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Endogenous ligand of the APJ receptor Apelin-13 inhibits cell apoptosis and oxidative
stress of cardiomyocytes
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ARTICLE INFO ABSTRACT

Original paper The present study aimed to investigate the effect of Apelin-13 on nicotine-induced injuries of cardiomyocytes.
To establish an H9¢2 cell model of nicotine-induced apoptosis, H9¢2 cells were divided into the control group,
Article history: nicotine group, and Apelin-13+nicotine group. The apoptosis rate of H9c2 cells was then detected by flow cy-
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tometry. Later, the expressions of indicators related to apoptosis, oxidative stress, and inflammatory responses
were measured via Western blotting and quantitative real-time polymerase chain reaction (QRT-PCR). The
results revealed that the expression of B-cell lymphoma-2 (Bcl-2) was remarkably down-regulated (P<0.01),

while the apoptosis rate and the expressions of apoptosis-related proteins (Bcl-2-associated X protein (Bax)
Keywords: and cysteinyl aspartate specific proteinase-3 (Caspase-3)) were significantly up-regulated (P<0.01) in the nico-
tine group. However, the variation trends of Bcl-2, Bax, and Caspase-3 in the Apelin-13-+nicotine group were
Apelin-13, nicotine, H9c2, apop-
tosis, PI3K/AKT signaling pa-

thway

contrary to those in the nicotine group (P<0.01). Additionally, the expressions of interleukin-1 beta (IL-1p)
and tumor necrosis factor-alpha (TNF-a) obviously declined (P<0.01), while those of superoxide dismutase
1 (SOD1) and SOD2 dramatically rose in the Apelin-13+nicotine group (P<0.01). Furthermore, Apelin-13
treatment evidently elevated the expressions of phosphorylated protein kinase B (p-AKT) and phosphorylated
phosphatidylinositol 3-kinase (PI3K). In conclusion, Apelin-13 inhibits nicotine-induced apoptosis and oxida-

tive stress in H9¢2 cells via the PI3K/AKT signaling pathway.
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Introduction

In recent years, the morbidity and mortality of car-
diovascular diseases have been ranked first in the world.
According to epidemiological studies, smoking is a major
risk factor for cardiovascular events (1).

Nicotine, a key ingredient in cigarettes, is one of the
contributors to cardiovascular disease and respiratory di-
seases (2). Related studies have shown that nicotine can
trigger cardiomyocyte apoptosis (3), and cardiomyocyte
apoptosis has been recognized as the mechanism under-
lying the development of cardiomyopathy and heart failure
(4). It has also been demonstrated by in vitro studies that
nicotine can cause myocardial cell dysfunction, accompa-
nied by significant interstitial fibrosis (5). In recent years,
numerous studies have shown that nicotine aggravates the
inflammatory response in myocardial injury, oxidative
stress, apoptosis, and myocardial fibrosis (6). However,
the mechanism underlying nicotine-induced injuries of
cardiomyocytes remains unclear.

Apelin-13, an endogenous ligand of the Apelin recep-
tor (APJ), is highly expressed in the heart. The Apelin/APJ
system plays a crucial regulatory role in the pathophysio-
logy of cardiovascular diseases, and the Apelin/APJ axis
can be a novel therapeutic target for cardiovascular di-
seases (7). As reported, Apelin-13 exerts vasodilatory and
antihypertensive effects, so it can be used to regulate blood

pressure (8). In addition, there is evidence that exogenous
Apelin-13 can ameliorate cardiac dysfunction and remo-
deling in rats with heart failure (9).

The phosphatidylinositol-3-kinase (PI3K) pathway is
involved in the regulation of cardiovascular diseases (10).
PI3Ks are phosphorylated upon receptor tyrosine kinase-
dependent activation, and the intensity of PI3K activation
is regulated by phosphatase and tensin homolog deleted on
chromosome ten (PTEN). PDKI, a key element of signal
transduction, activates the protein kinase B (AKT), and the
activated AKT then regulates the activation of downstream
effector molecules, including mammalian target of rapa-
mycin (mTOR) and subsequent P70S6K, as well as other
targets such as GSK3, WEE1 or BAD (11). In addition,
the PI3K pathway regulates cellular activities such as pro-
tein synthesis, cell cycle, and apoptosis. PI3Ks are com-
posed of a heterodimer between a p110 catalytic subunit
and a p85 regulatory subunit (12). Recent studies have
manifested that the Apelin/APJ system regulates the car-
diomyocyte cycle by interacting with different pathways,
including the PI3K/AKT signaling pathway, the cysteinyl
aspartate specific proteinase-3 (Caspase-3) pathway, and
the autophagy pathway (13). In this study, therefore, the
effects of Apelin-13 on nicotine-induced injuries of H9c2
cells and the underlying molecular mechanism were inves-
tigated.
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Materials and Methods

