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INTRODUCTION

Mechanical ventilation (MV) is an important tool for treating 
patients suffering from acute respiratory distress (ARDS). 
However, MV can cause ventilator-induced lung injury (VILI), 
which worsens the condition and increases the likelihood of 
mortality of patients receiving ventilator therapy.1 The mecha-
nisms of VILI, including volutrauma, biotrauma, barotrauma, 
and atelectrauma,2 result in the accumulation of inflammatory 

cells and the excessive production of inflammatory cytokines, 
which increase vascular permeability and aggravate pulmo-
nary oedema.3 Currently, the countermeasures to reduce VILI 
mainly consist of low-tide MV, positive end-expiratory pressure, 
recruitment maneuvers, and prone position ventilation.4,5 Al-
though many studies have focused on the pathogenesis of VILI, 
the effects of current treatment protocols remain limited. 
Therefore, investigating more effective therapeutics would be 
beneficial for developing treatments for VILI.

Sodium houttuyfonate (SH) is a compound synthesized by 
combining sodium bisulfite with houttuynia, the main active 
extract of Houttuynia cordata.6 SH inhibits the inflammatory 
response of mastitis.7 A study by Tang, et al.8 has shown that 
SH plays a role in neuroprotection in rats with traumatic spinal 
cord injury by reducing the neuronal apoptosis. SH protected the 
lung tissue in chronic obstructive pulmonary disease (COPD) in-
flammatory rat models by attenuating pulmonary inflamma-
tion.9 However, the effect of SH on VILI has been poorly stud-
ied. Therefore, further studies are needed to further investigate 
the mechanisms of SH in VILI.
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Dexamethasone induces osteoblasts apoptosis by activat-
ing the reactive oxygen species (ROS)-mediated PI3K/AKT/
GSK3β signaling pathway.10 Apolipoprotein-J inhibits the ROS-
CaMKII pathway, thereby reducing the cell injury of neonatal 
rat ventricular cells by preventing the augmentation of ROS.11 
The c-Jun NH2-terminal kinase (JNK) signaling pathway has a 
regulative effect on many physiological functions of organ-
isms, such as inflammatory responses and ROS generation.12 
Additionally, the JNK signaling pathway plays a vital role in 
lung inflammation and injury induced by lipopolysaccharide 
(LPS).13 A study by Cheng, et al.14 indicated that mung bean 
polyphenol extract attenuated oxidative damage and improved 
the integrity of heart tissue induced by aluminum by inhibiting 
JNK phosphorylation. Polyphenols protect kidney mesangial 
cells from lead-induced renal dysfunction and intoxication 
both in vivo and in vitro, by inhibiting the ROS-mediated JNK-
MAPK pathway.12 Liu, et al.15 demonstrated that SH inhibits 
the LPS-induced mastitis in mice via the NF-κB signaling path-
way. However, the role of SH in VILI remains insufficiently stud-
ied. In this study, we detected the protective effect and mech-
anisms of SH on VILI, and further investigated whether the 
mechanism is related to the ROS-mediated JNK pathway.

MATERIALS AND METHODS

Animals and the VILI model
Male nude mice (BalbC nu/nu, 4–5 weeks old, Nanjing Bio-
medical Research Institute of Nanjing University, China) were 
anesthetized by intraperitoneal injection with 2% sodium 
pentobarbital (50 mg/kg), and tracheostomy was performed. 
The 20-gauge sterilized plastic catheter (Cusabio, Wuhan, 
China) was intubated into the trachea, which was connected 
to an animal ventilator (Kent Scientific Corporation, Tor-
rington, CT, USA) with pre-set parameters. The parameters of 
the animal ventilator were as follows: tidal volume of 40 mL/kg, 
respiratory rate of 70 breaths/min, fraction of inspired oxygen 
of 21%, and inspiration: expiration ratio of 1:2. During the ex-
periment, anesthesia was added regularly, and MV was con-
tinued for 4 hours.

