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Abstract
Background  Mechanical Ventilation (MV) is an essential mechanism of life support in the clinic. It may also lead to venti-
lator-induced acute lung injury (VILI) due to local alveolar overstretching and/or repeated alveolar collapse. However, the 
pathogenesis of VILI is not completely understood, and its occurrence and development may be related to physiological 
processes such as the inflammatory response, oxidative stress, and apoptosis. Some studies have found that the the apelin/
APJ axis is an endogenous antagonistic mechanism activated during acute respiratory distress syndrome(ARDS), that can 
counteract the injury response and prevent uncontrolled lung injury. To indicate that apelin-13 plays a protective role in VILI, 
an animal model of VILI was established in this study to explore whether apelin-13 can alleviate VILI in rats by inhibiting 
inflammation, apoptosis and oxidative stress.
Methods  SD rats were divided into four groups: control, high tidal volume, high tidal volume + normal saline and high tidal 
volume + apelin-13. After tracheotomy, the rats in control maintained spontaneous breathing, and the other rats were con-
nected to the small animal ventilator for 4 h to establish the rat VILI model. The mRNA expression of apelin was measured 
by real-time quantitative polymerase chain reaction(qRT-PCR), immunofluorescence and Western blotting(WB) were used 
to detect the expression level of APJ, and WB was used to detect the expression of the apoptotic proteins Bax and bcl-2. The 
degree of lung injury was evaluated by pathological staining of lung tissue,W/D ratio, and BALF total protein concentration. 
The expression of inflammatory factors(IL-1β, IL-6, TNF-α) in alveolar lavage fluid was measured using ELISA. The activi-
ties of MPO and cat and the content of MDA, an oxidative product, in lung tissue were measured to evaluate the degree of 
oxidative stress in the lung.
Results  After treatment with apelin-13, the apelin/APJ axis in the lung tissue of VILI model rats was activated, and the effect 
was further enhanced. The pathological damage of lung tissue was alleviated, the expression of the antiapoptotic protein 
Bcl-2 and the proapoptotic protein Bax was reversed, and the levels of the inflammatory cytokines IL-1β, IL-6, TNF-α levels 
were all decreased. MPO activity and MDA content decreased, while CAT activity increased.
Conclusion  The apelin/apj axis is activated in VILI. Overexpression of apelin-13 further plays a protective role in VILI, 
mainly by including reducing pathological damage, the inflammatory response, apoptosis and antioxidant stress in lung tis-
sue, thus delaying the occurrence and development of VILI.
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IHC	� Immunohistochemistry
IL-1β	 �Interleukin-1β
IL-6	 �Interleukin-6
TNF-α	 �Necrosis fator-α
W/D	 �Wet/dry
ELISA	 �Enzyme-linked immunosorbent assay
MPO	� Myeloperoxidase
CAT	� Catalase
MDA	� Malondialdehyde
ROS	� Oxygen species
RNs	� Reactive nitrogen species

Introduction

Mechanical ventilation(MV) is an important advanced life 
support mechanism used in clinical practice. However, while 
saving lives, maintaining respiratory function and improv-
ing oxygenation, it can also cause or exacerbate lung injury, 
which is called ventilator-induced acute lung injury(VILI) 
[1, 2]. VILI includes volume damage, air pressure damage, 
shear damage and biological damage, but the main factor 
is biological damage caused by mechanical stress. Its main 
features include the following: Mechanical stress causes 
deformation of the lung cell membrane and its receptors, 
and organelles sense external abnormal mechanical stimuli, 
which are converted into biochemical signals and transmit-
ted to cells, activate the intracellular signal transduction sys-
tem, increase the number of inflammatory cells and secreted 
inflammatory factors, and produce an inflammatory storm.

