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Ghrelin attenuates drowning injury via dual effects on damage
protection and immune repression
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Background: Seawater drowning is the major cause of accidental injury and death. The current treatment
could not essentially block the source of the damage due to the complex etiology. Therefore, it is urgent to
clarify the detailed mechanisms and find effective therapeutic approaches.

Methods: We performed in vitro experiments to evaluate the damage of seawater drowning to lung
epithelial cells. FACS, immunofluorescent staining, and western blot were used to detect the apoptosis.
CCK-8 assay, Ki67 staining, and cell cycle analysis were used to assess the proliferation. The cytokine
expression was determined by qRT-PCR and ELISA. Western blot and reporter assay were used for
regulation mechanism study. For neutrophils development, Transwell assay and FACS were used for further
investigation. Besides, i vivo study was performed with the seawater drowning model in rats.

Results: In this study, we found that seawater drowning induced mitochondria damage, which further
accelerated epithelial cell apoptosis and repressed cell proliferation. Administration of ghrelin attenuated
the mitochondria damage via reducing ROS generation, decreasing the concentration of calcium ion and
ceremide, and promoting ATP production. Besides, exogenous ghrelin also rescued the cell survival inhibited
by seawater simulants. Mechanically, ghrelin retrieved the influence of seawater via inhibiting NF-xB
signaling activation, and agonist of NF-«B could offset the function of ghrelin. Besides, ghrelin reduced the
expression of inflammatory factors and chemokines responsible for neutrophils activation and recruitment,
by which ghrelin suppressed the immune response. The further iz vivo experiments also indicated that
ghrelin treatment restored the apoptosis promotion and inflammation activation function of seawater
simulants, and further alleviated the lung tissue injury.

Conclusions: Our study revealed the dual effect of ghrelin on seawater drowning induced lung injury via
damage protection and immune repression, providing new insights into drowning injury pathogenesis and

therapeutic strategies.
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Introduction common complication among all the drowning patients,

Drowning is the third leading cause of accidental injury in which nearly one-third of these patients would develop

and death (1,2). The latest epidemiological survey result ultimately into acute lung injury (ALI) or acute respiratory
indicates that more than 370 thousand people die from distress syndrome (ARDS) (1,4). In recent years, it becomes
drowning worldwide annually (3). Lung injury is the most more and more popular to exploit marine resources or
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take seaside vacations, and the frequency of accompanied
seawater drowning accidents is also increasing. Therefore,
it is necessary to elucidate the mechanism of ALI induced
by seawater drowning.

When the victims are suddenly immersed in seawater, the
direct harmful consequences of drowning are respiratory
impairment and hypoxia. The accumulated carbohydrate
and consumed oxygen can trigger ALI/ARDS and cause a
variety of systemic complications, such as cerebral hypoxia
and cardiovascular diseases (5-7). Then, the hyperosmotic
seawater produces strong injury stimulus in the lungs
and alveoli, including DNA damage, autophagy, and
apoptosis (8-10). The fluid from capillaries enters the
alveolar cavity due to the osmotic pressure and results in
pulmonary edema (11,12), which aggravates the progress
of ALI/ARDS. Additionally, overproduction of ROS and
activation of oxidative stress play significant roles in ALI/
ARDS. Although no direct evidence indicates that seawater
can promote ROS generation or induce oxidative stress,
it has been demonstrated that seawater exposure indeed
induces the expression of myeloperoxidase and impairs the
total superoxide dismutase activity (13). Besides the direct
damage to lung tissue, seawater also stimulates the local
immune response of injured tissues. It has been reported
that seawater instilling through the trachea may increase the
permeability of alveolar-capillary, resulting in the exudation
and recruitment of immune cells, such as neutrophils
and macrophages (14,15). The activated neutrophils and
macrophages further generate excessive inflammatory
cytokines and evoke the Thl response (13,14,16-18). The
previous studies have demonstrated that multiple signaling
pathways are involved in seawater-mediated immune
response activation, including NF kB (13), STAT1 (16), Hif-
la (12), p38 (19), and so on (20). It is critical to elaborate
the detailed and comprehensive molecular mechanisms of
seawater-drowning injury.

