
239

Introduction

Ghrelin is a peptide and hormone composed of 28 
amino acids (1). It is an endogenous ligand of the growth 
hormone secretory hormone receptor, which can regulate 
energy balance and body weight balance (2,3). Recent 
research has provided substantial evidence that the cardio-
vascular system is a primary target of ghrelin (4). Ghrelin 
has a variety of cardiovascular effects, including myocar-
dial contractility enhancement, vascular endothelial pro-
tection and improvement of myocardial energy metabo-
lism (5). Previous studies have shown that the effects of 
ghrelin in the cardiovascular system may be related to its 
anti-inflammatory, antioxidant, anti-myocardial and en-
dothelial cell apoptosis (6, 7). However, the cellular and 
molecular mechanisms of ghrelin induced by hypoxia/
reoxygenation are still unclear.

A large number of evidences show that oxidative stress 
and inflammation promote apoptosis, and are related to 
apoptosis. Apoptosis of cardiomyocytes is related to car-
diovascular disease (8). Hence, it holds immense impor-
tance to investigate the molecular mechanisms underlying 
cardiomyocyte survival and apoptosis (9) Autophagy is a 
self-digestive process in which protein aggregates, impai-
red organelles, and lipid droplets are segregated into auto-
phagosomes (10, 11). The fusion of autophagosome and 
lysosome results in the degradation of its contents (12). Mi-

crotubule-associated protein 1 light chain 3 (LC3) serves 
as a crucial regulator of autophagy (13). LC3 governs key 
phases of the autophagy process, including the initiation of 
autophagosome formation, the identification of autophagic 
cargo, and the fusion of autophagosomes with lysosomes 
(14-16). The conversion of LC3BI to LC3BII through pro-
teolysis and lipidation is a recognized indicator of mam-
malian autophagy (14-16). Another sign of autophagy is 
the presence of dead body 1 (P62), which is subjected to 
degradation through the autophagic process (17). 

Amp-activated protein kinase (AMPK) serves as a 
crucial metabolic energy sensor found in eukaryotic or-
ganisms (18). It regulates cell metabolism and maintains 
energy homeostasis by measuring the intracellular ratio of 
AMP to ATP. UC-51 like autophagy activating kinase 1 
(ULK1) is a serine/threonine kinase present in mammals 
(19, 20). Functioning as a pivotal component of the auto-
phagy initiation complex, ULK1 is capable of orchestra-
ting classical autophagy processes (21). The classical auto-
phagy reaction refers to the autophagy lysosomal pathway 
mediated by a series of autophagy-related proteins, which 
encapsulates abandoned or damaged proteins and orga-
nelles in autophagy, and then combines with lysosomes 
to degrade proteins and organelles in lysosomes (22, 23). 
Previous reports have shown that AMPK is a ULK1 inte-
racting protein. AMPK has the capacity to phosphorylate 
ULK1 at a minimum of three distinct sites, and the activa-
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tion of AMPK can bind to regulatory proteins and enhance 
the expression of ULK1-related proteins (24).

In this study, H9C2 cell apoptosis was induced by hy-
poxia/reoxygenation (H/R). Here, we examined whether 
ghrelin could activate the AMPK/ULK1 pathway and en-
hance autophagy.

Materials and Methods

Cell culture
We purchased the H9C2 cells from Beijing Beina Chuan-

glian Biotechnology Research Institute (BNCC295075) 
and cultured them in DMEM (Cat#31600, Solarbio, Bei-
jing, China) + 10% FBS (Cat#S9030, Solarbio, Beijing, 
China) + 100 U/ml penicillin and 100 U/ml streptomycin 
medium at 37°C. 

Cell transfection
The day prior to transfection, the cells were subjected 

to subculturing and cultivated within a 6-well plate to faci-
litate lentivirus transfection (25). Lentivirus plasmid was 
constructed by Shanghai Jikai Biotechnology Co., Ltd. 
(Shanghai, China) (multiplicity of infection=100). Po-
lybrene (Cat#X2351, Inovogen, Carlsbad, CA, USA) at a 
concentration of 10mg/ml was added to enhance the trans-
fection efficiency. After 12 h, the stable transfection cell 
line was established by centrifugation. 72 h after transfec-
tion, the cells were collected for further treatment. 

