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Abstract. At present, the pathogenesis of sepsis-induced myocardial dysfunction (SIMD) is not 
completely clear and effective treatment measures are lacking. Apelin is an endogenous ligand of 
the angiotensin like G protein coupled receptor APJ and a cardiovascular peptide with multiple 
functions. Our aim is to analyze the protective effect and mechanism of Apelin/APJ system on 
lipopolysaccharide (LPS)-induced myocardial dysfunction. One hour before LPS treatment, 
apelin-13 or an APJ antagonist [Ala]-apelin-13 (F13A) was given for pre-intervention to observe 
the effect of apelin-13 on cardiac ultrasound, pathological changes and inflammatory factors in 
LPS-treated mice. Another part of the mice was treated with apelin-13 or apelin-13 combined 
with F13A one hour after LPS treatment. The results showed that apelin-13 injection significantly 
reversed the decrease of ejection fraction and the increase of inflammatory factors induced by 
LPS in mice. Endogenous apelin may have protective effect on SIMD induced by LPS. Exogenous 
administration of apelin may inhibit LPS-induced inflammation, apoptosis and increase autophagy 
through TLR4/ERK1/2/NF-κB pathway.
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Introduction

Sepsis is a common acute and severe disease with a mortality 
rate of more than 50% (Jawad et al. 2012), which can cause 
multiple organ dysfunctions. Cardiovascular system is one 
of the most important target organs of sepsis (Bentzer et 
al. 2015). A large number of clinical studies have shown 
that sepsis-induced myocardial dysfunction (SIMD) and 
circulatory dysfunction are closely related to the increase of 
mortality rate in patients with sepsis, and sepsis combined 

with cardiac dysfunction is one of the main reasons lead-
ing to the increase of mortality (Landesberg et al. 2012; 
Biering-Sorensen and Solomon 2015). Lipopolysaccharide 
(LPS) secreted by Gram-negative bacilli is one of the main 
substances that initiate inflammation and immune imbal-
ance in sepsis (Fry 2012). However, the specific mechanism 
of SIMD occurrence is still unclear, and there is no effective 
treatment (Fleischmann et al. 2016). It is considered that 
the possible mechanisms of SIMD include the inhibitory 
effect of inflammatory factors on myocardium, apoptosis, 
mitochondrial dysfunction, calcium influx disorder, etc. 
(Flierl et al. 2008; Balija and Lowry 2011), and uncontrolled 
inflammatory response (Takeuchi and Akira 2010) is one 
of the most important mechanisms. Some scholars believe 
that similar to myocardial ischemia, myocardial hibernation 
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mechanism also exists in sepsis (Levy et al. 2005). Cardiac 
dysfunction may be the body’s self-protection, suggesting 
that there is an endogenous protection mechanism in the 
body.

Apelin, an endogenous ligand of APJ, an angiotensin 
like G  protein coupled receptor, is a  polypeptide com-
posed of 77 amino acids (Tatemoto et al. 1998). Recent 
studies have shown that apelin plays an important role 
in regulating myocardial contraction, vascular tension, 
inflammation, immunity, energy metabolism, water bal-
ance etc. (Kleinz and Davenport 2005; Galanth et al. 2012; 
Coquerel et al. 2017). Apelin-13 is one of the important 
subtypes of apelin, which has strong biological activity, 
especially in the regulation of cardiovascular function 
(Szokodi et al. 2002; Charo et al. 2009; Chagnon et al. 
2017). Some scholars believed that apelin can enhance 
myocardial contractility and reduce the load before and 
after the heart (Ashley et al. 2005). Resent study showed 
that the activation of APJ by apelin-13 attenuates en-
doplasmic reticulum stress-related inflammation and 
oxidative stress after subarachnoid hemorrhage (Xu et al. 
2019). However, it is not clear whether the endogenous 
Apelin/APJ system has a protective effect on LPS-induced 
cardiac dysfunction.

The aim of this study was to investigate the protective ef-
fect of endogenous Apelin/APJ signaling system on cardiac 
dysfunction induced by LPS in sepsis mice by pretreatment 
with apelin-13 or [Ala]-apelin-13 (F13A) before LPS injec-
tion. In addition, apelin-13 or apelin-13 combined with 
F13A was given repeatedly after LPS injection to explore the 
protective effect of apelin on cardiac dysfunction in sepsis 
mice and its molecular mechanism.