Although the pathophysiological of seawater-drowning
induced ALI/ARDS are well-known, no effective treatment
or therapeutic strategy is available at present. The researches
based on animal models indicate indicated several potential
treatments on seawater-drowning injury (21-23). Some
strategies predominantly target immune repression after
seawater inhalation, such as dexamethasone and dihydroxy
vitamin D3. And Estradiol and tanshinone IIA can relieve
pulmonary edema. However, the biosafety assessment and
detailed mechanisms of the above medicine need further
investigated. Ghrelin, which is a 28-amino acid peptide
produced by the stomach, acts as an endogenous ligand
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of growth hormone secretagogue receptor (GHSR) and
alleviates inflammatory response in multiple diseases (24-26).
It has been reported that the production of ghrelin decreased
gradually during ALI progression, and presents protective
function on ALI with different animal models, such as sepsis
(27,28), intestinal ischemia-reperfusion (29,30), LPS- (31,32),
and bleomycin-induced ALI (33,34). Mechanically, ghrelin
attenuates the activation of NF-«B signaling, reduces iNOS
expression, and inhibits Akt phosphorylation in kidney or
brain injury (35,36). However, the molecular mechanisms of
ghrelin underlying ALI/ARDS need further investigated. In
this study, our results demonstrate that ghrelin presents dual
functions in seawater drowning induced ALI/ARDS. On one
hand, ghrelin represses the NF-«B activation, inflammatory
cytokines expression, and mitochondria injury to inhibit
apoptosis of lung epithelial cells. On the other hand, the
production of chemokines CXCL1 and CXCL2 are reduced
after exogenous ghrelin administration both iz vive and
in vitro, which leads to neutrophils recruitment decreasing
and inflammatory response regulation. Therefore, the dual
protective functions of ghrelin alleviate the lung injury and
provide a potential therapeutic target of seawater drowning
induced ALI/ARDS.

Methods
Materials

A549 cells were purchased from Procell Life
Science& Technology Company, DMEM (Gibco 11965092,
USA), and fetal bovine serum (FBS) (Gibco 10270106,
USA) were purchased from gibco company, Trypsin
solution was purchased from Beyotime company (Beyotime
C0204, China).

Rats model

Sprague Dawley (SD) rats (male; approximately 6 to 8
weeks old; 20020 g) were obtained from the Experimental
Animal Center of Air Force Military Medical University
(Xi’an, China), housed in groups of four and given five days
to acclimate to the housing facility. The animals were reared
under conditions of 222 °C, the humidity of 55%=10%,
light/dark cycle =12 hours, and ad libitum access to water
and food. At the start of the experiments, animals weighed
(mean = SD) 205+15 grams. The iz vivo experiments were
performed with 10 rats, including 5 control rats injected with
PBS and 5 therapeutic rats with intravenously administered
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ghrelin (10 ng/kg) according to the previous study from our
partners and other groups (37-39). The animal experiments
were performed under a project license (No.: 113-20200269)
granted by the Animal Experiment Administration
Committee of the Fourth Military Medical University, in
compliance with the National Institutes of Health guidelines
for care and use of Laboratory Animals [1986 (UK), amended
2013]. After administration of seawater simulants by nasal
instillation, the rats were injected with PBS or ghrelin. Four
days after injury, the rats were sacrificed and lung tissues were
isolated for further experiments. The experimenters were
blinded to the pharmacological treatment while processing
data and making exclusion decisions. All sections of this
report adhere to the ARRIVE Guidelines for reporting
animal research (available at http://dx.doi.org/10.21037/atm-
21-795).

Lactate debydrogenase (LDH) assay

A549 cells were cultured in 96-well plates with different
concentrations of seawater, then detected the activity of
cells according to the introduction of LDH Cytotoxicity
Detection Kit (Takara MK401, Japan) using the microplate
reader (PR 4100 imark, USA) at 490 nm wavelength.

TUNEL staining

The apoptosis of A549 cells with different concentrations
of seawater was detected according to the instructions of
the DeadEnd™ Fluorometric TUNEL System (Promega
(3250, USA). The number of apoptotic cells was counted
under a fluorescence microscope.

The Cell Counting Kit-8 (CCK-8) assay

The CCK-8 assay (Beyotime C0041, China) was performed
to test the proliferation of A549 cells. A549 cells were
seeded in 96-well plates at a density of 10* cells/well and
cultured for 48 h with different concentrations of seawater.
According to the CCKS8 assay kit, 10 pL/well of the CCK-8
reaction solution was added to the plates by incubating for
2 h. Then the optical density (OD) value was measured at
450 nm wavelength by a microplate reader.

Immunofluorvescent staining

A549 cells were seeded in 24-well plates with slides at a
density of 10° cells/well and cultured for 48 h with different
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concentrations of seawater. The cells on slides were fixed
with 4% paraformaldehyde (PFA) solution for 20 min and
blocked with 1% bovine serum albumin (BSA) for 15 min,
then incubated with Ki67 antibody (Abcam 15580, UK)
overnight at 4 °C. Next, the cells were incubated with a
secondary antibody (Abcam 150081, UK) for 2 h at room
temperature, and stained with Hoechst (Sigma-Aldrich,
14533). The number of positive cells was counted under a
fluorescence microscope.

Flow cytometry

The cells which were treated in different ways were
collected and fixed with 70% ethanol overnight. Then cells
were stained with propidium iodide (PI) (Beyotime ST511,
China), and were detected with flow cytometry to obtain
the apoptosis rate and cell cycle distribution.

