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Abstract: Purpose: Sepsis is an independent risk factor of acute lung injury (ALI). The use of low tidal volume (LTV) 
is considered to contribute to decreasing ventilation induced lung injury (VILI) demonstrating protective effects. 
The purpose of our experiment is to study the time-course effect after low tidal volume mechanical ventilation and 
evaluate whether the protective effects of low tidal volume mechanical ventilation are associated with WISP1 -TRL4 
signaling pathway in a sepsis model of mice. Materials and methods: Adult male wild type C57 mice were subject 
to mechanical ventilation with low tidal volume (6 ml/kg) and breathe rates 200/min. The cecal ligation puncture 
(CLP) model was applied to induce a polymicrobial abdominal infection. The mice were divided to 4 groups: 1) 
Control group; 2) LTV group; 3) CLP group; 4) CLP+LTV group. Lung tissues were harvested to detect the Evans blue 
album (EBA) permeability, wet/dry ratio, histological and morphometric analysis, as well as The WNT1 inducible 
signaling pathway protein (WISP1) and Toll-like receptor 4 (TLR4) protein and mRNA expression. Serum and bron-
choalveolar lavage fluid (BALF) were obtained to analysis proinflammatory cytokines (interleukin (IL)-6 and tumor 
necrosis factor (TNF)-α). Results: A significant increase in the EBA permeability, wet/dry ratio, IL-6 and TNF-α pro-
tein levels in serum and BALF was seen in CLP-treated mice compared with the control mice. The low tidal volume 
contributed to the decrease of lung injury from CLP-treated mice. The decrease was the most significant at the 4th 
hour while receded with time prolonged. The expression of WISP1 and TLR4 protein and mRNA were synergistically 
down-regulated when LTV mechanical ventilation was treated. Conclusion: After ventilation with LTV for 1 h, 2 h, 4 h, 
8 h, 12 h the impairment for the lung of the sepsis mice are gradually improved while aggravate with time prolonged. 
At the 4th hour, the protective effect of low tidal volume to sepsis-induced lung injury is the most obvious. The latent 
mechanism that the low tidal volume ventilation contributes to the decrease lung injury in the sepsis-induced ALI 
model, which is partially associated with WISP1 -TLR4 signaling pathway.
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Introduction

Sepsis was first described by Hippocrates in 
400 BC, which is a common and severe condi-
tion with great mortality [1, 2]. Martin et al have 
reported that between 1979 and 2000, there 
was an annualized increase in the incidence of 
sepsis of 8.7 percent, from about 164,000 
cases (82.7 per 100,000 population) to nearly 
660,000 cases (240.4 per 100,000 popula-
tion) in the United States. Although the in-hos-
pital mortality rate due to sepsis fell from 27.8 

percent to 17.9 percent in approximately 20 
years, but the total number of deaths continued 
to increase [3]. Thus, sepsis is life-threatening 
and desperate situation that is of pivotal impor-
tance which needs improving therapy.

Literatures indicated that Sepsis is an indepen-
dent risk factor of acute lung injury/acute respi-
ratory distress syndrome (ALI/ARDS). When the 
septic focus is extrapulmonary, it constitutes 
33% of indirect ALI/ARDS [5, 6, 13]. The intrave-
nous infusion of Mesenteric lymph collected 
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from intraperitoneally infected rats to healthy 
rats showed significant IL-6, TNF-α and NF-κB 
as well as TLR4 expression contrary to control 
rats which demonstrated sufficient induction of 
acute lung injury [33]. Endotoxin can induce 
endothelial cell injury, which can increase per-
meability of endothelial cells and cytokine 
release, which is an important feature of both 
ALI/ARDS and sepsis [5, 14]. The Pathogenesis 
of ALI is explained by injury to both the vascular 
endothelium and alveolar epithelium [7, 20], 
characteristic of acute hypoxemic respiratory 
failure and bilateral pulmonary infiltrates that 
are not attributed to left atrial hypertension [8, 
10]. CLP-induced sepsis caused MOF accom-
panying histopathological changes characteris-
tic for acute lung injury. Such pathological 
changes of the lung result in the respiratory 
failure seem to be the most critical problem 
causing death of the patients [57]. Mechanical 
ventilation (MV) is an important supportive 
strategy for patients with ALI/ARDS and is 
essential for the management of many patients 
with sepsis-induced lung injury. However, MV 
can be deleterious to increases in vascular per-
meability leading to alveolar flooding, particu-
larly at high tidal volumes, a phenomenon 
known as ventilator-induced lung injury (VILI). 
Injurious ventilation is considered to be “sec-
ond hit” for indirect ALI/ARDS patients [5, 6, 
10, 12, 14]. 

