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Abstract: Sepsis is a major cause of death in intensive care units. The purpose of this study was to investigate the
effect of resveratrol (RSV) on sepsis-induced acute lung injury (ALI). The underlying molecular mechanisms were
deciphered by both in vitro and in vivo experiments. Polymicrobial sepsis was induced in C57BL/6 mice by cecal
ligation and puncture (CLP). RSV pretreatment significantly attenuated CLP-induced acute lung injury, which was as-
sociated with enhanced expression of VEGF-B. The protective properties of RSV were assayed in lipopolysaccharide
(LPS)-stimulated MH-S cells. We determine that RSV administration inhibited the increased production of TNF-q,
IL-6, and IL-1B in LPS-stimulated MH-S cells, which was associated with inhibition of the nuclear factor-kB, P38, and
ERK signaling pathways. We also provide evidence that RSV administration reduced LPS-induced apoptosis of MH-S
cells by altering the unbalance of Bax/Bcl-2 and inhibiting LPS-induced autophagy. The inhibitory effects of RSV
on cytokine levels and apoptosis of alveolar macrophages were both blocked by VEGF-B siRNA. Furthermore, RSV
administration regulated LPS-induced C5aR and C5L2 expression, revealing an additional mechanism underlying
RSV’s anti-inflammatory and anti-apoptosis effects. Collectively, these results demonstrated that RSV was able to
protect against sepsis-induced acute lung injury by activating the VEGF-B signaling pathway.
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Introduction mal models [7-9], because AMs apoptosis and

dysfunction occur late in sepsis, which is impli-

Despite improvements in supportive treatment
for acute lung injury (ALI), ALI is common and
devastating clinical disorders with high morbid-
ity and mortality [1]. The pathophysiology of ALI
is characterized by complex mechanisms that
involve cell inflammation, cytokines, as well as
abnormal apoptosis of pulmonary cells, includ-
ing pulmonary alveolar type Il epithelial cells,
pulmonary vascular endothelial cells, alveolar
macrophages (AMs) [2-5]. AMs account for
about 90% of the cells in the bronchoalveolar
lavage fluid (BALF) and play an important role
in the pathogenesis of ALl [6]. Many current
studies have indicated a consistent associa-
tion between AMs and ALl in humans and ani-

cated in the increased mortality [10]. However,
little is known about the intracellular signaling
pathways that regulate the fate of AMs in ALI,
and efforts directed towards the accurate me-
chanisms to improve ALl detection and treat-
ments are indispensable. Discovering new dr-
ugs and new strategies therefore remains an
urgent therapeutic challenge in the treatment
of ALI.

Resveratrol (3, 5, 4'-trans-trihydroxystilbene;
RSV), a potent activator of SIRT-1 [11] present
in mulberries, peanuts, and grape skins [12,
13], is known for its anti-inflammatory, anti-oxi-
dative and anti-apoptotic properties in multiple
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organs, including the lungs [14, 15]. Emerging
studies have reported that RSV has protective
effect in sepsis. It can significantly extend the
life span of septic animals and reduce acute
lung injury in a LPS-induced sepsis mouse
model [16, 17]. RSV could attenuate the apop-
tosis of pulmonary microvascular endothelial
cells (PMVECs) and suppresse ox-LDL-induced
macrophage apoptosis [18, 19]. However, the
molecular mechanisms underlying the protec-
tive effects of RSV in septic ALI remain poorly
understood.

The VEGF family includes five major factors:
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placen-
tal growth factor [20]. VEGF-B bind to VEGF-
receptor 1 (VEGFR-1) and the neuropilin-1
(NRP-1) coreceptor, which are expressed in
lung and lung macrophages [21, 22]. Recen-
tly, VEGF-B was found as a key regulator of
endothelial fatty acid uptake and insulin sensi-
tivity [23, 24]. Its anti-cancer and neuroprotec-
tive effects were reported [25, 26]. In addition,
VEGF-B expression is reduced in human heart
disease, and VEGFB mRNA expression is sig-
nificantly increased in the hypoxic lung [27, 28].
However, unlike VEGF-A, VEGF-B played a po-
tent antiapoptotic effect while lacking a gene-
ral antigenic activity [29, 30]. VEGF-B treat-
ment by intravitreal injection markedly reduced
retinal apoptosis in streptozotocin (STZ)-in-
duced diabetes rats [31]. However, the func-
tions of VEGFB in macrophages under septic
conditions remain poorly understood.

