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Semaphorin-3A alleviates cardiac hypertrophy
by regulating autophagy
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Abstract. Cardiac hypertrophy, characterized by cardiomyo-
cyte enlargement, is an adaptive response of the heart to certain
hypertrophic stimuli; however, prolonged hypertrophy results in
cardiac dysfunction and can ultimately cause heart failure. The
present study evaluated the role of semaphorin-3A (Sema3A),
a neurochemical inhibitor, in cardiac hypertrophy, utilizing
an isoproterenol (ISO) induced H9c2 cell model. Cells were
stained with rhodamine-phalloidin to assess the cell surface
area and reverse transcription-quantitative PCR was performed
to quantify mRNA expression levels of Sema3A, brain natri-
uretic factor (BNF) and f-myosin heavy chain (3-MHC). The
protein expression levels of the autophagy-related proteins light
chain 3 (LC3), p62 and Beclin-1, and the Akt/mTOR signaling
pathway associated proteins Akt, phosphorylated (p)-Akt,
mTOR, p-mTOR, 4E-binding protein 1 (4EBP1) and p-4EBP1
were semi-quantified using western blotting. Rapamycin, a
canonical autophagy inducer, was administered to H9c2 cells
to elucidate the regulatory mechanism of Sema3A. The results
indicated significantly increased cell surface area and elevated
BNF and 3-MHC mRNA expression levels, increased LC3I1/1
ratio and Beclin-1 protein expression levels and significantly
decreased p62 protein expression levels after treatment of H9¢2
cardiomyocytes with ISO for 24 h. Sema3A overexpression
improved ISO-induced hypertrophy in H9¢c2 cells, indicated
by decreased cell surface area and reduced BNF and f-MHC
mRNA expression levels. Moreover, Sema3A overexpression
inhibited ISO-induced autophagy in H9¢2 cells, indicated by
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decreased LC3II/I ratio and Beclin-1 protein expression levels
and increased p62 protein expression levels. The autophagy
activator rapamycin partially inhibited the protective effect of
Sema3A on ISO-induced hypertrophy. Sema3A overexpres-
sion suppressed the decrease of the protein expression levels
of p-Akt, mTOR and their downstream target 4EBP1, which is
induced by ISO. Collectively, these results suggested Sema3A
prevented ISO-induced cardiac hypertrophy by inhibiting
autophagy via the Akt/mTOR signaling pathway.

Introduction

Cardiac hypertrophy constitutes an adaptive response to
pressure or volume overload, but prolonged cardiac hyper-
trophy may cause heart failure, which is implicated in a large
number of cardiac disorders, including myocardial ischemia,
myocardial infarction and hypertrophic cardiomyopathy (1).
Therefore, studying the molecular mechanism of cardiac
hypertrophy is beneficial in order for effective measures to be
taken to reduce the morbidity and mortality of heart disease.
There are numerous studies concerning the therapeutic strategy
for cardiac hypertrophy (2,3); however, the practical thera-
peutic regimen remains to be explored. Cardiac hypertrophy
has a complex pathophysiology, which involves numerous
signaling pathways and cell factors, including inflammation,
apoptosis and redox reactions (4). Autophagy, an intracellular
self-degradative mechanism to maintain cellular homoeo-
stasis by degrading and recycling cytoplasmic proteins and
organelles, serves an important role in cardiac remodeling (5).
However, the role of autophagy in cardiac remodeling remains
controversial. Numerous reports have reported that autophagy
serves a dual role, with basal autophagy being adaptive and
beneficial, and excessive or insufficient autophagy being
maladaptive and detrimental (6,7). Therefore, autophagy regu-
lation in cardiac remodeling needs to be further studied and
could provide novel treatment options for heart failure.
Semaphorin-3A (Sema3A), a neurochemical inhibitor,
serves an important role in the distribution of sympathetic
nerves, and is involved in multiple signaling pathways through
interactions with neuropilin-1 (NP-1), a Semaphorin-3A
receptor (8-10). Sema3A is associated with many
diseases, including cancer, dermatitis, arthritis and kidney
disease (11,12). Our previous study reported that Sema3A is
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also expressed in cardiomyocytes and serves a potential role in
the regulation of the induction of ventricular arrhythmia after
infarction (13). Recently, it was reported that Sema3A reduces
cardiac inflammation and improves cardiac function after
myocardial infarction (14). However, the roles of Sema3A in
cardiac hypertrophy have not been thoroughly studied to date.

