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Hexarelin is a synthetic growth hormone-releasing peptide that exerts cardioprotective effects. Regulation of 
autophagy is known to be cardioprotective so this study examined the role of autophagy and potential regulatory 
mechanisms in hexarelin-elicited anti-cardiac hypertrophic action in cardiomyocytes subjected to hypertrophy. 
H9C2 cardiomyocytes were subjected to hypertrophy by angiotensin-II (Ang-II). Autophagic light chain-3 (LC3) 
and cytoskeletal proteins were determined by immunofluorescence assay. Autophagy was also detected using 
monodansylcadaverine (MDC) for autophagic vacuole visualization and Cyto-ID staining for autophagic flux 
measurement. Molecular changes were analysed by Western blotting and qRT-PCR. Apoptosis was evaluated 
using flow cytometry and TUNEL assay. ATP content and CCK-8 assay were used in assessing enhanced 
cell survival whilst oxidative stress was analysed by measuring malondialdehyde(MDA) and superoxide 
dismutase(SOD) levels. Ang-II induced cardiomyocyte hypertrophy, oxidative stress, apoptosis and decreased 
cell survival, all of which were significantly suppressed by hexarelin treatment which also enhanced autophagy 
in hypertrophic H9C2 cells. Furthermore, inhibition of hexarelin induced autophagy by 3-methyladenine (3MA) 
abolished the anti-hypertrophic function of hexarelin and also abrogated the protection of hexarelin against cell 
survival inhibition and apoptosis. Conversely, the application of autophagy stimulator rapamycin in H9C2 hyper-
trophic cells inhibited apoptosis, cell survival and reduced cell size as well. Additionally, hexarelin regulated the 
upstream signalling of autophagy by inhibiting the phosphorylation of mammalian target of rapamycin(mTOR). 
We propose that hexarelin plays a novel role of attenuating cardiomyocyte hypertrophy and apoptosis via an 
autophagy-dependent mechanism associated with the suppression of the mTOR signalling pathway.

1. Introduction
Heart failure (HF), simply described as a decline in the heart’s 
adequate blood pumping ability to meet the requirements of the 
body (Mudd and Kass 2008), is regarded as one of the greatest chal-
lenges in the medicine of the cardiovascular system and considered 
as having a prognosis worse than that of most cancers (Stewart et 
al. 2001). Pathological cardiac hypertrophy, identified as a leading 
predictor of HF (Okin et al. 2007), refers to the persistent enlarge-
ment of the cardiac muscles, occurring as a response to cardiac 
injuries like myocardial infarction and hypertension (Hill and 
Olson 2008). It is characterised at the cellular level by the increase 
in the size of cardiomyocytes, protein synthesis, alterations in gene 
expression and organization of sarcomeres (Bisping et al. 2014; 
Hill and Olson 2008). Numerous cardiac hypertrophic signalling 
pathways responsible for triggering cardiac hypertrophy has been 
shown to be activated by several factors such as stress releasing 
hormones, cytokines, growth factors and biomechanical stress 
stimuli (Heineke and Molkentin 2006). In fact, the independent risk 
factor of HF from a data of human subjects in 2011 was revealed 
to be left ventricular hypertrophy, hence mortality is reduced when 
left ventricular mass is decreased (Koitabashi and Kass 2012). 
These therefore point to the fact that preventing and reversing 
cardiac hypertrophy must be a prime objective for any therapeutic 
advancement for the prevention or cure of HF. Modern treatments 
of HF such as angiotensin converting enzyme (ACE)-inhibitors 
as well as β-blockers improve cardiac hypertrophy by reducing 
the heart rate and hemodynamic load, which reduces the stress 

stimulus for cardiomyocyte growth (Katz 2008). Unfortunately, 
the progression of HF still persists, recording high mortality rates 
(Bisping et al. 2014) and therefore more targeted approaches to 
attenuating maladaptive hypertrophy are desired.
Autophagy is a process that involves lipid and protein bulk recycling 
and degradation in organisms and in mammals as well. Cell devel-
opment and growth, turnover and biogenesis of organelles are all 
critical roles played by autophagy (Mizushima and Komatsu 2011). 
According to recent studies, the enhancement of autophagy in the 
myocardium offers cardioprotection whilst the inhibition of auto-
phagy is associated with the development of cardiac hypertrophy 
and HF (Orogo and Gustafsson 2015; Wu et al. 2014) . For example, 
the loss of ATG5, a protein related to autophagy, results in cardiac 
hypertrophy (Nakai et al. 2007). Ang-II is shown by several studies 
to induce cardiac hypertrophy but its mechanism of action still 
remains to be fully understood especially with respect to its effect on 
autophagy. Several studies have emphasized that apoptosis is associ-
ated with cardiac hypertrophy and the progression to HF but recent 
investigations have also implicated the involvement of autophagy 
related to the pathogenesis of cardiomyocyte apoptosis and cardiac 
hypertrophy (Gottlieb and Mentzer 2010; Li et al. 2017). 
Ghrelin, a known growth hormone secretagogue (GHS) secreted in 
the stomach, is an endogenous ligand of GHS receptor-1a (GHSR1a) 
with numerous cardioprotective actions. Studies have also shown 
autophagy regulatory actions of ghrelin in a variety of tissues (Rodri-
guez et al. 2012; Yuan et al. 2014) and notable among them is a study 
by Tong et al. (2012), which showed the cardioprotective activity 
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of ghrelin against cardiac myocyte injury by inducing autophagy. 
Hexarelin, a synthetic mimetic of ghrelin, is a synthetic growth 
hormone-releasing peptide that binds to both GHSR1a and the 
cardiac non-GHS receptor CD36 to exert its cardioprotective effects 
(Mao et al. 2013). As proved by several studies, the existence of both 
receptors is indicative of hexarelin’s direct cardiovascular actions 
independent of the release of growth hormone and neuroendocrine 
stimulation (Mao et al. 2014). Hexarelin is capable of exerting cardi-
oprotective effects like the prevention of cardiomyocyte apoptosis 
(Filigheddu et al. 2001), atherosclerosis (De Gennaro-Colonna et 
al. 2000) and cardiac fibrosis (Xu et al. 2007). However, its cardio-
protective effects and mechanism against cardiac hypertrophy with 
respect to autophagy regulation is yet to be reported. 
In this current study, we employed the use of a model of angiotensin 
II-induced hypertrophy in embryonic rat heart-derived cardiomyo-
cyte H9C2 cell line to investigate the anti-cardiac hypertrophic effect 
and potential regulatory mechanisms of hexarelin with respect to 
autophagy regulation, and we further explored the interactive rela-
tionship between apoptosis and hexarelin-elicited autophagy in the 
angiotensin II-induced hypertrophic H9C2 cell line model.