Mechanical stress can directly damage alveolar epithelial 
cells, induce cell apoptosis, destroy the structure and func-
tion of alveolar epithelial cells and capillary endothelial cells, 
destroy the integrity of the basement membrane, cause alve-
olar hemorrhage, form a hyaline membrane, increase lung 
permeability, and cause pulmonary edema, thus destroying 
the integrity of the alveolar barrier and damaging the func-
tion of the pulmonary barrier [3, 4]. In addition, mechanical 
stretching can lead to the release of mediators associated 
with immune response activation, further increasing dam-
age, and may lead to damage to other distant organs [5]. 
In recent years, many innovative and protective lung ven-
tilation strategies have been proposed, which avoid VILI 
mainly by limiting tidal volume and/or plateau pressure and 
by maintaining lung cell recruitment in alveolar areas with 
sufficient positive end expiratory pressure (PEEP). Relevant 
clinical trials have shown that ventilator management can 
effectively reduce the mortality of patients with acute respi-
ratory distress syndrome (ARDS) [6, 7]. However, a large 
number of ARDS patients still die of multiple system organ 
failure (MSOF). Therefore, the prevention and treatment 
of biological damage is particularly important. In previous 

studies by our research group, it was been demonstrated that 
VILI can be reduced by inhibiting inflammation and apop-
tosis in rats [8]. However, the most critical factors and sig-
naling pathways causing VILI have not yet been identified, 
and its pathogenesis still needs further study.

Apelin, a newly discovered small molecule active poly-
peptide, is a natural ligand of the orphan G protein coupled 
receptor angiotensin receptor at-1-related protein (APJ). Cur-
rently, active apelin peptides have been described, including 
apelin-36, apelin-17, apelin-13, and apelin-12. Among these 
subtypes, apelin-13 and apelin-36 are the main subtypes [9, 
10]. Increasing evidence shows that the apelin/APJ axis is 
widely expressed in the heart, lung and liver [11–14]. Ape-
lin-13 is involved in the regulation of cardiovascular and 
endocrine systems [12, 15]. And people have gradually 
realized the importance of the apelin/APJ axis in respiratory 
diseases [16]. Some studies have confirmed that in the oleic 
acid (OA) -induced ARDS rat model, OA-induced ARDS is 
combined with the upregulation and activation of the apelin/
APJ axis, and the enhanced apelin/APJ axis plays a func-
tional role. In OA- and LPS- induced ARDS models, post-
traumatic treatment with apelin-13 reduced lung injury and 
improved oxygenation. It is suggested that the apelin/APJ 
axis can be used as an endogenous anti injury mechanism to 
protect lung tissue [17]. Moreover, apelin-13 can inhibit the 
NF-κB pathway, and the NLRP3 inflammasome is activated 
to prevent LPS-induced acute lung injury. Regulating the 
gene expression of various inflammatory cytokines, apop-
totic proteins and antioxidant stress molecules may be the 
potential mechanism of apelin-13’s protective effect [18].

However, there is still a lack of research on the effect 
of VILI on the expression of apelin and APJ receptors and 
the regulation of VILI through the apelin/APJ axis. Based 
on the above research background, we hypothesized that 
apelin-13 delays the occurrence and development of VILI, 
which may be a new therapeutic strategy for VILI.