Cell culture

The H9c2 cell line was purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China), and
routinely cultured in Dulbecco's Modified Eagle's Medium
(DMEM; Life Technology, Wuhan, China) containing
10% fetal bovine serum (FBS; Life Technology, Wuhan,
China) and 1% streptomycin in a cell culture incubator.

Cell grouping

Apelin-13 and nicotine were bought from Sigma (St.
Louis, MO, USA).To explore the effect of Apelin-13 on
nicotine-induced apoptosis, H9c2 cells were divided into
the control group, nicotine group, and Apelin-13-+nicotine

group.

Drug treatment

HO9c¢2 cells in the logarithmic growth phase were trea-
ted with drugs until cell confluence reached about 60%.
Then the cells were pre-incubated with Apelin-13 (100
umol/L) for 2 h and stimulated by nicotine (10 pmol/L)
for 48 h. The concentration was determined according to
the method described in a previous report (¥,

Cell Counting Kit-8 (CCK-8) assay

A CCK-8 () assay was performed to measure the via-
bility of H9¢2 cells in different groups according to the
kit instructions. Specifically, H9c2 cells in the logarithmic
phase were inoculated into 96-well plates at a density of
5x10%well and cultured with different concentrations of
Apelin-13 added into the plates. The next day, the stop
solution (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) was added to each group at 1 h, 2 h, 4 h,
and 8 h, respectively. Finally, the optical density (OD) of
each well was measured at a wavelength of 450 nm.

Western blotting assay

HO9c¢2 cells in the logarithmic growth phase were trea-
ted with drugs until about 60% confluence. After 24 h,
the cells were collected and lysed. Next, the total protein
was extracted, and its concentration was determined by
a bicinchoninic acid (BCA) assay (Pierce, Rockford, IL,
USA). The extracted proteins (20 pg) were separated on
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gels and subsequently transferred
to a polyvinylidene difluoride membrane (Millipore, Bil-
lerica, MA, USA). Later, the membranes were incubated
with antibodies against superoxide dismutase 1 (SOD1)
(1:3000), SOD2 (1:3000), B-cell lymphoma-2 (Bcl-2)

Table 1. RT-PCR primers.

(1:2000), Bcl-2-associated X protein (Bax) (1:2000), Cas-
pase-3 (1:3000), interleukin-1 beta (IL-1f) (1:5000), tu-
mor necrosis factor-alpha (TNF-a) (1:500), PI3K (1:500),
phosphorylated (p)-PI3K (1:1000), AKT (1:2000), p-AKT
(1:2000), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:5000) (Abcam, Cambridge, MA, USA) over-
night at 4°C. After routine washing, the membranes were
incubated with secondary antibodies. The ratio of OD, .«
bands)/ (internal reference bands) was analyzed m a gel lmage prO-
cessing system. Lastly, a grayscale analysis was perfor-
med using ImagelJ and a statistical analysis was performed
on Prism.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

The total RNA was extracted from each group of cells
by TRIzol reagent (Sigma, St. Louis, MO, USA). Next,
complementary deoxyribose nucleic acid (cDNA) was
reversely transcribed using the PrimeScript RT reagent kit
(Takara Biotechnology Co., Ltd., Dalian, China). The PCR
amplification conditions were set as follows: 38 cycles of
denaturation at 95°C for 5 min, at 95°C for 5 s, at 60°C for
35 s, and at 72°C for 20 s, followed by extension at 72°C
for 5 min. The expression level of target genes was calcu-
lated by the 224 method. Primers were designed using
Primer 6.0 software, which are listed in Table 1.

Enzyme-linked immunosorbent assay (ELISA)

After counting, H9¢2 cells were seeded into 12-well
plates at 10/well and received different treatments in the
three groups. Later, the supernatants were collected, and
the corresponding indicators were detected by an ELISA
kit (Elabscience, Wuhan, China).

SOD concentration detection

HO9c2 cells were counted, and an equal number of cells
were cultured in a culture dish. After separate treatment in
each group, the cells were lysed using a lysis buffer, and
the protein concentration was detected using a BCA Kkit.
Following the same multiple dilution, the SOD concentra-
tion was examined using the SOD assay kit (Elabscience,
Wuhan, China), and the OD value was determined.

