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Protective Effect of Dexmedetomidine on Acute Lung
Injury via the Upregulation of Tumour Necrosis
Factor-α-Induced Protein-8-like 2 in Septic Mice

Qian Kong,1 Xiaojing Wu,1 Zhen Qiu,1 Qin Huang,1 Zhongyuan Xia,1,3 and Xuemin Song2,3

Abstract— The aim of the present study was to investigate whether TIPE2 participates in the
protective actions of dexmedetomidine (DEX) in a mouse model of sepsis-induced acute lung
injury (ALI). We administered TIPE2 adeno-associated virus (AAV-TIPE2) intratracheally into
the lungs of mice. Control mice were infected with an adeno-associated virus expressing no
transgene. Threeweeks later, an animalmodel of caecal ligation-perforation (CLP)-induced sepsis
was established. DEXwas administered intravenously 30 min after CLP. Twenty-four hours after
sepsis, lung injury was assayed by lung histology, the ratio of polymorphonuclear leukocytes
(PMNs) to total cells in the bronchoalveolar lavage fluid (BALF), myeloperoxidase (MPO)
activity, BALF protein content and the lung wet-to-dry (W/D) weight ratio. Proinflammatory
factor levels in the BALF of mice were measured. The protein expression levels in lung tissues
were analysed by Western blotting. The results showed that DEX treatment markedly mitigated
sepsis-induced lung injury, which was characterized by the deterioration of histopathology,
histologic scores, the W/D weight ratio and total protein levels in the BALF. Moreover, DEX
markedly attenuated sepsis-induced lung inflammation, as evidenced by the decrease in the
number of PMNs in the BALF, lung MPO activity and proinflammatory cytokines in the BALF.
In addition, DEX dramatically prevented sepsis-induced pulmonary cell apoptosis in mice, as
reflected by decreases in the number of TUNEL-positive cells, the protein expression of cleaved
caspase-9 and cleaved caspase 3 and the Bax/Bcl-2 ratio. In addition, evaluation of protein
expression showed that DEX blocked sepsis-activated JNK phosphorylation and NF-κB p65
nuclear translocation. Similar results were also observed in the TIPE2 overexpression group. Our
study demonstrated that DEX inhibits acute inflammation and apoptosis in a murine model of
sepsis-stimulated ALI via the upregulation of TIPE2 and the suppression of the activation of the
NF-κB and JNK signalling pathways.
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INTRODUCTION

Sepsis is a systemic inflammation condition trig-
gered by severe infection and trauma [1]. Due to
pulmonary susceptibility, respiratory dysfunction,
such as acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS), is one of the most com-
mon and severe complications of sepsis [2]. ALI is
characterized by increased permeability of the
alveolar-capillary barrier, interstitial edema, neutro-
phil recruitment and inflammatory stress-induced cell
apoptosis [3, 4]. The pathophysiological mechanisms
of sepsis-induced ALI involve cell inflammation, cy-
tokine production and abnormal apoptosis [5, 6]. To
date, there is no effective pharmacological approach
to treat ALI.

Apoptosis, known as programmed cell death, is
essential for the selective elimination of cells. How-
ever, the dysregulation of apoptosis pathways has
been shown to contribute to epithelial and endothelial
injury, which is characteristic of ALI [7]. Apoptosis
might play a vital role in regulating pro- and anti-
inflammatory processes [8], and the apoptotic process
is regulated by several intracellular signalling path-
ways, including the JNK pathway [9, 10].

Dexmedetomidine (DEX), which is a potent α-2
adrenoreceptor agonist, is widely applied in clinical
conditions such as sedation, analgesia and anxiolysis.
Recently, studies have shown that DEX has potent
anti-inflammatory, antioxidant and anti-apoptotic ef-
fects [11–13]. Animal studies have suggested that
DEX plays a protective role in a number of lung
diseases, including ALI [14–16].

Tumour necrosis factor-α-induced protein-8
(TNFAIP8)-like 2 (TIPE2), which is an essential neg-
ative regulator of TLR and TCR function, has been
approved to inhibit caspase-mediated apoptosis [17].
TIPE2 has been reported to be a negative regulator
of the activating protein (AP)-1, NF-κB, JNK and
p38 pathways [18], which are important pathways
for regulating apoptosis [9, 10].

