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Abstract. Acute respiratory distress syndrome (ARDS) is 
characterized by lung inflammation and the diffuse infiltra-
tion of neutrophils into the alveolar space. Neutrophils are 
abundant, short-lived leukocytes that play a key role in immune 
defense against microbial infections. These cells die via apop-
tosis following the activation and uptake of microbes, and will 
also enter apoptosis spontaneously at the end of their lifespan 
if they do not encounter pathogens. Apoptosis is essential for 
the removal of neutrophils from inflamed tissues and for the 
timely resolution of neutrophilic inflammation. Ghrelin is 
an endogenous ligand for the growth hormone (GH) secre-
tagogue receptor, produced and secreted mainly from the 
stomach. Previous studies have reported that ghrelin exerts 
anti-inflammatory effects in lung injury through the regulation 
of the apoptosis of different cell types; however, the ability 
of ghrelin to regulate alveolar neutrophil apoptosis remains 
largely undefined. We hypothesized that ghrelin may have 
the ability to modulate neutrophil apoptosis. In this study, 
to examine this hypothesis, we investigated the effects of 
ghrelin on freshly isolated neutrophils in vitro. Our findings 
demonstrated a decrease in the apoptotic ratio (as shown by 
flow cytometry), as well as in the percentage of cells with 
decreased mitochondrial membrane potential (ΔΨm) and in 
the terminal deoxynucleotidyl transferase (TdT)-mediated 
dUTP-biotin nick-end labeling-positive rate, accompanied by 
an increased B-cell lymphoma 2/Bax ratio and the downregu-
lation of cleaved caspase-3 in neutrophils following exposure to 
lipopolysaccharide (100 ng/ml). However, pre-treatment with 
ghrelin at a physiological level (100 nM) did not have a notable 
influence on the neutrophils in all the aforementioned tests. 

Our findings suggest that ghrelin may not possess the ability to 
modulate the neutrophil lifespan in vitro.

Introduction

Acute respiratory distress syndrome (ARDS) is character-
ized by overwhelming lung inflammation and increased 
microvascular permeability, causing the diffuse infiltration of 
neutrophils and lung edema (1). Neutrophils, rapidly recruited 
from the circulation to sites of infection or tissue injury, play a 
prominent role in host defense against invading pathogens (2). 
The effective resolution of inflammation and the restoration of 
tissue homeostasis critically depends on the neutrophil influx 
and the timely removal of infiltrating neutrophils (3). However, 
as these neutrophil functions lack specificity and can be inju-
rious to host tissues, it is important that neutrophil activity be 
tightly regulated to prevent the perpetuation of inflammation. 
Actually, neutrophil apoptosis can be delayed at infection sites 
by a range of factors, including bacterial products such as lipo-
polysaccharide (LPS) (4), and pro-inflammatory cytokines (5), 
as well as hypoxia (6), ostensibly to extend their functional 
lifespan (7). Once an episode of acute neutrophilic inflamma-
tion is complete, it is essential that neutrophil recruitment is 
halted and that recruited neutrophils undergo apoptosis, before 
disposal of the apoptotic cells by surrounding phagocytes, such 
as alveolar macrophages (3,8), to ensure the efficient resolution 
of inflammation (9). However, in reality, the natural resolution 
process of neutrophil apoptosis followed by phagocytosis is 
impaired in numerous human inflammatory disease states, 
with delayed neutrophil apoptosis observed in conditions such 
as ARDS (10). Observations in medical patients showed that 
neutrophil apoptosis is inversely proportional to the severity 
of sepsis and sepsis-induced ARDS, suggesting that neutro-
phil apoptosis may be a marker of the severity of sepsis (10). 
Furthermore, accumulating evidence has indicated a consistent 
association between neutrophils and ARDS in human and 
animal models and the propensity of neutrophils and their 
products to cause lung injury in experimental systems, leading 
to the conclusion that neutrophils have an important causative 
role in ARDS, and neutrophil apoptosis could emerge as a 
critical control point in resolving inflammation. Optimistically, 
recent studies using a variety of gene knockout, transgenic and 
pharmacological strategies in diverse models of inflammation, 
have demonstrated that modulating neutrophil apoptosis can 
profoundly affect the outcome of inflammation (11-15).
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Ghrelin is a 28-amino-acid peptide esterified with octanoic 
acid on Ser 3 that is principally released from the stomach 
mucosa (16). Apart from its regulatory roles in growth hormone 
release, appetite and gastric motility, ghrelin also has numerous 
peripheral actions, including anti-inflammatory, anti-fibrotic 
and antioxidant properties (16,17). The administration of ghrelin 
has been reported to attenuate neutrophil migration, reduce 
inflammatory cytokine production, promote the generation of 
anti-inflammatory cytokines, and promote the phagocytosis 
of apoptotic neutrophils by macrophages (16,17), thereby 
attenuating inflammation in several disease models, including 
respiratory infection (18), polymicrobial sepsis (19,20), 
arthritis (21) and ARDS (20,22). However, little is known about 
whether ghrelin is able to regulate neutrophil apoptosis, a 
critical control point in the resolution of inflammation. 