In the previous study, we have first identified
the relationship between RSV treatment and
the expression of VEGF-B [32]; we also found
that RSV attenuates myocardial ischemia/re-
perfusion injury through upregulation of VEGF-
B [33]. The purpose of this study was to investi-
gate the protective mechanisms of RSV in sep-
sis-induced acute lung injury, particularly with
regard to the VEGF-B signaling.

Materials and methods
Animals and experimental designs

SPF C57BL/6 male mice were purchased from
China Laboratory Animal Resource Center of
National Institute for Food and Drug Control.
The experimental protocol was approved by the
Medicine Ethical Committee of Tianjin Nankai
Hospital. Mice were acclimatized for at least 1
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week before use. Mice were fasted but had
free access to water starting 12 h before the
surgery. A median incision was made in the
lower abdomen after anesthesia, skin was pre-
pared and disinfected, and the cecum was
slightly taken out of the incision. A 4-O braid-
ed silk suture was passed through the midpoint
between the colon root and cecum terminal,
which was used to tighten the cecum while
avoiding the cecum artery. After that, a 21
gauge 1 inch needle was used to penetrate
the cecum ligation, from which a small drop
of intestinal contents was squeezed after the
needle was withdrawn, followed by cecum re-
position and abdomen closure. For the sham
group, the abdomen was opened, cecum ex-
posed and repositioned, and incision closed.
After successful modeling, mice in the CLP+
RSV group immediately received RSV (40 mg/
kg body weight).

Cell culture

MH-S cells were obtained from the American
Type Culture Collection (Manassas, VA, USA).
Cells were cultured in RPMI 1640 medium sup-
plemented with 10 mM HEPES, 2 mM I-gluta-
mine, 100 U/ml streptomycin, 100 U/ml peni-
cillin, and 10% (v/v) FBS. Cells (approximately
1x10° cells/ml) were seeded in 6-well plates
before being subjected to treatments. RSV at
50 uyM was added 2 h before LPS (from Es-
cherichia coli, Sigma) stimulation.

Histologic examination and grading

After the animals were Killed, lung tissues em-
bedded in paraffin and cut in 3 uym thick sec-
tions. Sections were stained with hematoxylin
and eosin stain. The total score was calculated
by adding up the individual scores of each cat-
egory [34].

Pulmonary MPO activity

MPO activity, an indicator of polymorphonucle-
ar leukocytes accumulation, was determined
using an MPO kit produced by lJiancheng
Bioengineering Institute (Nanjing, China) ac-
cording to the manufacturer’s instruction.

Cell-viability assay
The cell viability in the various treatment groups

was assessed with an MTT assay. In this assay,
MH-S cells were rested in 96-well plates (5,000
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cells/well). Following incubation with RSV (10
uM) for 2 h, cells were subsequently treated
with different concentrations of LPS in com-
plete medium for 24 h. Subsequently, 10 ul
MTT was added to each well, and the plates
were incubated for an additional four hours at
37°C. Subsequently, media was carefully dis-
carded and 100 ul of dimethyl sulfoxide were
added to dissolve the formazan crystals, then
the 96-well plates were put on a horizontal
oscillator for ten minutes. The absorbance val-
ues were measured by the enzyme mark instru-
ment at a wavelength of 490 and a reference
wavelength of 570 nm.

Measurement of apoptosis by flow cytometry
analysis using the Pl/Annexin V double-stain-
ing method

Cells were harvested and washed three times
with cold PBS, then stained with 5 uL Annexin
V-FITC and 10 L propidium iodide (PI) for 15
min at room temperature in 500 mL of the bin-
ding buffer. Surface exposure of phosphatidyl-
serine in apoptotic cells was measured by an
Annexin V-FITC apoptosis detection kit accor-
ding to the manufacturer’s instructions, and
then the cells were analyzed with a FACSCalibur
flow cytometer (BD Biosciences).

