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MicroRNA-322 protects hypoxia-induced  
apoptosis in cardiomyocytes via BDNF gene
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Abstract: Background: Cardiomyocytes apoptosis under hypoxia condition contributes significantly to various cardio-
vascular diseases. In this study, we investigated the role of microRNA-322 (miR-322) in regulating hypoxia-induced 
apoptosis in neonatal murine cardiomyocytes in vitro. Method: Cardiomyocytes of C57BL/6J mice were treated with 
hypoxia condition in vitro. Cardiomyocyte apoptosis was measured by TUNEL assay. Gene expression pattern of miR-
322 was measured by qRT-PCR. Stable downregulation of miR-322 in cardiomyocytes were achieved by lentiviral 
transduction, and the effect of miR-322 downregulation on hypoxia-induced cardiomyocyte apoptosis was inves-
tigated. Possible regulation of miR-322 on its downstream target gene, brain derived neurotrophic factor (BDNF) 
was investigated in cardiomyocytes. BDNF was then genetically silenced by siRNA to evaluate its role in miR-137 
mediated cardiomyocyte apoptosis protection under hypoxia condition. Results: Under hypoxia condition, significant 
apoptosis was induced and miR-322 was significantly upregulated in cardiomyocytes in vitro. Through lentiviral 
transduction, miR-322 was efficiently knocked down in cardiomyocytes. Downregulation of miR-322 protected hy-
poxia-induced cardiomyocyte apoptosis. Luciferase assay showed BDNF was the target gene of miR-322. QRT-PCR 
showed BDNF expression was associated with miR-322 regulation on hypoxia-induced cardiomyocyte apoptosis. 
Silencing BDNF in cardiomyocyte through siRNA transfection reversed the protective effect of miR-322 downregula-
tion on hypoxia-induced apoptosis. Conclusion: Our study revealed that miR-322, in association with BDNF, played 
important role in regulating hypoxia-induced apoptosis in cardiomyocyte.
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Introduction

Coronary artery disease is one of the major 
causes of mortality and morbidity in the world 
[1, 2]. The most common heart diseases asso-
ciated with coronary artery disease may include 
cardiac hypertrophy, acute myocardial infrac-
tion and myocardial ischemia [3]. During the 
process of myocardial ischemia or reperfusion 
injury, the excessive production of reactive oxy-
gen species (ROS) may cause significant car-
diomyocyte apoptosis [4, 5]. In addition, both 
animal and human studies have shown that 
hypoxia-induced apoptosis was one of the 
major molecular mechanisms contributing to 
cardiomyocyte death, therefore leading to the 
progression of various heart diseases [6-8]. In 
order to seek methods of early diagnosis and 
develop optimal treatment plans for patients 
suffered from various heart diseases, it is criti-

cal to understand the underlying mechanisms 
of hypoxia-induced cardiomyocyte apoptosis.

MicroRNAs (miRNAs) are classes of non-coding 
small RNAs that pair with the 3’ untranslated 
regions (3’-UTR) of target genes to induce post-
transcriptional gene silencing or protein degra-
dation [9, 10]. Studies have shown that miRNAs 
played critical roles during the progression of 
multiple heart diseases, including myocardial 
ischemia [11-13]. Among many of the heart-
associated miRNAs, human miR-424, as well as 
its murine ortholog mmu-miR-322, has been 
shown to be actively regulated during the matur-
ing process of vascular smooth muscle [14]. 
Also, studies have shown that miR-424/322 
was upregulated during the process of cardio-
vascular injuries in hearts, and subsequent 
regulation of miR-424/322 protected vascular 
smooth muscles or endothelial cells from injury 
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[14, 15]. However, it is not clear whether miR-
424/322 may actively regulate the cardiomyo-
cyte apoptosis under hypoxia condition, and if 
so, through what signaling pathways.

Brain derived neurotrophic factor (BDNF) is a 
BHLH transcriptional factor that plays impor-
tant role in heart development [16, 17]. Under 
myocardial infraction in heart disease, BDNF 
was shown to up-regulate transient receptor 
potential canonical 3/6 channels to protect car-
diomyocyte apoptosis [18]. It was also shown 
that activating BDNF/VEGF signaling pathways 
improved survival rates in animal model of myo-
cardial ischemia [19]. However, the association 
between miR-424/322 regulation and the pro-
tective effect of BDNF in cardiac injury has 
never been revealed.