Substantial clinical and animal studies have 
demonstrated that the use of low tidal volumes 
can contribute to decreasing VILI. In the year 
2000, the ARDS Network trial published on the 
New England Journal of Medicine indicated that 
the use of low tidal volumes of 6 ml/kg as com-
pared to high tidal volumes of 12 ml/kg can 
decrease the mortality rate of ARDS in adults 
[4]. The NIH NHLBI ARDS Network also reported 
crude mortality was lower for patients with ALI 
who received lower tidal volume ventilation 
compared with those who received higher tidal 
volume ventilation, but this was not a statisti-
cally significant trend (test for trend P = 0.19) 
[9]. As result, the protective effect of the venti-
lation strategy with low tidal volume is recog-
nized to those ALI/ARDS patients. Except for 
critically severe condition, low tidal volume can 
be beneficial to surgery patients as well. In a 
meta-analysis including seventeen recent clini-
cal trials among surgical and critically ill 
patients without lung injury, the protective ven-
tilation group had a lower incidence of ALI (RR 

0.27, 95% CI 0.12-0.59) and lung infection (RR 
0.35, 95% CI 0.25-0.63); however, application 
of protective ventilation did not affect atelecta-
sis (RR 0.76, 95% CI 0.33-1.37) or mortality (RR 
1.03; 95% CI 0.67-1.58) compared with con-
ventional ventilation [19]. The similar conclu-
sion was demonstrated of beneficial effect of 
low tidal volume ventilation by Wolthuis et al 
[21] and Severgnini et al [22] team. In terms of 
animal studies, Chun Pan et al discovered in an 
indirect ALI rat model, compared with MV group 
(12 mL/kg), LV group (6 ml/kg) significantly 
reduced LPS-induced expression of ET-1 level 
(113.79 ± 7.33 pg/mL vs. 152.52 ± 12.75 pg/
mL, P < 0.05) and TNF-α (3305.09 ± 334.29 
pg/mL vs. 4144.07 ± 608.21 pg/mL, P < 0.05) 
[5]. And Jesu’s Villar et al manifested that low 
tidal volume (6 ml/kg) plus 10 cm H2O PEEP 
could decrease gene expression and serum lev-
els of cytokines in a sepsis-induced lung injury 
rat model [11]. However, the long-term mechan-
ical ventilation leads to plenty of complications, 
for example, ventilator associated pneumonia 
and ventilator dependence et al The proper 
opportunity of extubation is not accepted uni-
versally. Additionally, the study of time-course 
effect of low tidal volume mechanical ventila-
tion in sepsis-induced lung injury is rarely 
reported.

The WNT1 inducible signaling pathway protein 
(WISP1) is a cysteine-rich, secreted matricellu-
lar protein. Matricellular proteins are a subset 
of the extracellular matrix (ECM) proteins 
responsible for modulating cellular responses, 
such as cell growth, differentiation and surviv-
al, but do not exhibit structural function [23]. 
There is evidence that WNT signaling plays an 
important role in the inflammation in sepsis 
[34, 35]. Toll-like receptors (TLRs) detect host 
invasion by pathogens and constitute the key 
link between the innate and adaptive immune 
responses [11, 24], including TLR2 and TLR4.
WISP1 appears to be a critical link between 
mechanical stretch and innate immunity in air-
way epithelium associated with lung diseases 
[31, 25, 26] and TLR4 appears to be important 
in ventilation induced lung injury (VILI) [11, 30]. 
According to Li’s study, WISP1 as an endoge-
nous signal acts through TLR4-signaling to 
increase alveolar-capillary permeability in VILI 
[31]. Nevertheless, activation of innate immu-
nity through exogenous endotoxin has previ-
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ously been shown to enhance VILI [27]. In 
aggregate, the purpose of this study is to inves-
tigate if the protective effect of low tidal volume 
ventilation works through WISP1 -TRL4 signal-
ing pathway under infectious circumstances, 
established upon a sepsis model of mice. 

Materials and methods

Preparation of experimental animals

This study was approved by the Institutional 
Animal Care and Use Committee (IACUC) of 
Tongji University. Adult male pathogen-free 
C57BL/6 mice (8-12 wks old) were obtained 
from the Laboratory Animal Research Center of 
Shanghai. All of them were housed standard-
ized with 12:12 h dark light circle with free 
access to water and food.

Experiment design

The mice were divided into four groups accord-
ing to the protocol: (1) control: anesthetized, 
spontaneously breathing; (2) LTV groups: venti-
lated mice for 1 h, 2 h, 4 h, 8 h, 12 h with low 
tidal volume of 6 ml/kg plus zero positive end-
expiratory pressure; (3) CLP groups: The cecal 
ligation and puncture (CLP) model was con-
structed to induce a systemic inflammatory 
response from a polymicrobial abdominal infec-
tion. After 24 hours, The CLP group mice were 
subject to continuously spontaneous breathing 
1 h, 2 h, 4 h, 8 h, 12 h and (4) CLP+LTV groups: 
24 hours after CLP operation, CLP mice were 
ventilated for 1 h, 2 h, 4 h, 8 h, 12 h respec-
tively with low tidal volume.