Immunofluorescence staining

After drug treatment, cells were blocked with
10% normal fetal bovine serum for 15 min at
room temperature. Subsequently, cells were
incubated with mouse anti-C5aR (Hycult bio-
tech) antibody for 1 h at 4°C. After a washing
with PBS, cells were incubated with the donkey
anti-rat 1IgG (Abcam) for a further 30 min on ice
in the dark. Cells were washed twice with PBS
and analyzed using FACSCalibur (BD Biosci-
ences). Mean fluorescence intensity (MFI) was
calculated using CellQuest Pro™ software (BD
Biosciences).

RNA interference

Independent siRNA sequences were used to
silence VEGF-B expression. The sequences
used were as follows: sense, 5'-GGUGCCAUG-
GAUAGACGUUTT (dTdT)-3° and anti-sense,
5-AACGUCUAUCCAUGGCACCTT (dTdT)-3". MH-
S cells were transfected with control siRNA or
VEGF-B siRNA (Shanghai GenePharma) by us-
ing the supplied transfection reagents accord-
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ing to the manufacturer’s instructions. At 24
hr after transfection, the cells were incubated
with RSV followed by LPS treatment.

RNA extraction and quantitative real-time poly-
merase chain reaction

Total RNA was isolated using trizol reagent
(Takara Bio, Japan) according to the manu-
facturer’s protocol. Reverse transcription reac-
tions were performed using a 1 pg total RNA
with TransGen Reverse Transcription Kit from
Applied Biosystems. Quantitative real-time PCR
detection of gene expression was performed
using SYBR Green Master Mix (Promega, Chi-
na) in a Bio-Rad 1Q5 detection system and the
cycle threshold (CT) values were automatical-
ly determined in triplicates and averaged. The
following primers were used for qPCR: TNF-q,
forward primer, 5-CGTCAGCCGATTTGCTATCT-
3, and reverse primer, 5-CGGACTCCGCAA-
AGTCTAAG-3’; IL-6, forward primer, 5-AGTTGC-
CTTCTTGGGACTGA-3’, and reverse primer, 5'-
TCCACGATTTCCCAGAGAAC-3’; IL-1B, forward
primer, 5-CTATGTCTTGCCCGTGGAG-3’, and
reverse primer, 5’-CATCATCCCACGAGTCACA-3’;
VEGF-B, forward primer, 5-TTCACAGGGAGA-
AGAGTGGAGC-3’, and reverse primer, 5-TCC-
CGTTATTGGTAGAAGTTTGG-3’; CbaR, forward
primer, 5-ACTCCCTGTGCGTGTCCC-3’, and re-
verse primer, 5-CCCTGCCCACTGAATCCTC-3’;
C5L2, forward primer, 5-GGCATCTCAGACACC-
ATTTCG-3’, and reverse primer, 5-TTTCATTTG-
CTGGACCCCTTAT-3’; GADPH, forward primer,
5-GCCTCGTCTCATAGACAAGATG-3’, and reverse
primer, 5-CAGTAGACTCCACGACATAC-3'.

Western blot analysis

Cells were lysed and incubated for 30 min in
ice-cold RIPA buffer. Equal amounts of protein
were subjected to SDS-PAGE for separation.
After transferring onto the PVDF membrane,
blocking with 5% fat-free milk. Expressions of
Bax, Bcl-2, NF-«kB, P-NF-kB, ERK1/2, P-ERK1/2,
p38, P-P38 (Cell Signalling), LC3 (Novus) and
GAPDH (Abcam) proteins were determined us-
ing respective specific antibodies (1/1000).

Statistical analysis

All the calculations were conducted using SP-
SS 17.0 software), and data charts were made
using Prism 5.0 (GraphPad Software). All values
are expressed as mean = SEM. Values of
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Figure 1. Treatment with RSV protected against CLP-induced acute lung injury. RSV alleviated sepsis-induced acute
lung injury. A. Lung tissue sections stained with hematoxylin and eosin (original magnification 200x; scale bar 50
um). B. Semi-quantitative analysis of lung tissues by lung injury score. C. MPO activity in lung tissues. D. Albumin
level in BAL fluids was determined 24 h after CLP administration. The values presented are means + SEM. (n =6 in
each group).*P<0.01 compared with the SHAM group, #P<0.01 compared with the CLP group.