Based on previous observations, we hypothesized that 
ghrelin may ameliorate lung impairment in ARDS by promoting 
neutrophil apoptosis. Therefore, in this study, we examined 
this hypothesis by investigating the role of ghrelin in ARDS 
using primary cultured human peripheral blood neutrophils. 
We examined the effects of ghrelin on neutrophil apoptosis 
using flow cytometry, as well as by performing mitochondrial 
membrane potential (ΔΨm) and terminal deoxynucleotidyl 
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) 
assays. We also performed western blot analysis and immuno-
chemistry to detect the expression of B-cell lymphoma 2 (Bcl-2) 
family proteins and cleaved caspase-3. Our study aimed at 
providing laboratory evidence and a potential theoretical basis 
for the effects of ghrelin on neutrophil apoptosis in order to 
further elucidate the molecular mechanisms responsible for the 
anti-inflammatory function of ghrelin in ARDS.

Materials and methods

Reagents and antibodies. Human recombinant ghrelin 
was purchased from Enzo Life Sciences (Farmingdale, 
NY, USA). Percoll was purchased from Axis-Shield (Oslo, 
Norway). RPMI-1640 medium, fetal bovine serum (FBS), and 
penicillin-streptomycin were obtained from Life Technologies 
(Grand Island, NY, USA). Dimethyl sulfoxide (DMSO), 
4',6-diamidino-2-phenylindole (DAPI), Hoechst 33342, 
Tween-20, and all buffers and salt solutions were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). The TUNEL assay kit, 
protease inhibitor cocktail, and phosphatase inhibitor cocktails 
were from Roche (Basel, Switzerland). The cleaved caspase-3 
antibody (#AB3623) was from Millipore (Billerica, MA, USA), 
and the Annexin Ⅴ-fluorescein isothiocyanate (FITC) cell apop-
tosis kit was obtained from BD Biosciences (San Jose, CA, USA). 
Antibodies against Bax (#2772), Bcl-2 (#2876), GAPDH (#2118) 
and peroxidase-conjugated secondary antibody (#7074) were all 
purchased from Cell Signaling Technology, Inc. (Danvers, MA, 
USA). Alexa Fluor-labeled secondary antibody (#R37167) was 
purchased from Invitrogen (Carlsbad, CA, USA).