The present study examined whether Sema3A over-
expression affected cardiac hypertrophy in the context of
isoproterenol (ISO) treatment. The possible mechanisms
of Sema3A involvement in cardiac hypertrophy were also
assessed.

Materials and methods

Cell culture and treatment. The H9¢c2 rat embryonic ventric-
ular myocytes cell line was purchased from the Shanghai
Institute of Biochemistry and Cell Biology. Cells were
cultured in high-glucose DMEM containing 10% fetal bovine
serum (FBS) (both Shanghai ExCell Biology, Inc.) at 37°C in
an incubator with 5% CO,. The ISO-induced H9c2 cell model
was established to study cardiomyocyte hypertrophy. Cells
were pretreated with 10 xM ISO (MilliporeSigma) and 50 nM
rapamycin (Cell Signaling Technology, Inc.) for 24 h before
collection.

Cell transfection. Sema3A overexpression was performed
using lentivirus transfection according to the manufacturer's
instructions using a fourth-generation self-inactivating lenti-
virus vector (Shanghai GeneChem Co. Ltd.). H9c2 cells at
20-30% confluence (~2x10° cells per well) in a 6-well plate,
were transfected with Sema3A-LV or Mock-LV (MOI, 20)
containing a cytomegalovirus-driven green-fluorescent
protein (GFP) reporter gene in 1 ml of a mixture of culture
medium (10% FBS in DMEM) and HiTransG P (1:25). After
15 h of transfection, cardiomyocytes were cultured in 2 ml
DMEM without FBS at 37°C in an incubator with 5% CO,.
After treatment with ISO and rapamycin according to the
aforementioned method, cells were divided into six groups
including the Control (Mock lentivirus + PBS), Sema3A
over (Sema3A overexpression lentivirus + PBS), Control +
ISO (Mock lentivirus + ISO), Sema3A over + ISO (Sema3A
overexpression lentivirus + ISO), Control + ISO + Rap (Mock
lentivirus group + ISO + rapamycin) and Sema3A over + ISO +
Rap (Sema3A overexpression lentivirus + ISO + rapamycin)
groups. Cells treated with ISO and rapamycin were harvested
after 72 h of transfection.

Cell surface area measurement using rhodamine-phalloidin
staining. H9c2 cells grown on coverslips were fixed with 4%
paraformaldehyde in phosphate buffer solution (PBS) for
15 min at room temperature. After a PBS wash, cells were
further incubated with 0.1% Triton X-100 (Sangon Biotech
Co., Ltd.) for 10 min. Cells were then washed with PBS and
incubated with 100 nM rhodamine-phalloidin for 30 min
(Sigma-Aldrich; Merck KGaA) at room temperature, shielded
from light. After three PBS washes, cells were further stained
with 100 nM DAPI (Sigma Aldrich; Merck KGaA) at 4°C.
An Olympus FV3000 laser scanning confocal microscope
(Olympus Corporation) was used for imaging. Cell surface
areas in randomly selected fields (50 for each group) were

assessed using ImageJ (version 180; National Institutes of
Health).

