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Abstract
Janus kinase 2/signal transducer and activators of transcription 1 (JAK2/STAT1) signaling is a common pathway that
contributes to numerous inflammatory disorders, including different forms of acute lung injury (ALI). However, the role
of JAK2/STAT1 in ventilator-induced lung injury (VILI) and its underlying mechanism remain unclear. In this study,
using lipopolysaccharide (LPS) inhalation plus mechanical ventilation as VILI mouse model, we found that the
administration of JAK2 inhibitor AZD1480 markedly attenuated lung destruction, diminished protein leakage, and
inhibited cytokine release. In addition, when mouse macrophage-like RAW 264.7 cells were exposed to LPS and cyclic
stretch (CS), AZD1480 prevented cell autophagy, reduced apoptosis, and suppressed lactate dehydrogenase release by
downregulating JAK2/STAT1 phosphorylation levels and inducing HMGB1 translocation from the nucleus to the
cytoplasm. Furthermore, HMGB1 and STAT1 knockdown attenuated LPS+CS-induced autophagy and apoptosis in
RAW 264.7 cells. In conclusion, these findings reveal the connection between the JAK2/STAT1 pathway and HMGB1
translocation in mediating lung inflammation and cell death in VILI, suggesting that these molecules may serve as novel
therapeutic targets for VILI.

Introduction

Acute respiratory distress syndrome (ARDS) has an overall
hospital mortality of more than 40% worldwide [1, 2] and
there is no clinically proven targeted pharmacological
therapy for this disease [3]. Mechanical ventilation (MV), a
life-saving support for patients suffering from lung injury,
may aggravate injured lungs [4, 5]. Extensive clinical and
experimental research has focused on ventilator-associated
lung injury and ventilator-induced lung injury (VILI) in
patients [6–8] and animals [9]. Early on, researchers
advocated a protective MV strategy to prevent barotraumas,
volutrauma, or atelectrauma; however, the mortality

associated with ARDS remains unacceptably high. There-
after, a number of studies have provided evidence that the
inflammatory cytokines secreted by lung cells, such as lung
resident cells and recruited cells, may exacerbate lung
injury, including biotrauma [10–12]. Numerous inflamma-
tory mediators such as tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, IL-6, IL-10, interferon-γ, and IL-8 are
released by ventilation, which have a wide spectrum of
biological actions and may cause cell death [13, 14].

High-mobility group box 1 (HMGB1) has been defined
primarily as non-histone nuclear protein and damage-
associated molecular pattern molecule [15]. It is believed
that HMGB1 can trigger an overwhelming inflammatory
response that promotes the progression of lipopoly-
saccharide (LPS)-induced sepsis [16] and other inflamma-
tory processes [17, 18]. Recent in vivo studies have shown
that the concentration of HMGB1 is elevated in pulmonary
compartment during lung inflammation [19, 20]. An
important role of HMGB1 in VILI is supported by the
findings that HMGB1 accumulates in the broncho-alveolar
lavage fluid (BALF) of ventilated rabbits and the beneficial
effects of anti-HMGB1 antibody [21]. HMGB1 also plays a
central role in maintaining the cascade amplification of
inflammation and participates in the progression of VILI in
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a two-hit model with a low dose of LPS 2 h before MV
exposure [22]. The biological function of HMGB1 is
dependent on its cellular location. For example, nuclear
HMGB1 directly binds to DNA and participates in DNA
repair, recombination, and replication, whereas extracellular
HMGB1 has cytokine-inducing activity that can trigger
inflammation and lead to cell death [23].

The Janus kinase (JAK)/signal transducers and activa-
tors of transcription (STAT) pathway plays a crucial role
in cytokine-mediated biological responses [24, 25].
Moreover, STAT may contribute to the development of
acute lung injury (ALI) [26]. A previous study has
reported that mechanical stretch activates the JAK/STAT
pathway in rat cardiomyocytes [27]. However, whether
MV can activate the STAT signaling pathway in the lung
remains largely unclear. Given the important role of
HMGB1 in ALI-, VILI-, and JAK/STAT-mediated
inflammation, this study aimed to investigate the
mechanism by which the JAK2/STAT1 pathway is acti-
vated and HMGB1 translocation in exaggerating lung
inflammation and cell death by using a two-hit VILI
model both in vivo and in vitro.