Neutrophil isolation and treatment. Venous blood collected 
from 20 healthy subjects was fractionated on Ficoll-Hypaque 
and dextran gradients to separate neutrophils. All blood samples 
were collected after obtaining written informed consent 
from each subject and following the approval of the Medical 
Ethics Committe of the First Affiliated Hospital, Sun Yat-Sen 

University, Guangzhou, China. The neutrophil layer was then 
transferred to a fresh tube and centrifuged for 10 min at 4˚C. 
Hypotonic lysis with 0.2% NaCl was performed to remove 
the remaining erythrocytes. The morphology and purity of 
the neutrophils were assessed by Giemsa (Beijing Leagene 
Biotech Co., Ltd., Beijing, China) and Hoechst staining. For all 
experiments, isolated neutrophils were resuspended in RPMI-
1640 medium, containing 100 U/ml penicillin and 100 µg/
ml streptomycin supplemented with 10% FBS. The prepared 
neutrophils were divided into the following groups: i) the control 
group (neutrophils + medium); ii) the LPS group (neutro-
phils + medium + 100 ng/ml LPS); iii) the LPS + ghrelin 
group (neutrophils + medium + 100 ng/ml LPS + 100 nM ghrelin); 
and iv) the ghrelin group (neutrophils + medium + 100 nM 
ghrelin). The isolated human neutrophils were incubated with 
or without ghrelin (100 nM) for 1.5 h prior to the addition of 
LPS (100 ng/ml) for 8 h. The concentrations of the drugs were 
selected based on previous studies (23,37) and on preliminary 
experiments (data not shown).

Assessment of neutrophil apoptosis. Apoptosis was determined 
by 3 methods. Apoptosis was first evaluated by cytofluorometry 
using the Annexin Ⅴ-FITC kit. Briefly, the cells in the different 
treatment groups were centrifuged at 100 x g for 5 min, washed 
twice with cold phosphate-buffered saline (PBS), and then 
resuspended in 500 µl binding buffer. The cells were then 
labeled with Annexin Ⅴ-FITC (5 µl) and propidium iodide (PI, 
5 µl) for 15 min in the dark at room temperature before being 
analyzed using a FACScan flow cytometer (BD Biosciences).

The collapse of the electrochemical gradient across the 
mitochondrial membrane during apoptosis was measured 
using the JC-1 mitochondrial membrane potential detection kit 
(Beyotime, Beijing, China) using flow cytometry as described 
by the manufacturer. This kit uses a unique cationic dye, JC-1, 
to signal the loss of the ΔΨm. Briefly, following treatment with 
the indicated agents and concentrations for 8 h, the cells were 
collected, resuspended in JC-1 reagent solution, and incubated 
for 15 min at 37˚C in the dark. The cells were then washed 
with a buffer solution and resuspended in assay buffer, and 
analyzed by a FACScan flow cytometer.

To measure the double-stranded cleavage of DNA, 
TUNEL assay was performed with an in situ cell death detec-
tion kit following the manufacturer's instructions. Briefly, the 
cells grown on coverslips were washed with PBS and fixed 
with 4% paraformaldehyde for 15 min at room temperature. 
After washing, the cells were incubated in permeabilization 
solution (0.1% Triton X-100 in 0.1% sodium citrate, freshly 
prepared) for 2 min on ice. The cells were then incubated 
with the TUNEL reaction mixture in a humidified chamber 
at 37˚C for 1 h. Subsequently, the cells were briefly rinsed 
with PBS and counterstained with DAPI for 5 min in order to 
visualize the nuclei. Stained sections were examined by a fluo-
rescence microscope (Carl Zeiss, Tokyo, Japan), and images 
of 5 random and non-overlapping fields were examined at an 
objective magnification of x200 for analysis.

Western blot analysis. Following BCA protein assaying 
(Thermo Fisher Scientific, Cramlington, UK), equal amounts of 
proteins were separated by 10% sodium dodecyl sulfate-polyac-
rymide gel electrophoresis and transferred onto nitrocellulose 
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membranes, which were blocked using 5% non-fat milk for 1 h 
at room temperature. The membranes were then incubated over-
night at 4˚C with primary antibodies specific for Bax (1:1,000 
dilution), Bcl-2 (1:1,000 dilution), or cleaved caspase-3 (1:200 
dilution). After washing, the membranes were incubated with 
horseradish peroxidase-conjugated anti-mouse or anti-rabbit 
secondary antibodies for 1 h at room temperature. Proteins 
were visualized using an enhanced chemiluminescence 
kit (Millipore). The relative protein expression levels were 
determined by densitometry and normalized to the GAPDH 
levels using Image Pro Plus 6.0 software (Media Cybernetics, 
Rockville, MD, USA).

