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Cardiomyocyte apoptosis is a crucial factor leading to myocardial dysfunction. Adiponectin (APN)
has a cardiomyocyte-protective impact. Studies have shown that the connexin43 (Cx43) and
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) signaling pathways play an important
role in the heart, but whether APN plays a protective role by regulating these pathways is unclear.
Our study aimed to confirm whether APN protects against lipopolysaccharide (LPS)-induced
cardiomyocyte apoptosis and to explore whether it plays an important role through regulating the
Cx43andPI3K/AKTsignalingpathways. In addition, our research aimed to explore the relationship
between theCx43andPI3K/AKTsignalingpathways. In vitroexperiments:BeforeH9c2cellswere
treated with LPS for 24 h, they were pre-treated with APN for 2 h. The cytotoxic effect of APN on
H9c2 cells was evaluated by a CCK-8 assay. The protein levels of Bax, Bcl2, cleaved caspase-3,
cleavedcaspase-9,Cx43,PI3K,p-PI3K,AKTandp-AKTwereevaluatedbyWesternblot analysis,
and the apoptosis rate was evaluated by flow cytometry. APN attenuated the cytotoxicity induced
by LPS. LPS upregulated Bax, cleaved caspase-3 and cleaved caspase-9 and downregulated
Bcl2 in H9c2 cells; however, these effects were attenuated by APN. In addition, LPS upregulated
Cx43 expression, and APN downregulated Cx43 expression and activated the PI3K/AKT
signaling pathway. LPS induced apoptosis and inhibited PI3K/AKT signaling pathway in H9c2
cells, and these effectswere attenuated byGap26 (aCx43 inhibitor). Moreover, the preservation of
APN expression was reversed by LY294002 (a PI3K/AKT signaling pathway inhibitor). In vivo
experiments: In C57BL/6J mice, a sepsis model was established by intraperitoneal injection of
LPS, and APNwas injected into enterocoelia. The protein levels of Bax, Bcl2, cleaved caspase-
3, and Cx43 were evaluated byWestern blot analysis, and immunohistochemistry was used to
detect Cx43 expression and localization inmyocardial tissue. LPSupregulatedBax and cleaved
caspase-3 and downregulated Bcl2 in sepsis; however, these effects were attenuated by APN.
In addition, the expression of Cx43 was upregulated in septic myocardial tissue, and APN
downregulated Cx43 expression in septic myocardial tissue. In conclusion, both in vitro and in
vivo, the data demonstrated that APN can protect against LPS-induced apoptosis during
sepsis by modifying the Cx43 and PI3K/AKT signaling pathways.
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National Poison Control Center, Serbia
Thiago Bruder Do Nascimento,

University of Pittsburgh, United States

*Correspondence:
Ketao Ma

maketao@hotmail.com
Xinzhi Li

lixinzhi@shzu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cardiovascular and Smooth Muscle
Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 20 December 2020
Accepted: 31 March 2021
Published: 18 May 2021

Citation:
Liu L, Yan M, Yang R, Qin X, Chen L,

Li L, Si J, Li X and Ma K (2021)
Adiponectin Attenuates

Lipopolysaccharide-induced
Apoptosis by Regulating the Cx43/

PI3K/AKT Pathway.
Front. Pharmacol. 12:644225.

doi: 10.3389/fphar.2021.644225

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6442251

ORIGINAL RESEARCH
published: 18 May 2021

doi: 10.3389/fphar.2021.644225

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.644225&domain=pdf&date_stamp=2021-05-18
https://www.frontiersin.org/articles/10.3389/fphar.2021.644225/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.644225/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.644225/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.644225/full
http://creativecommons.org/licenses/by/4.0/
mailto:maketao@hotmail.com
mailto:lixinzhi@shzu.edu.cn
https://doi.org/10.3389/fphar.2021.644225
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.644225