Western blotting

Total cell proteins were extracted using RIPA lysis buffer
(Beyotime P0013B, China), when A549 cells had been
treated for 48 h with a different approach. SDS-PAGE
(ZHOGNHUIHECAI JC-PE022, China) was performed
in running buffer at 220 V for 45 min. Proteins on gels
were transferred to polyvinylidene fluoride (PVDF)
membrane (Merck Millipore IPVH00010, USA) at 100 V
for 2 h. Then the PVDF membrane was blocked in non-fat
milk and subsequently incubated with primary antibodies
overnight at 4 °C. The next day, the secondary antibodies
were incubated for 2 h at room temperature. The protein
level on the PVDF membrane was detected with the
enhanced chemiluminescence (ECL) reagent kit (Millipore
WBKLS0100, USA). The primary antibodies included
NF-kB p65 (D14E12) XP® Rabbit mAb (HIRP Conjugate)
(1:1,000, CST 59674S, USA), Phospho-NF-kB p65
(Ser536) (93H1) Rabbit mAb (1:1,000, CST 3033S, USA),
p44/42 MAPK (Erk1/2) Antibody (1:1,000, CST 91028,
USA), Phospho-p44/42 MAPK (Erk1/2) (1:1,000, CST
85448S, USA), Caspase-3 Antibody (1:1,000, CST 96628,
USA), Bel-2 (124) Mouse mAb (1:1,000, CST 150718,
USA), Phospho-Akt (Ser473) (D9E) Rabbit mAb (1:1,000,
CST 4060S, USA), and B-actin Mouse mAb (1:1,000,
CST 3700S, USA). The secondary antibodies included
Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L)
(1:10,000, YEASEN 33201ES60, China) and Peroxidase-
Conjugated Goat Anti-Rabbit IgG (H+L) (1:10,000,
YEASEN 33101ES60, China).
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ATP determination assay

A549 cells were cultured in 6-well plates with different
treatment ways for 24 h. And the medium was removed to
lyse the cells completely with lysis buffer and centrifuged
to collect the supernatant. The supernatant was measured
according to the introduction of the ATP Assay Kit
(Beyotime S0026, China).

2", 7'-Dichlorofluorescein diacetate (DCFH-DA) assay

A549 cells in the logarithmic growth phase were inoculated
into 96-well plates with 4x10’ cells/mL and treated by
different concentrations of seawater. The cells were
incubated with 100 pLL DCFH-DA (Sigma-Aldrich 35845,
USA) at a concentration of 10 mmol/L for 30 min after
cultured 24 h. The fluorescence intensity standing for the
ROS level was detected using a microplate reader.

Enzyme-linked iimmmunosorbent assay (ELISA)

After 48 h of different treatment for the A549 cells, the cell
culture medium of each group was collected and centrifuged
followed the instruction of the ELISA kit (R&D Systems
DYC4198-5, USA). Then the OD value of proteins was

measured by a microplate reader and received the data.

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

"Total RINA was extracted using TRIzol (Invitrogen 10296010,
USA) method, and reversed to cDNA using the PrimeScript""
RT reagent Kit (Takara RR037A, Japan). The The qRT-PCR
process using TB Green® Premix Ex Taq™ (Takara RR420A,
Japan). The primer sequences were as follows: CXCL1-
Forward: 5'-TGCTGCCACTAATGCTGATGT-3', CXCLI1-
Reverse: 5'-CTCAGGAACCAATCTTTGCACT-3"
CXCL2-Forward: 5'-TGCTGCCACTAATGCTGATGT-3',
CXCL2-Reverse: 5'-CTCAGGAACCAATCTTTGCACT-3;
CCL2-Forward: 5'-CATCTCCTACACCCCACGAAG-3',
CCL2-Reverse: 5'- GGGTTGGCACAGAAACGTC-3';
CCL5-Forward: 5'-CCAGCAGTCGTCTTTGTCAC-3',
CCLS5-Reverse: 5'-CTCTGGGTTGGCACACACTT-3';
TNF-a-Forward: 5'-CGGCTACCTAGTCTACGCC-3',
TNF-a-Reverse: 5'-AAGTCGCCGCCAATGTTGA-3"; IL-
1B-Forward: 5'-CCAGCAGTCGTCTTTGTCAC-3', IL-
IB-Reverse: 5'-CTCTGGGTTGGCACACACTT-3"; IL-
6-Forward: 5'-CCAGCAGTCGTCTTTGTCAC-3", IL-6-
Reverse: 5'-CTCTGGGTTGGCACACACTT-3"; B-actin-
Forward: 5'-CCAGCAGTCGTCTTTGTCAC-3', B-actin-
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Reverse: 5'-CTCTGGGTTGGCACACACTT=3".