Materials and Methods

Animals

Clean healthy male C57BL/6 mice, 6−8 weeks, 18−23  g 
(raised by Beijing Weitonglihua Laboratory Animal Co., 
Ltd.), were reared adaptively for one week before the experi-
ment, fed with standard feed and free water intake.

Reagents

Lipopolysaccharide (LPS) (Sigma Company, USA), ape-
lin-13 (QRPRLS HKGPMPF, Abcam Company, UK), F13A 
(QRPRLS HKGPMPA, biobyt Company), anti-apelin 
antibody, anti-ERK (phospho) phosphorylated antibody, 
anti-NF-κB P65 (phospho) phosphorylated antibody (all 
purchased from Abcam Company, UK), ERK1/2 antibody, 
Caspase-3 antibody, Caspase-8 antibody, NF-κB P65 anti-
body, LC3 antibody, TLR4 antibody (all purchased from 

Proteintech Company, China), TNF-α and IL-6, apelin-13 
ELISA kit (all purchased from Proteintech Company, 
China), RNA stationary solution RNA later (Thermo 
Company, USA), TUNEL kit (Roche Company, USA), 
Vevo 2100 Small Animal Ultrasound Imaging System 
(Vissonics, Canada).

Experimental grouping

To prepare sepsis-induced cardiac dysfunction model, 
C57BL/6 mice were divided into two groups with 4 mice 
in each group. Healthy control group (control group) (n = 
4): mice were intraperitoneally (i.p.) injected with normal 
saline (NS). Lipopolysaccharide group (LPS group) (n =4): 
mice were i.p. injected with LPS (20 mg/kg), the modeling 
time was 24 hours. Cardiac echocardiography, myocardial 
pathology and ultrastructure were observed. The mRNA and 
protein levels of apelin in tissue homogenate, tumor necrosis 
factor α (TNF-α) and interleukin 6 (IL-6) levels in plasma 
and myocardial tissue were also observed. The plasma and 
tissue samples were frozen at −80°C for unified detection.

To observe the protective effect of Apelin/APJ system 
on LPS-induced cardiac dysfunction and its mechanism, 
C57BL/6 mice were divided into 7 groups. Healthy control 
group (control group) (n  = 4): i.p. injection of NS. LPS 
group (n = 4): i.p. injection of LPS (20 mg/kg), the modeling 
time was 24 h. Apelin pre-intervention group (apelin+LPS 
group) (n = 4): i.p. injection of apelin-13 (1 mg/kg) before 
i.p. injection of LPS (20 mg/kg). F13A pre-intervention 
group (F13A+LPS group) (n = 4): i.p. injection of F13A 
before i.p. injection of LPS (20 mg/kg). Apelin-13 blank 
control group (apelin+NS group) (n = 4): mice were pre-
treated by i.p. injection of apelin-13 (1 mg/kg), and then 
given i.p. injection of NS equal to LPS one hour later. Ape-
lin treatment group (LPS+apelin group) (n = 4): 500 µg/
kg (Suffredini et al. 1989) of apelin-13 was injected i.p. at 
one hour after LPS, once every 5 h, 4 times in total. In the 
apelin+F13A treatment group (LPS+apelin+F13A group) 
(n = 4), one hour after LPS, apelin-13 combined with F13A 
was given, the dosage was 500 µg/kg, once every 5 h, four 
times in total. Cardiac echocardiography was performed 
24 h after the LPS or NS injection, followed by heart, lung 
and blood samples. The pathological changes of myocar-
dium and apoptosis of TUNEL stained cells were observed. 
The levels of inflammatory factors (TNF-α, IL-6), myocar-
dial apoptosis (Caspase-3, Caspase-8) and autophagy (LC3, 
beclin1) were detected. The contents of myocardial ERK, 
TLR4 and NF-κB were also measured.

After i.p. injection of LPS for 0.5−1 h, the activity of 
mice was gradually weakened, with less foraging water, 
easy to catch, disordered and lusterless fur, less urine, 
sunken eyeballs, cool body surface, etc. Some mice gradu-
ally increased their activity and foraging water within 10 h. 
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The mice were anesthetized by intraperitoneal injection of 
10% chloral hydrate 4 ml/kg. The success of anesthesia in 
mice was indicated by the change of irregular breathing 
to regular and smooth breathing, relaxation of muscles in 
the whole body and delayed corneal emission. No animal 
exhibited signs of peritonitis. All mice survived 24 h after 
LPS i.p. injection. The experimental specimens were taken 
after anesthetizing mice. Carbon dioxide asphyxia (20% 
filling rate) was used to euphemize mice, and then neck 
dislocation occurred. After confirming the death of mice, 
the corpse was sealed in plastic bags and stored in the 
animal centers. The animal center entrusts professional 
organizations to conduct harmless treatment in a unified 
way. The study was approved by the ethics committee of 
Second Hospital of Hebei Medical University (approve 
number: 20116263).