INTRODUCTION

Numerous studies have shown that sepsis is a multiple organ
dysfunction caused by the body’s immune response to microbial
infections. Sepsis is an extremely rapid and deadly disease with
high morbidity and mortality (Merx and Weber, 2007; Sammon
et al., 2015). Sepsis is often accompanied by organ damage and
organ failure. Sepsis-induced myocardial dysfunction (SIMD) is a
common complication in patients with sepsis. Many studies have
shown that approximately 50% of patients with sepsis show signs
of myocardial insufficiency, and the repair of myocardial function
affects the prognosis of patients with sepsis (Poveda-Jaramillo,
2021). Compared with patients without cardiovascular
dysfunction, sepsis patients with myocardial dysfunction have
an increased mortality rate (by 3-fold), and these patients usually
show myocarditis, abnormal contractility, increased interstitial
collagen and mitochondrial damage (Blanco et al., 2008; Alvarez
et al., 2016). Moreover, due to the complexity of myocardial
injury in sepsis, its pathophysiological mechanism is not yet fully
understood. Lipopolysaccharide (LPS), a major endotoxin
derived from Gram-negative bacteria, has been widely used to
induce sepsis myocardial injury models in vivo and in vitro (Luo
et al., 2020). LPS induces cardiac dysfunction and the production
of inflammatory factors (Fallach et al., 2010).

Adiponectin (APN) is widely expressed in myocardial tissues
and has cardioprotective effects in vivo and in vitro (Dong et al.,
2012; Essick Eric et al., 2013; Ghantous et al., 2015) through its
anti-inflammatory and anti-atherosclerotic effects. It can protect
the heart by reducing inflammation and preventing damage
caused by various mediators (Han & Judd Robert, 2018). A
study showed that APN can reduce the secretion of TNF-α
and apoptosis induced by LPS in rat cardiomyocytes (Shibata
et al., 2005). In addition, APN inhibits ROS-induced cardiac
remodeling of rat ventricular myocytes by activating AMPK and
inhibiting ERK signalling and NF-kB activation (Essick et al.,
2011). Connexin43 (Cx43)-mediated gap junctions play a role
increasingly recognized as important in the cardiovascular
system. Cx43 protein abnormalities are associated with a
variety of cardiovascular diseases. In addition, several studies
have reported that Cx43 regulates various cellular activities. Cx43
is related to arrhythmia, ischemia-reperfusion and heart failure-
related apoptosis (Zhang et al., 2017; Ostrakhovitch &
Tabibzadeh, 2019; Yang et al., 2019). Previous research by our
team showed that APN can protect smooth muscle cell apoptosis
induced by CoCl2 by regulating Cx43 (Xiao et al., 2019).
However, whether Cx43 modulates the cardioprotective effect
of APN is currently unclear.

The phosphatidylinositol-3-kinase (PI3K)/protein kinase B
(AKT) pathway is a classical signaling pathway that plays an
important role in regulating cell growth, proliferation, autophagy,
and apoptosis (Hamzehzadeh et al., 2018). Various growth factors
and cytokines activate the PI3K/AKT signaling pathway, which
ultimately phosphorylates AKT. Numerous studies have
demonstrated that activated AKT1 has cardioprotective effects
(Matsui et al., 2001; Matsui et al., 2002; DeBosch et al., 2006).
Several studies have found that AKT2 gene knockout mice have
more severe cardiomyocyte apoptosis than normal mice during

myocardial ischemia, indicating that AKT2 also has a role in
reducing cardiomyocyte apoptosis and protecting the heart
(Roberts et al., 2013). A great deal of research has confirmed
that the PI3K/AKT signalling pathway can decrease
cardiomyocyte apoptosis and protect the heart through a
variety of pathways after activation, but many mechanisms
remain to be elucidated (Yu et al., 2019). Whether APN
protects the myocardium by regulating the PI3K/AKT
signaling pathway and whether Cx43 modulates the PI3K/
AKT signaling pathway are questions worth exploring.

Our study aimed to establish a septic myocardial injury model
to study whether APN preconditioning reduces myocardial injury
in sepsis, to explore whether APN can protect myocardial injury
through the Cx43 and PI3K/AKT signalling pathways and to
investigate the relationship between Cx43 and PI3K/AKT
signalling.

MATERIALS AND METHODS

Experimental Animals
C57BL/6J (age 6–8 W; weight 25 ± 5 g) mice were purchased
from Beijing Weitong Lihua Experimental Animal Technology
(Beijing, China; laboratory animal certificate number: SCXK
(jing), 2016-0006). The mice were fostered in the Animal
Experiment and Breeding Center of Shihezi University. The
entire experiment was carried out in compliance with the
requirements of the Animal Experiment Ethics Committee
of Shihezi University (Animal Use Certificate SCXK (New)
2018-0001). All mice were housed in an environment with
good light and a suitable temperature and humidity. After all
mice were adaptively fed for 1 week, 40 mice were randomly
divided into four groups, with ten in each group: sham
operation (sham group), septic myocardial injury (LPS
group), APN combined with LPS (LPS + APN group) and
APN (APN group). Each mouse was injected intraperitoneally
with 10 mg/kg LPS to establish the septic myocardial injury
model. In the sham group, the same amount of normal saline
was injected intraperitoneally. Mice in the LPS + APN group
were injected intraperitoneally with 6 mg/kg APN 12 h before
LPS injection, and mice in the APN group were injected with
6 mg/kg APN. After 12 h, the mice were sacrificed and used for
experiments.

