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Abstract

Visfatin is involved in the body’s inflammation and immune response. Inflammation could promote, while visfatin may
directly or indirectly mitigate the effects of apoptosis and autophagy. Whether visfatin lessens the detrimental effects of
lipopolysaccharide (LPS)-induced mouse acute lung injury (ALI) is poorly understood yet. Therefore, in the current study,
the regulation mechanism of visfatin on apoptosis and autophagy was explored in Kunming mice by replicating LPS-induced
inflammatory ALI model. Based on the mouse model of ALI, HE staining, TUNEL, transmission electron microscopy,
immunohistochemical staining, real-time fluorescence quantitative PCR and western blot were used and the results showed
that the alveolar septum was thinner than that of the LPS group, slight lung interstitial and alveolar exudation appeared, and a
small number of inflammatory cell infiltration was found in the visfatin intervention group, indicating reduced tissue damage
in lungs. After visfatin treatment, the expression of pro-apoptotic genes Bax, Bik, and p53 decreased and the expression of
anti-apoptotic genes Bcl-2 and Bcl-xl increased, and expression of autophagy factors LC3 and Beclinl decreased, indicating
that visfatin inhibits apoptosis and reduces autophagy. The expression of PI3K and p-AKT was upregulated in the visfatin
intervention group, the expression of AKT was downregulated, and the PI3K/AKT signaling pathway was activated. Hence,
visfatin could activate the PI3K/AKT signaling pathway, reduce the apoptotic rate in alveolar epithelial cells and the level
of autophagy in ALI by regulating the expression of autophagy factors, ultimately causing a protective effect on lung tissue.
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Introduction respiratory distress syndrome (ARDS) is characterized by

apoptosis of lung epithelium and impairment of lung tis-

Acute lung injury (ALI) is a critical pulmonary manifesta-
tion due to certain inflammatory agents typified by pulmo-
nary oedema and hypoxaemia (Parekh et al. 2011). The acute
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sue barrier functionality (Yen et al. 2013). ALI may lead to
inflammatory-induced severe parenchymal damage to lung
tissue as well as disruption in integrity of lung epithelium
(Chen et al. 2015; Crapo 1986). Lipopolysaccharide (LPS)
is a key component of outer double-membrane envelope of
Gram-negative bacteria (Okuda et al. 2016; Schwechheimer
and Kuehn 2015). Exposure of LPS may induce ALI and
ARDS pathogenesis leading to inflammatory reaction (Griet
etal. 2014; Yen et al. 2013). Moreover, LPS-induced inflam-
matory response may cause endotoxemia-mediated ALI in
mice (Feng and Jia 2014). Autophagy plays a critical role in
inflammatory process and apoptosis in sepsis-induced ALI
(Yen et al. 2013). Autophagy and apoptosis are two major
processes that determine fat of cells and play critical role in
cellular homeostasis, development as well as in a number of
physiological and pathological conditions (Mukhopadhyay
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et al. 2014). Several chemicals and therapeutic agents for
instance polydatin (Feng and Jia 2014), triterpenoid CDDO-
imidazolide (Reddy et al. 2009), carvacrol (Feng and Jia
2014) and angelicin (Liu et al. 2013) have shown anti-
inflammatory effects during LPS-induced ALI. Understand-
ing the therapeutic effects of such chemical agents may offer
innovative paradigms for establishing significant and novel
therapeutic strategies.

Vascular endothelial growth factor (VEGF) plays an
essential role in both physiological and pathological angio-
genesis (Ferrara et al. 2003). VEGF is a critical pro-angio-
genic growth factor, that critically participates in increased
vascular permeability and its gene expression is usually
regulated by several cytokines (Emani et al. 2009; Pohl-
Schickinger et al. 2010). VEGF is a potent as well as pow-
erful direct-acting endothelial permeability mediator that
binds to lung vessels and in platelets units in time-dependent
fashion (Maloney et al. 2014), implicating a key factor for
pulmonary exudate leakage during ALI. Visfatin, a recently
discovered adipocytokine (nicotinamide mononucleotide
adenylyltransferase or pre-B-cell colony-enhancing factor),
is involved in apoptosis, DNA replication and growth regu-
lation as well as repair in several mammalian cells (Bi and
Che 2010; Jieyu et al. 2012; Ke et al. 2015). Visfatin is a
biochemical as well as genetic marker in ALI that acts as a
key factor in mediating several kinds of inflammatory reac-
tions (Sun et al. 2013; Yang et al. 2015). Visfatin acts as an
important mediator in the persistence of inflammation and
its enhanced levels were detected in ALI, sepsis, inflamma-
tory bowel disease, myocardial infarction and rheumatoid
arthritis (Luk et al. 2008). Visfatin plays a critical role in the
apoptosis and inflammatory process mediated by the mito-
chondrial pathway (Xiao et al. 2015). Visfatin also controls
the cell apoptosis and inflammation during experimental
LPS stimulation (Zhou et al. 2017). Moreover, visfatin treat-
ment notably lessens the necrotic cell death and apoptosis
(Erfani et al. 2015). Visfatin acts as a key regulator in the
synthesis of LPS-induced inflammatory cytokines in murine
macrophages (Wu et al. 2018). Whether visfatin treatment
lessens the detrimental effects of LPS on lung tissue through
regulating the micro-structure, VEGF expression, apopto-
sis and autophagy? The aim of current investigation was to
explore the regulation mechanism of visfatin on apoptosis
and autophagy in LPS-induced inflammatory lung model.