In the present study, we took advantage of an 
in vitro model of cardiomyocyte culture and 
investigated the role of murine miR-322 in reg-
ulating cardiomyocyte apoptosis under hypoxia 
condition. In addition, explored the possible 
functional correlation between miR-322 and 
BDNF gene in cardiomyocyte apoptosis protec-
tion. The results of our study may help to eluci-
date the underlying mechanisms of miRNA reg-
ulation in heart diseases.

Materials and methods

Ethic statement

In the present study, all experimental proce-
dures were approved by the Animal Study and 
Ethics Committee at the Second Affiliated 
Hospital of Harbin Medical University in Harbin, 
China.

In vitro murine cardiomyocytes culture and hy-
poxia treatment

The method of maintaining in vitro explant of 
neonatal murine cardiomyocytes was described 
previously [20]. Briefly, C57BL/6J mice were 
sacrificed at postnatal 1 or 2 days. The hearts 
were quickly transferred into a petri dish filled 
with phosphate-buffered saline (PBS, Sigma 
Aldrich, USA). The ventricles were cut into small 
pieces by micro-scissors under microscope. 
After treating diced cardiac tissues with 0.5% 
trypsin-EDTA (Invitrogen, USA) and centrifuging, 
cardiomyocytes were separated from superna-
tants and resuspended in DMEM/F12 medium 
(Invitrogen, USA) supplemented with 20% FCS 

(Invitrogen, USA) and antibiotics. The cultures 
were then maintained in a tissue culture incu-
bator at 37°C with 5% CO2. The method of 
hypoxia treatment was described previously 
[21]. Briefly, cardiomyocytes were plated in 
48-well plates (3,000 cells/well) and pre-treat-
ed with serum starvation for 12 h. Then, they 
were treated with a gas mixture of 95% N2 and 
5% CO2 for 2 h. 

TUNEL assay

After hypoxia treatment, cardiomyocytes were 
washed 3 times in PBS and permeabilized with 
0.3% TritonX-100 (Sigma-Aldrich, USA) for 15 
min at room temperature. Apoptosis of cardio-
myocytes was determined by a terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) assay (Molecular Probes, 
USA) according to the manufacturer’s instruc-
tion. A nuclei immunohistochemistry was also 
carried out by DAPI staining. Using an ImageJ 
software (NIH, USA), TUNEL-positive cardiomyo-
cytes were counted in each well, and then nor-
malized to the total number of cardiomyocytes 
based on DAPI staining.

RNA extraction and qRT-PCR

Total RNA was extracted from cardiomyocytes 
using a RNA Isolation Kit (Ambion, USA). 
Quantitative real-time PCR (qRT-PCR) for mmu-
miR-322 was performed using a SYBR Green 
Real-Time PCR Master Mix Kit (Applied Bio- 
systems, USA) with u6 sRNA as internal control. 
QRT-PCR for murine BDNF was performed using 
a TaqMan MicroRNA Assays (Applied Bios- 
ystems, USA) with GAPDH as internal control. 
All PCR reactions were carried out on a 
LightCycler 480 System II (Roche Diagnostics, 
USA) according to the manufacturer’s instruc-
tions. Gene expression levels were calculated 
using 2-∆∆Ct method and presented as fold 
changes relative to control.

Lentiviral assay for miR-322 downregulation

Genetic knockdown of miR-322 in cardiomyo-
cytes were carried out by lentiviral trans- 
duction. Lentivirus of mmu-miR-322 inhibitor 
(L-miR322-Inhibitor), as well as its negative 
control miRNA lentivirus (L-C-miR), were ob- 
tained from SunBio (SunBio Medical Bio- 
technology, China). Cardiomyocytes were then 
incubated with L-miR322-Inhibitor or L-C-miR in 
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combination with 8 μg/ml polybrene at an MOI 
of 20~50 for 48 h. After changing in new cul-
ture medium, cardiomyocytes were continu-
ously cultured for 48 h for stabilization. The 

In this study, all experiments were repeated at 
least three times, and data were shown as 
mean +/- standard errors. Statistical analysis 
was performed by Student’s t-test using a SPSS 

transduction efficiency was 
then measured by qRT-PCR.

