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ABSTRACT

The dysregulation of autophagy is related to a variety of cardiovascular diseases,
such as myocardial ischemia/reperfusion (I/R). Nerve growth factor (NGF) has been
shown to have therapeutic potential in ischaemic heart injury. In this study, we
demonstrate that NGF administration can accelerate autophagic flux and attenuate
protein ubiquitination in myocardial I/R heart. Our results showed that NGF could
restored heart function and decreased the apoptosis of cardiomyocytes which induced
by myocardial I/R injury. The protective effect of NGF is associated with the inhibition
of autophagy related proteins. On another hand, NGF enhances the clearance of
ubiquitinated protein and increases the survival of myocardial cell in vivo and in vitro.
Additionally, NGF could activate the PI3K/AKT and mTOR signaling pathways. These
results suggested that the cardioprotective effect of NGF is related to the restoration
of autophagic flux and attenuation of protein ubiquitination via the activation of PI3K/
AKT and mTOR pathway.

injury (MIRI) [3, 4]. Over decades, our understanding of the
underlying mechanisms of myocardial ischemia reperfusion
injury has grown significantly. The pathogenesis reflects
the confluence of multiple aspects, including perturbation
of inflammatory responses, ischemia, local edema, focal
hemorrhage, free radical stress and ion homeostasis.
Despite these important progress, there is still a critical

INTRODUCTION

Acute myocardial infarction (AMI) is one of the
leading causes of morbidity and mortality worldwide, which
has imposed a substantial burden on the society [1]. Several
effective reperfusion therapeutic interventions, including
coronary artery bypass grafting, thrombolytic therapy and

percutaneous coronary intervention, are developed to treat
AMI patients [2]. Clinical outcomes are encouraging as
these patients exhibited attenuated myocardial infarction,
reduced cardiomyocyte apoptosis and restored contractile
dysfunction. Despite the success of these reperfusion
therapies, there are several shortcomings with this type of
intervention including myocardial ischemia reperfusion

lack of successful solutions for prevent MIRI. Our previous
studies using both in vivo and in vitro approaches showed
that autophagy is a key player mediating progressive
degeneration of the heart, which eventually contributes to
the development of myocardial I/R injury [5]. These studies
suggest that autophagy could be an effective drug gable
target to improve myocardial I/R injury.
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Table 1: Echocardiographic assessment showed that NGF could improve cardiac function

Parameters Sham /R I/R+NGF
LVEDd 3.0+0.2 3.7+0.3* 3.3+0.17
LVESd 1.4+0.2 2.3+0.2* 1.8+0.1%
EF(%) 81.0+£3.3 57.9+£2.5%* 67.1+£3.9%
FS(%) 56.4+3.1 35.4+1.8%* 43.5+2.3%

LVESd: left ventricular end systolic dimension. LVEDd: left ventricular end diastolic dimension. EF: ejection fraction. FS:
fractional shortening. * represents P < 0.05 vs. Sham group. ** represents P < 0.01 vs. Sham group. * represents P<0.05 vs.

I/R group, Values are mean & SD.

Autophagy is an evolutionarily conserved process
in response to stress. It is an intracellular degradation
system that plays a wide variety of physiological
roles in our body’s ability to maintain cellular
homoeostasis [6, 7, 8]. Dysregulation of autophagy is
associated with multiple disorders including cancer,
neurodegenerative and cardiovascular diseases [9-11],
but whether autophagy is involved in myocardial
I/R is still incompletely understood, although some
studies have demonstrated that increased autophagic
activity is implicated in cell death in the pathogenesis
of heart disease [12, 13, 14]. Autophagy is executed by
autophagy-related genes (A#g), which are conserved
from yeast to humans. Among these Atg genes, ATG7
encodes the E1 enzyme in the autophagy system and
plays a critical role in membrane elongation. ATG7 is
not only an important marker of autophagy, but also a
critical component regulates cell death and survival
[15]. Therefore, previous studies have showed that
ATG7 is also implicated in cancer, cardiovascular
and neurological diseases [16—-19]. However, the role
of ATG7 and its associated pathological signaling
mechanism in myocardial I/R injury remains to be
elucidated.

Nerve growth factor (NGF) is primarily synthesized
and secreted by both immature and mature cardiac
myocytes. NGF is a neurotrophic factor involved in the
regulation of growth and survival of cardiomyocytes [20].
Previous studies have shown that other neuropeptides
belonged to the same family of neurotrophins exhibit a
cardioprotective effect against myocardial I/R injury [21].
Overexpression of NGF and its high-affinity receptor,
tyrosine kinase (TrkA), in the ischemic rat and human
hearts promote cellular survival in ischemic myocardium
[22, 23]. The cardioprotective effect of NGF might
be associated with the activation of its downstream
phosphatidylinositol 3-kinase (PI3K) signaling pathway
[24].

In this study, we sought to examine whether NGF
improves cardiomyocyte survival and promotes functional
recovery against myocardial I/R injury. We found that
treatment of NGF inhibited autophagic activity by the
activation of its downstream PI3K/Akt/mTOR signaling

following myocardial I/R in mice. Collectively, our results
suggest that NGF is potential therapeutic approach for
treating the ischemic heart in humans.