The current study was designed to test the hypoth-
esis that DEX attenuates LPS-induced ALI through the
inhibition of lung inflammation and apoptosis via the
promotion of TIPE2 expression and the inhibition of the
NF-κB and JNK pathways, which might indicate its
potential application in lung injury therapy.

MATERIAL AND METHODS

Animals

Adult male BABL/c mice (6–8 weeks, weighing
20 to 25 g) were purchased from the Wuhan Institute
of Biological Products Co., Ltd. (Wuhan, China). The
mice were maintained under specific pathogen-
free(SPF) conditions that provide relative humidity
ranging between 55 and 65%, temperature of 22 ±
2 °C, a 12:12 h light-dark cycle, with laboratory diet
and water ad libitum. The animals underwent an
acclimatization period of 7 days before the experi-
ment. All experiments were performed in accordance
with international and institutional guidelines for an-
imal care, and the study was approved by Medical
Ethics Committee of Renmin Hospital of Wuhan
University.

Adenovirus Gene Delivery

The recombinant adeno-associated virus contain-
ing the mouse TIPE2 gene was purchased from
Hanheng Company (Hanheng Biotechnology Co.,
Ltd., Shanghai, China). The adeno-associated virus
expressing no transgene was used as negative control
(pAAV-IRES-ZsGreen). Twenty-one days before CLP
model construction, BALB/c mice were anaesthetized
using sodium pentobarbital, and given 5 × 1010 vector
genomes (vg) of rAAV6-FLAG-mTIPE2 (5 × 1012 vg/
ml) in 50 μ l PBS via in t ra t racheal ly ( i . t . )
administration, to induce TIPE2 over-expression in
the lung. Control mice were treated with control
adeno-associated virus. The efficacy of the fusion
protein was evaluated by Western blotting.

Experimental Design. Mice were randomly divided
into the following groups: (1) sham group, (2) CLP
group, (3) AAV-TIPE2 (TIPE2) + sham group, (4)
TIPE2 + CLP group, (5) CLP + DEX and (6) TIPE2 +
CLP + DEX group.

The surgical procedure to generate CLP-induced
sepsis was performed on BALB/c mice. After the
mice were anaesthetized with 2% sevoflurane, a mid-
dle incision (1.5 cm) in the lower quadrants of the
abdomen was made. The cecum was exposed and
slightly taken out of the incision. The distal three-
fourths (between the colon root and cecum terminal)
of the cecum was ligated with 4–0 silk suture, and

Kong, Wu, Qiu, Huang, Xia, and Song834



subsequently punctured with a 21-gauge needle. We
squeezed a little feces through the puncture wound.
Then, the cecum was repositioned, and the abdominal
incision was closed with sterile suture. Sham-
operated control animals underwent the same proce-
dure except for ligation and puncture of the cecum.
Immediately after the surgery, the mice were intra-
peritoneally injected Dex (50 μg/kg) or the same
volume (200 μl) of vehicles PBS. After that, the
mice were injected subcutaneously with 1 ml of
sterile saline for resuscitation and put into an incu-
bator until they recovered from the anaesthesia [19,
20].

First, Kaplan-Meier survival analysis was con-
ducted every 24 h for a total of 7 days after CLP
operation. Second, at 24 h after CLP/sham modelling,
animals were sacrificed by excessive chloral hydrate,
bronchoalveolar lavage fluid (BALF), arterial blood
and the lung tissues without lavage were collected
for further studies. Lung tissues were snap-frozen in
liquid nitrogen and stored at − 80 °C for later anal-
ysis. In these experiments, the number of mice was 8
per group for tissue analysis and 20 per group for
survival analysis.

Histopathological Lung Examination

Lung tissues were harvested for observing mor-
phologic alterations at 24 h after CLP/sham model-
ling. The right lung lobes were dissected, washed
and fixed with 4% (v/v) paraformaldehyde for 24 h
at 4 °C. Lung tissues were embedded in paraffin,
sectioned at 4 μm thickness, dewaxed and rehydrated
and stained with hematoxylin and eosin (H&E) solu-
tion (hematoxylin, MHS16; eosin, HT110132; Sigma-
Aldrich, USA) for histological examination. The
stained slides were then observed with the light mi-
croscope and the digital micrographs were taken for
analyzing. Histologic changes were evaluated by two
independent pathologists blinded to the experiment.
The histologic injury scores [21] were calculated
according to the sum of the score for alveolar edema,
alveolar hemorrhage, pulmonary interstitial thickening
and neutrophil infiltration. Each histological charac-
teristic was evaluated on a scale from 0 to 3: 0,

normal (no injury); 1, minimal (injury to 25% of
the field); 2, mild (injury between 25 and 50% of
the field); 3, moderate (injury between 50 and 75%
of the field); 4, severe (injury over 75% of the field).