Materials and Methods
Ethics Approval Statement
This study was conducted after the approval from the Ani-

mal Care and Use Committee of Huazhong Agricultural
University (HZAU), Wuhan, China.
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Reagents

We purchased Kunming mice from Hubei Provincial Center
for Disease Control, visfatin (PROSPEC, cyt-447-a) from
Wuhan Zhong Yi biological reagent, LPS (O111:B4) from
Sigma (St. Louis, MO, USA), BCA Protein Quantification
Kit from Bi Yuntian Biotechnology Co., Ltd. Shanghai,
China, reverse transcription kit and SYBR from TaKaRa,
Biomedical Technology (Beijing) Co., Ltd., China, and poly-
clonal antibody from Cell Signaling Technology, Pudong
Shanghai, China.

Test Animals and Treatment

A total of 30 8-week-old, specific pathogen-free (SPF)-grade
Kunming mice were purchased from the Hubei Province
Disease Control Center (China). They were housed in the
Experimental Animal Center of the State Key Laboratory
of Huazhong Agricultural University (SPF level). Animals
were freely offered to eat and drink, and they were fully
acclimated with the environment for 1 week before start-
ing experiments. The experimental animals were randomly
divided into three groups based on the similar body weight
and the same sex ratio, i.e., the saline group, the LPS group
and the visfatin+LPS group. The saline and the LPS groups
were intraperitoneally injected with 0.2 ml sterile normal
saline daily, and visfatin+LPS group was intraperitoneally
injected 0.2 ml of visfatin (100 pg/kg) daily for 7 days.
Twelve hours before killing, the normal saline group was
injected with 0.2 ml of sterile saline, and both the LPS and
the visfatin + LPS groups were injected with 0.2 ml LPS
(8 mg/kg). All animals were anesthetized with 1% pentobar-
bital and killed. The lungs of mice were divided into three
parts: one part was fixed in 4% paraformaldehyde and sub-
sequently processed to make paraffin sections; the second
part was placed in glutaraldehyde to fix the lung tissues for
transmission electron microscopy; the third part of the lung
tissue was snap frozen into liquid nitrogen then stored at
ultra-low temperature for biomolecular experiments.

HE Staining

HE staining was performed using routinely used protocol.
Briefly, the lung tissue sections were stained with hematoxy-
lin for 7 min, treated with 1% hydrochloric acid (HCI) for 1
s and finally stained with eosin for 2 min.

Transmission Electron Microscope

The lung tissues were fixed in 2.5% glutaraldehyde for at
least 4 h. The specimen was placed in 1% osmium tetroxide
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for 1-2 h and washed three times with 0.1 M phosphate buff-
ered saline (pH 7.4) for 15 min and then kept in 2% aque-
ous uranyl acetate solution for 30 min. Alcohol dehydration
was performed using 50, 70, 90% alcohol, each for 15 min,
and finally dehydrated with anhydrous ethanol for 20 min.
The specimens were then dehydrated with 100% acetone
for 20 min. Anhydrous acetone and embedding agent were
mixed in 1:1 ratio by volume and allowed to fully penetrate
into the tissue blocks for 2 h, and then in 100% embedding
agent for further 2 h. Utrathin (80-100 nm) lung tissue sec-
tions were stained with 4% uranium acetate for 20 min, and
with lead citrate for 5 min. Electron microscopy was per-
formed using TECNA110 transmission electron microscope.