Cell Culture
H9c2 cells were purchased from The Shanghai Institute of
Biological Sciences, Chinese Academy of Sciences. This cell
line is currently used for screening molecular mechanisms
in vitro. H9c2 cells were cultured in 10% FBS (Gibco,
Carlsbad, CA, USA) and DMEM (Gibco, Thermo Fisher
Scientific, Inc.). The control group did not undergo any
processing. APN (PeproTech, Rocky Hill, NJ, United States)
was added at three concentrations (0.5, 1 and 2 μg/ml) for 2 h,
and 1 μg/ml LPS (Sigma, USA) was then added for 24 h. In
addition, the Cx43 inhibitor Gap26 (APExBIO Technology LLC,
0.5 μmol/L, 30 min) was added to the preconditioned cells before
LPS treatment. The cells were also pre-treated with LY294002 at a
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concentration of 10 μM for 1 h and then treated with 2 μg/ml
APN for 2 h before treatment with LPS for 24 h.

Cell Viability Assay
Cell viability was estimated by a CCK-8 assay (MultiSciences Lianke
Biotech Co., Ltd. Hangzhou). H9c2 cells were cultured in 96-well plates
with 1 × 104 cells/well, pre-treated with APN (0.5, 1 and 2 μg/ml) for
2 h, and then incubated with LPS at 37°C for 24 h. After 24 h, 10 μl of
the CCK-8 solution was added to each well, and the cells were cultured
in an incubator at 37°C for 2 h. The absorbance was measured at
450 nm using enzyme labelling (BioTek Instruments, Inc.).

Flow Cytometry
The Annexin V-fluorescein isothiocyanate/propidium iodide
apoptosis kit (MultiSciences Lianke Biotech Co., Ltd. Hangzhou,
China) was used to detect apoptosis. First, H9c2 cells were seeded at
a quantity of 1 × 106 cells/ml in a six-well plate. After each groupwas
treated according to the experimental protocol, the cells were
detached with 0.25% trypsin, gently triturated, and then washed
with PBS after centrifugation. Additionally, the H9c2 cells were
combined with Annexin V-FITC, PI and 1× buffer, and the solution
was fully mixed and incubated in a dark room at 4°C for 30 min.
Quantitative analysis of apoptotic cells was performed by flow
cytometry (Becton, Dickinson and Company).

Western Blot
Treated cells and myocardial tissue were lyzed on ice for at least
15 min. Total protein lysates were collected in 1.5 ml EP tubes,
and the protein concentration was determined by the BCA
method. Samples with equivalent amounts of protein were
separated by SDS-PAGE in 5 × loading buffer. The separated
proteins were transferred to PVDF membranes (EMDMillipore),
which were subsequently blocked at room temperature with 5%
skim milk or 5% BSA for 2 h. The proteins were incubated with
antibodies specific for the following proteins overnight in a 4°C
shaker: Cx43 (1:1000, Abcam), Bax (1:1000, Abcam), β-actin (1:
1000, Beijing Fir Jinqiao Biotechnology), GAPDH (1:1000,
Abcam), Bcl2 (1:1000, Abcam), caspase-3 (1:1000, Abcam),
caspase-9 (1:1000, Abcam), p-PI3K (1:1000, CST), PI3K (1:
1000, Proteintech), p-AKT (1:1000, Proteintech), and AKT (1:
1000, Bioworld). Then, the samples were incubated at room
temperature for 2 h with the corresponding secondary
antibody. The membranes were washed with TBST for 5 min
three times, incubated with ECL reagent (GE Healthcare Life
Sciences, United Kingdom) and developed. Quantity One
software (Bio-Rad, Hercules, CA, United States) was used to
analyse the collected images.