TdT-Mediated dUTP Nick End Labeling Staining

Apoptosis was detected and quantified with the
TUNEL assay using the In Situ Cell Death Detection
Kit (Roche Diagnostics) according to the manufac-
turer’s protocol. Apoptotic cells were manifested
brownish staining in the cell nuclei. Ten random
sections of the lung from each mice without knowl-
edge of the group of mice from which the lung tissue
was taken, and the apoptosis index was expressed as
a percentage of TUNEL-positive cells. The examina-
tion was performed by two pathologists blinded to
the experiment.

Inflammatory Cell Counting and Protein
Concentration in BALF

To obtain the BALF, the lungs were lavaged
three times with ice-cold PBS (0.5 ml) and with-
drawn each time using a tracheal cannula (a total
volume of 1.5 ml). The collected BALF was centri-
fuged at 3000×g for 10 min at 4 °C and the super-
natant was collected and frozen at − 80 °C for sub-
sequent assays. The cell pellet was resuspended in
PBS, and after excluding dead cells by trypan blue
staining, the total inflammatory cells in BALF were
determined by counting cells with a hemocytometer
(Beckman Coulter, Inc). In order to analyze differen-
tial cell counting, 100 μl of BALF was centrifuged
onto slides by a Cytospin (Thermo Fisher Scientific,
Waltham, USA). After the slides were dried, the cells
were fixed and stained using Wright Stain solution
(32857, Sigma-Aldrich, USA) according to the man-
ufacturer’s instructions. The number of polymorpho-
nuclear neutrophils (PMNs) was classified by a lab-
oratory technologist blinded to the experiment, to
obtain the percentage of neutrophils. The frozen
BALF supernatant was thawed and thoroughly
mixed; then, total protein concentration was deter-
mined by BCA (bicinchoninic acid) method.
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Arterial Blood Gas Analysis

After mice were anaesthetized, the arterial blood sam-
ple was collected with a heparinized syringe from the
carotid artery. The arterial blood samples were immediately
injected into an ABL700 Radiometer (Radiometer Ameri-
ca, USA) to measure pH value, partial gas pressures of
oxygen (PaO2), PaO2/FiO2 and partial gas pressures of
carbon dioxide (PaCO2).

Lung Wet/Dry Weight Ratio

Lungs were excised 24 h after CLP surgery. The
magnitude of pulmonary edema was determined by calcu-
lating lung wet/dry weight ratio. The left lobe of the lungs
were excised, washed with PBS, blotted and then weighed
to obtain the “wet” weight. The lungs were then placed in
an oven for 48 h at 65 °C and weighed to obtain the “dry”
weight. The wet/dry weight ratio was calculated to quantify
the degree of pulmonary edema.

MPO Activity Assay

RIPA lysis buffer was used for lysing lung tissues, and
10-mg tissue samples were taken for each test sample. After
washed with cold PBS, the tissues were resuspended in 4
volumes of MPO assay buffer, and then centrifuged
(13,000×g for 10 min, 4 °C). The supernatant was collected
and transferred to clean tubes which were placed on the ice.
The MPO activity was assayed using Myeloperoxidase Ac-
tivity Assay Kit (Abcam, ab105136), by measuring the ab-
sorbance of the sample at 460 nm using a microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA). The specific
MPO activity in the lungs was expressed as unit/mg protein.

Measurement of Pro-inflammatory Cytokines in BALF

Twenty-four hours after CLP surgery, BALF was
collected. The levels of TNF-α, IL-6 and IL-1β in BALF
were determined using enzyme-linked immunosorbent as-
say (ELISA) kits according to the manufacturer’s instruc-
tions (R&D, Inc., Minneapolis, USA). The absorbance was
measured at 450 nm using an ELISA reader (BioTek
Instruments, Inc., USA).