Dual-luciferase reporter as-
say

Murine BDNF gene was am- 
plified from a mouse heart 
cDNA library and verified by 
sequencing. The 3’-untrans-
lated region (3’-UTR) of BDNF, 
including the binding site of 
mmu-miR-322 was cloned in- 
to a pmiR-REPORT luciferase 
vector (Applied Biosystems, 
USA) and named as BDBF 3’ 
UTR luciferase vector. The pu- 
tative miR-322 binding sequ- 
ence on BDNF 3’-UTR was 
mutated through a Quik-Ch- 
ange™ Site-Directed Mutag- 
enesis Kit (Stratagene, USA). 
The mutated BDNF 3’-UTR 
was then cloned into pmiR-
REPORT and named as (m) 
BDNF 3’ UTR. The relative lu-
ciferase activities were mea-
sured by a dual-luciferase re-
porter kit (Promega, USA) on 
an ARVO MX plate reader 
(Perkin-Elmer, USA) according 
to the manufacturer’s instru- 
ction.

SiRNA assay for BDNF down-
regulation 

Murine BDNF siRNA (siRNA-
BDNF), as well as its control 
scrambled siRNA (siRNA-C) 
were obtained from RiboBio 
(RiboBio, China). Genetic kno- 
ckdown of BDNF gene in car-
diomyocytes was then per-
formed by siRNA transfecti- 
on using Lipofectamine 2000 
reagent. 24 h after transfe- 
ction, knockdown efficiency 
was measured by qRT-PCR.

Statistical analysis

Figure 1. Cardiomyocyte apoptosis and miR-322 upregulation under hypoxia 
condition. Murine neonatal cardiomyocytes (postnatal 1~2 days old) were 
cultured in 48-well plates (3,000 cells/well) and treated with a gas mixture 
of 95% N2 and 5% CO2 for 2 h to induce hypoxia. A. 24 h after hypoxia treat-
ment, a TUNEL assay (Red) was carried out to examine apoptosis in cardio-
myocytes. Cardiomyocytes were identified by DAPI nuclear staining (Blue). 
B. The averaged percentages of apoptotic cardiomyocytes (DAPI/TUNEL (%)) 
were compared between control and hypoxia cultures (*P < 0.05). C. 24 h 
after hypoxia treatment, relative expression levels of mmu-miR-322 in car-
diomyocytes were compared between control and hypoxia conditions (*P < 
0.05).
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software. Statistical difference was determined 
if P < 0.05.

Results

Hypoxia induced apoptosis and miR-322 up-
regulation in cardiomyocytes

In our study, we took advantage of the in vitro 
explant model of neonatal murine cardiomyo-
cyte to study the molecular mechanisms of car-

mmu-miR-322 was markedly upregulated in 
murine cardiomyocytes under hypoxia condi-
tion (Figure 1C, *P < 0.05). 

Downregulation of miR-322 protected hypoxia-
induced apoptosis in cardiomyocyte 

Since we demonstrated that hypoxia condition 
induced significant apoptosis and upregulat- 
ed murine miR-322 in cardiomyocyte, we won-
dered whether there might be an association 

Figure 2. Suppressing miR-322 rescued cardiomyocyte apoptosis under hy-
poxia condition. A. Cardiomyocytes were transduced with a lentivirus con-
taining mmu-miR-322 inhibitor (L-miR322-Inhibitor), or a lentivirus contain-
ing negative control scrambled miRNA (L-C-miR). After transduction was 
stabilized, qRT-PCR was carried out to evaluate the efficiency of miR-322 
downregulation in cardiomyocyte (*P < 0.05). B. Lentiviral-transduced car-
diomyocytes were then treated with hypoxia condition for 2 h. 24 h after that, 
a TUNEL assay was carried out and immune-fluorescent images were shown 
for cardiomyocyte apoptosis (Red: TUNEL; Blue: DAPI). C. The percentages of 
apoptotic cardiomyocytes under hypoxia condition were compared between 
cells transduced with L-C-miR and cells transduced with L-miR322-Inhibitor 
(*P < 0.05). 