RESULTS

NGF improves cardiac function in a mouse
model of myocardial I/R injury

To examine the cardioprotective effect of NGF
on cardiac function after myocardial I/R injury in mice,
echocardiographic was used in our study to test cardiac
contractility. After 3d of reperfusion, increased average
LVEDd (3.7 = 0.3 mm) and LVESd (2.3 + 0.2 mm) were
observed in the I/R group (Table 1), and these readings
were significantly higher than the recordings in the control
group suggesting that myocardial I/R led to ventricular
dilation in mice. Interestingly, the I/R group received NGF
treatment showed lower average LVEDd value of 3.3 £0.1
mm and LVESd value of 1.8 £ 0.1 mm when compared
to the non-treated I/R group. The left EF was decreased
(81.0 £ 3.3 %) in the control group as relative to the
myocardial I/R animal model group (57.9 = 2.5 %). After
NGF treatment, the EF was reversed to 67.1 + 3.9 % in the
myocardial I/R animal model group, which was consistent
to the FS results showing improved cardiac function. In
summary, these results suggested that treatment of NGF
effectively ameliorated cardiac function after myocardial
I/R injury in mice.

NGF decreases myocardial apoptosis and fibrosis
in a mouse model of myocardial I/R injury

No cell death was observed as absence of
TUNEL-positive apoptosis was found in the control
group (Figure 1A). A significant increased amount of
TUNEL-positive cells was found in mice after I/R for
3 d. However, treatment of NGF markedly attenuated
the number of myocardial apoptotic cells (Figure 1A).
Increased expression of cleaved caspase-3 protein was
found in the mouse hearts after myocardial I/R, which
was significantly reversed by treatment of NGF (Figure
1C and 1D). Myocardial ischemia presents with obvious
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myocardial necrosis and fibrosis. Our Masson staining
showed that myocardial I/R injury resulted in a significant
amount of collagen deposition in the infarct area in mice,
and treatment of NGF effectively reduced the collagen
content in the border zone (Figure 1B). Absence of
collagen deposition was observed in the control group.
Taken together, these data indicated that NGF protected
the myocardium by reducing apoptosis and fibrosis in the
infarcted heart.
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The cardioprotective effect of NGF is related to
restoration of autophagic flux in a mouse model
of myocardial I/R injury

We sought to study the underlying mechanism
by which NGF protects myocardium, and examined
whether this protective effect was associated with
inhibition of autophagic activities. The mammalian
autophagy protein, LC3, is a marker of autophagosomes.
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Figure 1: NGF attenuated myocardial apoptosis and fibrosis in myocardial I/R heart. A. The Masson’s trichrome staining
results showed the fibrosis in the border zone at 3 days after injury. B. TUNEL immunofluorescent staining of sections from the injury area
in myocardial I/R heart. C. The protein expression of cleaved-caspase-3 in myocardial I/R heart. D. The optical density analysis of cleaved-
caspase-3 expression in thel/R heart. * P <0.05, ** P < 0.01, versus the sham group,” represents P < 0.05, * P < 0.01 versus the I/R group.

The mean values + SEM, n = 6 per group. I/R, ischemia/reperfusion.
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Our double immunofluorescence staining showed
that the amount of LC3-positive cells significantly
increased at the heart lesion site when compared to the
sham group, but the number of LC3-positive cells was
down regulated in NGF-treated mice with myocardial
I/R injury (Figure 2A). Western blot analysis also
demonstrated that the ratio of LC3II/LC3I and the level
of other autophagy-related proteins, including beclin-1,
ATG-5 and ATG-7, significantly increased in the non-
treated myocardial I/R injured group, but up-regulation
of these autophagy markers were markedly reversed by
treatment of NGF (Figure 2B). Previous studies have
shown that Chloroquine (CQ) could inhibit the clearance
of autophagosomes by interfering with the fusion of
autophagosomes with lysosomes, and therefore reduces
lysosomal degradation. CQ also increases the LC3II
protein expression in normal mouse heart, but it does not
significantly affect the level of LC3II protein expression
in the heart with impaired autophagic activity. Thus, the
level of LC3II protein expression after CQ treatment could
be used to assess whether autophagosome clearance is
disrupted. In the absence of CQ, the expression of LC3II
protein in the myocardial I/R injured mice was markedly
increased when compared with the control group (P <
0.05). The expression of LC3II protein was increased in
the control group received treatment of CQ (P < 0.01).

DAPI LC3
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However, no significant differences in the level of LC3II
protein were observed between themyocardial I/R group
received treatment of CQ treatment and the non-treated
myocardial I/R group (P > 0.05) (supplemental Figure 1E-
1F). There were no significant differences found between
the CQ-treated myocardial I/R group and non-treated
myocardial I/R group on heart function as revealed the
echocardiographic analyses (supplemental Figure 1A-
1D). In summary, treatment of NGF was able to accelerate
the autophagic flux by enhancing the degradation of
autolysosomes, and decreased the level of LC3II protein
expression (supplemental Figure 1G-1H).