Western Blot Analysis

Twenty-four hours after CLP surgery, the lung tissues
were harvested and snap-frozen in liquid nitrogen until
homogenization. The lung tissues were homogenized
using a homogenizer with tissue nuclear and cytoplasmic
extraction reagents (Sigma-Aldrich, USA), according to

the manufacturer’s instructions. Protein concentrations
were determined using the BCA protein assay kit
(Invitrogen; Thermo Scientific). Protein extracts (50 μg
per lane) were run on sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene difluoride membranes.
The resulting membranes were blocked by incubation with
5% skim milk in TBST at room temperature for 2 h on a
rotary shaker, followed by washing with TBST. Subse-
quently, the membranes were incubated with specific pri-
mary antibody overnight at 4 °C. For immunoblotting,
rabbit anti-mice-Bax (1:1000; Abcam, Cambridge, MA),
caspase 3 (1:1000; Abcam, Cambridge, MA), TIPE2
(1:200; Abcam, Cambridge, MA) and Lamin A (1:1000;
Abcam, Cambridge, MA), β-actin (1:1000; Cell Signaling
Technology, Boston, MA), JNK and p-JNK (1:1000; Cell
Signaling Technology, Boston, MA), Bcl-2 (1:1000;
ProteintechGroup, Inc., Wuhan, China), NF-κB p65
(1:1000; ProteintechGroup, Inc., Wuhan, China), caspase
9 (1:500; ProteintechGroup, Inc., Wuhan, China) antibod-
ies were used. HRP-conjugated secondary antibody was
obtained from Boster Biological Technology Co. Ltd.
(Wuhan, China) and diluted at 1:5000. The membranes
were washed with TBST followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary anti-
body at room temperature for 1 h. The blots were washed
TBST and detected using an enhanced chemiluminescence
(ECL) Western blotting detection kit. The protein bands
were observed using an ECL Western blotting analysis
system (Bio-Rad Laboratories, Inc., USA) and quantified
by densitometry (Image Lab software version 5.2.1).

Statistical Analysis

The data are expressed as the means ± SEM. The
statistical analysis was performed using GraphPad PRISM
(version 7.0; GraphPad Software, Inc., La Jolla, CA, USA)
by a one-way analysis of variance (ANOVA) followed by
Dunnet’s least significant difference post hoc tests. Kaplan-
Meier survival analysis and the log-rank test were used to
analyze the survival rate. p < 0.05 was considered statisti-
cally significant.

RESULTS

Survival for 7 Days After CLP Surgery and
Histological Findings

In the present study, we investigated the effects
of DEX and TIPE2 overexpression on ALI mortality
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and lung histopathology in mice after the establish-
ment of a model of CLP (Fig. 1). The survival rate
post-surgery was assessed every 24 h for a total of
7 days. As shown in Fig. 1a, no mortality occurred
in the sham or TIPE2 + sham groups, but CLP led to
a significant decrease in the survival rate within
7 days (P < 0.05 vs. the sham group, n = 20/group).
Lung tissues were harvested 24 h after CLP surgery
and subjected to H&E staining (Fig. 1c). There were
no obvious histological changes in lung tissues from
the mice in the sham group. Significant pathological
changes, including pulmonary capillary congestion,
pulmonary interstitial edema, mass inflammatory cell
infiltration into the alveolar space and lung

interstitium and alveolar wall thickening, were ob-
served in the lung tissues of mice after CLP surgery.
In addition, a scoring system was used to assess the
degree of lung injury. As shown in Fig. 1b, the
quantitative scores of histological lung injury in the
ALI mice were markedly increased compared with
those in the sham group 24 h after CLP surgery.
Western blotting further demonstrated that TIPE2
protein levels were significantly increased in the lung
tissues of AAV-TIPE2-infected mice. Treatment with
AAV-TIPE2 and DEX significantly improved the sur-
vival rate (P < 0.05 versus the CLP group, n = 20/
group), attenuated the pulmonary histopathological
changes and decreased the lung injury scores induced

Fig. 1. Survival for 7 days after CLP surgery and histologic changes in the lung. a The Kaplan-Meier survival curve shows survival for 7 days after CLP
surgery. b Lung histologic injury score. cRepresentative histology sections of lung tissues under light microscope (H&E staining, magnification, × 200). The
data are presented as means ± SEM. n = 8/group (n = 20/group in Fig. 1a), *P < 0.05 versus sham group; #P < 0.05 versus CLP group; $P < 0.05 versus
TIPE2 + CLP group; +P < 0.05 versus CLP +DEX group.
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by CLP (P < 0.05 versus the CLP group, n = 8/
group). Furthermore, the combination of AAV-TIPE2
and DEX had a more significant protective effect in
mice that underwent CLP.