Cardiac echocardiography

Transthoracic echocardiography was performed 24 h after 
LPS administration with high resolution in vivo imag-
ing system of VISUSONICS VEVO2100. The mice were 
lightly anesthetized with a mixture of 1−2% isoflurane and 
oxygen through the nasal cone with an initial inhalation 
concentration of 2.5%. The mice were fixed on the supine 
position of the board. The cardiac function parameters 
of M-shaped images were measured from the short axis 
images of parasternum in the horizontal direction of 
papillary muscles. The left ventricular diameters were 
measured at the end-diastolic and end-systolic stages. 
The ejection fraction (EF) and fractional shortering (FS) 
were calculated to evaluate cardiac function. All meas-
urements were performed by a researcher blinded to the 
treatment, and the data came from at least three cardiac 
cycles on average.

Histopathological staining

Myocardial tissue samples were fixed with 4% paraformal-
dehyde solution before paraffin embedding. 4-µm thickness 
sections were stained with hematoxylin and eosin (H&E) or 
terminal deoxynucleotidyl transferase (TdT) dUTP nick-end 
labeling (TUNEL) at room temperature. The nucleus was 
staining by 4',6-diamidino-2-phenylindole (DAPI). The 
TUNEL positive cells were labeled with green fluorescence 
and DAPI positive cells were displayed with blue fluores-
cence. Apoptotic index was calculated as the ratio of TUNEL 
positive cells to DAPI positive cells.

Transmission electron microscopy

The specimens were fixed with 4% glutaraldehyde and 
stored at 4°C until embedding. The tissue samples were then 

post-fixed in 1% phosphate-buffered osmium tetroxide and 
embedded in Eponate 12 resin. The sections were stained 
with 2% uranyl acetate and lead citrate at 50~70 nm. The 
images were examined by Hitachi H-7500 transmission 
electron microscope.

ELISA

The proinflammatory factors, IL-6 and TNF-α, in plasma and 
myocardial tissue were measured with commercially avail-
able ELISA kits. All procedures were performed according 
to the manufacturer’s instructions.

Quantitative real-time fluorescence PCR

Total myocardial RNA was prepared by in situ lysis with 
Trizol reagent. The RNA concentration was determined 
by using the NanoDrop 2000c UV-Vis spectrophotometer 
(Thermos Scientific, USA). In brief, 0.5 μg of total RNA were 
denatured in the presence of 0.5 μl oligo dT primer and Ran-
dom hexamer. In the following experiments, the cDNA was 
reverse transcribed in a 4 μl of 5× iScript Reaction Mix (Bio-
Rad) at 42°C for 30 min. SYBR Green mother liquor was 
used to complete real-time fluorescence quantitative PCR 
on step1 plus system (ABI). The amplification curve was 
used for calculation of Cycle number (Ct) of each reaction. 
The relative gene expression was calculated through 2-ΔΔCt 
formula. The primers of proteins, abbreviations and acces-
sion numbers are as follows: β-actin (NM_007393.3,287bp): 
5’-GTGACGTTGACATCCGTAAAGA-3’, 5’-GTAA-
C A G T C C G C C TA G A A G C A C - 3 ’ ;  N F - κ B  P 6 5 
(NM_009045.4,324bp): 5’-AAGCACAGATACCACCAA-
GACAC-3’, 5’-CGCACTGCATTCAAGTCATAGTC-3’; 
Apelin (NM_013912.4,103bp): 5’-AGTTTGTGGAGT-
GCCACTGATGT-3’,5’-TCCTGGTCCAGTCCTCGAA-
GTT-3’; Caspase-3 (NM_009810.3,297bp): 5’-TGGAAT-
GTCATCTC GCTCTGGT-3 ’,5 ’ -AAGAGT T TC G-
GCTTTCCAGTCA-3’; TLR4 (NM_021297.2,223bp): 
5’-TGAGGACTGGGTGAGAAATGAGC-3’, 5’-CTGC-
CATGTTTGAGCAATCTCAT-3’.