Immunofluorescence
H9c2 cells were evenly distributed in a six-well plate with aseptic
slides at a density of 3 × 105 cells/ml. After 24 h, the treated cells
were removed and discarded from the culture medium, washed
with preheated PBS at 37°C 3 times, and then fixed with
rewarmed 40 g/L paraformaldehyde for 10 min. The H9c2 cells
were washed with PBS and permeabilized with Triton X-100 for
3 min. Then, the cells were washed with PBS 3 times and
incubated with 5% BSA (Sigma-Aldrich, United States) at

37 °C for 30 min. The cells were again washed with PBS 3
times, 100 μL of the primary antibody [(Cx43 (1:100, Abcam)]
was added, and the cells were placed in a 4°C wet box overnight.
The following day, the cells were washed with PBS 3 times, and
the corresponding secondary antibody was added to the wells for
incubation at 37°C for 2 h. Subsequently, the cells were washed
with PBS three times, the nuclei were stained with DAPI (Solarbio
Science and Technology Co., Beijing, China) for 15 min, and the
cells were again washed with PBS 3 times. A confocal microscope
(Zeiss LSM 510 META, Carl Zeiss AG, Germany) was used to
acquire images. Image-Pro Plus 6.0 software (Media Cybernetics,
Rockville, MD, United States) was used for semiquantitative
analysis of protein expression.

Hematoxylin-Eosin Staining
The myocardial tissue of each group was placed in 10% formalin
overnight and was then dehydrated and embedded in paraffin.
According to the instruction manual, the sections were immersed
in a concentration gradient of xylene, ethanol and hematoxylin
and sealed with neutral gum. An optical microscope (BX51;
Olympus, 400×) was used to observe the morphology of
cardiomyocytes, cardiac matrix and myofilaments.

Immunohistochemical Staining
Myocardial tissues were baked at 60°C for 2 h. The tissues were
dewaxed and dehydrated with xylene and ethanol, washed with
water, repaired with sodium citrate, and incubated with 3%
hydrogen peroxide to inhibit the activity of endogenous
peroxidase. Then, the tissues were incubated with 5% BSA at
37°C for 1 h. Then, 100 μL of the primary antibody [(Cx43 (1:100,
Abcam)] was added, and the tissues were placed in a 4°C wet box
overnight. The next day, the corresponding secondary antibody
was added to the tissues for incubation at 37°C for 1 h. Signals
were developed by using diaminobenzidine as a substrate for
2 min. Six samples were randomly selected from each group, and
5 fields of view were randomly selected from each sample. Images
were then acquired under an optical microscope (400×).

Statistical Analysis
The statistical software SPSS20.0 (IBM Corp.) and GraphPad
prism 8.0 (GraphPad Software, La Jolla, CA, United States) were
used to analyse the results. The values were expressed as the
means ± standard errors, and one-way analysis of variance
(ANOVA) and the t-test were used to analyse the differences
among groups. p < 0.05 indicates a significant difference.

RESULTS

APN Attenuated the Cytotoxicity Induced by
LPS and Reversed LPS-Induced Apoptosis
in H9c2 Rat Cardiomyocytes
The H9c2 cells were pre-treated with three concentrations of
APN (0.5, 1 and 2 μg/ml) for 2 h and were then treated with LPS
to observe the effect of APN on cardiomyocyte toxicity induced
by LPS. The Figure 1A shows that 1 and 2 μg/ml APN had clear
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protective effects. However, 2 μg/ml APN alone did not affect cell
viability (Supplementary the Supplementary Figure S1). In
subsequent experiments, 1 μg/ml LPS for 24 h and 2 μg/ml
APN for 2 h were used to study the signaling pathways
involved in the protection of cardiomyocytes from LPS-
induced injury. Cellular morphology was observed by
microscopy. As shown in the Figure 1B, cells exposed to LPS
for 24 h exhibited disordered cell alignment and extensive cell
shrinkage; however, the state of the cells in the co-treatment
group was significantly improved. These results suggest that APN
attenuates the cytotoxicity of H9c2 cells induced by LPS.
Compared with the control group, The LPS downregulated
Bcl2 expression and upregulated cleaved caspase-3, Bax, and
cleaved caspase-9 expression. The APN reversed these effects

in a concentration-dependent manner (the Figures 1C–G). We
then performed apoptosis analysis with Annexin V/PI to
determine the apoptosis rate. The Q2 region shows late
apoptosis, while the Q3 region shows early apoptosis. As
presented in the Figures 1H,I, exposure to 1 μg/ml LPS
significantly increased the apoptosis rate of H9c2 cells, which
was reduced by APN pre-treatment.