Materials and methods

Reagents

LPS 055: B5 was obtained from Sigma-Aldrich (St. Louis,
MO, USA). AZD180 was purchased from SelleckChem
(Houston, TX, USA). Mouse HMGB1 antibody was pur-
chased from Abcam (Cambridge, MA, USA). β-Actin and
Lamin B1 antibodies were obtained from Proteintech
(Wuhan, Hubei, China). Antibodies against phosphorylated
JAK2 (p-JAK2; Tyr1007/1008), JAK2, phosphorylated
STAT1 (p-STAT1; Tyr701), cleaved caspase 3 (Asp175;
5A1E), caspase 3, and LC3B were obtained from Cell
Signaling Technology (Boston, MA, USA). Horseradish
peroxidase-conjugated goat anti-rabbit antibody and
enhancer chemiluminescent reagent were purchased from
Piece Biotechnology (Rockford, IL, USA). Polyvinylidene
difluoride membranes were obtained from Millipore (Bed-
ford, MA, USA).

Animal experiment protocols

The study protocol for animal experiments was approved by
the Animal Use and Care Committee of Tongji Medical
College (Wuhan, China). Male C57BL/6 mice (8- to 10-
week-old) were obtained from Hunan SJA Laboratory
Animal Co., Ltd (Permit Number: SCKX2011-0003) and
housed in a modified specific pathogen-free facility prior to
all experiments.

The mice were intraperitoneally anesthetized with 2%
pentobarbital sodium (90mg/kg body weight) and suspended
by its front teeth at a 60° angle. After extending the jaw and
tongue, 0.3 mg/kg body weight of LPS (1.5 μl/gm body
weight of diluted LPS) or an equal volume of pyrogen-free
phosphate-buffered saline (PBS) was deposited into the
oropharynx through a 24-gauge angio catheter (BD Bios-
ciences). Aspiration of the liquid was visually confirmed.
After 2 h, the mice were anesthetized with an intraperitoneal
injection of 2% pentobarbital sodium (90 mg/kg body
weight). Mice assigned to the control and LPS groups were
returned to their cages. Mice assigned to the MV group were
placed in supine position on a heating blanket and then
received a high tidal volume of MV (Mini Vent, Harvard
Biosciences, USA), while breathing room air with zero end-
expiratory pressure. Approximately 20ml/kg of tidal volume
was applied to mimic the heterogeneous over-distension of
lung injury, resulting from the partially collapsed or fluid-
filled lungs. The mice were sustained with 2% pentobarbital
sodium (40mg/kg/h) during MV exposure.

Prior to the experiment, AZD1480 was suspended in
saline supplemented with 5% dimethyl sulfoxide and
1% Tween 80. AZD1480 (40 mg/kg body weight) was
intraperitoneally injected 30min before aspiration and only
applied to LPS+MV (6 h) group and AZD1480-alone group.

Mice were killed by an overdose of anesthetic agent at 2, 4,
and 6 h of ventilation or spontaneous respiration. The lung
was exposed and BALF of the left lung was pooled and
washed three times with 0.5 ml aliquots of PBS through a
tracheal cannula. BALF was spun at 1500 r.p.m./min for
15 min and the resultant supernatant was stored in small
aliquots at −80 °C until further analysis. The right
lung was removed and one lobe of the right lung was fixed in
4% paraformaldehyde, whereas other lobes of the right lung
were immediately stored at −80 °C until further analysis.

Histological analysis

The lung samples were fixed in 4% paraformaldehyde at
4 °C for 48 h, embedded with paraffin wax, and cut into
5 μm-thick sections. The sections were stained with hema-
toxylin and eosin (Vector Labs, Burlingame, CA, USA) by
following a standard protocol. Histopathologic analysis of
lung sections was performed as described previously [28].
All the representative images were obtained under ×200
magnification.