Grouping and administration
The mice were divided into five groups: 1) Sham group: mice 
underwent intubation but spontaneously breathed. The mice 
were administered normal saline by gavage for 28 days; 2) VILI 
group: mice underwent intubation and mechanically venti-
lated for 4 hours. The mice were administered normal saline 
by gavage for 28 days; 3) SH group: mice underwent intuba-
tion but spontaneously breathed. The mice were adminis-
tered 40 mg/kg SH by gavage for 28 days; 4) VILI+SH (10, 20, 
and 40 mg/kg) groups: VILI mice were administered 10, 20, or 
40 mg/kg SH by gavage for 28 days; and 5) VILI+SH+ Anisomy-
cin (Anis) group: VILI mice were administered 40 mg/kg SH 

by gavage every day and given 0.1 mg/kg Anis by intraperito-
neal injection every other day for 28 days.

Collection of lung tissues
On the 29th day, all mice were euthanized with a fatal dose of 
sodium pentobarbital. The right lung was used for hematoxy-
lin-eosin (HE) staining, terminal-deoxynucleotidyl transfer-
ase/(TdT)-mediated nick end labelling (TUNEL) assay, wet/
dry (W/D) ratio calculation, determining ROS and malonal-
dehyde (MDA) levels, and detection of inflammatory factors. 
The left lung was used for collecting the bronchoalveolar la-
vage fluid (BALF).

HE staining
The upper right lung lobe was fixed in 10% formaldehyde and 
then embedded in paraffin. Paraffin-embedded lung tissues 
were divided into 4-μm sections. The sections were deparaf-
finized with xylene and stained with HE. The histological chang-
es in lung tissues were observed under a light microscope at 
200× magnification.

TUNEL assay
The cell apoptosis in lung tissues was determined using a TU-
NEL kit (Roche, Basel, Switzerland). The sections of lung tis-
sues were incubated in a humidified chamber with the TUNEL 
reaction mixture. Thereafter, the color was developed by using 
3,3-diaminobenzidine (Sigma Aldrich, St. Louis, MO, USA). 
Five regions were randomly selected to count the TUNEL-pos-
itive cells, and the proportion of TUNEL-positive cells was cal-
culated.

W/D ratio of lung tissues
The right lung middle lobe was weighed after the surface liq-
uid was removed using absorbent paper, and the value was 
taken as the wet weight (W). The lobe was then placed in an 
oven until the weight was consistent, and the value was taken 
as the dry weight (D). The W/D ratio was calculated as a mea-
sure of the severity of pulmonary oedema.

BALF and cell count
BALF was obtained by three intratracheal injections of PBS. 
The BALF was centrifuged at 400×g at 4°C for 10 min, and the 
total cell numbers were counted by a hemocytometer. Smears 
of BALF cells were stained with Giemsa to determine the neu-
trophil and macrophage counts.

Cell stretch experiments and SH treatment
The murine respiratory epithelial cells, MLE-15 cells, were pur-
chased from Shanghai Zishi Biotechnology Co., Ltd. (Shang-
hai, China), and maintained in DMEM (Sigma Aldrich) supple-
mented with FBS (Invitrogen, Carlsbad, CA, USA) at 37°C in a 
humified atmosphere of 5% CO2. The cell stretch (CS) experi-
ments were performed by using FX-5000TTM Flexcell Tension 
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Plus (Flexcell International Corp., Burlington, VT, USA). The 
cells were seeded into 6-well collagen I-coated BioFlexTM cul-
ture plates and exposed to 18% CS for 4 h to mimic MV-in-
duced cell injury. Cells cultured in the same plates but left non-
stretched were used as the control group.

MLE-15 cells were divided into the following groups: 1) Con-
trol group, MLE-15 cells without treatment; 2) CS group, MLE-
15 cells were exposed to 18% CS for 4 h; 3) CS+SH (25, 50, and 
100 mM) groups, MLE-15 cells were pretreated with SH (25, 
50, or 100 mM) prior to CS treatment; 4) CS+SH+Anis group, 
MLE-15 cells were pretreated with SH (100 mM) and Anis 
(5μM) prior to CS treatment; and 5) CS+SH+SP600125 group, 
MLE-15 cells were pretreated with SH (100 mM) and SP600125 
(10 μM, Calbiochem, San Diego, CA, USA) prior to CS treat-
ment.