Detection of cleaved caspase-3 by immunofluorescence. The 
cells grown on coverslips were fixed with paraformaldehyde for 
15 min at room temperature. After washing with PBS 3 times 
for 5 min, the cells were incubated for 30 min with 1% bovine 
serum albumin (BSA) to block the non-specific binding of 
the antibodies. The cells were then incubated with primary 
antibody (1:200 dilution) in 1% BSA in a humidified chamber 
overnight at 4˚C. After washing 3 times in PBS, the cell samples 
were incubated with Alexa Fluor 488-conjugated goat antirabbit 
IgG secondary antibody (1:200) in 1% BSA for 1 h in the dark 
at room temperature, and then washed and counterstained with 
DAPI for 5 min. The coverslips were then visualized under a 
fluorescence microscope at x200 magnification. Quantification 
was performed using Image Pro Plus 6.0 software.

Statistical analyses. Statistical significance of the differences 
between groups among repeated experiments was calculated 
by one-way ANOVA and Fisher's LSD-test using GraphPad 
Prism 4 software (GraphPad Software Ltd, La Jolla, CA, 
USA). The results are expressed as the mean values ± stan-
dard devitation. In all statistical tests, a P-value <0.05 was 
considered to indicate a statistically significant difference.

Results

Determination of the viability and purity of the isolated neutro-
phils by Giemsa and Hoechst staining. The use of a percoll 
gradient to purify peripheral blood neutrophils has been previ-

ously described (24). This approach results in a highly purified 
population of neutrophils, with a purity >95% (as shown by 
Giemsa staining) and a viability >98% (as shown by trypan blue 
staining) (data not shown). As shown in Fig. 1A, after Giemsa 
staining, normal cell nuclei were dyed blue or hyacinthine, 
with homogeneous color and luster. Hoechst 33342 staining 
revealed a typical nuclear morphology in the freshly isolated 
neutrophils (Fig. 1B). The examination of cell purity proved 
that the isolated neutrophils perfectly met the requirements for 
all the subsequent experiments.

Detection of neutrophil apoptosis by flow cytometry. The 
occurrence of neutrophil apoptosis was demonstrated using 
the Annexin Ⅴ-FITC staining methods (Fig. 2). The results of 
flow cytometry assay revealed that the ratio of apoptotic cells 
significantly decreased from 38.67±2.09 in the untreated cells 
to 20.80±1.09% and 18.57±2.32% in the LPS-stimulated cells 
and LPS + ghrelin-treated cells, respectively, indicating that 
LPS significantly prolonged the neutrophil lifespan. However, 
treatment with ghrelin neither induced nor inhibited neutrophil 
apoptosis, since there were no apparent differences observed 
in the percentages of apoptotic neutrophils between the LPS 
group and the LPS + ghrelin group, and between the control 
and ghrelin groups (32.39±1.84%) (Fig. 2).

Detection of neutrophil apoptosis by ΔΨm assay. The 
depolarization of ΔΨm is implicated in apoptosis (25). 
Therefore, we then measured ΔΨm using JC-1 staining. As 
shown in Fig. 3, the percentage of cells that lost their ΔΨm 
in the LPS group was markedly decreased compared to the 
control group, indicating that LPS was helpful in sustaining a 
stable ΔΨm. On the other hand, there was no notable change 
in the percentage of cells that lost their ΔΨm between the 
LPS + ghrelin group and the LPS group, as well as between 
the ghrelin group and the control group, indicating that ΔΨm 
in neutrophils was not affected by ghrelin whatsoever.