Cecal ligation and puncture

Cecal ligation and puncture was reported by 
Wichterman et al [28] and was optimalized with 
following minor modifications [29]. CLP, unlike 
surrogates like endotoxin injection, recreates 
sepsis progression most similarly to humans, 
with comparable hemodynamic and inflamma-
tory profiles [55]. CLP-induced sepsis led to 
pathological changes of the lung result in the 
respiratory failure, the most critical problem 
causing death of the patients. So we performed 
CLP operation to mice to establish sepsis 
model. The mice were anesthetized by i.p. 
administration of 100 mg/kg ketamine and 10 
mg/kg xylazine. After the abdominal fur was 
shaved, the midline laparotomy was conducted. 

Before the cecum was exposed and ligated at 
half the distance between the distal pole and 
the base of the cecum, the feces in ileocecal 
valve were squeezed to the blind end, which 
was able to maintain bowel continuity and pre-
vent infection transmission. At the mesentery 
and in the antimesenteric direction, puncture 
was implemented by a 21 G needle subse-
quently. The cecum was then returned to the 
peritoneal cavity and the operation for closing 
abdomen with a 4-0 sterile synthetic absorb-
able suture as well as peritoneum. The CLP 
model was then built after closing abdominal 
cavity. The mice were freed back to food and 
water in 24 h.

VILI model

In order to create ventilator induced lung inju- 
ry (VILI) model, a time-cycled, volume-limited 
rodent ventilator was used (Model Inspira, 
Harvard Apparatus, South Natick, MA, USA). 
Five mice per group were subject to mechanical 
ventilation with the settings: tidal volume of 6 
ml/kg, rate 200 breaths/minute and zero cm 
H2O PEEP, fraction of inspired oxygen: 0.21. 
Firstly, mice were anesthetized with 100 mg/kg 
ketamine and 10 mg/kg xylazine, and were 
placed supine fixed on a stiff board. Anesthesia 
was maintained by supplementing with one-
third of the initial dose of anesthetic agents 
regularly at approximately every 1 h during  
the experimental period. Followed by tracheos-
tomy with a 18 G catheter inserted into the tra-
chea, the mice were ventilated by connecting 
the ventilator with catheter. Body temperature 
was maintained at 30°C with a thermal insula-
tion blanket (ALC-HTP, Alcott Biotech CO.LTD, 
Shanghai, China). 

Measurement of alveolar-capillary permeabil-
ity

Alveolar-capillary permeability was determined 
by using the Evans blue albumin (EBA) colori-
metric assay. Evans blue (0.5% EB, Sigma-
Aldrich, St Louis, MO, USA) was dissolved in 
Ca2+/Mg2+ -free phosphate-buffered saline 
(PBS; Sigma-Aldrich), and conjugated to albu-
min (4% EBA). To evaluate alveolar-capillary 
permeability, EBA (25 mg/kg body weight) was 
injected via the internal jugular vein 1 h before 
lung harvesting and mice sacrificed. Blood 
samples were obtained from the right heart, 
and the pulmonary vasculature was subse-
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quently infused with 1 mL PBS. Then the right 
lung was isolated, weighed and stored in liquid 
nitrogen until these samples were used for EBA 
analysis. After the lung tissue was ground into a 
fine powder in 2 mL PBS, and incubated with an 
additional 1 ml/100 mg of formamide (Sigma-
Aldrich) (18 h; 60°C), formamide extracts were 
centrifuged (15,000 g × 30 min; 4°C), and the 
centrifuged supernatants were collected to 
quantify lung EBA content by using a wave-
length (620 nm) spectrophotometric method. 
Pulmonary EBA absorbance at 620 nm was 
measured. The EBA permeability index was cal-
culated by dividing pulmonary EBA absorbance 
at 620 nm/g of lung tissue by plasma EBA 
absorbance at 620 nm [30, 31].

Measurement of lung wet-to-dry weight ratio

The wet-to-dry weight (W/D) ratio of the lung 
was assessed to evaluate the severity of pul-
monary edema. The left lung was removed at 
the end of experiment period. And it was 
weighed immediately. Torrefied in a drying oven 
at 65°C for 48 hrs, the lung was then reweighed 
and the W/D ratio was calculated.

Measurement of TNF-α and IL-6 cytokine in 
serum and BALF

At the termination of each experiment, all ani-
mals were euthanized and blood samples were 
exsanguinated via the right heart with a hepa-
rinized 1 ml needle tubing. The supernatant 
after centrifugation (5,000 r × 15 min; 4°C) 
was extracted for subsequent analysis. 1 ml 
saline filled in needle tubing was perfused into 
the lung through the catheter to collect 
Bronchoalveolar lavage fluid (BALF). These 
data illuminate protein leak from the circulation 
into the broncho-alveolar space. Serum and 
BALF samples collected from each of the 
groups were separated and stored at -80°C 
prior to analysis. IL-6 and TNF-α levels were 
measured by using highly sensitive enzyme-
linked immunosorbent assay (ELISA) kits that 
specifically contraposed the analysis of cyto-
kines in murine samples (R&D Systems, Min- 
neapolis, MN, USA).

