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Dexmedetomidine attenuates airway inflammation and
oxidative stress in asthma via the Nrf2 signaling pathway

SHILIN XTAO, YING ZHOU, HUIBIN GAO and DONG YANG

Department of Anesthesiology, Plastic Surgery Hospital, Chinese Academy of Medical Sciences and
Peking Union Medical College, Beijing 100144, PR. China

Received June 30, 2022; Accepted October 11,2022

DOI: 10.3892/mmr.2022.12889

Abstract. Allergic asthma is a chronic inflammatory disease
in which oxidative stress serves a pivotal role. In clinical
practice, dexmedetomidine (DEX), an a-2-adrenergic receptor
agonist, is used as a sedative. DEX exhibits antioxidative and
organ-protective properties. In a murine model of asthma,
DEX has a therapeutic effect via the toll like receptor
4/NF-xB signaling pathway; however, whether DEX can exert
an antioxidative effect on asthma has yet to be elucidated. In
the present study, a T helper (Th)2-dominant murine asthma
model was established. DEX treatment significantly reduced
eosinophilic airway inflammation, mucus overproduction
and airway hyperresponsiveness, as well as the concentra-
tions of Th2 cytokines. The lung tissues of mice with asthma
were characterized by redox imbalance (increased oxidative
stress and impaired antioxidant capacity). DEX treatment
alleviated this imbalance by decreasing the levels of malo-
ndialdehyde and reactive oxygen species, and increasing the
levels of glutathione. Furthermore, the nuclear factor erythroid
2-related factor 2 (Nrf2) signaling pathway was inhibited in
the lung tissues of asthmatic mice; these effects were noted
in its downstream genes, heme oxygenase 1 and glutathione
peroxidase 4. In mice with asthma, DEX treatment induced
the expression of these antioxidant genes and the activation
of Nrf2, whereas ML385 (an inhibitor of Nrf2) partially
abrogated the antioxidative and therapeutic effects of DEX.
To the best of our knowledge, the present study is the first to
demonstrate the protective effect of DEX on Th2-dominant
asthma through the activation of the Nrf2 signaling pathway.
The results suggested that the antioxidative properties of DEX
could be beneficial in clinical application of DEX for the relief
of asthmatic symptoms.
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Introduction

Asthma has long been a global health issue, affecting approxi-
mately 262 million people in 2019 (1) and causing 455,000
mortalities (2). The established asthma risk factors (3)
includes air pollutants, allergens, microbial products and
obesity. According to the updated National Asthma Education
Prevention Program guidelines (4), the combination of inhaled
corticosteroids and long-acting [3-agonist is the current main-
stream asthma treatment. Asthma is a heterogeneous disease
with various phenotypes or endotypes, including eosinophilic
asthma and non-eosinophilic asthma (5). Eosinophilic airway
inflammation is a hallmark of allergic asthma; this type of
inflammation may explain the symptoms of asthma, including
airway hyperresponsiveness (AHR) (5), airway remodeling (5)
and mucus overproduction (6).

Oxidative stress is a cellular condition in which the
production of reactive oxygen species (ROS) exceeds the anti-
oxidant content of the cell (7). This process is known to serve
a major role in the pathogenesis and progression of asthma,
and although it is considered to be a significant part of the
inflammatory response, it can also stimulate inflammation in
asthma (8). The inflammatory cells, notably eosinophils, are
an important source of ROS following antigenic challenge;
excessive production of ROS can cause damage to the lipids,
proteins and DNA in cells (9). Increased ROS production is
closely related to a decrease in the forced expiratory volume
in 1 sec. It has also been reported that pulmonary function is
negatively related to oxidative stress markers and positively
related to serum antioxidant levels (10). The levels of antioxi-
dants, such as malondialdehyde (MDA), and oxidative stress
markers, such as reduced glutathione (GSH), have also been
reported to be linked to the severity of asthma (11).

The cellular antioxidant system, which maintains redox
homeostasis, consists of both enzymatic and non-enzymatic
antioxidants. The transcription factor nuclear factor erythroid
2-related factor (Nrf2) is crucial in ROS scavenging (12). As
a result of oxidative stress, Nrf?2 is dissociated from kelch-like
ECH-associated protein-1 (Keapl) and translocated to the
nucleus where it can activate >200 antioxidant genes. These
gene products are crucial for the antioxidant, anti-inflamma-
tory and cytoprotective functions of the cells (13). Superoxide
dismutase (SOD), heme oxygenase-1 (HO-1), quinone oxido-
reductase-1 and glutathione peroxidase (GPx) are the main
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antioxidant molecules. Accumulating evidence has demon-
strated the importance of the Nrf2 pathway in asthma, as
eosinophilic inflammation; AHR and inflammatory cytokine
production have been reported in Nrf2 knockout mice (14-16).

Dexmedetomidine (DEX) is a selective a2-adrenergic
receptor agonist, which is commonly used as a sedative
in clinical practice (17). Several studies have reported
organ-protective effects and anti-inflammatory effects of
DEX. For example, it has been reported that DEX attenu-
ates neuroinflammation (18), protects the lung from injury
induced by limb ischemia/reperfusion (19), protects hepatic
cells from oxygen-glucose deprivation/reperfusion injury (20)
and reduces the levels of proinflammatory mediators (IL-6,
TNF-a, IL-10 and IL-1) in an acute lung injury model
in vivo (21). Oxidative stress serves a major role in inducing
organ injury and inflammation, and the antioxidative effects of
DEX have also been reported by a number of studies (22-24).
Our previous study demonstrated that administration of DEX
could reduce airway eosinophilic inflammation, AHR and
mucus production in an ovalbumin (OVA)-induced murine
asthma model (25). In light of the potential role of oxidative
stress in the pathogenesis of asthma, it was hypothesized
that DEX could reduce the symptoms of allergic asthma by
decreasing oxidative stress. To evaluate this hypothesis, the
present study assessed the antioxidative effect of DEX on an
allergic murine asthma model.