Reverse transcription-quantitative PCR (RT-qPCR).
Sema3A, brain natriuretic factor (BNF) and 3-myosin heavy
chain (B-MHC) mRNA expression levels were quantified
using RT-qPCR. Total RNA from H9c2 cells was extracted
using SevenFast Total RNA Extraction Kit for Cells [Seven
Innovation (Beijing) Biotechnology Co., Ltd.] according
to the manufacturer's protocol. cDNA was synthesized in
a 20 pl reaction using the PrimeScript™ RT reagent Kit
containing gDNA Eraser (Perfect Real Time) (Takara Bio,
Inc.). Amplification with TB Green® Premix Ex Taq™ II
(Tli RNaseH Plus) (Takara Bio, Inc.) was performed on an
Applied Biosystems Prism 7500 Fast Sequence Detection
System (Applied Biosystems; Thermo Fisher Scientific, Inc.)
with thermocycling at 95°C for 30 sec followed by 40 cycles
of 95°C for 5 sec and 60°C for 34 sec. The primers used were
as follows: Sema3A forward (F), 5~ AGACGACAGGATATA
AGGAATGG-3' and reverse (R), 5'-GCAGACTACGAAGCA
GGAG-3'; BNF forward, 5-GTGCTGCCCCAG ATGATT
CT-3' and R, 5-GCAGCTTCTGCATCGTGGAT-3"; f-MHC
F, 5"-TGCTCTACAATCTCAAGGAGAGGT-3' and R, 5-TGT
TGACGGTCTTACCAGCTC-3"; and GAPDH F, 5'-GTCGGT
GTGAACGGATTTGG-3' and R, 5-GCTCCTGGAAGA
TGGTGATGG-3'". All primers were synthesized by Shanghai
GenePharma Co., Ltd. Triplicate reactions were analyzed using
the 2444 method (15), with GAPDH used for normalization.

Western blotting. The protein expression levels of the
autophagy-related proteins light-chain 3 (LC3), p62 and
Beclin-1, and the Akt/mTOR signaling associated proteins
Akt, phosphorylated (p)-Akt, mTOR, p-mTOR, 4E-binding
protein 1 (4EBPI1) and p-4EBP1 were assessed using western
blotting. H9¢2 cells were lysed using RIPA lysis buffer
(Beyotime Institute of Biotechnology) and the protein concen-
tration was assessed using a BCA Protein Assay Kit (Thermo
Fisher Scientific, Inc.). Equal amounts of total protein (30 ug
per lane) were separated by SDS-PAGE (5% stacking gel,
10% separating gel) and transferred onto PVDF membranes.
After blocking with 5% nonfat milk at 37°C for 2 h, the
membranes were incubated with primary antibodies against
LC3 (1:2,000; cat. no. 12741S; Cell Signaling Technology,
Inc.), p62 (1:2,000; cat. no. 39749T; Cell Signaling Technology,
Inc.), Beclin-1 (1:2,000; cat. no. 3495S; Cell Signaling
Technology, Inc.), Akt (1:2,000; cat. no. 4691T; Cell Signaling
Technology, Inc.), p-Akt (1:2,000; cat. no. 92718S; Cell
Signaling Technology, Inc.), mTOR (1:2,000; cat. no. 2983T;
Cell Signaling Technology, Inc.), p-mTOR (1:2,000; cat.
no. 5536S; Cell Signaling Technology, Inc.), 4EBP1 (1:2,000;
cat. no. 9644T; Cell Signaling Technology, Inc.), p-4EBP1
(1:2,000; cat. no. 2855S; Cell Signaling Technology, Inc.) and
GAPDH (1:2,500; cat. no. 2118S; Cell Signaling Technology,
Inc.) in 5% BSA at 4°C overnight. Membranes were then
washed three times with TBST (0.1% Tween 20) and incubated
with HRP-Conjugated AffiniPure Goat Anti-rabbit secondary
antibodies (1:2,000; cat. no. BA1054; Wuhan Boster Biological
Technology Co., Ltd.) in 5% non-fat milk at 37°C for 1 h. After
washing, proteins were visualized using an ECL luminescence
kit (cat. no. AR1173; Wuhan Boster Biological Technology Co.,
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Figure 1. Sema3A protects H9c2 cells from ISO-induced hypertrophy. (A) Expression of Sema3A in H9C2 cells transfected with Sema3A overexpression
lentivirus was assessed using RT-qPCR. H9¢2 cells were transfected with Sema3A overexpression lentivirus followed by incubation with ISO (10 M for
24 h). The hypertrophic responses of cardiomyocytes were detected by assessing the (B and C) cell surface area and mRNA expression levels of (D) BNF and
(E) p-MHC in H9c2 cells using RT-qPCR. Data are presented as mean + standard error of the mean compared with the control, which was set at 1. 'P<0.05
and ""P<0.001 vs. control; *P<0.05, #P<0.01 and **P<0.001 vs. control + ISO. Sema3A over, Semaphorin-3A overexpression lentivirus; ISO, isoproterenol;