Flow cytometry-based analysis of apoptosis
The apoptosis of MLE-15 cells after CS experiments was mea-
sured using an annexin V/PI kit (Thermo Fisher, Waltham, 
MA, USA). Briefly, cells were collected and washed with PBS 
followed by resuspending in binding buffer containing an-
nexin V-FITC and propidium iodide (PI). The mixture was in-
cubated in the dark at room temperature for 30 min, and the 
apoptosis of cells was detected using a flow cytometer (BD, 
Franklin Lakes, NJ, USA).

Inflammatory factors in lung tissues and cells
The lower right lung lobe tissues (or cells) were homogenized 
in PBS containing 0.05% Tween 20. Thereafter, the levels of 
TNF-α, IL-1β, and IL-6 were measured by using enzyme-
linked immuno sorbent assay (ELISA) kits (Thermo Fisher Sci-
entific). All operations were performed in strict accordance 
with the manufacturer’s instructions.

ROS and MDA levels in lung tissues and cells
The ROS level in lung tissues was measured using the OxiSe-
lectTM In Vitro ROS/RNS Assay kit (ABIN2345012, Cell Biolabs, 
Inc., San Diego, CA, USA). Briefly, lung tissues were homoge-
nized in PBS, and the homogenate was centrifuged at 10000×g 
for 5 min. The sample was plated in a 96-well plate, and 50 μL 
of catalyst was added to each well, followed by incubation at 
room temperature for 5 min. Thereafter, 100 μL of DCFH solu-
tions was added, followed by incubation at room temperature 
in the dark for 20 min. Fluorescence was read with a Multi-
mode Reader (Thermo Fisher Scientific, Waltham, MA, USA) 
at 488 nm excitation/530 nm emission.

MLE-15 cells were seeded into 12-well plates (1×105 cells/
well) and incubated overnight. The cells were treated with SH 
(100 mM) for 24 h. The intracellular ROS level was measured 
by using the Reactive Oxygen Species Assay Kit (Qcbio S&T, 
Shanghai, China). The DCFH-DA diluent was added to the 
cells followed by 30 min incubation at 37°C, and the cells were 
analyzed by flow cytometry.

The MDA levels were measured by using the corresponding 
kits (Beyotime, Shanghai, China) according to the manufac-
turer’s instructions.

Western blot
Lung tissues or MLE-15 cells were lysed with RIPA containing 
protease inhibitors to obtain the total protein (Thermo Fisher 
Scientific). The protein was separated by 10% SDS-PAGE and 
then transferred to a PVDF membrane. The primary antibodies 
against JNK (1:1000, #9252; Cell Signaling Technology, Dan-
vers, MA,USA), p-JNK (1:1000, #9255; Cell Signaling Technol-
ogy), Bcl-2 (1:1000, SAB4500003; Sigma Aldrich), Bax (1:1000, 
B8429; Sigma Aldrich), and Bak (1:1000, SAB4502532; Sigma Al-
drich) were incubated with the membrane at 4°C overnight. 
Thereafter, the membranes were incubated with secondary an-
tibody (1:5000, Sigma Aldrich) at room temperature for 40 
min. The bands were visualized with ECL detection reagents 
(GE Healthcare, Little Chalfont, Buckinghamshire, UK). GAP-
DH served as the internal reference, and the ratio of the gray 
value of target band to internal reference band was considered 
as the relative protein level. ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA) was used to analyze the 
gray value.

Ethics approval and consent
The experimental protocol of our study was performed in ac-
cordance with the Guide for the Care and Use of Laboratory 
Animals and approved by the Affiliated Huaian No.1 People’s 
Hospital of Nanjing Medical University (IACUC no.: HAN 
120180302).

Statistical analysis
Data are expressed as mean±SD from three independent ex-
periments. The differences between groups were analyzed by 
the SPSS 21.0 software (IBM Corp., Armonk, NY, USA) using 
Student’s t-test or one-way analysis of variance. A p-value <0.05 
was considered statistically significant.