APN Downregulated Cx43 Expression and
Activated the PI3K/AKT Signaling Pathway
in H9c2 Rat Cardiomyocytes
The Figures 2A,B shows that LPS upregulated the expression of
Cx43, while APN reversed these effects. However, the group

FIGURE 1 | The effects of APN on LPS-induced H9c2 cytotoxicity; cardiomyocyte apoptosis; and Bcl2, Bax, cleaved caspase-3 and cleaved caspase-9
expression in H9c2 cells. (A) APN can reduce LPS-induced cytotoxicity. The cells were pre-treated with three concentrations of APN (0.5, 1 and 2 μg/ml) for two hours to
assess the preservation function of APN on H9c2 cytotoxicity induced by LPS. (B) Cell morphology was observed under an inverted microscope (magnification, ×40).
The CCK-8 assay was used to determine cell viability. (C) LPS downregulated Bcl2 and upregulated Bax, cleaved caspase-3 and cleaved caspase-9 in H9c2 cells,
but these effects were attenuated by APN. (D–G) Quantification of Bax, Bcl2, cleaved caspase-3 and cleaved caspase-9 expression. (H) The apoptosis rate after
treatment with APN and LPS. (I) Statistical analysis of the apoptosis rate (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the LPS
group. The data are shown as the means ± SEs (n � 6)).
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treated with APN alone showed no difference in Cx43 expression
(Supplementary the Supplementary Figure S2). The
immunofluorescence results in the Figures 2C,D show that Cx43
was distributed in the cytoplasm and nucleus. The fluorescence
intensity of Cx43 in the LPS group was higher than that in the APN
pre-treatment group. This result was consistent with the Western
blot analysis results. The Figures 2E–G shows that the p-PI3K and
p-AKT protein levels were increased after treatment with 2 μg/ml
APN.We previously showed that the PI3K/AKT pathway and Cx43
participate in the protective effect of APN against LPS-induced
apoptosis in H9c2 cells.

Gap26 Reversed LPS-Induced Apoptosis
and Activated the PI3K/AKT Signaling
Pathway in H9c2 Rat Cardiomyocytes
The H9c2 cells were pre-treated with the Cx43 inhibitor Gap26 at
37°C for 30 min prior to 1 μg/ml LPS treatment for 24 h. The LPS

downregulated Bcl2 and upregulated Bax, cleaved caspase-3 and
cleaved caspase-9; however, the Gap26 reversed these effects (the
Figures 3A–E). The flow cytometry results demonstrated that
pre-treatment with Gap26 (0.5 μmol/L for 30 min) significantly
changed the percentage of apoptotic H9c2 cells treated with LPS
(the Figures 3F,G). The Gap26 alone did not reduce the number
of apoptotic cells. Moreover, the Western blot analysis results
showed that the p-PI3K and p-AKT protein levels were inhibited
by LPS, these effects were attenuated by Gap26 (the
Figures 3H–J).

PI3K/AKT Pathway Inhibition Altered the
Effect of APN on LPS-Induced Apoptosis in
H9c2 Rat Cardiomyocytes
We sought to determine whether LY294002 reverses the
protective effect of APN against LPS-induced apoptosis. Pre-
treatment with 10 μM LY294002 for 1 h significantly reversed the

FIGURE 2 | APN downregulates Cx43 expression and activates the PI3K/AKT signaling pathway. (A) The effects of LPS and APN on Cx43. (B) Statistical analysis
of Cx43. (C) Fluorescence intensity of Cx43 after treatment with LPS and APN. Scale bar: 50 μm (D) Quantitative analysis of the relative fluorescence intensity of Cx43.
(E) The effects of LPS and APN on PI3K, p-PI3K, AKT, and p-AKT proteins. (F–G) Quantification of p-PI3K/PI3K and p-AKT/AKT levels (*P< 0.05, **P< 0.01 vs. control;
#p < 0.05, ##p < 0.01 vs. the LPS group. The data are shown as the means ± SEs (n � 6)).
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protective effect of APN, as demonstrated by the
downregulation of Bax, cleaved caspase-3 and cleaved
caspase-9 and the upregulation of Bcl2 protein expression
(the Figures 4A–E). In conclusion, the PI3K/AKT pathway
can participate in the protective function of APN against H9c2
cell apoptosis.

