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ABSTRACT
Long non-coding RNAs (lncRNAs) have been implicated in the development of cardiovascular diseases. We
observed that lncRNA AK020546 was downregulated following ischemia/reperfusion injury to the myocardium and
following H2O2 treatment in H9c2 cardiomyocytes. In vivo and in vitro studies showed that AK020546
overexpression attenuated the size of the ischemic area, reduced apoptosis among H9c2 cardiomyocytes, and
suppressed the release of reactive oxygen species, lactic acid dehydrogenase, and malondialdehyde. AK020546
served as a competing endogenous RNA for miR-350-3p and activated the miR-350-3p target gene ErbB3. MiR-3503p overexpression reversed the effects of AK020546 on oxidative stress injury and apoptosis in H9c2
cardiomyocytes. Moreover, ErbB3 knockdown alleviated the effects of AK020546 on the expression of ErbB3, Bcl-2,
phosphorylated AKT, cleaved Caspase 3, and phosphorylated Bad. These findings suggest lncRNA AK020546
protects against ischemia/reperfusion and oxidative stress injury by sequestering miR-350-3p and activating ErbB3,
which highlights its potential as a therapeutic target for ischemic heart diseases.

Acute myocardial infarction (AMI), characterized by
inadequate blood flow and oxygen supply to the heart
due to blocked arteries, is the leading cause of
morbidity and mortality worldwide [1]. The most
effective therapeutic approach to protect the heart
against AMI is to restore its blood supply [2].
However, reperfusion and reoxygenation exacerbate
tissue injury as well as induce inflammatory response
[3]. One of the major factors contributing to I/R injury
is apoptosis induced by mitochondrial dysfunction
and increased lipid peroxides [4].

(lncRNAs) are a family of ncRNAs with the length of
more than 200 nucleotides [7]. LncRNAs participate in
the regulation of gene expression at epigenetic,
transcriptional, and post-transcriptional levels. They have
been indicated to play critical role in the cardiac
remodeling, myocardial hypertrophy, and cardiac I/R
injury [8–10]. For instance, lncRNA TUG1 knockdown
inhibits I/R-induced myocardial injury by altering miR142-3p expression and autophagy [11]. Similarly,
lncRNA H19 ameliorates cardiac I/R injury by targeting
miR-22-3p [12]. LncRNA CAIF blocks p53-induced
myocardin transcription, further preventing autophagyrelated myocardial infarction [13].

Non-coding RNAs (ncRNAs) have been implicated in
cardiovascular cell signaling and pathogenesis of several
cardiac diseases [5, 6]. Long non-coding RNAs

LncRNAs participate in the progression of AMI by
sponging microRNAs (miRNAs). The expression of
several miRNAs is induced by oxidative stress. For
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example, tomato supplementation protected against
oxidative stress and left ventricular mass and restored
heart function by downregulating miR-350 [14].
Moreover, overexpression of miR-350 has been
reported to contribute to heart hypertrophy by
inactivating JNK and p38 pathways [15].
Erb-b2 receptor tyrosine kinase 3 (ErbB3), come from
epidermal growth factor receptor tyrosine kinase (RTK)
family [16], is a ligand activated by neuregulin genes
[17]. ErbB3 is required for normal cerebellar and
cardiac development and its activation improves the
formation of heart valve mesenchyme [18, 19]. Binding
of NRG1 to ErbB3 activates downstream signaling
molecules, including PI3K/AKT, Ras/ERK, and
Src/FAK. For instance, ErbB3 enhanced the
proliferation and survival of normal human cardiac
ventricular fibroblasts by activating PI3K/AKT
signaling [20]. Moreover, ErbB3 suppresses
mitochondrial dysfunction and apoptosis of cardiomyocytes [21].
In the present work, we studied the function of lncRNA
AK020546 in cardiac ischemic injury. Functional
studies revealed that AK020546 reduced the infarct size
and myocardial cell apoptosis, and decreased H2O2induced apoptosis of H9c2 cardiomyocytes. In addition,
it binds to and sequesters miR-350-3p to increase the
expression of its downstream target gene ErbB3. These
findings highlight the function of lncRNA AK020546 in
maintaining cardiovascular health and provide potential
therapeutic targets for cardiac ischemic injury.

RESULTS
LncRNA AK020546 was downregulated in I/R
injury
To assess the function of AK020546 in I/R injury, we
established an oxidative stress model using H9c2 cells
and an I/R model in rats and studied its expression. The
results indicated that AK020546 expression was notably
reduced in H9c2 cells 1 h after H2O2 treatment and in
the myocardium 1 h after ischemia (Figure 1A, 1B).
Overexpression of lncRNA AK020546 attenuated
H2O2-induced apoptosis and oxidative stress in H9c2
cardiomyocytes
Because AK020546 was downregulated in I/R injuryexposed myocardium and H2O2-treated H9c2
cardiomyocytes, we speculated that it participated in the
progression of I/R injury. First, we established an in vitro
model of oxidative stress injury using H2O2 in H9c2
cardiomyocytes. Quantitative realtime PCR (qPCR)
analysis revealed a good efficiency of AK02054overexpressing adenovirus (Figure 2A). Terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) results revealed that AK020546 reduced H2O2induced apoptosis of H9c2 cardiomyocytes (Figure 2B).
Flow cytometry revealed similar results (Figure 2C, 2D).
Because H9c2 cardiomyocyte apoptosis is linked to
oxidative stress, we next evaluated the change in
the levels of malondialdehyde (MDA), lactic acid
dehydrogenase (LDH), and reactive oxygen species