2. Investigations and results

2.1. Effect of Ang-II and hexarelin on the cell viability of 
H9C2 cells
For the identification of the best concentration and treatment time 
of Ang-II for our study, H9C2 cardiomyocytes underwent treatment 
with different concentrations (0 to 10 μM) at different times (0 to 48 
h) and the cell viability were determined by CCK-8 assay. Figure 
1A shows that, compared with the control group, although 0.5 μM 
of Ang-II significantly (P<0.01) reduce cell viability (89.88±0.74) 
already, treatment with 1 μM of Ang-II caused a much more signif-
icant (P<0.0001) decrease in cell viability (72.22±2.42) and at the 
best treatment time of 24 h which also demonstrates the time depen-
dency of the effect of Ang-II (Fig.1B). Cell survival of H9C2 cells 
were not affected by hexarelin treatment alone (Fig.1C) but 1 μM 
hexarelin treatment of H9C2 cells at 24 h was enough to attenuate 
Ang-II-induced cell death (Fig. 1D). We subsequently used 1 μM of 
Ang-II and hexarelin at 24 h for the rest of our study.

2.2. Hexarelin inhibits angiotensin-II induced hypertro-
phy in H9C2 cardiomyocytes
The effect of hexarelin on Ang-II-induced myocardial cell hyper-
trophy was investigated and hypertrophy was evaluated by the 

detection of an increase in cell surface area by immunofluorescence 
for cardiac α-actin. Fig. 2A and 2B showed that, compared to the 
control group, Ang-II significantly increased (p< 0.05) the cell 
surface area of H9C2 cells whilst hexarelin significantly attenuated 
this increase when Ang-II+Hex group was compared to the Ang-II 
group. Further evaluation of the hypertrophic markers BNP and 
ANP by western blotting or PCR (Fig. 2C, 2D and 2E) showed 
that, Ang-II increased the protein and mRNA expressions of BNP 
significantly (p< 0.05) and also showed a significant increase (p< 
0.05) in the mRNA expression of ANP (Fig. 2D). Hexarelin signifi-
cantly (p< 0.05) reversed all these increases to confirm that hexarelin 
indeed inhibits angiotensin-II induced hypertrophy in H9C2 cells. 
It is worth noting that the effects of hexarelin were consistent with 
that of rapamycin (a classical autophagy inducer) when Ang-II+Hex 
group and Ang-II+RAPA group were compared to the Ang-II group. 
Another interesting observation was that, a comparison between 
Ang-II + Hex and Ang-II + Hex + 3-MA groups showed that 3-MA 
(a classical autophagy inhibitor) significantly (p< 0.05) abrogated all 
the effects of hexarelin and hence increased the cell surface area and 
BNP protein expression of the H9C2 cells.

Fig. 1: Effect of Ang-II and hexarelin on the cell viability of H9C2 cells. Cell viabili-
ty was determined by CCK-8 analysis after treatment of H9C2 cells with: (A) 
different concentrations of Ang-II for 24 h, (B) 1 μM Ang-II from 0 h to 48 
h, (C) different concentrations of hexarelin at 24 h, and (D) 1 μM Ang-II and 
different concentrations of hexarelin at 24 h. ns = no significance, * P<0.05, 
** P<0.01, **** P<0.0001 versus control group (0 μM group, 0 h group or 
Ctrl group); #P<0.05 versus Ang-II group (n=8).

Fig. 2: Hexarelin inhibits Ang-II induced hypertrophy in H9C2 cardiomyocytes. 
(A) Representative images of cytoskeletal proteins in H9C2 cells after the 
various group treatments. Scale bar=10 μm. (B) Quantification of changes 
in H9C2 cell surface area after the various group treatments using Image J 
software (n=6). (C) Representative Western blotting images and quantitative 
results showing the protein expression level of BNP in H9C2 cells after the 
various group treatments (n=3). (D and E) Representative qRT-PCR analysis 
of mRNA expression levels of ANP and BNP in H9C2 cells after the various 
group treatments (n=4). *P<0.05 versus Ctrl group; #P<0.05 versus Ang-II 
group; $P<0.05 versus Ang-II+Hex group.