NGF improves functional recovery in the
heart via enhancing autophagic clearance of
ubiquitinated protein accumulation in a mouse
of model of myocardial I/R injury

Polyubiquitin chains regulate a variety of biological
processes, including an initiation of proteolysis of
substrates. To determine whether treatment of NGF
impacts protein degradation and homeostasis, our western
blot analyses showed that poly-ubiquitinated protein
levels were markedly increased in mouse hearts after
myocardial I/R injury (Figure 3B), and these findings were
further confirmed by double immunofluorescence staining
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Figure 2: NGF attenuated the autophagy related proteins expression in the injury area of myocardial I/R heart. A.
Representative immunofluorescent staining results of LC3 (marked as green) in ischemic area of the mice hearts, the nucleimarked as blue
with hoechst. B. The protein expression of autophagy related proteins in the injury area of myocardial I/R heart. **P < 0.01 versus the sham
group, *P < 0.05 versus the I/R group. The mean values = SEM, n = 6.
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showing that significantly increased poly-ubiquitinated
protein expression at the heart lesion site. Additionally,
treatment of NGF decreased the accumulation of poly-
ubiquitinated protein (Figure 3A), suggesting that NGF
promoted recovery after reperfusion injury via enhancing
the autophagic protein degradation.

The PI3K/Akt/mTOR signaling pathway is
involved in the cardioprotective role of NGF in a
mouse model of myocardial I/R injury

The PI3K/Akt signaling pathway is essential for
cardiomyocyte proliferation and differentiation. The PI3K/
Akt signaling directly regulates its downstream effect
or mTOR, which inhibits autophagy. Our western blot
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analysis demonstrated that activation of the Akt/mTOR
pathway was significantly decreased after myocardial I/R
injury in mice (Figure 4A and 4B), whereas treatment of
NGF markedly enhanced the PI3K/Akt pathway in the
myocardial I/R treatment group (P < 0.05). These data
suggested that the cardioprotective role of NGF was in
part by activation of the PI3K/Akt/mTOR pathway after
myocardial I/R injury in mice.

NGF protects H9C2 cells and HUVECs through
restoring the autophagic flux in vitro

To confirm our in vivo findings, we further
examine whether NGF-mediated autophagic flux protects
myoblast survival. HOC2 myoblasts (an alternative cell
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Figure 3: NGF clears ubiquitinated proteins accumulation after myocardial I/R. A. Representative immunofluorescent
staining results of Ub (red dot) and DAPI (blue dot) in ischemic area of the mice hearts. B. The protein expression of Ub in ischemic area
of the mice hearts. C. The optical density image analysis of Ub protein. **P < 0.01 versus the sham group, * represents P < 0.05 versus the

I/R group. The mean values + SEM, n = 6.
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model for cardiomyocytes) were treated with rapamycin
or co-treated with NGF and rapamycin or 3-MA with
rapymycin. A significant increase in H9C2 cell apoptosis,
as indicated by elevated TUNEL staining, was observed
in the rapamycin-treated group. However, treatment of
NGF has shown protection against rapamycin-induced
cell death in the culture system. In parallel, treatment
of 3-MA also reversed rapymycin-induced cell death,
suggesting that NGF promoted restoration of autophagic
flux was required for H9C2 cell survival when challenged
with rapamycin (Figure 5A and 5B). The LC3 puncta
accumulation in H9C2 cells was determined by double
immunofluorescence staining. H9C2 cells treated with
NGF showed significant increase in the LC3 puncta when
compared to the group treated with rapamycin alone
(Figure 6A), and the LC3 puncta was also increased in
the H9C2 cells when treated with 3-MA. These results
were further confirmed by western blot analyses showing
that increased LC3II, ATG-7, ATG-5 and beclin-1 at the
protein levels in rapamycin-treated H9CS cells, which
were significantly down-regulated by co-treatment of
NGF or 3-MA (Figure 6B and 6C). Collectively, these data

P-AKT | r—— sy S——

AKT | i anm— c—

100+

50

The levels of p-AKT/AKT
(% of Sham)

o
I

indicated that NGF mediated restoration of autophagic flux
in vitro. And HUVEC were also treated with rapamycin or
combined with NGF, as showed in our results, NGF could
also restore autophagic flux in HUVEC (Supplemental
Figure 2).

In vitro siRNA studies on H9C2 cells were used
to further examine whether NGF-mediated restoration
of autophagic flux is required for the protective effect
of NGF against rapamycin-induced apoptosis (Figure
7A). The efficiency of knockdown of ATG-7 mediated
by siRNA in HI9C2 cells was confirmed by western blot
(Figure 7B and 7C). We found that knockdown of ATG-7
significantly reduced the conversion of LC3-I to LC3-II
and Ub expression, suggesting autophagy was inhibited
(Figure 7B). H9C2 cells with ATG-7 knockdown also
showed improved cell survival when challenged with
rapamycin, but significant increased cell death was
mediated by rapamycin in H9C2 cells treated with control
siRNA. Taken together, these results demonstrated that
targeted deletion of autophagy gene ATG-7 in HOC2 cells
blocked the harmful effects mediated by rapamycin, which
was consistent with the hypothesis that cells treated with
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Figure 4: The PI3K/AKT and mTOR signaling pathways are activated by NGF treatment three days after ischemia/
reperfusion injury. A. Western blot results showed the expression of p-mTOR (Ser2448)/mTOR, p-Akt (Ser473)/Akt in ischemic area of
the mice hearts B. The optical density image analysis of the p-mTOR (Ser2448)/mTOR and p-Akt(Ser473)/Akt proteins. The mean values
+ SEM, n =6, **P < 0.01 versus the sham group, * P < 0.05 versus the I/R group.
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NGF protected H9C2 cell survival against rapamycin by a
mechanism that is involved restoration of autophagic flux.
We next investigated how NGF promoted cell survival
through enhancing autophagic flux and clearing poly-
ubiquitinated protein accumulation in vitro. As indicated
in Figure 8A, treatment of rapamycin significantly
increased poly-ubiquitinated protein expression and that
was markedly suppressed by treatment of NGF. The
PI3K/Akt/mTOR pathway was up-regulated by NGF in
H2C9 cells as compared to the experimental group that
was treated with rapamycin alone (Figure 8C and 8D).
Taken together, these in vitro findings suggested that NGF
promoted cardiac cardiomyocyte through the activation of
the PI3K/Akt/mTOR signaling pathway.

