MOLECULAR MEDICINE REPORTS 23: 6, 2021

Apelin-36 protects against lipopolysaccharide-induced acute
lung injury by inhibiting the ASK1/MAPK signaling pathway
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Abstract. Apelin-36 is able to mediate a range of effects on
various diseases, and is upregulated in lipopolysaccharide
(LPS)-induced acute lung injury (ALI). However, to the
best of our knowledge, whether apelin-36 is able to regulate
LPS-induced ALI has yet to be investigated. The present study
aimed to investigate the role of apelin-36 in LPS-induced ALI,
and the putative underlying mechanisms. Rats were assigned
to one of four treatment groups: The Control group, apelin-36
group, LPS group and LPS + apelin-36 group. At 4 h after
intratracheal instillation of LPS (5 mg/kg), rats were intra-
peritoneally treated with 10 nmol/kg apelin-36. Subsequently,
pathological manifestations and the extent of inflammation and
apoptosis of the lung tissues were assessed. Untransfected and
apoptosis signal-regulating kinase 1 (ASK1)-overexpressing
Beas-2B cells were treated with LPS in the absence or pres-
ence of apelin-36, and subsequently the levels of inflammation
and apoptosis were assessed. The results obtained showed that
the level of apelin-36 was increased in the bronchoalveolar
lavage fluid (BALF) of LPS-treated rats. Co-treatment with
apelin-36 alleviated LPS-induced lung injury and pulmonary
edema, reduced the levels of pro-inflammatory cytokines,
including interleukin-6, monocyte chemoattractant protein-1
and tumor necrosis factor-a, in BALF, and inhibited apop-
tosis in the lung tissues. The presence of apelin-36 also
blocked the activation of LPS-induced ASKI1, p38, c-Jun
N-terminal kinase and extracellular signal-regulated kinase
in lung tissues. In vitro studies performed with Beas-2B
cells showed that the addition of apelin-36 led to an increase
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in the cell viability of LPS-induced Beas-2B cells in a
concentration-dependent manner. Additionally, co-treatment
with 1 yM apelin-36 prevented LPS-induced inflammation
and apoptosis. However, overexpression of ASK1 significantly
reversed the inhibitory effects of apelin-36 on LPS-induced
inflammation and apoptosis. Taken together, the results of the
present study demonstrated that apelin-36 was able to protect
against LPS-induced lung injury both in vivo and in vitro,
and these actions may be dependent on inhibition of the
ASK1/mitogen-activated protein kinase signaling pathway.

Introduction

Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) are major clinical syndromes of acute
respiratory failure that can be caused by infectious factors,
such as bacterial and viral infections, and non-infectious
factors, such as inhalation of toxic gas, blood transfusion,
drug poisoning and acute pancreatitis (1,2). ALI may lead to
alveolar epithelium or vascular endothelial cell damage, and
an increase in pulmonary vascular permeability (1). However,
the pathogenesis of ALI is complicated, and among the various
putative mechanistic explanations, an increased production of
pro-inflammatory factors in the lungs is currently recognized
as the most important mechanism (2). The increased release
and activation of inflammatory cytokines can lead to an
uncontrolled inflammatory response, causing damage to the
pulmonary capillary endothelial cells and alveolar epithelial
cells (2). Damaged endothelial cells release reactive oxygen
species, which subsequently leads to an increase in the perme-
ability of lung endothelial cells, allowing large quantities
of protein-rich substances to enter the bronchial tubes and
alveolar cavities, causing pulmonary edema, thereby reducing
the effectiveness of lung ventilation, and even leading to
respiratory failure (3,4). There are currently no specific drugs
available for the treatment of ALI. Therefore, the development
of effective treatment strategies is of great clinical significance
in treating ALI.