RESULTS

SH relieves VILI in mice
In order to measure the effect of SH on VILI in mice, the path-
ological changes, apoptosis, and pulmonary oedema of lung 
tissues were detected after SH gavage of VILI mice. Compared 
to the Sham group, VILI modelling damaged the structural in-
tegrity of lung tissues (Fig. 1A), increased TUNEL-positive 
cells, accelerated apoptosis (Fig. 1B), and caused pulmonary 
oedema (Fig. 1C). SH gavage reduced lung injury, apoptosis 
in lung tissues, and the W/D ratio in VILI mice (Fig. 1B and C), 
and the relieving effect of SH on lung injury was gradually en-
hanced with an increased dose. Considering the best protec-
tion effect on lung injury in VILI mice, 40 mg/kg was selected 
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among the three doses of SH for the subsequent experiments.

SH reduces ROS level and inhibits JNK pathway
In this study, we found that the protein expression of p-JNK/
JNK in VILI group was significantly higher than that in Sham 
group, while SH gavage (40 mg/kg) sharply decreased the p-
JNK/JNK expression in VILI group (p<0.05) (Fig. 2A). To con-
firm the effect of JNK pathway on VILI, the JNK activator Anis 
was intraperitoneally administered to VILI mice after the SH 
gavage. The data showed that the protein expression of p-JNK/
JNK was significantly increased in VILI+SH+Anis group com-
pared to the VILI+SH group (p<0.05). We then measured the 
apoptosis and W/D ratio of lung tissues. The results suggested 
that SH gavage remarkably decreased the TUNEL-stained cell 
levels and W/D ratio, while intraperitoneal injection of Anis sig-
nificantly increased the apoptosis cells and W/D ratio of lung 
tissues (p<0.05) (Fig. 2B and C). Western blot data indicated 
that the protein expression of Bcl-2 was significantly decreased, 
and those of Bax and Bak were significantly increased in VILI 
group compared to Sham group (p<0.05) (Fig. 2A). SH gavage 
markedly enhanced the protein expression of Bcl-2 and re-

duced the protein expression of Bax and Bak (p<0.05). After in-
traperitoneal injection of Anis, the protein expression of Bcl-2 
was remarkably reduced, while those of Bax and Bak were 
markedly increased (p<0.05). Additionally, we detected the 
effect of SH on ROS and MDA in VILI mice. The levels of ROS 
and MDA in VILI group were significantly higher than those 
in Sham group (p<0.05) (Fig. 2D and E). The increased levels of 
ROS and MDA were remarkably decreased by SH gavage (p< 
0.05). However, the JNK activator Anis significantly increased 
the levels of ROS and MDA reduced by SH gavage (p<0.05).

JNK activator eliminates the inhibitory effects of SH 
on inflammation in VILI mice
The inflammation levels in lung tissues were measured by 
ELISA kits. The data showed that VILI modelling markedly in-
creased the levels of TNF-α, IL-1β, and IL-6 in lung tissues  (p< 
0.05) (Fig. 3A). The total numbers of cells, neutrophils, and 
macrophages in BALF in VILI group were increased markedly 
compared to those in Sham group (p<0.05) (Fig. 3B). Compared 
to VILI group, SH gavage (20 mg/kg) sharply decreased the lev-
els of TNF-α, IL-1β, and IL-6 in lung tissues, and reduced the 
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total numbers of cells, neutrophils, and macrophages in BALF 
(p<0.05). However, the JNK activator Anis eliminated the in-
hibitory effect of SH on inflammation and the total cell num-
ber in BALF (p<0.05).

SH decreases cell apoptosis induced by CS 
experiment and inhibits JNK pathway
To further confirm the effect of SH on VILI, the CS experiment 
was performed using the murine respiratory epithelial cells, 
MLE-15, to simulate the stretching of MV. The data showed 
that CS treatment significantly increased the apoptosis rate of 
MLE-15 cells compared to the Control group (p<0.05) (Fig. 
4A). Compared to CS group, SH treatment decreased the apop-
tosis of MLE-15 cells in a dose-dependent manner (p<0.05). 