ELISA detection of total protein, cytokines, MPO,
and HMGB1 levels in BALF

Total protein level in BALF was measured using a bicinch-
oninic acid (BCA) protein assay kit (Piece Biotechnology,
Rockford, IL, USA) according to the manufacturer’s
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instruction. Enzyme-linked immunosorbent assay (ELISA)
was adopted to measure the levels of TNF-α, IL-1β, and IL-6
according to the manufacturer’s protocols (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The levels of MPO
and HMGB1 were determined by the ELISA kits obtained
from Bioswamp (Shanghai Jianglin Biological Technology
Co., Ltd, China) and Elabscience (Elabscience Biotechnology
Co., Ltd, China), respectively.

Cell culture and treatment

Mouse macrophage cells (Raw 264.7 cells) were obtained
from American Type Culture Collection (Manassas, VA,
USA). The cells were cultured in Dulbecco’s modified
Eagle’s medium (GIBCO, Life Technologies, CA, USA)
supplemented with 10% fetal bovine serum (GIBCO, Life
Technologies, CA, USA) and maintained at 37 °C in a
humidified incubator containing 5% CO2.

Prior to treatments, the cells were seeded at 5.0 × 105

cells/well on type I collagen-coated six-well plates and
grown to 50% confluence. Then, the cells were divided into
six groups as follows: (1) control group without treatment;
(2) LPS group, cells were exposed to 1 μg/ml LPS for 24 h;
(3) CS (cyclic stretch) group, cells were stretched with the
Flexercell Tension Plus TM FX-5000T system (Flexcell
International, USA) set at 24% elongation for 12 h at a
frequency of 30 cycles/min; (4) LPS+CS group, cells were
treated with LPS for 12 h and then subjected to CS expo-
sure; (5) AZD1480+LPS+CS group, cells were pretreated
with 5 μM AZD1480 for 30 min before LPS stimulation and
CS exposure; and (6) AZD1480 group, cells were only
treated with 5 μM AZD1480.

LDH assay

The cells were lysed and centrifuged at 1500 r.p.m./min for
15 min at 4 °C. After centrifugation, the supernatant was
collected and stored in small aliquots at −80 °C. The con-
centrations of lactate dehydrogenase (LDH) in the supernatant
were determined using LDH assay kit (KeyGEN Biotech Co.,
Ltd, China) according to the manufacturer’s protocol.

RNA interference

RAW 264.7 cells were seeded on type I collagen-coated
six-well plates at a density of 2.0 × 105 cells/well. Upon
reaching confluence, the cells were transfected with
scramble small interfering RNA (siRNA), HMGB1-
specific, or STAT1-specific siRNA (100 nM, Guangzhou
RiboBio Co., Ltd) using HiPerFect transfection
reagent (Qiagen, Hilden, German). After 48 h of transfec-
tion, the cells were exposed to LPS or/and CS as
described above.

Immunofluorescence analysis

The cells were washed twice with PBS and fixed in 4%
paraformaldehyde for 10 min at room temperature. Subse-
quently, the fixed cells were permeabilized with 0.1% Tri-
ton X-100 in PBS for 5 min. The cells were then mounted
onto coverslips and incubated with primary rabbit poly-
clonal anti-mouse HMGB1 (Abcam ab18256), followed by
incubation with secondary antibodies for 1 h and counter-
staining with 4′,6-diamidino-2-phenylindole. The stained
slides were observed and photographed using a fluorescence
microscope (Olympus, Tokyo, Japan). All the representa-
tive images were obtained under ×400 magnification.

Western blot analysis

Lung tissue samples were homogenized and the collected
cells were lysed by using the total protein extraction kit
(Beyotime Institute of Biotechnology, Shanghai, China) as
well as cytoplasm and nuclear extraction kit (Thermo Fisher
Scientific, Waltham, MA, USA). Total protein concentra-
tion was determined using the BCA protein assay kit (Piece
Biotechnology, Rockford, IL, USA) according to the man-
ufacturer’s protocol. Equal amounts (30 μg) of protein were
subjected to 10% or 12% SDS-polyacrylamide gel electro-
phoresis and immunoblotted with the indicated antibodies.
The density of protein bands was analyzed using ImageJ
software (version 2.1.4.7; National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis

Statistical analyses were performed using Graph-Pad Prism
V7.0 software (La Jolla, CA, USA). One-way analysis of
variance followed by post hoc Tukey’s test was used for
multiple group comparisons. All data were presented as
means ± SE. P-value < 0.05 was considered statistically
significant.