Figure 1. LncRNA AK020546 was downregulated in H9c2 cardiomyocytes and myocardium subjected to H 2O2 treatment and
I/R injury. (A) The expression of lncRNA AK020546 in H9c2 cardiomyocytes at different time points after H2O2 treatment was detected with
qPCR (n = 5). (B) The expression of lncRNA AK020546 in the myocardium at different time points of reperfusion was evaluated by qPCR (n =
5). *p < 0.05 vs oh or sham group.
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Figure 2. lncRNA AK020546 inhibited I/R-induced oxidative stress and apoptosis in vitro. (A) qPCR verified the lncRNA AK020546overexpressing efficiency of adenovirus particles in H9c2 cardiomyocytes (n = 5). (B) TUNEL staining was used to detect the apoptosis of H9c2
cardiomyocytes (n = 5). (C, D) Flow cytometry and Annexin V/propidium iodide (PI) staining were carried out to detect H9c2 cardiomyocyte
apoptosis (n = 5). (E–G) The levels of oxidative markers, such as LDH, MDA, and ROS, were detected using commercial kits (n = 5). *p < 0.05
versus Ad-nc or control group, #p < 0.05 vs H2O2 + Ad-nc or control group.
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(ROS) in H9c2 cardiomyocytes. The results indicated
that AK020546 overexpression remarkably reversed
H2O2-induced elevated levels of MDA, LDH, and ROS
(Figure 2E–2G).

left ventricular end-systolic diameter (LVEDP).
Moreover, AK020546 overexpression increased the
heart rate during both I/R injury and reperfusion
(Figure 4A–4F).

LncRNA AK020546 overexpression inhibited
cardiac I/R injury in vivo

LncRNA AK020546 sponged miR-350-3p

To further confirm the functions of AK020546 in I/R
injury, we constructed an I/R model in rats. Figure 3A
shows increased expression of AK020546 in the
myocardium following its overexpression using an
adenovirus construct. We next conducted in vitro
studies that showed that AK020546 overexpression
reduced the elevated levels of MDA, LDH, and ROS
(Figure 3B–3D). Furthermore, compared with the Adcontrol (Ad-nc) group, 2,3,5-triphenyltetrazolium
chloride (TTC) staining revealed that AK020546
overexpression reduced I/R injury-induced infarct
area. The reduction in the infarct size was 28.45 ±
14.64% (Figure 3E). TUNEL assay was conducted to
evaluate apoptosis (Figure 3F). We next investigated
cardiac function, a parameter impaired by I/R injury.
The results indicated that AK020546 elevated left
ventricular systolic pressure (LVSP) and maximal
LV contractility rate (±dp/dt); however, it decreased

LncRNAs function as competing endogenous RNAs
and sponge target miRNAs and subsequently abrogate
their functions. Therefore, we next explored whether
AK020546 sponged miRNAs. MiRDB, an online
database for predicting target miRNAs, predicted miR350-3p as a potential target of AK020546. Figure 5A
shows the target region between AK020546 and miR350-3p. We found that miR-350-3p downregulated the
luciferase activity in H9c2 cardiomyocytes cotransfected with pGL3-wt-lncRNA AK020546, but not
the pGL3-mut-lncRNA AK020546 (Figure 5B). RNA
pull-down assay showed that AK020546 could directly
bind to miR-350-3p endogenously. We found that
the biotin-labeled miR-350-3p probe enriched the
levels of AK020546, indicating the binding between
lncRNA AK020546 and miR-350-3p (Figure 5C).
Moreover, qPCR results confirmed that miR-350-3p
overexpression reduced the level of AK020546,
whereas its knockdown reversed this effect (Figure 5D).

Figure 3. LncRNA AK020546 inhibited I/R injury-induced oxidative stress and apoptosis in vivo. (A) qPCR confirmed the
lncRNA AK020546-overexpressing efficiency of adenovirus particles in the myocardium in comparison with the control group ( n = 8).
(B–D) The levels of oxidative markers, such as LDH, MDA, and ROS, in the myocardium were detected using commercial kits (n = 8). (E)
TTC staining was performed to evaluate the infarct area of the heart (n = 8). (F) TUNEL staining and α-smooth muscle actin (SMA)
staining were performed to detect the apoptosis of specific H9c2 cardiomyocytes (n = 8). *p < 0.05 vs Ad-nc or sham group, #p < 0.05
vs I/R + Ad-nc or control group.
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Pearson’s analysis indicated an inverse relation between
lncRNA AK020546 and miR-350-3p (Figure 5E).
MiR-350-3p reversed the effect of lncRNA
AK020546-induced apoptosis of H9c2
cardiomyocytes
LncRNA AK020546 works as a sponge of miR-350-3p in
H9c2 cardiomyocytes. To investigate the function of miR350-3p in I/R injury, we conducted rescue experiments.
H9c2 cardiomyocytes were co-transfected with
adenovirus particles overexpressing AK020546 and miR350-3p mimic along with their negative controls. We
found that H2O2 promoted the expression of miR-350-3p,
whereas AK020546 overexpression reversed this effect.
Co-transfection with AK020546 and miR-350-3p elevated
the expression of AK020546 in comparison to AK020546
transfection alone (Figure 6A). TUNEL assay and flow
cytometry revealed that AK020546 reduced H2O2induced apoptosis. MiR-350-3p remarkably reversed this

alteration (Figure 6B–6D). Furthermore, miR-350-3p
reversed AK020546-induced release of MDA, LDH, and
ROS (Figure 6E–6G). 5, 5’, 6, 6’-tetrachloro-1, 1’, 3, 3’tetraethyl-imidacarbocyanine iodide (JC-1) staining
revealed that AK020546 overexpression elevated the
levels of mitochondrial membrane potential (MMP)
(reduced by H2O2), whereas miR-350-3p reversed this
effect (Figure 6H, 6I). Mitochondrial ROS was detected
using MitoSOX staining. The results indicated that H2O2
treatment increased the release of ROS. AK020546
overexpression reduced this elevation while miR-350-3p
reversed the effect of AK020546 (Figure 6J).
MiR-350-3p directly targeted ErbB3 in H9c2
cardiomyocytes
DIANA and TargetScan tools were used to predict the
downstream target genes of miR-350-3p. ErbB3 was
predicted as a potential target by both datasets (Figure
7A). Figure 7B shows the target region between