Histological and morphometric analysis

Right lung lobes were promptly fixed in 4% para-
formaldehyde in PBS overnight at 4°C for fur-

ther analysis. Sections were examined by rou-
tine H&E staining. Edema, alveolar and intersti-
tial inflammation, alveolar and interstitial hem-
orrhage, atelectasis, and hyaline membrane 
formation were each scored on a 0 to 4 point 
scale [32]: no injury = score of 0; injury in 25% 
of the field = score of 1; injury in 50% of the 
field = score of 2; injury in 75% of the field = 
score of 3; and injury throughout the field = 
score of 4. Five high-powered (400 ×) micro-
scopic fields from each slide were analyzed. 
The sums of tissue slides were averaged to 
evaluate the severity of lung injury.

Western blot analysis

According to the previous study [31], western 
blotting for WISP1 and mTLR4 was performed 
to analyze the protein expression. Proteins 
were extracted from frozen lung tissues and 
pyrolysed in radio-immunoprecipitation lysis 
buffer, which included Radio Immunoprecipi- 
tation Assay (RIPA), protease inhibitors (Roche, 
Mannheim, Germany) and phenylmethylsulfo-
nyl fluoride (PMSF). The homogenates were 
centrifuged for 30 min at 12,000 rpm in 4°C. 
Supernatants of the tissues were collected, 
and protein concentrations were subsequently 
determined by standard BCA assay. Equivalent 
amounts of 50 μg protein were separated by 
gel electrophoresis by using a 10% SDS-
polyacrylamide electrophoresis gel after mixed 
with 6 × sodium dodecyl sulfate (SDS) loading 
buffer. Then dispersive proteins were trans-
ferred to a nitrocellulose membrane. Next, the 
membrane was blocked with 5% nonfat milk 
(WISP1) or 5% bovine serum albumin (BSA) 
(TLR4) for 1 h at room temperature. After that, 
nitrocellulose membranes were incubated 
overnight at 4°C with either rabbit polyclonal 
primary antibody against WISP1 (ab178547; 
Abcam, Hong Kong, China), rabbit polyclonal 
primary antibody against TLR4 (ab47093; 
Abcam, Hong Kong, China) or mouse monoclo-
nal antibody against β-actin (ab8226; Abcam, 
Hong Kong, China). On the second day, the 
membranes were washed in TBST three times. 
Then the membranes were incubated with sec-
ondary antibody (926-32221 IRDye 680 anti-
rabbit secondary antibody; Licor Biosciences, 
Lincoln, NE, USA) for 1 h at 37°C, followed by 
being rewashed in TBST three more times. 
Eventually, the membranes were scanned by an 
Odyssey image analysis system (Licor Bio- 
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sciences). Western blots were quantitated by 
using Quantity One software (Bio-Rad, Foster 
City, CA, USA) and normalized to β-actin signal.

Reverse transcription PCR (RT-PCR) 

The mRNA expression levels of WISP1 and 
TLR4 were detected by Reverse transcription 
PCR (RT-PCR). Total RNA was prepared from 
lung tissues by using the TRIzol reagent (Sigma-
Aldrich). Total RNA was then converted into 
cDNA by using a PrimeScript RT reagent kit 
(TaKaRa Bio Inc. Shiga, Japan). Primers for 
WISP1 amplification (137 bp) were: position 
280 forward 5’-CAGCACCACTAGAGGAAACGA- 
3’, position 394 reverse 5’-CTGGGCACATAT- 
CTTACAGCATT-3’. Primers for TLR4 amplifica-
tion (126 bp) were: position 62 forward 5’-CA- 
CTGTTCTTCTCCTGCCTGAC-3’, position 187 re- 

analyses were performed by using a Type I error 
probability of 0.05, with a power of 0.9, to 
determine the sample size necessary to reject 
the null hypothesis. All statistical analyses were 
carried out by using the GraphPad Prism 5.0 
program.

Results

Evans blue albumin permeability 

The EBA permeability reflects the damage 
degree of pulmonary capillary. When compa- 
red with control group, the EBA permeability of 
CLP-treated mice was increased significantly 
(CLP+SP 4 h vs. Control, 0.95 ± 0.04 vs. 0.53 ± 
0.06, P < 0.001). The low tidal volume contrib-
uted to the decrease of alveolar-capillary per-
meability in lung tissue from CLP-treated mice 

Figure 1. EBA (Evans blue albumin) permeability of isolated mice lungs. 
CLP+SP = CLP mice with spontaneous breathing. CLP+LTV = CLP mice with 
low tidal volume mechanical ventilation. LTV = healthy mice with low tidal vol-
ume mechanical ventilation. *P < 0.05 vs. CLP+LTV, #P < 0.001 vs. control. 
Graphed values represent the means ± SD (n = 5 animals per group).

