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Background: Sepsis is among the major antecedents of lung injury characterized by mitochondrial dysfunction. The func-
tional integrity of the cell is influenced by mitochondrial dynamics. The present investigation evaluated the
protective effects of dexmedetomidine against lung injury and speculates on the possible mechanism under-
lying its effects on mitochondrial function.

Material/Methods: Lung injury was induced by cecal ligation and puncture (CLP) in mice treated with 0.1, 0.3, or 0.5 mg/kg intra-
venous dexmedetomidine after a 30-minute surgery. The effects of dexmedetomidine were determined by the
oxygenation index and the wet/dry weight ratio of the lung. The expression of mitochondrial protein was as-
sessed by western blot analyses and real-time polymerase chain reaction, to determine the effects of dexme-
detomidine on mitochondrial dynamics. The histopathology of the lung tissue was determined by hematoxylin
and eosin staining, and TUNEL-positive cells were counted in TUNEL assays. Activity of caspase-3, caspase-8,
and caspase-9 enzymes were determined by colorimetric assay.

Results: Treatment with dexmedetomidine significantly attenuated changes in the oxygenation index and the wet/dry
weight ratio in mice with CLP-induced lung injury. There was a significant decrease in pro-inflammatory medi-
ators and markers of oxidative stress in the lung tissue of the dexmedetomidine-treated group compared to
the negative control group. Moreover, treatment with dexmedetomidine attenuated the altered gene expres-
sion caused by mitochondrial fusion and fission in the lung tissue of mice with CLP-induced lung injury. The
number of TUNEL-positive cells was significantly reduced in the dexmedetomidine-treated group compared
to the negative control group. Moreover, dexmedetomidine ameliorated the altered activity of caspase-3, cas-
pase-8, and caspase-9 enzyme in the lung tissues of CLP-induced lung injure mice.

Conclusions: Dexmedetomidine protected mice against CLP-induced lung injury by attenuating changes in mitochondrial fu-
sion and fission.
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Material and Methods

Sepsis is a systemic inflammation that causes multiple or-
gan dysfunction, including lung injury [1]. The mortality rate
of sepsis is high and clinical management of the condition is
challenging [2]. Type | alveolar epithelial cells are destroyed
by inflammation; the exact pathogenesis of this phenomenon
is unknown, but the literature shows that the generation of
reactive oxygen species (ROS) is enhanced in sepsis, leading
to lung injury [3]. ROS are abundant in the mitochondria and
their activation leads to mitochondrial damage due to oxida-
tive stress [4].

Dysfunction of the mitochondria is a major factor contributing
to lung injury. Several studies have reported that cellular func-
tion is maintained under conditions of environmental or met-
abolic stress by mitochondria, via delicate fission and fusion
cycles [5]. Mitofusins 1 and 2 (Mfn1 and Mfn2, respectively)
in the outer membrane of mitochondria, and optic atrophy 1
(OPA1) in the inner membrane, maintain fusion [6]. Fission be-
gins with the recruitment of dynamin-related protein 1 (Drp1)
from cytosol by mitochondria [7]. Cellular integrity is main-
tained by the dynamic behavior of mitochondria, changes lead
to several pathological processes such as neuronal injury, isch-
emia-reperfusion, and cellular injury [8]. The mitochondrial re-
spiratory control ratio decreases when there is mitochondrial
dysfunction, resulting in sepsis-induced organ failure. Thus,
maintaining an appropriate balance between fusion and fis-
sion protects against oxidative damage in cases of sepsis-in-
duced lung injury.

Dexmedetomidine is a a,-adrenergic agent used in the intensive
care unit [9]. Clinically, it is used as an analgesic and sedative,
and shows cardioprotective and antioxidant activity [10-13].
Moreover, in mechanically ventilated patients, it recovers re-
spiratory function [14]. It is also used as a pre-anesthetic an-
tioxidant medication, reducing the concentration of cytokines
in renal tissues [15], and also it attenuates the lung injury in-
duced by lipopolysaccharide, ischemia-reperfusion, and venti-
lation in animal models [16]. Dexmedetomidine has also been
shown to reduce oxidative stress and apoptosis injured lung
tissues [17]. Moreover, it decreases pulmonary tissue fibrosis
in rats after acute lung injury [18] and protects against endo-
toxin-induced lung injury by attenuating the acid-base imbal-
ance [19]. We evaluated the protective effects of dexmedeto-
midine against sepsis-induced lung injury and investigated the
molecular mechanism of action.