RT-qPCR, reverse transcription- quantitative PCR.

Ltd.). The ChemiDoc XRS System (Bio-Rad Laboratories,
Inc.) was utilized for imaging, and images were analyzed with
Image Lab™ Software 6.1 (Bio-Rad Laboratories, Inc.). The
protein expression levels of LC3, P62, Beclin-1, Akt, p-Akt,
mTOR, p-mTOR, 4EBP1 and p-4EBP1 were normalized to
GAPDH expression.

Statistical analysis. Data are presented as mean + standard
error of the mean. GraphPad Prism 5.0 (Dotmatics) was used for
data analysis. Two groups and multiple groups were compared
using unpaired Student's t-test and one-way ANOVA followed
by Tukey's post hoc test, respectively. P<0.05 was considered
to indicate a statistically significant difference. Assays were
performed in triplicate.

Results

Sema3A alleviates 1SO-induced cardiomyocyte hypertrophy.
After transfection with Sema3A overexpression lentivirus for
72 h, Sema3A mRNA expression levels were assessed using
RT-gPCR. Compared with the control group, Sema3A mRNA
expression levels were significantly increased in the Sema3A
over group (Fig. 1A), which indicated that H9c2 cells trans-
fected with the Sema3A lentivirus significantly overexpressed
Sema3A.

H9c¢2 cells were incubated with 10 M ISO for 24 h to
induce cardiomyocyte hypertrophy. Then, BNF and f-MHC
mRNA expression levels were assessed using RT-qPCR,
and cardiomyocyte surface area was assessed using

rhodamine-phalloidin staining, to validate the cardiomyocyte
hypertrophic model. ISO significantly increased the surface
area of H9c2 cells, with cell surface areas in the Control +
ISO group being 2.65-fold greater than those of the Control
group. Sema3A overexpression significantly ameliorated the
change induced by ISO on the surface area of myocardial
cells, with cell surface area significantly decreased in the
Sema3A over + ISO group compared with the Control + ISO
group (Fig. 1B and C). Similarly, BNF and p-MHC mRNA
expression levels were also significantly increased in cells
treated with ISO compared with the Control group; Sema3A
counteracted this effect, with the Sema3A over + ISO group
showing decreased BNF and f-MHC mRNA expression levels
compared with the Control + ISO group (Fig. 1D and E).
However, Sema3A overexpression demonstrated no effect on
BNF and B-MHC mRNA expression levels, or cardiomyocyte
surface area in H9¢c2 cells without ISO treatment.

Sema3Aattenuates ISO-induced autophagy in cardiomyocytes.
To assess the effect of Sema3A on ISO-induced autophagy,
the protein expression levels of the autophagy-related proteins
LC3, p62 and Beclin-1 were assessed using western blotting.
ISO-induced a significant increase in the LC3-11/I ratio and
Beclin-1 protein expression level and a significant decreased
in the p62 protein expression level in the Control + ISO
group compared with the Control, these effects were all
significantly attended by Sema3A (Fig. 2). In agreement with
the aforementioned results of the present study, the Sema3A
group and non-ISO H9c2 cells had similar autophagy levels.
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Figure 2. Sema3A attenuates ISO-induced excessive autophagy in cardiomyocytes. H9c2 cells were transfected with Sema3A or empty vector and further
incubated with ISO (10 xM) for 24 h. (A) Western blotting was performed to semi-quantify the protein expression levels of exogenous LC3, p62 and Beclin-1.
(B) Semi-quantification of LC3, p62 and Beclin-1. Data are presented as mean =+ standard error of the mean. “P<0.01 and “"P<0.001 vs. control; “P<0.05 and
"P<0.001 vs. control + ISO. Sema3A over, Semaphorin-3A overexpression lentivirus; ISO, isoproterenol; LC3, light chain 3.