Figure 2. Wet/Dry ratio of isolated mice lungs. CLP+SP = CLP mice with spon-
taneous breathing. CLP+LTV = CLP mice with low tidal volume mechanical 
ventilation. LTV = healthy mice with low tidal volume mechanical ventilation. 
ΔP < 0.001 vs. CLP+LTV, #P < 0.001 vs. control. Graphed values represent 
the means ± SD (n = 5 animals per group).

verse 5’-TGGTTGAAGGAATGT- 
CATC-3’. Primers for β-actin 
amplification (154 bp) were: 
position 163 forward 5’-GG- 
CTGTATTCCCCTCCATCG-3’, 
position 295 reverse 5’-CC- 
AGTTGGTAACAATGCCATGT-3’. 
Integrated with 2 μL of the 
chromogenic agent SYBR gre- 
en, the product obtained from 
reverse transcription was am- 
plified by the Premix Taq Ver- 
sion 2.0 assay (TaKaRa Bio 
Inc.). A 2% agarose gel was 
used to separate the total 
mRNA. The expression of mR- 
NA was subjected to being 
detected by Image Lab soft-
ware (Bio-Rad). And it was 
normalized to the β-actin sig-
nal as well.

Statistical analysis

The statistical analysis meth-
od used in the current study 
for each analysis was present-
ed as the mean ± SD by using 
a one-way analysis of vari-
ance (ANOVA) and post hoc 
testing was performed with 
Bonferroni correction of the 
t-test. The individual studies 
performed throughout this 
work represent at least five 
independent studies. Power 
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(CLP+SP 4 h vs. CLP+LTV 4 h, 0.95 ± 0.04 vs. 
0.64 ± 0.06, P < 0.05). And the decrease was 
more obvious with the ventilation time extend-
ing (CLP+LTV 1 h vs. CLP+LTV 4 h, 1.02 ± 0.13 
vs. 0.64 ± 0.06, P < 0.01). The decrease was 
the most significant at the 4th hour while reced-
ed with time prolonged. No statistical differ-
ences were evident between the LTV 4 h groups 
compared with control group (P > 0.05) (Figure 
1). And the same is true of the CLP+SP groups 
(P > 0.05) (Figure 1).

W/D ratio of lung tissue 

The wet-to-dry ratio represents the severity of 
pulmonary edema. When compared with con-
trol group, the wet-to-dry ratio of CLP-treated 
mice had a markedly increase (CLP+SP 4 h vs. 
Control, 6.94 ± 0.15 vs. 4.22 ± 0.11, P < 
0.001). The low tidal volume contributed to the 
decrease of wet-to-dry ratio in lung tissue from 
CLP-treated mice (CLP+SP 4 h vs. CLP+LTV 4 h, 
6.94 ± 0.15 vs. 5.65 ± 0.11, P < 0.05). And the 
decrease was more apparently observed with 
the ventilation time extending (CLP+LTV 1 h vs. 
CLP+LTV 4 h, 6.52 ± 0.09 vs. 5.65 ± 0.11, P < 
0.01). The decrease was the most significant at 
the 4th hour while receded with time prolonged. 
No statistical differences were evident between 
the LTV 4 h groups compared with control group 
(P > 0.05) (Figure 1A). No statistical differenc-

es were evident between the CLP+SP groups (P 
> 0.05) (Figure 2).

IL-6 and TNF-α protein levels in serum and 
BALF

Serum and BALF samples were collected from 
mice in all the experiment groups. A significant 
increase in both IL-6 and TNF-α protein levels 
were seen in CLP-treated mice compared with 
the control mice (CLP+SP 4 h vs. Control: Serum 
IL-6, 1239.55 ± 92.04 vs. 86.30 ± 24.83, P < 
0.001 (Figure 3A); BALF IL-6, 392.04 ± 36.04 
vs. 10.47.90 ± 4.32, P < 0.001 (Figure 3B); 
Serum TNF-α, 123.85 ± 12.04 vs. 1.74 ± 0.32, 
P < 0.001 (Figure 3C); BALF TNF-α, 54.27 ± 
3.04 vs. 10.95 ± 3.44, P < 0.001 (Figure 3D). 
The low tidal volume contributed to the de- 
crease of proinflammatory cytokines in serum 
and BALF from CLP-treated mice (CLP+SP 4 h 
vs. CLP+LTV 4 h : Serum IL-6, 1239.55 ± 92.04 
vs. 691.57 ± 95.04, P < 0.001 (Figure 3A); 
BALF IL-6 392.04 ± 36.04 vs. 71.74 ± 21.04, P 
< 0.001 (Figure 3B); Serum TNF-α, 123.85 ± 
12.04 vs. 79.34 ± 5.04, P < 0.01 (Figure 3C); 
BALF TNF-α, 54.27 ± 3.04 vs. 38.96 ± 5.04, P 
< 0.05 (Figure 3D). In the first 4 hours, the 
decrease of IL-6 and TNF-α were more obvious-
ly observed in the CLP groups proportional to 
the time (CLP+LTV 1 h vs. CLP+LTV 4 h: Serum 
IL-6, 1000.44 ± 76.55 vs. 691.57 ± 95.04, P < 

