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Dexmedetomidine protects against endothelial injury in
septic rats induced by cecal ligation and puncture
by decreasing angiopoietin 2 and increasing
vascular endothelial cadherin levels
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Abstract. The aim of the present study was to investigate the
protective effect of dexmedetomidine (Dex) on endothelial
injury in a cecal ligation and puncture (CLP)-induced rat model
of sepsis. A total of 36 male Sprague-Dawley rats were divided
into three groups: Sham, CLP and CLP + Dex. The wet/dry
(W/D) ratio of lung weight, hematoxylin and eosin (H&E)
staining of lung tissue, plasma levels of angiopoietin (Ang)l
and 2, ratio of Ang2/1 and vascular endothelial (VE)-cadherin
protein expression levels in lung tissue were determined. The
W/D ratio of lung tissue in the CLP + Dex group was signifi-
cantly lower than that in the CLP group (P<0.01). The H&E
staining results indicated that Dex treatment reduced the levels
of CLP-induced alveolar septum widening, infiltrating white
blood cells and congestion, when compared with CLP alone.
In addition, the expression levels of plasma Ang2 and the
Ang?2/1 ratio in the CLP + Dex group were significantly lower
than those of the CLP rats (P<0.01). Furthermore, the level of
VE-cadherin protein in lung tissue of the CLP + Dex group
was higher than that of the CLP group (P<0.05). The results
indicated that Dex had a protective effect against CLP-induced
endothelial injury, through the ability to reduce expression of
the endothelial injury factor Ang2 and increase the expression
of the endothelial adhesion junction factor VE-cadherin in a
septic rat model. These data suggest a potential application of
Dex in the clinical treatment of sepsis.
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Introduction

Sepsis is a systemic inflammatory response syndrome caused
by bacterial infection and a life-threatening organ dysfunc-
tion syndrome. Globally, there are more than 18 million
cases of sepsis every year. Despite considerable progress in
anti-infection therapy and organ function support technology,
the mortality rate of sepsis remains as high as 30-70%.
Approximately 14,000 individuals die from complications of
sepsis worldwide every day and it is estimated that 215,000
individuals die in the United States every year (1). Statistical
data from the United States indicate that the mortality rate of
sepsis has exceeded that of ST-segment elevation myocardial
infarction and has become the main cause of death in
noncardiac patients in hospital intensive care units (2).

The underlying mechanism of sepsis is believed to
involve complex systemic inflammatory network effects,
gene polymorphisms, immune dysfunction, abnormal
coagulation function, tissue damage and abnormal reactions
of the host to pathogenic microorganisms and toxins from
various infections. Under homeostatic conditions, the vascular
endothelium can balance the levels of inflammatory mediators,
the innate immune system and the coagulation system to
coordinate the response to inflammation in the process of
systemic inflammation, such as septic shock (3). However,
once endothelial dysfunction is induced by sepsis, homeostasis
imbalance, vascular reactivity changes and tissue edema may
occur (4). Radeva and Waschke (5) demonstrated that inflam-
matory mediators could inhibit the signal transduction of the
cAMP/Ras-related C3 botulinum toxin substrate 1 pathway
and activate the Ras homolog family member A signaling
pathway, leading to endocytosis, phosphorylation of endothe-
lial adhesion junction proteins and depolymerization of tight
junctions, eventually causing the destruction of the endo-
thelial barrier. Moreover, Millar et al (6) established that the
pulmonary vascular endothelium is a key regulator and coor-
dinator of acute respiratory distress syndrome (ARDS). While
describing the pathophysiological changes of the endothelium
in patients with ARDS in detail, two potential signaling path-
ways for endothelial targeted therapy were explored: i) The
sphingosine-1-phosphate pathway; and ii) the angiopoietin
(Ang)-Angl receptor protein (Tie2) pathway (3). To the best
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of our knowledge, significant progress in the development of
targeted drug therapy against these signaling pathways has
notbeen made. Therefore, exploring new therapeutic methods
is the focus of current research.