Transwell assay

The invasion of cancer cells was determined with a Matrigel-
coated (BD Biosciences) Transwell assay. The upper
chamber was coated with 100 mL diluted Matrigel. After
24 h of transfection, 2x3x10* cells with FBS-free DMEM
were transferred to the upper chamber, and the complete
medium was added to the lower chamber. After 24 h,
the invasive cells were fixed with 4% paraformaldehyde,
then stained with 0.1% crystal violet. The number of
invasive cells was counted under a microscope. Each
experiment was performed in triplicate.

Hematoxylin-eosin staining

The rat lung tissue samples were routinely embedded
in paraffin, then cut into slices with the thickness of
5-8 pm, subsequently soak in 40 °C warm water and dry in
the incubator. The slices were put into dimethylbenzene
for 10 min and repeat once again for dewaxing. The treated
tissue is hydrated by high to low concentration alcohol
and finally into distilled water. Then the samples were
incubated with hematoxylin staining solution for 5-10 min
(Sangon biotech E607317, China), then rinse in distilled
water, differentiate with 0.1% hydrochloric acid-ethanol,
and rinse in distilled water again. Afterward, the samples
were stained with the eosin solution and dehydrated with
different concentrations of alcohol. The slices were put
into dimethylbenzene twice, and after drying mounted for
observation under a microscope.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism
8.0 software. All data were presented as the mean + standard
error of mean (SEM). Differences between the two groups
were compared using unpaired Student’s 7-test (2 tailed), and
differences between multiple groups were compared using one-
way ANOVA. P<0.05 was considered statistically significant.

Results

Ghrelin rescued the apoptosis promotion and proliferation
inbibition function of seawater in vitro

Seawater drowning often induces excessive inflammatory
response and then results in serious lung injury, which is
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Figure 1 Ghrelin has a therapeutic effect on seawater induced apoptosis of A549 cells. (A) A549 cells were treated with seawater simulants
(SW) or phosphate buffer saline (PBS), followed by incubation of ghrelin with different concentrations [ghrelin-low (GL), 10 nM; ghrelin-
mid (GM), 50 nM; ghrelin-high (GH), 100 nM]. Then the cytotoxicity of A549 cells was assessed by lactate dehydrogenase (LDH) activity
determination (n=6). (B,C) A549 cells were treated as same as (A) and the apoptosis was evaluated by FACS (B) (n=6) and TdT-mediated
dUTP nick end labeling (TUNEL) staining (C) (n=6). (D-F) A549 cells were treated as same as (A) and the proliferation was determination
by Ki67 staining (D) (n=6), CCK-8 assay (E) (n=6) and cell cycle detect (F) (n=6). Bars, means + standard error of mean (SEM); *, P<0.05; **,

P<0.01; ***, P<0.001; ns, not significant.

the main cause of seawater drowning-induced death (2,3).
Previous literatures have pointed out that ghrelin plays a
role in alleviating the progression of multiple inflammatory
diseases (40-42). Therefore, in vitro experiments were used
to verify the effect of ghrelin on lung epithelial cell damage
caused by seawater exposure. We incubated A549 cells
with PBS or simulated seawater respectively, and added
exogenous ghrelin with different concentrations. After
6 hours, the LDH activity of A549 cells was detected. The
results suggested that simulated seawater significantly
enhanced the LDH activity of A549 cells. At the same time,
although the low concentration of ghrelin did not affect the
increase of LDH activity induced by simulated seawater,
medium and high concentration of ghrelin significantly
inhibited the regulation of simulated seawater on the LDH
activity, especially high concentration of ghrelin restored
the LDH activity to the quiescent level of PBS control

© Annals of Translational Medicine. All rights reserved.

group (Figure 1A). Furthermore, we used flow cytometry to
detect the cell apoptosis affected by simulated seawater or/
and ghrelin. As expected, simulated seawater dramatically
promoted the apoptosis of A549 cells, while medium and
high concentrations of ghrelin alleviated the pro-apoptotic
effect of simulated seawater in different degrees (Figure 1B).
TUNEL staining also showed that the apoptosis promoting
effect mediated by simulated seawater could be completely
rescued by a high concentration of ghrelin (Figure 1C).
Next, we detected the proliferation of A549 cells after
simulated seawater and/or ghrelin stimulation by using Ki67
staining and CCK8 assay. The results indicated that ghrelin
retrieved the proliferation repression mediated by seawater
simulants in a dosage-dependent manner (Figure 1D,E).
Further cell cycle analysis showed that seawater simulants
could block the cell cycle of A549 cells at GO phase, while
the high concentration of ghrelin accelerated A549 cells
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Figure 2 Ghrelin regulates mitochondrial damage in A549 cells through NF-xB pathway. (A) A549 cells were treated with different
concentrations of ghrelin, and the expression level of NF-kB associated proteins was assessed by Western blot (WB) (n=6). (B) The reporter

system was constructed by inserting a fragment containing NF-«B recognized motif upstream to luciferase. Then reporter gene assay

was performed to evaluate the activation of NF-«B signaling (n=6). (C-F) A549 cells were incubated with seawater simulants and a high

concentration of ghrelin with or without NF-«B agonist (Betulinic acid, BA, USA). And the function of mitochondria was evaluated by

reduced nicotinamide adenine dinucleotide (NADH)/NAD ratio detection (C) (n=6), Adenylate triphosphate (ATP) generation testing (D)