DISCUSSION

MIRI typically arises in patients with an acute
myocardial infarction. The process of reperfusion induces
extensive cardiomyocyte death, which causes myocardial
infarction is a major cause of morbidity and mortality.
After myocardial ischemia, the process of myocardial
reperfusion provokes a wide variety of detrimental
effects, including necrosis, apoptosis oxidative stress
and inflammation. The loss of functional cardiomyocyte
leads to secondary damages that interfere with recovery
from myocardial infraction. Previous studies showed that
the mechanisms underlying myocardial I/R injury might

Rapa+NGF

Rapa+3-MA

be associated with calcium overload and mitochondrial
dysfunction [25], an increase in reactive oxygen species
[26], activation and adhesion of neutrophils [27], or
cellular apoptosis [28]. Others have reported that NGF
delivered during reperfusion protects the heart from
MIRI [23, 29, 30], but the mechanism by which NGF
regulates cardiomyocyte survival and function remains to
be elucidated. In the present study, we found that NGF
improves MIRI in a mouse model, and the protective
effect of NGF is associated with increased autophagy-
mediated ubiqutintation.

Autophagy is an evolutionarily biological
mechanism involved in the degradation of damaged
proteins and organelles [31]. A large body of studies have
previous suggested that autophagy plays an adaptive role
in protecting cardiomyocytes after MIRI, which suppress
the process accelerating heart failure [32]. However,
in recent years, emerging evidence has revealed that
dysregulated autophagy is detrimental. It has been shown
that autophagy is associated with a variety of pathological
disorders including spinal cord injury, neurodegenerative
and cardiovascular diseases. Dysregulated autophagy
contributes to cell death after MIRI [33], knockdown of
Beclinl mediated by RNAi approach resulted in enhanced
cardiomyocyte survival. Impaired autophagosome
clearance and ROS-induced autophagy also contribute
to cardiomyocyte death after MIRI. Furthermore, MIRI
leads to increased production of oxidative stress that
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Figure 5: NGF protected HIC2 cells from rapamycin-induced apoptosis. A. HOC2 cells were incubated with rapamycin (100
ng/ml) with or without NGF (50 ng/ml). The apoptotic cell were detected by TUNEL staining. The green dot indicates the apoptotic cell.
B. The analysis of the apoptotic cell rate. **P < 0.01 vs. the Sham; P < 0.05 vs. the rapamycin group.
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Figure 6: NGF protected H9C2 cells from rapamycin-induced apoptosis through inhibiting autophagy. A. Representative
immunofluorescent staining results of LC3 (marked as green) in HOC2 cells, the nuclei marked as blue with hoechst. B, C. the autophagy
related proteins expression in HOC2 cells. The optical density image analysis of autophagy related proteins. * P < 0.05 versus the sham
group, * P < 0.01 versus the rapamycin group.
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may exaggerate autophagic activity-induced death in
cardiomyocytes [34]. Our study has confirmed these
findings showing that autophagy-induced apoptosis
played a large role in mediating secondary damages after
MIRI. Mechanistically, NGF restored autophagic flux by
activation of the PI3K/Akt/mTOR pathway promoting
cardiomyocyte survival. Despite these findings, the role
of autophagy in MIRI is still controversial, as most studies
have proposed that autophagy is a protective mechanism in
the heart. The present study revealed that CQ suppressed

A Sico
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the fusion of autophagosomes with lysosomes, resulting
in increased expression of LC3II protein. However, the
effect of CQ was diminished after MIRI in the mouse
heart, implying that MIRI blocked the clearance of
autophagosome, and altered LC3II protein expression
during MI might be associated with disrupted autophagic
flux and an enhanced autophagic activity. Taken together,
this is the first study demonstrating that treatment of NGF
restored autophagic flux by enhancing the degradation of
autolysosomes, and activation of this pathway is required
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for cardiomyocyte survival and recovery after MIRI in
mice.