Detection of neutrophil by apoptosis TUNEL assay. Cell 
apoptosis was then examined using a TUNEL assay (Fig. 4). 
The TUNEL-positive rates were 74.00±2.65, 23.00±3.46, 
29.33±3.284 and 73.33±7.86% for the control, LPS, 

Figure 1. Highly purified population of freshly isolated peripheral blood neutrophils (x400 magnification). (A) Peripheral blood neutrophils from healthy subjects 
displayed normal mature morphology after Giemsa staining. Neutrophils determined to be approximately 95% of all cells. (B) Peripheral blood neutrophils were 
stained with Hoechst 33342 dye to visualize the typical nuclear morphology of neutrophils.
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LPS + ghrelin and ghrelin groups, respectively. Our results 
revealed that LPS markedly decreased the number of TUNEL-

positive cells compared with the controls. However, there were 
no apparent differences in the TUNEL positivity rates between 

Figure 2. Cell apoptosis was measured by Annexin Ⅴ-fluorescein isothiocyanate (FITC) staining. Human neutrophils were pre-treated with or without 100 nM 
ghrelin for 1.5 h and then incubated with or without 100 ng/ml lipopolysaccharide (LPS) for 8 h. (A) Dot graphs show the flowcytometric analysis of the apoptosis 
of the LPS- and ghrelin-treated neutrophils. (B) Quantitative analysis of neutrophils undergoing apoptosis. *P<0.05 compared with the control.

Figure 3. Effects of drugs on mitochondrial transmembrane potential (ΔΨm) in neutrophils. Cells were pre-treated with or without 100 nM ghrelin for 1.5 h 
and then simulated with or without 100 ng/ml lipopolysaccharide (LPS) for 8 h. (A) Dot graphs show the flowcytometric ananlysis of the mitochondrial trans-
membrane potential (ΔΨm) of the LPS- and ghrelin-treated neutrophils. ΔΨm was then determined with the lipophilic dye, JC-1. (B) Quantitative analysis of 
neutrophils undergoing ΔΨm. *P<0.05 compared with the control.
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the LPS group and the LPS + ghrelin group, and between the 
control and ghrelin groups, indicating that treatment with 
ghrelin may not affect the incidence of neutrophil apoptosis.

Effects of ghrelin on the Bcl-2/Bax ratio and cleaved caspase-3 
expression. To further investigate the molecular mechanisms 
responsible for the ability of ghrelin to induce neutrophil 
apoptosis, western blot analysis was carried out to determine 
the levels of key neutrophil intracellular Bcl-2 family proteins 
and caspase activation following drug stimulation. It has 
been shown that Bcl-2 forms a heterodimeric complex with 
the apoptotic protein Bax, thereby neutralizing its apoptotic 
effects (26). Therefore, the ratio of Bcl-2/Bax is often consid-
ered as a decisive factor in determining whether cells will 
undergo death or survive. The values of the Bcl-2/Bax ratio 
were obtained by dividing the OD for Bcl-2 with the OD for 
Bax in a different group. We observed that stimulation of the 
neutrophils with LPS resulted in a noted dose-dependent rise 
in the Bcl-2/Bax ratio and in the downregulation of cleaved 
caspase-3 at the protein level (Fig. 5A and B), which favors 
anti-apoptosis. It should be noted that treatment with ghrelin at 
the concentration of 100 nM appeared to hardly have any effect 
on the Bcl-2, Bax and cleaved caspase-3 expression levels after 
8 h, as the Bcl-2/Bax ratio and cleaved caspase-3 expression in 
the LPS + ghrelin group did not show significant changes when 
compared with the LPS group (Fig. 5C and D). To determine 
whether caspases (cysteine aspartic specific proteases) are 
involved in neutrophil apoptosis in the cells exposed to LPS or 
ghrelin, we also used immunofluorescence staining to evaluate 
active cleaved caspases-3 levels in the cells. The data presented 
in Fig. 6 show a significant decrease in the levels of cleaved 
caspase-3 in the neutrophils stimulated with LPS. Notably, 

pre-treatment with ghrelin did not increase the cleavage of 
caspase-3 as previously thought.