Dexmedetomidine (Dex) is an agonist of the adrenergic
a, receptor. Clinically, Dex can decrease sympathetic tone;
therefore, it is used as a sedative and widely applied to
inhibit the release of norepinephrine, thus terminating the
propagation of pain signals (7). In addition to providing a good
sedative effect, preclinical and clinical studies suggest that
Dex has anti-inflammatory, antioxidative and stress control
effects (8-11). However, no study has focused on the effects of
Dex on endothelial damage in sepsis. In the present study, the
protective effects of Dex on vascular endothelial injury in a
cecal ligation and puncture (CLP)-induced rat model of sepsis
were explored through detection of the expression levels of
endothelial injury markers.

Materials and methods

Animals and group classification. A total of 36 male
Sprague-Dawley rats aged at 6 weeks, weighing 200-220 g,
were purchased from the Animal Laboratory of Daping
Hospital, Army Medical University. All the procedures in
the present study followed the principles of the International
Guidelines on Animal Welfare (12). The animal experiments
were approved by the Ethics Committee of Daping Hospital,
Army Medical University (Chongging, China).

The rats were randomly divided into three groups
(12 rats/group): the Sham group, the CLP group and the CLP
plus Dex intervention group (CLP + Dex group). Animals were
caged with free access to food and water and were maintained
under a 12-h light/dark cycle at a temperature of 22+1°C and a
humidity of 45%. All experimental rats were anesthetized by
intraperitoneal injection of 400 mg/kg (0.8 ml of 10%) chloral
hydrate (Shanghai Biochempartner) for CLP, sham operation,
exsanguination or sample collection. Following chloral hydrate
administration, no signs of peritonitis, pain or discomfort were
found.

Rat CLP model. The animal model of sepsis in rats was set
up according to the methods described by Rittirsch e al (13).
Briefly, after intraperitoneal injection of 400 mg/kg (0.8 ml
of 10%) chloral hydrate the rats were pinned on an operating
table and the skin of the mid-lower abdomen of the rats was
disinfected and incised. The cecum was found to the lower-left
of the incision, squeezed to the distal part of the cecum and
ligated at the distal end of the ileocecal base. The length of the
ligation was 50% of the total length of the cecum. The ligated
cecum was punctured with a needle on the side with less
vasculature between the ligation line and the midpoint of the
end of the cecum, and then some feces were squeezed out to
kept the puncture hole passable, as previously described (14).
The incision was finally closed and rinsed with saline to
prevent rat dehydration. The CLP model was deemed to be
accomplished with the manifesting signs of sepsis, including
hypothermia, tachycardia, tachypnea, absence of grooming
activities with resulting ruffled fur, reduced intake of food
and water, lethargic conditions, elevated wet/dry (W/D) ratio
of lung tissue and histological alterations. According to the
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Figure 1. W/D weight ratio of lung tissue. The W/D ratios of the sham, CLP
and Dex + CLP groups were measured. Each experiment was repeated six
times. *P<0.05, compared with the sham group. "P<0.05, compared with the
CLP group. CLP, cecal ligation and puncture; Dex, dexmedetomidine; W/D,
wet/dry.

methods described by Chen ez al (15) and Hu et al (9), the rats
in the CLP + Dex group were intraperitoneally injected with
Dex (10 ug/kg; Jiangsu Hengrui Pharmaceutical Co., Ltd.)
30 min prior to the operation. Another dose of Dex (10 ug/kg)
was administered 6 h after the operation. Meanwhile, the
rats in the sham and the CLP groups were intraperitoneally
injected with the equivalent volume of normal saline. In the
sham group, the abdominal cavity of the rats was opened, the
cecum kept outside of the abdominal cavity for 10 min and
then returned into the abdominal cavity, before the incision
was sutured layer by layer. The rats were then returned to their
cages and provided with water and standard chow ad libitum.
All rats were observed every 5 min for 12 h after the operation.
Euthanasia was implemented according to the following
symptoms indicating that the rats were moribund (16): Ruffled
fur and piloerection, few or no activities when provoked,
no response to touch stimuli, labored breathing with gasps
and mostly or completely closed eyes when provoked. The
surviving rats were injected intraperitoneally with 400 mg/kg
chloral hydrate (0.8 ml of 10%) at 12 h after the operation.
Blood samples (2.5 ml/rat) were collected from the abdominal
aorta and the rats were sacrificed by exsanguination, before
the lung samples were harvested for further analyses.