Results

MV enhances LPS-induced lung inflammation and
injury

To establish a successful two-hit model of VILI, we
selected three different endpoints at 2, 4, and 6 h of
ventilation (i.e., 4, 6, and 8 h after vehicle or LPS instil-
lation) for the assessment of lung inflammation and injury.
Compared with control group, there were increased
alveolar septal thickening and elevated leukocyte infil-
tration in the alveolar and interstitial spaces of LPS, MV,
and LPS+MV groups (Fig. 1a). The lung injury scores of
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LPS+MV group after 2 and 4 h of ventilation were rela-
tively similar compared with those of the LPS group and
MV group (Fig. 1b). For LPS+MV group at 6 h ventila-
tion, there was increased cellularity, septal thickening, as
well as perivascular and peribronchial edema. Notably,
lung injury was the most severe in this group, along with
the highest injury score (Fig. 1a, b).

Total protein concentrations in BALF were measured
as an indicator of lung permeability. In one-hit models,
LPS or ventilation alone could increase the total protein
level in BALF. Interestingly, LPS plus 6 h of MV elevated
the total protein level in BALF and such level was sig-
nificantly higher than that in the BALF of one-hit group or
LPS+MV group at 2 and 4 h (Fig. 1c). However, there
was no significant increase in total protein level in the

BALF of LPS+MV group at 2 and 4 h ventilation com-
pared with LPS group.

Next, ELISA was used to detect the levels of proin-
flammatory cytokines and inflammatory enzyme MPO in
BALF. LPS or MV increased the levels of TNF-α, IL-1β,
IL-6, and MPO in BALF at 2, 4, and 6 h of ventilation
(Fig. 1d–g). However, LPS+MV did not synergistically
increase the levels of TNF-α, IL-1β, IL-6, and MPO in
BALF after 2 and 4 h ventilation. Instead, the synergistic
effects of LPS and MV on the increased levels of TNF-α,
IL-1β, IL-6, and MPO in BALF were observed after 6 h of
ventilation (Fig. 1d–g). Besides, LPS and MV exerted a
synergistic effect in increasing the levels of HMGB1 in
BALF at all the indicated time points (Fig. 1h).

Fig. 1 MV enhances LPS-induced lung inflammation and injury in
mice. Mice were subjected to non-ventilated control group and MV
with a tidal volume of 20 ml/kg for 2, 4, and 6 h (n= 6 per group).
Equal volume of PBS or 0.3 mg/kg LPS was intracheally instilled 2 h
before ventilation or spontaneous respiration. a Representative histo-
logical images of the lungs in different groups. Scale bar= 100 μm. b
Lung injury score in different groups. c Lung permeability was

assessed by measuring total BALF protein level. d ELISA assay of
TNF-α level in BALF. e ELISA assay of IL-1β level in BALF.
f ELISA assay of IL-6 level in BALF. g ELISA assay of MPO level in
BALF. h ELISA assay of HMGB1 level in BALF. Values represent
the mean ± SEM. *p < 0.05 and **p < 0.01, compared with the control
at that time point. ##p < 0.01, compared with the LPS at that time point
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JAK2 inhibitor prevents LPS+MV-induced lung
injury

To assess the role of JAK2/STAT1 in LPS-induced lung
inflammation and injury, the mice were treated with JAK
inhibitor AZD1480 before the exposure to LPS or/and MV.
Histological examination revealed marked increase in neu-
trophil infiltration and interstitial thickening in the lungs of
the mice exposed to LPS+MV, but pretreatment with
AZD1480 substantially reduced the severity of lung tissues
and lung injury score (Fig. 2a, b). In addition, LPS+MV
remarkably increased the levels of total protein, proin-
flammatory mediators (e.g., TNF-α, IL-1β, IL-6, and
HMGB1) and MPO in BALF, but such changes could be
attenuated by AZD1480 pretreatment (Fig. 2c–h).

Furthermore, western blot analysis showed that LPS and
MV synergistically increased the phosphorylation levels of
JAK2 and STAT1 in lung tissues, but did not alter the total
protein levels of JAK2 and STAT1. However, AZD1480
inhibited the phosphorylation levels of JAK2 and STAT1 in
lung tissues exposed to LPS and MV (Fig. 2i–k).