Materials and methods

Animal experiment

The Changsha Tianqin Biotechnology Co. ltd. (Changsha, 
China) provided 24 specific pathogen-free male Sprague-
Dawley (SD) rats, (age, 6–8 weeks and weight, 200–250 g). 
The rats were housed in an SPF Animal Experimental Cen-
ter, under 12-h light/dark cycle, and provided with food and 
drinking water ad libitum; however, they fasted for 12  h 
before the experiment but provided free drinking water. 
Then they were divided into four groups: control (spon-
taneous breathing), high tide volume (HV), high tide vol-
ume + normal saline (NS), and high tide volume + apelin-13 
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(apelin-13). There were 6 rats in each experimental group. 
Anesthesia was induced by intraperitoneal injection of 
pentobarbital (50 mg/kg, narcoren, Merial, Germany) and 
fentanyl (0.05  mg/kg, Janssen cilag, Neuss, Germany); 
Anesthesia was supplemented every hour: pentobarbital 
(5–10 mg/kg per hour) and fentanyl (2.5-5 µg/kg per hour). 
After complete anesthesia, the control group maintained 
spontaneous breathing without mechanical ventilation after 
tracheotomy and intubation. Rats in other groups were 
subjected to tracheotomy MV for 4 h, and the ventilation 
parameters were set as follows: LVT was 7 ml/kg, HVT 
was 40 ml/kg, and respiratory rate was 60 times per min-
ute. Ventilation parameters refer to the study of Roman et al 
[19]. The endogenous Apelin receptor agonist [pyr1]-ape-
lin-13 (medchemexpress, USA) was injected into apelin-13 
group(10nmol/kg, i.p.) 30 min before the experiment; at the 
same time, equal volume of normal saline was injected intra-
peritoneally into NS group. For follow-up experiments, rats 
were euthanized after 4 h of MV or spontaneous breathing. 
Their bronchoalveolar lavage fluid (BALF) and lung tis-
sue were collected. The experiment was conducted accord-
ing to the guide for the care and use of laboratory animals 
of the National Institutes of Health (NIH Publication No. 
85-232011). The animal experiment protocol was approved 
by the animal experiment ethics checklist of Guizhou Medi-
cal University (approval number 2,001,132) and followed 
arrive guidelines.

Hematoxylin-eosin (HE) staining

Following the establishment of the model, the lung tis-
sue was fixed in formalin solution, stored at 4 °C for 24 h, 
dehydrated with gradient ethanol, and paraffin embedded. 
The sample was sliced into 4 μm thick sections, and stained 
with Hematoxylin-eosin (Solarbio, China). After soaking 
with gradient ethanol, the section was mounted with a neu-
tral balsam and cover glass. Observing the morphology of 
alveoli under an optical microscope, and using the Smith 
scoring method to assess pulmonary edema, alveolar and 
interstitial bleeding, atelectasis, and hyaline membrane for-
mation, the lung tissues of rats in each group were scored. 
A semi quantitative analysis based on a score of 0–4 was 
performed to determine the degree of lung tissue damage: 
0 point = normal lung tissue; 1 point = minor injury, < 25% 
of lung injury; 2 points = moderate injury, 25–50% of lung 
injury; 3 points = severe injury, 50–75% of lung injury; 4 
points = extremely severe injury, > 75% of lung injury. 
Observe 10 high-power fields of view per rat(×200), take its 
average value [20].

Immunofluorescence staining

The expression levels of APJ(1:800; Proteintech, China) 
proteins were determined using immunofluorescence. After 
drying at 60◦C for 1 h, dewaxing and hydrating the 4-um 
thick paraffin sections, sealing them with goat serum at 
37 °C for 30 min, and incubating them with a specific pri-
mary antibody overnight. Rewarming at 37 °C for 30 min, 
and incubated with a fluorescent secondary antibody (1:500, 
Proteintech, Beijing, China) for 1 h in a wet box. After the 
addition of DAPI (Solarbio, Beijing, China) in the dark 
the tablets were re-dyed for 10  min. Finally, the slides 
were sealed with an anti-fluorescence quenching agent, 
and images were obtained using a positive fluorescence 
microscope.

Lung wet/dry (W/D) weight ratio detection

After euthanization, rats were cleaned with PBS to separate 
the right upper lung and then the lung weighed. Wet lungs 
were dried at 65 °C for 48 h and referred to as dry lungs. We 
calculated the lung wet weight /dry weight ratio.

BALF analysis

The left lung was lavaged three times with 0.8 ml PBS. The 
collected lavage fuid was subjected to centrifugation for 
10 min at 1000 g and 4 °C. The supernatant was collected 
for use as BALF, and the total protein content was measured 
using a BCA kit (Solarbio, China).