The apelin family comprises a class of endogenous active
peptides with different molecular structures encoded by the
same gene. These peptides function as endogenous ligands
for the seven-transmembrane G-protein-coupled receptor,
APJ (5). The precursor of the apelin peptides is a polypeptide
composed of 77 amino acids encoded by the X chromosome,
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which is hydrolyzed into active polypeptides of different
lengths by proteases (6). These active polypeptides can be
classified according to their number of amino acids; peptides
produced are typically 36, 17 and 13 amino acids in length,
in addition to other subtypes. The longer the peptide chain,
the stronger the binding of the apelin peptide to the APJ
receptor (5). One such naturally occurring apelin peptide
comprising 36 amino acid residues is termed ‘apelin-36’.
Apelin-36 is a long peptide fragment of the apelin precursor
protein that is widely distributed in the central nervous system
and in peripheral tissues (7). Studies have demonstrated that
apelin-36 is closely associated with a variety of diseases,
including nervous system diseases, myocardial ischemia and
diabetes (8-12). A study by Fan et al (5) revealed that the levels
of apelin-13 and apelin-36 were increased in the plasma, lung
tissues and bronchoalveolar lavage fluid (BLAF) following
lipopolysaccharide (LPS)-induced lung injury, and the addition
of apelin-13 could reduce LPS-induced lung injury. However,
further studies are required to further elucidate the underlying
mechanisms. Furthermore, a recent study demonstrated that
apelin-36 could regulate oxidative stress, autophagy and
apoptosis to exert neuroprotective effects via inhibiting the
apoptosis signal-regulating kinase 1 (ASK1)/c-Jun N-terminal
kinase (JNK)/caspase-3 apoptotic pathway in a mouse model
of Parkinson's disease (13). In the present study, the aim was
to investigate whether apelin-36 could regulate LPS-induced
ALI both in vivo and in vitro, as well as exploring the potential
mechanisms of apelin-36 in an LPS-induced ALI rat model.

Materials and methods

Animals and regents. A total of 25 male Sprague-Dawley rats
(age, 7-8 weeks) weighing 250-300 g were purchased from the
Nanjing Jiancheng Bioengineering Institute. All animals were
kept in a specific pathogen-free environment at 25°C under a
controlled 12/12 h light/dark cycle, and all rats received food
and water ad libitum. All experimental procedures were carried
out in accordance with the US National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals, and
were approved by the Ethical Committee on Animal Research
at People's Hospital of Ningxia Hui Autonomous Region
(approval no. IACUC-20191002-10; Yinchuan, China).

LPS was also obtained from Nanjing Jiancheng
Bioengineering Institute. Apelin-36 was purchased from
Phoenix Pharmaceuticals, Inc. The apelin-36 kit (cat.
no. kt98790) was provided by MSK Biotechnology Co., Ltd.,
whereas the ELISA kits and antibodies were obtained from
Abcam.

LPS-induced ALI. Rats were randomly assigned to four
treatment groups, with 5 rats in each group, as follows:
i) Control group; ii) apelin-36 group; iii) LPS group; and
iv) LPS + apelin-36 group. Apelin-36 was intraperitoneally
injected into rats at a concentration of 10 nmol/kg for 24 h,
in accordance with a previous study (5). For induction of
ALI rats were intratracheally instilled with 5 mg/kg LPS for
24 h, whereas the control animals were instilled intratrache-
ally with an equal volume of normal saline, as previously
described (14,15). For the LPS + apelin-36 co-treatment group,
apelin-36 was administered 4 h after LPS instillation. At 24 h

after the LPS or apelin-36 treatment, rats were anesthetized
using 1% pentobarbital (50 mg/kg, intraperitoneal injection)
for the subsequent experiments.

Collection of BALF. After treatment with LPS for 24 h, the rats
were anesthetized using 1% pentobarbital (50 mg/kg, intraperi-
toneally injection) and sacrificed by cervical dislocation. After
exposing the chest cavity and intubating the trachea, PBS was
slowly dropped into the lung bronchus, and the BALF was
collected for further analysis, as described previously (16).

Detection of the lung wet/dry ratio. Following sacrifice, the
lungs of the rats were isolated, and the wet lungs were harvested
and subsequently weighed to obtain the wet weight. The blood
on the lungs was then blotted dry, and the lungs were dried
in an 80°C incubator for 48 h, after which the weight of the
lungs was recorded as the dry weight. The lung wet/dry weight
ratio was then calculated (wet weight/dry weight), and used to
assess the degree of pulmonary edema.