Western blot analyses

Western blot analyses for inflammation/apoptosis/au-
tophage markers and signaling kinases of myocardial tissues 
were performed. Briefly, the proteins in myocardial tissue 
lysates were separated by electrophoresis and transferred 
to a polyvinylidene difluoride membrane. The membranes 
were blocked and then incubated with antibodies against 
phosphorylated ERK (p-ERK), ERK1+ERK2, phosphoryl-
ated NF-κB (p-NF-κB), NF-κB, apelin, active-Caspase-3, 
Caspase-8, LC3, TLR4, beclin1, in primary antibody work-
ing fluid overnight at 4°C. And then, the membranes were 
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Figure 1. Cardiac echocardiography. Effects of li-
popolysaccharide (LPS) injection and apelin-13 on 
heart rate and cardiac function in mice. apelin+NS, 
apelin-13 blank control group; apelin+LPS, apelin 
pre-intervention group; LPS+apelin, apelin treat-
ment group (for detailed description of the groups, 
see Materials and Methods); LVEDV, left ventricular 
end-diastolic volume. * p < 0.05, ** p < 0.01 vs. control 
group; # p < 0.05, ## p < 0.01 vs. LPS group. 

A

C

B

D

incubated with secondary antibody linked to horseradish 
peroxidase. The band densities were normalized to the 
density of β-actin and quantified with scanning densito-
metric analysis using ImageJ software (National Institutes 
of Health, Bethesda, Md, USA).

Statistical method

Statistical evaluation was conducted using SPSS software (18 
versions, IBM, Armonk, NY, USA) or GRAPHPAD software 
(6.02 version, San Diego, CA 92108 USA). One-way ANOVA 
was used, and then Tukey test (games-howell test for those 
with uneven variance) was used to test the difference between 
the treatment groups. The numerical value is expressed as 
mean value (+SEM). Statistical significance criterion was 
set as p < 0.05.

Results

Cardiac ultrasound results

The SIMD model was successfully established by intra-
peritoneal injection of LPS. The expression of apelin in 
myocardium was decreased by i.p. injection of LPS. EF, FS, 
left ventricular end-diastolic volume (LVEDV) and stroke 
volume in LPS group were significantly lower than those 
in normal control group, with statistical difference (p  < 
0.05) (Fig. 1A−D). i.p. injection of LPS showed significant 
cardiac dysfunction in mice. EF, FS, stroke volume and 

LVEDV were significantly reduced. Apelin-13 has a pro-
tective effect on SIMD induced by LPS, and LPS+apelin 
group significantly reduced the symptoms of LPS-induced 
sepsis (p < 0.05) (Fig. 1A−D). Compared with LPS group, 
apelin+LPS and LPS+apelin group significantly improved 
cardiac function index (Fig. 1A) induced by LPS (p < 0.05), 
respectively.

H&E staining results and ultrastructure

Compared with the normal control group (Fig. 2A1), H&E 
staining showed that the pathological changes of the LPS 
group were lighter, with only capillary dilation (arrowhead 
in the Fig. 2A2), granulocyte boundary (curved arrow in the 
Fig. 2A2), intercellular red blood cell exudation (arrow in the 
Fig. 2A2), no focal necrosis, inflammatory cell infiltration 
and interstitial edema (Fig. 2A). Under transmission elec-
tron microscope, LPS group has mild swelling of cytoplasm, 
some mitochondria were slightly or moderate swelling, and 
fusion of mitochondrial crista and membranes (arrow in 
the Fig. 2B2), swelling of the endothelial cells of capillaries, 
sarcomere arranged orderly, and autophagy miniaturous 
(arrowheads in the Fig. 2B2) were visible in LPS group.

Compared with the LPS group, the pathological 
changes of myocardial capillary dilation, granulocytic 
side set and intercellular red blood cell exudation in 
apelin+LPS group (Fig. 2A3) and LPS+apelin group (Fig. 
2A4) were reduced, and myocardial edema and blurred 
cell border (pentagram in the Fig. 2A4) appeared in the 
LPS+apelin+F13A group.
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Figure 2. Effects of LPS and apelin-13 on myocardial pathology and ultrastructure. A. H&E staining was used to observe the pathological 
changes of normal control group (A1), LPS group (A2), LPS+apelin group (A3) and LPS+apelin+F13A group (A4). Arrows, intercel-
lular red blood cell exudation; arrowheads, capillary dilation; curved arrow, granulocytic side set; asterisks, mild myocardial edema. 
B. Ultrastructural changes of electron microscopy in each group (B1−B4). Arrows, swelling and fusion of mitochondrial crista and 
membranes; arrowheads, autophagosome.