Lactate dehydrogenase (LDH) concentration detection
In each group, the supernatant was collected, and the

LDH concentration was measured according to the instruc-

tions of the LDH assay kit (Elabscience, Wuhan, China).

Immunofluorescence
HO9c2 cell slides seeded in 24-well plates were washed

Gene name Forward (5'>3") Reverse (5'>3")

Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG
Bcl-2 GTCGCTACCGTCGTGACTTC CAGACATGCACCTACCCAGC
GPX1 ATCATATGTGTGCTGCTCGGCTAGC TACTCGAGGGCACAGCTGGGCCCTTGAG
GPX2 GCCTCAAGTATGTCCGACCTG GGAGAACGGGTCATCATAAGGG
Caspase-3 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC
PI3K ACTCTCTCTTCTTCCTTTTCCTCTA CTAAACTTTTTCCCACCACCTA
AKT TCATTCTACTCCTCACCTTCCAT CTCCTCTCCCTTTTGAGTCCAT
IL-1B GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
TNF-a CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR: real-time polymerase chain reaction.
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with phosphate-buffered saline (PBS) and fixed with
methanol. After washing with PBS again, goat serum was
added for blocking at room temperature for 30 min, and
the slides were incubated with fluorescent primary anti-
bodies against SOD1 (Abcam, rabbit, 1:3000) and IL-18
(Abcam, rabbit, 1:3000) overnight at 4°C. Afterward, the
slides were further incubated with fluorescent secondary
antibodies for 1 h at 37°C in the dark and then washed with
PBS. Later, the cells were stained with 4',6-diamidino-
2-phenylindole (DAPI) for 5-10 min, and an anti-extractor
was added dropwise. The results were observed under a
fluorescence microscope.

Immunochemistry

H9c2 cell slides inoculated in 24-well plates were
washed with PBS and fixed with methanol. After washing
with PBS again, 5% goat serum was added for 30 min of
blocking at 37°C, and the slides were incubated with the
primary antibodies against Caspase-3 (Abcam, Rabbit,
1:1000) overnight at 4°C. The next day, the slides were
washed with PBS and incubated with the secondary anti-
bodies at room temperature for 1 h. Next, 3,3'-diaminoben-
zidine (DAB) was used for color development, and the
slides were observed under the microscope, fully washed,
and finally dehydrated.

Apoptosis analysis via flow cytometry

HO9c¢2 cells in the logarithmic growth phase were trea-
ted with drugs until cell confluence of about 60%. After
collection and counting (density: 5x10%L), the cells were
washed twice with pre-cooled PBS. Then the supernatant
was sucked out, and the cells were resuspended with 100
uL of binding buffer and transferred to 1.5 mL Eppendorf
(EP) tubes. Subsequently, the cells in each EP tube were
incubated with Annexin V-FITC (KeyGEN BioTECH,
Nanjing, China) and propidium iodide at room tempera-
ture in the dark, and an apoptosis analysis was conducted
using a flow cytometer (Becton Dickinson, Heidelberg,
Germany).

Intracellular reactive oxygen species (ROS) level

The differently-treated H9c2 cells were collected and
washed with pre-cooled PBS. After loading with the probe
DCFH-DA (10 M, KeyGEN BioTECH, Nanjing, China),
the remaining probes that did not enter the cells were
washed, and the total ROS level was detected using the
flow cytometer (Becton Dickinson, Heidelberg, Germany).

Statistical analysis

Statistical Product and Service Solutions (SPSS) 22.0
(IBM, Armonk, NY, USA) software was adopted for sta-
tistical analysis. The data were compared among multiple
groups using a one-way analysis of variance (ANOVA),
followed by a post hoc test (least significant difference).
P<0.05 represented that the difference was statistically
significant.

Results

Apelin-13 inhibited nicotine-induced apoptosis of H9¢2
cells

CCK-8 results showed that the optimal concentration
of Apelin-13 was 100 pmol/L, at which Apelin -13 exerted
a significant effect on nicotine-induced apoptosis, and the

viability of H9c2 cells was the highest at 2 h (Figure 1A).
In addition, the nicotine group had dramatically higher
expressions of Bax and Caspase-3 and a lower Bcl-2 ex-
pression than the control group. The variation trends of the
expressions of Bax, Caspase-3, and Bcl-2 in the Apelin-
13+nicotine group were obviously opposite to those in the
nicotine group (Figure 1B-1C). According to the qRT-PCR
results, the mRNA expressions were similar in the three
groups (Figure 1D-1F). In addition, the apoptosis rate of
HO9c¢2 cells obviously rose in the nicotine group but signi-
ficantly declined in the Apelin-13+nicotine group (Figure
1G). At the same time, as revealed by immunocytoche-
mistry results, Apelin-13 attenuated the nicotine-induced
increase of Caspase-3 (Figure 1H).

