supports 
the idea that ROS and autophagosome accumulation induce 

autophagy (34‑36). Autophagosome accumulation hampers 
the clearance of damaged intracellular organelles and 
proteins, resulting in overproduction of ROS (37). Oxidative 
stress serves a central role in myocardial I/R injury (38,39). 
During injury, the blood supply is re‑established in the 
ischemic myocardium and superabundant oxygen free radi-
cals are generated to trigger oxidative stress and aggravate 
myocardium I/R  injury  (40). Through autophagy protein 
aggregates and damaged organelles are removed from the 
cytoplasm (3,41). Once autophagy is disrupted, the resultant 
autophagosome accumulation increases ROS production 
and mitochondrial permeability, a process ending in cell 
death (6). As demonstrated in the present study, this process 
can be attenuated by CD47 antibody or Si‑CD47 pretreat-
ment. The results of the present study indicate that CD47 
downregulation can inhibit apoptosis by the oxidative stress 
pathway.

I/R  injury in H9c2 cells is a complex biochemical 
cascade that is initiated after ischemia and is exacerbated 
after the return of blood flow. I/R causes both cardiomyo-
cytic death and autophagy in H9c2 cells (41). Autophagy 
has a dual role in cell development during heart ischemia 
and reperfusion (42). Autophagy maintains the homeostasis 
of cellular ATP and ensures cell survival in the ischemic 
heart (43). However, excessive autophagy can cause cell 
death during reperfusion (44). In the present study, both 
H/R‑induced apoptosis and autophagy in H9c2 cells were 
attenuated by CD47 downregulation through increasing 
autophagosome procession. However, the lysosomal acidi-
fication inhibitor CQ prevents autophagosome‑lysosome 
fusion (44) and can neutralize the effect of CD47 antibody 
treatment.

Figure 7. CD47 downregulation protects cardiomyocytes against H/R injury through rescuing impaired autophagic flux. (A) Representative western blots 
images depicting protein levels of LC3‑II, Beclin‑1, p62, LAMP2, cleaved caspase‑3 and cleaved caspase‑9 in H9c2 cells. The figures are representative 
images of three different experiments. (B) The protein expression levels are quantitatively analyzed (n=6). Data are presented as the mean ± standard deviation. 
Statistical significance: **P<0.01 vs. the Si‑NC group, ##P<0.01 vs. the Si‑CD47+H/R group, respectively. Si‑NC, small interfering; CD, cluster of differentia-
tion; H/R, hypoxia/reoxygenation. 
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Autophagy is regulated by several proteins, including 
LC3‑II, Beclin‑1, p62 and LAMP2 (45‑48). Therefore, the 
present study examined the levels of these autophagy‑associ-
ated proteins in myocytes during H/R. In mammalian cells, 
LC3‑II becomes membrane‑bounding and easy to localize 
on autophagosomes  (49), which in turn makes LC3‑II an 
ideal autophagosomal marker (50). In the present study, the 
increase of LC3‑II expression was associated with reduced 
cardiomyocytic viability during H/R, suggesting that 
autophagy during the reperfusion phase may be detrimental 
for myocytes. Notably, CD47 antibody or Si‑CD47 treatment 
downregulated the expression of LC3‑II and increased the 
survival rate of H9c2 cells, indicating that CD47 down-
regulation can promote cell survival through inhibiting the 
excessive autophagy induced by H/R.

To further explore the role of CD47 in autophagic flux, 
the expression of p62 and Beclin‑1, which link ubiquitinated 
aggregates for destruction within autophagosomes, get 
degraded upon autophagosome processing and increased in 
I/R‑treated hearts, were assessed (49,51). The p62 protein 
was degraded, indicating that CD47 signaling normally 
limits cell survival by preventing autophagic flux. Otherwise, 
Beclin‑1, an early‑autophagy‑related gene  (45), activates 
autophagy during reperfusion and promotes cardiomyo-
cytic apoptosis (3). Downregulating Beclin‑1 expression in 
myocytes can inhibit I/R‑induced autophagy and increase 
cell survival rate (52). Bcl‑2 can bind to Beclin‑1 to form 
a Bcl‑2‑Beclin‑1 complex that prevents Beclin‑1 from 
assembling the pre‑autophagosomal structure, a process that 
inhibits autophagy and apoptosis (53,54). Bcl‑2 is a potent 
anti‑apoptotic protein (55) and inducing its partner Beclin‑1 
by loss of CD47 may be a master regulator of the fate deci-
sion between apoptotic cell death and protective autophagy. 
The present study identified Beclin‑1 as another target of 
CD47 signaling pathway.

Another finding of this study was the rapid decline in 
LAMP2 abundance in the H/R group and the improvement 
of autophagosome processing by upregulating LAMP2 in 
the CD47 treatment groups. However, CQ can disrupt the 
effect of CD47 by inhibiting autophagosome processing. 
Both ischemia and reperfusion induce the decline of 
LAMP2, a lysosome membrane protein that participates in 
autophagosome‑lysosome fusion (47,48). This decline can 
be accelerated by ROS generation (49). LAMP2 knockdown 
impairs autophagy in ventricular myocytes of adult rats and 
causes cell apoptosis at a level comparable to that achieved 
by 3‑Methyladenine, another autophagy inhibitor  (56). 
Ablation of LAMP2 (57) or loss of the LAMP2 (58) protein 
in Danon disease (59), which is characterized by autophago-
some accumulation in myocardium and cardiomyopathy (58), 
can cause extensive myocardial fibrosis  (60), suggesting 
that autophagosome accumulation induced by inhibition of 
autophagic flux is a pathogenic mechanism responsible for 
H/R injury in cardiomyocytes.

In conclusion, the CD47 antibody or Si‑CD47 can protect 
cardiomyocytes against H/R  injury through increasing 
autophagic flux and autophagic clearance. CD47 deficiency 
may offer a potential therapeutic approach for preventing 
myocardial I/R injury, which should be tested with in vivo 
experiments.
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