These results suggested Sema3A alleviated excessive cardiac
autophagy caused by ISO.

Sema3A ameliorates cardiomyocyte hypertrophy via suppres-
sion of autophagy. To further evaluate whether autophagy
affected by Sema3A was involved in cardiac hypertrophy,
rapamycin, a potent autophagy agonist, was used to induce
cardiac autophagy. In previous experiments, treatment of cells
with ISO was demonstrated to exacerbate autophagy in the
process of cardiomyocyte hypertrophy, which was repressed
by Sema3A upregulation. Increases in cell surface area,
LC3-II/T ratio, and protein expression levels of Beclin-1, BNF
and B-MHC, as well as reduction in p62 protein expression
levels, were all significantly greater in the Control + ISO +
Rap group compared with the Control + ISO group. These
data suggested rapamycin aggravated autophagy induction to
worsen ISO-induced cardiac hypertrophy. Meanwhile, signifi-
cant reductions of cell surface area, LC3-II/I ratio and protein
expression levels of Beclin-1, BNF and $-MHC were demon-
strated in the Sema3A over + ISO + Rap group compared with
the Control + ISO + Rap group. Concomitantly, p62 expression
was significantly upregulated in the Sema3A over + ISO +
Rap group compared with the Control + ISO + Rap group.
These findings indicated Sema3A upregulation still inhibited
autophagy in myocardial cells and improved cardiomyocyte
hypertrophy under treatment with ISO and rapamycin.
Significant increases were demonstrated for cell surface area
and in the LC3-II/I ratio and Beclin-1, BNF and f-MHC
protein expression levels, as well as a significant decrease in
p62 protein expression levels, in the Sema3A over + ISO + Rap

group compared with the Sema3A over + ISO group (Fig. 3).
Collectively, these results indicated rapamycin partly abol-
ished the anti-hypertrophy effects of Sema3a by regulating
autophagy, and further demonstrated that Sema3a improved
ISO-induced cardiomyocyte hypertrophy by inhibiting
maladaptive cardiomyocyte autophagy.

Sema3A suppresses autophagy by activating the Akt/mTOR
signaling pathway. To evaluate the molecular mechanisms
involved in the Sema3A-induced autophagic responses, protein
expression levels of Akt, p-Akt, mTOR, p-mTOR, 4EBP1 and
p-4EBP1 were assessed using western blotting. Compared with
the control group, ISO significantly decreased p-Akt, p-mTOR
and p-4EBP1 levels in H9c2 cells. Sema3A overexpression
resulted in a significant increase in the p-Akt, p-mTOR
and p-4EBP1 levels in ISO-treated H9c2 cells (Fig. 4A). To
further assess whether Sema3A inhibited ISO-induced exces-
sive autophagy via activation of the Akt/mTOR pathway, the
mTOR activator rapamycin was used. In the present study,
the levels of p-Akt, p-mTOR and p-4EBP1 were significantly
decreased in the Control + ISO + Rap group compared with
the Control + ISO group (Fig. 4B). Moreover, p-Akt, p-mTOR
and p-4EBP1 levels were significantly increased in the
Sema3A over + ISO + Rap group compared with the Control +
ISO + Rap group, which indicated that Sema3A overexpres-
sion activated the Akt/mTOR signaling pathway in H9c2
cells after treatment with rapamycin and ISO. Furthermore,
the Sema3A over + ISO + Rap group had significantly lower
levels of p-Akt, p-mTOR and p-4EBP1 compared with the
Sema3A over + ISO group, which suggested that rapamycin
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Figure 3. Overactivation of autophagy reduces the protective effect of Sema3A in ISO-induced cardiomyocyte hypertrophy. H9c2 cells were transfected
with Sema3A overexpression lentivirus and further incubated with 10 xM ISO for 24 h in the presence of rapamycin (50 nM). (A) Cell surface area was
assessed using rhodamine-phalloidin staining and the mRNA levels of the hypertrophy biomarkers (B) BNF and (C) p-MHC were assessed using revers
transcription-quantitative PCR. (D) Western blotting was performed to assess LC3, p62 and Beclin-1 protein expression levels. Data are presented as mean +
standard error of the mean. "P<0.05, #P<0.01 and “#P<0.001 vs. control + ISO; ¥P<0.05 and ¢**P<0.001 vs. Sema3A over + ISO; ®®P<0.01 and ®®“P<0.001
vs. Control + ISO + Rap. Sema3A over, Semaphorin-3A overexpression lentivirus; ISO, isoproterenol; Rap, rapamycin; BNF, brain natriuretic factor; §-MHC,