2.3. Hexarelin increased the fl uorescence intensity of 
autophagic LC3 protein in H9C2 cells
We monitored the induction of autophagy by analyzing the detec-
tion of microtubule-associated protein light chain 3 (LC3), which 
is a reliable autophagosome marker by immunofluorescence. As 
shown by our results (Fig. 3A), when compared to the Ctrl group, 
Ang-II markedly (p< 0.05) decreased the fluorescence intensity of 
LC3 protein but that effect was reversed by hexarelin treatment as 
indicated by the increase in fluorescence intensity of LC3 protein 
in the Ang-II + Hex group compared to the Ang-II group. This 
hexarelin effect was also consistent with the effect of rapamycin 
(a classical autophagy inducer) since rapamycin just like hexarelin 
also showed a significant increase (p< 0.05) in fluorescence 
intensity of LC3 as seen by comparing Ang-II + RAPA group to 
Ang-II group. A comparison between Ang-II + Hex and Ang-II + 
Hex + 3-MA groups revealed that, 3MA (a classical autophagy 
inhibitor) treatment diminished the hexarelin-induced increase in 
fluorescence intensity of LC3 protein. All these data suggest that 
hexarelin is capable of autophagy up-regulation in H9C2 cells.

2.4. Hexarelin increased the level of autophagosome 
formation in H9C2 cells
To further evaluate the autophagic effect of hexarelin in H9C2 
cells, Cyto-ID® Green dye which is a fluorescent probe, was used 
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in staining autophagosomes and the level of autophagy was deter-
mined and reflected by the evaluation of the fluorescence intensity 
detected. As shown by our results (Fig. 3B and 3C), when compared 
to the Ctrl group, Ang-II significantly (p< 0.05) decreased the fluo-
rescence intensity of autophagosomes in the H9C2 cells but that 
effect was reversed by hexarelin treatment and consistent with the 
effect of rapamycin as indicated by the increase in fluorescence 
intensity of autophagosomes in the Ang-II + Hex and Ang-II + 
RAPA groups compared to the Ang-II group. However, 3-MA 
treatment abolished the hexarelin-induced increase in fluorescence 
intensity of autophagosomes as indicated by a comparison between 
Ang-II + Hex and Ang-II + Hex + 3-MA groups.

2.5. Hexarelin increased MDC-positive autophagic vacu-
oles in H9C2 cells
Changes in autophagic activities were detected via the obser-
vation of MDC fluorescence, which has been identified to be a 
unique marker for autophagic vacuoles (Biederbick et al. 1995). 
Our results in Fig. 4A demonstrate that, hexarelin treatment in 
Ang-II + Hex group just like rapamycin, was capable of markedly 
increasing MDC-positive autophagic vacuoles that were initially 
decreased by Ang-II in the Ang-II group. 3-MA however, cancelled 
out the increase in MDC-positive autophagic vacuoles induced by 
hexarelin as made evident by comparing Ang-II + Hex group to 
Ang-II + Hex + 3-MA group.

2.6. Hexarelin upregulates protein or mRNA expressions 
of autophagy related LC3-II and Beclin1 in H9C2 cells
After H9C2 cells were treated with Ang-II, LC3-II and beclin-1 
protein or mRNA expression patterns were investigated as shown 
in Fig. 4B, 4C, 4D and 4E. Ang-II significantly (p< 0.05) down-
regulated beclin-1 and LC3-II protein expressions as well as the 
mRNA expression of beclin-1 in the H9C2 cells. Further treatment 
with hexarelin or rapamycin significantly (p< 0.05) abrogated the 
Ang-II induced inhibition of beclin-1 and LC3-II by up-regulating 
beclin-1 and LC3-II protein expressions in the H9C2 cells. The 
Ang-II induced inhibition of mRNA expression of beclin-1 was 
also significantly (p< 0.05) reversed upon hexarelin addition. 
Interestingly, 3-MA treatment abolished the hexarelin-induced 
upregulation of beclin-1 and LC3-II protein expressions as indi-
cated by a comparison between Ang-II + Hex and Ang-II + Hex + 
3-MA groups.

Fig. 3: Hexarelin increased LC3 protein fluorescence intensity and autophagosome 
formation in H9C2 cells. Representative Confocal Laser Scanning Microsco-
py (CLSM) images showing: (A) the expression of the autophagy marker pro-
tein LC3 in the various treatment groups of H9C2 cells (Scale bar=10 μm) and 
(B) Cyto-ID® Green dye staining of autophagosomes in the various treatment 
groups (Scale bar=10 μm). (C) Quantification results of the level of autophagy 
determined by the evaluation of the fluorescence intensity detected after Cy-
to-ID® Green dye staining of autophagosomes (n=5). *P<0.05 versus Ctrl group; 
#P<0.05 versus Ang-II group; $P<0.05 versus Ang-II+Hex group, (n=3).

Fig. 4: Hexarelin increased autophagic vacuoles and LC3-II or Beclin-1 autophag-
ic components in H9C2 cells. (A) Representative fluorescent microscopic 
images showing changes in MDC-positive autophagic vacuole formation in 
H9C2 cells after the various group treatments. Scale bar=10 μm. (B, C and D) 
Representative Western blotting images and quantitative results showing the 
protein expression levels of LC3-II and Beclin-1 in H9C2 cells after the vari-
ous group treatments (n=3). (E) Representative qRT-PCR analysis of mRNA 
expression level of Beclin-1 in H9C2 cells after the various group treatments 
(n=4). *P<0.05 versus Ctrl group; #P<0.05 versus Ang-II group; $P<0.05 
versus Ang-II+Hex group.