Pulmonary Cell Apoptosis

We investigated the effects of DEX and AAV-
TIPE2 on lung cell apoptosis in ALI mice by
TUNEL staining. TUNEL staining revealed few apo-
ptotic cells in the lungs of the sham group. Twenty-
four hours after CLP surgery, compared with sham
surgery, numerous lung cells were strongly positive
for TUNEL staining. However, in the lung tissues of
DEX- and AAV-TIPE2-treated mice, a few of the
lung cells were TUNEL-positive (Fig. 2a). The quan-
titative results (Fig. 2b) showed that mice that
underwent CLP exhibited a significant increase in
the number of apoptotic cells (P < 0.05 versus the
sham group), which was reduced by AAV-TIPE2
and DEX treatment (P < 0.05). Additionally, the com-
bination treatment group exhibited fewer apoptotic
cells than the AAV-TIPE2 + CLP and CLP + DEX
groups.

Pulmonary Vascular Permeability and Neutrophil
Infiltration into the Lungs During ALI Induced by
CLP

The W/D weight ratio of the lungs and BALF protein
concentration are two commonly used indicators of pulmo-
nary vascular permeability, which is an important character-
istic of ALI/ARDS. CLP-challenged mice showed a signifi-
cant increase in the lung W/D weight ratio (Fig. 3a) and
BALF protein (Fig. 3b) concentration when compared with
those of the sham group, and these indicators were decreased
by AAV-TIPE2, DEX and AAV-TIPE2 +DEX treatment
(P < 0.05, n= 8/group). We also detected the ratio of PMNs
to total cells in the BALF and lungMPO activity, an indicator
of neutrophil infiltration, 24 h after CLP surgery. PMN/total
cell ratio in the BALF (Fig. 3c) and lung MPO activity (Fig.
3d) in CLP-challenged mice were dramatically increased
(P < 0.05 versus the sham group, n = 8/group) and were
inhibited by AAV-TIPE2, DEX and AAV-TIPE2 +DEX
treatment (P < 0.05, n = 8/group). The lungW/Dweight ratio,
BALF protein concentration, PMN/total cell ratio in the
BALF and lungMPO activity were lower in the combination
treatment group than in the AAV-TIPE2 +CLP and CLP +
DEX groups.

Arterial Blood Gas Analysis 24 h After CLP Surgery

As shown in Fig. 4, arterial blood gas analysis of mice
that received CLP surgery showed significant changes com-
pared with the sham group, with the pH (Fig. 4a), partial
pressure of arterial oxygen (PaO2) (Fig. 4b) and PaO2/FiO2

(Fig. 4c) decreasing and the partial pressure of arterial
carbon dioxide (PaCO2) (Fig. 4d) increasing. The PaO2/
FiO2 of the mice in the CLP group achieved clinical diag-
nostic criteria for ALI (< 300). Compared with those in the
CLP group, the pH, PaO2 and PaO2/FiO2 were increased
and the PaCO2 was decreased in the TIPE2 + CLP group
and CLP +DEX group (P < 0.05, n = 8/group). Combina-
tion treatment showed amore significant effect in improving
pulmonary dysfunction. In addition, the PaO2/FiO2 in the
TIPE2 + CLP +DEX group recovered to normal levels.

Proinflammatory Cytokine Levels in the BALF

As depicted in Fig. 5, we found that the levels of
the proinflammatory cytokines TNF-α (Fig. 5a), IL-6
(Fig. 5b) and IL-1β (Fig. 5c) in the BALF were
significantly increased 24 h after CLP in CLP-
challenged mice (P < 0.05 versus the sham group,
n = 8/group). AAV-TIPE2 and DEX treatment substan-
tially downregulated the levels of proinflammatory
cytokines in the BALF induced by CLP (P < 0.05).
The cytokine levels in the combination treatment
group were lower than those in the AAV-TIPE2 +
CLP and CLP + DEX groups (P < 0.05).