TUNEL

TUNEL assay was accomplished using the In Situ Cell
Apoptosis Detection Kit I, POD (Boster, Wuhan, China). In
brief, tissue sections (4 pm) were deparaffinized in xylene,
then rehydrated in decreasing concentrations of ethanol.
Endogenous peroxidase was blocked in 3% hydrogen per-
oxide for 10 min and digested in proteinase K for 15 min
at 37 °C. The dilution (1:20) of terminal deoxynucleotidyl
transferase in a reaction buffer (containing a fixed concentra-
tion of digoxigenin-labeled nucleotides) was applied to serial
sections for 2 h at 37 °C. The slides were then washed with
the stop/wash buffer for 2 min thrice. Following washes,
the slide sections were incubated with the prediluted anti-
digoxin antibody (dilution 1:100) for 30 min at 37 °C, fol-
lowed with ABC for 30 min at 37 °C. Apoptotic cells were
detected by incubation with the 3,3’-diaminobenzidine chro-
mogen (Boster, Wuhan, China) for approximately 20 min
and slides were counterstained with hematoxylin.

Immunohistochemistry

Samples from the lung were fixed in 4% buffered paraform-
aldehyde solution. After the routine alcohol-xylol process,
tissue samples were embedded in paraffin, sectioned at
4-5 pm thickness and stained with HE staining. For immu-
nohistochemistry, primary antibodies of polyclonal light
chain 3 (LC3), Beclinl (Proteintech, Wuhan, China) and
the Histostain™ Plus Kit were used (ZSGB Biotechnology,

Beijing, China). All immunohistochemical stainings were
evaluated by high-power light microscopic examination
(BX51; Olympus, Tokyo, Japan).

Real-Time Quantitative Polymerase Chain Reaction

The primers were designed using Primer 3 and the GenBank
sequences for GAPDH, Bcl-2, Bax, Bik, Bcl-x1, LC3 and
Bcelinl are listed in Table 1. Real-time polymerase chain
reaction (RT-PCR; ABI Prism 7000; Applied Biosystems,
Beijing, China) was performed to analyze the expression of
apoptotic genes using a Fluorescein qPCR Master Mix (X 2)
(Fermentas China Co., Ltd.). Total RNA was isolated from
rat lungs and reverse transcribed to cDNA by a two-step
method (Fermentas China Co., Ltd.), followed by real-time
quantitative PCR (RT-qPCR). Briefly, 10 ul of master mix,
0.8 pl of primer assay (X 10) and 4 pl of template cDNA
(x 10) were added to each well. After centrifugation, the
parameters used for PCR reactions were as follows: PCR
activation at one cycle of 50 °C for 2 min, 95 °C for 5 min,
followed by 40 cycles of 95 °C for 30 s and 60 °C for 30 s.
All samples and controls were run in triplicates on an ABI
7000 Fast RT-PCR system. The RT-qPCR data were ana-
lyzed by a comparative threshold (CT) method. The results
were expressed as the ratio of reference gene to target gene
using the following formula: CT =CT (target genes) —CT
(GAPDH). To determine the relative expression levels, the
following formula was used: CT=CT (treated group) — CT
(saline group). Thus, mRNA levels were normalized to those
of GAPDH. Relative mRNA levels are shown using arbitrary
units and the value of the saline group is defined as one.

Western Blot

Frozen lung tissue preparations were homogenized with
sample buffer, centrifuged and boiled. Total protein con-
centration of the lung tissue was quantified using the Brad-
ford method. Protein concentrations were determined using
the BioRad protein assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of total protein were loaded onto 1% SDS-
PAGE and then electrophoretically transferred onto poly-
vinylidene difluoride membranes (IPVH00010; Millipore,
Beijing, China). Transferred membranes were blocked using

Table 1 Primers used for

Gene name Forward primer (5'— 3') Reverse primer (5'—3')

RT-qPCR
GAPDH TGCGACTTCAACAGCAACTC TCCCCACATACCAGAAAGT
LC3 TTCTTCCTCCTGGTGAATGG ATTGCTGTCCCGAATGTCTC
Beclinl TCTGGAAGATGGGTCTGTGA GTGTAGGCGGGGTTGTTATG
Bax CGTGAGCGGCTGCTTGTCTG ATGGTGAGCGAGGCGGTGAG
Bcl-2 TCCTTCCAGCCTGAGAGCAACC TCACGACGGTAGCGACGAGAG
Bcl-x1 GCAGAACCACACCAGCCACAG

AACAATGCAGCAGCCGAGAGC
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5% skim milk and incubated overnight with antibodies p53,
MLKL, LC3, Beclinl, PI3K, AKT (Proteintech, Wuhan,
China) and p-AKT(CST). The same membrane was probed
with anti-GAPDH (ABclonal, Biological Technology Co.,
Ltd. Wuhan, China) as house-keeping protein. After wash-
ing with TBST three times, the blots were hybridized with
secondary antibodies (1:50,000 dilution; Boster, Wuhan,
China) conjugated with horseradish peroxidase for 2 h at
room temperature. The antibody-specific protein was visu-
alized by enhanced chemiluminescence detection system.