(n=6) and concentration of intracellular calcium (E) (n=6) and ceremide determination (F) (n=6). Bars, means =+ SEM; *, P<0.05; **, P<0.01;

*** P<0.001; ****, P<0.0001. ns, not significant.

entering into G2 phase again (Figure 1F). The above results
demonstrated that seawater simulants promoted the apoptosis
and inhibited the proliferation of A549 cells, and ghrelin
incubation significantly rescue the function of seawater
simulants and alleviate the damage degree of A549 cells.

Gbhrelin modulated mitochondria damage of A549 cells via
NF-kB signaling

Next, we explored the molecular mechanisms of ghrelin
regulating lung epithelial cell damage induced by seawater
simulants. It has been reported that seawater drowning
would lead to rapid and effective activation of NF-«B
signaling pathway in lung tissue (13). Additionally, ghrelin
is involved in the interference of many inflammatory
signals, including NF-kB pathway and STATs signaling
(12,13,16). Therefore, we detected the expression of NF-
kB downstream molecules in A549 cells with different
treatments. The results of WB showed that seawater

© Annals of Translational Medicine. All rights reserved.

simulants promoted the phosphorylation of P65 and ERK,
which are the hallmarks of activated NF-«xB pathway. When
ghrelin was co-incubated with A549 cell as well as seawater
simulants, P65 and ERK signaling were gradually inhibited
to normal level (Figure 2A4). Meanwhile, we constructed the
reporter system with NF-kB recognition motif, which could
reflect the activation of NF-xB pathway by the intensity of
luciferin. The reporter assay indicated that the activity of
NF-«B pathway was elevated by seawater simulants greatly,
while was repressed by ghrelin, which is consistent with the
conclusion of WB (Figure 2B). These results suggest that
ghrelin inhibited the activation of NF-«B signaling pathway
mediated by seawater simulants.

Previous reports indicated that the excessive NF-
kB signaling activation led to mitochondria damage and
affected cell survival (43). Therefore, we evaluated the
mitochondrial function by detecting NADPH consumption
and ATP generation. The results suggested that the ratio of
NADPH/NADP increased and ATP production decreased
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in A549 cells treated with seawater simulants. After
administration of ghrelin, the levels of NADPH and ATP
were restored. Interestingly, the rescue function of ghrelin
was counteracted with the triggering of NF-«B signaling
by an agonist, indicating that ghrelin could regulate
mitochondrial dysfunction by interfering with the activation
of NF-«B by seawater simulants (Figure 2C,D). The increase
of calcium concentration and ceramide synthesis are the
important hallmarks of mitochondrial damage. Therefore,
we measured the concentration of calcium and ceramide in
lung epithelial cells after different treatments. The results
showed that seawater simulants increased intracellular
calcium concentration and ceramide accumulation, and
were rescued by ghrelin incubation via an NF-kB signaling
dependent pathway (Figure 2E,F). These results suggest that
ghrelin protected lung epithelial cells from mitochondrial
damage induced by seawater simulants by regulating NF-xB
signaling pathway.

Ghrelin protected A549 cells from apoptosis mediated by
seawater simulants by inbibiting NF-xB signaling

Generally, the mitochondria damage would induce ROS
generation, and then results in cell apoptosis. Therefore,
we detected the expression of apoptosis-associated proteins,
indicating that ghrelin repressed the apoptosis promotion
effect of seawater simulants via inhibiting NF-«B signaling
(Figure 3A4), which was consistent with the modulation of
mitochondria function. Expectedly, the ROS production
elevated by seawater simulants was eliminated after ghrelin
treating. While NF-«B signaling inhibitor rescued the
therapeutic effect of ghrelin (Figure 3B). The further
phenotype detection indicated that ghrelin indeed retrieved
the apoptosis promotion (Figure 3C,D) and proliferation
inhibition (Figure 3E,F) function of seawater simulants by
blocking NF-«B signaling. The above results demonstrated
that NF-«xB dependent mitochondrial damage induced by
seawater simulants initiated the apoptosis signal of A549
cells, which could be recovered by ghrelin administration.