The JNK and NF-κB Signalling Pathway and the Pro-
tein Expression of Genes Involved in Apoptosis and
Lung Injury Induced by CLP

Previous studies have shown that TIPE2 is a negative
regulator of the NF-κB, JNK and p38 MAPK pathways in
macrophages [18]. The effect of TIPE2 on the NF-κB and
JNK pathways was assessed in mice after CLP challenge. To
evaluate the effect of TIPE2 overexpression on lung cell
apoptosis in CLP-challenged mice, the protein expression
levels of anti-apoptotic (Bcl-2) and proapoptotic (Bax,
cleaved caspase-3, cleaved caspase-9) protein in lung tissues
were analysed by Western blotting. Mice with CLP-induced
ALI exhibited decreased Bcl-2 protein expression and in-
creased Bax, Bax/Bcl-2, cleaved caspase 3 and cleaved cas-
pase 9 protein expression in lung tissue samples compared to
that in the sham group, whereas the expression changes in the
proteinswere reversed byAAV-TIPE2 andDEX treatment. In
addition, CLP surgery markedly increased the phosphoryla-
tion of JNK (p-JNK) and nuclear NF-κB p65 and decreased

Kong, Wu, Qiu, Huang, Xia, and Song838



TIPE2 expression in the lungs compared with those in the
sham group. However, AAV-TIPE2 and DEX treatment sup-
pressed the increase in the expression of nuclear NF-κB p65
and p-JNK induced by LPS. Moreover, the combination
group exhibited lower expression of Bax, cleaved caspase 3,
cleaved caspase 9, p-JNK and nuclear NF-κB p65 but higher
levels of Bcl-2 and TIPE2, compared with those in the AAV-
TIPE2 +CLP and CLP+DEX groups (P < 0.05) (Fig. 6).

DISCUSSION

ALI and ARDS are the two main causes of acute
lung failure with high morbidity and mortality, and they
lack effective therapy strategies [22]. Thus, identifying

novel therapeutic treatments for ALI is urgently needed.
DEX has been shown to decrease mortality and compli-
cations in sepsis patients [23]. In addition, DEX has also
been shown to mitigate CLP-stimulated ALI [24]. Sev-
eral studies have shown that TIPE2 can inhibit NF-κB
activation, thereby reducing the generation of proin-
flammatory mediators and attenuating the sepsis-
induced inflammatory response [25]. TIPE2-deficient
cells are hyper-responsive to the activation of TLR
and TCR signals [18]; in addition, TIPE2-knockout
mice, unlike normal WT mice, have been found to
exhibit septic shock responses [26].

In the current study, we found that DEX attenuated
CLP-induced ALI in mice via its anti-inflammatory and
anti-apoptotic effects through the upregulation of TIPE2.

Fig. 2. Apoptosis in the lung assessed by TUNEL assay. The lung samples were collected for measuring TUNEL staining at 24 h after CLP surgery. a
Representative lung TUNEL staining (× 400). b Percentage of TUNEL-positive cells. The data are presented as means ± SEM. n = 8/group, *P < 0.05 versus
sham group; #P < 0.05 versus CLP group; $P < 0.05 versus TIPE2 + CLP group; +P < 0.05 versus CLP +DEX group.
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The key findings are as follows: first, DEX significantly
improved the survival rate after CLP challenge; second,
DEX significantly mitigated CLP-induced lung injury, as
evidenced by the changes in histopathology, the lung W/D
weight ratio, the BALF protein concentration and arterial
blood gas; third, DEX decreased inflammatory cell infil-
tration into the lung and pulmonary cell apoptosis; fourth,
the levels of proinflammatory cytokines in the BALF in
CLP-challenged mice were reduced by DEX treatment;
fifth, DEX inhibited CLP-induced lungNF-κB p65 nuclear
translocation and JNK phosphorylation but upregulated the
protein expression level of TIPE2; finally, DEX prevented
lung cell apoptosis by downregulating the expression of
pro-apoptotic proteins (Bax, cleaved caspase-3 and cleaved
caspase-8) and upregulating the expression of anti-

apoptotic protein (Bcl-2) in the lungs of CLP-challenged
mice. Similar results were observed in AAV-TIPE2-
administered mice, and the combination of AAV-TIPE2
and DEX was more effective in alleviating CLP-induced
ALI.