Materials and methods

Animals. A total of 25 female Balb/c mice (age, 6-7 weeks;
weight, 15-20 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. The mice were
kept in the animal experimental center of the Plastic Surgery
Hospital Chinese Academy of Medical Sciences and Peking
Union Medical College (Beijing, China) under a controlled
temperature (25°C) and humidity (45-55%), with a 12-h
light-dark cycle. The mice were fed with sterilized food and
water ad libitum and were acclimated for 1 week prior to
the experiment. The protocol of the animal experiments was
approved by the Institutional Animal Care and Use Committee
of Plastic Surgery Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College [approval
no. 2022(201)].

Animal experiments. The mice were divided into five groups
(n=5) as follows: i) Control group; ii) OVA group; iii) DEX
group; iv) OVA + DEX group; and v) OVA + DEX + ML385
group. The protocol used for the OVA-induced murine asthma
model was described in our previous work (25). In brief, the
mice in the control group received an intraperitoneal (i.p.)
injection of 0.2 ml saline on days O, 7 and 14 for sensitiza-
tion, and were administered 30 yl saline intranasally for the
challenge on days 21-28. The mice in the DEX group were
sensitized with i.p. injection of 0.2 ml saline on days 0, 7 and
14, and received an i.p. injection of 30 ug/kg DEX 1 h prior
to intranasal administration of 30 ul saline on days 21-28. The
mice in the OVA, OVA + DEX and OVA + DEX + ML385
groups received an i.p. injection of 0.2 ml saline containing
100 ug OVA (cat.no. A5503; Sigma-Aldrich; Merck KGaA) and
10 mg aluminum hydroxide (cat. no. 239186; Sigma-Aldrich;

Merck KGaA) on days 0, 7 and 14 for sensitization. From
day 21 to 28, the mice in the OVA group were administered
30 ul saline containing 200 ug OVA intranasally for the chal-
lenge. The mice in the OVA + DEX group were injected i.p.
with 30 ug/kg DEX and were challenged with 30 ul saline
containing 200 ug OVA intranasally 1 h after DEX injection;
the mice in the OVA + DEX+ML385 group were injected i.p.
with 30 mg/kg ML385 working solution (cat. no. 846557-71-9;
MedChemExpress) 1 h prior to the i.p. injection of 30 ug/kg
DEX and were challenged with 30 gl saline containing 200 ug
OVA intranasally 1 h following DEX injection. The prepara-
tion method for the ML385 working solution was as follows:
ML385 was diluted with DMSO (cat. no. K91281; Beijing
Kerhui Technology Co.,Ltd.) and corn oil to a concentration of
2 mg/ml; the final concentration of DMSO was 1%. Following
the assessment of AHR, bronchoalveolar lavage fluid (BALF)
was collected on day 29 for subsequent analysis.

Assessment of AHR. The respiratory resistance (Rrs) (cm
H,0.s/ml) was assessed for the mice in each group using a
flexiVent lung function system (SCIREQ) 24 h following the
last challenge. Prior to the tracheotomy and intubation, the
mice were i.p. anesthetized with 2% pentobarbital sodium
(50 mg/kg). Following intubation, the mice were fixed to a plat-
form and allowed to inhale aerosolized methacholine (Mch) at
different concentrations (0, 6, 12, 24 and 48 mg/ml) through
the tube for 6 min. The results presented for the different
concentrations of Mch inhaled by each mouse comprised the
mean absolute value of the data collected during the 6 min
period.

Analysis of BALF. Immediately following AHR assessment,
the mice were euthanized by i.p. injection of 2% pentobarbital
sodium (100 mg/kg); the mice were considered to be at a
terminally-anesthetized state when they stopped breathing, the
heart stopped beating and they did not response to stimuli (26).
Subsequently, a tube was inserted into the trachea of each
mouse for lung lavage. The lungs were lavaged three times
using 0.8 ml Dulbecco's phosphate-buffered saline (DPBS) and
~90% of the lavage volume was collected. Following centrifu-
gation at 187 x g at 4°C for 10 min, the supernatant of the
BALF was collected and stored at -80°C for use in ELISA and
the cells were resuspended in 500 u1 DPBS for cell counting.
The total cell count in the BALF samples was assessed using a
chamber slide and Wright-Giemsa-stained BALF smears were
made for eosinophil and lymphocyte counts. The assay was
performed using a Wright-Giemsa staining kit (cat. no. G1020;
Beijing Solarbio Science & Technology Co., Ltd.) according to
the manufacturer's protocol (staining at room temperature for
1.5 min). The smears were assessed under x200 magnification
using a BX53 upright light microscope (Olympus Corporation).
The eosinophil and lymphocyte counts were assessed using
Imagel] software (version 1.8.0; National Institutes of Health).