Figure 3. IL-6 and TNF-α protein levels in serum and BALF. CLP+SP = CLP mice with spontaneous breathing. CLP+LTV 
= CLP mice with low tidal volume mechanical ventilation. LTV = healthy mice with low tidal volume mechanical ven-
tilation. Graphed values represent the means ± SD (n = 5 animals per group). ΔP < 0.001 vs. CLP+LTV, ※P < 0.01 
vs. CLP+LTV, ☆P < 0.05 vs. CLP+LTV, #P < 0.001 vs. control.
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0.01 (Figure 3A); BALF IL-6, 206.31 ± 26.13 vs. 
71.74 ± 21.04, P < 0.01 (Figure 3B); Serum 
TNF-α, 120.61 ± 8.13 vs. 79.34 ± 5.04, P < 
0.01 (Figure 3C); BALF TNF-α, 53.22 ± 6.13 vs. 
38.96 ± 5.04, P < 0.05 (Figure 3D). The decre- 
ase was the most significant at the 4th hour 
while receded with time prolonged. No statisti-
cal differences were evident between the LTV 
groups compared with control group (P > 0.05). 

Histopathological examination of lung tissues

No abnormal histological alterations of the lung 
samples were observed in the control group 
and LTV 4 h group (Figure 4A, 4B). In the CLP-
treated lungs, however, diffuse interstitial 
edema, hemorrhage and inflammatory cell infil-
tration were apparent (Figure 4C). When the 
CLP mice were introduced into following LTV 
mechanical ventilation, histopathology of lung 
samples isolated from these mice improved 
(Figure 4D). Consistent with these histological 
findings, the scoring after CLP treatment was 
significantly higher compared with controls 
(CLP+SP vs. control, 18.40 ± 1.14 vs. 0.6 ± 
0.55, P < 0.001) (Figure 4E) based on the his-
tological scoring scheme that we utilized to 
analyze the severity of lung injury. The low tidal 
volume contributed to the decrease on pathol-
ogy of lung injury from CLP-treated mice 

(CLP+SP vs. CLP+LTV, 18.40 ± 1.14 vs. 11.2 ± 
1.30, P < 0.001) (Figure 4E).

Protein and mRNA expression of WISP1 and 
TLR4

WISP1 and TLR4 protein expressions were 
detected by western blot and mRNA expres-
sions were detected by RT-PCR. Both the pro-
tein expression and mRNA expression of WISP1 
and TLR4 were evidently increased seen in 
CLP-treated mice compared with the control 
mice (CLP+SP 4 h vs. Control: WISP1 protein, 
2.17 ± 0.12 vs. 0.46 ± 0.11, P < 0.001; WISP1 
mRNA, 2.78 ± 0.14 vs. 0.17 ± 0.09, P < 0.001; 
TLR4 protein, 2.23 ± 0.15 vs. 0.50 ± 0.04, P < 
0.001; TLR4 mRNA, 1.33 ± 0.03 vs. 0.64 ± 
0.04, P < 0.001) (Figure 5A, 5B). The low tidal 
volume contributes to the synergy decrease of 
the expression of WISP1 and TLR4 proteins 
expression and mRNA expressions from CLP-
treated mice (CLP+SP 4 h vs. CLP+LTV 4 h: 
WISP1 protein, 2.17 ± 0.12 vs. 0.93 ± 0.15, P < 
0.001; WISP1 mRNA, 2.78 ± 0.14 vs. 1.28 ± 
0.11, P < 0.001; TLR4 protein, 2.23 ± 0.15 vs. 
0.87 ± 0.10, P < 0.001; TLR4 mRNA, 1.33 ± 
0.03 vs. 1.04 ± 0.06, P < 0.001) (Figure 5A, 
5B). No statistical differences were evident 
between LTV 4 h groups compared with control 
groups. 

Figure 4. Histopathological and morphometric analysis of lung tissues. A-D. H&E staining of lung tissue samples of 
A. Control group; B. CLP+SP = CLP mice with spontaneous breathing; C. CLP+LTV = CLP mice with low tidal volume 
mechanical ventilation; D. LTV = healthy mice with low tidal volume mechanical ventilation. E. Histologic scores of 
lung injury in the groups. Graphs values represent the means ± SD. Five microscopic fields from each slide were 
analyzed per group. ***P < 0.001. All images were acquired using 400 × magnification.
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Discussion