Cell groups
Based on distinct treatment protocols, the H9C2 cells 

were categorized into 4 separate groups: (A): Control group; 
(B) H/R group: The H9C2 cardiomyocyte model was esta-
blished by H/R for 5 h (Condition: 1% O2, 94% N2 and 5% 
CO2) and reoxygenation for 1 h (26). (C) Ghrelin overex-
pression group (Ghrelin): the expression vector of ghrelin 
was transfected before H/R induction, F: 5’-TGCTCTA-
GAATGCCCTCCCCAGGGACCGTCT-3’; R: 5’-CGG 
GATCCTCACTTGTCGGCTGGGGCCTCTT-3’. (D) 
Negative control group (NC): Ghrelin empty vector was 
transfected before H/R induction. 

To further study the mechanism of ghrelin alleviating 
H9C2 myocardial injury induced by H/R, we added com-
pound C, an AMPK inhibitor. In Ghrelin + AMPK inhi-
bitor compound C (Ghrelin+Compound C) group, Ghre-
lin overexpression vector was transfected before H/R 
induction, and cells were treated with 5 μM Compound C 
(Cat#ab120843, Abcam, Cambridge, MA, USA) for 24 h 
(27).

RT-PCR
After the H/R model was constructed, the cells of each 

group were collected. RNA of each group was extracted 
by TRIzol Kit (Cat#15596-018, Life Technology, Gai-
thersburg, MD, USA), following the provided instructions. 
After the RNA concentration was detected, the reverse 
transcription Kit (Qiagen, Duesseldorf, Germany) was 
used for reverse transcription. Mastercycler® Nexus X2 
(light cycler96, Roche, Basel, Switzerland) was used for 
qRT-PCR to obtain the cycle threshold of each group. The 
reaction conditions were as follows: initial denaturation at 
94°C for 3 minutes; denaturation at 94°C for 30 seconds, 
followed by primer annealing at 60°C for 30 seconds, and 
extension at 72°C for 20 seconds. This cycle was repeated 

for 40 times. The 2-ΔΔCT method was used for quantitative 
calculation. 

The primer sequence was as follows: Ghrelin Forward: 
5′-GGTGTCTTCAGCGACTATCTGC-3′; Reverse: 
5′-TCCTCCTCTGCCTCTTCTGC-3′. β-actin Forward: 
5′-TGTCACCAACTGGGACGATA-3′; Reverse: 5′-GG-
GGTGTTGAAGGTCTCAAA-3′

CCK8 assay
H9C2 cells in the logarithmic growth phase were enzy-

matically detached using trypsin and subsequently quanti-
fied. Subsequently, the cell concentration was adjusted to 
5×104 cells/ml and then seeded into a 96-well plate.100 μl 
H9C2 cells (5000 cells/well) were added and incubated in 
5% CO2 incubator at 37°C for 12 h (n = 3). Discarding the 
culture medium, cells were incubated with 10 μl CCK8 
(Cat#C0039, Beyotime, Shanghai, China) in 5% CO2 in-
cubator at 37°C for 4 h. The absorbance (A) of each well 
was measured at 490 nm wavelength by HBS-1096A mi-
croplate reader (Nanjing Detie Experimental Equipment 
Co., Ltd., Nanjing, China), and the cell survival rate was 
calculated. Survival rate (%) = (Aexperiment - Ablank)/(Acontrol - 
Ablank)×100.

Flow cytometry
H9C2 cells in the logarithmic growth phase were enzy-

matically detached using trypsin and subsequently quan-
tified. Subsequently, the cell concentration was adjusted 
to 2×105 cells/ml and then seeded onto a 6-well plate. A 
volume of 500 μl of H9C2 cells containing 1×105 cells per 
well was introduced into each well and incubated in 5% 
CO2 incubator for 12 h at 37°C. Apoptosis was assessed 
using flow cytometry. The experimental procedure was 
strictly in accordance with the Annexin V-APC/PI double 
staining cell apoptosis detection kit (Cat#KA3807, Ab-
nova, Taipei, Taiwan, China). The cells were trypsinized 
and subsequently centrifuged at 1000 rpm, 4°C for 10 
minutes to gather the cellular pellet. Discarded superna-
tant and added PBS buffer to wash cells twice. The cells 
were subjected to centrifugation at 1000 rpm, 4°C for 10 
minutes. Following the removal of the supernatant, 200 μl 
1×binding buffer and 10 μl Annexin V-APC were added 
to cells. The cells were mixed gently and reacted at room 
temperature for 15 min. Then 300 μl 1×binding buffer and 
5 μl PI were added to cells. The flow cytometry (Gallios; 
Beckman Coulter, Inc, Brea, California, USA) was used 
within 1 h (n=3).