Statistical Analysis

Statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS, v.17.0; SPSS, Chi-
cago, IL, USA) and Graphpad Prism 5 software (Graph-
pad, San Diego, CA, USA). The ANOVA test was used for
comparisons between groups. Differences were considered
statistically significant at P values of <0.05. All data were
expressed as mean + SD.
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Fig.1 The changes in histological structure of mouse lung tissues
(x40) in different groups. The black arrow indicates the alveolar sep-
tum thickening, the purple staining dot indicates inflammatory cells,

Fig.2 The expression of VEGF
in different groups of mouse
lung tissues. Yellowish brown
reaction product refers to
VEGF-positive signal distribu-
tion. Where in-figure letter, a
saline group; b LPS group; ¢
Visfatin+LPS group
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Results

Structural Changes of Lung Tissue in Different
Experimental Groups

Histopathological Alterations in Mouse Lung Tissue

The results of HE staining showed that the structure of lung
tissue in the saline control group was clear and complete, the
alveolar wall was thin, and there was no effusion in the alve-
oli and no inflammatory cell infiltration. ALI model group
(LPS group) showed obvious lung injury, significantly thick-
ening in alveolar wall, enhanced inflammatory cell infiltra-
tion, along with considerable pulmonary interstitial and
alveolar hemorrhage. LPS + visfatin group illustrated less-
ened lung injury, somewhat thicker alveolar septum, slight
alveolar hyperemia, very minute pulmonary interstitial and
alveolar exudation and a little inflammatory cell infiltration
than the control group (Fig. 1a—c).

VEGF Expression Changes in Mouse Lung Tissue

Immunohistochemistry results showed a little or no VEGF
expression in alveolar epithelial cells and bronchial epithe-
lial cells in saline control group. The expression of VEGF
was increased, the pulmonary alveolar neutrophil and mono-
cyte were seen in the nodular inflamed cells, and alveolar as
well as bronchial epithelial cells were significantly enhanced
in the lung tissue of ALI model group (LPS group).
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and the red staining dot indicates red blood cells. Where in-figure let-
ter, a saline group; b LPS group; ¢ LPS + visfatin group
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LPS + visfatin group showed significantly reduced lung tis-
sue VEGF expression compared to LPS group (Fig. 2a—c).

Effect of Visfatin on Apoptosis of Lung Tissue in ALI
Detection of Apoptotic Cells

TUNEL method was used to detect the apoptosis of mice
lung tissue that appeared as brownish yellow cells in each
group. The apoptotic cells were mainly distributed in alveo-
lar and bronchial epithelial cells. The saline control group
had fewer apoptotic cells in the lung tissue. The number of
apoptotic cells in LPS group significantly increased. The
number of apoptotic cells in LPS + visfatin group signifi-
cantly decreased compared with LPS group (Fig. 3a—c). To
determine the experimental results quantitatively, the image
pro plus (IPP) software was used to calculate the average
optical density (IOD) value of apoptotic cells in each group
of mice. The results showed that IOD of LPS group was sig-
nificantly increased (P <0.01) compared to the saline control
group. However, LPS + visfatin group showed significantly
lower 10D values as calculated by IPP than that of LPS
group (P <0.05) (Fig. 3d).

The mRNA Expression of Apoptotic Factors in Different
Experimental Groups

The Bcl-2 gene family includes the anti-apoptotic factors,
such as Bcl-2, Bel-xl, Bel-w, Mcl-1, Nr13, and the pro-apop-
totic factors, such as Bax, Bik, Bak, Bad, Bid and so on. The

Fig.3 The changes of apoptosis
in different groups of lung tis-
sues. Yellowish brown reaction
product refers to apoptosis

cell positive signal distribu-
tion (a—c). The detection of
apoptosis-positive cells IOD
values (d). Where in-figure
letter, a saline group; b LPS
group; ¢ LPS + visfatin group; d
IOD value graph. *P <0.05 and
**P<0.01
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results of RT-qPCR showed that the expressions of Bax and
Bik were significantly increased (P <0.01, P <0.05) in LPS
group compared to the saline control group. The mRNA
expressions of anti-apoptotic factors Bcl-2 and Bcl-x1 were
significant increased (P <0.01) in LPS + visfatin group com-
pared with LPS group (Fig. 4a—e).