Figure 4. LncRNA AK020546 alleviated I/R injury-induced cardiac dysfunction in vivo. (A–F) Echocardiographic parameters of rats
including LVSP, LVEDP, ±dp/dt, and heart rate were evaluated with an ultrasound device (n = 8). *p < 0.05 vs sham group, #p < 0.05 vs I/R +
Ad-nc or control group.
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miR-350-3p and ErbB3. Next, luciferase assay in H9c2
cardiomyocytes demonstrated that miR-350-3p
downregulated the luciferase activity in cells cotransfected with pGL3-3’UTR of ErbB3, but not the
pGL3-3’UTR-mut of ErbB3 (Figure 7C). Further, qPCR
results revealed that miR-350-3p overexpression
decreased the mRNA expression of ErbB3, whereas its
knockdown increased the expression (Figure 7D).
Western blotting results indicated that miR-350-3p
overexpression decreased the protein level of ErbB3,
whereas its knockdown reversed this effect (Figure 7E,
7F). Moreover, RNA pull-down assay confirmed that
miR-350-3p directly bound to ErbB3 (Figure 7G).
Finally, Pearson’s analysis revealed a negative
correlation between miR-350-3p and ErbB3 and a
negative correlation between AK020546 and miR-3503p. These results indicated that lncRNA AK020546
functioned as a ceRNA for miR-350-3p and activated its
target gene ErbB3 (Figure 7H, 7I).
LncRNA AK020546 increased the expression of
ErbB3 and activated the downstream AKT pathway
ErbB3 is involved in cell apoptosis and oxidative stress
during I/R injury. For instance, ErbB3 was reported to
regulate the phosphorylation of AKT and Bad that are
involved in cardiac I/R injury. We further evaluated the

expression of apoptotic proteins such as Bcl-2, Bax,
Bad, and cleaved Caspase 3 (c-Caspase 3). AK020546
elevated the expression of ErbB3, Bcl-2, pAKT,
whereas it attenuated the expression of c-Caspase 3 and
the phosphorylation of Bad (Figure 8A, 8B). Figure 8C
shows the proposed mechanism of the effect of lncRNA
AK020546.

DISCUSSION
LncRNAs have been implicated in several physiological
and pathological processes such as cell proliferation,
differentiation, development, and apoptosis. Moreover,
lncRNAs can function as competing endogenous RNAs
(ceRNAs) that sequester miRNAs to regulate the
expression of miRNA target genes. For instance,
lncRNAs such as APF, MALAT1, and PFL participate
in I/R injury by sponging miRNAs [22–25]. LncRNA
AK020546, also known as CAIF, has been implicated in
several cellular processes. For instance, AK020546 is
downregulated in osteoarthritis and its overexpression
improves the condition by sponging miR-1246 [26].
Zhou et al. reported that AK020546 participated in
myocardial remodeling [27]. Similarly, Wu et al.
reported MALAT1 to be a promising diagnostic and
prognostic marker in end-stage cardiomyopathy.
AK020546 has been reported to inhibit autophagy and

Figure 5. LncRNA AK020546 sponged miR-350-3p in H9c2 cardiomyocytes. (A) The potential targeting region predicted by
bioinformatics analysis. (B) Luciferase assay was performed to verify whether miR-350-3p targeted AK020546 in H9c2 cardiomyocytes (n = 5).
(C) RNA pull-down assay confirmed the interaction between AK020546 and miR-350-3p (n = 5). (D) qPCR was used to detect the expression of
AK020546 in different groups (n = 5). (E) Pearson’s analysis was performed to investigate the correlation between AK020546 and miR-350-3p
(n = 5). *p < 0.05 versus miR-nc or biotin-nc, #p < 0.05 vs inhibitor nc group.
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attenuate acute myocardial infarction via the p53–
myocardin axis [27]. We demonstrated that AK020546
was downregulated in AMI both in vivo and in vitro. Its
overexpression reduced the infarct area and restored
heart function. Moreover, AK020546 overexpression
inhibited the release of ROS and apoptosis of H9c2
cardiomyocytes, implying its cardioprotective function
in AMI.
Bioinformatic tools predicted miR-350-3p as a potential
target of AK020546, which was experimentally

confirmed by luciferase assay. MiR-350-3p promotes
RAW264.7 cell apoptosis by repressing the PIK3R3/
MAPK signaling pathway [28]. In addition, a study
reported miR-350 as a promising biomarker of
smoking-related interstitial fibrosis (SRIF) [29].
Another study reported elevated expression of miR-350
in late-stage transverse aortic constriction (TAC)
in rat heart. Moreover, miR-350-3p contributes to
pathological cardiac hypertrophy and apoptosis by
inactivating the p38/JNK pathway [14, 15]. These
findings demonstrated the function of miR-350-3p in

Figure 6. MiR-350-3p reversed the effect of lncRNA AK020546 on cardiac I/R injury in vitro. (A, B) qPCR was used to assess the
level of miR-350-3p in H9c2 cardiomyocytes under different treatments (n = 5). (B, C) Flow cytometry and Annexin V/propidium iodide (PI)
staining were performed to detect the apoptosis of H9c2 cardiomyocyte (n = 5). (D) TUNEL staining was performed to detect the apoptosis of
specific H9c2 cardiomyocytes (n = 5). (E–G) The levels of oxidative markers such as LDH, MDA, and ROS were assessed with commercial kits (n
= 5). (H, I) JC-1 staining was performed to evaluate the mitochondrial membrane potential (n = 5). (J) MitoSOX staining was used to evaluate
the mitochondrial ROS. *p < 0.05 vs control, #p < 0.05 vs H2O2 group, &p < 0.05 vs AK020546 + miR-nc group.
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cardiovascular diseases. Considering the relationship
between myocardial hypertrophy and myocardial
ischemic injury, we hypothesized that miR-350-3p
exerted a substantial effect during I/R injury. We
confirmed miR-350-3p as a target of AK020546 and
that AK020546 exerted its cardioprotective function via
sponging miR-350-3p. Overexpression of miR-350-3p
reversed the effects of AK020546 on I/R injury
including ROS release and apoptosis.
ErbB3 belongs to the PA2G4 family and participates
in multiple cellular processes including cell cycle,
proliferation, and survival [30–34]. Several studies
have reported the involvement of ErbB3 in
cardiovascular diseases. For instance, methylation of
the ErbB3 gene has been observed in human dilated
cardiomyopathy. In addition, ErbB3 degradation by
Nrdp1, an E3 ligase, following I/R injury in
cardiomyocytes promotes apoptosis and alleviates I/R
injury [21, 35]. ErbB3 activates several protein