The stimulation of NGF activates the PI3K/Akt
pathway promotes cellular proliferation, differentiation,
and survival. More importantly, Moreover, the PI3K/
Akt pathway is essential for cardiomyocyte cell survival
under a wide variety of circumstances. Previous studies
have shown that the PI3K/Akt pathway phosphorylates
its downstream effector, known as mTOR, providing
a cardioprotective effect, and this was associated with
reduced autophagic activity [35]. Rapamycin has been
shown to be able to induce autophagy via mTOR inhibition
[36]. Overexpressing mTOR in the heart was able to
suppress the inflammatory response providing substantial
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cardioprotection against MIRI in mice. In the present
study, we observed that autophagic flux was impaired
during the early stage of MIRI in mice, and treatment
of NGF activated the downstream PI3K/Akt/mTOR
pathway, which restored autophagic flux that was essential
for cardiomyoctye survival and function. These findings
were further supported by observations from our in vitro
studies. In HI9C2 cells, both NGF and 3-MA were able to
reverse cell death mediated by rapamycin. Furthermore,
knockdown of the Atg7 gene expression significantly
attenuated H9C2 cell death induced by rapamycin. Taken
together, these findings suggested that the cardioprotective
effect of NGF is involved in autophagy inhibition via
activation of the Akt/mTOR signaling pathway.
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Figure 8: NGF could inhibit rapamycin-induced protein ubiquitination through PI3K/AKT and mTOR pathways in
HIC2 cells. A, B. Western blot image results and optical density image analysis of Ub protein expression in H9C2 cells. C, D. Western
blot image results and optical density image analysis of p-mTOR (Ser2448) and p-AKT (Ser473) in HIC2 cells. *P < 0.05, **P < 0.01
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The ubiquitin-proteasome system (UPS) plays
multiple roles in several myocardial diseases [37]. The
proteasomal and lysosomal degradation were historically
regarded as two parallel pathways, but emerging evidences
suggest that two pathways actually interact with each other
and their interplay is critical to maintaining proteostasis
in the cell [38, 39]. Previous studies has demonstrated
that proteasome inhibition activated macroautophagy in
cell culture and mice [40]. In the present study, we have
unveiled the functional role of NGF on UPS function.
Impaired UPS leads to misfolded protein aggregation,
and excessive ubiquitinated protein accumulation itself
might lead to UPS dysfunction. In this study, our results
showed that NGF markedly enhances the clearance
of ubiquitinated proteins in myocardial I/R heart.
Silencing of ATG-7 partially improved the ability to clear
ubiquitinated proteins and prolonged the survival of H9C2
cell, indicating that NGF may inhibit excessive autophagic
cell death and was able to reverse baneful accumulation of
ubiquitinated proteins via the target ATG-7 protein.

In conclusion, treatment of NGF significantly
improved cardiomyocyte survival, and recovered the heart
damage after MIRI in mice. The protective effect of NGF
is related to restoration of authophagic flux and enhanced
ubiquitinated protein clearance through inhibition of ATG-
7 protein expression. Mechanistically, NGF mediated
activation of the PI3K/Akt/mTOR which is required for
myocardial cell survival. Our study suggests that NGF
may be a suitable candidate for new therapeutic treatment
for treating MIRI.

MATERIALS AND METHODS

Animal

Male C57/B6 mice at 2 to 3 monthes old (Animal
Center of the Chinese Academy of Sciences) were used
in this study. All animal work was performed under
protocols approved by the Institutional Animal Care and
Use Committee at Wenzhou Medical University.

Antibodies and reagents

NGF was purchased from Sigma (Sigma-Aldrich,
St.Louis, MO). Fetal bovine serum (FBS), Dulbecco’s
modified Eagle’s medium (DMEM) and other cell culture
media were purchased from Invitrogen (Invitrogen,
Carlsbad, CA). Primary antibodies against total Akt,
phospho-Akt (Serd73), total mTOR, phospho-mTOR,
cleaved-caspase-3, LC3, ATG-7, ATG-5, Beclin-1 and
GAPDH were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Goat antibodies anti-rabbit and
anti-mouse IgG-HRP were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Rapamycin and
3-Methyladenine were purchased from Sigma (Sigma-
Aldrich, St. Louis, MO).

Cell culture and viability assay

Human umbilical vein endothelial cells (HUVECS)
were purchased from ATCC, Manassas, VA. Rat
cardiomyocyte H9C2 cells were purchased from the
American Type Culture Collection. Cells were cultured
in DMEM supplemented with 10% FBS, 5% horse
serum, and antibiotics (100 units/ml penicillin, 100 pg/
ml streptomycin). All cells were cultured in a humidified
atmosphere containing 5% CO, at 37°C. Based on our
previous study, cells were plated in 6-well plates or
35-mm culture dishes at 5.0x10* cells/cm? and then
incubated in 100 nM rapamycin, NGF (50 ng/ml), NGF
with rapamycin or 3-methyladenine (3-MA, 5 mM) with
rapamycin.

Mice myocardial I/R model

The induction of mice myocardial I/R model was
performed as previously described [5]. Mice received
operation were assigned randomly with n = 6 to 15 in
each experimental group. Animals received the same
surgical procedure without the coronary artery ligation
was assigned to the control group. For the treatment
groups, mice with myocardial I/R injury were treated
with 2 pg NGF each mouse (intravenous treatment) or 10
mg/kg chloroquine (intraperitoneal treatment) at before
reperfusion.