APN Attenuated Sepsis Myocardial Injury
and Downregulated Cx43 Expression in
Septic Mice
We explored whether APN can protect against myocardial
damage in septic mice. The haematoxylin and eosin staining
was performed on myocardial tissue to observe differences in the
four groups of myocardial tissues. The myocardial fibres were
arranged neatly, the cytoplasm was rich and uniform, the
intercellular space was normal, the boundary was clear, and
there were no pathological changes in the sham group. In the
LPS group, inflammatory cell infiltration was observed,

accompanied by myocardial cell necrosis. In the LPS + APN
group, myocardial cell necrosis was ameliorated, the number of
myocardial fibres was increased, and myocardial damage and
inflammatory cell infiltration were reduced. In addition, there
were no significant changes in the APN group (the Figure 5A). In
addition, Bax and cleaved caspase-3 were upregulated in the LPS
group, and Bcl2 was downregulated in the LPS group; however,
APN reversed these effects (the Figures 5B–E). Next, we further
explored whether Cx43 is involved in the protective role of APN
against myocardial damage in septic mice. Cx43 was upregulated
in septic mice, while APN downregulated the expression of Cx43
(the Figures 5F–H).

DISCUSSION

Overall, our study indicates that APN protects against LPS-
induced cardiomyocyte apoptosis. In addition, the data
showed that APN activates the PI3K/AKT signaling pathway
and downregulates the expression of Cx43. PI3K/AKT pathway
inhibition altered the inhibitory effect of APN on LPS-induced
apoptosis in H9c2 cells. The Cx43 selective inhibitor Gap26
reversed LPS-induced apoptosis and activated PI3K/AKT
signaling pathway inhibited by LPS. In addition, in septic
mice, APN protected the myocardium against sepsis-related
damage by upregulating Cx43. Therefore, this study provides
proof of concept that APN attenuates LPS-induced apoptosis by
regulating the Cx43/PI3K/AKT pathway.

Sepsis has a rapid onset, abrupt development, and a high
mortality rate. Accumulating evidence has shown that most
patients with septic shock suffer from myocardial depression
(Xu et al., 2020). LPS treatment mimics the pathological
characteristics of myocardial infarction patients, such as
myocardial morphology and function (Sánchez-Villamil
et al., 2016; Shrestha et al., 2017). LPS is often used to
induce myocardial injury. Some research has suggested that
LPS can activate the apoptotic signaling pathway in
cardiomyocytes (Wu et al., 2017; Xu et al., 2018; Zhang
et al., 2020). Our study used an LPS-induced endotoxaemic
heart injury model in H9c2 rat cardiomyocytes and C57BL/6J
mice. Tan et al. found that LPS induced AC16 cell apoptosis
(Tan et al., 2019). Herein, we showed that in H9c2 cells LPS
(1 μg/ml) reduced cell viability; upregulated the levels of Bax,
cleaved caspase-3 and cleaved caspase-9; and downregulated
Bcl2 expression. In addition, the data showed that Bax and
cleaved caspase-3 were upregulated and Bcl2 downregulated in
septic mice.

APN, an endogenous bioactive polypeptide or protein
secreted by adipocytes, is a high molecular weight (HMW)
APN. Previous studies have shown that APN may have
cardioprotective effects (Wang H. et al., 2020). In this
study, pre-treatment with three concentrations of APN (0.5,
1, and 2 μg/ml) reversed the decrease in cell viability caused by
LPS. Our results therefore show that APN protects against
cardiotoxicity caused by LPS. Xiao et al. reported that APN
reversed CoCl2-induced apoptosis in SMCs (Xiao et al., 2019).
Thus, our results are consistent with those previously reported.

FIGURE 3 | Gap26 reverses LPS-induced apoptosis and activates the
PI3K/AKT signalling pathway. (A) The effects of LPS and Gap26 on Bax, Bcl2,
cleaved caspase-3 and cleaved caspase-9 protein levels. (B–E) Statistical
analysis. (F) The rate of apoptosis after treatment with Gap26 and LPS.
(G) Statistical analysis. (H) The effects of LPS and Gap26 on PI3K, p-PI3K,
AKT, and p-AKT proteins. (I–J) Statistical analysis (*p < 0.05, **p < 0.01 vs.
control, #p < 0.05, ##p < 0.01 vs. the LPS group. The data are shown as the
means ± SEs (n � 6)).
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We also found that APN can protect against myocardial injury
in septic mice.