P<0.05 were considered a statistically signifi-
cant difference. Data sets were analyzed using
one-way analysis of variance, and pairwise
comparison was conducted using the Student-
Newman-Keuls test.

Results

Treatment with RSV protected against CLP-
induced acute lung injury

To evaluate the protective effect of RSV in CLP-
induced acute lung injury, histological analyses
of lung tissues were performed. As shown in
Figure 1A and 1B, at 24 h after sepsis, histopa-
thology of the lung sections demonstrated an
acute inflammatory response including intersti-
tial edema and thickening with inflammatory
cell infiltration, microvascular congestion, and

1964

alveolar integrity destruction. Meanwhile, his-
tological damage was visibly alleviated in the
RSV group compared with the CLP group. As
shown in Figure 1C and 1D, compared with
the sham group, MPO activity of the lung tis-
sues was elevated in the CLP group, (P<0.01),
while RSV decreased MPO activity of lung tis-
sues in CLP mice. In addition, the albumin level
in BAL fluids was elevated in the CLP group;
however, RSV significantly reduced albumin
content in the BAL fluids from CLP mice (P
<0.01).

Treatment with RSV suppressed production of
proinflammatory cytokines by upregulating the
expression of VEGF-B both in vivo and in vitro

To evaluate the protective effect of RSV on
CLP-induced lung inflammatory response, pro-
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Figure 2. Treatment with RSV suppressed production of proinflammatory cytokines by upregulating the expression
of VEGF-B both in vivo and in vitro. RSV inhibited the inflammatory response both in vivo and in vitro (A) Bronchoal-
veolar lavage fluid collected at 24 h after surgery to analyze inflammatory cytokines. *P<0.05 compared with the
SHAM group, #P<0.05 compared with the CLP group. (B) The mRNA expression levels of TNF-a, IL-13, and IL-6 (n =
4). Cells were exposed to 100 ng/mL LPS for 1 h. (C) Cell culture media were collected and the concentrations of
TNF-a, IL-13, and IL-6 were measured by ELISA (n = 4) (D) Lungs were harvested 24 h after surgery, and mRNA levels
of VEGF-B were quantified by real-time PCR. (D) The mRNA expression levels of VEGF-B in Cells were quantified by
real-time PCR (n = 3). *P<0.01 compared with the control group, #P<0.01 compared with the LPS group.

inflammatory cytokines were examined in BAL
fluids. As shown in Figure 2A , compared with
the sham group, levels of TNF-a, IL-103, and IL-6
were significantly elevated in the CLP group,
(P<0.01); meanwhile, this increase was signi-
ficantly attenuated by RSV treatment. Ma-
crophages are important cells involved in in-
flammation by secreting various inflammatory
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mediators. Therefore, we sought to determine
the effects of RSV treatment on the secretion
of proinflammatory mediators from LPS-sti-
mulated alveolar macrophages. As shown in
Figure 2B, levels of TNF-q, IL-6, and IL-13 mRNA
markedly increased in MH-S cells, an alveolar
macrophage cell line, after 1 h of LPS exposu-
re. Results were acquired by real-time PCR.
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This increase in TNF-«, IL-6, and IL-13 mRNA
was significantly attenuated by RSV treatment.
As shown in Figure 2C, cytokine secretions in
MH-S cells were evaluated by enzyme-linked
immunosorbent assay (ELISA), which showed
that levels of TNF-q, IL-6, and IL-13 were also
noticeably attenuated by RSV treatment.

1966

VEGF-B is abundantly expressed in tissues wi-
th highly active energy metabolism, such as in
the heart, lung, endothelial cells, and macro-
phages. As shown in Figure 2D, with 24 h of
CLP-induced sepsis, the mRNA expression of
VEGF-B was significantly decreased in the lung
compared with saline-treated controls. In addi-
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tion, we showed that VEGF-B expression was
efficiently up-regulated by RSV treatment. After
treatment with LPS, the mRNA expression of
VEGF-B was significantly decreased in MH-S
cells, while RSV treatment significantly in-
creased its expression in MH-S cells (Figure
2E).