Next, we determined whether autophagy and apoptosis
are involved in the lung injury induced by LPS and MV.
The lungs of mice exposed to LPS+MV demonstrated
significant increase in LC3-II and cleaved caspase 3 levels
compared with those exposed to LPS or MV alone. How-
ever, AZD1480 pretreatment significantly attenuated the
increase in LC3-II and cleaved caspase 3 levels in lung
tissues exposed to LPS and MV (Fig. 2l–n). Taken together,
these data indicate that LPS and MV induce autophagy,
increase apoptosis, and cause lung damage via activation of
the JAK2/STAT1 signaling pathway.

JAK2 inhibitor suppresses LPS+CS-induced cell
death in RAW 264.7 cells

Macrophages are the primary inflammatory cells that exhi-
bit phagocytic function. To further investigate the
mechanism by which the JAK2/STAT1 pathway mediates
LPS+MV-induced lung injury, we established an experi-
mental model by exposing mouse macrophage-like RAW
264.7 cells to LPS and CS. Not only LPS or CS alone
activated the phosphorylation levels of JAK2 and STAT1,
LPS+CS also significantly activated the phosphorylation of
JAK2 and STAT1. As per our expectation, AZD1480
inhibited the phosphorylation levels of JAK2 and STAT1 in
RAW 264.7 cells exposed to LPS and CS (Fig. 3a–c).

RAW 264.7 cells exposed to LPS and CS showed sig-
nificant increase in LC3-II and cleaved caspase 3 levels
compared with those exposed to LPS or CS alone, but
AZD1480 attenuated such changes in the cells exposed to
LPS and CS (Fig. 3d–f). LDH is a stable enzyme that can be
released upon cell membrane disruption. The level of LDH
was measured as another indicator for late apoptosis. LPS or
CS could induce the release of LDH, whereas LPS plus CS
significantly increased the release of LDH compared with
the cells exposed to LPS or CS alone. However,
AZD1480 significantly decreased the release of LDH
induced by LPS+CS (Fig. 3g). Collectively, these data
suggest that LPS and CS induce autophagy, increase
apoptosis, and cause cell death in macrophages via activa-
tion of the JAK2/STAT1 signaling pathway.

JAK2 inhibitor suppresses LPS+CS-induced HMGB1
translocation to the cytoplasm of RAW 264.7 cells

To investigate the role of HMGB1 in LPS+CS-induced
macrophage cell death, HMGB1 translocation was deter-
mined by fluorescent immunostaining. In control RAW
264.7 cells, HMGB1 was predominantly localized in
the nucleus. LPS and CS induced the cytoplasmic accu-
mulation of HMGB1, but AZD1480 inhibited LPS+CS-
induced HMGB1 cytoplasmic accumulation in RAW 264.7
cells (Fig. 4a). Western blot analysis confirmed that
LPS+CS increased robust HMGB1 cytoplasmic accumu-
lation and decreased nuclear HMGB1 level, whereas
AZD1480 significantly reduced cytoplasmic HMGB1 level
and increased nuclear HMGB1 level in RAW 264.7 cells
(Fig. 4b–e).

Next, we transfected RAW 264.7 cells with
HMGB1 siRNA, STAT1 siRNA, or scramble control
siRNA, and then assessed the knockdown of HMGB1 and
STAT1 by western blot analysis (Fig. 5a and 6a).
HMGB1 siRNA significantly decreased LC3-II level, but
had no significant effect on cleaved caspase 3 level in
RAW 264.7 cells (Fig. 5b, c). On the contrary,