Animals

Male albino mice (weight, 20-25 g) were procured from Vital
River Laboratories Ltd. (Beijing, China). Animals were main-
tained under standard conditions (humidity, 60+5%; temper-
ature, 26+2°C) with a 12: 12 hour light-dark cycle. The study
protocol was approved by the Ethics Committee of The First
Affiliated Hospital of Fujian Medical University, Fujian, China
(approval no. IACUC/FAH-FMU/2017/04). The guidelines of the
Association for the Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) for animal experimenta-
tion were followed.

Chemicals

Dexmedetomidine was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Manganese superoxide dismutase (MnSOD), Ca,*-
ATPase, Na*K*-ATPase, and malondialdehyde (MDA) kits were
from Nanjing Jiancheng Biochemistry (Nanjing, China). Fission
protein 1 (Fis1), Drp1, Mfn2, Mfn1, OPA1, and B-actin antibod-
ies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Enzyme-linked immunosorbent assay (ELISA) kits for interleu-
kin (IL)-6, IL-1B, and tumor necrosis factor-alpha (TNF-o) were
from Abcam (Cambridge, UK). Caspase-3, caspase-8, and cas-
pase-9 assay kits were procured from R&D Systems, Germany.

Experimental

Lung injury was induced in all animals by sepsis via cecal liga-
tion and puncture (CLP) as previously described [20]. All mice
were fasted overnight and anesthetized using pentobarbital
(30 mg/kg, intraperitoneal). The cecum was exposed to per-
form laparotomy and an 18-gauge needle was used to puncture
the area below the ileocecal valve twice, to ligate the cecum;
then the abdominal cavity was closed. In the sham-operated
group, only a laparotomy was performed, without ligation of
the cecum. All animals were classified into 5 groups: controls,
negative control group 0.1 mg/kg intravenous dexmedetomi-
dine group, 0.3 mg/kg intravenous dexmedetomidine group,
and 0.5 mg/kg intravenous dexmedetomidine group (where dex-
medetomidine was administered after the 30-minute surgery).

Arterial partial pressure of oxygen to fraction of inspired
oxygen (Pa0,/Fi0,) ratio

All animals were anesthetized at 1 day after CLP. A 20-gauge
catheter was used for endotracheal intubation and pure ox-
ygen (7 mL/kg) was given by mechanical ventilation. PaO,
analyses of arterial blood samples were performed using
a GEM Premier 3000 gas analyzer (Instrumentation Laboratory,
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Lexington, MA, USA) after ventilation for 15 minutes. The ox-
ygenation index was expressed as PaO,/FiO,.

Isolation of lung

All of the animals were sacrificed by cervical dislocation and
the lungs were isolated. Lobes were separated out from the
isolated left lungs and sections 5 um thick were prepared for
histochemical analyses. The right lung lobes were separated
out and homogenized with 0.9% saline solution for protein
extraction.

Histopathological analyses

All of the animals were sacrificed; the lungs were isolated and
fixed in formalin (10%) for 3 days. Slices of the pulmonary lobes
were seeded in paraffin, and a microtome was used to section
the lung tissues into 5 um slices. Hematoxylin and eosin (H&E)
staining was used to stain the lung tissue sections: several
changes were noted such as infiltration of inflammatory cells,
necrosis, interstitial edema, and hemorrhage. Each parameter
was evaluated on a 0 to 3 point scale, where O=normal (ab-
sence of pathology; <5% of maximum pathology), 1=mild pa-
thology (<10% of maximum), 2=moderate pathology (15-20%
of maximum), and 3=severe pathology (>20% of maximum).

Estimation of mitochondrial MDA content and MnSOD,
Ca,*-ATPase, and Na*K*-ATPase activity

A mitochondrial fractionation kit was used for the extraction
of mitochondria and a protein assay kit (Bio-Rad, Hercules, CA,
USA) was used to determine the mitochondrial protein con-
tent. The MnSOD, Ca,*-ATPase, and Na*K*-ATPase activity in
mitochondria in lung tissue, and the mitochondrial MDA con-
tent, were measured using a spectrophotometer. The manu-
facturer’s instructions were followed for all kits to determine
protein expression.