VEGF-B siRNA abolished inhibitory effect of
RSV on inflammation

We performed further experiments to deter-
mine whether VEGF-B was responsible for RSV-
mediated secretion of proinflammatory media-
tors in MH-S cells. As shown in Figure 3A,
VEGF-B expression was efficiently down-regu-
lated by siRNA specific for VEGF-B in MH-S
cells. These results were determined using
real-time PCR. As shown in Figure 3B and 3C,
the expression and secretion of TNF-«, IL-6,
and IL-1B were all significantly induced from
LPS-stimulated MH-S cells. Moreover, silencing
VEGF-B led to a significant increase in LPS-
induced secretion of TNF-«, IL-6, and IL-1(3 fr-
om MH-S cells when compared with control
siRNA-treated cells. Importantly, knockdown of
VEGF-B abolished RSV-mediated expression
and secretion of proinflammatory mediators
(Figure 3D, 3E).

The NF-kB and mitogen-activated protein ki-
nase (MAPK) are 2 key pathways for LPS-
stimulated signaling events [26]. Hence, we
tested whether the suppression of proinflam-
matory cytokines was regulated through these
pathways. As shown in Figure 3F, LPS strongly
activated NF-kB, ERK1/2, and p38 in MH-S
cells, while RSV prevented LPS-induced in-
crease in levels of phosphorylated NF-kB, ER-
K1/2, and p38. Furthermore, knockdown of
VEGF-B abolished RSV-mediated inhibition of
NF-kB, ERK1/2, and p38. Additional experi-
ments showed that silencing VEGF-B led to a
significant increase in LPS-induced activation
of NF-kB, ERK1/2, and p38 in MH-S cells com-
pared with control siRNA-treated cells (Figure
3G).

RSV promotes cell viability and protects LPS-
induced apoptosis in MH-S cells

To determine the working concentration of

LPS, MH-S cells were cultured in 1640 supp-
lemented with different concentrations of LPS
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(0, 100, 150, 200, 250 and 300 pg/mL) for 24
h, in which cell viability was evaluated using
the MTT assay. LPS decreased the cell viabi-
lity with dose increasing (Figure 4A). Based on
this result, we used 150 pg/mL LPS in the su-
bsequent experiments. Next, we investigated
whether RSV exerted a protective effect on
MH-S cells exposed to LPS. We pre-treated
MH-S cells with 10 yM RSV (2 h) prior to LPS
(150 pg/mL) exposure for 24 h, in which RSV
augmented the decline of cell viability as a
result of LPS insult (Figure 4B). To quantify
the protective action of RSV against cytotoxic
effects of LPS, we pre-treated MH-S cells with
RSV (2 h) and then incubated them with LPS
(150 pg/mL) for 24 h. Apoptosis was assessed
by Annexin V-FITC and PI double staining. The
sum of the early apoptotic cells (quadrant 4,
Q4) and late apoptotic cells (quadrant 2, Q2).
The apoptotic rate was defined as the number
of apoptotic cells to the number of all cells.
The apoptosis rate was increased significantly
when cells were treated with 150 mg/mL LPS
compared with the controls. However, RSV
caused a significant reduction of early apop-
totic cells as compared with the LPS (150
mg/mL) only groups (Figure 4C, 4D). Together,
these results demonstrate that RSV promotes
cell viability and protects LPS-induced apop-
tosis in MH-S cells. Cell survival is dependent
on the ratio of Bcl-2 (antiapoptotic) to Bax
(proapoptotic). To further investigate the mo-
lecular mechanism of RSV protection in apop-
tosis of MH-S cells after exposed to LPS, the
expressions of Bcl-2 and Bax proteins were
determined by western blotting. The treatment
of MH-S cells with LPS (150 mg/mL) for 4 h
caused a significant increase in the level of Bax
(Figure 4E), while reduced Bcl-2 expression
resulting in a decrease in the Bcl-2/Bax ratio
(Figure 4F). In contrast, RSV increased the
Bcl-2/Bax ratio by decreasing Bax expression
and simultaneously increasing Bcl-2.