Fig. 2 JAK2 inhibitor prevents LPS+MV-induced lung injury in mice.
Mice were selected from those in non-ventilated control group or those
subjected to 0.3 mg/kg LPS and MV with a tidal volume of 20 ml/kg
for 6 h (n= 6 per group). AZD1480 40 mg/kg was administered
intraperitoneally 30 min before PBS or LPS aspiration. a Repre-
sentative histological images of the lungs from mice treated as indi-
cated. Scale bar= 100 μm. b Lung injury score in different groups.
c Lung permeability was assessed by measuring total BALF protein
level. d ELISA assay of TNF-α level in BALF. e ELISA assay of IL-
1β level in BALF. f ELISA assay of IL-6 level in BALF. g ELISA
assay of MPO level in BALF. h ELISA assay of HMGB1 level in
BALF. i Representative blots showing the levels of phosphorylation
of JAK2 and STAT1 in lung lysate from mice treated as indicated.
j Desitometry analysis of the phosphorylation of JAK2 level in lung
lysate from mice treated as indicated. k Densitometry analysis of
phosphorylation of STAT1 level in different groups. l Representative
blots showing the levels of LC3- I, LC3-II, cleaved caspase 3, and total
caspase 3 in lung lysate from mice treated as indicated. m Densito-
metry analysis of LC3-II/LC3-I level in different groups. n Densito-
metry analysis of cleaved caspase 3/caspase 3 in different grops.
Data represented the mean ± SEM. *p < 0.05, **p < 0.001, and ***p <
0.001, compared with the control. ##p < 0.01 and ###p < 0.001, com-
pared with the LPS. &p < 0.01, &&p < 0.01, and &&&p < 0.001, com-
pared with the LPS+MV
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STAT1 siRNA significantly decreased the levels of LC3-
II and cleaved caspase 3 in RAW 264.7 cells exposed to
LPS+CS (Fig. 6b, c). Furthermore, siRNA-mediated
knockdown of HMGB1 and STAT1 significantly atte-
nuated LPS+CS-induced LDH release in RAW 264.7
cells (Figs. 5d and 6d). These results suggest that
HMGB1 and STAT1 mediate LPS+CS-induced cell
death in macrophages. In addition, STAT1 siRNA could
inhibit the translocation of HMGB1 (Fig. 6e, f). Never-
theless, AZD1480 exerted the same inhibitory effects on
HMGB1 translocation with or without STAT1 knock-
down (Fig. 6g, h).

Discussion

ARDS is a multifactorial disease that is associated with
infection, trauma, burns, or aspiration. Patients suffering
from severe ALI usually need to receive MV therapy.
However, the use of lung-protective ventilation sometimes
initiates and accelerates lung injury rather than exerting its
curative effect on ARDS. Lung stretching may release
proinflammatory cytokines, induce systemic circulation,
and trigger and/or exacerbate VILI. Macrophages are
the main source of these inflammatory mediators [29].
Moreover, JAK/STAT pathway plays a major role in

Fig. 3 JAK2 inhibitor suppresses LPS+CS-induced RAW 264.7 cell
death. RAW 264.7 cells were subjected to 1 μg/ml LPS for 24 h and/or
24% elongation stretch for 12 h at a frequency of 30 cycles/min. The
cells were pretreated with and without 5 μM AZD1480 30 min before
LPS stimulation and CS exposure. a Representative blots showing the
phosphorylation of JAK2 and STAT1 in RAW 264.7 cells treated as
indicated. b Densitometry analysis of the phosphorylation of JAK2
level in different groups. c Densitometry analysis of phosphorylation
of STAT1 level in different groups. d Representative blot showing the

levels of LC3-I, LC3-II, cleaved caspase 3, and total caspase 3 in
RAW 264.7 cells treated as indicated. e Densitometry analysis of LC3-
II/LC3-I level in different groups. f Densitometry analysis of cleaved
caspase 3/caspase 3 in different groups. g Measurement of the released
LDH in RAW 264.7 cells treated as indicated. Data represented the
mean ± SEM from at least two independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001 compared with the control. #p < 0.05, ##p <
0.05 compared with the LPS. &p < 0.05 and &&p < 0.01, compared
with the LPS+CS
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inflammatory signaling cascades, which has been identified
as one of the promising targets [30]. Combining LPS
instillation with MV mouse model and CS cell model, we
found that JAK2 inhibitor AZD1480 exhibited beneficial
effects against LPS and ventilation-induced lung injury and
cell death. The activation of the JAK2/STAT1 pathway was
verified in the lungs of mice exposed to LPS+MV. The
protective effects of AZD1480 on lung inflammatory injury
may be associated with its ability to inhibit JAK2/STAT1-
induced release of inflammatory mediators.