We detected the protein expression of p-JNK/JNK, Bcl-2, 
Bax, and Bak in MLE-15 cells by Western blot. The results in-
dicated that CS treatment increased the protein expression of 
p-JNK/JNK, Bax, and Bak, and decreased the Bcl-2 protein ex-

pression in MLE-15 cells compared to Control group (p<0.05) 
(Fig. 4B). The protein expression of p-JNK/JNK, Bax, and Bak 
in CS+SH (100 mM) group was considerably lower, while that 
of Bcl-2 was higher compared to CS group (p<0.05) (Fig. 4B). 
Compared to CS+SH group, the JNK activator Anis significantly 
down-regulated the Bcl-2 protein expression and up-regulated 
the protein expression of p-JNK/JNK, Bax, and Bak in MLE-2 
cells (p<0.05). In addition, Anis treatment reversed the inhibi-
tory effect of SH on apoptosis of MLE-15 cells, and accelerated 
apoptosis of MLE-15 cells (p<0.05) (Fig. 4C).

JNK activator eliminates the inhibitory effects of SH on 
ROS and inflammation in CS-induced MLE-15 cells
We measured the levels of ROS and MDA in MLE-15 cells af-
ter the CS experiment. The data showed that CS treatment 
significantly enhanced the levels of ROS and MDA (p<0.05) 
(Fig. 5A and B). Compared with CS group, SH treatment (100 
mM) sharply decreased the levels of ROS and MDA in MLE-
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15 cells (p<0.05). However, activation of JNK pathway increased 
the levels of ROS and MDA (p<0.05). The levels of inflamma-
tory factors (TNF-α, IL-1β, and IL-6) in MLE-15 cells were 
measured by ELISA. The results indicated that CS treatment 
markedly increased the levels of TNF-α, IL-1β, and IL-6 in MLE-
15 cells (p<0.05) (Fig. 5C). Compared to CS group, the inflam-
mation levels in CS+SH group were significantly decreased 
(p<0.05). Besides, the inflammation levels in CS+SH+Anis 
group were significantly enhanced compared to CS+SH group 
(p<0.05).

JNK inhibitor strengthens the inhibitory effects of SH 
on ROS and inflammation in CS-induced MLE-15 cells
To further confirm that the JNK pathway is involved in ROS 
and inflammation in CS-induced cells, we measured the lev-
els of ROS and MDA of CS-treated MLE-15 cells after the treat-
ment of JNK inhibitor SP600125. As shown in Fig. 6A, the pro-
tein expression of p-JNK/JNK in CS+SH+SP600125 group was 
markedly decreased compared to CS+SH group (p<0.05). The 
data displayed in Fig. 6B and C showed that JNK inhibitor 
SP600125 significantly reduced the levels of ROS and MDA in 
CS+SH group (p<0.05). The ELISA results indicated that the 
levels of inflammatory factors (TNF-α, IL-1β, and IL-6) in CS+ 
SH+SP600125 group were markedly lower than those in CS+ 
SH group (p<0.05) (Fig. 6D).

DISCUSSION

VILI is a serious complication of MV that increases morbidity 

rates and mortality of patients receiving ventilator treatment.1 
VILI severely disrupts the integrity of lung function, leading to 
increased lung permeability and inflammatory factor levels.16 
In our study, SH alleviated lung injury in VILI mice by reduc-
ing the levels of ROS and inflammation, and the protective ef-
fect of SH on VILI was achieved by inhibiting ROS-mediated 
JNK pathway.

SH can be used for the treatment of many diseases, includ-
ing myocardial infarction, mastitis, and COPD.9,15,17,18 The find-
ings of Zheng, et al.17 showed that long-term SH treatment im-
proves left ventricular function and reduces histopathological 
changes caused by myocardial infarction. Similar results were 
obtained in our research. In our study, SH gavage substantial-
ly relieved lung injury and inhibited apoptosis in VILI mice. 
SH treatment inhibited the apoptosis of MLE-15 cells induced 
by CS experiments. Besides, the high expression levels of Bax 
and Bak induced by VILI modelling, and CS experiment was 
significantly down-regulated by SH treatment. These data in-
dicated that SH gavage may relieve lung injury in VILI mice by 
reducing the apoptosis in lung tissues.