The Protein Expression of Apoptosis-Related Factors
in Different Experimental Groups

The expression of apoptosis-related protein P53, a tumor
suppressor gene, can promote apoptosis while MLKL gene
regulates necrotic apoptosis. Western blot results showed
that, compared with saline control group, P53 and MLKL
protein expression were significantly increased in LPS
group. Compared with the LPS group, the protein expres-
sion of P53 and MLKL in LPS + visfatin group showed a
decreasing trend (Fig. 5a, c). Image] software was used to
quantify the gray value of P53 and MLKL in western blot.
The statistical results showed that, compared with the saline
control group, P53 and MLKL gray values increased signifi-
cantly in LPS group. Compared with LPS group, the gray
values of P53 and MLKL decreased in LPS + visfatin group
(Fig. 5b, d).
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Fig.4 The mRNA expression
level of apoptosis factors in

Bax

Bix

different groups of lung tissues.
The mRNA expression of
apoptotic factors in lung tissue
was analyzed in each group by
one-way ANOVA using SPSS
software and Graph Pad Prism 5
software (a—d). In addition, the
Bcl-2/Bax ratio was calculated
(e). *P<0.05, **P<0.01

mRNA level

Bcl-2

mRNA level

Effect of Visfatin on Autophagy in Lung Cells of ALI

Transmission Electron Microscopy was Used to Detect
Autophagosomes

Transmission electron microscopy can intuitively
observe autophagosomes. Autophagosomes are hallmark
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of autophagy. The results showed that there were a few
autophagosomes in the saline control group, the number
of autophagy bodies in the LPS group was significantly
increased, and mitochondria were swollen. Compared with
LPS group, the number of autophagosomes in LPS + vis-
fatin group significantly reduced, but slightly more than
that of the saline control group (Fig. 6a—c).
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Fig.5 Western blots of total
p53, MLKL and their gray
values. The western blots of
p53 and MLKL with relative
expression of GAPDH. Where
in-figure letter, A: saline group;
B: LPS group; C: LPS + Vis-
fatin group
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p53/GAPDH
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44kDa MLKL - 54KkDa

MLKL/GAPDH

Fig. 6 Changes of autophagosomes in different groups of lung tissues. The electron micrographs show alterations in autophagy. Red arrows refer
to autophagosomes; yellow arrows refer to mitochondria (a—c). Where in-figure letter, a saline group; b LPS group; ¢ LPS + visfatin group

Localization and Expression of Autophagy Factors
in Different Experimental Groups

LC3 and Beclinl are important factors for testing autophagy.
Immunohistochemical results showed that the brownish yel-
low positive products were present in bronchial epithelial,
vascular endothelial and alveolar epithelial cells. LC3 was
largely expressed in the cytoplasm, particularly in the alveo-
lar septal epithelial cells. LC3 expression was significantly
increased in the LPS group compared with the saline control
group. The expression of LC3 decreased in LPS + visfatin
group compared to LPS group (Fig. 7a—c). The average IOD
values of immunohistochemical positive products of LC3
expression were semi-quantitatively studied by IPP software.
The statistical results showed that, compared with the saline
control group, LC3 expression was significantly increased
(P<0.01) in LPS group, while compared with LPS group
LC3 expression was significantly decreased (P <0.01) in
LPS + visfatin group (Fig. 7d).

Similarly, immunohistochemical results showed that the
brownish yellow positive products of Beclinl were mainly
expressed in alveolar epithelial and in nodular inflamed
cells. Beclinl expression was significantly increased in the
LPS group compared with the saline control group. The
expression of Beclinl decreased in LPS + visfatin group
compared to LPS group (Fig. 8a—c). The average IOD val-
ues of Beclinl expression showed that, compared with the
saline control group, Beclinl expression was significantly
increased (P <0.01) in LPS group, while compared with
LPS group Beclinl expression was significantly decreased
(P<0.01) in LPS + visfatin group (Fig. 8d).

mRNA and Protein Expression Changes in Autophagy
Quantitative PCR was used to detect the mRNA expres-
sion of autophagic factors LC3 and Beclinl. The results

showed that the mRNA expression of both LC3 and Bec-
linl was lower in the saline control group but relatively