Plasma Angl and 2 detection with ELISA kits. Blood samples
(2.5 ml/rat) were collected from the rat abdominal aorta.
Plasma samples were obtained by collection of the superna-
tant from fresh blood after centrifugation at 7,000 x g and 4°C
for 10 min. The samples were frozen immediately at -80°C.
The Angl and 2 levels in the thawed plasma samples were
detected by a Rat Angl ELISA kit (cat. no. EK1295) and a Rat
Ang2 ELISA kit (cat. no. EK1574) (Wuhan Boster Biological
Technology, Ltd.).

Hematoxylin and eosin (H&E) staining. The upper lobe of the
right lung was fixed in 4% paraformaldehyde at 4°C for 24 h
and dehydrated stepwise with gradient alcohol concentrations,
washed with xylene, and embedded in paraffin. The lung tissue
was sectioned at a 5-uym thickness and stained with H&E as
previously described (17).
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Figure 2. Dex significantly reduces the CLP-induced pulmonary edema as determined by H&E staining of rat lung tissue. Representative images showing
the H&E staining of the upper lobe of right lung tissues of the rats in the sham, CLP and Dex + CLP groups. Arrows indicate the widened alveolar septum,
infiltrated white blood cells, exuded edema fluid, as well as congestion in the CLP-treated rats compared with the sham rats. These alterations were markedly
decreased in the Dex + CLP samples. CLP, cecal ligation and puncture; Dex, dexmedetomidine; H&E, hematoxylin and eosin.

W/D weight ratio of lung tissue. Rats were sacrificed 12 h after
the operation and the weight of the left lung tissue (wet weight)
was measured by an electronic balance. Subsequently, the lung
tissue was dried in an oven at 80°C for 48 h and the dry weight
was measured. The W/D weight ratio was calculated as an
index to indicate the degree of pulmonary edema.

Western blot analysis. The middle lobe of the rat right lung
was immediately frozen in liquid nitrogen. Lung samples
(~100 mg) were then homogenized in radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology)
containing protease inhibitors. Protein concentrations were
determined using BCA assay kits (Thermo Fisher Scientific,
Inc.; cat. no. 23227). For western blot analysis, samples
containing 25 ug of protein were loaded onto a 10% sodium
dodecyl sulfate-polyacrylamide gel, electrophoresed, trans-
ferred onto a polyvinylidene difluoride membrane, blocked at
room temperature for 60 min in 5% skim milk and treated with
primary antibodies against VE-cadherin (1:1,000 dilution)
or GAPDH (1:1,000 dilution) as a protein loading refer-
ence (Thermo Fisher Scientific, Inc.; cat. nos. 36-1900 and
MAS5-15738-BTIN, respectively) at room temperature for
2 h. After washing three times with Tris-buffered saline
containing Tween-20 (TBST), the membrane was incubated
with horseradish peroxidase-labeled secondary antibody
(Thermo Fisher Scientific, Inc.; cat. no. A27036; 1:5,000
dilution) at room temperature for 1 h, and washed again three
times with TBST. Finally, the probed protein was visualized
using enhanced chemiluminescence staining (BeyoECL Plus;
Beyotime Institute of Biotechnology) on an Odyssey® CLx
Infrared Imaging System (LI-COR Biosciences). The results
were analyzed by densitometric measurement (ImageJ version
1.53a; National Institutes of Health) with a gel imager and
the relative expression of VE-cadherin was normalized to
GAPDH.

Statistical analysis. The experimental results were analyzed
by using SPSS software (version 24; IBM Corp.). Data are
presented as the mean + standard deviation. One-way analysis
of variance was used for multiple-group comparisons followed
by the Least Significant Difference post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Dex relieves CLP-induced symptoms. Among the model rats,
six from the CLP group and three from the CLP + Dex group
reached the humane endpoints of the study. These rats were
anesthetized by intraperitoneal injection of 400 mg/kg (0.8 ml
of 10%) chloral hydrate and sacrificed by exsanguination. All
rats in the sham group behaved normally when provoked, while
rats in the CLP + Dex group showed an improved appetite,
slightly ruffled fur, more active responses to auditory or touch
stimuli, fewer periods of labored breathing and wider opened
eyes than those of the CLP group (data not shown).