kinases involved in cell apoptosis, including AKT,
STAT3, and mitogen-activated protein kinases
(MAPKs) [36–38]. The PI3K/AKT pathway is
triggered in response to I/R injury and promotes
cell survival by inhibiting caspase-induced apoptosis
[39, 40]. We found that AK020546 elevated the
expression of Bcl-2 and phosphorylation of AKT,
whereas decreased the protein levels of c-Caspase 3
and phosphorylation of Bad; these effects were
reversed by ErbB3 knockdown. We speculated that
AK020546 sponged miR-350-3p and blocked the
inhibitory effect of miR-350-3p on ErbB3 expression
to promote AKT phosphorylation and the expression
of anti-apoptotic protein Bcl-2, consequently decreasing cell apoptosis in H9c2 cardiomyocytes.
Our study had certain limitations. Several studies have
implicated altered mitochondrial functions, including
increased mitochondrial membrane depolarization [41,
42] and disrupted activity of enzymes of the electron

Figure 7. MiR-350-3p directly targeted ErbB3 in H9c2 cardiomyocytes. (A) Bioinformatics analysis using TargetScan and DIANA
predicted ErbB3 as the target of miR-350-3p. (B) The potential targeting region between miR-350-3p and ErbB3 predicted by bioinformatics
analysis. (C) Luciferase assay was performed to verify whether miR-350-3p targeted ErbB3 in H9c2 cardiomyocytes (n = 5). (D) qPCR was used
to detect the expression of ErbB3. (E, F) Western blot was carried out to evaluate the expression level of ErbB3 (n = 5). (G) Luciferase assay
was performed to verify whether miR-350-3p targeted ErbB3 in H9c2 cardiomyocytes (n = 5). (H, I) Pearson’s analysis was performed to
investigate the correlation between AK020546 and ErbB3 as well as miR-350-3p and ErbB3 (n = 5). *p < 0.05 vs miR-nc or biotin-nc, #p < 0.05
vs inhibitor nc group.

www.aging-us.com

14226

AGING

transport chain [43], in cardiac I/R injury. However, our
study lacked data on the involvement of mitochondrial
dysfunction. Furthermore, we did not study the function
of gap junction protein Cx43, increased expression of
which is associated with reduced reperfusion arrhythmia
in cardiac IR injury [43–45].

In conclusion, lncRNA AK020546 was downregulated
in AMI and its overexpression restored heart function,
suppressed ROS release, and reduced the apoptosis of
H9c2 cardiomyocytes. LncRNA AK020546 exerted
these functions by activating ErbB3 via sponging miR350-3p.

Figure 8. LncRNA AK020546 activated the AKT signaling pathway. (A, B) Western blotting was used to evaluate the expression of
AKT, Bad, c-Caspase 3, Bcl-2, p-AKT, and p-Bad (n = 5). (C) Flow diagram representing the molecular mechanism. *p < 0.05 vs control, #p < 0.05
vs H2O2 group, &p < 0.05 vs AK020546 + si-ErbB3 group.
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MATERIALS AND METHODS
Animals
Wistar rats were purchased from Charles River
Laboratories (Beijing, China). These rats were housed
in a environment of specific pathogen-free (SPF) and
are with ad lib access to water and food. All in vivo
studies were approved by the Animal Studies
Committee of Zhejiang Renmin Hospital and were
performed following the institutional guidelines.
Plasmid construction and transfection
MiR-350-3p mimic, siRNA against ErbB3, adenovirus
overexpressing AK020546 along with their controls
were purchased from GenePharma (Shanghai, China).
The wild type and mutant type of binding cites among
AK020546 and ErbB3 sequence were synthesized by
GenePharma followed by cloning into the pGL3
reporter vector (Promega, CA, USA).
I/R model establishment
All rats were kept on a 12-h light/dark cycle and in an
environment of 25 and 60% humidity with ad lib
access to water and food. 32 rats were randomly
divided into 4 different groups: sham group, I/R
group, IR + Ad-nc group, and IR + Ad-AK020546
group. Afterward, the rats were administered of AdAK020546 or Ad-nc at the dose of 1 × 109 plaqueforming units (PFUs) for 3 consecutive days via tail
vein, whereas the rat in sham control group was
injected with saline. Four days later, the I/R injury
was induced in rats as per the method described
previously [46]. Briefly, rats were intraperitoneally
injected with 1% pentobarbital sodium (50 mg/kg;
Sigma-Aldrich, P3761, USA). After thoracotomy, the
intercostal muscle was separated in the 3rd and 4th
intercostal space to expose the heart. The middle of
the left anterior descending coronary artery was
ligated using a 6-0 surgical suture. The sham rats
underwent surgery but without ligation of left anterior
descending (LAD) coronary artery ligated using a 6-0
silk suture. The I/R procedure included a 30 min of
ischemia and 2 h of reperfusion. All rats were
sacrificed immediately after anesthetization with 3%
pentobarbital sodium (160 mg/kg). Subsequently,
heart tissue and blood samples were collected for
further experiments following I/R injury.
Echocardiography
Transthoracic echocardiography detection was carried
out with a VisualSonics Vevo 2100 (VisualSonics)
ultrasound system and a 40-MHz transducer. A 1.4-F
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Millar catheter (Millar Instruments, UT, USA) was
inserted into the carotid artery of mice, and then left
ventricular end-diastolic pressure (LVEDP) left
ventricular systolic pressure (LVSP), the maximal rate
of LV contractility (+dp/dt), and the maximal rate of LV
relaxation (−dp/dt) were obtained using the ultrasound
device as described previously [47].
TTC staining
For TTC staining, 2% Evans blue was injected into the
heart from the femoral vein after the ligation of LAD.
Heart tissues were collected immediately after the
injection and rinsed with ice–cold normal saline (NS).
The samples were frozen at –20° C for 30 min and
subsequently transversely cut into 1 mm-thick slices.
These tissues were incubated with TTC at 37° C for 15
min. After fixation with formaldehyde for 24 h, the
samples were visualized and photographed.
Cell culture
H9c2 cardiomyocytes were provided by the Cell Bank
of Chinese Academy of Sciences. Cells were
maintained in DMEM (Gibco, USA) containing 10%
fetal bovine serum (FBS, Gibco, USA) and
supplemented with 100 U/mL penicillin, 100 μg/mL
streptomycin, and 110 mg/mL sodium pyruvate at 37° C
under a humidified conditions of 95% air and 5% CO2.
For the establishment of oxidative injury model, H9c2
cells were cultured with 600 µM of H2O2.
TUNEL staining
The TUNEL staining was carried out using an in situ
Cell Death Detection Kit (Roche, Mannheim,
Germany). After fixation and dehydration, the heart
tissues were embedded in paraffin followed by cutting
into 4 μm sections. The experimental procedures were
performed as per the manufacturer’s instructions. Slices
were mounted and imaged under a fluorescence
microscope (Nikon, Japan). Subsequently, the ratio of
apoptotic cells to total cardiomyocytes was calculated.
Flow cytometry
Approximately 1× 106 /mL H9c2 cells were collected,
centrifuged at 500-1000 r/min for 5 min. After washing
with 3 ml PBS and another centrifugation (500-1000
r/min for 5 min), the cells were fixed with precooled
70% ethanol for 2 h at 4° C. Then, the cells were
incubated with FITC- AnnexinV (300ng/mL, 4° C) for
10 min to label apoptotic cells. The samples were
further incubated with propidium iodide (PI) for 5 min.
The apoptotic cells were then detected with a Fortessa
flow-cytometer system (Becton Dickinson, NJ, USA).
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JC-1 staining
JC-1 (10 mM, Beyotime, China) was applied to
incubate with H9c2 cells at 37° C for 30 min in dark
condition. Then, the H9c2 cells were rinsed and
resuspended with PBS and imaged under a fluorescence
microscope (Nikon, Japan). When the level of JC-1 is
reduced, green fluorescence could be observed. Green
fluorescence indicates the mitochondrial inner
membrane potential is disrupted.