Discussion

The precise mechanisms repsonbilse for the development of 
ARDS are complex and are not yet clear; however, neutrophil 
apoptosis is one of the mechanisms involved (1,10). Neutrophils, 
the most numerous immune cells in the first line of protection 
against invading microbes, are characterized by a very short 
lifespan (27); their normally short lifespan in the circulation 
can be manipulated and extended at sites of inflammation, to 
ensure that an appropriate host response is mounted in response 
to infection or tissue injury. However, uncontrolled neutrophil 
recruitment or inappropriate neutrophil longevity is patho-
physiologically involved in the development of inflammatory 
diseases with unresolved neutrophilic inflammation (28). For 
instance, a delay in apoptosis may lead to the prolonged release 
of neutrophil products and direct tissue injury, thus partici-
pating in the development of ARDS (10). The pharmacological 
manipulation of such a defective resolution step is therefore an 
attractive avenue for the development of novel pro-resolution 
and anti-inflammatory treatments (29).

Ghrelin has gained attention for its broad range of roles in 
various biological systems (30). One of the most extensively 
studied characteristics is that ghrelin plays a positive role 
during the resolution phase of acute inflammation through the 
attenuation of the pro-inflammatory mediator response (31,32), 
neutrophil infiltration (18,22,32), and the enhancement of the 
phagocytosis of apoptotic cells (33), resulting in therapeutic 
benefits in pathological conditions associated with inflam-
mation (16). Previous studies have suggested that ghrelin and 

Figure 4. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick-end labeling (TUNEL) staining assay of neutrophil nucler degeneration. 
Neutrophils were incubated in serum-free medium for 8 h, with pre-treatment with or without 100 nM ghrelin for 1.5 h, in the presence or absence of 100 ng/ml 
lipopolysaccharide (LPS). (A) Representative images demonstrate TUNEL-positive nuclei (green color) (x100 magnification). (B) Percentages (%) of TUNEL-
positive cells relative to 4',6-diamidino-2-phenylindole (DAPI)-positive total nuclei are indicated in the histogram. *P<0.05 compared with the control.
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ghrelin receptor are expressed in immune cells, including 
neutrophils (34,35), alveolar macrophages and human lung 
tissue (36), indicating that ghrelin has direct modulatory effects 
on pulmonary function. Further studies have indicated that 
ghrelin displays anti-inflammatory properties in ARDS, leading 

to ameliorated pulmonary injury in rats with ARDS (20). In our 
previous study, we demonstrated that ghrelin inhibited apop-
tosis and enhanced the phagocytosis of alveolar macrophages, 
thus mitigating lung injury in septic ARDS (37). Therefore, 
we hypothesized that ghrelin has a potential modulatory role 

Figure 6. Immunofluorescence staining of cleaved caspase-3 expression in neutrophils following exposure to lipopolysaccharide (LPS) or ghrelin. (A) The red 
signal represents the cleaved caspase-3 levels (x200 magnification). (B) The graphs represent the means ± SD of cleaved caspase-3 fluorescence intensity. *P<0.05 
compared with the control.

Figure 5. (A-D) Effects of lipopolysaccharide (LPS) or ghrelin on the expression of Bax, Bcl-2, cleaved caspase-3 and Bcl-2/Bax ratio in neutrophils by western 
blot analysis. The bar graphs represented densitometric results for Bcl-2/Bax and cleaved caspsase-3. *P<0.05 compared with the control.
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in neutrophil apoptosis for two reasons: first, ghrelin has been 
extensively reported to play a positive role in various inflamma-
tory diseases; second, the ability of ghrelin to modulate apoptosis 
has been proven in several cell types previously (22,38,39). In 
contrast to the induction of the apoptosis of endothelial and 
epithelial cells, the apoptosis of neutrophils is decreased during 
sepsis-induced ARDS (40). Thus, we originally predicted that 
ghrelin may act as a pro-apoptotic modulator of neutrophil 
apoptosis, subsequently relieving lung injury in the pathological 
process of ARDS. We believe that the careful analysis of neutro-
phil apoptosis in response to ghrelin treatment is warranted in 
order to better understand the mechanisms responsible for the 
resolution of inflammation after the administration of ghrelin. 
Our findings using flow cytometry demonstrated that stimula-
tion of the cells with 100 ng/ml of LPS decreased the apoptotic 
ratio of the neutrophils, which was consistent with previous 
reports (23,41). However, pre-treatment with 100 nM ghrelin did 
not increase the apoptotic ratio (Fig. 2), indicating that ghrelin 
may not enhance the resolution of inflammation by promoting 
neutrophil apoptosis.