B-myosin heavy chain; LC3, light chain 3.

partially abolished the autophagic level change induced by
Sem3A overexpression via inhibition of Akt/mTOR signaling.
These results further demonstrated that Sema3A suppressed
[SOOinduced autophagy through regulation of the Akt/mTOR
signaling pathway.

Discussion

Cardiac hypertrophy, a major pathological feature of certain
cardiovascular disorders, including myocardial ischemia,
diabetic cardiomyopathy and hypertrophic cardiomyopathy,
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Figure 4. Sema3A inhibits autophagy by activating the Akt/mTOR signaling pathway. H9¢c2 cells transfected with Sema3A overexpression lentivirus were
incubated with 10 M ISO for 24 h in the absence of (A) rapamycin or (B) after pretreatment with 50 nM rapamycin. Protein expression levels of p-mTOR,
mTOR, p-Akt, Akt, p-4EBP1 and 4EBPI were semi-quantified using western blotting. Protein bands were semi-quantified by densitometry, with GAPDH used
for normalization. Data are presented as mean = standard error of the mean. “P<0.01 and ““P<0.001 vs. control; #P<0.01 and *P<0.001 vs. control + ISO;
&&Pp<0.01 and *“4P<0.001 vs. Sema3A over + ISO; ®P<0.05 and ©®®P<0.001 vs. Control + ISO + Rap. Sema3A over, Semaphorin-3A overexpression lentivirus;
ISO, isoproterenol; Rap, rapamycin; p, phosphorylated; 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1.

is closely related to heart failure (16,17). The mechanisms
of cardiac hypertrophy are complex and could be regulated
by numerous factors, including inflammation, apoptosis
and redox reactions (4). Sema3A, a secreted axon guidance
molecule, serves as a chemorepellent during axonal guid-
ance (11,12). Previous studies have reported that Sema3A
was associated with myocardial injury and malignant
arrhythmia after myocardial injury (18-20). However, the
role of Sema3A in cardiac hypertrophy remains unknown.
In the present study, the regulatory function of Sema3A in
[SO-induced cardiac hypertrophy in cardiomyocytes was
investigated.

The results demonstrated that ISO induced cardiomyo-
cyte hypertrophy, with markedly increased cardiomyocyte
area. Meanwhile, the protein expression levels of BNF and
B-MHC were significantly higher compared with controls.
These data indicated that Sema3A overexpression signifi-
cantly decreased cardiomyocyte size, as well as BNF and
B-MHC protein expression levels in cardiomyocytes, which
suggested that Sema3A could protect cardiomyocytes from
[SO-induced hypertrophy. Multiple studies have assessed
Sema3A in cardiovascular disease (13,14,19,21), but the role
of Sema3A remains unclear. Our previous study reported
that Sema3A overexpression after myocardial infarction
reduced the inducibility of ventricular arrhythmia as a result
of attenuated sympathetic reinnervation (13). Similarly,
Wen et al (21) reported that Sema3A ameliorated electrical
remodeling at infarct border zones after myocardial infarc-
tion. Rienks er al (14) reported that Sema3A promoted the