diac hypoxia. Cardiomyocytes 
were isolated from postnatal 
1 or 2 days old C57BL/6J 
mice and maintained in 48- 
well plates (3,000 cells/well) 
in vitro. The cultures were 
treated with a gas mixture of 
95% N2 and 5% CO2 for 2 h  
to induce hypoxia. 24 h after 
hypoxia treatment, cardiomy- 
ocyte apoptosis was evalu- 
ated through a TUNEL assay. 
The immunostaining result 
showed that in cardiomyo-
cytes (identified by DAPI im- 
munoreactivity) under control 
condition, little or no apopto-
sis (identified by TUNEL im- 
munoreactivity) was visible, 
whereas in hypoxia-treated 
cardiomyocytes, considerab- 
le amount of apoptotic cells 
were seen (Figure 1A). By 
comparing the averaged per-
centages of apoptotic cardi- 
omyocytes (TUNEL/DAPI (%)) 
between control and hypoxia 
conditions, it was clearly de- 
monstrated that significantly 
apoptosis was induced by 
hypoxia in murine cardiomyo-
cytes in vitro (Figure 1B, *P < 
0.05).

Previous study showed that 
human miR-424, and its mu- 
rine ortholog, mmu-miR-322 
was upregulated in endotheli-
al cells during ischemic injury 
[15]. Therefore, we decided to 
investigate the gene expres-
sion pattern of miR-322 in our 
hypoxia model. The results of 
qRT-PCR demonstrated that 
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between miR-322 regulation and hypoxia-in- 
duced cardiomyocyte apoptosis. To examine 
this hypothesis, we created a cardiomyocyte 
culture with stably downregulation of miR-322, 
through the method of transducing cardiomyo-
cytes with mmu-miR-322 inhibitor lentivirus 
(L-miR322-Inhibitor). In control culture, cardio-
myocytes were transduced with a scrambled 
miRNA lentivirus (L-C-miR). After lentiviral trans-
duction was stabilized, we used qRT-PCR to 
confirm that gene expression level of mmu-
miR-322 was indeed downregulated in cardio-
myocytes transduced with L-miR322-Inhibitor, 

microrna.org), we noticed that BDNF gene was 
a possible downstream target of miR-322 in 
mouse (Figure 3A). 

To verify whether BDNF is indeed directly regu-
lated by miR-322, we carried out a dual-lucifer-
ase reporter assay. In one group of HEK293T 
cells, we co-transfected cells with mmu-
miR-322 mimics, and a luciferase reporter 
expressing 3’-UTR of BDNF gene, which 
includes the putative binding site of mmu-
miR-322. In second group of HEK293T cells, 
we co-transfected cells with mmu-miR-322 

Figure 3. BDNF is the target gene of miR-322 in cardiomyocyte under hy-
poxia condition. A. 3’-UTR of BDNF gene is predicted to be bound by miR-322 
(top panel). Alternatively, a mutated BDNF 3’-UTR was created to dissoci-
ate miR-322 binding (bottom panel). B. HEK293T cells were co-transfected 
with mmu-miR-322 mimics, and a Control luciferase reporter, a luciferase 
reporter expressing mutated (m) BDNF 3’-UTR, or a luciferase reporter ex-
pressing BDNF 3’-UTR. Three groups of HEK293T cells were then underwent 
a dual-luciferase reporter assay to measure the relative luciferase activities 
(*P < 0.05). C. QRT-PCR was carried out to compare the expression levels 
of BDNF in normally cultured cardiomyocytes (Control), cardiomyocytes un-
der hypoxia condition (Hypoxia), L-C-miR transduced cardiomyocytes under 
hypoxia condition (L-C-miR + hypoxia), and L-miR322-Inhibitor transduced 
cardiomyocytes under hypoxia condition (L-miR322-Inhibitor + hypoxia) (*P 
< 0.05, ∆P > 0.05).

than in cardiomyocytes trans-
duced with L-C-miR (Figure 
2A, *P < 0.05).

We then treated lentiviral-tr- 
ansduced cardiomyocytes wi- 
th hypoxia condition and re-
evaluated apoptosis. The im- 
munostaining results of TU- 
NEL assay showed that con-
siderably less apoptotic im- 
munoreactivity was observed 
in cardiomyocytes with miR-
322 downregulation (Figure 
2B). Comparison between 
L-miR322-Inhibitor and L-C-
miR transduced cardiomyo-
cytes showed that miR-322 
downregulation (w/L-miR322- 
Inhibitor transduction) signifi-
cantly reduced the percent-
ages of apoptotic cardiomyo-
cytes under hypoxia condition 
(Figure 2C, *P < 0.05).