Dex prevents CLP-induced pulmonary edema. The W/D
lung weight ratio of lung tissue reflects the amount of lung
edema (18). To evaluate the protective effect of Dex on lung
tissue edema, the W/D ratio of the lung tissue in each group
was determined. The results indicated that the W/D ratio in
the CLP group was significantly higher than that in the sham
group (P<0.05); however, Dex treatment significantly reduced
the increased ratio due to CLP when compared with CLP
alone (P<0.05; Fig. 1).

To confirm the edema-protective activity of Dex
histologically, the lung tissues of each group were stained
with H&E. At 12 h after CLP, a widened alveolar septum, a
large number of infiltrating white blood cells and congestion
were clearly observed in the lung of the CLP group when
compared with the sham group. The infiltrating white blood
cells, widened alveolar septum and edema fluid and conges-
tion in the CLP + Dex group were less obvious than in the CLP
group (Fig. 2). These results indicated that CLP significantly
induced edema of the rat lung and that Dex protected against
CLP-induced pulmonary edema.

Dex pretreatment diminishes the CLP-induced increase in
the plasma Ang2 level and the Ang2/1 ratio. The plasma
Angl and 2 levels of the rats in the different groups were
investigated. At 12 h after CLP treatment, the plasma Angl
level in the CLP group was significantly lower than that in
the sham group (P<0.01); however, no significant difference
was found between the CLP and the CLP + Dex groups
(P=0.85). However, the CLP group exhibited significantly
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Figure 3. Dex significantly decreases the CLP-induced elevation of the plasma Ang?2 level and the Ang2/1 ratio. The plasma levels of Angl and 2 were detected
by the corresponding ELISA kits. The ratio of Ang2/1 was calculated based on the levels of Angl and 2. Each experiment was repeated six times. “P<0.01,
compared with the sham group; ®P<0.01, compared with the CLP group. Ang, angiopoietin; CLP, cecal ligation and puncture; Dex, dexmedetomidine.
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Figure 4. Dex alleviates the CLP-induced decrease in VE-cadherin protein
expression. Protein samples of the rat middle lobe of right lung tissue from
the sham, CLP and Dex + CLP groups were analyzed by western blotting
with VE-cadherin antibody. GAPDH was used as a protein loading reference.
The expression level of the protein was estimated by densitometry. The data
are from three independent assays. “P<0.05, compared with the sham group.
°P<0.05, compared with the CLP group. CLP, cecal ligation and puncture;
Dex, dexmedetomidine; VE-cadherin, vascular endothelial cadherin.

increased plasma Ang2 levels compared with those of the
sham group (P<0.01). The increase in plasma Ang2 induced
by CLP was reduced by pretreatment with Dex (P<0.01).
Moreover, the ratio of Ang2/1 in the CLP group was signifi-
cantly higher than that in the sham group (P<0.01) and that in
the CLP + Dex group was lower than that in the CLP group
(P<0.01). These data suggested that Dex may reverse the
CLP-induced elevation of Ang2 expression and the Ang2/1
ratio (Fig. 3).

Dex alleviates the CLP-induced decrease in VE-cadherin
protein expression in lung tissue. To investigate whether
VE-cadherin is involved in CLP-induced sepsis, the protein
level of VE-cadherin in the three groups was examined by
western blot analysis. In the CLP + Dex group the protein
expression of VE-cadherin in the lung tissue was significantly
lower than that of the sham group (P<0.05). In addition,
the level of VE-cadherin protein in the lung tissue of the

CLP + Dex group was significantly higher than that of the
CLP group (P<0.05; Fig. 4).