Apelin expression level

LPS intervention significantly reduced the expression of 
apelin in the myocardium of mice. Western blot (Fig. 3A1) 
also showed that the level of apelin protein was significantly 
decreased in LPS group (p < 0.05) (Fig. 3A2). The results 
of real-time fluorescence PCR showed that the expression 
of apelin in LPS group was significantly lower than that in 
normal control group, with statistical difference (p < 0.001) 
(Fig. 3A3).

Changes of inflammatory factors in serum and myocardium

The results of ELISA showed that the levels of IL-6 and 
TNF-α in serum and myocardium tissues of mice were 
significantly increased after LPS injection (p < 0.01) (Fig. 
3B1−C2). The serum IL-6 of apelin+LPS group was lower 
than that of LPS group (p < 0.001) (Fig. 3B1), but there was 
no statistical significance in the decrease of serum TNF-α 
(Fig. 3B2) and myocardial tissue IL-6 (Fig. 3C1) and TNF-α 
(p > 0.05) (Fig. 3C2). F13A+LPS group did not aggravate 
the change of inflammatory factor caused by LPS (p > 0.05) 
(Fig. 3B1−C2). LPS+apelin group significantly inhibited the 
increase of IL-6 in serum and myocardial tissue induced 
by LPS (p < 0.05) (Fig. 3B1, 3C1), but had no significant 
effect on TNF-α level (p > 0.05) (Fig. 3B2,C2). The content 
of inflammatory factors in LPS+apelin+F13A group was 
higher than that in LPS+apelin group, but there was no 
statistical significance (p > 0.05) (Fig. 3B1–C2).

Changes of apoptosis and autophagy in cardiomyocytes

TUNEL staining showed that the LPS group had an increase 
in apoptotic cells compared with the control group, apelin 
intervention reduced the apoptosis rate, while F13A treat-
ment was given, the number of apoptosis cells increase again 
(Fig. 4A−E). Western blot results showed that the expression 
of Cleaved-caspase-3 and Cleaved-caspase-8 protein in LPS 
group was higher than that in control group (Fig. 4F–I) (p < 
0.001), and the expression level of both was significantly 
reduced in apelin+LPS or LPS+apelin group (Fig. 4F–I) (p < 
0.001), while F13A significantly antagonized the effect of 
apelin-13 (Fig. 4F–I) (p < 0.001). Western blot showed an in-
crease in expression of the beclin1 proteins in the LPS group 
compared to the control group (p < 0.001), and an increase 
in expression of both LC3 II (Fig. 4J) and beclin1 proteins 
(Fig. 4K) (p < 0.01) after the apelin-13 intervention, while 
F13A significantly inhibited this trend (p < 0.001) (Fig. 4J,K).

Effect of apelin-13 on TLR4/ERK/NF-κB signaling pathway

The Western blot test (Fig. 5) results showed that the 
apelin intervention significantly inhibited the increase in 
the expression of myocardial tissue TLR4 protein caused 
by LPS injection (p < 0.001) (Fig. 6A) and the increase in 
phosphorylation levels of nuclear factor κBp65 (NF-κBp65) 
(p < 0.05) (Fig. 6B−C), ERK (p < 0.001) (Fig. 4D−E), while 
the effect of F13A was significantly antagonised to apelin-13 
(p < 0.05). PCR detection showed that TLR4 mRNA level 

Control LPS LPS+apelin LPS+apelin+F13A
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Figure 3. The effect of lipopolysaccharide 
(LPS) injection on the expression of ape-
lin protein and its mRNA in myocardium 
(A1-A3). The effects of lipopolysac-
charide (LPS) injection and the effects 
of apelin-13 and F13A intervention on 
levels of IL-6 and TNF-α in serum (B1, 
B2) and myocardium (C1, C2) tissues 
of mice, detected by ELISA. * p < 0.05, 
** p < 0.01, *** p < 0.001 vs. control group; 
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. 
LPS group.

A1

B1

C1

A2

B2

C2

A3

and protein expression trend were the same in each group 
(p < 0.05) (Fig. 6F).