TUNEL
The procedures were meticulously executed in strict 

accordance with the guidelines provided by the one-step 
TUNEL cell apoptosis detection kit (Cat#C1090, Beyo-
time, Shanghai, China). The specific methods are as fol-
lows: 0.5 ml H9C2 cells (1×106 cells/ml) were cultured on 
a climbing tablet in 6-well-plate. After the adherent cell 
growth, 1 ml 4% polyformaldehyde (Cat#P0099, Beyo-
time, Shanghai, China) were added to each well for 30 
min. Then the cells were rinsed once with PBS, added 500 
μl 0.3% Triton-X PBS solution and followed by incuba-
tion at room temperature for 5 minutes. Following a single 
wash with PBS, 100 μl TUNEL solution (TdT enzyme 5 
μl, Fluorescent marker solution 45 μl and TUNEL test so-
lution) were added to each well. The TUNEL test solution 
was shaken gently to cover the climbing tablets evenly, and 
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17.0 statistical software (SPSS Inc., Chicago, IL, USA) 
for analysis. The outcomes of the data analysis were re-
ported as mean ± standard deviation (mean ± SD). One-
way ANOVA was used for data analysis among multiple 
groups. Tukey test was used in comparison between 
groups with P<0.05 as the statistically significant.

Results

Effects of ghrelin on the survival and apoptosis of H9C2 
cells after H/R injury

As shown in Figures 1A and B, the expression of ghre-
lin within the H/R group was notably lower compared to 
the control group (P<0.05). In contrast to the H/R and NC 
groups, the expression of ghrelin was markedly elevated 
within the Ghrelin group (P<0.01). The CCK-8 experiment 
demonstrated that in contrast to the control group, the cell 
survival rate in both the H/R and NC groups exhibited a 
remarkable decrease (P<0.01) (Figure 1C). In comparison 
to the H/R and NC groups, the survival rate of H9C2 cells 
transfected with the ghrelin lentiviral vector exhibited a 
remarkable increase (P<0.05) (Figure 1C). As depicted in 
Figure 1D, following H/R injury, there was a remarkable 
increase in the apoptosis rate of H9C2 cells when com-
pared to the control group (P<0.01). After transfection of 
ghrelin vector, the H9C2 cells apoptosis rate decreased 
significantly (P<0.01), which was remarkably different 
from that of H/R group and NC group. Consistent with the 
results of flow cytometry, the TUNEL fluorescence assay 
revealed a substantial increase in the apoptotic index wit-
hin the H/R group compared to the control group (P<0.01) 
(Figure 1E). Compared with H/R group and NC group, 
the apoptotic index of ghrelin-transfected cells decreased 
significantly (P<0.01) (Figure 1E).

incubated in dark for 60 min at 37°C. Subsequent to three 
rounds of washing with PBS, the sealing liquid seal was 
quenched with anti-fluorescence quenching and observed 
under BK6000 fluorescence microscope (Chongqing Aote 
Optical Instrument Co., Ltd., Chongqing, China). Five 
areas were randomly selected for photo taking, and Image 
J 1.49p software processing system was used to analyze 
(n=3). Apoptotic index = (Number of apoptosis-positive 
cells/Total cell number)×100%

ELISA
The expression of pro-inflammatory factors secreted 

by H9C2 cells was detected in accordance with the ins-
tructions of ELISA kits (Nanjing Jiancheng Bioenginee-
ring Institute, Nanjing, China). H9C2 cells (1×105 cells/
ml) were inoculated into 24-well-plate, 1 ml/well. After 
transfection of ghrelin overexpression lentiviral vector, the 
cells were treated with COV08-0064 for 3 h. The superna-
tant was collected and stored at -20°C. The expression of 
TNF-ɑ (H052), IL-6(H007) and IL-1β (H002) were detec-
ted by ELISA (n=3).