RSV inhibits LPS-induced apoptosis in macro-
phages in part via VEGF-B signaling

To investigate the role of VEGF-B in RSV media-
ting anti-apoptotic effect, we inhibited expres-
sion of VEGF-B by using siRNA in MH-S cells.
After treatment with VEGF-B siRNA, increased
apoptosis cells were found in comparison with
the group receiving only RSV treatment, indicat-
ing that RSV attenuated LPS-induced apopto-
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RSV protects AMs against LPS-induced
apoptosis in part via inhibiting LPS-induced
autophagy

To determine whether RSV afected autophagy,
we used monodansylcadaverine (MDC) stain-
ing to detect autophagic vacuoles. As shown
in Figure 6A, LPS induced the accumulation
of MDC-labeled vacuoles in the cytoplasm in
MH-S cells, while RSV significantly lessened
the accumulation of MDC-labeled vacuoles.
Moreover, we determined the effect of RSV
on the expression of autophagy marker LC3
by western blot. The ratio of LC3-1l/l was de-
creased in RSV group in comparison with LPS
group (Figure 6B). However, VEGF-B siRNA tr-
eatment markedly reversed RSV lessened ex-
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could inhibit LPS-induced cell
apoptosis by blocking auto-
phagy.

Treatment with RSV affected
both mRNA and protein levels
of C5aR and C5L2 in MH-S
& cells

N

AX

The complement anaphylatox-
in, C5a, is a key factor for the
regulation of inflammatory re-
sponses during sepsis, and
has been shown to play a cri-
tical role in survival after CLP
[35]. Cha binds to receptors
C5aR and C5L2, both of which
are critical factors during poly-
microbial sepsis after CLP [36]. We thus exam-
ined the effects of RSV on the expression of
C5aR and C5L2 in MH-S cells. Real-time PCR
analysis showed that the LPS-dependent in-
duce in C5aR gene expression at 1 h was sig-
nificantly decreased by RSV treatment (Figu-
re 7A), and the reduction in C5L2 gene expres-
sion was significantly increased by RSV treat-
ment (Figure 7B). We tested whether RSV af-
fected the cell surface expression of C5aR and
C5L2. As shown in Figure 7C and 7D, LPS sig-
nificantly increased C5aR expression and de-
creased C5HL2 expression compared to the
control group, while RSV treatment abrogat-
ed these effects. In summary, RSV affected
both gene and protein expression of C5aR and
C5L2 in MH-S cells.

Am J Transl Res 2018;10(7):1961-1975



Resveratrol alleviates sepsis-induced acute lung injury

LPS RSV+LPS
B o
LC34 m‘mkDa LC3d o " 18kDa
LC3HI 16kDa |G| - {GKDa
GADPH MRS /., GADPH MEEMEEMS WS  37iDa
Cont LPS RSV+LPS L L
g NN
20 & - ) 2
9 & &
8.6 . g &
Py st
Bl
=
3 oes
-
Cont LPS RSV+LPS
D Cont LPS
v Q1 Q2 i Q1 Q2

Q3 o :Q4
RSV+LPS+RAPA

Q1 Q2 Q1 Q2

mee

Pl

Annexin-VFITC

Apoptotic rate(%)
8 8 8 8
*
E3
2o
g v
6o &
AR
Ll N
I b
| I
S = |
»nO O
xx =
00 O
o8 O

=
°

: 37kDa
& P L
o4 v ™ & o P Ao
QES\ Qa_,‘gy. < \? Aa\’q ng
x
& & £
<) _Ax\'
&

Figure 6. RSV protects AMs against LPS-induced apoptosis in part via in-
hibiting LPS-induced autophagy. RSV decreased LPS-induced autophagy in
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MH-S cells. (A) Autophagy level in
MH-S cells was detected by MDC
staining (B) RSV decreased protein
level of LC3-ll/I in MH-S cells (C)
LC3-1l/1 protein levels after siRNA
treatment in MH-S cells. (D) Cell
apoptosis was detected using An-
nexin V/PI staining and analyzed
by flow cytometry. (E) Quantitative
analysis of cell apoptosis in MH-S
cells. Quantitative analysis of cell
apoptosis in MH-S cells, *P<0.01
compared with control. #P<0.05
compared with LPS treated alone
&P<0.05 compared with the
RSV+LPS group. (F) LC3-ll/I ex-
pression was detected using west-
ern blot after rapamycin treatment
in MH-S cells.