Discussion

To explore the complex molecular mechanism of sepsis,
numerous animal models have been developed so far. Among
these models, the most frequently applied one is the CLP
model in rodents, which typically presents with clinical
symptoms of sepsis and septic shock, including hypothermia,
tachycardia and shortness of breath (13). Buras et al (19)
reported that the CLP model is the ‘gold standard’ for labora-
tory sepsis research. In the present study, the advantages of
the methods performed by Rittirsch er al (13) and Liu ez al (14)
were combined to establish a CLP model that successfully
mimics typical symptoms of sepsis, such as hypothermia,
tachycardia, tachypnea, absence of grooming activities with
resulting ruffled fur, reduced intake of food and water and
lethargic conditions. The sepsis model used in the current
study was verified by the W/D lung weight ratio measurements
and H&E staining of lung tissue. The pathological alterations
found in the present study were the same as those described
by Li et al (10). This model provided a quick (12 h), simple,
inexpensive and reproducible method for the study of sepsis.
During the process of sepsis, an excessive immune response
involving the secretion of cytokines, chemokines and other
activated factors has a pronounced impact on the whole body
endothelium. The increased numbers of activated leukocytes
adhere to the endothelium to trigger endothelial coagulation
and destruction of the endothelial barrier. These alterations
eventually lead to extensive global tissue edema (6). Compared
with other tissues, there is a large amount of vasculature in
lung tissue, providing abundant vascular endothelium (6).
Therefore, the lung is severely affected by endothelial injury.
Damage to the pulmonary vascular endothelial tissue leads
to the accumulation of protein-rich fluid in the pulmonary
interstitium, infiltration of the fluid into the alveolar cavity
and eventually an imbalance of ventilation and blood flow (6).
These pathological alterations further decrease the arterial
oxygen partial pressure and pulmonary compliance, which
are the common pathological alterations of ARDS (3). The
present data supported these alterations and showed the signs
of pulmonary edema, including an increased W/D lung weight
ratio, widened pulmonary interstitium, and increased numbers
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of white and red blood cells, in the alveoli of CLP-induced
septic rats.

Dex is a highly selective a2 receptor agonist that is
widely used in the clinic. Its anti-inflammatory activity in
preclinical and clinical experiments has attracted the interest
of researchers (20). In addition to anti-inflammatory and anti-
oxidative stress activities, Yeh et al (21) found that Dex could
ameliorate the intestinal mucosa, seromuscular layer, aggre-
gated lymphoid nodules and small vessel perfusion, while it
reduced the endocan level and the destruction of tight junction
protein in endotoxemic rats induced by lipopolysaccharide.
Furthermore, the results of Miranda er al (22) suggested that
Dex could reduce the rolling and adhesion of leukocytes to
the endothelium in Syrian hamsters with endotoxemia as well
as improve the condition of capillary perfusion. The results
of the present study are consistent with the previous findings
that pretreatment with Dex could significantly decrease the
CLP-induced elevation of the W/D lung ratio. In addition, Dex
treatment reduced the CLP-induced widening of the alveolar
septum, infiltration of white blood cells, edema fluid exudation
and congestion in sepsis model rats. All of the above results
indicated that Dex may alleviate pulmonary edema through
protection of endothelial barrier integrity.

The dose of Dex used in the present study was chosen
according to previous studies (9,23,24). A pilot study using
Dex at a dose of 50 ug/kg was also conducted, but some rats
showed significantly decreased respiratory frequencies and
one of them manifested signs of hypoxia. Therefore, a dose of
10 ug/kg, at which all experimental rats showed no obvious side
effects, was chosen for the subsequent experiments. However,
10 pg/kg Dex surpasses the conventional dosage in clinical
situations (7). The equivalent dose between rats and patients
as well as the optimal dosage for critical patients should be
further investigated.