Measurement of cytokines in BALF. The levels of Th2 cyto-
kines (including IL-4, IL-5, and IL-13) were detected using
commercial ELISA kits purchased from Boster Biological
Technology (IL-4: cat. no. EK0405; IL-5: cat. no. EK0408;
IL-13: cat. no. EK0425). Detections were performed according
to the manufacturer's instructions. The concentrations of
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cytokines were determined by measuring absorbance at
450 nm using a multimode plate reader (cat. no. HH34000000;
PerkinElmer).

Hematoxylin and eosin (H&E) and periodic acid-Schiff
(PAS) staining. The right lobes of the lung were collected
24 h after the last challenge, following euthanasia, and
fixed using 4% paraformaldehyde (cat. no. P1110; Beijing
Solarbio Science & Technology Co., Ltd.) for 48 h at room
temperature. The following procedures were all performed
at room temperature. H&E and PAS staining were
performed on different lung sections. For H&E staining,
the lung tissues were embedded in paraffin and subse-
quently cut into 5 ym thick sections. Deparaffinization of
the sections was performed using xylene and hydration
was performed by passing the sections through changes
of ethanol with different concentrations (100% ethanol for
2 min; 100% ethanol for 2 min; 95% ethanol for 2 min).
The sections were subsequently stained with hematoxylin
for 1 min at room temperature. Following rinsing in tap
water for 5 min, nuclear staining was finished following
incubation in an alkaline solution (Scott's Bluing Solution;
cat. no. G1865; Beijing Solarbio Science & Technology Co.,
Ltd.) for 20 sec. Following differentiation of the sections for
3 sec, they were stained using alcoholic-eosin for 1 min and
subsequently dehydrated using an ascending alcohol series.

PAS staining was performed using the Periodic Acid-Schiff
(PAS) stain kit (cat. no. G1280; Beijing Solarbio Science
& Technology Co., Ltd.) according to the manufacturer's
protocol. In brief, after being fixed using 4% paraformalde-
hyde (cat. no. P1110; Beijing Solarbio Science & Technology
Co., Ltd.) at room temperature for 48 h and then placed in 30%
sucrose (1X PBS) until lung tissues sank, the lung tissues were
subsequently embedded in OTC and frozen at -20°C. Then,
5 um-thick frozen sections were washed with tap water for
2 min and rinsed with double-distilled H,O once. The sections
were incubated with the oxidizing agent contained in the PAS
stain kit for 6.5 min and rinsed with tap water for 10 min.
The slides were incubated with Schiff reagent for 15 min and
subsequently washed with tap water for 15 min. The nuclei
were stained using hematoxylin for 50 sec. Following washing
with tap water for 2 min, the slides were re-stained with an
alkaline solution (Scott's Bluing Solution; cat. no. G1865;
Beijing Solarbio Science & Technology Co., Ltd.) for 20 sec
and differentiated for 3 sec. Five fields of view were assessed
by two experienced pathologists in a blinded study design at
x200 magnification using a BX53 upright light microscope
(Olympus Corporation). The color imbalance was corrected
as described by Marty (27). In brief, auto exposure was used
to capture a tissue image and a blank image which were saved
and processed with Adobe Photoshop CS6 (Adobe, Inc.) as
follows: i) The blank image was inverted and the layer dupli-
cated to the original tissue image; ii) in the window with the
tissue image, Color Dodge in the Layers Palette was to achieve
a uniform white background; iii) the image was flattened and
then saved as the final version.

The scoring systems for H&E and PAS staining were
described in our previous work (25). In brief, the score for
H&E staining represented the infiltration of inflammatory
cells around the airways and was presented as follows: 0,
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normal; 1, a low number of cells present around the airways;
2, one cell layer was present around the airways; 3, 2-4 cell
layers were present around the airways; 4, 5-7 cell layers were
present around the airways; 5, 8-10 cell layers were present
around the airways; and 6, >10 cell layers were present around
the airways. The percentage of PAS-positive cells in each slide
was assessed using Imagel software (version 1.8.0; National
Institutes of Health) and scored as follows: 0, <2%; 1, =2 to
<20%; 2, =20 to <40%; 3, =40 to <60%; 4, =60 to <80%; and
5, =80% PAS-positive cells.

Dihydroethidium (DHE) staining. DHE (cat. no. S0063) was
purchased from Beyotime Institute of Biotechnology and the
staining process was performed according to the manufac-
turer's protocols. Briefly, frozen lung sections were prepared
as those used for PAS staining and were treated with DHE
working reagent (5 uM) at 37°C in the dark for 30 min. The
slides were sealed with a sealing reagent containing DAPI
(cat. no. PO131; Beyotime Institute of Biotechnology) at room
temperature for 1 min. The slides were assessed using a BX53
fluorescence microscope (Olympus Corporation) at 535 nm.
Unprocessed frozen sections of lung tissues were used as an
endogenous control to exclude autofluorescence and no auto-
fluorescence was observed in the unprocessed frozen sections
at 488 nm (data not shown).

Measurement of MDA, SOD and GSH levels. Specific
commercial kits (purchased from Beyotime Institute of
Biotechnology) were used to determine the MDA content (cat.
no. S0131S), the activity levels of SOD (cat. no. S0103) and the
GSH content (cat. no. S0053) in the supernatant of the homog-
enized lung tissues. Lung tissues (30 mg) were homogenized
in the sample preparation solution which was contained in the
kits using a Multi-sample tissue grinder (TissueLyser-24L;
Shanghai Jingxin).The assays were performed according to
the manufacturer's protocols. Total protein concentration was
determined using the BCA method (cat. no. PO012S; Beyotime
Institute of Biotechnology) according to the manufacturer's
protocols.