One mechanism by which RSV
exerts effects in macrophages
is via VEGF-B signaling. There-
fore, we tested whether the
effect of RSV on CbaR and
C5L2 expression was VEGF-B-
dependent. As shown in Figu-
re 7E and 7F, RSV-mediated
change in C5L2 and C5aR ex-
pressions in the presence of
LPS were abrogated by the
knockdown of VEGF-B.

Discussion

RSV, a polyphenolic compound
in red wine, was well known for
its anti-inflammation and anti-
apoptotic properties [37, 38].
However, its protective proper-
ties and underlying mechanis-
ms are largely unknown in the
occurrence of sepsis-induced
ALL. In this study, we found th-
at RSV pretreatment amelio-
rated LPS-induced ALI by inhi-
biting inflammation in vivo and
in vitro. MPO content in mi-
ce lungs and albumin levels
in BAL fluids were both sig-
nificantly increased after CLP
[39]. Our resulted showed MPO
activity and albumin level we-
re significantly reduced by RSV
treatment. These results re-
vealed that the effects of RSV
on CLP-induced ALl are associ-
ated with a decrease of capil-
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Figure 7. Treatment with RSV affected both mRNA and protein levels of C5aR and C5L2 in MH-S cells. RSV affected
the expression of C5aR and C5L2 in MH-S Cells. A. The mRNA expression levels of C5aR. B. The mRNA expression
levels of C5L2. C and D. Cell surface expression of C5aR and C5L2 in MH-S cells. P<0.01 compared with the con-
trol group, #P<0.01 compared with the LPS group. E and F. Cell surface expression levels of C5aR and C5L2 after
siRNA treatment in MH-S cells. *P<0.01 compared with the NC group, #P<0.01 compared with the NC+LPS group,

&P<0.05 compared with the NC+RSV+LPS group.

lary permeability in lung tissues. Furthermore,
we found that when RSV was given to septic
mice, the elevated levels of proinflammatory
cytokines in BAL fluids were greatly inhibited,
and histologic damage in lungs, including in-
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flammatory infiltration and parenchyma disor-
ganization, were significantly mitigated.

In this study, we demonstrated the protective
effects of RSV on CLP-induced ALl in relation to
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the VEGF-B signaling pathway. VEGF can regu-
late inflammatory cytokine production in muri-
ne polymicrobial sepsis via regulation of C/
EBPB [40]. VEGF-C significantly attenuated pro-
inflammatory cytokine production by regulating
the PI3-kinase-Akt signaling pathway and SO-
CS1 expression in macrophages [41]. VEGF-B
MRNA is down-regulated 6-96 h post-wound-
ing during the acute inflammatory phase of
murine excisional wounds [42]. Thus, VEGF-B
might participate in the network involving acu-
te inflammation. To further clarify the role of
VEGF-B during acute inflammation. We per-
formed in vitro experiments with MH-S cells.
We found that silencing VEGF-B led to a signifi-
cant increase in LPS-induced expression and
secretion of TNF-q, IL-6, and IL-1B from MH-S
cells by activation of NF-kB (P65), ERK1/2, and
P38. We then tested whether VEGF-B was in-
volved in the anti-inflammatory effects by RSV
in LPS-stimulated MH-S cells. We found that
VEGF-B significantly increased in the cultured
macrophages upon RSV treatment. Importantly,
we showed that after the knockdown of VEGF-B
expression in MH-S cells, RSV was unable to
attenuate LPS-induced proinflammatory cyto-
kine production, suggesting that VEGF-B inde-
ed plays a critical role in the anti-inflammatory
effects of RSV. Previous research showed that
RSV exerts anti-inflammatory effects by modu-
lating the NF-kB and Janus kinase/STAT sig-
naling pathways in LPS-stimulated RAW264.7
cells in a dose-dependent manner [43], and the
NF-kB and MAPK pathways play central roles
in the transcriptional regulation of the expres-
sion of proinflammatory genes [44]. We found
that RSV inhibited activation of NF-kB (P65),
ERK1/2, and P38 by enhancing the expression
of VEGF-B, which was abolished by VEGF-B si-
RNA. This suggests that the inhibitory effect of
RSV on the overproduction of proinflammatory
cytokines is at least in part due to activating
the VEGF-B signaling pathway.