BDNF is the target gene of 
miR-322 in cardiomyocyte 
under hypoxia condition

In the next step of our work, 
we tried to identify the molec-
ular target gene of miR-322 in 
cardiomyocyte under hypoxia 
condition. We took advantage 
of several online databases  
to predict the downstream 
genes that would be directly 
regulated by miR-322. In se- 
arching the databases includ-
ing TargetScan (www.targets- 
can.org) and microRNA (www.
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mimics and another luciferase reporter to 
express the mutated (m) 3’-UTR of BDNF gene 
with suppressed mmu-miR-322 binding site. 
The 3rd group of HEK293T cells was co-trans-
fected with mmu-miR-322 mimics and an 
empty luciferase reporter. 48 h after con-trans-
fection, fluorescent reading showed that rela-
tive luciferase activity in HEK293T cells trans-
fected with BDNF 3’-UTR was significantly lower 
than in the luciferase activities in cells trans-
fected with (m) BDNF 3’-UTR or Control lucifer-

down BDNF gene. In control experiments, car-
diomyocytes were transfected with a negative 
control scrambled siRNA (siRNA-C). 24 h after 
transfection, the downregulation of BDNF gene 
in cardiomyocyte was verified by qRT-PCR assay 
(Figure 4A, *P < 0.05).

We then applied siRNA transfection in cardio-
myocytes whose miR-322 expression levels 
were downregulated by Lentiviral transduction 
of L-miR-322-Inhibitor. 24 h after transfection, 

Figure 4. BDNF knockdown reversed the protection of miR-322 on cardio-
myocyte apoptosis under hypoxia condition. A. Cardiomyocytes were trans-
fected with murine BDNF specific siRNA (siRNA-BDNF) for 24 h. The control 
cardiomyocytes were transfected with a negative control scrambled siRNA 
(siRNA-C). 24 h after transfection, relative expression levels of BDNF were 
compared by qRT-PCR between two groups of cardiomyocytes (*P < 0.05). 
B. In cardiomyocytes with stable miR-322 downregulation (transduced with 
lentivirus of L-miR322-Inhibitor), cells were transfected with siRNA-BDNF or 
siRNA-C for 24 h, followed by hypoxia treatment. 24 h after hypoxia condition, 
a TUNEL assay was conducted and immune-fluorescent images were shown 
for cardiomyocyte apoptosis. C. The percentages of apoptotic cardiomyocytes 
under hypoxia condition were compared between cells transfected with siR-
NA-C and cells transfected with siRNA-BDNF (*P < 0.05).

ase reporter (Figure 3B, *P < 
0.05, ∆P > 0.05).

We then investigated the reg-
ulation of miR-322 on gene 
expression levels of BDNF in 
cardiomyocytes under hypox-
ia condition. We found that in 
normal cardiomyocytes, BD- 
NF was significantly downre- 
gulated by hypoxia (Figure  
3C, Control vs. Hypoxia, *P < 
0.05). The effects of hypoxia 
on downregulating BDNF were 
similar between normal car-
diomyocytes and cardiomyo-
cytes transduced with L-C-
MiR (Figure 3C, Hypoxia vs. 
L-C-MiR + Hypoxia, ∆P > 
0.05). We also found that, 
downregulation of miR-322 
elevated BDNF gene level in 
cardiomyocytes while cells 
were under hypoxia condition 
(Figure 3C, L-C-MiR + Hypoxia 
vs. L-miR322-Inhibitor + Hy- 
poxia, *P < 0.05).