Histological staining. To evaluate the histological alterations,
lung tissues were fixed with 4% paraformaldehyde at 4°C for
24 h, embedded in paraffin, and 4-um thick sections were cut.
After deparaffinization and dehydration, the sections were
stained with hematoxylin and eosin (Beyotime Institute of
Biotechnology) at room temperature for 2 min using standard
histological techniques, and were subsequently observed
under an optical microscope for pathological examination.
Furthermore, some of the tissue sections were deparaffinized,
rehydrated and subjected to TUNEL (Beyotime Institute of
Biotechnology) staining, three fields of view were examined
and the extent of cellular death was determined using a fluo-
rescence microscope (Olympus Corporation). DAPI was used
to stain the nuclei (blue) at room temperature for 1 min. The
TUNEL positive cells were calculated using the following
formula: TUNEL positive cells=the number of green cells/total
(blue) cells x100%, this was determined using ImageJ 1.52
software (National Institutes of Health).

Cell culture and treatment. Human bronchial epithelial
(Beas-2B) cells (American Type Culture Collection) were
cultured in RPMI-1640 medium with 10% FBS (Wisent,
Inc.), and 1% streptomycin-penicillin antibiotics under an
atmosphere of 5% CO, at 37°C. The cells were pretreated
with apelin-36 (0.1, 0.5 or 1 gM) for 1 h, and subsequently
stimulated with LPS (1 ug/ml) for 6 h. Untreated cells served
as a control.

For overexpression of ASK1, recombinant full-length
human ASK1 (2 pg/ml) was cloned into the pcDNA3.0 vector
(Invitrogen; Thermo Fisher Scientific, Inc.), and then trans-
fected into cells (at a density of 60-70%) using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. A pcDNA3.0 empty
vector was used as a negative control (pcDNA-NC). At
48 h post-transfection, cells were selected for subsequent
experiments.

Cell Counting Kit-8 (CCK-8) assay. To determine the cell
viability, cells were seeded into 96-well plates at a density of
4x10%, and then exposed to the aforementioned treatments.
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Subsequently, cells were incubated with 50 ul CCK-8
(Beyotime Institute of Biotechnology) working solution
diluted in 0.5 ml cell culture medium for 2 h under normal
cell culture conditions, and then the absorbance at 450 nm was
detected with a microplate reader.

ELISA. The concentration of apelin-36 in BALF, and the
activities of inflammatory factors, including interleukin-6
(IL-6), monocyte chemoattractant protein-1 (MCP-1) and
tumor necrosis factor-o (TNF-a) in BALF and the supernatant
of the cells, were detected using an ELISA assay following
previously described methods (5).

Western blot analysis. In order to obtain the total protein
extract, lung tissues were homogenized using 50 ms pulse
ultrasonication at 4°C for 5-10 min, and total protein of the lung
tissues or Beas-2B cells was extracted using RIPA lysis buffer
(Thermo Fisher Scientific, Inc.). After quantification using a
BCA kit (Thermo Fisher Scientific, Inc.), a total of 10 ug protein
samples were separated via 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, and subsequently transferred
to polyvinylidene fluoride membranes (EMD Millipore). After
blocking with 5% non-fat milk at room temperature for 2 h, the
membranes were incubated with primary antibodies against
Bcl-2 (cat. no. sc-7382; 1:1,000), Bax (cat. no. sc-7480; 1:1,000),
caspase-3 (cat. no. sc-271759; 1:200), cleaved-caspase-3
(cat. no. sc-373730; 1:200), ASK1 (cat. no. sc-390275;
1:500), p38 (cat. no. sc-7972; 1:500), phosphorylated (p)-p38
(cat.no. sc-166182; 1:500), INK (cat. no. sc-7345; 1:500), p-JNK
(cat. no. sc-6254; 1:500), extracellular signal-regulated kinase
(ERK; cat. no. sc-514302; 1:500), p-ERK (cat. no. sc-7383;
1:200) and GAPDH (cat. no. sc-47724; 1:1,000; all purchased
from Santa Cruz Biotechnology, Inc.). The primary antibodies
were detected using horseradish peroxidase-conjugated goat
anti-rabbit (cat. no. ab6721; 1:2,000) and goat anti-mouse
(cat. no. ab6789; 1:2,000; both purchased from Abcam)
secondary antibodies at room temperature for 2 h, and visual-
ized by chemiluminescence (Thermo Fisher Scientific, Inc.).
The protein levels were normalized against GAPDH. ImageJ
software (v1.46r; National Institutes of Health) was used to
semi-quantify the intensity of each protein band.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA from Beas-2B cells was isolated using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse tran-
scribed to cDNA using the PrimeScript RT Reagent Kit with
gDNA FEraser (Takara Bio, Inc.), according to the manufac-
turer's instructions. A total of 50 ng cDNA was subsequently
used for qPCR using TB Green® Fast gPCR Mix (Takara
Biotechnology Co., Ltd.). The following primers were used:
ASKI, forward 5'-AGACCCTGCATTTCGGGAAG-3' and
reverse 5'-GCCAGATCGAAGGTCGGTAG-3'; GAPDH,
forward, 5'-AGTGCCAGCCTCGTCTCATA-3' and reverse
5-CTCGTGGTTCACACCCATCA-3'. GAPDH was used as
the control. The following thermocycling conditions were
used for qPCR: Initial denaturation at 95°C for 30 sec; and
40 cycles of 95°C for 5 sec and 60°C for 15 sec, followed by
default of melt curve (Applied Biosystems 7500; Thermo
Fisher Scientific, Inc.). Differential expression of mRNA was
calculated using the 2244 method (17).