The infiltration of inflammatory cells and an increase in 
TNF-α, IL-1β, IL-6, and other inflammatory factor levels due 
to mechanical forces during MV are the main characteristics 
of VILI.19-21 Boehm, et al.22 found that the protein expression of 
TNF-α, IL-1β, and IL-6 in high tidal volume ventilation pre-
treated mice was significantly increased. A study by Ye, et al.23 
revealed that mice subjected to high tidal ventilation for 4 h 
showed severe pulmonary oedema and inflammation com-
pared to mice with spontaneous breathing. Suppressing the 
levels of inflammation could alleviate lung injury of VILI. Zhu, 
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et al.24 demonstrated that SH decreases the protein expression 
of TNF-α, IL-1β, and IL-6 in LPS-induced bovine endometrial 
epithelial cell. In addition, the total cells, neutrophil, and mac-
rophage counts in BALF are increased in VILI.25,26 Ju, et al.27 

found that the neutrophil count in BALF of VILI rats decreased 
significantly after VE treatment. Lin, et al.28 showed that the to-
tal cells, neutrophil, and macrophage counts in BALF of VILI 
rats with ARDS were significantly higher than those in Sham 
rats. In our study, the levels of inflammatory factors (TNF-α, 
IL-1β, and IL-6) were significantly higher in VILI models and 
CS-treated cells. SH treatment significantly decreased inflam-
matory factor levels. In addition, the total cells, neutrophil, 
and macrophage counts in BALF were markedly reduced by 
SH gavage. The W/D ratio of VILI mice was also reduced by 
SH gavage. All of these results indicated that SH may reduce 
lung injury in VILI mice by decreasing the inflammatory fac-
tor levels.

ROS are generally recognized as one of the secondary mes-

sengers that amplify inflammation by activating downstream 
signals.29 ROS may facilitate various signaling processes, includ-
ing autophagy, immune responses, and inflammation.30,31 The 
inhibition of ROS production may alleviate LPS-induced acute 
lung injury.32 Pretreatment of mouse epithelial cells with ROS 
scavengers significantly reduces LPS-induced apoptosis.33 The 
ROS-mediated JNK pathway is widely involved in the devel-
opment of many diseases, including cardiac injury, interverte-
bral disc degeneration, and myocardial ischemia-reperfusion 
injury.18,34 Pretreatment with NAC (a ROS scavenger) signifi-
cantly reduces NMDA-induced JNK phosphorylation, indicat-
ing the involvement of ROS in JNK pathway.35 Chen, et al.36 
found that inhibiting JNK phosphorylation reduced ROS pro-
duction in acute stress-induced kidney injury. Silencing of JNK 
inhibits the apoptosis of Leydig TM3 cells induced by cadmi-
um.37 The activation of JNK pathway promotes the apoptosis of 
myocardial cells in rats after myocardial ischemia and reperfu-
sion.38 In this study, we found that the levels of p-JNK/JNK, 
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ROS, and MDA were increased in both VILI mice and CS-treat-
ed MLE-15 cells. SH treatment could inhibit the JNK pathway, 
decrease the levels of ROS and MDA, and reduce the apopto-
sis in lung tissues and MLE-15 cells. JNK pathway activator 
Anis could significantly aggravate lung injury in VILI mice. The 
results of the in vitro experiment showed that the activation of 
JNK pathway increased ROS levels and cell apoptosis. The 
JNK inhibitor SP600125 reduced p-JNK/JNK and ROS levels in 
CS-treated cells. These results suggested that the activation of 
JNK pathway weakened the protective effect of SH, whereas 
the inhibition of JNK pathway strengthened the protective ef-
fect of SH on VILI.

In conclusion, VILI modeling remarkably increased the lev-
els of inflammatory factors and ROS, activated the ROS-medi-
ated JNK pathway, and induced apoptosis in lung tissues. SH 
gavage could inhibit the production of ROS and reduce the in-
flammatory factor levels and JNK phosphorylation, thereby re-
lieving lung injury. However, JNK activator Anis eliminated the 
protective effect of SH on VILI. The findings of our study offer 
potential therapeutic ideas for the treatment of VILI. Neverthe-
less, further research is still required, as the mechanism of VILI 
is complex. 
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