Apelin-13 inhibited nicotine-induced oxidative stress
in H9¢2 cells

Firstly, the expressions of SOD1 and SOD2 were exa-
mined by Western blotting (Figure 2A-2B). It was found
that in the nicotine group, the antioxidant capacity was
obviously down-regulated, and the expressions of SOD1
and SOD2 were evidently reduced, which could be effec-
tively alleviated by Apelin-13. Secondly, the mRNA ex-
pressions of glutathione peroxidase 1 (GPX1) and GPX2
were also significantly elevated in the Apelin-13+nicotine
group (Figure 2C-2D). In addition, the protein expressions
of SOD1 and SOD2 were in line with the SOD concentra-
tion detection results (Figure 2E). However, the LDH was
markedly up-regulated in the nicotine group but notably
down-regulated in the Apelin-13+nicotine group (Figure
2F). Furthermore, the flow cytometry results also confir-
med that nicotine-induced oxidative stress in H9c2 cells
(Figure 2G), and the immunofluorescence detection results
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Figure 1. Apelin-13 inhibits nicotine-induced apoptosis of H9c2 cells.
(A) The optimal concentration of Apelin-13 and time points were
detected via CCK-8 assay. (B-C) The protein expressions of Bax,
Bcl-2, and Caspase-3 were detected by Western blotting assay. (D-F)
The mRNA expressions of Bax, Bcl-2, and Caspase-3 were detected
by qRT-PCR. (G) The apoptosis rate of H9c2 cells. (H) Caspase-3
expression detected by immunocytochemistry (100x). *P<0.05 vs. the
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Figure 2. Apelin-13 inhibits nicotine-induced oxidative stress in H9c2
cells. (A-B) The protein expressions of SOD1 and SOD2 were exami-
ned by the Western blotting assay. (C-D) The mRNA expressions of
GPX1 and GPX2. (E) SOD concentration detection results. (F) LDH
concentration detection results. (G) ROS level detection results. (H)
SOD1 expression detected by immunofluorescence (400%). "P<0.05
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manifested that Apelin-13 partially reversed the nicotine-
induced decline in the SOD1 expression (Figure 2H).

Apelin-13 suppressed nicotine-induced inflammatory
responses in H9¢c2 cells

There is evidence that apoptosis and oxidative stress
are associated with inflammatory responses. Therefore, the
corresponding inflammatory cytokines were also detected
in this study. The results showed that nicotine-induced in-
flammatory responses in cells. The protein expressions of
IL-1p and TNF-a were dramatically raised in the nicotine
group but markedly reduced in the Apelin-13-+nicotine
group (Figure 3A-3B). At the same time, the mRNA ex-
pressions of IL-1p and TNF-a were consistent with the
results of protein expressions (Figure 3C-3D). Moreover,
ELISA results revealed that the levels of IL-1 and TNF-a
were similar (Figure 3E-3F), and immunofluorescence
detection results also demonstrated that Apelin-13 effec-
tively inhibited the nicotine-induced increase in the IL-1§
expression (Figure 3G).

Apelin-13 might activate the PI3K/AKT signaling pa-
thway

Next, attempts were made to explore the molecular
mechanism by which Apelin-13 inhibits nicotine-induced
apoptosis and oxidative stress in H9¢2 cells. Through lite-
rature review and analyses based on multiple databases,
it was speculated that the PI3K/AKT signaling pathway
may be involved in the molecular mechanism. Interestin-
gly, as speculated, the protein expressions of p-AKT and
p-PI3K in the nicotine group evidently dropped compa-
red with those in the control group, while the total protein
expressions of AKT and PI3K displayed no remarkable
changes. Additionally, the protein expressions of p-AKT
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Figure 3. Apelin-13 inhibits nicotine-induced inflammatory res-
ponses in H9¢c2 cells. (A) The protein expressions of IL-1p and TNF-a
detected via the Western blotting assay. (C-D) The mRNA expressions
of IL-18 and TNF-a. (E-F) IL-1p and TNF-a concentrations were
detected via the ELISA. (G) IL-1P expression measured by immuno-
fluorescence (400%). "P<0.05 vs. the control group, and *P<0.05 vs.
the nicotine group.
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Figure 4. Apelin-13 may activate the PI3K/AKT signaling pathway.
(A) The protein expressions of PI3K, AKT, p-PI3K, and p-AKT were
examined by the Western blotting assay. (C-D) The mRNA expres-
sions of PI3K and AKT. "P<0.05 vs. the control group, and *P<0.05
vs. the nicotine group.