Real-time polymerase chain reaction (RT-PCR)

All animals were sacrificed, and lung tissues were isolated.
TransZol reagent was used for isolation of total RNA from the
lung tissue and a cDNA synthesis kit (Beyotime, Shanghai,
China) was used to synthesize the first-strand cDNA, as per
the manufacturer’s instructions. The RT-PCR was performed
to determine the messenger RNA (mRNA) level of fission- and
fusion-related genes, using a SYBR Premix Ex Taq kit (Takara
Bio Inc., Shiga, Japan). An iCycler iQ Real-Time PCR Detection
System (Bio-Rad) was used for PCR amplification with 20 pL
reaction solution containing cDNA (1 pL), reverse and forward
primers (1 uL), SYBR Premix Ex Taq (10 pL), and ddH,O (7 pL).
Thermal cycling, including denaturation, was performed for
30 seconds at 95°C, and thereafter for 20 seconds at 94°C
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(40 cycles). Fis1, Drp1, OPA1, and actin were assessed at 55°C,
and Mfnl and Mfn2 were evaluated at 60°C for 20 seconds.
The mRNA signal was estimated for quantification of the rel-
ative expression of the target genes, with actin used as an in-
ternal control. In all samples, the target gene copy number/
actin mRNA ratio was determined.

Gene

Primer were as follows:

Drp1: forward primer 5’-CGTAGTGGGAACTCAGAGCA-3’;
products: reverse primer 5-TGGACCAGCTGCAGAATAAG-3'.
Fis1: forward primer 5’-AAATGATGCTACGCAGGCTT-3’;
products: reverse primer 5’- CCTGGACCATGACCAAGTTT-3'".
OPAT1: forward primer 5’-CAGCTGGCAGAAGATCTCAAG-3’;
products: reverse primer 5’- CATGAGCAGGATTTTGACACC-3".
Actin: forward primer 5’-CCTCTATGCCAACACAGTGC-3’;
products: reverse primer 5’-ATACTCCTGCTTGCTGATCC-3'.

Western blot

Proteins from the mitochondria of lung tissue were extracted
as per the manufacturer’s instructions using a mitochondrial
protein extraction kit (Beyotime). The Bradford protein assay
was performed to determine the protein levels of mitochon-
drial Fis1, Drp1, Mfn2, Mfn1, OPA1, and B-actin. Polyclonal an-
tibodies such as Fis1 (dilution ratio, 1: 50), Drp1 (dilution ra-
tio, 1: 50), Mfn2 (dilution ratio, 1: 100), Mfn1 (dilution ratio,
1: 100), OPA1 (dilution ratio, 1: 50), and B-actin (dilution ra-
tio, 1: 1000) were incubated overnight at 4°C with phosphate-
buffered saline and bovine serum albumin. Further secondary
antibodies were incubated at room temperature for 90 min-
utes. The Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE, USA) was used to quantify band density.

Determination of pro-inflammatory mediators

An ELISA assay was used to measure serum levels of IL-6, IL-1J,
and TNF-a, as per the manufacturer’s instructions. A nitrite/ni-
trate colorimetric assay kit (Cayman Chemical Inc., Ann Arbor,
MI, USA) was used to estimate the level of nitrite in the se-
rum of the mice.

Determination of activity of caspase-3, caspase-8, and
caspase-9 enzyme

Colorimetric assay was done for the estimation of activity of
caspase-3, caspase-8, and caspase-9 in the lung tissue homog-
enate by using Colorimetric Activity assay kit. CaspACE assay
system was used for the determination of activity of caspase-3,
caspase-8, and caspase-9 enzymes as per the directions given
by the manufacturer of kits.
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Figure 1. Dexmedetomidine attenuates changes in the oxygenation index and the wet/dry weight ratio in mice with cecal ligation and
puncture (CLP)-induced lung injury. Data are means +SEMs (N=10); #* P<0.01 versus control group; * P<0.05, ** P<0.01 versus

negative control group.

TUNEL assay

A DeadEnd Fluorometric TUNEL System (Promega, Madison,
W1, USA) was used to perform the TUNEL assay on the isolated
lung tissue, following the manufacturer’s instructions. Nuclear
staining of lung tissue was performed using Hoechst 33258 dye
and a confocal laser fluorescence microscope. TUNEL-positive
cells were observed by 2 blinded pathologists.