Reverse transcription-quantitative PCR (RT-gPCR). A total
of 50 mg lung tissue was homogenized in TRIzol® (cat.
no. 15596-026; Invitrogen; Thermo Fisher Scientific, Inc.), which
was used for total RNA extraction according to the manufacturer's
protocol. The total RNA was resuspended in DNase/RNase-free
water (cat. no. R1600; Beijing Solarbio Science & Technology Co.,
Ltd.), and its concentration was determined using a NanoDrop®
2000 ultraviolet spectrophotometer (Thermo Fisher Scientific,
Inc.). RNA samples with a 260/280 absorbance ratio between 1.8
and 2.0 were used. A total of 5 ug RNA was revers transcribed
using the TransScript® First-Strand cDNA Synthesis SuperMix
(cat. no. AT301-02; Beijing Transgen Biotech Co., Ltd.) in 20 ul
reaction volumes according to the manufacturer's protocol. The
gPCR primer sequences (Invitrogen; Thermo Fisher Scientific,
Inc.) used were as follows: Nrf2 forward (F), 5-AGATGACCA
TGAGTCGCTTGC-3' and reverse (R), 5'-CCTGATGAGGGG
CAGTGAAG-3'; Keapl F, 5-GCCCCGGGACTCTTATTG
TG-3' and R, 5"TTAGGGGCCCCGCCAT-3"; HO-1 F, 5-GCT
AGCCTGGTGCAAGATACT-3' and R, 5-"AAGCTGAGAGTG
AGGACCCA-3'; GPx4 F, 5-CCTCCCCAGTACTGCAACAG-3'
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and R, 5-GCACACGAAACCCCTGTACT-3"; and B-actin F,
5-CTCTTTTCCAGCCTTCCTTCTT-3' and R, 5-AGGTCT
TTACGGATGTCAACGT-3". The relative mRNA expression
levels of Nrf2, Keapl, HO-1 and GPx4 were normalized to
those of B-actin. The LightCycler® 480 SYBR Green I Master
mix (cat. no. 04707516001) and the LightCycler® 96 Instrument
for qPCR were purchased from Roche Diagnostics GmbH and
all the experimental procedures were performed according to
the manufacturer's protocol. The thermocycling conditions for
gPCR were as follows: Initial denaturation at 95°C for 180 sec;
a two-step amplification of 40 cycles of denaturation at 95°C for
10 sec and extension at 60°C for 30 sec. The data were quanti-
fied using the 2224 method (28) and LightCycler® 96 software
version 1.1 (Roche Diagnostics GmbH).

Western blotting. The lung tissues were washed with cold
PBS and lysed using RIPA lysis buffer (cat. no. C1053;
Applygen Technologies, Inc.) in the presence of Protease
Phosphatase Inhibitor Cocktail (cat. no. P1045; Beyotime
Institute of Biotechnology). The extraction of nuclear
proteins was performed using a Nuclear and Cytoplasmic
Protein Extraction Kit (cat. no. P0028; Beyotime Institute of
Technology). The total and nuclear protein concentrations were
determined using the BCA Protein Assay Kit (cat. no. PO012S;
Beyotime Institute of Biotechnology). The proteins were
dissolved using SDS-PAGE Protein Sample Loading Buffer
(cat. no. P0286-15 ml; Beyotime Institute of Biotechnology)
and subsequently denatured. Protein samples (20 pg) were
separated using SDS-PAGE (4-20%). The protein bands were
subsequently transferred to nitrocellulose membranes and
blocked using 5% skimmed milk for 2 h at room temperature.
The membranes were incubated with primary antibodies
overnight at 4°C. The membranes were washed and incubated
with the appropriate secondary antibodies for 1 h at room
temperature. Finally, the protein bands were visualized using
BeyoECL Plus detection reagent (cat. no. PO018S; Beyotime
Biotechnology Institute of Biotechnology). Band images
were obtained using Chemi-Doc Imaging System (cat.
no. 12003153; Bio-Rad Laboratories, Inc.). The semi-quanti-
fication of the bands was performed using ImageJ software
(version 1.8.0) according to a publicly available protocol (29).
The primary antibodies used in the experiments were as
follows: anti-Nrf2 (1:1,000; cat. no. 16396-1-AP; ProteinTech
Group, Inc.), anti-Keapl (1:1,000; cat. no. 10503-2-AP;
ProteinTech Group, Inc.), anti-HO-1 (1:500; cat. no. sc-390991;
Santa Cruz Biotechnology, Inc.), anti-GPx4 (1:1,000; cat.
no. 67763-1-1g; ProteinTech Group, Inc.), anti-f3-actin (1:1,000;
cat. no. 66009-1-Ig; ProteinTech Group, Inc.), anti-f3-tubulin
(1:2,000;5 cat. no. 10094-1-AP; ProteinTech Group, Inc.) and
anti-PCNA (1:2,000; cat. no. 10205-2-AP; ProteinTech Group,
Inc.). The secondary antibodies used for the experiments
were as follows: HRP-conjugated Affinipure goat anti-mouse
IgG (H+L). (1:2,000; cat. no. SA00001-1; ProteinTech Group,
Inc.;), HRP-conjugated Affinipure goat anti-rabbit IgG (H+L)
(1:2,000; cat. no. SA00001-2; ProteinTech Group, Inc.)
and anti-mouse-IgGk binding protein-HRP (1:2,000; cat.
no. sc-516102; Santa Cruz Biotechnology, Inc.).