@ Springer



256

Archivum Immunologiae et Therapiae Experimentalis (2019) 67:249-261

Fig.7 The distribution pattern
of LC3 expression in different
groups of lung tissues (immu-
nohistochemistry). Yellowish
brown reaction product refers
to LC3 protein-positive signal
distribution (a—c¢). The detection
of LC3 integral optical density
(IOD value) in different test
groups (d). Where in-figure
letter, a saline group; b LPS
group; ¢ LPS + visfatin group;
d IOD value graph. *P <0.05,
**P<0.01

Fig. 8 The distribution pattern
of Beclinl expression in dif-
ferent groups of lung tissues
(immunohistochemistry). Yel-
lowish brown reaction product
refers to Beclinl protein-
positive signal distribution
(a—c). The detection of Beclinl
integral optical density (IOD
value) in different test groups
(d). Where in-figure letter, a
saline group; b LPS group;

¢ LPS + visfatin group; d

10D value graph. *P <0.05,
**P<0.01

increased in the LPS group. Compared with LPS group,
the mRNA expression of LC3 and Beclinl was decreased
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Beclinl in LPS + visfatin group showed a decreasing trend
(Fig. 9c, d).

in LPS + visfatin group (Fig. 9a, b).

The results of western blot showed that the protein

Effects of Visfatin on PI3K-AKT Signaling Pathway

level of LC3 and Beclinl in the LPS group was signifi-

cantly increased compared with the control group. Com-
pared with LPS group, the protein expression of LC3 and

@ Springer

Western blot and ImageJ software were used to detect the
protein levels of PI3K, AKT, and p-AKT, and to verify if
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Fig.9 The mRNA and protein
expression changes in LC3 LC3
and Beclinl in different groups 31
of lung tissues. The mRNA
expression of LC3 and Beclinl
is shown by qPCR in lung tissue
(a, b). *P<0.05, **P <0.01.
The western blots of LC3, Bec-
linl and relative expression of
GAPDH along with their gray
values (c—f). Where in-figure
letter, A saline group; B LPS
group; C LPS + Visfatin group A

mRNA level

A B C

Beclin1

mRNA level

A B C
LC3- 1 16kDa
Lc3- I -y 14kDa Beclinl — — 52kDa
C E
Beclin1/GAPDH
LC3-1 /GAPDH LC3-II /GAPDH i
.5

visfatin was involved in the apoptosis and autophagy by
PI3K/AKT signaling pathway in ALI. The results showed
that, compared with the control group, the expression of
PI3K, AKT and p-AKT was upregulated in the LPS group.
Compared with the LPS group, the expression of PI3K and
p-AKT was upregulated and the expression of AKT was
downregulated in the LPS + visfatin group (Fig. 10a—e).

Discussion
Effect of Visfatin on Lung Tissue Structure of ALI

The current study, for the first time, explored the effects of
visfatin on the lung tissue structure in LPS-induced ALI
model. The results showed that the ALI model group (LPS
group) had considerable lung injury, significantly thickened
alveolar walls, and alveolar and lung interstitial hemorrhage

*k

LC3- 1
LC3-1I

and exudation. These symptoms of ALI are consistent with
the pathological features including increased lung cell
permeability, pulmonary edema, alveolar epithelial cells,
and capillary endothelial cell damage mainly described by
Moloney and Griffiths (2004). Previously, visfatin showed
direct cardioprotective effects by administration of exoge-
nous visfatin (Lim et al. 2008). Compared with LPS group,
LPS + visfatin group had thin alveolar septum, slight alveo-
lar congestion, slight pulmonary interstitial and alveoli exu-
dation, and a small amount of inflammatory cell infiltration
indicating that visfatin administration caused less degree of
lung tissue injury.

VEGF regulates the pulmonary vascular permeability in
the lungs (Mura et al. 2004; Pohl-Schickinger et al. 2010).
The pulmonary edema and increased vascular permeability
are usually implicated in ALI due to exposure of noxious
agents (Orfanos et al. 2004). LPS exposure to rats increased
the thickness of alveolar wall and caused inflammatory cell
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Fig. 10 Western blot analysis of PI3K, AKT and p-AKT in different groups of lung tissues. The western blots of PI3K, AKT, p-AKT and rela-
tive expression of GAPDH along with their gray values (a—e). Where in-figure letter, A saline group; B LPS group; C LPS + visfatin group

infiltration showing ALI lesions in lung tissue sections (Li
et al. 2016). Visfatin effectively enhanced the expression of
VEGF in human umbilical vein endothelial cells (Adya et al.
2008). In the current study, LPS + visfatin group showed
reduced lung tissue VEGF expression than the LPS group
indicating that exogenous visfatin inhibits the increase of
vascular permeability by reducing the expression of VEGF.
Hence, visfatin may alter the cellular permeability by regu-
lating the VEGF expression in lung tissues.