Discussion

Functional and structural changes of SIMD induced by LPS

At present, it has been concluded that the cardiac dysfunction 
(SIMD) caused by sepsis is mainly manifested in the decrease 
of systolic function and ejection fraction, which is reversible 
in the surviving patients (Piper et al. 1997). In this study, it 
was found that LPS could cause cardiac dysfunction in sepsis 
mice. In addition to the decrease of EF and stroke volume, 
the decrease of LVEDV was also observed in LPS-induced 
mice. The latter was different from the increase of LVEDV 
in clinical study (Farkasfalvi et al. 2007), and the specific 
mechanism needs further study.

The results of H&E staining showed that the intercel-
lular red blood cells exuded, the intercellular capillary 
expanded and the granulocytes gathered, indicating that 
the permeability of cell membrane increased, but there 
were no pathological changes such as myocardial edema, 
focal necrosis and myolysis. This study showed that the 

significant decrease of heart blood fraction caused by 
LPS is not caused by severe pathological changes such as 
myocardial necrosis, which is similar to the conclusion 
drawn by Piper et al. (1997) using CLP sepsis rat model 
(Jardin et al. 1999). This result can better explain the 
reversibility of SIMD.

Effect of apelin-13 on LPS-induced SIMD

Charo et al. (2009) found that endogenous apelin/APJ had an 
important regulatory effect on the cardiovascular system, es-
pecially in stress situations. Our study found that the mRNA 
level and protein expression of apelin decreased significantly 
in the LPS group, suggesting that endogenous apelin may be 
involved in the development of sepsis.

Apelin is currently considered to be one of the strongest 
endogenous strong heart substances (Szokodi et al. 2002). 
In vitro experiments, apelin-13 can significantly enhance 
the contractility of cardiomyocytes (Farkasfalvi et al. 2007) 
and isolated myocardium (Szokodi et al. 2002), and it is 
dose-dependent (Huang et al. 2016). In our study, we found 
that the increase of EF and heart beat volume, as well as 
the significant increase of LVEDV were found before or 
after LPS modeling. Previous clinical studies have shown 
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Figure 5. The Western blot result of the Cleaved-caspase-3, 
Cleaved-caspase-8, LC3, P-p65, p65, ERK1/2, beclin1, TLR4 
and p-ERK in myocardium of sepsis mice. C,  control group; L, 
LPS group; A-L, apelin+LPS group; L-A, LPS+apelin group; L-F, 
LPS+apelin+F13A group.

that the relatively low level of LVEDV in sepsis patients is 
associated with poor prognosis (Jardin et al. 1999). In this 
study, apelin-13 temporarily increased LVEDV to increase 
palpitation, improve the tolerance of the heart to fluid, and 
increase the blood perfusion of organs, thus improving the 
performance and prognosis of sepsis.

We found that after LPS intervention, apelin-13 signifi-
cantly reduced IL-6 in serum and myocardium, while TNF-α 
was not significantly decreased. The reason may be related 
to the production and metabolic velocity of the two in the 
body. TNF-α increased sharply after the injection of LPS, 
followed by the increase of IL-6, while TNF-α decreased 
rapidly in vivo (Michie et al. 1988; Fong and Lowry 1990). 
However, the level of IL-6 in plasma is considered to be more 
valuable for the prediction of mortality (Sullivan et al. 1992) 
and nosocomial infection (Dillenseger et al. 2018). Kumar et 
al. (1999) found that TNF-α, IL-6 and other inflammatory 
factors had inhibitory effect on the contraction of cardio-
myocytes, which was positively correlated with the dose. 
Our results suggested that apelin-13 can inhibit the release 
of inflammatory factors induced by LPS, and may protect 
SIMD by reducing the level of inflammatory factors.

NF-κB is currently considered to play a key role in regulat-
ing the release of a variety of inflammatory factors and the 
complex regulatory network among inflammatory response, 
immunity and apoptosis (Oeckinghaus et al. 2011; Gasparini 
and Feldmann 2012; Yang 2017). In the further study of the 
molecular mechanisms associated with the action of apelin-13, 
we found that LPS significantly enhanced the phosphorylation 
level of NF-κBp65, while the apelin-13 treatment reduced 
the activity of NF-κB. It was also found that LPS increased 
the levels of Caspase-8 and Caspase-3 in myocardium, while 
apelin-13 treatment reduced the level of apoptosis. LPS may 
cause the increase of inflammatory cytokines and apoptosis 
by activating NF-κB, thus leading to myocardial dysfunction.