resolution of cardiac inflammation after myocardial infarc-
tion, to maintain cardiac function. All the previous studies
noted above indicated a protective role for Sema3A in
cardiovascular disease. Another study reported that Sema3A
deficiency improved hypoxia-induced myocardial injury by
alleviating inflammation and cardiomyocytes apoptosis (19).
However, little is known about the function of Sema3A in
cardiac hypertrophy. In the present study, Sema3A inhib-
ited ISO-induced myocardial hypertrophic remodeling.
Cardiomyocyte area and, BNF and -MHC protein expres-
sion levels demonstrated no significant changes in the
Sema3A over group without ISO treatment, which indicated
Sem3A overexpression had no effect on cardiac function
under normal conditions.

Autophagy, a conserved homeostatic process for recy-
cling cellular waste and biologically active monomers,
serves an important role in pathophysiological changes in
numerous diseases, including cancer, neurodegeneration,
aging and heart disease (22-24). However, the roles of
autophagy in cardiac remodeling and heart failure remain
controversial. Studies assessing the role of autophagy in
ISO-induced cardiac hypertrophy have reported different
outcomes, and whether autophagy activation or inhibition
is protective may depend on the model, stimuli, signaling
pathway, and/or disease stage and severity (25-27). A recent
study suggested that excessive or uncontrolled autophagy
induced by pressure stress can be detrimental (28). In
the present study, the autophagic markers LC3-II/I ratio,
Beclin-1 and p62 were assessed to evaluate autophagic
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level. It is known that transformation from LC3-I to LC3-II
is important in autophagosome formation and autophagy
activation (29). Beclin-1, also named Atg6, can positively
regulate autophagy by combining with PI3KCIII and other
positive or negative co-factors, which are required for
the initiation of the formation of the autophagosome in
autophagy (30). p62, a linker between LC3 and ubiquiti-
nated substrates, may be degraded during autophagy (31).
These data demonstrated that autophagy was significantly
enhanced in the ISO group, indicated by significantly
increased LC3II/I ratio and Beclin-1 protein expression
levels and significantly decreased p62 protein expression
levels, while Sem3A overexpression significantly reduced
the LC3II/I ratio and Beclin-1 protein expression levels and
significantly increased p62 protein expression levels. As
shown previously, ISO-induced cardiomyocyte hypertrophy
and excessive cardiomyocyte autophagy are greatly attenu-
ated by Sema3A overexpression. These results indicated a
potential protective role for Sema3A in the development of
cardiomyocyte hypertrophy by normalizing the autophagic
process. However, autophagy in the Sema3A over group
without ISO treatment remained unchanged compared with
the control group, which suggested that Sema3A overex-
pression did not regulate autophagy under non-diseased
conditions. It was considered that Sema3A may serve as a
signaling molecule, which may not be initiated or activated
in the normal myocardial cell environment, which indicated
that Sema3A could affect autophagy and myocardial hyper-
trophy in H9¢2 cells under pathological conditions, such as
after induction by ISO. Therefore, it could be hypothesized
that Sema3A could exert similar effects in myocardial
hypertrophy induced by stress load in animal models. The
role of Sema3A in cardiac hypertrophy required further,
in vivo, study.

The roles of autophagy in cardiac remodeling and
heart failure remain controversial, and autophagy seems
to have a dual effect in cardiac hypertrophy (6), which
requires further research. It has been suggested autophagy
is an adaptive response to myocardial hypertrophy (32,33),
and that excessive autophagy exacerbates stress-induced
myocardial hypertrophy (34). A previous study reported
that excessive or uncontrolled autophagy induced by
ISO may be harmful. In cardiac hypertrophy induced by
transverse aortic constriction and angiotensin II (Ang II),
Beclin-1 and LC3II/I ratio increased significantly, and
p62 protein levels significantly decreased compared with
the control group. The significant increase in autophagy
suggested that excessive autophagy exacerbated myocar-
dial hypertrophy (28). Qi et al (35) reported that the use
of abdominal aortic coarctation (AAC) and Ang II also
induced myocardial hypertrophy and excessive autophagy,
and that inhibition of excessive autophagy could signifi-
cantly alleviate heart failure and myocardial hypertrophy.
Another study reported that the LC3I1/I ratio increased over
time within a 48 h period, in cardiac hypertrophy induced
by ISO (36). The results of the present study indicated that
Sema3A inhibited excessive autophagy induced by ISO to
ameliorate cardiac hypertrophy. Rapamycin, an autophagy
inducer, was used to assess whether autophagy participated
in cardiac hypertrophy alleviated by Sema3A. In the present