Statistical analyses

All data are expressed as means +SEMs (N=10). One-way
ANOVA was performed using GraphPad Prism software (ver.
6.1; GraphPad Software Inc., San Diego, CA, USA). Post hoc
comparisons of means were carried out using Dunnett’s post
hoc test. The level of statistical significance was set at P<0.05.

Results

Dexmedetomidine reduced the oxygenation index

In mice with CLP-induced lung injury, the wet/dry weight ratio
was significantly enhanced, and the oxygenation index was
significantly reduced in negative controls compared to controls
(Figure 1). However, treatment with dexmedetomidine signif-
icantly attenuated changes in the oxygenation index and the
wet/dry weight ratio.

Histopathology of lung tissue: effects of dexmedetomidine

The effects of dexmedetomidine on the histopathological find-
ings of mice with CLP-induced lung tissue injury are shown in
Figure 2. The lung injury scores, encompassing hemorrhage, ne-
crosis, edema, and neutrophil count, were significantly higher

in negative controls than in controls. There was also a signif-
icant decrease in the lung injury score of the dexmedetomi-
dine-treated group compared to negative controls.

Dexmedetomidine attenuated mitochondrial MDA
expression and MnSOD, Ca,*-ATPase, and Na*K*-ATPase
activity

Figure 3 shows the effects of dexmedetomidine on mitochondrial
MDA expression and MnSOD, Ca,*-ATPase, and Na*K*-ATPase
activity in the lung tissue of mice with CLP-induced lung injury
mice. There was a significant increase in the concentration
of mitochondrial MDA in negative controls compared to con-
trols. Moreover, the MnSOD activity was significantly reduced
(P<0.01), and the activity of Ca,*-ATPase and Na*K*-ATPase
were significantly enhanced in the lung tissue of negative
controls compared to controls. However, treatment with dex-
medetomidine attenuated changes in mitochondrial MDA ex-
pression and MnSOD, Ca,*-ATPase, and Na*K*-ATPase activity.

Dexmedetomidine reduced mRNA expression of Fis1, Drp1,
OPA1, Mfnl, and Mfn2

Figure 4 shows the effects of dexmedetomidine on the mRNA
expression levels of Fis1, Drp1, OPA1, Mfn1, and Mfn2 in lung
tissue of mice with CLP-induced lung injury, as revealed by RT-
PCR. There was a significant decrease in the mRNA expression
levels of Fis1, Mfn1, and Mfn2 (P<0.01), and an increase in the
mRNA expression of OPA1 and Drp1 in lung tissues in nega-
tive controls compared to controls. However, treatment with
dexmedetomidine significantly attenuated changes in the ex-
pression of Fis1, Drp1, OPA1, Mfn1, and Mfn2.
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Figure 2. Dexmedetomidine attenuates altered lung histopathology in mice with CLP-induced lung injury. I. Histopathology of lung
tissue: results of hematoxylin and eosin staining (100x): A) control, B) negative control, C) dexmedetomidine 0.1 mg/kg,
D) dexmedetomidine 0.3 mg/kg, E) dexmedetomidine 0.5 mg/kg. Il. Lung injury scores. Data are means +SEMs (N=10);
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Figure 3. Dexmedetomidine attenuates mitochondrial malondialdehyde (MDA) and manganese superoxide dismutase (MnSOD),
Ca,*-ATPase, and Na*K*-ATPase activity in lung tissues of mice with CLP-induced lung injury. Data are means +SEMs (N=10);
## P<0.01 versus control group; * P<0.05; ** P<0.01 versus negative control group.
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Figure 4. Dexmedetomidine attenuates messenger RNA (mRNA)
expression levels of fission protein 1 (Fis1), dynamin-
related protein-1 (Drp1), optic atrophy 1 (OPA1),
mitofusin 1 (Mfn1), and mitofusin 2 (Mfn2) in lung
tissues of mice with CLP-induced lung injury: Results of
real-time polymerase chain reaction (RT-PCR). Data are
means +SEMs (N=10); * P<0.01 versus control group;

* P<0.05; ** P<0.01 versus negative control group.