Fig. 5: Hexarelin-induced autophagy attenuated apoptosis induced by Ang-II. (A) 
Representative fluorescent microscopic images showing changes in TUNEL 
and nuclear staining in H9C2 cells after the various group treatments. Scale 
bar=200 μm. (B) Quantification of apoptotic cells after TUNEL staining 
(n=3). (C) Representative Western blotting images and quantitative results 
showing the protein expression levels of cleaved caspase-3 in H9C2 cells 
after the various group treatments (n=3). (D) Representative graphs showing 
the evaluation of cell apoptosis by flow cytometry assay after Ctrl and Ang-II 
treated cells were incubated with hexarelin. (E) The statistical quantification 
of cell apoptosis in flow cytometry assay (n=3). (F) Determination of cell 
viability by CCK-8 analysis in H9C2 cells after the various group treatments 
(n=8). *P<0.05 versus Ctrl group; #P<0.05 versus Ang-II group; $P<0.05 
versus Ang-II+Hex group.

2.7. Hexarelin-induced autophagy attenuated 
Ang-II-induced apoptosis in H9C2 cells
Our flow cytometry results (Fig. 5D and 5E) revealed that, compared 
to the Ctrl group, Ang-II significantly (P < 0.05) increased the rate 
of apoptosis of H9C2 cells. But hexarelin in Ang-II + Hex group 
significantly decreased (P < 0.05) the Ang-II induced increase in 
rate of apoptosis which suggests that hexarelin is capable of atten-
uating Ang-II induced apoptosis in H9C2 cells. To further confirm 
this, we performed TUNEL staining (Fig. 5A and 5B) of apoptotic 
H9C2 cells as well as Western blotting (Fig. 5C) to determine the 
protein expression pattern of cleaved-caspase 3. As expected, our 
Western blot and TUNEL staining results were consistent with 
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the flow cytometry results. There was a significant increase (P < 
0.05) in cleaved-caspase 3 protein expression and TUNEL-positive 
H9C2 cells after incubation of H9C2 cells with Ang-II with the 
condensed and contracted appearance of some TUNEL-positive 
cardiomyocytes nuclei strongly suggesting apoptosis induced 
by Ang-II in H9C2 cells. Treatment of cells with both Ang-II 
and hexarelin significantly reduced (P < 0.05) cleaved-caspase 3 
protein expression and TUNEL-positive H9C2 cells. Due to the 
known close association between autophagy and cell apoptosis, 
and considering the fact that hexarelin-induced autophagy in H9C2 
cardiomyocytes in this present study, we used TUNEL staining and 
Western blot to find out whether hexarelin-induced autophagy was 
the main factor behind its apoptosis inhibition capability. We there-
fore employed the use of autophagy inhibitor and inducer, 3-MA 
and rapamycin respectively for this investigation. As shown by 
our results (Fig. 5A, 5B and 5C), when cells were treated together 
with Ang-II, hexarelin and 3-MA, the reduction in cleaved-caspase 
3 protein expression and TUNEL-positive H9C2 cells caused by 
hexarelin seen in the Ang-II + hexarelin group were significantly 
abolished (P < 0.05) by 3-MA. This observation suggests that, the 
anti-apoptotic role of hexarelin depended on autophagy. Moreover, 
when we replaced hexarelin in Ang-II + Hex group with rapa-
mycin (Ang-II + RAPA group) to induce autophagy, there were 
also significant reductions (P < 0.05) in cleaved-caspase 3 protein 
expression and TUNEL-positive H9C2 cells compared to the 
Ang-II group. This effect of rapamycin was very consistent with 
the effect of hexarelin which is made evident when Ang-II + Hex 
and Ang-II + RAPA groups were compared to the Ang-II group. 
All these observations suggest that hexarelin-induced autophagy 
was the main factor behind its apoptosis inhibition capability.

enhanced cell survival. In addition, when Ang-II+Hex group and 
Ang-II+RAPA group were compared to the Ang-II group, we found 
out that the cardioprotective and cell survival enhancement effects of 
hexarelin were consistent with that of rapamycin. 

2.9. Hexarelin-induced autophagy relieved the oxidative 
stress induced by Angiotensin-II in H9c2 cells
Compared to the Ctrl group, there was a significant increase (p< 0.05) 
in the MDA content (Fig. 6C) accompanied by a significant drop (p< 
0.05) in the level of SOD (Fig. 6B) activity in the H9C2 cells that 
were incubated with Ang-II. Incubation of cells with both Ang-II and 
hexarelin markedly reversed (p< 0.05) the Ang-II induced decrease 
in the activity of SOD and the increase in MDA levels. These results 
suggest that hexarelin relieves oxidative stress induced by Ang-II in 
H9c2 cells. Furthermore, inhibition of hexarelin-induced autophagy 
by 3-methyladenine, significantly (p< 0.05) abolished the anti-oxida-
tive function of hexarelin. Conversely, the application of autophagy 
stimulator rapamycin in H9C2 hypertrophic cells significantly (p< 
0.05) decreased Ang-II induced oxidative stress.

Fig. 6: Hexarelin-induced autophagy promotes cell survival by relieving oxidative 
stress and sustaining ATP production. (A) Representative graph showing the 
content of ATP measured by CellTiter-Glo® Luminescent Assay Kit in H9C2 
cells after the various group treatments (n=3). (B) Representative graph 
showing the levels of SOD activity in H9C2 cells after the various group 
treatments (n=4). (C) Representative graph showing the content of MDA in 
H9C2 cells after the various group treatments (n=4). *P<0.05 versus Ctrl 
group; #P<0.05 versus Ang-II group; $P<0.05 versus Ang-II+Hex group.