TIPE2 is a critical regulator of immune homeostasis
that negatively regulates T cell receptor (TCR) and toll-like
receptor (TLR) signalling [18, 25]. TIPE2 deficiency in
mice induces foetal inflammatory diseases, and TIPE2
downregulation in humans causes systemic autoimmunity
[18, 27]. Moreover, TIPE2, which contains a death effector
domain (DED) and is able to inhibit the activities of the
apoptotic enzymes caspase3 and caspase8, has also been
identified as an apoptosis regulator [28]. Sun et al. demon-
strated that the deletion of TIPE2 amplifies JNK and p38

Fig. 3. Pulmonary vascular permeability and neutrophils infiltration into the lungs during ALI. a LungW/D ratio. b BALF protein concentration. c PMNs/
total cells in BALF. d Lung MPO activity. The data are presented as means ± SEM, n = 8/group, *P < 0.05 versus sham group; #P < 0.05 versus CLP group;
$P < 0.05 versus TIPE2 + CLP group; +P < 0.05 versus CLP +DEX group.
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MAPK phosphorylation and NF-κB activation, suggesting
that TIPE2 is a negative regulator of these signalling path-
ways [18].

DEX has been shown to have a beneficial effect on
acute lung injury [29]. Hu and colleagues observed that
DEX can mitigate CLP-stimulated ALI, and potentially
through the reduced the activation of NF-κB and MAPK
[24]. However, to date, whether TIPE2 participates in the
protective effect of DEX against ALI has not been
elucidated.

In the current study, we used CLP to induce sepsis and
ALI in mice. CLP-induced sepsis is a commonly used
animal model that has high clinical relevance to humans,
not only because it is reproducible and comparable to
surgical sepsis in patients but also because CLP can induce
apoptosis of selected cell types and host immune responses
that seem to mimic those in human sepsis [30, 31]. In our
study, we found that ALI, which was characterized by

pathological changes in lung tissue, increased lung water
content, the infiltration of inflammatory cells and pulmo-
nary dysfunction, was present 24 h after CLP. However,
AAV-TIPE2 administration and DEX treatment markedly
reduced CLP-induced lung injury. More importantly, we
found that treatment with AAV-TIPE2 or DEX significant-
ly improved the survival of mice after CLP.

The characteristics of typical ALI are complicated
and include the widespread destruction of alveolar epithe-
lium, alveolar haemorrhage, increased lung vascular per-
meability, PMN infiltration and severe histological damage
[32, 33]. Our study showed that AAV-TIPE2 and DEX
attenuated the histopathological damage of ALI, including
edema, haemorrhage, alveolar wall thickness and PMN
recruitment into the lungs of mice after CLP. In ALI,
neutrophils significantly contribute to the progression of
the host’s inflammatory defence [34, 35]. Neutrophils mi-
gra te in to the pulmonary alveol i and release

Fig. 4. Arterial blood gas analysis at 24 h after CLP surgery. a pH. b PaO2. c PaO2/FiO2. d PaCO2. The data are presented as means ± SEM. n = 8/group,
*P < 0.05 versus sham group; #P < 0.05 versus CLP group; $P < 0.05 versus TIPE2 + CLP group; +P < 0.05 versus CLP +DEX group.
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proinflammatory cytokines, subsequently damaging pul-
monary microvascular endothelial cells [36, 37]. When
neutrophils are activated, MPO, which is highly expressed
in neutrophils and haemoglobin, can be released into
phagosomes and the extracellular matrix. Consequently,
the immune activity of MPO may reflect the degree of
vascular injury and neutrophil infiltration [38]. The results
of our present study showed that the number of PMNs and
MPO activity were lower in the AAV-TIPE2 + CLP and
CLP +DEX groups than in the CLP group, and the number
of PMNs and MPO activity in the combination treatment
group were lowest. These findings suggest that TIPE2
overexpression and DEX leads to reduced inflammatory
responses in the lungs.

It is believed that NF-κB is a pivotal transcription
factor doe the expression of several harmful genes respon-
sible for the pathophysiology of sepsis-induced ALI [39].
When activated, NF-κB p65 translocates into the nucleus

where it triggers the transcription of inflammatory cyto-
kines, such as TNF-α, IL-6 and IL-1β [40]. The inactiva-
tion of NF-κB p65 inhibits inflammation-induced inflam-
matory cell infiltration, edema and proinflammatory cyto-
kine production in the lungs [41]. In the current study, both
TIPE2 overexpression and DEX treatment significantly
inhibited the levels of TNF-α, IL-6 and IL-1β in the BALF
induced by CLP and concomitantly decreased NF-κB ac-
tivation, as evidenced by decreased levels of nuclear NF-
κB p65 in the lung. Therefore, the inhibitory effect of
TIPE2 overexpression and DEX on CLP-increased levels
of proinflammatory cytokines may be ascribed to the sup-
pression of NF-κB activation.