Western blotting
The entire protein content was extracted utilizing RIPA 

lysis buffer (Cat#P0013B, Beyotime, Shanghai, China). 
The protein concentration was measured by BCA Kit 
(Cat#PC0020, Solarbio, Beijing, China). 40 μg protein was 
used in 10% SDS-PAGE electrophoretic separation. The 
electrophoresis time is about 1~1.5 h. Subsequently, the 
isolated proteins were transferred onto a polyvinylidene 
fluoride (PVDF) membrane (Cat#XY-f1136, Xinyu Biol-
ogy). TBST buffer containing 5% skimmed milk powder 
was sealed at room temperature for 2 h, and the membrane 
was washed with TBST buffer for 3 times (5 min each time). 
Added Rabbit anti-rat LC3B (1:1000, ab221794, Abcam, 
Cambridge, MA, USA), Beclin-1 (1:1000, 3495s, Cell 
Signaling Technology, Danvers, MA, USA), P62 (1:1000, 
orb228027, Biorbyt, Cambridge, UK), phospho-AMPK 
(1:800, ab23875, Abcam, Cambridge, MA, USA), AMPK 
(1:1000, ab207442, Abcam, Cambridge, MA, USA). phos-
pho-ULK1 (1:900, ab203027, Abcam, Cambridge, MA, 
USA), ULK1 (1:1000, ab240916, Abcam, Cambridge, 
MA, USA), phospho-AMBRA1 (Ser52) (1:1000, ABC80, 
Merck Millipore, Billerica, MA, USA), AMBRA1 (1:800, 
ab69501, Abcam, Cambridge, MA, USA), β-actin (1:1500, 
ab8227, Abcam, Cambridge, MA, USA), IncubateD over-
night at 4°C. Following that, the membranes underwent 
three wash cycles using TBST (each for 5 minutes). The 
Goat anti-rabbit IgG H-L (HRP) (1:3000, ab205718, Ab-
cam, Cambridge, MA, USA) was added and incubated at 
room temperature for 2 h. The membranes were washed 3 
times with TBST (5 min each time) and placed in the che-
miluminescence reagents (Cat#W028-2-1, Nanjing Insti-
tute of Bioengineering, Nanjing, China) for 1 min under 
the condition of dark. The gel scanning imaging system 
(K8160, Beijing Ke Chuang Ruixin Biotechnology Co., 
Ltd., Beijing, China) was used. The grayscale intensity of 
the bands was quantified using the Image J 1.49p software 
processing system and made the comparison involved as-
sessing the ratio of each specific target band in relation to 
the internal reference band (n=3).

Statistical analyses
Adopted Statistic Package for Social Science (SPSS) 

Figure 1. The effects of ghrelin on the survival and apoptosis of H9C2 
cells after H/R injury. (A and B) The expression of ghrelin was detect-
ed by qRT-PCR and WB. (C) CCK8 was used to analyze the effect of 
ghrelin on the survival rate of H9C2 cells after H/R. (D) The effects of 
ghrelin on H9C2 cell apoptosis after H/R were analyzed by flow cy-
tometry and TUNEL fluorescence. The magnification is 400× (n = 3). 
Compared with control group, *P<0.05, **P<0.01; Compared with 
H/R group, #P<0.05, ##P<0.01; Compared with NC group, &P<0.05, 
&&P<0.01.
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Ghrelin inhibits the expression of inflammatory factors 
in H9C2 cells after H/R injury

As depicted in Figure 2, the concentrations of IL-6, IL-
1β, and TNF-ɑ within the H/R group were notably eleva-
ted in comparison to the control group (P<0.01). In com-
parison to the H/R group and NC group, the transfection 
of the ghrelin vector led to a remarkable downregulation in 
pro-inflammatory factor expressions (P<0.05).

Effects of ghrelin on autophagy of H9C2 cells after H/R 
injury

In comparison to the control group, both the H/R 
group and the NC group exhibited a remarkable increase 
in Beclin-1 expression and the ratio of LC3BII/LC3BI, 
alongside a remarkable decrease in the expression of P62 
(P<0.05) (Figure 3). After transfection of ghrelin overex-
pression vector, Beclin-1 and LC3BII/LC3BI expressions 
in H/R group and NC group were remarkably increased, 
while P62 expression was remarkably decreased (P<0.01).