Our study demonstrated that low tidal volume 
ventilation contributes to the protective effects 
in sepsis-induced lung injury. The protective 
effects were the most significant at the 4th hour 
while receded with time prolonged. To our 
knowledge, this is the first report to claim the 
time-dependent protective effects of low tidal 
volume ventilation in the two-hit model via 
WISP1 -TLR4 signaling pathways. Our main find-
ings include the following: 1) The low tidal vol-
ume ventilation doesn’t induce lung injury in 
healthy lungs. 2) The sepsis after 24 h causes 
significant lung injury. 3) After ventilation with 
LTV for 1 h, 2 h, 4 h, the impairment for the lung 
of the sepsis mice got gradually improved, but 
deteriorated with time prolonged. 4) The latent 
mechanism that the low tidal volume ventila-
tion contributes to the decrease lung injury in 
the two-hit model is associated with WISP1 
-TLR4 signaling pathways.

protective [4, 15, 49]. 2) Protective MV can 
modify gene expression of important compo-
nents of the extracellular matrix and accelerate 
remodeling and repair of damaged lung tissue 
[51]. Nevertheless, ventilation with too low tidal 
volumes might increase lung injury by causing 
increased dead space ventilation, intrapulmo-
nary shunting, hypoxia and hypercapnia [5, 40, 
47, 48]. The increased respiratory rate leads to 
obvious respiratory acidosis in clinical ALI 
patients. However, Hans Fuchs indicated that 
oxygenation and lung protection were main-
tained at extremely low tidal volumes in asso-
ciation with very severe hypercapnia in a ARDS 
rabbit model [47]. And other studies also point-
ed out that hypercapnic acidosis itself induced 
by administration of carbon dioxide to the 
inspired air (so called therapeutic hypercapnia) 
protects the lung [52, 53]. We also found that 
after 4 hours of LTV mechanical ventilation, the 
protective effect of LTV receded. It is implied 

Figure 5. Protective effects of low tidal volume mechanical ventilation for 
sepsis-induced acute lung injury model on WISP1 and TLR4 protein and 
mRNA expression levels. A. Representative blots and bar graph showing 
mean densitometry values of WISP1 protein and mRNA expression levels in 
mice lungs (n = 5 animals per group). B. Representative blots and bar graph 
showing mean densitometry values of TLR4 protein and mRNA expression 
levels in mice lungs (n = 5 animals per group). Graphed values represent the 
means ± SD. ***P < 0.001.

Low tidal volume has long 
been advocated to be an 
important manipulation in 
managing ARDS patients [15, 
16, 36] and normal lungs in 
surgery patients [17, 18], but 
the mechanisms involved are 
not well clarified. Recently, 
several studies proposed a 
consensus that the specific 
meaning of protective ventila-
tion strategy represents 1) 
physiologic low VT values (6 to 
8 ml per kilogram of predicted 
body weight). 2) moderate to 
high levels of PEEP of 6 to 8 
cm of water and 3) recruit-
ment maneuvers [18, 19]. 

Our findings that LTV decreas-
es the permeability of alveo-
lar-capillary of lung, the pul-
monary edema level and cyto-
kines (IL-6 and TNF-α) in 
serum and BALF in CLP mice 
suggest that low-VT strategy 
is less injurious in sepsis-
induced ALI. A number of 
mechanisms are postulated 
as the following: 1) Lower VT is 
used to prevent overdisten-
sion and might be more lung 
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that extubation in the early stage in clinical 
application is the better choice to avoid compli-
cations of long-term mechanical ventilation. 
This is consistent with Maes K et al’s conclu-
sion of 12 hours of controlled mechanical ven-
tilation with tidal volume of 0.5 mL/100 g in 
rats with intraperitoneal injection of lipopoly-
saccharide augmented diaphragm interleu-
kin-6 levels [56].

WISP1, secreted matricellular protein belongs 
to the CCN protein family, is expressed in epi-
thelial and mesenchymal cells in several organs 
that have been associated with cell-cell adhe-
sion, ATII-to-ATI cell transition, proliferation, 
and epithelial-mesenchymal transition (EMT) 
and ECM deposition. If dysregulated, WISP1 
may contribute to the initiation and progres- 
sion of several lung diseases-particularly, lung 
cancer and fibrosis [37, 41]. The CCN proteins 
support adhesion and regulate migration, pro-
liferation, survival and apoptosis of several cell 
types involved in inflammatory or fibrotic pro-
cesses. Also, they could contribute to the 
recruitment of immune cells or angiogenesis, 
crucial processes involved in inflammatory 
response, whose expression is regulated by 
cytokines reciprocally [38]. Activation of Wnt/β-
catenin signaling during lung injury, type 2 epi-
thelial cells (AT2) promoted survival, migration, 
and differentiation toward an AT1-like pheno-
type. As consequence, the reduction of surface 
tension is decreased and the lung compliance 
is lost [44]. In Ding et al study, in vitro the LPS-
treated RAW 264.7 cells were observed that 
WISP1 mRNA expression displays a time- and 
dose-effect relationship. And in vivo, WISP1 
expressions in lung were found increased sig-
nificantly, peaking at 24 h after CLP by using a 
cecal ligation and puncture model to simulate 
clinical sepsis patients which is consistent with 
our study [39]. Jesu’s Villar et al demonstrated 
that Protein levels of WNT5A, β-catenin, and 
MMP7 in the lungs increased in animals with 
sepsis-induced ALI, protective MV (6 ml/kg) 
down-regulated the WNT/β-catenin signaling 
pathway and promoted lung recovery, which 
caters to the concept that WNT/β-catenin sig-
naling pathway is modulated early during sep-
sis and ventilator-induced lung injury [50]. 
Konigshoff et al examined increased expres-
sion of the WNT target gene, WISP1, in hyper-
plastic ATII cells in experimental lung fibrosis 
[42]. In general, these findings suggest that the 