At present, it is not entirely clear how the LPS acts on 
NF-κB. We observed that LPS significantly increased ERK1/2 
phosphorylation and TLR4 protein expression, while ape-
lin-13 inhibited this effect. A series of toll-like receptors are 
expressed in cardiomyocytes (Vaez et al. 2016), such as TLR2, 
TLR3, TLR4, TLR7, etc. Many studies have confirmed that 
TLR4 is related to LPS-induced inflammatory response and 
myocardial injury (Baumgarten et al. 2006; Li et al. 2017; 
Zhang et al. 2017). LPS produces TNF-α and other inflam-
matory cytokines, which are activated by toll-like receptors 
on the surface of cardiomyocytes through NF-κB signaling 
pathway. These inflammatory cytokines can further acti-
vate NF-κB, resulting in cascade reaction and uncontrolled 
inflammatory response. Extracellular kinase ERK is also 
considered to play an important role in NF-κB signaling 
pathway (Jiang et al. 2004; Ang et al. 2011). Jiang et al. (2004) 
believed that ERK can regulate the activation of NF-κB by 
IL-1β and TNF-α, thus NF-κB can maintain its activation sta-
tus for a longer time. Therefore, we concluded that LPS may 
cause ERK phosphorylation and NF-κB activation through 
TLR4, and then lead to the release of inflammatory factors 
and the increase of apoptosis, while inflammatory factors 
can directly promote apoptosis and further activate NF-κB. 
Apelin-13 may inhibit the inflammatory response and ap-
optosis through TLR4/ERK/NF-κB signaling pathway, thus 
play a protective role in LPS-induced cardiac dysfunction.

Our study also found that LPS induced the increase of 
autophagy, while the injection of apelin-13 further increased 
the level of autophagy, which could be antagonized by F13A. 
Some studies have shown that autophagy has protective ef-
fect on sepsis related cardiac dysfunction (Hsieh et al. 2011; 
Sun et al. 2018). Autophagy can interact with inflammation 
and apoptosis through NF-κB (Sun et al. 2019). Therefore, 
we believe that apelin-13 may also protect cardiac function 
by improving autophagy levels.

Role of F13A

F13A is the isomer of apelin-13. Lee et al. (2005) showed that 
F13A can antagonize the antihypertensive effect of apelin-13, 
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Figure 6. The effects of apelin-13 and 
F13A intervention on the expression 
of TLR4/β-actin (A), P-p65/β-actin 
(B), P-p65/p65 (C) p-ERK/β-actin 
(D) and p-ERK/ERK (E) measured by 
Western blot, and the mRNA levels of 
TLR4 (F) in myocardium of LPS chal-
lenged mice. *  p  < 0.05, **  p  < 0.01, 
*** p < 0.001 vs. control group; # p < 
0.05, ## p < 0.01, ### p < 0.001 vs. LPS 
group; ▲ p < 0.05, ▲▲ p < 0.001, ▲▲▲ p < 
0.001 vs. LPS+apelin group.

A

C

E

D

F
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and could be used as a specific antagonist of apelin-13/APJ 
in a dose-dependent manner. In our study, we found that 
the administration of F13A at the same time of apelin-13 
after LPS injection significantly antagonized the effect of 
apelin-13 on LPS intervention, suggesting that F13A has an 
antagonistic effect on exogenous apelin-13. However, F13A 
was given before LPS injection, and no further increase of 
inflammatory factors and aggravation of sepsis were found in 
mice. It showed that F13A has no obvious antagonistic effect 
on endogenous apelin under the condition of this study, but 
it is related to the dose and time of drug intervention, which 
needs further study.

Limitation

Due to the limitation of funds and the number of experi-
mental animals, no survival rate study was conducted, and 
no related study was conducted on different intervention 
doses and different time nodes. However, inflammatory fac-
tors, apoptosis and other indicators will change in different 
time periods, which may affect the judgment of research 
results. The antagonistic effect of F13A on apelin-13 was 
dose-dependent. Different doses and administration time 
may affect the experimental results.

Conclusions

Endogenous apelin may have a protective effect on SIMD 
induced by LPS. Exogenous administration of apelin may 
inhibit LPS induced inflammatory response, apoptosis and 
increase autophagy through TLR4/ERK1/2/NF-κB pathway. 
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