Effects of ghrelin on AMPK/ULK1 pathway in H9C2 
cells after H/R injury

As shown in Figure 4, The phosphorylated forms of 
AMPK, ULK1 and AMBRA1 were activated in H/R 
group, and the expressions of p-AMPK, p-ULK1 and p-
AMBRA1 were markedly elevated in comparison to the 
control group (P<0.01). After transfection of ghrelin len-
tiviral vector into H9C2 cells, the H/R injury model was 
established, and the expression of the above proteins was 

further promoted (Figure 4).

Ghrelin activates AMPK/ULK1 pathway, promotes 
cell survival and inhibits apoptosis

As depicted in Figure 5A, the survival rate within the 
H/R group exhibited a noteworthy increase, while conver-
sely, that of the Ghrelin group experienced a significant 
decrease (P<0.01) by adding AMPK inhibitor on the basis 
of ghrelin. As depicted in Figure 5B, the apoptosis rate 
of H9C2 cells was notably lower compared to the H/R 
group (P<0.01) and remarkably higher compared to Ghre-
lin group (P<0.05), this observation aligned with the out-
comes obtained from the TUNEL assay (Figure 5C). As 

Figure 3. The effects of ghrelin on autophagy of H9C2 cells after H/R 
injury. Western Blotting was used to analyze the effect of ghrelin on 
the expression of LC3BII/LCBI, Beclin-1 and P62 of H9C2 cells after 
H/R injury (n = 3). Compared with control group, *P<0.05, **P<0.01; 
Compared with H/R group, #P<0.05, ##P<0.01; Compared with NC 
group, &P<0.05, &&P<0.01.

Figure 2. The effects of ghrelin on the expression of inflammatory 
factors in H9C2 cells after H/R injury. The effects of ghrelin on the 
expression of inflammatory factors (TNF-ɑ, IL-6 and IL-1β) were 
analyzed by ELISA (n = 3). Compared with control group, *P<0.05, 
**P<0.01; Compared with H/R group, #P<0.05, ##P<0.01; Compared 
with NC group, &P<0.05, &&P<0.01.

Figure 4. Effects of ghrelin on AMPK/ULK1 pathway in H9C2 cells 
after H/R injury. Western Blotting was used to analyze the effect of 
ghrelin on the expression of p-AMPK, AMPK, p-ULK1, ULK1, p-
AMBRA1 and AMBRA1 in AMPK/ULK1 pathway of H9C2 cells 
after H/R injury (n = 3). Compared with control group, *P<0.05, 
**P<0.01; Compared with H/R group, #P<0.05, ##P<0.01; Compared 
with NC group, &P<0.05, &&P<0.01.

Figure 5. Ghrelin activated AMPK/ULK1 pathway, promoted cell 
survival and inhibited apoptosis. (A) CCK8 assay was used to detect 
cell survival. (B and C) flow cytometry and TUNEL fluorescence 
were used to analyze cell apoptosis. The magnification is 400×. (D) 
ELISA kit were used to detect the expressions ofIL-1β, IL-6 and TNF-
αin cells. Compared with control group, *P<0.05, **P<0.01; Com-
pared with H/R group, #P<0.05, ##P<0.01; Compared with Ghrelin 
group, ^P<0.05, ^^P<0.01.
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shown in Figure 5D, ghrelin inhibited the inflammatory 
response induced by H/R, while IL-6, IL-1β and TNF-α 
levels were remarkably higher than that in ghrelin group 
when given ghrelin and Compound C in the same time 
(P<0.05).

Ghrelin promotes autophagy by activating AMPK/
ULK1 pathway

As depicted in Figure 6, when compared to the ghrelin 
group, LC3BII/LCBI and Beclin-1 expression levels wit-
hin the Ghrelin+Compound C group exhibited a notable 
decrease. Conversely, P62 expression was remarkably 
increased (P<0.05).

Ghrelin activates AMPK/ULK1 pathway 
As depicted in Figure 7, p-AMPK, p-ULK1, and 

p-AMBRA1 expressions were markedly elevated wit-
hin the Ghrelin group when compared to the H/R group 
(P<0.01). After being given ghrelin and compound C, the 
expressions of the above proteins were inhibited, which 
was remarkably different from those of the Ghrelin group 
(P<0.05).