Moreover, in our study we found that LPS
reduced cell viability in dose-dependent man-
ners by MTT assays, and a reduction in death
rate of MH-S cells was observed when cells
were pretreated with RSV. Furthermore, the
pre-incubation of MH-S cells with RSV inhibited
LPS-induced apoptosis. An increase of Bax/
Bcl-2 ratio was observed at 7 days post-sepsis,
illustrating the induction of apoptosis in lung
tissues [45]. Our findings showed the Bax/Bcl-2
ratio was increased by LPS insult, whereas

1972

RSV treatment completely restored Bax/Bcl-2
ratio to normal levels by enhancing the expre-
ssion of VEGF-B. A recent study shows that
autophagy and apoptosis might play distinct
roles at different stages of LPS-induced ALI.
Autophagy reached a peak at 2 hr; however,
apoptosis reached its maximal level at later
stages (6 hr) [46]. We found that LPS can also
induce autophagy in MH-S cells and RSV re-
versed the LPS-induced increase in LC3 levels.
Li GH, Luo B, et al. reported that VEGF-B inhib-
ited I/R-induced autophagy in rat cardiomyo-
cytes [47]. We then tested whether VEGF-B was
involved in anti- autophagy by RSV in LPS-
stimulated MH-S cells. We showed in our study
that knockdown of VEGF-B expression in the
MH-S cells made RSV no longer able to attenu-
ate LPS-induced increase in LC3 levels, sug-
gesting that VEGF-B indeed plays a critical role
in the anti- autophagy of RSV. VEGF-B can inhib-
it H9c2 cell apoptosis by inhibiting H/R-induc-
ed autophagy and autophagy may increase
LPS-induced apoptosis via the intrinsic apop-
totic pathway in alveolar macrophages of hu-
man silicosis [47, 48]. In the present study, we
found that RSV inhibited MH-S cell apoptosis
and abolished by rapamycin. Furthermore, RSV
significantly up-regulated Bcl-2 and down-regu-
lated Bax in MH-S cells by enhancing the
expression of VEGF-B and was reversed by ra-
pamycin. Therefore, the inhibitory effects of
RSV on LPS-induced apoptosis in macropha-
ges may partially via inhibiting LPS-induced
autophagy.

Previous researched showed that RSV virtual-
ly completely attenuated the effects of Cba
on vascular permeability, neutrophil migration,
and release of proinflammatory cytokine in a
Cbha-induced model of acute peritonitis [49].
Acute lung injury (ALI) results in the formation
of complement fragment 5a (C5a). The com-
plement activation product, Cba interacts with
its two receptors, C5aR and C5L2 [50]. C5L2
plays an important anti-inflammatory role and
suppresses lipopolysaccharide-induced acute
lung injury [51]. We found that RSV affected
the expression of C5L2 by enhancing the
expression of VEGF-B, which was abolished
by VEGF-B siRNA. Our results thus indicated
that suppression of LPS-induced production of
proinflammatory cytokines in MH-S cells by
RSV in part via regulating C5L2 expression. Fu-
rethermore, interaction of Cba with C5aR can
also lead to many pathophysiological changes
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as seen in acute lung injury. Cba produced dur-
ing lung injury binds to C5aR can lead to apo-
ptosis of alveolar macrophages through C5aR-
mediated degradation of bcl-2 [52]. Our pre-
vious work with lung epithelial cells revealed
that Silencing of C5aR reduces the severity of
ALI [53]. In this study, we also found RSV inhib-
ited the expression of C5aR by enhancing the
expression of VEGF-B and was abolished by
VEGF-B siRNA. Our results thus indicate that
RSV protects alveolar macrophages against
LPS-induced apoptosis in part via inhibiting the
expression of CbaR.

In summary, we found that prophylactic treat-
ment with RSV significantly alleviated sepsis-
induced acute lung injury in mice, which was
associated with anti- inflammation and anti-
apoptotic effects of RSV depends on the
VEGF-B signaling pathway. Therefore, RSV may
be used as a potential adjuvant during sepsis-
induced acute lung injury.

Conclusions

RSV could significantly improve sepsis-induced
ARDS via decreasing the release of proinflam-
matory factors and the ratio of alveolar macro-
phages apoptosis. Therefore, RSV may be a
promising pharmacological therapy for acute
lung injury.
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