In most previous animal studies, the degree of MV-
induced ALI is largely dependent on VT [31]. Some stu-
dies have suggested a “two-hit model” in which the lungs
are more susceptible to MV injury after LPS exposure
[32, 33]. In order to verify this speculation, we admini-
strated a low amount of LPS (0.3 mg/kg or same volume
with control) to induce lung injury. Two hours later,
spontaneously breathing or ventilation for 2, 4, and 6 h
was performed on the mice. Intriguingly, we observed that
a high tidal of volume MV within shorter periods of time
did not cause more severe lung injury, such as pulmonary

permeability or cytokine release into BALF, compared
with LPS up until 6 h ventilation. Hence, the prevention of
ALI caused by VILI should pay great attention to the
duration of MV and an effective pharmacologic inter-
vention is needed to treat progressive inflammation and
injury. In our two-hit mouse model of ALI, JAK2 and
STAT1 were found to be tyrosine-phosphorylated and
activated in the lungs after intratracheal LPS and MV
exposure. In addition, tetrahydroisoquinoline alkaloids
reduce inducible nitric oxide synthase (iNOS) via
p-STAT-1 inhibition and prevent HMGB1 secretion in
LPS-treated lung tissue [34]. These findings reveal the
important role of STAT in lung injury and its potential
interaction with HMGB1.

At the same time, we noted that the concentration of
HMGB1 in BALF was higher in LPS+MV group than in
LPS group. These results are consistent with previous
findings that HMGB1 in the nucleus can translocate to the
cytoplasm and actively promote its own secretion after MV
stimulation [20, 21, 35]. Researchers have shown
that HMGB1 can regulate autophagy under different

Fig. 4 JAK2 inhibitor suppresses LPS+CS-induced HMGB1 translo-
cation to the cytoplasm of RAW 264.7 cells. a Immunofluorescence
staining for HMGB1 in RAW 264.7 cells treated as indicated. Scale
bar= 100 μm. b Representative blots showing the levels of total
HMGB1, cytoplasmic HMGB1, and nuclear HMGB1 in RAW 264.7
cells treated as indicated. β-Actin was loading control for cytoplasmic
proteins and Lamin B1 was loading control for nuclear proteins. c

Densitometry analysis of total HMGB1 level in different groups. d
Densitometry analysis of cytoplasmic HMGB1 level in different
groups. e Densitometry analysis of nuclear HMGB1 level in different
groups. Data represented the mean ± SEM from at least three inde-
pendent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared
with the control. #p < 0.05 compared with the LPS. &p < 0.05 and
&&p < 0.01, compared with the LPS+CS
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lung-related diseases, including asthma, lung fibrosis, lung
infections, chronic obstructive pulmonary disease, lung
cancer, and ALI [36–38]. Tang et al. [39] reported that
pharmacological inhibition of HMGB1 translocation could
limit starvation-induced autophagy. Moreover, the
increased HMGB1 level triggers the stress response of the
endoplasmic reticulum and thus promoting the occurrence
of autophagy and apoptosis-resistant phenotype in a cigar-
ette smoke model [40]. Autophagy is a process that
degrades macromolecules and lysosome-related organelles
to balance cellular energy supply, which can be linked to
cell survival. However, the role of autophagy in lung
inflammation remains controversial, which is largely
dependent on the cell type and context. Nakahira et al. [41]
showed that autophagy-deficient mouse macrophages
increased mitochondrial ROS-induced inflammation and
mortality in LPS-treated mice. Autophagy induction also
decreased the release of LDH, thus enhancing cell viability
and sustaining the integrity of endothelial barrier [42].

Silencing of autophagy-related protein 4 in lung macro-
phages or pharmacological inhibition of autophagy abol-
ished the high tidal volume ventilation-induced
inflammasome activation and lung inflammatory responses
[14]. 3-Methyladenine (an autophagy inhibitor) could
ameliorate the lung injury and improve cell survival [43]. In
the present study, we demonstrated that the conversion rate
of cytosolic microtubule-associated protein-1 light chain-3
LC3-I to lapidated LC3-II was increased in our two-hit VILI
mouse model. Treatment with JAK2 inhibitor AZD1480
could reduce the levels of LC3-II and diminish lung
destruction, lung edema, and cytokine production, indicat-
ing that the role of autophagy in promoting pulmonary
injuries is dependent on the JAK2/STAT1 pathway. Inap-
propriate or massive stimulation of autophagy can actually
facilitate cell death. Our previous work showed that apop-
totic pulmonary cells also plays a critical role during the
process of ALI [44]. In addition, MV or CS-induced
autophagy and apoptosis in fetal rat lung epithelial cells