Enzyme-linked immunosorbent assay (ELISA)

The BALF was subjected to centrifugation at 1500  rpm 
for 10 min and the supernatant collected. In order to deter-
mine the expression of interleukin-1β(IL-1β), interleukin-6 
(IL-6) and tumor necrosis factor-α (TNF-α) in BALF, we 
used ELISA reagents (Cusabio Biotech, Wuhan, China), as 
instructed by the manufacturer IL-1β(CSB-E08053h), IL-6 
(Ab100712) and TNF-α (CSB-E11987r). In less than five 
minutes, the optical density value of each sample was deter-
mined with a spectrophotometer at 450 nm.

Western blotting analysis

The pre-cryolysis solution containing PMSF and phospha-
tase inhibitor was added to the tissue, ground, and cleaved 
thoroughly using an ultrasonic crusher. Thereafter, 5× load-
ing buffer was added to the protein sample. Proteins were 
estranged via SDS-PAGE and moved onto a polyvinyli-
dene fluoride (PVDF) membrane, which was stuck down 
with 5% skim milk at 25 °C for 1 h and incubated overnight 
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Result

Apelin-13 increases the expression of apelin mRNA 
and its receptor APJ in rat lung tissue

To verify whether the apelin/APJ axis is activated during 
the occurrence and development of VILI and to investigate 
the effects of apelin 13 intervention on apelin mRNA and 
its receptor APJ in rat lung tissue. We used qRT-PCR to 
detect apelin mRNA expression in the lung tissue of rats in 
each group. The results showed that apelin mRNA expres-
sion was increased in the HV and NS groups compared 
with the control group; Western blot analysis and immuno-
fluorescence showed that compared with that in the control 
group, the expression level of APJ in the injured lung tissue 
was increased after MV, indicating that VILI upregulated 
the expression of apelin and its receptor in the lung tissue. 
After apelin-13 intervention, the apelin-13 group showed 
a significant increase in apelin-13 mRNA and its receptor 
APJ. This result indicated that apelin and its receptor APJ 
were expressed in normal lung tissue, while VILI led to its 
increased expression in injured lung tissue. The use of the 
receptor agonist apelin-13 further upregulated the expres-
sion of apelin mRNA and its receptor APJ in lung tissue, 
and enhanced the signal transduction of the apelin/APJ axis. 
(Fig. 1).

Apelin-13 relieving VILI

To determine whether apelin-13 further enhances the role of 
the apelin/APJ axis in alleviate VILI. In the experiment, we 
measured the W/D ratio of lung tissue and the total protein 
level in BALF, and observed the changes in lung tissue with 
HE staining. The results showed that the lung w/d ratio and 
BALF protein levels in the HV and NS groups were signifi-
cantly higher than those in the control and apelin-13 groups. 
After he staining, the alveolar structure in the control group 
was normal, and the perivascular space edema, alveolar and 
interstitial neutrophil infiltration, alveolar hemorrhage and 
hyaline membrane formationwere observed in the HV and 
NS groups; The severity of inflammatory cell infiltration 
and hemorrhage in the apelin-13 group was significantly 
lower than that in the HV and NS groups. According to the 
Smith scoring system, the lung injury score showed that the 
degree of injury in the apelin-13 group was significantly 
lower than that in the HV and NS groups (Fig. 2).

Apelin-13 alleviates pulmonary inflammatory 
response in VILI rats

We used ELISA to measure the IL-1β, IL-6 and TNF-α levels 
in BALF (Fig. 3) to determine the degree of inflammation 

with a particular primary antibody APJ (1:800;Protein-
tech, China) or Bax (1:10, 000; Proteintech, China) or Bcl-
2(1:3,000; Proteintech, China) at 4 °C. The membrane was 
then incubated with a secondary antibody (IgG, 1:5000 Pro-
teintech, Chicago, USA) at 25 °C for 1 h. Finally, imprinting 
was observed using enhanced chemiluminescence (ECL, 
P0018AM, Shanghai, China).