CCGAGGT-3’; lncRNA AK020546 forward: 5’-TCGT
GAATTTTGTCAGTTTTGTGATATCC-3’ and reverse:
5’-AGGTAAGTTTAACTGGTCAGGAAATAAAC-3’;
BbrB3 forward: 5’-CGTCATGCCAGATACACACC-3’
and reverse: 5’-CTCCTCGTACCCTTGCTCAG-3’; U6
forward: 5’-CTCGCTTCGGCAGCACA-3’ and reverse,
5’-TAGTCCTTCCTACCCCAATTTCC-3’; GAPDH
forward: 5’-TCATGACAACTTTGGCATCATGG-3’
and reverse: 5’-GTCTCCTGACTTCAACAGCAAC-3.’
Western blotting

Malondialdehyde (MDA) and lactate dehydrogenase
(LDH) evaluation
The heart tissues were grind with lysis buffer and
centrifuged at 1,500 g for 15 min at 4° C. After the
supernatant was extracted, the amount of LDH and
MDA in the supernatant was detected using
commercial kits following the manufacture’s protocols
at -20° C (Beyotime).
ROS detection
2’,7’-dichlorofluorescin diacetate (DCFH) (Jiancheng,
Nanjing, China) was applied to assess the level of ROS.
Briefly, after H/R or I/R treatment, cells or myocardial
samples were rinsed with PBS (4° C). Then, the
samples were incubated with DCFH (10 μM) at 37° C
for 20 min in dark incubator. The stained samples were
photographed under a fluorescence microscope (Nikon,
Japan) at 488 nm excitation and 590 nm emission,
respectively. The mean fluorescence intensity (MFI)
was analyzed using ImageQuant version 5.2.
Mitochondrial ROS detection
Mitochondrial ROS was assessed using a MitoSOX kit
(Thermo Fisher Scientific, M36008, USA) following
manufacturer's protocols. After transfection and
treatment, MitoSOX was added to the H9c2 cells and
incubated at 37° C for 20 min. The relative fluorescence
intensity was calculated in different groups.
Quantitative real-time PCR (qPCR)
The RNA was extracted using TRIzol reagent (Invitrogen,
USA) following the manufacturer’s protocols. 1 μg RNA
was reverse transcribed into cDNA using a Reverse
transcription kit (TransGen, Beijing, China). Thereafter,
10 ng cDNA was used for qPCR experiments as the
template. The relative expression of genes was evaluated
using a SYBR green mix (Yisheng, Shanghai) in a 7500
Fast Realtime PCR system (Applied Biosystems, USA).
The sequences of primers used in this study are as
follows: miR-350-3p forward: 5’-TGCGGTTCACAAA
GCCCATAGAG-3’ and reverse: 5’-CCAGTGCAGGGT
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Total proteins were extracted with RIPA buffer
containing protease inhibitor and quantified with a BCA
protein analysis kit (Beyotime, Shanghai, China). Next,
20 μg of protein was separated by 10% SDS-PAGE
(Thermo Fisher Scientific, Inc., Waltham, USA) and
transferred to PVDF membranes. The membranes were
incubated in 5% non-fat milk at room temperature for 2
h. Afterward, the membranes were incubated at 4° C
overnight in dark with the following primary antibodies:
anti-ErbB3 (1:1000; ab32121; Abcam, Shanghai,
China), anti-p-AKT (1:1000; ab38449), anti-AKT
(1:1000; ab179463; Abcam), anti-Bad (1:2000;
ab32445; Abcam), anti-p-Bad (1:5000; ab129192;
Abcam), anti-cleaved Caspase 3 (1:500; ab32042;
Abcam), anti-Bcl-2 (1:1000; ab32124; Abcam), and
anti-GAPDH (1:2500; ab9485; Abcam). Next, after
washing with Tris/Tween-20 for 3 times, the blots were
incubated with horseradish peroxidase (HRP)conjugated secondary antibody (1:1000; ab7090;
Abcam) at room temperature for another 2 h. Finally,
the proteins were visualized by BeyoECL Plus Kit
(Beyotime) and quantified with the ImageJ software
(version 1.8.0, National Institutes of Health, USA).
Pull-down assay
The biotin-labeled miR-350-3p probe and the control
were purchased from Sangon Biotech (Shanghai,
China). These probes were incubated with the
streptavidin-coated beads (Invitrogen) at 25° C for 2 h.
Thereafter, H9c2 cells were lysed, and the biotin labeled
probes were added into the lysate. The incubation last
overnight at 4° C. Subsequently, the bound RNAs were
eluted from the beads and purified using with TRIzol
reagent (Takara, China). Finally, the enrichment of
AK020546 or ErbB3 in the complex was evaluated by
qPCR as mentioned above.
Luciferase assay
The wild or mutant type of binding sites among
AK020546 or ErbB3 sequence were cloned into pGL3
luciferase reporter vector. H9c2 cells were co-transfected
with miR-350-3p mimic or mimic control along with the
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reporters carrying those wild type or mutant binding
citesTRL-SV40 vector served as internal control
(Promega, USA) was transfected. 48 h later, the H9c2
cells were collected followed by detecting the luciferase
activity with a dual-luciferase assay kit (Promega, USA).