Pulmonary cell apoptosis also plays a critical role in
the pathogenesis of ALI [42]. Evidence implicates in-
creased epithelial/endothelial cell apoptosis in the patho-
genesis of ALI. In addition, several studies have shown
that ALI is associated with increased cell death in critically

Fig. 5. Levels of a TNF-α, b IL-6 and c IL-1β in BALF are presented in mice following sham procedure or CLP surgery at 24 h. The data are presented as
means ± SEM, n = 8/group, *P < 0.05 versus sham group; #P < 0.05 versus CLP group; $P < 0.05 versus TIPE2 + CLP group; +P < 0.05 versus CLP +DEX
group.
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Fig. 6. Protein expression of Bcl-2, Bax, cleaved caspase-3, cleaved caspase-9, JNK, p-JNK, TIPE2 and nuclear NF-κB p65 in lung tissues collected at 24h
after sham procedure or CLP surgery. a Western blotting analysis of protein expression of Bcl-2, Bax, cleaved caspase-3, cleaved caspase-9, JNK, p-JNK,
TIPE2 and nuclear NF-κB p65; b–h The relative ratio of protein expression. The data are presented as means ± SEM, n = 8/group, *P < 0.05 versus sham
group; #P < 0.05 versus CLP group; $P < 0.05 versus TIPE2 + CLP group; +P < 0.05 versus CLP +DEX group.

Protective Effect of DEX on ALI via the Upregulation of TIPE2 in Septic Mice 843



ill patients [43, 44]. Caspase-3 plays a key role in
apoptotic cell death [45], and our present study re-
vealed a significant increase in the level of cleaved
caspase-3 after CLP surgery, indicating increased cell
apoptosis in the lungs. MAPK family molecules are
important regulators involved in the production of cy-
tokines and mediators associated with the pathogenesis
of inflammatory processes [46]. JNK, a member of the
MAPK family, has been implicated in many cellular
events, including apoptosis [47]. A variety of stress
signals, such as cytokines and inflammation, can trig-
ger JNK phosphorylation, which subsequently medi-
ates the phosphorylation of anti-apoptotic proteins
(Bcl-2/Bcl-xL) and upregulates pro-apoptotic Bax
[48]. When the Bax to Bcl-2 ratio elevates, the mito-
chondrial membrane potential changes, causing the
release of cytochrome C from mitochondria into the
cytosol [49], resulting in the activation of caspase 9
and then caspase 3 to induce apoptosis [50]. In the
current study, we found that AAV-TIPE2 and DEX
remarkably inhibited the expression of pro-apoptotic
proteins (Bax, cleaved caspase-9 and cleaved caspase-
3) and JNK phosphorylation induced by CLP and
restored the expression of the anti-apoptotic protein
Bcl-2. These findings suggest that the inhibitory effect
of TIPE2 overexpression and DEX on CLP-induced
cell apoptosis may be attributed to the suppression of
JNK activation. Moreover, Western blotting results re-
vealed that the TIPE2 protein expression level was
significantly decreased after CLP challenge; however,
DEX treatment increased the TIPE2 level compared
with that in the CLP group.

A limitation of our current study is that it focused on
the first 24 h after CLP, and the question of whether DEX
or AAV-TIPE2 exert similar beneficial effects at other
times remains to be explored. As severe sepsis occurs
24 h after CLP surgery, we chose this time point to assess
ALI, but further studies may need to be performed at other
times.

In conclusion, our study demonstrated that TIPE2
expression was significantly decreased in lung tissues in
ALI mice after CLP challenge. Moreover, both adeno-
associated virus-mediated TIPE2 overexpression and
DEX treatment remarkably inhibited inflammation and cell
apoptosis induced by CLP. We have also provided evi-
dence that the anti-inflammatory and anti-apoptotic effects
of DEX might at least partly involve the upregulation of
TIPE2 and the inhibition of the NF-κB and JNK signalling
pathways. Therefore, our results indicate that DEX might

be useful as a potential therapeutic target for sepsis-induced
ALI.
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