Statistical analysis. The data were analyzed using GraphPad
Prism 9 (GraphPad Software, Inc.). Quantitative and

semi-quantitative data are presented as mean = SD, and
one-way ANOVA followed by Bonferroni's multiple compari-
sons test was performed to assess the differences between
the groups. The histopathological scores are presented as
median + interquartile range, and the Kruskal-Wallis test
followed by Dunn's multiple comparisons test was performed
to assess the differences between groups. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

DEX attenuates airway inflammation and mucus overpro-
duction. Allergic asthma is characterized by eosinophilic
airway inflammation and mucus overproduction (30). To
assess airway inflammation and mucus production in the
lung tissues, BALF was collected for total cell counting and
Wright-Giemsa-stained BALF smears were used for differen-
tial cell counts. Significant increases were demonstrated in the
total cell counts (P<0.0001), eosinophil counts (P<0.0001) and
lymphocyte counts (P<0.01) in the OVA group compared with
the control group (Figs. 1A-C and S1). In comparison with the
OVA group, DEX treatment significantly reduced the total cell
and eosinophil counts (both P<0.01) in the BALF; however
no significant difference was demonstrated for the lympho-
cyte count. Total cell, eosinophil and lymphocyte counts in
the DEX group were not significantly different to that of the
control group.

Lung sections were used for H&E and PAS staining to
evaluate the histopathological characteristics. The number
of the rings of the inflammatory cells infiltrating around the
airways, which were assessed as inflammation scores, was
significantly higher in the OVA group compared with the
control group (Fig. 1D and E; P<0.001); DEX was able to
significantly inhibit inflammatory cell infiltration (P<0.05)
compared with the OVA group. A significant increase in
the PAS-positive cells was demonstrated in the OVA group
compared with the control (Fig. 1F and G; P<0.001), and a
significant reduction in mucus overproduction was demon-
strated in the OVA + DEX group compared with the OVA
group (P<0.05). DEX treatment alone failed to induce histo-
pathological changes in the lung tissues.

DEX reduces T helper (Th)2 cytokine production and AHR. A
Th2-dominant asthma model was established and the content
of the Th2 cytokines IL-4, IL-5 and IL-13 was assessed using
ELISA. The levels of these cytokines in BALF were signifi-
cantly elevated in the OVA group compared with those in the
control group (P<0.01 for IL-4, P<0.001 for IL-5, P<0.0001 for
IL-13; Fig. 2A). The levels of IL-4,1L-5 and IL-13 in the BALF
were significantly decreased following DEX administration
compared with the OVA group (P<0.05 for IL-4, P<0.01 for
IL-5,P<0.05 for IL-13; Fig. 2A). DEX administration alone did
not significantly affect the number of Th2 cytokines.

AHR is a crucial feature of asthma; both the airway
inflammation and Th2 cytokines (particularly IL-13)
contribute to its pathogenesis (31). Compared with the
control group, the respiratory resistance to inhaled Mch
(48 mg/ml; the Rrs for each concentration of Mch inhaled
by each animal was collected every minute for 6 min and
the results were presented as the mean absolute value of the
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Figure 1. DEX attenuates eosinophilic airway inflammation and mucus overproduction. (A) Total cell, (B) eosinophil and (C) lymphocyte counts in bronchoal-
veolar lavage fluid samples. (D) H&E and (F) PAS staining were performed to evaluate inflammatory cell infiltration and mucus production in lung tissues,
respectively. Magnification for H&E staining, x200; magnification for PAS staining, x100; scale bar, 100 ym. The color imbalance was corrected as described
by Marty (27). Histological scoring of (E) inflammatory cell infiltration and (G) mucus production were based on the layers of cells around the airways and the
percentage of PAS-positive cells, respectively. Quantitative data are presented as the mean + SD (n=3). Ordinal data are presented as median + interquartile
range (n=7). “P<0.01, “"P<0.001 and "*“P<0.0001 vs. control; "P<0.05 and “P<0.01 vs. OVA. DEX, dexmedetomidine; H&E, hematoxylin and eosin; ns, not
significant; OVA, ovalbumin; PAS, periodic acid-Schiff.

data collected during the 6 min period.) was significantly = DEX reduces oxidative stress and restores antioxidant capacity
increased in the OVA group (P<0.001; Fig. 2B). DEX treat-  in the murine model of asthma. It has been reported that redox
ment significantly reduced the airway resistance compared imbalance is associated with the development of asthma (32).
with the OVA group (P<0.05). DEX administration alone did  To evaluate the redox state in the present study, the levels of
not significantly affect airway responsiveness compared with  oxidative stress markers (ROS and MDA) and the antioxidant
the control (Fig. 2). capacity of the cells (GSH level and SOD activity) were assessed.


https://www.spandidos-publications.com/10.3892/mmr.2022.12889

6 XIAO et al: DEXMEDETOMIDINE REDUCES OXIDATIVE STRESS IN ASTHMA

A
150 =
R - Control
€
>
£ 100 - T =EOVA
s OVA+DEX
©
‘q:: 50 -
o
c
(o]
o
0-
IL-13
B
15+
-e- Control
E -+ DEX
2] -
2 10 # - OVA
¢ ¢ =%+ OVA+DEX
*
€
L 5
®
o
4 = —3ns
O 1 — 1 1
0 6 1 24 48

T
2
Methacholine (mg/ml)

Figure 2. DEX reduces T helper 2 cytokine production and airway hyper-
responsiveness. (A) Commercial ELISA kits were used to assess the
concentration of IL-4, IL-5 and IL-13 in bronchoalveolar lavage fluid.
(B) Airway resistance of mice in response to nebulized methacholine of
different concentrations (0, 6, 12, 24 and 48 mg/ml). Quantitative data are
presented as the mean = SD (n=3). “P<0.01, “"P<0.001 and “*"P<0.0001
vs. control; "P<0.05 and "P<0.01 vs. OVA. DEX, dexmedetomidine; OVA,
ovalbumin; Rrs, respiratory resistance.