Next, we explored the potential mechanism by which APN
protects against myocardial injury induced by LPS. Apoptotic
proteins are downstream effectors of Akt. Recently, data have
shown that PI3K/AKT pathway activation inhibits
cardiomyocyte apoptosis. Furthermore, PI3K/AKT signaling
pathway activation may delay the progression of heart failure
(Takatani et al., 2004). Shang X et al. found that resveratrol
activated the PI3K/AKT signalling pathway and inhibited the NF-
κB signaling pathway and related inflammatory factors in
myocardial injury in septic rats (Shang et al., 2019). Chang JH
et al. reported that PI3K/AKT signaling pathway activation
protected against cardiomyocyte injury during ischemia-
reperfusion in diabetic rats (Chang et al., 2020). We found
that APN increased the levels of phosphorylated PI3K and
AKT. Moreover, APN reversed the decrease in PI3K and AKT
phosphorylation induced by LPS, which indicates that APN can
activate the PI3K/AKT pathway in H9c2 cells. These findings are
in accordance with the previous observation that APN
upregulated the PI3K/AKT pathway in a myocardial post-
ischaemic injury model (Wang et al., 2013). In addition, we
used LY294002 to evaluate the effect of the PI3K/AKT
pathway on the function of APN against LPS-induced
apoptosis in H9c2 rat cardiomyocytes. The results showed that
LY294002 reversed the protective effects of APN on LPS-induced
apoptosis in H9c2 cells, as demonstrated by upregulation of Bax,
cleaved caspase-3, and cleaved caspase-9 and downregulation of

Bcl2. Wei et al. found that APN protects H9c2 cells against
palmitic acid-induced apoptosis through the Akt signalling
pathway (Dong et al., 2012). These data are consistent with
our findings. Here, we examined whether the PI3K/AKT
signaling pathway plays an important role in the APN-
mediated protection of H9c2 cells.

Gap junctions are membrane channel structures that exist
between adjacent cells, mediate the transmission of information
between cells and have important biological functions (Pieperhoff
and Franke, 2007). Cx43 is a major gap junction protein in
mammalian ventricular myocytes. Allen et al. (Allen, 1992) found
that in various heart diseases such as hypertrophic
cardiomyopathy, heart failure and ischemic cardiomyopathy,
the distribution and expression of Cx43 are altered. Cx43
plays a significant role in cell growth, proliferation and
apoptosis. Recently, a study showed that Cx43 gene knockout
or accelerated degradation protected astrocytes from apoptosis
under ischemic stress (Wang X. et al., 2020). Ma JW et al. found
that Cx43 inhibition attenuated oxidative stress and apoptosis in
HUVECs (Ma et al., 2020). In our study, inhibiting Cx43
attenuated LPS-induced apoptosis. After treatment with LPS,
the expression of Cx43 was reduced, and apoptosis gradually
increased in H9c2 cells and septic mice. Different concentrations
of APN downregulated Cx43 expression. Therefore, Cx43 also
plays a key role in APN-mediated protection against myocardial
injury in sepsis. Moreover, we found that Gap26 activated the
PI3K/AKT signaling pathway. A recent study showed that
disruption of Cx43 also enhanced the phosphorylation of Akt

FIGURE 4 |PI3K/AKT pathway inhibition alters the effect of APN on LPS-induced apoptosis in H9c2 cells. (A) The effects of APN, LY294002 and LPS on Bax, Bcl2,
cleaved caspase-3 and cleaved caspase-9 protein levels. (B–E) Statistical analysis. (*p < 0.05, **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. the LPS group; &p < 0.05,
&&p < 0.01 vs. the LPS + APN group. The data are shown as the means ± SEs (n � 6)).
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(Wang Y. et al., 2020). This finding is consistent with our results.
Our study showed that APN can protect against myocardial
injury through the Cx43 and PI3K/AKT signaling pathways.
Interestingly, a study found that treatment with a PI3K
inhibitor (LY294002) reduced the expression of Cx43 in
diabetes models (Bi et al., 2017). Therefore, our follow-up
experiments will continue to explore whether changes in the
PI3K/AKT signaling pathway related to APN-mediated
protection against myocardial injury cause changes in Cx43
expression. In addition, we will continue to explore Cx43
phosphorylation in future research.

CONCLUSION

Our study demonstrates that APN protects against LPS-induced
injury by regulating Cx43 expression and activating the PI3K/
AKT signaling pathway. These results suggest that APN may be
an effective treatment for cardiovascular disease.
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