Angl is synthesized and secreted by cells around the
endothelium, while Ang2 is primarily produced by the
endothelium and stored in Weibel-Palade bodies. Angl acts
to stabilize endothelial adhesion through the Angl-Tie2
signaling pathway, thus protecting the endothelium. Once
inflammatory factors and other stimulatory molecules
appear, Ang2 is rapidly released from Weibel-Palade
bodies (25) to antagonize the anti-inflammatory effect of
Angl by competing with the Tie2 receptor, leading to endo-
thelial barrier destruction, activation of endothelial cells and
promotion of vascular inflammation (26). The Ang-Tie2 axis
is one of the most widely studied pathways in the field of
endothelial barrier function regulation. Elevation of Ang2
levels in plasma indicates progressive injury of endothelial
cells, which can predict mortality in sepsis-related ARDS
patients (26). In sepsis, ARDS, and related cases, the circu-
lating Angl level has been reported to be 2-3 times less
than normal levels; in contrast, the plasma Ang?2 levels are
increased by 5-20 times (27). Therefore, the ratio of Ang2/1
can better reflect the severity of endothelial damage than
either Angl or 2 alone. In addition, Han er al (28) found that
the circulating Ang?2 level reached a peak at 12 h after CLP
stimulation. Therefore, stimulation with CLP for 12 h was
carried out in order to investigate the effect of Dex on the
expression of Ang2 and 1 as well as the Ang2/1 ratio in sepsis
model rats in the present study. The results of the present study

demonstrated that CLP stimulation significantly elevated the
plasma Ang?2 level and the Ang2/1 ratio in sepsis model rats.
Dex successfully reduced the CLP-upregulated plasma Ang2
level and the Ang?2/1 ratio in sepsis model rats.

VE-cadherin is a key molecule in the adhesion junctions
between vascular endothelial cells (5). Angl can bind and
activate the Tie2 receptor to trigger downstream guanosine
triphosphatase to release phosphate, which stabilizes the
cellular barrier through upregulation of VE-cadherin in cellular
junctions (5). In the present study, the VE-cadherin levels in
the lung tissue of the rats pretreated with Dex were signifi-
cantly greater compared with the CLP group, which may be
caused by downregulation of Ang2 expression by Dex through
the Ang-Tie2-VE-cadherin signaling pathway. Although Dex
did not directly affect Angl expression compared with CLP
alone, the Ang?2/1 ratio in the CLP + Dex group was signifi-
cantly reduced. The reduced ratio of Ang2/1 may reduce the
phosphorylation and internalization of VE-cadherin through
the Angl-Tie2-VE-cadherin signaling pathway, ultimately
reducing the damage of the endothelial barrier function and
alleviating pulmonary edema.

In the present study, the plasma Ang?2 level in the CLP group
was not as high as reported previously by Ricciuto ez al (27).
The reason for this may be that rodents have a strong resistance
to bacteria (19); therefore, the vascular endothelial damage
by CLP is not as obvious as that in humans. Furthermore,
species differences may be involved in the differences as
well (29). Further determination of the suitable dosage of Dex
in rats and reasonable estimation of the equivalent dosage
among different species requires additional exploration.
The results of the present study suggest that Dex reduced
the Ang2/1 ratio by decreasing the Ang2 level, which may
trigger Ang-Tie2 signaling to affect VE-cadherin expression
and improve endothelial barrier function. Sepsis is a highly
heterogeneous disorder with a complex pathogenesis, and
endothelial injury in sepsis involves abnormalities of inflam-
mation (30), immunity (31), complement, coagulation (32), the
endothelial system and multiple signaling pathways (4). There
remain numerous regulatory factors and signaling pathways
upstream of VE-cadherin, which require further exploration
to verify whether Dex can play a role in other stable signaling
pathways of endothelial barrier function.

The present study explored the effects of Dex, a
high-affinity a-2 receptor agonist, on endothelial injury in a
CLP-induced sepsis model. The results demonstrated that Dex
attenuated the elevation of plasma Ang2 to reduce the ratio of
Ang2/1, which may have consequently mitigated the decrease
in the expression level of VE-cadherin. The present study had
certain limitations. The reasons why Dex reduced the plasma
Ang?2 level but did not have an impact on the Angl level were
not determined. Additionally, considering that other signaling
pathways contribute to the maintenance of endothelial func-
tion, further investigations are warranted to explore the specific
mechanisms.

The results of the present study suggested that Dex may
decrease CLP-induced upregulation of Ang2 expression and
increase the CLP-induced decrease of VE-cadherin expression
in a sepsis rat model, and protect against pulmonary edema.
These data provide molecular evidence to support the clinical
application of Dex for the treatment of sepsis.
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