Flow cytometric analysis. Cells were subjected to flow cytom-
etry, based on Annexin V/PI staining (Beyotime Institute of
Biotechnology). Briefly, cells at a density of 5x10° cells/well
seeded in 6-well plates were collected after the aforementioned
treatments, washed with PBS, and subsequently 100 u1 binding
buffer was added. Next, 5 #l Annexin V-FITC and 5 ul PI were
added, followed by an incubation in the dark at room tempera-
ture for 15 min. The apoptotic rate (early and late apoptosis)
was subsequently measured using a BD FACSCelesta™ flow
cytometer (BD Biosciences). Data were analyzed using flow
cytometry software (iSort™ Automated Cell Sorter; Thermo
Fisher Scientific, Inc.).

Statistical analysis. In the present study, GraphPad Prism 6.0
(GraphPad Software, Inc.) was used for statistical analyses.
All data are expressed as the mean + standard deviation. The
differences between groups were analyzed using one-way
analysis of variance followed by Tukey's multiple-comparison
test. P<0.05 was considered to indicate a statistically significant
difference.

Results

Apelin-36 alleviates lung injury, inflammation and apoptosis
in LPS-treated rats. First, LPS was used to induce ALI in
the experimental rats, and subsequently the normal rats or
LPS-induced rats were treated with or without apelin-36.
Lung tissues and BALF in the different treatment groups
were collected, and the concentration of apelin-36 was found
to be significantly increased in the BALF of LPS-treated rats
(Fig. 1A), suggesting its potential role in regulating ALI. As
shown in Fig. 1B, the lung tissues of rats that underwent LPS
administration showed clear pathological alterations compared
with the control rats, including intra-alveolar hemorrhage,
inter-alveolar septum thickening and inflammatory cell infil-
tration. However, in the LPS + apelin-36 group, a relatively
normal lung structure and an improvement in inflamma-
tory cell infiltration were observed. Furthermore, apelin-36
treatment alone did not cause any histological alterations of
the lung tissues compared with those of the control group.
Additionally, rats treated with LPS showed increased wet/dry
ratios compared with the control group, which were signifi-
cantly reduced upon co-treatment with apelin-36 (Fig. 1C).
These data demonstrated the protective effect of apelin-36 on
LPS-induced lung damage.