https://doi.org/10.1172/JCI62874
PMID:23281415
4.

Weiss JN, Korge P, Honda HM, Ping P. Role of the
mitochondrial permeability transition in myocardial
disease. Circ Res. 2003; 93:292–301.
https://doi.org/10.1161/01.RES.0000087542.26971.D4
PMID:12933700

5.

Boon RA, Dimmeler S. MicroRNAs in myocardial
infarction. Nat Rev Cardiol. 2015; 12:135–42.
https://doi.org/10.1038/nrcardio.2014.207
PMID:25511085

6.

Eltzschig HK, Eckle T. Ischemia and reperfusion-from mechanism to translation. Nat Med. 2011;
17:1391–401.
https://doi.org/10.1038/nm.2507
PMID:22064429

7.

Boon RA, Jaé N, Holdt L, Dimmeler S. Long Noncoding
RNAs: From Clinical Genetics to Therapeutic Targets? J
Am Coll Cardiol. 2016; 67:1214–26.
https://doi.org/10.1016/j.jacc.2015.12.051
PMID:26965544

8.

Yao RW, Wang Y, Chen LL. Cellular functions of long
noncoding RNAs. Nat Cell Biol. 2019; 21:542–51.
https://doi.org/10.1038/s41556-019-0311-8
PMID:31048766

9.

Zhang Z, Salisbury D, Sallam T. Long Noncoding RNAs in
Atherosclerosis: JACC Review Topic of the Week. J Am
Coll Cardiol. 2018; 72:2380–90.
https://doi.org/10.1016/j.jacc.2018.08.2161
PMID:30384894

Statistical analysis
All data was presented as the means ± standard deviations
(SDs) of at least three independent experiments. Statistical
analysis was performed with the SPSS 17.0 (SPSS, Inc.,
IL, USA). One-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test was performed to
evaluate the difference between multiple groups. p< 0.05
was considered as statistical significant.

AUTHOR CONTRIBUTIONS
Meiqi Zhang established the I/R model and performed
the in vivo experiments; Kang Cheng contributed to the
cell culture and in vitro experiments; Huan Chen
contributed to the luciferase assay; Jianfeng Tu
collected the data; Ye Shen performed the statistical
analysis; Lingxiao Pang contributed to the bioinformatic
analysis; Weihua Wu raised the animal; Zhenfei Yu
designed the study and wrote the manuscript.

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of interest.

FUNDING
This study was supported by Key Projects of Zhejiang
Provincial Administration of Traditional Chinese
Medicine (No. 2018ZZ001).
And the General Projects Funds from the Health
Department of Zhejiang Province (2020KY749).

REFERENCES
1.

Hausenloy DJ, Yellon DM. Ischaemic conditioning and
reperfusion injury. Nat Rev Cardiol. 2016; 13:193–209.
https://doi.org/10.1038/nrcardio.2016.5
PMID:26843289

2.

Heusch G, Gersh BJ. The pathophysiology of acute
myocardial infarction and strategies of protection
beyond reperfusion: a continual challenge. Eur Heart J.
2017; 38:774–84.
https://doi.org/10.1093/eurheartj/ehw224
PMID:27354052

3.

Hausenloy DJ, Yellon DM. Myocardial ischemiareperfusion injury: a neglected therapeutic target. J
Clin Invest. 2013; 123:92–100.

www.aging-us.com

14230

10. Kaikkonen MU, Adelman K. Emerging Roles of NonCoding RNA Transcription. Trends Biochem Sci. 2018;
43:654–67.
https://doi.org/10.1016/j.tibs.2018.06.002
PMID:30145998
11. Su Q, Liu Y, Lv XW, Ye ZL, Sun YH, Kong BH, Qin ZB.
Inhibition of lncRNA TUG1 upregulates miR-142-3p to
ameliorate myocardial injury during ischemia and
reperfusion via targeting HMGB1- and Rac1-induced
autophagy. J Mol Cell Cardiol. 2019; 133:12–25.
https://doi.org/10.1016/j.yjmcc.2019.05.021
PMID:31145943
12. Zhang BF, Chen J, Jiang H. LncRNA H19 ameliorates
myocardial ischemia-reperfusion injury by targeting
miR-22-3P. Int J Cardiol. 2019; 278:224.
https://doi.org/10.1016/j.ijcard.2018.11.017
PMID:30683326
13. Liu CY, Zhang YH, Li RB, Zhou LY, An T, Zhang RC,
Zhai M, Huang Y, Yan KW, Dong YH, Ponnusamy M,
Shan C, Xu S, et al. LncRNA CAIF inhibits autophagy
and attenuates myocardial infarction by blocking