Lung sections were stained with DHE to evaluate ROS. The
data indicated that ROS were mainly generated in airway
epithelial cells (yellow arrows) and inflammatory cells (white
arrows) around the airways (Fig. 3A). Subsequently, the average
fluorescence intensity was calculated (Fig. 3B). ROS levels were
significantly increased in the OVA group compared with the
control (P<0.001), and DEX treatment significantly decreased
ROS levels in the lung compared with the OVA group (P<0.01).
The MDA levels in the lung tissue were assessed to evaluate
lipid peroxidation (Fig. 3C). In agreement with the ROS results,
these data demonstrated that the MDA levels were significantly
elevated in the OVA group compared with the control (P<0.001),
whereas DEX treatment significantly reduced MDA compared
with the OVA group (P<0.01). The activity of SOD and level of
GSH were reduced in asthmatic mice compared with the control
(both P<0.001), and DEX treatment restored their content
compared with the OVA group (both P<0.05; Fig. 3D and E).
In comparison with the control group, administration of DEX
alone demonstrated no significant effect on the redox state of the
lung tissues compared with the control group.

Nrf2 signaling pathway and its downstream antioxidant
genes are activated by DEX treatment. Nrf2 signaling and
its downstream genes (HO-1 and GPx4) serve an important
role in maintaining redox balance in asthma (33). The mRNA
expression levels of Nrf2 in the OVA + DEX group were
significantly higher compared with those demonstrated in the
OVA group (P<0.01; Fig. 4A), whereas no significant differ-
ences were demonstrated between the OVA and the control
group. As the activation of Nrf2 is regulated by modification

of Keapl (34), the expression level of Keapl was detected. The
mRNA expression levels of Keapl were significantly decreased
in the OVA group compared with the control (P<0.01), and
DEX treatment significantly reduced its levels compared
with the OVA group (P<0.01). The mRNA expression levels
of HO-1 and GPx4 were significantly reduced in the OVA
group compared with the control (P<0.05; Fig. 4B), and DEX
administration led to a significant increase in HO-1 (P<0.001)
and GPx4 (P<0.01) mRNA expression levels compared with
the OVA group. Western blotting demonstrated that although
Nrf2 (nuclear and total) and antioxidant (HO-1 and GPX4)
protein expression levels were increased and Keapl protein
expression level was reduced in the OVA group, the data were
not statistically significant compared with those of the control
group (Fig. 4C and D), which suggested that Nrf2 might be
activated to a limited extent in asthmatic mice. The presence
of DEX further activated Nrf2 and demonstrated significantly
increased nuclear and total Nrf2 protein expression levels
and significantly decreased Keapl protein expression levels
compared with the OVA group (P<0.05; Fig. 4C). In addition,
the protein expression levels of HO-1 and GPx4 were signifi-
cantly elevated in the OVA + DEX group compared with the
OVA group (P<0.05; Fig. 4D).

Therapeutic and antioxidative effects of DEX in asthma are
partially diminished by ML385. The presence of Nrf2 activation
was further explored in the current model by the administration
of ML385 (an Nrf2 inhibitor) prior to DEX administration. As
demonstrated using western blotting (Fig. 5A), ML385 signifi-
cantly reduced the total and nuclear Nrf2 protein expression
levels (P<0.05), significantly upregulated the protein expression
level of Keapl (P<0.05) and significantly downregulated the
protein expression levels of HO-1 and GPx4 (P<0.01) compared
with the OVA + DEX group. The MDA content was signifi-
cantly increased by ML385 treatment compared with the OVA
+ DEX group (Fig. 5B). Moreover, the increased GSH content
and the increased activity levels of SOD caused by DEX treat-
ment were significantly suppressed following administration of
ML385 compared with the OVA + DEX group (SOD, P<0.05;
GSH, P<0.01; Fig. 5C and D). As shown in Fig. SE and F, admin-
istration of OVA significantly increased inflammatory cells
infiltration around airways and mucus production (both P<0.001,
vs. the control group), and DEX treatment effectively decreased
airway inflammation and mucus overproduction (both P<0.05;
vs. the OVA group). Subsequently, ML385 treatment reversed
these effects of DEX (P<0.05; Fig. SE and F). However, admin-
istration of ML385 did not significantly increase the airway
resistance, which was reduced by DEX treatment (Fig. S2). The
concentration of Th2 cytokines in the BALF was also assessed
(Fig. 5G); the concentrations of IL-4 (P<0.05) and IL-5 (P<0.01)
were significantly elevated following the administration of
ML385 compared with the OVA + DEX group. However, the
concentration of IL-13 in the OVA + DEX + ML385 group was
not significantly different compared with those of the OVA +
DEX group.