Real-time quantitative polymerase chain reaction 
(qRT-PCR)

Sum RNA was obtained from rat lung tissue using the 
TRIzol kit (Thermo Fisher, USA). By using the Prime-
ScriptTM RT reagent kit (RR047A, Takara, Dalian, China), 
complementary DNA (cDNA) was synthesized from the 
extracted RNA. mRNA expression levels were measured 
in strict compliance with TB Green® Premix ExTaqTM II 
instructions from Takara (RR820A, Takara, Dalian, China). 
GAPDH served as the internal control for Apelin. All prim-
ers (Fig. 1a) were synthesized by Shenggong Bioengineer-
ing Co. ltd. (Shanghai, China). The relation expression of 
the genes was deliberated using the 2-ΔΔCT manner.

MPO and CAT activity

MPO activity in supernatant of lung tissue was determined 
using MPO and CAT kit (Nanjing Institute of Bioengineer-
ing, Nanjing, China). CAT activity was measured at 405 nm 
and MPO activity was measured at 460 nm by microplate 
reader.

MDA content

MDA content in supernatant of lung tissue was determined 
using MDA kit (Nanjing Institute of Bioengineering, Nan-
jing, China). MDA content was measured at 532  nm by 
microplate reader.

Statistical analysis

All experiments were conducted with different batches of 
rats at least thrice. Data are expressed as mean ± standard 
deviation (X ± SD). Plots and statistical analyses were per-
formed with GraphPad Prism 8.3 and ImageJ 1.51. Com-
paring two groups was done via a T test. Comparing more 
than two groups was done via an ANOVA followed by a 
Tukey post hoc test. P<0.05 was considered statistically 
significant.
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Effect of apelin-13 on apoptosis in rat lung tissue

To study whether apelin-13 plays a role in VILI apoptosis, 
we used WB to measure the expression of the antiapop-
totic protein Bcl-2 and proapoptotic protein Bax and ana-
lyzed their expression ratio. The results (Fig. 4) showed that 
compared with the HV and NS groups, the intraperitoneal 

in the lung tissues. Compared with the control group, the 
IL-1β, IL-6 and TNF-α levels in BALF of the HV and NS 
groups were significantly increased. After apelin-13 treat-
ment, the IL-1 β, IL-6 and TNF-α levels were significantly 
decreased, and the difference was statistically significant. In 
summary, these data indicate that apelin-13 can reduce the 
pulmonary inflammatory response of VILI rats.

Fig. 1  Apelin-13 increases the expression of apelin mRNA and its 
receptor APJ: The qRT-PCR Primer sequence (a Table  1),and its 
results showed the expression of apelin mRNA in the lung tissue of 
rats in each group(b); representative WB images of APJ expression 

of lungs(c); the ratio of APJ/GAPDH in WB(d); immunofluorescence 
showed the APJ protein in the lung tissue of rats in each group(e); 
*P < 0.05 vs. C, # P < 0.05 vs. HV, ### P < 0.001 vs. HV
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Fig. 3  Apelin-13 alleviates pulmonary inflammatory response in VILI rats. IL-1β levels in BALF(a), IL-6 level in BALF(b),TNF-a levels in BALF 
(c). ****P < 0.0001 VS Control, ####P < 0.0001 VS HV

 

Fig. 2  Apelin-13 relieving VILI. Lung dry/wet weight ratio (W/D) 
level (a); Protein levels in BALF(b); Representative appearance and 
micrograph of HE(c) stained lung sections (enlarged ×200 and ×400): 
Severe lung injury occurred in the HV and NS groups, while the ape-
lin-13 group had significantly less lung injury than the HV and NS 

groups. The histological characteristics of the lung are perivascular 
edema, infiltration of white blood cells in the interstitium and alveoli, 
and significant heterogeneity in alveolar dilation; The organizational 
credit value of the experimental group(d);***P < 0.001 vs. Control, 
****P < 0.0001 vs. Control, #P < 0.05 vs. HV, ####P < 0.0001 vs. HV
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Apelin-13 alleviates oxidative stress in the lungs of 
VILI rats