Effect of Visfatin on Apoptosis of Lung Tissue in ALI

During apoptosis, numerous organelles as well as cellular
structures are removed by activated caspases (Lockshin and
Zakeri 2004). Apoptosis is regulated by genes, and Bcl-2,
Bax and Bik (Ashkenazi et al. 2017; Czabotar et al. 2014).
The results of qPCR showed that the mRNA expression of
Bcl-2 and Bcel-x1 in the LPS + visfatin group was signifi-
cantly higher than that in the LPS group, indicating that
LPS-induced ALI promotes apoptosis in the lung tissue,
while visfatin can inhibit apoptosis of lung tissue in ALIL.
This is consistent with the previous findings that visfatin
exerts an anti-apoptotic effect on LPS-induced apoptosis of
rat splenic lymphocytes, while under immunological stress
conditions, visfatin inhibits the apoptosis of rat intestinal
mucosal cells and exerts an anti-apoptosis effect (Sitarek
et al. 2016; Tacar et al. 2013). The transcription factor, p53,
causes apoptosis by cell cycle arrest (at G1 and/or G2 phase)
and hampers the cellular growth under stress conditions
(Haupt et al. 2003; Jin and Levine 2001). Primarily, p53
acts as a transcription factor, besides it may independently
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support apoptosis (Moll et al. 2005). Loss of epithelial tis-
sue usually occurs due to dysregulated apoptotic pathways
in human ALI (Martin et al. 2003). In the current study,
LPS + visfatin group showed lessened lung injury, slight
alveolar hyperemia, a little inflammatory cell infiltration in
mice lungs and the less number of pulmonary apoptotic cells
than the LPS group. In prior studies, visfatin caused inhibi-
tion of apoptosis in dose-dependent fashion under bacterial
LPS stress (Jia et al. 2004; Sonoli et al. 2011). The protein
expression of MLKL was consistent with that of p53, indi-
cating that apoptosis induced by LPS was accompanied by
necrotizing apoptosis, and that visfatin could inhibit necrotic
apoptosis induced by LPS. This part of the results is also
consistent with the detection of results by TUNEL and qPCR
methods. Hence, these results indicate that visfatin treatment
under LPS stress not only mitigates the histopathological
lesions but also inhibits the apoptosis.

Effect of Visfatin on Autophagy of Lung Tissue in ALI

Autophagy is regarded as cell survival-promoting process
(Doherty and Baehrecke 2018) or an another type of pro-
grammed cell death (Klionsky and Emr 2000) that plays an
essential role in sequestering and transporting of cytoplas-
mic contents via autophagosomes to lysosomes for degra-
dation (Eisenberg-Lerner et al. 2009; Ouyang et al. 2012).
The formation of autophagosomes is the key to autophagy
(Eskelinen 2008). The results showed that there were few
autophagosomes in the saline control group, showing low
level of autophagy under physiological conditions (Miz-
ushima et al. 2008). When cells are attacked by pathogenic
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factors, mitochondria are damaged (Caroppi et al. 2009; Li
et al. 2017). In the current study, the number of autophagy
bodies in the LPS group was significantly increased and
mitochondria were swollen; our results are in line with the
previous findings that pathogenic factors may activate the
autophagy or cell survival mechanism (Doherty and Bae-
hrecke 2018). Compared with the LPS group, the number
of autophagosomes and mitochondrial damage had sig-
nificantly reduced in LPS + visfatin group, indicating that
exogenous visfatin administration can reduce the level of
autophagy and mitochondrial damage in lung injury in the
current study. Beclinl is a homologue of yeast Atgb and a
mammal-specific gene involved in autophagy (Meijer and
Codogno 2004). Beclinl can phosphorylate phosphatidylin-
ositol to form PI3P (Itakura and Mizushima 2009; Mizush-
ima et al. 2011). Microtubule-associated protein 1 LC3 is a
homologue of yeast Atg8 gene in mammalian cells and is
involved in the formation of autophagosomes (Rzymski et al.
2010; Tanida et al. 2004). The results showed that both LC3
and Beclinl expressed in the cytoplasm, and most of them
were localized in alveolar epithelial and nodular cells. Com-
pared with LPS group, the expression of LC3 and Beclinl
in LPS + visfatin group decreased, indicating that the level
of autophagy was decreased after visfatin treatment. These
alterations in autophagy expressions are consistent with the
observation of autophagosomes under transmission electron
microscopy.