Fig. 5 HMGB1 mediates LPS+CS-induced RAW 264.7 cell death.
RAW 264.7 cells were transfected with 100 nM of control siRNA or
HMGB1-specific siRNA for 48 h and then subjected to 1 μg/ml LPS
for 24 h plus 24% elongation stretch for 12 h at a frequency of 30
cycles/min. a Western blot analysis of HMGB1 knockdown in RAW
264.7 cells. b Western blot analysis of the levels of LC3-I, LC3-II in
RAW 264.7 cells treated with LPS+CS, or/and HMGB1 siRNA or

scramble (Ctr) siRNA. c Western blot analysis of the levels of cleaved
caspase 3 and total caspase 3 in RAW 264.7 cells treated with LPS
+CS or/and HMGB1 siRNA or scramble (Ctr) siRNA. dMeasurement
of the released LDH in RAW 264.7 cells treated with LPS+CS or/and
HMGB1 siRNA or scramble (Ctr) siRNA. Data represented the mean
± SEM from at least three independent experiments. *p < 0.05 and
**p < 0.01, compared with control or Ctr siRNA+LPS+CS
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[45], suggesting that such autophagic cell death exhibits an
essential role in MV or CS model. AZD1480 also decreased
the levels of cleaved caspase 3, which may be another
reason why JAK2 inhibition has protective role in
our model.

Macrophages are involved in the initial response to lung
inflammation. In order to uncover the underlying mechan-
ism of VILI, we used RAW246.7 cells to investigate the
interaction between the JAK2/STAT1 pathway and
HMGB1 translocation in mediating lung injury. Consistent
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with our in vivo findings, the in vitro experiments on mouse
macrophage-like RAW 264.7 cells showed that JAK2
inhibitor attenuated cell autophagy and apoptosis by inhi-
biting JAK2/STAT1 activation. In addition, the loss of
macrophage membrane integrity was determined by the
level of LDH in the supernatant. When RAW246.7 cells
were exposed to LPS and mechanical stretch, the release of
LDH from the cells increased significantly, as well as
autophagy and apoptosis. Furthermore, the relationship
between HMGB1 translocation and apoptosis induction
during macrophage activation was revealed. Our experi-
mental findings confirmed the inflammatory role of autop-
hagic cell death in LPS+MV/CS model via HMGB1
translocation.

To further investigate the relationship between the JAK2/
STAT1 pathway and HMGB1 translocation, we detected
the expression levels of HMGB1 in our LPS+CS cell
model. Western blotting results showed that the total
HMGB1 expression in RAW 264.7 cells did not change
significantly after exposed to LPS and CS. Nonetheless,
HMGB1 translocation to the cytoplasm was enhanced by
LPS and CS, and AZD1480 could inhibit the translocation
of HMGB1 to the cytoplasm. Such protective effects might
be attributed to JAK2/STAT pathway instead of HMGB1
alone, as confirmed by the results of RNA interference
experiments. Knockdown of HMGB1 by siRNA could
decrease the release of LDH as well as autophagy in
RAW246.7 cells, suggesting that HMGB1 depletion may
protect the cells from LPS+CS-induced cell damage but not
completely reverse the cell death. However, autophagic cell
death and LDH elevation were reduced by STAT1

knockdown in RAW246.7 cells. STAT1 siRNA also
inhibited the HMGB1 translocation from nucleus to cyto-
plasm, whereas JAK2 inhibition with or without
STAT1 siRNA exhibited the same effect. Hence, the con-
tribution of JAK2/STAT1 to VILI depends, at least in part,
on its ability to promote cytoplasmic accumulation of
HMGB1 as well as induce cell autophagy and apoptosis in
the inflamed lungs.

In summary, this study reveals that the JAK/
STAT1 signaling pathway plays a pivotal role in VILI by
regulating HMGB1 translocation and JAK2 inhibitor
AZD1480 may serve as a therapeutic strategy to control VILI.
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