BDNF downregulation re-
duced the protective effect 
of miR-322 on cardiomyocyte 
apoptosis under hypoxia con-
dition 

As we demonstrated BDNF 
gene was directly associated 
with miR-322 regulation on 
cardiomyocyte apoptosis, we 
wondered whether BDNF ha- 
ve functional role in it. To 
examine this hypothesis, we 
firstly transfected cardiom- 
yocytes with BDNF specific 
siRNA (siRNA-BDNF) to knock-



miR-322 reduces apoptosis in cardiomyocytes

2818 Am J Transl Res 2016;8(6):2812-2819

cardiomyocytes were treated with hypoxia. 
Another 24 h later, a TUNEL assay was carried 
out to examine apoptosis in cardiomyocytes. 
Interestingly, results of immunostaining dem-
onstrated that, much more apoptotic cardio-
myocytes were observed while BDNF was 
downregulation (Figure 4B). Statistical analysis 
confirmed this observation, showing that BDNF 
downregulation significantly reduced the pro-
tection of miR-322 downregulation on cardio-
myocyte apoptosis under hypoxia condition 
(Figure 4C, *P < 0.05). Therefore, our data 
strongly suggest the regulation of miR-322 on 
hypoxia-induced cardiomyocyte apoptosis was 
directly through BDNF gene.

Discussion

It has been demonstrated in the literatures that 
human miR-424, or murine ortholog miR-322, 
was upregulated in rat vascular smooth musc- 
le cells upon pathological proliferation, or in 
human endothelial cells under ischemic injury 
[14, 15]. Interestingly, the underlying mecha-
nisms of miR-424/322 upregulation in various 
heart diseases could be drastically different. In 
Merlet’s report, miR-424/322 was proposed as 
a negative modulator in smooth muscle cells, 
that upregulation of miR-424/322 suppressing 
the pathological proliferation of cells [14]. 
However, in Ghosh’s report, miR-424/322 was 
positively associated with ischemia injury in 
human endothelial cells, that upregulation of 
miR-424 directly promoted angiogenesis [15]. 
In another recent report, Zeng and colleagues 
demonstrated that miR-322 was significant- 
ly upregulated in hypoxia-induced pulmonary 
arterial smooth muscle cells through the regu-
lation of BMP-Smad signaling pathway, thus 
positively associated with hypoxic pulmonary 
hypertension [22]. In the present study, we 
demonstrated in murine cardiomyocyte, miR-
322 was significantly upregulated during the 
process of hypoxia-induced apoptosis. Most 
importantly, we showed that inhibition of miR-
322 protected hypoxic apoptosis in cardiomyo-
cytes. Therefore, the results of our study favor 
the positive regulator role of miR-322 in cardio-
myocyte apoptosis under hypoxia condition.

We also explored the association of miR-322 
and BDNF gene in regulating hypoxia-induced 
cardiomyocyte apoptosis. Through dual-lucifer-
ase activity assay, we demonstrated that miR-
322 was directly paired with the 3’-UTR of 

BDNF. Through qRT-PCR assay, we showed that 
gene expression of BDNF in cardiomyocyte was 
actively modulated by miR-322 upregulation 
under hypoxia condition. Furthermore, our fu- 
nctional approach revealed that, downregula-
tion of BDNF reduced the protective effect  
of miR-322 downregulation on cardiomyocyte 
apoptosis under hypoxia condition, thus sug-
gesting a protective role of BDNF in cardiomyo-
cyte apoptosis under hypoxia condition. It’s 
worth noting that, BDNF gene has been closely 
associated with various hypoxic conditionin- 
gs in heart. In a rodent model, Hang and col-
leagues showed that BDNF protected cardio-
myocyte from apoptosis in myocardial ischemia 
through BCL-2 and transient receptor potential 
canonical 3/6 channels [18]. Interestingly, in 
another in vivo rodent model, Fulgenzi and col-
leagues demonstrated an appositive effect of 
BDNF, showing it could be a facilitator for myo-
cardial ischemia in aged rats [17]. It seems like 
aging could be the obvious explanation for 
those two contrary reports on BDNF function in 
myocardial ischemia, namely protection vs. 
facilitation. However, further studies on the 
associated pathways on BDNF regulation in 
ischemic or hypoxic conditions, especially th- 
ose correlated with miRNA regulations, are 
much needed to elucidate the complex molecu-
lar network underlying hypoxic apoptosis in 
cardiomyocytes.

In conclusion, our study identified that miR-
322, by negatively modulating BDNF gene, 
played a critical role in regulating cardiomyo-
cyte apoptosis under hypoxia condition. These 
results may broaden our knowledge of miRNA 
regulation in myocardial ischemia.
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