Subsequently, the concentrations of pro-inflammatory
cytokines, including IL-6, MCP-1 and TNF-a in BALF,
were measured. The results presented in Fig. 1D revealed
that apelin-36 treatment led to a decrease in the levels
of LPS-induced pro-inflammatory cytokines. As shown
in Fig. 2A, lung tissues in each group were stained with
TUNEL to highlight the apoptotic cells, and apelin-36 led
to a significant reduction in the number of apoptotic cells
compared with the LPS treatment group. The results shown
in Fig. 2B further confirmed the aforementioned observa-
tions, as LPS reduced the expression of the anti-apoptotic
protein Bcl-2, whereas the expression levels of the
pro-apoptotic proteins Bax and cleaved-caspase-3 were
increased. The presence of apelin-36 partially recovered
the expression levels of these proteins that had been altered
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Figure 1. Apelin-36 alleviates lung injury and inflammation in LPS-treated rats. (A) The concentration of apelin-36 in the BALF of normal rats and LPS-treated
rats is presented (n=5). (B) Morphological changes in the lung, as determined by hematoxylin and eosin staining (magnification, x400). The sections are
shown after staining with hematoxylin (blue, nuclei) and eosin (pink, muscle fibers). (C) The lung dry/wet weight ratio of rats subjected to the respective
treatments (n=5). (D) The concentrations of TNF-a., IL-6 and MCP-1 in the BALF of rats subjected to the respective treatments (n=5). ““P<0.001 vs. control;
"P<0.001 vs. LPS treatment. LPS, lipopolysaccharide; BALF, bronchoalveolar lavage fluid; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein-1;
TNF-a, tumor necrosis factor-a.
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Figure 2. Apelin-36 inhibits cell apoptosis in lung tissues of LPS-treated rats. (A) Representative TUNEL staining and quantitative analysis of apoptosis in
lung tissues. The dead cells are stained with green, and DAPI was used to stain the nuclei (shown in blue; magnification, x200). (B) Expression levels of the
apoptosis-associated proteins, including Bcl-2, Bax and caspase-3, in the lung tissues of rats subjected to the various treatments were detected using western
blotting (n=5). “"P<0.001 vs. control; #P<0.01 and *#P<0.001 vs. LPS treatment. LPS, lipopolysaccharide.

by LPS. These findings suggested that apelin-36 was able  Apelin-36 inhibits the activation of LPS-induced ASKI/MAPK
to inhibit LPS-induced inflammation and apoptosis in the  signaling. To investigate the potential underlying mechanisms
lung tissues of rats. of apelin-36, the expression levels of proteins associated with
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Figure 3. Apelin-36 suppresses LPS-induced activation of the ASK1/MAPK signaling pathway. Expression levels of proteins involved in ASK1/MAPK
signaling, including ASK1, p-p38, p-JNK and p-ERK, in the lung tissues of rats subjected to the various treatments were detected using western blotting (n=5).

Hhk

P<0.001 vs. control; “P<0.05, #P<0.01 and “*P<0.001 vs. LPS treatment. LPS, lipopolysaccharide; p-, phosphorylated; ASK1, apoptosis signal-regulating

kinase 1; MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase.

the ASK1/MAPK signaling pathway were evaluated. The
results presented in Fig. 3 demonstrated that LPS led to a
significant increase in the expression levels of ASK1, p-p38,
p-JNK and p-ERK, indicating that the ASK1/MAPK pathway
was activated in the lung tissues of rats upon LPS stimula-
tion. On the other hand, the expression levels of ASK1, p-p38,
p-JNK and p-ERK were significantly reduced in the LPS +
apelin-36 co-treatment groups compared with LPS treatment
alone. These results suggested that apelin-36 could inhibit
the LPS-induced activation of the ASK1/MAPK signaling
pathway.

Overexpression of ASKI suppresses the inhibitory effect of
apelin-36 on inflammation and apoptosis. To further verify
the aforementioned observations, ASK1 was overexpressed
in Beas-2B cells. The results presented in Fig. 4A and B
confirmed the transfection efficiency of ASK1 overexpression.
As shown in Fig. 4C, apelin-36 increased the cell viability of
Beas-2B cells, which had been reduced by LPS, in a concen-
tration-dependent manner. As 1 yM apelin-36 had the most
significant effects on cell viability, it was chosen as the concen-
tration for subsequent experiments. Then, cells overexpressed
with or without ASK1 were exposed to LPS, 1 uM apelin-36
or LPS + apelin-36 (1 #M). LPS treatment led to a significant
increase in the levels of TNF-a, IL-6 and MCP-1, whereas in
the apelin-36 co-treatment group, the levels of these inflamma-
tory cytokines were significantly reduced (Fig. 4D). However,
by contrast, the overexpression of ASK1 led to an increase
in the levels of these cytokines compared with the LPS +
apelin-36 group, suggesting that ASK1 overexpression could

suppress the inhibitory effect of apelin-36 on LPS-induced
inflammation in lung cells.