Echocardiography

Echocardiographic studies were performed by a
blinded investigator repeatedly before surgery and at 3
days post-surgery to assess the cardiac function as we
previously described [5]. Echocardiographic parameters
were measured using a high-frequency linear probe (12
MHz phased-array SONOS-7500 transducer, PHILIPS,
the Netherland). Functional parameters, including the
LV fractional shortening (LVFS), LV fractional area
change (LVFAC), and LV ejection fraction (LVEF), were
determined as previously described [5]. Mice which died,
displayed behavioral abnormality, or were sacrificed
for histological analysis were not included in echo
cardiographic studies.

TUNEL assay

Apoptosis in animal hearts was determined by
a TUNEL Apoptosis Assay KIT (Roche, Mannheim,
Germany) according to the manufacturer protocol [41].
The images were captured with a Nikon ECLIPSE Ti
microscope (Nikon, Japan). The HOC2 cells apoptosis rate
was measured by a PI/Annexin V-FITC kit (Invitrogen,
Carlsbad, CA, USA) and then analyzed by a FACScan
flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA) as we previously described [5].
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Masson staining

Animal hearts were harvested at 3 days post-
infarction. Hearts were either fixed in 10% formalin and
embedded in paraffin or prepared for cryosections. Hearts
were serially sectioned (8 mm thick) from apex to the
ligation positions we previously described [5]. Collagen
fibers were identified by Masson’s trichrome kit according
to the manufacturer protocol (IMEB, San Marcos, CA).
Quantitative evaluation for collagen deposition was
analysis by Image J. A minimum of 12 sections from each
group was analyzed.

Immunofluorescence staining

To evaluated the LC3 and Ub proteins expression,
non-specific antibody binding was blocked with 10%
donkey or goat serum for 1-2 hours at room temperature
(RT). Sections were stained with primary antibodies of
appropriate dilution at 4°C overnight (LC3 (1:200) or
cleaved Ub (1:200)). Fluorescent secondary antibodies
were obtained from Invitrogen, and immunofluorescent
images were taken by Nikon ECLPSE 80i fluorescence
microscope equipped with a QImaging Retiga 1300
camera [42, 43].

Western blot analysis

Total proteins from animal hearts or HOC2 cells
were extracted using protein extraction reagents. Equal
amounts of protein were separated by 12% gel and then
transferred to a PVDF membrane. After blocking with 5%
bovine serum albumin, membranes were incubated with
primary antibodies with shaking at 90 rpm overnight.
Membranes were washed with TBS buffer and treated
with secondary antibodies for 2 h at room temperature.
The signals were visualized with the ChemiDic XRS+
Imaging System (Bio-Rad Laboratories, Hercules, CA,
USA). The band densities were quantified with Image J
(National Institutes of Health) [44, 45].

ATG-7 small interfering RNA (siRNA)
transfection

HIC2 cells (5%10° cells/well) were cultured in
6-well plates and treated for 4-6 h with control siRNA
or ATG-7 siRNA using Opti-MEM media (Gibco Life
Technologies, Inc) according to a siRNA transfection
protocol described by the manufacturer. Cultured
media was replaced by antibiotic-free DMEM after the
transfection, and H9CS were maintained in fresh DMEM
for 24 h before harvesting for subsequent experiments.

Statistical analysis

Data are expressed as the mean + SEM. Statistical
significance was determined by Student #-test if comparing

only two groups or one-way ANOVA followed by
Dunnett’s post-hoc test if analyzing more than two groups.
Differences were considered to be statistically significant
when P values < 0.05.

ACKNOWLEDGMENTS

This work was supported by the National Natural
Science Foundation of China (no. 81372112, 81302775),
Zhejiang Provincial Program for the Cultivation of High-
level Innovative Health talents (to J.X.). Science and
technology project of Zhejiang Province (LY 17H090017
to Z.W.).

CONFLICTS OF INTEREST

The authors confirm that the content of this paper
has no conflicts of interest.

REFERENCES

1. Mathers CD, Loncar D. Projections of global mortality and
burden of disease from 2002 to 2030. PLoS Med. 2006,
3:e442.

2. Mehta SR, Steg PG, Granger CB, Bassand JP, Faxon DP,
Weitz J1, Afzal R, Rush B, Peters RJ, Natarajan MK, et al.
Randomized, blinded trial comparing fondaparinux with
unfractionated heparin in patients undergoing contemporary
percutaneous coronary intervention: Arixtra Study in
Percutaneous Coronary Intervention: a Randomized
Evaluation (ASPIRE) Pilot Trial. Circulation. 2005,
111:1390-1397.

3. Molaei S, Roudkenar MH, Amiri F, Harati MD, Bahadori
M, Jaleh F, Jalili MA, Mohammadi Roushandeh A. Down-
regulation of the autophagy gene, ATG7, protects bone
marrow-derived mesenchymal stem cells from stressful
conditions. Blood Res. 2015, 50:80-86.

4. Jennings RB. Historical perspective on the pathology
of myocardial ischemia/reperfusion injury. Circulation
Research. 2013, 113:428-438.

5. Wang ZG, Wang Y, Huang Y, Lu Q, Zheng L, Hu D, Feng
WK, Liu YL, Ji KT, Zhang HY, et al. bFGF regulates
autophagy and ubiquitinated protein accumulation
induced by myocardial ischemia/reperfusion via the
activation of the PI3K/Akt/mTOR pathway. Sci Rep.
2015, 5:9287.