and p-PI3K markedly rose in the Apelin-13+nicotine
group (Figure 4A- 4B), which were similar to the results
of qRT-PCR (Figure 4C-4D). Taken together, Apelin-13
might activate the PI3K/AKT signaling pathway.

Discussion

Correcting risk factors is a good strategy to reduce the
burden of cardiovascular diseases, which kills more than
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16 million people worldwide each year (15). According to
the literature, smoking is a risk factor for many cardiovas-
cular diseases and is one of the main causes of premature
death among smokers. The latest reports show that smo-
kers display a loss of life expectancy by at least 10 years
compared with people who never smoked. However, pre-
ventive or therapeutic measures for cardiovascular toxicity
associated with cigarette smoking have rarely been repor-
ted (16).

Apelin-13 is an endogenous ligand for the APJ and a
member of the G protein-coupled receptor family, which is
highly expressed in the heart (17). When cardiomyocytes
are exposed to nicotine or stimulated by cigarette smoking
mitochondrial metabolism and function will be changed,
which activates the mitochondria-mediated intrinsic apop-
totic pathways, thereby triggering mitochondrial dysfunc-
tion and changes in apoptosis-related proteins, including
Bax and Bcl-2, and ultimately activating cytochromes C
and Caspase, especially Caspase-3. This finding indicates
that these apoptosis-related proteins play crucial roles in
cell damage and apoptosis (18). In addition, previous evi-
dence has demonstrated inflammatory responses are corre-
lated with oxidative stress and apoptosis (19).

In this study, H9c2 cells were used to establish a car-
diomyocyte model of nicotine-induced apoptosis in vitro.
The experimental results revealed that the expressions of
Caspase-3 and Bax were obviously up-regulated but Bcl-2
expression was dramatically inhibited in H9c2 cells ex-
posed to nicotine. At the same time, the oxidative stress
was activated, causing mitochondrial dysfunction, which
elevated the level of intracellular ROS and led to redox
imbalance. According to the CCK-8 assay results, the ef-
fects of different concentrations of Apelin-13 on the nico-
tine-induced apoptosis of H9¢2 cells largely varied, and
Apelin-13 itself did not have toxic effects on H9¢2 cells.
Therefore, the concentration of Apelin-13 used in the sub-
sequent experiment was 100 pumol/L. It was also unco-
vered that the protein expressions of p-PI3K and p-AKT
were markedly down-regulated in H9¢c2 cells exposed to
nicotine, but they were obviously up-regulated in the cells
pre-incubated with Apelin-13 (Figure 5). Related reports
have shown that the PI3K/AKT pathway plays a critical
role in cellular functions such as cell apoptosis, and it me-
diates various growth factors to regulate cellular functions
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Figure 5. A schematic map illustrates that Apelin-13 activates the
PI3K/AKT signaling pathway, thus inhibiting nicotine-induced apop-

tosis, inflammatory responses, and oxidative stress in H9¢2 cells.

by phosphorylating or inhibiting its downstream targets,
thereby exerting the regulatory effects of these factors on
growth, apoptosis, and survival (20-22). The above fin-
dings are consistent with the results of this study.
Innovatively, this study explores the molecular me-
chanism by which Apelin-13 attenuates nicotine-induced
injuries of cardiomyocytes, which provides a molecular
basis for drug intervention in the treatment of cardiovas-
cular diseases in the future. However, there are still seve-
ral obvious limitations in the present study. For example,
the results of this study have not been validated in animal
models. In future experiments, attempts will be made to
establish animal models of nicotine-induced myocardial
injury to further explore whether Apelin-13 can alleviate
nicotine-induced cell apoptosis and oxidative stress and to
investigate the underlying mechanism.
This study demonstrates that Apelin-13 inhibits nicotine-
induced H9c2 cell apoptosis and oxidative stress through
the PI3K/AKT signaling pathway, thus reducing inflam-
mation and delaying cellular senescence.
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