secreted WISP1 protein plays a critical role in 
the pathogenesis of lung fibrosis, inflammation 
and sepsis-induced ALI. Similar to our study, 
WISP1 can be a potential therapeutic target 
protein associated with acute lung injury in sep-
sis patients, and also could be the protective 
mechanism target of low tidal ventilation.

Michiel Vaneker et al manifested that MV 
induced-inflammation seemed at least partially 
TLR4 dependent, and cytokines (e.g., keratino-
cyte-derived chemokine and IL-6) significantly 
decreased in the plasma and lung tissues in 
TLR4 KO mice compared with the ventilated WT 
mice [43]. Jesu’s Villar stated that MV with low 
VT plus PEEP attenuated sepsis-associated 
TLR-4 activation [11]. In Li’s study, HTV-induced 
WISP1 coimmunoprecipitated with glycosylat-
ed TLR4 in sensitive A/J lung homogenates, 
which indicated that WISP1 acts as an adjuvant 
adaptor molecule that contributes to VILI in 
mice, most likely by modulating and/or amplify-
ing TLR4-mediated cellular functions [31]. Our 
experiments also show that after LTV mechani-
cal ventilation in CLP mice, both WISP1 and 
TLR4 expression in lung tissue were down- 
regulated.

The present study has several limitations. First, 
the limited facilities didn’t endow us the ability 
to observe invasively or noninvasively the he- 
modynamic of sepsis-treated ventilation mice, 
but Chun’s experiment revealed that LTV (6 ml/
kg) induced the reduction of oxygen in blood, 
but it was comparable during the 5 h ventila-
tion. And the values of PaCO2 were comparable 
at baseline [5]. We think that our data could 
have important clinical implications of sepsis-
induced ALI. Second, we didn’t access PEEP 
over low tidal volume ventilation because of 
limited rodent ventilator settings. The use of 
low VT ventilation without PEEP (or very low lev-
els of PEEP) promotes loss of lung aeration and 
atelectasis formation [45], as well as associat-
ed with recruitment and de-recruitment of 
unstable lung units referring to atelectrauma 
[19, 45, 46]. Further studies are needed to 
examine the effect of PEEP as well as recruit-
ment maneuvers of complete protective venti-
lation strategy. Third, we didn’t fully confirm 
that the WISP1 -TLR4 signaling pathway is 
involved in the experiment design. However, 
Ding et al have reported that the EBA permea-
bility was decreased by WISP1 antibody (P < 
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0.01) intratracheal instillation directly in CLP 
mice. White blood cell number also decreased, 
and total protein concentration in BALF and 
lung wet-to-dry ratio as well [39]. Li also report-
ed that intratracheal instillation of recombinant 
mouse WISP1 protein increased HTV-induced 
EBA permeability in resistant CBA/J mice [31]. 
In addition, TLR4 is a common-known receptor 
to react proinflammatory effects in innate 
immune system [30, 54], but TLR4 KO mice 
should be used to further examine the mecha-
nism in future experiments.

In summary, our study confirms that the low 
tidal volume ventilation is not detrimental to 
healthy lungs and has protective effects to sep-
sis-induced lung injury. Administration of venti-
lation with LTV for CLP mice ameliorates the 
permeability of alveolar-capillary, the pulmo-
nary edema level and cytokines (IL-6 and TNF-
α) in serum and BALF increase as well as the 
histopathologic change with the time pro-
longed, which indicates that the impairment  
for the lung of the sepsis mice is gradually 
improved. According to our experiment result, 
the impairment is the least at the 4th hour. The 
latent mechanism of the protective effects of 
low VT is associated with WISP1 and TLR4 for 
synergetic downregulation of both molecules. 
Our study recommends that the proper extba-
tion opportunity of a sepsis patients depending 
on ventilator is on the early stage. The clinical 
application of low tidal volume ventilation in 
ICUs and operative rooms, aiming at decreas-
ing lung injury for patients, may have been 
reported. Nevertheless, our experiments sug-
gest a novel role and further mechanisms of 
the application. Modulation of WISP1 -TLR4 
pathway may represent a promising therapeu-
tic target for attenuating or preventing the path-
ological consequences of sepsis-associated 
ALI.
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