Ghrelin regulated the paracrine pathway of injured lung
epithelial cells to affect neutrophils development and
immune response by inbibiting NF-kB pathway

A lot of evidence corroborated that activated NF-
kB pathway induces inflammatory response (44). We
detected the expression of cytokines and chemokines after
seawater and ghrelin treatment. The results of ELISA
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assay suggested that seawater simulants increased the
production of inflammatory cytokines and were retrieved
by ghrelin. When NF-«B signaling was activated by an
agonist, the effect of ghrelin was restrained (Figure 4A4).
Many inflammatory factors could regulate immune
cells development. It has been reported that COX and
PEG2 promoted neutrophils generation and function.
The further determination demonstrated that ghrelin
inhibited the production of COX and PEG2 induced by
seawater simulants relying on NF-kB signaling blockade
(Figure 4A4,B). In addition, the chemokines responsible for
neutrophils recruitment, including CXCL1 and CXCL2,
were also increased by seawater simulants and reduced by
ghrelin without constitute NF-«B activation (Figure 4C).
However, the expression of CCL2 and CCLS5, which
mediated monocytes and macrophages infiltration, was not
affected after seawater simulants triggering (Figure 4D).

Considering that seawater regulated the expression of
neutrophils development associated factors, the Transwell,
and FACS assay were performed to evaluate the effect of
ghrelin on neutrophils recruitment and generation. Although
seawater simulants accelerated neutrophils migration and
differentiation, additional ghrelin dramatically suppressed
the function of seawater simulants dependent on NF-xB
inhibiting (Figure 5A4,B). Meanwhile, ghrelin reduced the
ROS generation (Figure 5C) and inflammatory cytokines
production (Figure 5D) mediated by activated neutrophils.
The above results showed ghrelin reduced the secretion
of cytokines and chemokines regulating neutrophils
development by inhibiting NF-kB pathway.

Ghrelin presented a protective effect on lung injury
induced by seawater drowning

Next, the function of ghrelin on immune repression was
evaluated by rat seawater drowning model. At the start of
the experiments, animals were healthy and weighed (mean
+ SD) 205+15 grams. After administration of seawater
simulants by nasal instillation, the rats were injected
with PBS or ghrelin (n=5 PBS versus n=5 Ghrelin). Four
days after injury, the rats were sacrificed and lung tissues
were isolated for further experiments. The dry and wet
weight ratio of lung tissue was increased after ghrelin
therapy, suggesting ghrelin improved the pulmonary
edema induced by seawater drowning (Figure 64). The
results of HE staining showed that the alveolar structure
of drowning rats was destroyed compared with healthy
rats, while ghrelin administration retrieved the lung tissue
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Figure 3 Ghrelin protected A549 cells from apoptosis mediated by seawater simulants by inhibiting NF-«B signaling. (A-D) A549 cells
were treated with seawater simulants and rescued by ghrelin with or without NF-«B agonist (BA). The expression of Bcl2 and Caspase3
was detected by WB (A) (n=5), and ROS generation was determined by Fluorescence activated Cell Sorting (FACS) and the relative mean
fluorescence intensity (MFI) was calculated and compared (B) (n=5). The apoptosis of A549 cells was evaluated by PI/AnnexinV staining
(C) (n=3) and LDH activity detection (D) (n=3). (E,F) The A549 cells were treated as same as (A) and the cell proliferation was detected
by Cell Counting Kit (CCK)-8 assay (E) (n=6) and Ki67 staining (F) (n=5). Bars, means + SEM; *, P<0.05; **, P<0.01; ***, P<0.001; ns, not

significant.

structure to some extent (Figure 6B). The MPO staining
result indicated that the infiltrating of neutrophils was
reduced after ghrelin treatment (Figure 6C). Expectedly,
the mRNA and protein levels of CXCL1 and CXLC2 in
lung tissue were both repressed by ghrelin (Figure 6D,E). In
addition, the expression of inflammatory cytokines (Figure
6EG) and ROS production (Figure 6H) were decreased by
therapy of ghrelin. Mechanically, ghrelin also inhibited the
activation of NF-kB signaling iz vivo (Figure 61). The above
data demonstrated that ghrelin significantly attenuated
the inflammatory response and alleviated the lung injury
induced by seawater drowning 7z vivo.

© Annals of Translational Medicine. All rights reserved.