Discussion

In our previous study, it was demonstrated that 30 yg/kg DEX
exerted the optimal therapeutic effect on a murine model
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Figure 3. DEX reduces oxidative stress and restores antioxidant capacity in a murine model of asthma. (A) Representative images of DHE-stained (red
fluorescence) and DAPI-stained (blue fluorescence) lung tissue sections. The airway epithelial cells are indicated by yellow arrows and the inflammatory
cells around the airways are indicated by white arrows. Magnification, x100; scale bar, 100 ym. (B) The mean fluorescence density of the DHE-stained lung
tissue sections represented ROS generation in the lung tissues. (C) A commercial MDA assay kit was used to assess the MDA content per mg protein. (D) The
activity levels of SOD per mg of protein in the lung tissues were assessed using SOD assay kits. (E) GSH levels in the lung tissues were assessed using GSH
assay kits. Quantitative data are presented as the mean + SD (n=3). ““P<0.001 vs. control; "P<0.05 and “P<0.01 vs. OVA. DEX, dexmedetomidine; DHE,
dihydroethidium; GSH, reduced glutathione; MDA, malondialdehyde; OVA, ovalbumin; ROS, reactive oxygen species; SOD, superoxide dismutase.

of asthma induced by OVA (25). DEX has been reported to  ischemia/reperfusion injury (35) via activation of the Nrf2
have exerted anti-inflammatory and antioxidative effects  signaling pathway. DEX was also reported to lessen oxida-
on brain injury (22), neuroinflammation (24) and hepatic  tive stress-induced alveolar epithelial cell apoptosis in the
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Figure 4. Nrf2 signaling and its downstream antioxidant genes are activated by DEX. mRNA expression levels of (A) Nrf2 and Keapl, and (B) HO-1 and GPx4
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erythroid 2-related factor 2; OVA, ovalbumin.

lung (36). Since oxidative stress serves an important role in
the pathogenesis of asthma (10), the present study evaluated
the antioxidative effect of DEX on a murine model of allergic
asthma. The data demonstrated that DEX significantly reduced
the levels of oxidative stress in lung tissues and inhibited the
symptoms of asthma via activation of the Nrf2 signaling
pathway and significantly promoted the expression of anti-
oxidant factors. To verify that the Nrf2 signaling pathway

served a vital role in the antioxidative effect of DEX, the Nrf2
inhibitor ML385 was used. These data demonstrated that the
therapeutic effect of DEX was partially reduced following
treatment with ML385. However, a limitation of the present
study was that a ML385 + OVA group was not included as a
control. In general, the present study indicated that DEX may
suppress inflammation in the lung through activation of the
antioxidant signaling pathway.
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Figure 5. Therapeutic and antioxidative effects of DEX in asthma are partly diminished by ML385. (A) The protein expression levels of Nrf2 (cytoplasmic and
nuclear), Keapl, HO-1 and GPx4 were assessed using western blotting. (B) MDA content (C) activity levels of SOD and (D) GSH content in lung tissues were
assessed using commercial kits. (E) H&E and PAS staining were performed to evaluate inflammatory cell infiltration and mucus production in lung tissues,
respectively. Magnification for H&E staining, x200; magnification for PAS staining, x100; scale bar, 100 gm. Color imbalance was corrected as described by
Marty (27). (F) Histological scoring of inflammatory cell infiltration and mucus production were based on the layers of the cells around the airways and the
percentage of PAS-positive cells, respectively. (G) The concentration of IL-4, IL-5 and IL-13 in bronchoalveolar lavage fluid were assessed using commercial
ELISA kits. Quantitative data are presented as the mean = SD (n=3). Ordinal data are presented as the median + interquartile range (n=7). “P<0.01, ““P<0.001
and “"P<0.0001; “P<0.05 and *P<0.01; "P<0.05 and “'P<0.01. DEX, dexmedetomidine; GPx, glutathione peroxidase; GSH, reduced glutathione; H&E, hema-
toxylin and eosin; HO-1, heme oxygenase 1; Keapl, kelch-like ECH-associated protein-1; MDA, malondialdehyde; Nrf2, nuclear factor erythroid 2-related
factor 2; ns, not significant OVA, ovalbumin; PAS, periodic acid-Schiff; SOD, superoxide dismutase.

Allergic asthma is characterized by eosinophilic airway  development, and the OVA-induced murine model of asthma
inflammation, AHR and excessive mucus production (30). used in the present study represented a classical allergic
Th2 cells and Th2 cytokines serve key roles in allergic asthma  asthma model in which Th2 cells were the dominant cell
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type (37). Cytokines production is one of the hallmarks of Th2
cell activation (38). The secretion of cytokines from activated
Th2 cells contributed to the symptoms of asthma by recruiting
eosinophils (IL-5), inducing excessive mucus production (IL-4)
and leading to airway smooth muscle contraction (IL-13) (30).
The results of the present study suggested that DEX treat-
ment lowered the levels of Th2-secreted cytokines prior to
each challenge, which in turn attenuated the infiltration of
eosinophils in BALF samples and lung tissues, and alleviated
mucus overproduction. It was a limitation of the present study
that the levels of Th2 cells were not assessed and this should
be incorporated in future studies. In addition, no significant
differences were observed in the levels of the inflammatory
markers between the DEX and the control groups.