6. Sanchez P, De Carcer G, Sandoval IV, Moscat J, Diaz-Meco
MT. Localization of atypical protein kinase C isoforms into
lysosome-targeted endosomes through interaction with p62.
Mol Cell Biol. 1998, 18:3069-3080.

7. Godar RJ, Ma XC, Liu HY, Murphy JT, Weinheimer CJ,
Kovacs A, Crosby SD, Saftig P, Diwan A. Repetitive
stimulation of autophagy-lysosome machinery by intermittent
fasting preconditions the myocardium to ischemia-

reperfusion injury. Autophagy. 2015, 11:1537-1560.

www.impactjournals.com/oncotarget

5411

Oncotarget



10.

I1.

12.

13.

15.

16.

18.

19.

20.

Nelson MP, Tse TE, O’Quinn DB, Percival SM, Jaimes EA,
Warnock DG, Shacka JJ. Autophagy-lysosome pathway
associated neuropathology and axonal degeneration in
the brains of alpha-galactosidase A-deficient mice. Acta
Neuropathol Commun. 2014, 2:20.

Zhao YG, Sun L, Miao G, Ji C, Zhao H, Sun H, Miao L,
Yoshii SR, Mizushima N, Wang X, Zhang H. The autophagy
gene Wdr45/Wipi4 regulates learning and memory function
and axonal homeostasis. Autophagy. 2015, 11:881-890.

Lavandero S, Troncoso R, Rothermel BA, Martinet W,
Sadoshima J, Hill JA. Cardiovascular autophagy: concepts,
controversies, Autophagy. 2013,
9:1455-1466.

Zhang HY, Wang ZG, Wu FZ, Kong XX, Yang J, Lin
BB, Zhu SP, Lin L, Gan CS, Fu XB, et al. Regulation of
autophagy and ubiquitinated protein accumulation by

and perspectives.

bFGF promotes functional recovery and neural protection
in a rat model of spinal cord injury. Mol Neurobiol. 2013,
48:452-464.

Essick EE, Wilson RM, Pimentel DR, Shimano M, Baid S,
Ouchi N, Sam F. Adiponectin modulates oxidative stress-
induced autophagy in cardiomyocytes. Plos One. 2013,
8:68697.

Ma X, Liu H, Foyil SR, Godar RJ, Weinheimer CJ, Hill JA,
Diwan A. Impaired autophagosome clearance contributes
to cardiomyocyte death in ischemia/reperfusion injury.
Circulation. 2012, 125:3170-3181.

Willis MS, Bevilacqua A, Pulinilkunnil T, Kienesberger
P, Tannu M, Patterson C. The role of ubiquitin ligases
in cardiac disease. Journal of Molecular and Cellular
Cardiology. 2014, 71:43-53.

Comincini S, Allavena G, Palumbo S, Morini M, Durando
F, Angeletti F, Pirtoli L, Miracco C. microRNA-17 regulates
the expression of ATG7 and modulates the autophagy
process, improving the sensitivity to temozolomide
and low-dose ionizing radiation treatments in human
glioblastoma cells. Cancer Biol Ther. 2013, 14:574-586.

Mandelbaum J, Rollins N, Shah P, Bowman D, Lee JY,
Tayber O, Bernard H, LeRoy P, Li P, Koenig E, et al.
Identification of a lung cancer cell line deficient in atg7-
dependent autophagy. Autophagy. 2015:0.

Ghavami S, Gupta S, Ambrose E, Hnatowich M, Freed DH,
Dixon IM. Autophagy and heart disease: implications for
cardiac ischemia-reperfusion damage. Curr Mol Med. 2014,
14:616-629.

Kundu M, Thompson CB. Autophagy: basic principles and
relevance to disease. Annu Rev Pathol. 2008, 3:427-455.
Wang K, Liu CY, Zhou LY, Wang JX, Wang M, Zhao B,
Zhao WK, Xu SJ, Fan LH, Zhang XJ, et al. APF IncRNA
regulates autophagy and myocardial infarction by targeting
miR-188-3p. Nat Commun. 2015, 6:6779.

Zheng LR, Zhang YY, Han J, Sun ZW, Zhou SX, Zhao
WT, Wang LH. Nerve growth factor rescues diabetic mice
heart after ischemia/reperfusion injury via up-regulation

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

of the TRPV1 receptor. J Diabetes Complications. 2015,
29:323-328.

Jay SM, Murthy AC, Hawkins JF, Wortzel JR,
Steinhauser ML, Alvarez LM, Gannon J, Macrae CA,
Griffith LG, Lee RT. An engineered bivalent neuregulin
protects against doxorubicin-induced cardiotoxicity
with reduced proneoplastic potential. Circulation. 2013,
128:152-161.

Meloni M, Caporali A, Graiani G, Lagrasta C, Katare R,
Van Linthout S, Spillmann F, Campesi I, Madeddu P, Quaini
F, Emanueli C. Nerve growth factor promotes cardiac repair
following myocardial infarction. Circulation Research.
2010, 106:1275-1284.

Hiltunen JO, Laurikainen A, Vakeva A, Meri S, Saarma
M. Nerve growth factor and brain-derived neurotrophic
factor mRNAs are regulated in distinct cell populations of
rat heart after ischaemia and reperfusion. J Pathol. 2001,
194:247-253.