Discussion

Seawater inhalation lung injury is a systemic inflammatory
response syndrome, which is mostly caused by seawater
drowning. Without timely intervention, it may soon develop
into seawater inhalation ARDS, with a mortality rate of
more than 80% (2,3). Therefore, it is of great significance to
understand the mechanism of seawater inhalation lung injury
for finding treatment strategies. Because the composition
of seawater is too complex, different components will cause
different damage mechanisms. The lung injury caused by
seawater drowning often has the characteristics of mixed

Ann Transl Med 2021;9(11):920 | http://dx.doi.org/10.21037/atm-21-795
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Figure 4 Ghrelin regulated the cytokines and chemokines production by injured lung epithelial cells. (A-D) After A549 cells were treated

with seawater simulants and rescued by ghrelin with or without NF-«B agonist (BA). Then enzyme linked immunosorbent assay (ELISA)

and quantitative Real-Time PCR (qRT-PCR) assay were performed to determine the expression of inflammatory mediators COX and PGE2
(A,B) (n=5), neutrophils chemokines C-X-C motif chemokine ligand 1 (CXCL1) and C-X-C motif chemokine ligand 2 (CXCL2) (C) (n=5)
and macrophages chemokines C-C motif chemokine ligand 2 (CCL2) and C-C motif chemokine ligand 5 (CCLS5) (D) (n=5). Bars, means =

SEM; *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.

etiology. Among them, heavy metal ions induce DNA
damage and mitochondrial dysfunction, and then cause
apoptosis and necrosis of lung epithelial cells (1). This is also
the main reason for the decrease of alveolar ventilation after
seawater drowning. In the past, the main treatment strategies
were a combination of respiratory assistance, supportive
treatment, and prophylactic antibiotic administration, which

© Annals of Translational Medicine. All rights reserved.

can ensure the normal oxygen supply of the body, and
prevent the secondary damage caused by the activation of
the inflammatory response to play the role of cell protection
(1,45). However, the expression or activation intervention
of apoptosis-related molecules cannot essentially block the
source of the damage, such as the cytotoxicity caused by ions
and reactive oxygen species (8,10). On the other hand, the
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Figure 5 Ghrelin regulated the paracrine pathway of lung epithelial cells to affect neutrophils recruitment and development via inhibiting
NF-«B signaling. (A) Sorted neutrophils from bone marrow (BM) were seed into the upper chamber of the Transwell plate, and A549 cells
with different treatments were cultured in the lower wells. The cells were incubated for 12 hours and the migration rate of neutrophils
was assessed (n=5). (B) A549 cells were treated as same as (A) and the supernatant was collected to incubate BM cells with granulocyte-
macrophage colony stimulating factor (GM-CSF) (25 ng/mL) stimulation for 3 days. Then the differentiation of neutrophils (B) (n=5),
the cytokines production (C) (n=5) and reactive oxygen species (ROS) generation (D) (n=5) were determined to evaluated the functions of
neutrophils. Bars, means =+ SEM; *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.

use of corticosteroids and other hormones for intervention by gastric fundus cells, and a small part is expressed and
therapy, although to a certain extent, could well inhibit the released by other digestive organs including the small
immune response, reduce the inflammatory response, thus intestine (40-42). In vivo, starvation or gastric food
play a role in promoting the repair of damaged tissue (46,47). emptying will stimulate the digestive system to secrete a
However, continuous administration would result in systemic large amount of ghrelin. High levels of ghrelin influence the
immunosuppressive effect, and cause novel infections, hypothalamus, thereby enhancing individual appetite. At the
hyperglycemia, gastrointestinal bleeding, and other adverse same time, ghrelin can also regulate the endocrine function
reactions (46,47). Therefore, it is critical to find medicine or and prevent depression after acting on the central nervous
therapeutic methods with mild effects, strong adaptability, system (48,49). Recent studies have shown that ghrelin
and small side effects for lung injury caused by seawater can regulate glucose and lipid metabolism by inhibiting
drowning. insulin level iz vivo (50,51). Interestingly, as a biological

Ghrelin is a hormone secreted by the human body, also protective agent of physiological expression, ghrelin has
known as the hunger hormone. Most ghrelin is generated strong antioxidant and immunomodulatory effects. It has a

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(11):920 | http://dx.doi.org/10.21037/atm-21-795
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Figure 6 Ghrelin presented a protective effect on lung injury induced by seawater drowning. (A,B,C) The model of seawater drowning
induced injury was established in rats, and PBS or ghrelin was injected into tail vein. The dry and wet weight ratio of lung tissue was
detected (A) (n=5). Hematoxylin-cosin (HE) staining was used to observe the structure of alveolar tissue (B) (n=5). Myeloperoxidase (MPO)
staining was performed to detect neutrophil infiltration (C) (n=5). (D,E,EG) The expression levels of chemokines CXCL1 and CXCL2 (D,E)
(n=5) and cytokines TNF-a, IL-1B and IL-6 (F,G) (n=5) were detected by qRT-PCR and ELISA. (H) The ROS generation was stained by
using immunofluorescence (n=5). (I) The protein levels of p65, p-Akt and mitogen-activated protein kinase (MAPK) were detected by WB
(n=5). Bars, means + SEM; *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.