The critical role of oxidative stress in the development
of asthma has been reported by numerous studies. Oxidative
stress has been reported to regulate T cell differentiation (39)
and as being closely related to inflammation (40). Eosinophils,
which participate in the allergic airway inflammation, are one
of the main sources of oxidative stress in asthma; eosinophils
produce ROS by releasing eosinophil peroxidase, which can
induce bromotyrosine and nitrotyrosine. Both of these two
compounds are oxidation products of eosinophils which have
been reported to indicate a high risk of asthma exacerba-
tion (41). In addition to excessive production of oxidants,
asthmatic lungs possess lower activity levels of antioxidant
enzymes (such as SOD and catalase) compared with those
levels in normal lungs (32). Certain factors involved in oxida-
tive stress, such as ROS and H,0,, can serve a major role
in signal transduction (42). However, the overproduction of
oxidants that exceeds the capacity of the cellular antioxidant
system can contribute to the symptoms of asthma (43). It has
been reported that ROS induces the activation of EGFR,
which leads to goblet cell metaplasia (44). ROS have also been
reported to result in AHR by induction of airway remodeling
(airway stenosis) (45), increased intracellular Ca** concentra-
tion (46) and vagal tone (47). Furthermore, ROS have been
reported to decrease f-adrenergic function in the lungs, which
may result in a poor response to traditional bronchodila-
tors (15). Certain oxidative stress biomarkers are reported to
be highly related to asthma, including MDA, GSH (11) and
SOD (48). MDA is a common indicator of lipid peroxidation
and its levels are considerably higher in patients with asthma
compared with those in healthy subjects during both acute
attacks and symptom-free periods (49). The levels of MDA
have also been reported to be positively correlated with the
infiltration of eosinophils (8). GSH is the most abundant anti-
oxidant in the airway epithelial lining fluid and is involved
in various important functions relevant to asthma, such as
detoxification, scavenging of free radicals and modulation of
apoptosis and immune function (50). SOD levels are positively
correlated with certain lung functions (48), and its inactivation
was reported in asthmatic patients (51). In the present study,
the levels of these oxidative biomarkers were evaluated, and
the data indicated that DEX administration improved the
maintenance of the redox balance by significantly reducing
the levels of MDA and ROS, and significantly increasing the
activity of SOD and the levels of GSH.

Nrf2 is a transcription factor that regulates the majority
of antioxidant genes, including HO-1, GPx4 and NAD(P)

H quinone dehydrogenase 1 (52). Under oxidative stress
conditions, Nrf2 can be activated by phosphorylation (53)
or Keapl modification (54). Subsequently, it translocates to
the nucleus by dissociating from Keapl (55). Park et al (53)
reported the involvement of protein kinase C (PKC) in the
antioxidant effect of DEX in a rat model of ischemia. PKC
phosphorylated Nrf2 and activated its detachment from
Keapl. ERK1/2 has also been reported to have mediated
the antioxidative effect of DEX by participating in Nrf2
activation and translocation into the nucleus (56). In addi-
tion to the two aforementioned kinases, the MAPK signaling
pathway (57) and certain microRNAs (miRNAs), such as
miRNA (miR)-27a, miR-153, miR142-5p and miR-144 (58),
have also been reported to have mediated the regulation of
Nrf2 expression and its activation. However, their potential
to participate in the regulation of Nrf2 by DEX remains to
be elucidated. The modification of Keapl is used to regulate
the activation of the Nrf2 pathway. Several mechanisms have
been reported that explain the regulation of the concentration
and activity levels of Keapl, such as transcriptional regulation
(STATG6 and hypoxia-inducible factor) (59), miRNAs (miR-7
and miR-24-3p) (54), post-translational regulation, such as
ubiquitination (60) and S-nitrosylation (61), as well as degra-
dation of the Keapl protein (p62-dependent autophagy) (62).
Liu et al (63) reported the impact of DEX on the regulation
of Keapl; however, the underlying mechanism of this effect
remains unknown. The possible mechanism of DEX activa-
tion of the Nrf2/Keapl signaling pathway in a murine model
of asthma needs further evaluation.

The anti-inflammatory effects of Nrf2 have been
reported in numerous disease models, including asthma (64).
Rangasamy et al (15) reported that Nrf2 knockout mice were
more susceptible to asthma, and Sussan et al (16) reported
the role of Nrf2 in the cytoprotective effect on the airway
epithelia of subjects with asthma. To assess whether the anti-
oxidant effects of DEX on asthma were mediated by Nrf2,
the mRNA and protein expression levels of Nrf2 and its
downstream genes were evaluated. Owing to the cytoprotec-
tive effect of HO-1 and GPx4 on the airway epithelia (33) and
their crucial role as in the cellular antioxidant system (65),
the mRNA and protein expression levels of HO-1 and GPx4
were assessed. The results of the present study indicated that
DEX treatment significantly increased the expression levels
of HO-1 and GPx4 compared with those of the untreated
OVA group. Administration of ML385, which significantly
inhibited the activation of Nrf2, partly abrogated the anti-
oxidant and anti-inflammatory effects of DEX. The results
of the present study indicated that the therapeutic effect of
DEX on asthma partly depended on the activation of the
Nrf2 signaling pathway.

In conclusion, results from the present study indicated that
DEX attenuated airway inflammation, AHR and mucus over-
production in the lung by the reduction of oxidative stress. This
effect was at least partially mediated by the Nrf2 signaling
pathway. The results suggested the potential protective effects
of DEX in asthma. However, this was just a preliminary study
on the antioxidant effect of DEX in a murine asthma model
with Th2 dominance; further investigation of the mechanisms
involved and the evaluation of other endotypes of asthma are
required.
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