Similarly, as presented in Fig. SA, LPS treatment resulted
in an increase in cell apoptosis, which was reversed by
apelin-36 co-treatment, although this was increased by the
overexpression of ASK1. Furthermore, the expression levels
of apoptosis-associated proteins in the different groups
were observed. It was found that LPS led to a decrease in
Bcl-2 expression, whereas the expression levels of Bax and
cleaved-caspase-3 were increased (Fig. 5B), indicating the
occurrence of apoptosis induced by LPS. Apelin-36 co-treat-
ment led to a partial recovery in the balance of these proteins,
although overexpression of ASK1 reversed the effects of
apelin-36 on these apoptosis-associated proteins. Taken
together, the aforementioned results suggested that overex-
pression of ASK1 was able to suppress the inhibitory effects
of apelin-36 on LPS-induced inflammation and apoptosis in
Beas-2B cells.

Discussion

The involvement of apelin proteins in various diseases,
including cardiovascular diseases, diabetes, obesity and
neurological disorders (11,12,18), has been extensively
reported. To the best of our knowledge, the present study was
the first to investigate the modulatory effects of apelin-36
on LPS-induced ALI, and demonstrate that apelin-36 could
protect against LPS-induced lung injury both in vivo and
in vitro. Additionally, the associated mechanism may involve
the inhibition of ASK1/MAPK signaling.
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Figure 4. Overexpression of ASK1 blocks the inhibitory effect of apelin-36 on inflammation. The (A) protein and (B) mRNA expression of ASK1 in Beas-2B
cells transfected with pcDNA-NC or pcDNA-ASK1, data were obtained relative to control group (n=3). (C) The cell viability of Beas-2B cells treated with
or without different concentrations of apelin-36, in the presence of LPS stimulation (n=3). (D) The concentrations of TNF-a, IL-6 and MCP-1 in the culture
medium of Beas-2B cells that were subjected to the aforementioned treatments (n=3). ““P<0.001 vs. control; #P<0.01 and *#P<0.001 vs. LPS treatment;
AMP<(.001 vs. LPS + apelin-36 + pcDNA-NC. ASK1, apoptosis signal-regulating kinase 1; NC, negative control; LPS, lipopolysaccharide; IL-6, interleukin-6;
MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a.

There is an increasing body of evidence that supports
the role of inflammation and apoptosis in the initiation
and progression of ALI. ALI is a prevailing inflammatory
lung disease characterized by the increased production of
pro-inflammatory mediators, infiltration of inflammatory
cells, and apoptosis of alveolar epithelial cells (19,20). The
role of endotoxins, especially LPS, has been well recognized
in the pathogenesis of ALI. LPS is a potent activator of
Toll-like receptor 4, triggering the NF-kB signaling pathway,
thereby producing pro-inflammatory molecules, such as IL-6,
IL-1p and TNF-a (15). Consistent with this previous study,
the results of the present study showed that LPS could clearly
cause pathological manifestations, including intra-alveolar
hemorrhage, inter-alveolar septum thickening, inflammatory

cell infiltration, pulmonary edema and cell apoptosis, in both
the lung tissues of rats and lung bronchial epithelial cells.
Therefore, controlling aberrant inflammation and apoptosis is
considered to be an effective strategy to attenuate lung injury.