good scavenging function for reactive oxygen species, and
presents a protective effect on injured tissues (52,53). At the
same time, ghrelin also alleviates the mitochondrial damage
caused by the inflammatory response. In the process of
pathogen infection and endotoxemia, a large number of
inflammatory factors are produced. Ghrelin can inhibit the
expression of inflammatory cytokines such as IL-1p, IL-6
and TNF-a through its specific receptor pathway with a
significant dosage- and time-dependent manner, which has
a good protective effect on sepsis and secondary multiple
organ failure (54). The protective effect of ghrelin on the
stomach is also mainly achieved by inhibiting the secretion
of a variety of cytokines. It can repress the activation of

© Annals of Translational Medicine. All rights reserved.

NF-«B signal, reduce the inflammatory injury, accelerate
the healing of gastric mucosal injury induced by ischemia-
reperfusion, and reduce the radiation-induced gastric
mucosal inflammation and anorexia (55). In addition,
further evidence for the anti-inflammatory effect of ghrelin
comes from the study of a variety of autoimmune diseases.
In the animal model of arthritis, recombinant ghrelin or its
agonist significantly suppresses the production of IL-6 and
NO by macrophages and thus alleviates arthritis (56,57).
However, whether ghrelin has a certain therapeutic effect
on lung injury caused by seawater drowning has not been
reported, and the detailed molecular mechanism of ghrelin
remains to be further studied.

Ann Transl Med 2021;9(11):920 | http://dx.doi.org/10.21037/atm-21-795
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Conclusions

In this study, we confirmed for the first time that ghrelin
can effectively rescue the apoptosis of lung epithelial
cells caused by seawater simulants. Iz vivo experiments
also supported that seawater drowning can cause severe
pulmonary edema and destruction of the alveolar structure.
Further molecular biological determination showed that
ghrelin could reduce the activation of NF-kB signal
pathway and phosphorylation of ERK induced by seawater
simulants with a concentration dependent effect of
ghrelin. Furthermore, ghrelin inhibited the expression of
apoptosis related genes and the secretion of inflammatory
cytokines. Finally, ghrelin retrieved mitochondrial injury
and gradually restored the normal function, including ATP
synthesis restart, energy metabolism remodeling, calcium
ion and ceramide concentration stable. Interestingly, with
the addition of NF-kB signaling agonists, all the above
biological effects mediated by ghrelin, including the
reduction of inflammatory signals and the protection of
apoptosis, will be restored or partially offset. Therefore,
we conclude that seawater drowning can activate NF-
kB pathway and induce apoptosis of lung epithelial cells,
which are alleviated by ghrelin via inhibiting the activation
of NF-«B pathway.

In addition to direct injury, the activation of various
immune cells in the lung tissue is also one of the main
reasons for damage induced by seawater drowning. A lot of
evidence has shown that alveolar macrophages, pulmonary
interstitial macrophages, dendritic cells and neutrophils are
involved in a variety of lung injuries repair processes, such
as pulmonary fibrosis, acute and chronic pneumonia and
infectious lung disease (58). Neutrophils, in particular, can

© Annals of Translational Medicine. All rights reserved.

be rapidly activated and recruited to the injured locus at
the early stage of inflammation. They can kill pathogenic
microorganisms and promote the inflammatory response by
producing and releasing a large amount of ROS. It was also
reported that the recruitment of neutrophils could further
induce the recruitment and activation of macrophages and
promote the development of naive T cells (59). Therefore,
blocking the differentiation, maturation, development and
recruitment of neutrophils is the key node to control the
early outbreak of inflammation. In our study, both in vitro
and in vivo results showed that a large number of neutrophils
were activated and infiltrated into damaged lung tissue after
seawater drowning. Further mechanism studies showed
that the damaged lung epithelial cells could promote the
generation of inflammatory mediators COX2 and PGE2
and the secretion of chemokines CXCL1 and CXCL2 via
activating NF-«B pathway. The former factors promote the
activation of neutrophils, while the latter chemokines are
the main chemokines mediating neutrophils recruitment.
After administration with ghrelin, the expression and
secretion of COX2, PGE2, CXCL1 and CXCL2 were
obviously decreased, and the number of neutrophils
recruited in the injured lung tissue was also significantly
diminished, which is dependent on the inhibition of
NF-«B signaling pathway by ghrelin. Taken together,
our study revealed the protective effect and molecular
mechanism of ghrelin on lung injury induced by seawater
drowning from the dual perspectives of lung epithelial
cell injury and immune cell development (Figure 7).
Our work indicated that ghrelin can be used as an adjunctive
medicine for seawater drowning, which provides more
alternative strategies for clinical treatment.

Ann Transl Med 2021;9(11):920 | http://dx.doi.org/10.21037/atm-21-795
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