Discussion

In our study, H9C2 cells were transfected with ghrelin 
overexpression lentiviral vector and the hypoxia/reoxy-
genation H9C2 model was constructed. Previous studies 
have shown that ghrelin can stimulate growth hormone 
secretion, and regulate appetite and metabolism (28). 
Ghrelin also plays a protective role in some cardiovascular 
diseases (29). Nonetheless, the precise cellular and mole-
cular mechanisms underlying the cardioprotective effects 
of ghrelin remain incompletely understood. Previous stu-
dies have proved that ghrelin can reduce oxidative damage 
of the stomach, brain, blood vessels and liver (30-32). 
In this study, we found that H/R injury decreased ghre-
lin expression. Ghrelin overexpression can significantly 
promote cell survival, reduce apoptosis, activate AMPK, 
ULK1 and AMBRA1, promote autophagy, increase LC-
3BII and Beclin-1 expressions, and reduce P62 expression 
and inflammatory response.

Previous studies have shown that ghrelin can induce au-
tophagy in neurons and hepatocytes by activating AMPK 
(33). AMPK serves as a vital intracellular energy sensor 
(34). The AMPK/ULK1 signaling pathway is capable of 
initiating autophagy in response to oxidative stress and 
inflammation (35). In this study, we found that ghrelin 
overexpression was up-regulated during ghrelin-induced 
autophagy in H9C2 cells. In addition, the inactivation of 
AMPK inhibited this activity. Our data indicates that ghre-
lin has the capability to trigger autophagy, increase LC-
3BII/LC3BI and Beclin-1 expression, and decrease P62 
expression. Inhibition of AMPK resulted in the enhance-
ment of these proteins-induced effects. Furthermore, we 
delved into the mechanism by which AMPK, ULK1, and 
AMBR1 regulate the autophagy induced by ghrelin. The 
relationship between AMPK and autophagy has been do-
cumented in prior research studies. For example, AMPK 
regulates autophagy through deacetylation of mTOR, ATG 
and FoxO1 proteins and the SIRT1/AMPK signaling pa-
thway (36). 

ATG proteins hold significant importance in the auto-
phagic process. The deacetylation of ATG7, ATG5, and 

LC3 (ATG8) facilitated by AMPK is crucial for trigge-
ring autophagy in response to starvation (37). ATG5 and 
Beclin-1 (yeast ATG6 homolog) are two autophagy-rela-
ted proteins essential for autophagy formation. They not 
only promote autophagy formation but also induce apop-
tosis (16). They are considered as molecular switch pro-
teins regulating autophagy and apoptosis. P62 (SQSTM 
1 protein) can play the role of autophagy and apoptosis in 
tumor cells. P62 consists of four domains: PB1, TB, LIR 
and UBA. The LIR domain is responsible for binding to 
ATG8/LC3 (38). Hence, we hypothesize that the AMPK/
ULK1 pathway might be involved in ghrelin-induced au-
tophagy via the deacetylation of LC3. In this study, we 
found ghrelin activated the AMPK/ULK1 pathway and 
enhanced autophagy. 

Our experiments confirm that ghrelin can inhibit H9C2 

Figure 6. Ghrelin activated AMPK/ULK1 pathway to promote auto-
phagy. Western Blotting was used to analyze autophagy-related pro-
teins’ expressions (LC3BII/LCBI, Beclin-1 and P62) (n = 3). Com-
pared with control group, **P<0.01; Compared with H/R group, 
#P<0.05, ##P<0.01; Compared with NC group, &P<0.05, &&P<0.01. 
Compared with the Ghrelin group, ^P<0.05, ^^P<0.01.

Figure 7. Ghrelin activated AMPK/ULK1 pathway. Western Blot-
ting was used to analyze autophagy-related proteins’ expressions (p-
AMPK, AMPK, p-ULK1, ULK1, p-AMBRA1 and AMBRA1) (n = 
3). Compared with control group, *P<0.05, **P<0.01; Compared with 
H/R group, #P<0.05, ##P<0.01; Compared with NC group, &P<0.05, 
&&P<0.01. Compared with the Ghrelin group, ^P<0.05, ^^P<0.01.
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cardiomyocyte apoptosis and inflammatory response 
induced by hypoxia/reoxygenation, activating AMPK/
ULK1 pathway and autophagy.
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