The APJ receptor and its endogenous ligand apelin protein
may be detected in endothelial cells, cardiomyocytes and
vascular smooth muscle cells, and their interaction helps to
maintain the normal function of the body; dysregulation
of this process is associated with the pathophysiological
processes of various diseases (7,12,21). For example, apelin-36
can be produced and released by the vascular endothelium,
subsequently binding to neighboring APJ receptors. It can
activate endothelial nitric oxide synthase to stimulate nitric
oxide production, the release of which helps to maintain
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Figure 5. Overexpression of ASK1 suppresses the inhibitory effect of apelin-36 on cell apoptosis. (A) Representative flow cytometry and quantitative analysis
of apoptosis in the different groups (n=3). (B) The expression of apoptosis-related proteins, including Bcl-2, Bax and caspase-3, in Beas-2B cells in the various
treatment groups (n=3). ““P<0.001 vs. control; ##P<0.001 vs. LPS treatment; P<0.05 and 222P<0.001 vs. LPS + apelin-36 + pcDNA-NC. ASK1, apoptosis

signal-regulating kinase 1; NC, negative control; LPS, lipopolysaccharide.

vascular tone and regulate blood pressure stability (22). The
role of apelin-36 in the cardiovascular system has become a
research hotspot. For instance, apelin-36 can improve myocar-
dial ischemia, and its mechanism of action may be associated
with the reduction of mitochondrial damage of myocardial
cells under hypoxic conditions and protection of the energy
supply of myocardial cells (18,23). In brain injury, apelin-36
can significantly reduce the expression levels of apoptosis
markers, including caspase-3 and Bax, and it may also inhibit
activation of the phosphoinositide 3-kinase signaling pathway,
reduce cell apoptosis, and reduce cerebral cortex damage in
hypoxic-ischemic neonatal rats (24). In the present study, it
was found that apelin-36 was upregulated in the BALF of rats
subjected to LPS treatment. This finding was in accordance
with a previous study, in which elevated levels of apelin-36 in
the plasma, BALF and lung tissue were confirmed in rats with
ARDS, indicating the important pathophysiological function
of apelin-36 in lung injury (5). To further confirm the role of
apelin-36, it was administered to normal rats or LPS-induced
rats. Apelin-36 administration was shown to have no obvious

influence on the structure and function of the lungs of normal
rats, although it could markedly alleviate the pathological
alterations in lung tissues, lung injury, pulmonary edema,
generation of inflammatory cytokines and cell apoptosis
induced by LPS both in rats and in Beas-2B cells. These results
suggested that apelin-36 could protect against LPS-induced
lung injury without producing any notable side effects.

ASK1 is a member of the MAPK family. MAPKs induce
cell apoptosis and activate downstream signaling pathways of
MAPKSs,JNKsand p38 MAPKSs. ASK1 is involved in numerous
types of stress response, including apoptosis, and ASK1
has been reported to be associated with numerous diseases,
including lung injury (25,26). In the present study, it was shown
that apelin-36 could downregulate the LPS-induced expres-
sion levels of ASK1, p-p38, p-JNK and p-ERK, these proteins
all being members of the MAPK family that can be activated
in response to LPS. These results indicated that the actions of
apelin-36 may be dependent on the inhibition of ASK1/MAPK
signaling. To verify this hypothesis, ASK1 was overexpressed
in cells that were subsequently co-treated with LPS and
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apelin-36. The results demonstrated that the overexpression
of ASK1 could suppress the inhibitory effects of apelin-36
on LPS-induced inflammation and apoptosis to a significant
extent, confirming that apelin-36 exerted anti-inflammatory
and anti-apoptotic effects in LPS-induced lung injury via
inhibiting ASK1. However, the overexpression of ASK1 did
not completely eliminate the effects of apelin-36, suggesting
that other targets are involved in the actions of apelin-36.
The MAPK family consists of a large number of members,
including p-38, JINK and ERK, and whether apelin-36 is able
to also directly target these proteins, or whether the targeting
of ASK1 thereby affects p-38, JNK and ERK downstream in
the signaling pathway, remains to be elucidated.

Taken together, the present study demonstrated the poten-
tial pharmacological effects of apelin-36 in ALI, and the
possible underlying mechanism. The results highlighted that
apelin-36 may be a potential novel candidate for the treatment
of injurious inflammatory responses and apoptosis in ALI via
targeting ASK1, thereby inhibiting ASK1/MAPK signaling.
However, further studies are needed to investigate the specific
relationship between apelin-36 and ASKI.
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