The Functional Relationship Between Apoptosis
and Autophagy

The functional relationship between autophagy and apop-
tosis is more complicated (Maiuri et al. 2007). Autophagy
and apoptosis are triggered by the displacement of Bcl-2
from Beclin-1 and Bax, respectively, in response to cellular
stress (Mukhopadhyay et al. 2014; Pattingre et al. 2005).
The inactivation of autophagy factor, Beclinl, increases the
number of apoptotic cells (Kang et al. 2011). When Beclinl
binds to the anti-apoptotic protein Bcl-2/Bcl-xL and forms a
complex, the function of Beclinl is inhibited and autophagy
cannot be induced (Pattingre and Levine 2006). In this study,
the expression of both Beclinl and the Bcl-2 was increased
under LPS stress but decreased following visfatin adminis-
tration, showing dynamic regulation of autophagy and apop-
tosis. In addition, apoptosis and autophagy interact at the
gene transcription level, and one of the important factors is
the p53 (Crighton et al. 2006). p53 is an apoptotic activator
that inhibits transcription of the anti-apoptotic factor Bcl-2
(Gao et al. 2011; Levine et al. 2006). In the present study,
the expression of p53 is decreased while the expression of
Bcl-2 is increased in LPS + visfatin group. When visfatin
acts on ALI p53 expression decreases, Bcl-2 level increases,
and autophagic factor (LC3 and beclin 1) expression also

decreases, indicating that apoptosis can regulate autophagy.
This is consistent with the effect of autophagy on apoptosis
(Maiuri et al. 2007), further demonstrating that exogenous
visfatin administration inhibits apoptosis and decreases the
level of cellular autophagy, thereby promoting the protection
of lung tissue.

Effects of Visfatin on PI3K-AKT Signaling Pathway

The activation of PI3K/AKT signaling pathway in ALI can
reduce the rate of apoptosis of alveolar type II cells, inhibit
the expression of Bax protein, and protect the lung (Bao
et al. 2005). Compared with LPS group, the expression of
PI3K and p-AKT was upregulated in LPS + visfatin group,
indicating the activation of PI3K/AKT signaling pathway
in ALI-induced by visfatin. Activated AKT acts on target
proteins downstream of the signaling pathway and inhib-
its apoptosis to promote cell survival (Brunet et al. 1999).
The anti-apoptotic mechanism of the PI3K/AKT signaling
pathway is related to the Bcl-2 family (Siddiqga et al. 2008).
Activated AKT phosphorylates sites on Bad, which in turn
binds to its chaperone protein, blocking the binding of Bad
to anti-apoptotic proteins (Guo et al. 2011; Henshall et al.
2002). At the same time, activation of the PI3K/AKT signal-
ing pathway can cause phosphorylation of Bax, which inac-
tivates Bax and inhibits apoptosis (Xin and Deng 2005).
Therefore, visfatin can activate the PI3K/AKT signaling
pathway and by inhibiting the activity of Bcl-2 proteins,
inhibits apoptosis in ALI and hence, protects the lung tis-
sues. Moreover, the activation of the PI3K/AKT signaling
pathway can upregulate the expression of alveolar epithe-
lial sodium channels in ALI, increase alveolar sodium chan-
nels and Na*—K*-ATP activity (Qi et al. 2014; Wang et al.
2014). In the LPS-induced ALI model, PI3K/AKT signaling
pathway is activated and the content of cAMP in the lung
is increased that can reduce the LPS-induced pulmonary
microvascular endothelial injury and protect the pulmo-
nary vascular endothelial cells (Guo et al. 2011; Henshall
et al. 2002; Reutershan et al. 2010). Therefore, in the pre-
sent study, following visfatin administration, the degree of
pulmonary edema and the expression of VEGF in the lung
decreased, indicating that visfatin activates the PI3K/AKT
signaling pathway and increases the alveolar sodium chan-
nel activity and hence, protects blood vessels of the lung
by elevating the levels of cyclic adenosine monophosphate
in endothelial cells, which ultimately reduces the degree of
lung injury.

Conclusion

1. The visfatin reduces the vascular permeability, the
expression of VEGF and the degree of lung injury.
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2. The visfatin inhibits apoptosis and reduces the level of
autophagy during ALI, demonstrating a cooperative
relationship between apoptosis and cell survival mecha-
nism (autophagy).

3. In ALI, visfatin inhibits apoptosis by decreasing the
apoptotic rate of alveolar epithelial cells and by regulat-
ing the expression of autophagic factors (cell survival
mechanism) through activation of PI3K-AKT signaling
pathway and hence the level of autophagy is reduced and
eventually exerts the protective effect on lung tissue.
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