The apoptotic pathway is controlled by the balance of 
pro- vs. anti-apoptotic proteins from the Bcl-2 family, which 
together regulate mitochondrial outer membrane permea-
bilization and the release of pro-apoptotic substances from 
the mitochondria (42). Neutrophils also express Bcl-2 family 
members, the most relevant in regulating their survival (42,43), 
which positively correlate with the neutrophil lifespan (27,44). 
Our data clearly demonstrated that the ratio of Bcl-2/Bax 
markedly rose in the LPS-stimulated neutrophils, whereas 
we did not observe any notable changes in the ratio of Bcl-2/
Bax following pre-treatment with ghrelin (Fig. 5). The stabi-
lization of ΔΨm plays an essential role in the mitochondrial 
apoptotic pathway (45). Our study demonstrated that LPS can 
help sustain the stabilization of ΔΨm to prolong the lifespan 
of neutrophils. However, treatment with ghrelin did not alter 
the ΔΨm, revealing for the first time that the anti-apoptotic 
effects of ghrelin through mitochondrial signaling do not occur 
in human neutrophils (Fig. 3). Using TUNEL assay, we also 
investigated nuclear morphological changes following drug 
treatment. Consistent with the results of flow cytometry and 
ΔΨm assay, the results of TUNEL assay revealed that LPS 
markedly decreased the double-stranded cleavage of DNA, 
while treatment with ghrelin hardly had any influence on DNA 
double-stranded cleavage in neutrophils (Fig. 4).

Apoptosis can proceed via either an extrinsic pathway 
upon the ligation of a death receptor or an intrinsic pathway 
in response to cellular stress, chemotherapeutic agents, or 
ultraviolet damage (46). Both apoptotic pathways eventually 
act through the activation of enzymes known as caspases, 
which are responsible for the numerous morphological and 
biochemical changes in apoptosis (46). Cleaved caspase-3 has 
been proposed as a regulator of the neutrophil lifespan, as 
it is present in mature neutrophils and its expression corre-
lates with increased apoptosis (43,46). Consistent with the 
dependence on activated caspases for apoptosis, we observed 
that LPS caused a decrease in caspase-3 activation. We also 
observed that ghrelin had no influence on the cleavage of 
caspase-3, as pre-treatment with ghrelin did not alter the 
cleaved caspase-3 expression level, as shown by western blot 
analysis or immunofluorescence staining (Figs. 5 and 6).

The important role of neutrophils in ARDS has been 
demonstrated in previous studies, in which the severity of lung 
injury was shown to decrease when neutrophils were elimi-
nated (10,40). Therefore, we originally predicted that ghrelin 
may be identified as a modulator of neutrophil apoptosis and 
sought insight into the underlying molecular mechanisms. 
Interestingly, we found that ghrelin neither abrogated the pro-
survival influence of LPS that prolongs the neutrophil lifespan 
nor induced neutrophil apoptosis. It is not entirely clear why 
the effect of ghrelin on apoptosis varies between cell types; 
however, there is evidence to suggest that ghrelin indeed 
possesses anti- and pro-apoptotic functions towards different 
cells (47-50). For example, ghrelin has been previously shown 
to inhibit or induce the apoptosis of lung epithelial cells (22) 
and human colorectal adenocarcinoma cells (51). However, to 
the best of our knowledge, there is no previous available study 
characterizing the direct effects of ghrelin on the regulation of 
the neutrophil lifespan. In this study, we firstly reported that 
ghrelin neither inhibited nor induced neutrophil apoptosis, 
which was not consistent with our initial hypothesis.