2.8. Hexarelin-induced autophagy reversed 
Ang-II-induced depletion of cellular ATP and inhibition 
of cell viability in H9C2 cells
Fig. 5F and 6A showed that, compared to the control group, Ang-II 
significantly reduced (p< 0.05) the cell viability of H9C2 cells 
and markedly (p< 0.05) depleted H9C2 cellular ATP content. But 
hexarelin significantly (p< 0.05) reversed Ang-II induced depletion 
of cellular ATP and inhibition of cell viability in H9C2 cells when 
Ang-II+Hex group was compared to the Ang-II group. Rapamycin 
and 3-MA were then used to investigate hexarelin-induced autoph-
agy’s potential contribution to cell survival and cardioprotection. 
Interestingly, when autophagy was blocked with 3-MA in the Ang-II 
+ Hex + 3-MA group, hexarelin’s reversal of Ang-II induced deple-
tion of cellular ATP and inhibition of cell viability in H9C2 cells 
were all abrogated proving that hexarelin-induced autophagy really 

Fig. 7: Effects of hexarelin on autophagy-related signalling pathways. (A) Repre-
sentative Western blotting images showing the protein expression levels of 
p-mTOR, p-AKT, PTEN and p-PTEN in H9C2 cells after the various group 
treatments. (B-E) Quantitative analysis results showing the protein expres-
sion levels of p-mTOR, p-AKT, PTEN and p-PTEN in H9C2 cells after the 
various group treatments (n=3). *P<0.05 versus Ctrl group; #P<0.05 versus 
Ang-II group.

2.10. The mTOR-signalling pathway is involved in 
hexarelin-induced autophagy
With the aim of dissecting molecular mechanisms and related 
signalling pathways underlying hexarelin-induced autophagy, 
we used Western blotting to explore alterations in mTOR protein 
expression in H9C2 cells since autophagy is known to be negatively 
regulated by the mTOR-signalling pathway (Ravikumar et al. 2010). 
Our results (Fig.7A and 7B) revealed that the phosphorylation of 
mTOR was markedly (p< 0.05) up-regulated by Ang-II but was 
significantly reversed (p< 0.05) and inhibited by hexarelin or rapa-
mycin (an mTOR inhibitor) after H9C2 cells were treated with either 
Ang-II and hexarelin or with Ang-II and rapamycin. This indicates 
that the downregulation of mTOR phosphorylation contributes to 
hexarelin-induced autophagy. Since phosphatase and tensin homo-
logue (PTEN) and AKT are involved in mTOR activity regulation, 
our results (Fig. 7A, 7C, 7D and 7E) also showed that compared to 
the Ctrl group, Ang-II also significantly (p< 0.05) downregulated 
non-phosphorylated PTEN (active form of PTEN) and up-regulated 
phosphorylated PTEN (inactive form of PTEN) with a corre-
sponding increase in AKT phosphorylation. Hexarelin in the Ang-II 
+ Hex group significantly (p< 0.05) reversed all these changes but 
rapamycin as expected had no significant effect on PTEN and AKT. 

3. Discussion
According to the authors’ best knowledge, this study demon-
strated for the first time that hexarelin attenuates cardiomyocyte 
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hypertrophy by the activation of cytoprotective autophagy in 
H9C2 cardiomyocytes via the suppression of the mTOR signalling 
pathway. 
Pathological cardiac hypertrophy, identified as a leading predictor of 
HF (Okin et al. 2004) and numerous cardiovascular diseases has over 
the years been a potential target of anti-cardiac remodelling therapy. 
Although numerous cardiac hypertrophic signalling pathways 
responsible for triggering cardiac hypertrophy exists, the secreted 
peptide, Ang-II in the renin-angiotensin system is a popular factor 
governing the pathophysiology of cardiac hypertrophy and HF. 
According to recent studies, the enhancement of autophagy in the 
myocardium offers cardioprotection whilst the inhibition of auto-
phagy is associated with the development of cardiac hypertrophy 
and HF (Orogo and Gustafsson 2015; Wu et al. 2014). Several 
processes occur during autophagy that finally helps in maintaining 
cellular homeostasis. It normally begins and characterised morpho-
logically by the formation of double membranous cytoplasm based 
vesicles or vacuoles, and the subsequent engulfing of damaged 
organelles and proteins followed by the fusion of lysosomes to 
cargo-loaded autophagosomes to form autophagolysosomes. A 
lysosomal hydrolase that is acidic in nature then breaks down the 
contents engulfed in the autophagosomes. Biochemically, LC3 and 
Beclin-1 are popularly used autophagy specific molecular markers. 
Beclin-1 is a protein that reacts with Bcl-2 to promote autophagy 
and is also related to the inhibition of tumorigenesis and cellular 
proliferation (Liang et al. 1999).
LC3 can exist as LC3-I and LC3-II and are cytoplasmic and 
lipidated respectively. LC3-I refers to newly synthesized and 
cytoplasmic distributed LC3, some of which are converted to form 
LC3-II upon autophagy induction. Converted LC3-II forms struc-
tures that are ring-shaped and tightly bound to autophagosomes 
making LC3-II an autophagosome marker (Galluzzi et al. 2009). 
Our study proved morphologically and biochemically that Ang-II 
inhibits the activation of autophagy in H9C2 cells by decreasing 
the fluorescence intensity of autophagic LC3 protein, decreasing 
the fluorescence intensity of autophagosomes as shown by our 
Cyto-ID staining results, as well as decreasing MDC-positive 
autophagic vacuoles in H9C2 cells. To buttress these results, 
Beclin-1 and LC3 proteins were also down-regulated by Ang-II. 
These observations were also accompanied by the occurrence of 
cardiomyocyte hypertrophy demonstrated by the increase in H9C2 
cell surface area and the increase in protein or mRNA expressions 
of ANP or BNP which are classically related to pathological 
cardiac hypertrophy or remodelling. These observations were 
in consistence with results from studies carried out by Yan et al. 
which demonstrated that Ang-II induced cardiac hypertrophy is 
accompanied by the inhibition of autophagy activation (Yan et al. 
2015). Studies have shown autophagy regulatory actions of ghrelin 
(a known growth hormone secretagogue secreted in the stomach) 
in a variety of tissues (Rodriguez et al. 2012; Yuan et al. 2014) and 
notable among them is a study by Tong et al. (2012), which showed 
the cardioprotective ability of ghrelin against cardiac myocyte 
injury by inducing autophagy. One of our novel findings in this 
study showed that hexarelin (a recognized synthetic mimetic of 
ghrelin), reversed the inhibition of autophagy by Ang-II and 
increased the autophagic response in H9C2 hypertrophic cells 
to inhibit Ang-II induced cardiomyocyte hypertrophy. Hence, 
hexarelin might be a potential negative regulator of pathological 
cardiac hypertrophy through the enhancement of autophagy.
Another major pathological change during cardiac hypertrophy 
apart from cardiac cell enlargement is the apoptotic loss of 
cardiomyocytes (Mann et al. 2012). Previous studies have proved 
hexarelin’s protection of cardiomyocytes from Ang-II-elicited 
apoptosis (Pang et al. 2004; Xu et al. 2005). Our current study 
also confirmed those observations. But since recent investigations 
have implicated the involvement of autophagy in relation to the 
pathogenesis of cardiomyocyte apoptosis and cardiac hypertrophy 
(Gottlieb and Mentzer 2010; Li et al. 2017), we became curious in 
finding out whether our novel finding of autophagy activation by 
hexarelin in this study was also involved in the hexarelin-triggered 
anti-apoptotic action in our H9C2 hypertrophic cells. Interest-