Dexmedetomidine reduced the expression of Fis1, Drp1,
OPA1, Mfnl, and Mfn2

Figure 5 shows the effects of dexmedetomidine on the mRNA
expression levels of Fis1, Drp1, OPA1, Mfn1, and Mfn2 in lung
tissue of mice with CLP-induced lung injury as revealed by west-
ern blot assays. Treatment with dexmedetomidine attenuated

ANIMAL STUDY

the expression of Fis1, Drpl, OPA1, Mfn1, and Mfn2 in lung
tissues of mice with CLP-induced lung injury.

Dexmedetomidine reduced the expression of pro-
inflammatory mediators

Figure 6 shows the effects of dexmedetomidine on TNF-q,
IL-6, and IL-1B concentrations in lung tissues of mice with
CLP-induced lung injury. The expression levels of TNF-a, IL-6,
and IL-1p were significantly higher in negative controls than
in controls. There was a significant decrease in the concentra-
tions of TNF-q, IL-6, and IL-1f in lung tissues of dexmedetomi-
dine-treated animals compared to negative controls (P<0.01).

Dexmedetomidine attenuated TUNEL-positive cells

Figure 7 shows the effects of dexmedetomidine on the number
of TUNEL-positive cells in mice with CLP-induced lung injury,
as revealed by TUNEL assays. The number of TUNEL-positive
cells was significantly increased in lung tissues of negative
controls compared to controls (P<0.01). However, treatment
with dexmedetomidine significantly decreased the number of
TUNEL-positive cells compared to negative controls (P<0.01).

Dexmedetomidine attenuated the altered activity of
caspase-3, caspase-8, and caspase-9 enzymes

Effect of dexmedetomidine on the activity of caspase-3, cas-
pase-8, and caspase-9 enzymes in the lung tissues homoge-
nate of CLP-induced lung injured mice was shown in Figure 8.
There was significant enhancement in the activity of caspase-3,
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Figure 5. Dexmedetomidine attenuates the expression of Fis1, Drp1, OPA1, Mfn1, and Mfn2 in lung tissues of mice with CLP-induced
lung injury: Results of western blot assay. Data are means +SEMs (N=10); # P<0.01 versus control group; * P<0.05; ** P<0.01

versus negative control group.
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caspase-8, and caspase-9 enzymes in the lung tissues of nega-
tive control group than control group of mice. However, treat-
ment with dexmedetomidine ameliorates the altered activity
of caspase-3, caspase-8, and caspase-9 enzymes than nega-
tive control group of mice.

Discussion

This study evaluated the effects of dexmedetomidine on lung
injury and investigated the possible molecular mechanism
of action. Lung injury was induced by CLP and the effects of
dexmedetomidine on lung injury were estimated by refer-
ence to the oxygenation index and the wet/dry weight ratio of
the lung. The expression of mitochondrial protein was deter-
mined by western blot assays, and RT-PCR was used to assess
the effects of dexmedetomidine on mitochondrial dynamics.
Histopathological analyses of lung tissue were performed
using H&E staining and TUNEL-positive cells were counted
in TUNEL assays.

Mitochondria are normally subject to fusion and fission, where
both of these processes are mediated by guanosine triphospha-
tases. In sepsis-induced lung injury, the balance between mito-
chondrial fusion and fission is disturbed, which results in the
induction of cellular apoptosis. Several factors, such as oxida-
tive stress and inflammation, contribute to an imbalance in mi-
tochondrial function. The present study revealed that treatment
with dexmedetomidine ameliorated CLP-induced lung injury.

Sepsis is among the causes of lung injury and has a high mor-
tality rate. Meanwhile, inflammation and oxidative stress can
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with CLP-induced lung injury.
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metabolism, and energy production [24]. Mitochondrial dys-
function results in injury to all tissues. In a previous study, mito-
chondrial fusion promoted the expression of OPA1 in the inner
membrane, and Mfn1 and MFn2 [25]. Treatment with dexme-
detomidine significantly attenuated OPA1, Mfn1, and Mfn2 ex-
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Conclusions

Dexmedetomidine protects against CLP-induced lung injury
in mice by attenuating mitochondrial damage. Specifically,
it attenuates mitochondrial fusion and fission by decreasing
the level of proinflammatory mediators and oxidative stress
in lung tissue.
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