AGING

p53-mediated myocardin transcription. Nat Commun.
2018; 9:29.
https://doi.org/10.1038/s41467-017-02280-y
PMID:29295976
14. Pereira BL, Arruda FC, Reis PP, Felix TF, Santos PP,
Rafacho BP, Gonçalves AF, Claro RT, Azevedo PS,
Polegato BF, Okoshi K, Fernandes AA, Paiva SA, et al.
Tomato (Lycopersicon esculentum) Supplementation
Induces Changes in Cardiac miRNA Expression,
Reduces Oxidative Stress and Left Ventricular Mass,
and Improves Diastolic Function. Nutrients. 2015;
7:9640–49.
https://doi.org/10.3390/nu7115493 PMID:26610560
15. Ge Y, Pan S, Guan D, Yin H, Fan Y, Liu J, Zhang S, Zhang
H, Feng L, Wang Y, Xu R, Yin JQ. MicroRNA-350 induces
pathological heart hypertrophy by repressing both p38
and JNK pathways. Biochim Biophys Acta. 2013;
1832:1–10.
https://doi.org/10.1016/j.bbadis.2012.09.004
PMID:23000971
16. Schulze WX, Deng L, Mann M. Phosphotyrosine
interactome of the ErbB-receptor kinase family. Mol
Syst Biol. 2005; 1:2005.0008.
https://doi.org/10.1038/msb4100012 PMID:16729043
17. Shin DH, Lee D, Hong DW, Hong SH, Hwang JA, Lee BI,
You HJ, Lee GK, Kim IH, Lee YS, Han JY. Oncogenic
function and clinical implications of SLC3A2-NRG1
fusion in invasive mucinous adenocarcinoma of the
lung. Oncotarget. 2016; 7:69450–65.
https://doi.org/10.18632/oncotarget.11913
PMID:27626312
18. Erickson SL, O’Shea KS, Ghaboosi N, Loverro L, Frantz
G, Bauer M, Lu LH, Moore MW. ErbB3 is required for
normal cerebellar and cardiac development: a
comparison with ErbB2-and heregulin-deficient mice.
Development. 1997; 124:4999–5011.
PMID:9362461
19. Camenisch TD, Schroeder JA, Bradley J, Klewer SE,
McDonald JA. Heart-valve mesenchyme formation is
dependent on hyaluronan-augmented activation of
ErbB2-ErbB3 receptors. Nat Med. 2002; 8:850–55.
https://doi.org/10.1038/nm742
PMID:12134143
20. Kirabo A, Ryzhov S, Gupte M, Sengsayadeth S, Gumina
RJ, Sawyer DB, Galindo CL. Neuregulin-1β induces
proliferation, survival and paracrine signaling in normal
human cardiac ventricular fibroblasts. J Mol Cell
Cardiol. 2017; 105:59–69.
https://doi.org/10.1016/j.yjmcc.2017.03.001
PMID:28263756
21. Morano M, Angotti C, Tullio F, Gambarotta G, Penna C,
Pagliaro P, Geuna S. Myocardial ischemia/reperfusion

www.aging-us.com

14231

upregulates the transcription of the Neuregulin1
receptor ErbB3, but only postconditioning preserves
protein translation: Role in oxidative stress. Int J
Cardiol. 2017; 233:73–79.
https://doi.org/10.1016/j.ijcard.2017.01.122
PMID:28162790
22. Song H, Pu J, Wang L, Wu L, Xiao J, Liu Q, Chen J,
Zhang M, Liu Y, Ni M, Mo J, Zheng Y, Wan D, et al.
ATG16L1 phosphorylation is oppositely regulated
by CSNK2/casein kinase 2 and PPP1/protein
phosphatase 1 which determines the fate of
cardiomyocytes during hypoxia/reoxygenation.
Autophagy. 2015; 11:1308–25.
https://doi.org/10.1080/15548627.2015.1060386
PMID:26083323
23. Xue X, Luo L. LncRNA HIF1A-AS1 contributes to
ventricular remodeling after myocardial ischemia/
reperfusion injury by adsorption of microRNA-204
to regulating SOCS2 expression. Cell Cycle. 2019;
18:2465–80.
https://doi.org/10.1080/15384101.2019.1648960
PMID:31354024
24. Wu J, Zhang H, Zheng Y, Jin X, Liu M, Li S, Zhao Q, Liu
X, Wang Y, Shi M, Zhang S, Tian J, Sun Y, et al. The
Long Noncoding RNA MALAT1 Induces Tolerogenic
Dendritic Cells and Regulatory T Cells via
miR155/Dendritic Cell-Specific Intercellular Adhesion
Molecule-3 Grabbing Nonintegrin/IL10 Axis. Front
Immunol. 2018; 9:1847.
https://doi.org/10.3389/fimmu.2018.01847
PMID:30150986
25. Wang S, Yu W, Chen J, Yao T, Deng F. LncRNA MALAT1
sponges miR-203 to promote inflammation in
myocardial ischemia-reperfusion injury. Int J Cardiol.
2018; 268:245.
https://doi.org/10.1016/j.ijcard.2018.03.085
PMID:30041794
26. Yu SY, Dong B, Tang L, Zhou SH. LncRNA MALAT1
sponges miR-133 to promote NLRP3 inflammasome
expression in ischemia-reperfusion injured heart. Int J
Cardiol. 2018; 254:50.
https://doi.org/10.1016/j.ijcard.2017.10.071
PMID:29407129
27. Liang H, Pan Z, Zhao X, Liu L, Sun J, Su X, Xu C, Zhou Y,
Zhao D, Xu B, Li X, Yang B, Lu Y, Shan H. LncRNA PFL
contributes to cardiac fibrosis by acting as a competing
endogenous RNA of let-7d. Theranostics. 2018;
8:1180–94.
https://doi.org/10.7150/thno.20846
PMID:29464008
28. Qi K, Lin R, Xue C, Liu T, Wang Y, Zhang Y, Li J. Long
Non-Coding RNA (LncRNA) CAIF is Downregulated in
Osteoarthritis and Inhibits LPS-Induced Interleukin