ingly, our data demonstrated for the first time that inhibition of 
hexarelin-induced autophagy by 3-methyladenine not only abol-
ished the anti-hypertrophic function of hexarelin, but also abro-
gated the protection of hexarelin against cardiomyocyte apoptosis 
and decline in cell viability. Conversely, the application of auto-
phagy stimulator rapamycin in H9C2 hypertrophic cells inhibited 
apoptosis, increased cell viability and reduced cell size as well.
Normally, when cardiac cells require energy, adenosine diphos-
phate (ADP) and creatine phosphate (CP) are swiftly converted 
into creatine and adenosine triphosphate (ATP), so ATP is often 
used as a reflection of the heart’s energy balance standards. Various 
events that occur during autophagy are known to contribute to cell 
survival. For instance, the recycling and regeneration of amino and 
fatty acids become valuable sources for the synthesis of ATP (Scia-
rretta et al. 2011). Other autophagic events such as the removal of 
impaired organelles or proteins and the maintenance of organelle 
function including that of the mitochondrion which is involved in 
energy metabolism, clearly play a vital role in cell survival (Levine 
and Klionsky 2004; Yang and Klionsky 2010). This also implies 
that when cardiac autophagy is impaired, damaged proteins and 
organelles such as damaged cardiac mitochondria will be accumu-
lated which will end up triggering reactive oxygen species (ROS) 
production causing oxidative stress. Moreover, the induction 
of cardiac hypertrophy by Ang-II has been proven by numerous 
studies to be associated with the upsurge in mitochondrial ROS 
production and oxidative stress (Dai et al. 2011; Zablocki and 
Sadoshima 2013). Consistent with the findings in our current 
study, the upregulation in autophagic action of hexarelin, abro-
gated Ang-II-induced depletion of cellular ATP content, nullified 
the Ang-II-elicited increase in oxidative stress and altogether led to 
the increase in H9C2 cell survival and cytoprotection.
mTOR is known to be a major signalling pathway that regulates 
autophagy. In the presence of autophagy stimulators such as star-
vation or rapamycin, there is the inactivation of mTOR, which 
causes the formation of autophagy-regulatory complexes that 
signals autophagy induction (Martinet and De Meyer 2009). In 
contrast, increase in mTOR activation results in the attenuation of 
autophagy (Yu et al. 2010). Since PTEN and AKT are involved 
in the regulation of the mTOR signalling pathway, we therefore 
made an assessment of mTOR phosphorylation and its upstream 
signalling molecules PTEN and AKT. Our results demonstrated 
the suppression of mTOR phosphorylation by hexarelin in hyper-
trophic H9C2 cells. The mTOR upstream AKT phosphorylation 
was also suppressed whilst PTEN(the natural inhibitor of AKT) 
was upregulated.
Besides the mTOR classical pathway, so many signalling path-
ways known to participate in the regulation of autophagy has 
been reported (Criollo et al. 2010), hence more studies must be 
done to elucidate potential molecular mechanisms associated with 
hexarelin’s effect on autophagy. 
In summary, we propose that hexarelin plays a novel role of atten-
uating cardiomyocyte hypertrophy and apoptosis via an autopha-
gy-dependent mechanism associated with the suppression of the 
mTOR signalling pathway. Our data provides new insights into the 
mechanisms underlying the possible application of hexarelin in 
anti-cardiac remodelling therapy.