We consider that there are several possible reasons to explain 
this result. To begin with, past studies have suggested that aside 
from the regulation of apoptosis, many other modulatory mecha-
nisms also contribute to the pharmacological anti-inflammatory 
functions of ghrelin, varying from the inhibition of intracellular 
signaling cascades (52), to reduced cytokine production (52-54), an 
enhanced ability to eliminate invading microorganisms (37), and 
the inhibition of immunocyte apoptosis (55). Ghrelin may inhibit 
the production and release of cytokines, reactive oxygen species, 
antimicrobial and proteolytic granule proteins in neutrophils or 
other cells, and enhance the ability of neutrophils to engulf patho-
gens, rather than boosting neutrophil apoptosis. As is known to 
us, activated neutrophils synthesize chemokines and cytokines, 
which recruit and regulate the inflammatory response of other 
effector cells, including macrophages, T cells and neutrophils 
themselves (3,56). For example, pro-inflammatory cytokines, 
such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, inter-
feron (IFN)-μ, and granulocyte/macrophage colony stimulating 
factor, can inhibit neutrophil apoptosis, whereas IL-10 counter-
acts this inhibition (27,57). Taken together, the elimination of 
microorganisms by neutrophils can be regarded as a dynamic 
process, integrating the synthesis of granule proteins during 
differentiation, migration to sites of infection, phagocytosis and 
the killing of microorganisms, the modulation of other effector 
cells and, finally, apoptosis. We speculate that although ghrelin 
did not influence neutrophil apoptosis in vitro, it may indirectly 
affect neutrophil apoptosis by modulating the secretion of 
various chemokines and cytokines, phagocytosis, and other steps 
involved in the cascade of defense mechanisms in response to 
various physiological and pathological conditions in vivo, thus 
enhancing the resolution of inflammation and exerting thera-
peutic benefits. Second, this result may in part be explained by 
stimulated, inflammatory neutrophils having an altered sensi-
tivity towards apoptosis-inducing stimuli. As an essential role to 
launch a first line of defense, substantial evidence has suggested 
that neutrophils experience an extensive change in gene expres-
sion and function, participating in previously unanticipated ways 
in a whole host of immune, inflammatory, and tissue remodeling 
responses that sustain life during stress (58). For example, 
TNF-related apoptosis-inducing ligand (TRAIL)-deficient mice 
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show normal circulating neutrophil numbers and normal consti-
tutive neutrophil apoptosis, but demonstrate impaired apoptosis 
when exposed to an inflammatory environment (59). Thus, we 
hypothesized that the in vitro freshly isolated and LPS-stimulated 
neutrophils may also alter their sensitivity toward ghrelin. Third, 
we adopted the concentration of 100 nM ghrelin in this study 
as it was extensively accepted in previous literature (60,61). As 
we mentioned above, the sensitivity toward apoptosis-inducing 
stimuli in neutrophils may vary from normal physiological 
conditions, and thus the apoptotic response to ghrelin may also 
be altered and the physiological concentration of 100 nM ghrelin 
was possibly not intense enough to cause neutrophil apoptosis in 
the freshly isolated and LPS-stimulated neutrophils. Thus, dose-
dependent effects need to be investigated to better explain the 
observed anti-inflammatory effects and beneficial consequences 
of ghrelin administration in ARDS.

In conclusion, to the best of our knowledge, our findings 
demonstrate for the first time that ghrelin does not drive neutro-
phil apoptosis in a mitochondrial-dependent manner to override 
the LPS-induced delay of apoptosis. Thus, the identification of 
specific regulatory mechanisms responsible for the ability of 
ghrelin to ameliorate inflammation in ARDS warrants further 
investigation in future studies, helping to explain the beneficial 
effects of ghrelin administration in various pathological states 
associated with inflammation.
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