MPO activity, as a marker of neutrophil infiltration, is 
positively correlated with the survival of neutrophils and is 
also an enzyme index related to oxidative damage. In addi-
tion, we also detected the content of MDA in the oxidation 
products to evaluate the degree of oxidative damage dur-
ing VILI. Since the oxidative system and antioxidant sys-
tem jointly maintain the homeostasis of the body, in order 
to clarify the state of the oxidative system in rats, we further 
chose to detect the activity of the antioxidant enzyme cat. 
In our experimental results (Fig. 5a,b,c), MPO activity and 
MDA content in the HV and NS groups were significantly 
higher than those in the control group, while CAT activ-
ity decreased. This indicates that there is oxidative stress 
damage and antioxidant system imbalance in the process of 
VILI. After apelin-13 intervention, MPO activity and MDA 
content in the apelin-13 group were significantly lower than 
those in the HV and NS groups, and CAT activity was effec-
tively reversed by apelin-13. These results suggest that ape-
lin-13 can delay oxidative stress.

Discussion

VILI triggers a wide range of biological reactions, namely, 
biological injury, in which proinflammatory cytokines and 
injury-related signaling cascades are activated. TNF-α plays 
a very important role in the occurrence and development 
of VILI and is a key link in the activation and expansion 
of the inflammatory response [21]. Inflammasome activa-
tion in both the lung parenchyma and resident immune cells 

injection of apelin-13 significantly increased the ratio of 
Bcl-2/Bax in lung tissues. This shows that apelin-13 acti-
vates Bcl-2, promotes its binding to Bax, and thus inhibits 
the apoptosis process.

Fig. 5  Apelin-13 alleviates oxidative stress in the lungs of VILI rats. MPO activity levels in each group(a); MDA content in each group(b); CAT 
activity levels in each group(c), ****P < 0.0001 VS Control, ##P < 0.01 VS HV, ###P < 0.001 VS HV, ####P < 0.001 VS HV

 

Fig. 4  Effect of apelin-13 on apoptosis in rat lung tissue. WB technol-
ogy was used to detect the expression of anti apoptotic protein Bcl-2 
and pro apoptotic protein Bax, and the ratio of Bcl-2/Bax in lung tissue 
of each group,***P < 0.001 VS Control, ###P < 0.001 VS HV
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regulation [30]. These results show that the expression rates 
of apelin-13 related proteins Bax/Bcl-2 are increased. Our 
research is consistent with previous research results, which 
prove that VILI significantly upregulates the level of the 
apoptosis-promoting protein Bax and downregulates the 
level of the antiapoptotic protein Bcl-2 in lung tissue, and 
this result is reversed after treatment with the receptor ago-
nist apelin-13.

In addition to anti-inflammatory effects and inhibition of 
apoptosis, the protective mechanism of apelin may also be 
related to antioxidant stress responses.Oxidative stress is 
another important mechanism for the occurrence and devel-
opment of lung injury [31], which is caused by the imbal-
ance between the oxidative system and antioxidant system 
in the body [32]. As a marker of neutrophil infiltration, MPO 
can also mediate oxidative stress by promoting the produc-
tion of reactive oxygen species(ROS) and reactive nitrogen 
species(RNs) and regulating polarization and inflammation 
related signaling pathways in neutrophils. A previous study 
proposed the important role of MPO in mediating oxidative 
stress and neuroinflammation during cerebral injury. Tar-
geting MPO with inhibitors or gene deficiency agents can 
become a therapeutic strategy to attenuate oxidative dam-
age and neuroinflammation in ischemic stroke [33]. Shi et 
al [34] found that, in LPS-induced lung injury mouse model 
and an A549 cell model, MPO activity was enhanced, while 
ganoderic acid B significantly reduced MPO activity. In our 
results, the activity of MPO in the VILI group was enhanced. 
In addition, the level of MDA in various biological samples 
may be a reliable indicator of the degree of oxidative dam-
age to body cells and tissues [35]. When the oxidative sys-
tem is enhanced or weakened, the organism will be in a state 
of oxidative stress, the function of biofilm will be damaged, 
and the oxidation product MDA will be produced, causing 
damage to the body [36]. CAT, one of the most important 
oxidoreductases in the body, plays a vital role in catalyz-
ing the removal of reactive ROS, preventing cell membrane 
damage and inhibiting tumor cell growth [37]. Our experi-
mental results showed that the MDA content of the VILI rat 
model group was significantly higher than that of the control 
group, and the CAT activity decreased, suggesting that oxi-
dative stress damage, antioxidant system dysfunction, and 
cell function damage occurred in the process of VILI. Our 
results showed that the MPO activity and MDA content in 
apelin-13 group decreased, while the cat activity increased.