4. Experimental

4.1. Materials
Hexarelin (C47H58N12O6) was purchased from ProSpec (East. Brunswick, NJ, 
USA). AngII (A9525), rapamycin (RAPA, 37094), 3-methyladenine (3-MA, M9281) 
and some reagents related to cell culture like the Dulbecco’s modified Eagle’s medium 
(DMEM) were all obtained from Sigma Co.(St. Louis, MO,USA). Cells in our exper-
iment were treated with hexarelin, AngII, 3-methyladenine and rapamycin at concen-
trations of 1 μM, 10 mM and 100 nM respectively. Secondary antibodies conjugated 
with horseradish peroxidase were purchased from ZSGB-BIO (BJ, China). Anti-β-
actin (#60008-1-AP) and anti-α-actin (#14395-1-AP) antibodies were obtained from 
Proteintech (Wuhan, China). Anti-PTEN (#ab31392) and anti-p-PTEN (#ab131107) 
antibodies were purchased from Abcam (Cambridge, UK). Anti-AKT (#2920), 
anti-p-AKT (#4060S), anti-p-mTOR (#2971S), anti-mTOR (#2983), anti-Beclin-1 
(#3738S), anti-LC3A/B (#12741S) and anti-cleaved-caspase 3 (#9664) antibodies 
were all obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-BNP 
(#DF6902) antibody was purchased from Affinity Biosciences (Cambridge, UK).
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4.2. Cell culture
H9C2 cells were obtained from the Chinese Academy of Sciences (SH, China). 
DMEM high-glucose solution containing 1 % streptomycin or penicillin and 10 % 
fetal bovine serum (FBS)(Gibco) was used in culturing the cells. Incubation of the 
H9C2 cells were done in a humidified incubator of 5 % CO

2
 and

 
95 % air atmosphere 

at 37 °C. After every 2 days there was a change of medium and subculturing of cells. 
Subsequent experiments were performed on the cells after reaching 70-80 % conflu-
ence.

4.3. Cell grouping and drug administration
The H9C2 cells were serum starved for 24 h before being treated and divided into the 
following eight groups: (1) Ctrl group: H9C2 cells were cultured without any other 
treatment for 24 h in the vehicle medium (DMEM). (2) Hex group: Hexarelin (1 μM) 
was added to H9C2 cells and cultured for 24 h. (3) Ang-II group: Ang-II (1 μM) was 
added to H9C2 cells and cultured for 24 h. (4) Ang-II + Hex group: Hexarelin (1 μM) 
and Ang-II (1 μM) were added to H9C2 cells and cultured for 24 h. (5) Ang-II + 3-MA 
group: After treating H9C2 cells with 3-MA (10 mM) for 3 h, Ang-II (1 μM) was 
added and further cultured for 24 h. (6) Ang-II + Hex + 3-MA group: H9C2 cells were 
first treated with 3-MA (10 mM) for 3 h, after which hexarelin (1 μM) and Ang-II (1 
μM) were added and further cultured for 24 h. (7) Ang-II + RAPA group: H9C2 cells 
were first treated with rapamycin (100 nM) for 2 h, after which Ang-II (1 μM) was 
added and further cultured for 24 h. (8) Ang-II + Hex + RAPA group: H9C2 cells were 
first treated with rapamycin (100 nM) for 2 h, after which hexarelin (1 μM) and Ang-II 
(1 μM) were added and further cultured for 24 h.

4.4. Immunofl uorescence assay
After washing H9C2 cells with phosphate-buffered saline (PBS) and fixing with 4 % 
paraformaldehyde on glass slides, permeabilization of the cells was achieved using 
0.1% Triton X-100 (Sigma Co.). Subsequently, slides were blocked using bovine 
serum albumin. Specific primary antibodies (LC3 and α-actin; 1:50) were used in 
immunolabelling the cells at 4 °C overnight. The next day, H9C2 cells were rinsed 
followed by incubation with corresponding secondary antibody (fluorescein-conju-
gated goat anti-rabbit IgG; Rockland Immunochem. Inc., Limerick, PA). After nuclear 
counterstaining with DAPI, cells were finally observed with the use of fluorescence 
objectives equipped-microscope (Olympus IX51, Center Valley, PA).

4.5. Western blot analysis
Harvested H9C2 cells were lysed in RIPA buffer that contains PMSF. BCA Protein 
Assay Kit (Solarbio, BJ, China) was used to quantify the concentration of protein. 
Equal amounts of protein extracted were separated on SDS-polyacrylamide gels 
before being electrophoretically transferred to polyvinylidene fluoride membranes. 
After 5 % non-fat milk was used in blocking the membrane, they were incubated at 
4 °C overnight with primary antibodies for BNP (1:500), β-actin (1:5000), p-PTEN 
(1:500), PTEN (1:500), p-mTOR (1:1000), p-AKT (1:2000), mTOR (1:1000), AKT 
(1:2000), Beclin-1 (1:1000), LC3A/B (1:1000) and cleaved-caspase 3 (1:1000). They 
were then incubated with horseradish peroxidase-conjugated secondary antibodies 
and the immunoreactive bands were subsequently detected with a chemiluminescent 
imaging analysis system. Bio-Rad Quantity One software and Bio-Rad ChemiDoc™ 
EQ densitometer (Bio-Rad Lab., Hercules, CA, USA) were used to quantify the 
immunoreactive band intensity.

4.6. Measurement of ATP concentration
The concentration of ATP in the H9C2 cells were measured using CellTiter-Glo® 
Luminescent Assay Kit (G7571, Promega) by strictly following the instructions of 
the manufacturer. The amount of ATP for each sample was evaluated using an ATP 
calibration curve and normalized expressed as pmol of ATP. 