AGING

6 (IL-6) Upregulation by Downregulation of MiR1246. Med Sci Monit. 2019; 25:8019–24.
https://doi.org/10.12659/MSM.917135
PMID:31653823
29. Zhou H, Wang B, Yang YX, Jia QJ, Zhang A, Qi ZW,
Zhang JP. Long Noncoding RNAs in Pathological Cardiac
Remodeling: A Review of the Update Literature.
Biomed Res Int. 2019; 2019:7159592.
https://doi.org/10.1155/2019/7159592
PMID:31355277
30. Sui J, Fu Y, Zhang Y, Ma S, Yin L, Pu Y, Liang G.
Molecular mechanism for miR-350 in regulating of
titanium dioxide nanoparticles in macrophage
RAW264.7 cells. Chem Biol Interact. 2018; 280:77–85.
https://doi.org/10.1016/j.cbi.2017.12.020
PMID:29247641
31. Yuchuan H, Ya D, Jie Z, Jingqiu C, Yanrong L, Dongliang
L, Changguo W, Kuoyan M, Guangneng L, Fang X,
Lanlan T, Bo Q. Circulating miRNAs might be promising
biomarkers to reflect the dynamic pathological
changes in smoking-related interstitial fibrosis. Toxicol
Ind Health. 2014; 30:182–91.
https://doi.org/10.1177/0748233712452606
PMID:22782705
32. Li M, Liu F, Zhang F, Zhou W, Jiang X, Yang Y, Qu K,
Wang Y, Ma Q, Wang T, Bai L, Wang Z, Song X, et al.
Genomic ERBB2/ ERBB3 mutations promote PD-L1mediated immune escape in gallbladder cancer: a
whole-exome sequencing analysis. Gut. 2019;
68:1024–33.
https://doi.org/10.1136/gutjnl-2018-316039
PMID:29954840
33. Ho AT, Blau HM. Muscling toward therapy with ERBB3
and NGFR. Nat Cell Biol. 2018; 20:6–7.
https://doi.org/10.1038/s41556-017-0015-x
PMID:29269948
34. Fuller SJ, Sivarajah K, Sugden PH. ErbB receptors, their
ligands, and the consequences of their activation and
inhibition in the myocardium. J Mol Cell Cardiol. 2008;
44:831–54.
https://doi.org/10.1016/j.yjmcc.2008.02.278
PMID:18430438
35. Braunstein EM, Li R, Sobreira N, Marosy B, Hetrick K,
Doheny K, Gocke CD, Valle D, Brodsky RA, Cheng L. A
germline ERBB3 variant is a candidate for
predisposition to erythroid MDS/erythroleukemia.
Leukemia. 2016; 30:2242–45.
https://doi.org/10.1038/leu.2016.173 PMID:27416908
36. Baselga J, Swain SM. Novel anticancer targets:
revisiting ERBB2 and discovering ERBB3. Nat Rev
Cancer. 2009; 9:463–75.
https://doi.org/10.1038/nrc2656 PMID:19536107

www.aging-us.com

14232

37. Zhang Y, Zeng Y, Wang M, Tian C, Ma X, Chen H, Fang
Q, Jia L, Du J, Li H. Cardiac-specific overexpression of E3
ligase Nrdp1 increases ischemia and reperfusioninduced cardiac injury. Basic Res Cardiol. 2011;
106:371–83.
https://doi.org/10.1007/s00395-011-0157-0
PMID:21312039
38. Heusch G. No risk, no ... cardioprotection? A critical
perspective. Cardiovasc Res. 2009; 84:173–75.
https://doi.org/10.1093/cvr/cvp298
PMID:19713282
39. Heusch G, Boengler K, Schulz R. Cardioprotection: nitric
oxide, protein kinases, and mitochondria. Circulation.
2008; 118:1915–19.
https://doi.org/10.1161/CIRCULATIONAHA.108.805242
PMID:18981312
40. Li T, Wang Y, Liu C, Hu Y, Wu M, Li J, Guo L, Chen L,
Chen Q, Ha T, Li C, Li Y. MyD88-dependent nuclear
factor-kappaB activation is involved in fibrinogeninduced hypertrophic response of cardiomyocytes. J
Hypertens. 2009; 27:1084–93.
https://doi.org/10.1097/HJH.0b013e3283293c93
PMID:19342961
41. Armstrong SC. Protein kinase activation and
myocardial ischemia/reperfusion injury. Cardiovasc
Res. 2004; 61:427–36.
https://doi.org/10.1016/j.cardiores.2003.09.031
PMID:14962474
42. Baines CP, Molkentin JD. STRESS signaling pathways
that modulate cardiac myocyte apoptosis. J Mol Cell
Cardiol. 2005; 38:47–62.
https://doi.org/10.1016/j.yjmcc.2004.11.004
PMID:15623421
43. Zouein FA, Booz GW. Targeting mitochondria to
protect the heart: a matter of balance? Clin Sci (Lond).
2020; 134:885–88.
https://doi.org/10.1042/CS20200236 PMID:32286622
44. Sulaiman D, Li J, Devarajan A, Cunningham CM, Li M,
Fishbein GA, Fogelman AM, Eghbali M, Reddy ST.
Paraoxonase 2 protects against acute myocardial
ischemia-reperfusion
injury
by
modulating
mitochondrial function and oxidative stress via the
PI3K/Akt/GSK-3β RISK pathway. J Mol Cell Cardiol.
2019; 129:154–64.
https://doi.org/10.1016/j.yjmcc.2019.02.008
PMID:30802459
45. Basheer WA, Fu Y, Shimura D, Xiao S, Agvanian S,
Hernandez DM, Hitzeman TC, Hong T, Shaw RM. Stress
response protein GJA1-20k promotes mitochondrial
biogenesis, metabolic quiescence, and cardioprotection
against ischemia/reperfusion injury. JCI Insight. 2018;
3:e121900.

AGING

https://doi.org/10.1172/jci.insight.121900
PMID:30333316
46. Solan JL, Márquez-Rosado L, Lampe PD. Cx43
phosphorylation-mediated effects on ERK and Akt
protect against ischemia reperfusion injury and alter
the stability of the stress-inducible protein NDRG1. J
Biol Chem. 2019; 294:11762–71.
https://doi.org/10.1074/jbc.RA119.009162
PMID:31189653

www.aging-us.com

14233

47. Li Z, Lin XM, Gong PL, Zeng FD, Du GH. Effects of
Gingko biloba extract on gap junction changes
induced by reperfusion/reoxygenation after
ischemia/hypoxia in rat brain. Am J Chin Med. 2005;
33:923–34.
https://doi.org/10.1142/S0192415X05003430
PMID:16355449

AGING