This study shows that apelin-13 (receptor agonist) plays 
a protective role in VILI. However, due to experimental lim-
itations, this study did not explore the effects of a concentra-
tion gradient of apelin-13 and conduct further in vitro cell 
experiments. These two limitations need to be addressed in 
future research.

generates inflammatory factor, such as IL-1β is promoted 
by increasing capillary permeability, which leads to the 
cascading of inflammatory responses and exacerbates tis-
sue damage and necrosis [22]. Increasing evidence shows 
that the apelin/APJ signaling pathway is closely related to 
the development of respiratory diseases. High concentra-
tions of apelin mRNA and APJ mRNA were observed in rat 
lung tissues [23, 24]. Early studies reported that apelin and/
or APJ receptors were upregulated by during tissue injury 
[25–27]. Fan [17] found that the ARDS induced by OA was 
related to the upregulation and activation of the apelin/APJ 
axis. In the ARDS model induced by OA and LPS, treatment 
with the receptor agonist apelin-13 reduced lung injury and 
improved oxygenation. The apelin/APJ axis is an endog-
enous anti-injury mechanism, and the receptor agonist ape-
lin-13 can reduce the stimulation of apelin/APJ axis, further 
playing a functional role and alleviating inflammation and 
the injury response. In this study, we found that in the rat 
VILI model with large tidal volume ventilation, after 4  h 
of ventilation, the inflammatory response in rat lung tissues 
eventually led to pathological damage to lungs and the for-
mation of pulmonary edema. After intraperitoneal adminis-
tration of the receptor agonist apelin-13, the experimental 
data showed that in the intervention group, the expression 
of apelin and APJ receptor in lung tissue was significantly 
increased compared with that in the control group, the 
HV and NS groups. The levels of the inflammatory cyto-
kines IL-1β, IL-6, and TNF-α in BALF during VILI was 
significantly decreased, and the inflammatory response of 
the rat VILI model was reduced or inhibited, indicating that 
the severity of VILI in rats was alleviated after treatment 
with apelin-13. The mechanism may be related to the anti-
inflammatory effect. It has been verified that apelin and/or 
APJ receptors are upregulated during VILI tissue injury, 
but further activation of apelin-13 results in tissue protec-
tion. In summary, the apelin/APJ signaling pathway is also 
an important endogenous mechanism that protects against 
injury during VILI. The anti-inflammatory mechanism of 
apelin-13 may also be related to the inhibition of the classi-
cal NF-κB signaling pathway and NF-κB activation. Zhang 
[18] found that in an LPS-induced acute lung injury animal 
model, the administration of apelin-13 inhibited ROS for-
mation, the NF-κB pathway and the activation of NLRP3 
inflammasome in the lung. In addition to the NF- κB path-
way, apelin-13 can activate the ERK1/2 pathway through 
PTX-sensitive G protein and inhibit forskolin-induced intra-
cellular cAMP production, which may be involved in regu-
lating different biological responses [28].

Previous literature reports, apelin-13 protects neurons by 
strengthening autophagy and attenuating early-stage post-
spinal cord injury apoptosis in vitro [29] and prevents apop-
tosis in the cochlear tissue of noise-exposed rat via Sirt-1 
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