Wang Z, Wang Y, Ye J, Lu X, Cheng Y, Xiang L, Chen L,
Feng W, Shi H, Yu X, et al. bFGF attenuates endoplasmic
reticulum stress and mitochondrial injury on myocardial
ischaemia/reperfusion via activation of PI3K/Akt/ERK1/2
pathway. J Cell Mol Med. 2015, 19:595-607.

Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Cell biology
of ischemia/reperfusion injury. Int Rev Cell Mol Biol. 2012,
298:229-317.

Li JZ, Yu SY, Mo D, Tang XN, Shao QR. Picroside II
inhibits hypoxia/reoxygenation-induced cardiomyocyte
apoptosis by ameliorating mitochondrial function through a
mechanism involving a decrease in reactive oxygen species
production. International Journal of Molecular Medicine.
2015, 35:446-452.

Hiroi T, Wajima T, Negoro T, Ishii M, Nakano Y, Kiuchi
Y, Mori Y, Shimizu S. Neutrophil TRPM2 channels are
implicated in the exacerbation of myocardial ischaemia/
reperfusion injury. Cardiovasc Res. 2013, 97:271-281.
Wang X, Cao Y, Shen M, Wang B, Zhang W, Liu Y, He
X, Wang L, Xia Y, Ding M, et al. DIDS reduces ischemia/
reperfusion-induced myocardial injury in rats. Cellular
Physiology and Biochemistry. 2015, 35:676-688.

Wei K, Liu L, Xie F, Hao X, Luo J, Min S. Nerve growth
factor protects the ischemic heart via attenuation of
the endoplasmic reticulum stress induced apoptosis by
activation of phosphatidylinositol 3-kinase. Int J Med Sci.
2015, 12:83-91.

Strande JL, Routhu KV, Lecht S, Lazarovici P. Nerve
growth factor reduces myocardial ischemia/reperfusion
injury in rat hearts. J Basic Clin Physiol Pharmacol. 2013,
24:81-84.

Levine B, Klionsky DJ. Development by self-digestion:
molecular mechanisms and biological functions of
autophagy. Developmental Cell. 2004, 6:463-477.

Pattison JS, Robbins J. Autophagy and proteotoxicity in
cardiomyocytes. Autophagy. 2011, 7:1259-1260.

WWw

.impactjournals.com/oncotarget

5412

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

Gustafsson AB, Gottlieb RA. Autophagy in ischemic heart
disease. Circulation Research. 2009, 104:150-158.

De Meyer GR, Grootaert MO, Michiels CF, Kurdi A,
Schrijvers DM, Martinet W. Autophagy in vascular disease.
Circulation Research. 2015, 116:468-479.

Sciarretta S, Volpe M, Sadoshima J. Mammalian target of
rapamycin signaling in cardiac physiology and disease.
Circulation Research. 2014, 114:549-564.

Schmelzle T, Hall MN. TOR, a central controller of cell
growth. Cell. 2000, 103:253-262.

Day SM. The ubiquitin proteasome system in human
cardiomyopathies and heart failure. Am J Physiol Heart Circ
Physiol. 2013, 304:H1283-1293.

Korolchuk VI, Menzies FM, Rubinsztein DC. Mechanisms of
cross-talk between the ubiquitin-proteasome and autophagy-
lysosome systems. Febs Letters. 2010, 584:1393-1398.

Su HB, Wang XJ. p62 Stages an Interplay Between the
Ubiquitin-Proteasome System and Autophagy in the
Heart of Defense Against Proteotoxic Stress. Trends in
Cardiovascular Medicine. 2011, 21:224-228.

Zheng Q, Su H, Tian Z, Wang X. Proteasome malfunction

activates macroautophagy in the heart. Am J Cardiovasc
Dis. 2011, 1:214-226.

41.

42.

43.

44.

45.

Feng ZC, Riopel M, Li J, Donnelly L, Wang R.
Downregulation of Fas activity rescues early onset of
diabetes in c-Kit(Wv/+) mice. Am J Physiol Endocrinol
Metab. 2013, 304:E557-565.

Feng ZC, Li J, Turco BA, Riopel M, Yee SP, Wang R.
Critical role of c-Kit in beta cell function: increased insulin
secretion and protection against diabetes in a mouse model.
Diabetologia. 2012, 55:2214-2225.

Feng ZC, Popell A, Li J, Silverstein J, Oakie A, Yee SP,
Wang R. c-Kit receptor signaling regulates islet vasculature,
beta-cell survival, and function in vivo. Diabetes. 2015,
64:3852-3866.

LiJ, Feng ZC, Yeung FS, Wong MR, Oakie A, Fellows
GF, Goodyer CG, Hess DA, Wang R. Aldehyde
dehydrogenase 1 activity in the developing human
pancreas modulates retinoic acid signalling in mediating
islet differentiation and survival. Diabetologia. 2014,
57:754-764.

Choi J, Diao H, Feng ZC, Lau A, Wang R, Jevnikar AM,
Ma S. A fusion protein derived from plants holds promosing

potential as a new oral therapy for type 2 diabetes. Plant
Biotechnol J. 2014, 12:425-435.

www.impactjournals.com/oncotarget

5413

Oncotarget