study, rapamycin treatment markedly enhanced autophagy,
with rapamycin treatment significantly increasing the
LC3II/I ratio and Beclin-1 protein expression levels, and
significantly downregulating the protein expression levels
of p62. The results showed that Sema3A overexpression
reduced cardiomyocyte area, BNF, f-MHC and Beclin-1
protein expression levels and the LC3II/I ratio and
significantly increased p62 protein expression levels in
cardiomyocytes after ISO treatment. Similar to previous
reports, in the present study Sema3A overexpression exhib-
ited the same protective effects in cardiomyocytes treated
with both ISO and rapamycin, including the prevention of
cardiomyocyte hypertrophy progression and the inhibition
of excessive cardiomyocyte autophagy. The present study
also demonstrated that rapamycin significantly attenuated
p62 upregulation and impeded decreases in cardiomyocyte
area, LC3II/I ratio and Beclin-1, as well as BNF and f-MHC
downregulation induced by Sema3A. In other words, the
effects of Sema3A on cardiomyocyte hypertrophy were
partly abolished by rapamycin via autophagy regulation.
These results indicated that Sema3A ameliorated cardio-
myocyte hypertrophy by inhibiting autophagy.

Autophagy in cardiomyocytes is a complex process
involving numerous signaling pathways. To elucidate the
mechanism by which Sema3A suppressed autophagy, the
present study evaluated the Akt/mTOR signaling pathway
causing autophagy inhibition (37). Activation of Akt/mTOR
signaling, demonstrated by enhanced phosphorylation of
Akt, mTOR and its downstream effector 4EBP1, down-
regulates autophagy. The Akt/mTOR signaling pathway
serves a vital role in most cellular processes, while recent
studies have reported Akt/mTOR signaling pathway
suppression contributes to autophagy and apoptotic cell
death (38,39). Wang et al (40) also reported that ISO
downregulated p-mTOR, which led to excessive autophagy.
Fan et al (36) reported that ISO could inhibit activation of
the Akt/mTOR signaling pathway, and that the Traditional
Chinese Medicine Qili Qiangxin significantly increased the
levels of p-Akt and p-mTOR to inhibit excessive autophagy
and alleviate ISO induced myocardial hypertrophy. In the
present study, decreased phosphorylation of Akt, mTOR
and 4EBP1 was demonstrated in the Control + ISO group,
whereas Sema3A overexpression increased levels of p-Akt,
p-mTOR and p-4EBPI1. Rapamycin, an mTOR specific
inhibitor, blunted the effects of Sema3A on the Akt/mTOR
signaling pathway. These results indicated that Sema3A
inhibited excessive autophagy, which may have been via acti-
vation of the Akt/mTOR signaling pathway. In the present
study, the effect of Sema3A on myocardial hypertrophy was
only demonstrated in vitro and further work is required to
demonstrate the role of Sema3A in cardiac hypertrophy in
animals. Moreover, numerous signaling pathways are known
to regulate autophagy, so further study of the molecular
mechanisms related to autophagy is also required.

In conclusion, Sema3A alleviated ISO-induced cardiac
hypertrophy, at least in part, by inhibition of excessive cardiac
autophagy via the Akt/mTOR signaling pathway. These
findings suggested Sema3A may be a potential target for the
prevention and treatment of cardiac hypertrophy and heart
failure.
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