4.7. Quantitative real-time PCR (qRT-PCR)
Cell to cDNA kit (Bimake, Houston, TX, USA) was used in extracting total RNA 
from the H9C2 cells and were then reverse transcribed into cDNA using PrimeS-
cript™ RT reagent Kit with gDNA Eraser (Takara, Shiga, Japan) by strictly following 
the instructions of the manufacturer. qRT-PCR was performed according to the manu-
facturers’s instructions using SYBR Green qPCR Master Mix (Bimake, Houston, TX, 
USA) with a Roche LightCycler 96. The primers used were synthesized by Shanghai 
Sangon Biological Engineering Technology and Services Co. (Shanghai, China) and 
were as follows: PTEN; Forward: 5’-CCAGGACCAGAGG-AAACC-3’, Reverse: 
5’-GTCATTATCCGCACGCTC-3’, Beclin-1; forward: 5’-CATTACTTACCA-
CAGCCC-3’, reverse: 5’-CATCTGTC-TGGCCAGAC-3’, BNP; Forward: 5’-TGAT-
TCTGCTCCTGCTTTTC-3’, Reverse: 5’-GTGGATTGTTCTGGAGACTG-3’, 
β-Actin; forward: 5’-GAGGCTC-TCTTCCAGCCTTC-3’, reverse: 5’- AGGGTG-
TAAAA-CGCAGCTCA-3’, ANP; forward: 5’-GGCTCCTTCTCCATCACCAA-3’, 
reverse: 5’-CGAGAGCACCTCCATCTCTC-3’. The expression of β-actin served as 
a control for the normalization of the expression of genes of interest. Calculation of 
relative gene expression was done using the 2-ΔΔCt method.

4.8. Measurement of superoxide dismutase and malondialdehyde levels
The H9C2 cultured medium from each group was obtained for measuring malondial-
dehyde (MDA) level and superoxide dismutase (SOD) activity using assay kits from 
Jiancheng Bioengineering Institute (Nanjing, China) following the manufacturer’s 
instructions.

4.9. TUNEL assay
H9C2 cells were stained with terminal deoxynucleotidyl transferase-mediated dUTP 
nick end-labeling (TUNEL) assay with the use of a Cell death detection kit (Roche, 
Mannheim, Germany) following the instructions of the manufacturer whilst DAPI 
was used for nuclear counterstaining. Apoptotic index was calculated as the cell 
number of TUNEL-positive nuclei divided by the total number of cells across the 
viewed areas, and multiplied by 100. 

4.10. Apoptosis assay by annexin V/propidium iodide (PI) staining
Flow cytometry was employed to detect apoptotic rate with the use of FITC annexin 
V apoptosis detection kit I (BD Biosciences, San Jose, CA, USA). Cold PBS was used 
in washing H9C2 cells before being re-suspended at a concentration of 1 × 106 cells/
ml in binding buffer. After transferring 100 μl of the solution into a 5 ml culture tube, 
5 μl of FITC-annexinV and 5 μl of PI were added. The cells were then incubated at 
room temperature in the dark for 15 min before 400 μl of binding buffer was added. 
Flow cytometry was used in measuring and analysing cellular fluorescence. Mod Fit 
LT software (Verity Software House inc, Topsham, ME, USA) was used to determine 
the percentage of apoptotic cells.

4.11. Cell viability assay
Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was used to evaluate cell 
viability. H9C2 cardiomyocytes were seeded at 3×103 cells/well in 96-well plates. 
After the various group treatments and conditions, 10 μl of CCK-8 was added to each 
well followed by 1.5 h incubation period at 37 °C. All wells were then read for optical 
density at 450 nm (A450) using a microplate spectrophotometer (BMG LABTECH, 
Offenburg, Germany).

4.12. Monodansylcadaverine (MDC) assay for autophagic vacuole 

visualization
MDC is a fluorescent compound identified to be a unique tracer of autophagic vacu-
oles (Munafó and Colombo 2001). After culturing and various group treatments of 
H9C2 cardiomyocytes on coverslips, they were washed thrice and fixed for 30 min 
with PBS and 4 % paraformaldehyde respectively. Thereafter, H9C2 cardiomyocytes 
were incubated with 10mmol/L of monodansylcadaverine (MDC, Sigma) in PBS for 
30 min at 37 °C to label the autophagic vacuoles with MDC. Fluorescence microscopy 
(Olympus, XSZ-D2) was then used in analyzing the autophagic vacuoles. 

4.13. Cyto-ID staining for measurement of autophagic fl ux
The selective staining of autophagosomes by Cyto-ID® Autophagy Detection Kit 
(#ENZ-51031-K200, Enzo Life Sciences) permits the evaluation of autophagic flux. 
H9C2 cardiomyocytes were seeded in 96-well plates and cultured at 37 °C and 5 % 
CO

2
 in a humidified incubator. Cell density was kept below 1 x 103 cells/well. After 

the various group treatments, 1 μl of Cyto-ID green dye was added to the 1 ml cell 
culture medium and well mixed. It was then incubated for 30 min under standard cell 
culture conditions at 37 ºC and 5 % CO

2
 in the dark. After the staining procedure, the 

Cyto-ID containing medium was washed away and a fluorescence microplate reader 
was used to detect the fluorescence intensity as a reflection of autophagic flux level. A 
confocal laser scanning microscope (Nikon, Tokyo, Japan) was then used to observe 
the cells. 

4.14. Statistical analysis
Statistical software SPSS 21.0 for windows was used for the statistical analysis. All 
data were presented as mean±standard error of the mean (SEM). One-way analysis of 
variance (ANOVA) followed by the Student-Newman-Keuls test was used for statis-
tical analyses of three or more groups. Statistically significant differences between 
two groups were determined by conducting the Student t-test. P-values that were < 
0.05 were considered to be statistically significant. GraphPad Prism was used for 
curve fitting. 
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