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Blockade of cysteinyl leukotriene receptor 1 alleviates
asthma by inhibiting bronchial epithelial cell apoptosis
and activating the Nrf2 signaling pathway
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Abstract. The therapeutic role of blockade of cysteinyl
leukotriene receptor 1 (CysLTR1) in asthma has been previ-
ously studied. However, the effect of CysLTR1 blockade
on bronchial epithelial cell apoptosis and the nuclear factor
erythroid-derived 2-related factor 2 (Nrf2) signaling pathway
remains unclear. The present study established an ovalbumin
(OVA)-induced asthmatic rat model. Varying doses (1,
4 and 30 mg/kg) of montelukast sodium, a specific CysLTR1
antagonist, were used to inhibit CysLTR1 function in an
asthmatic rat model. Reverse transcription-quantitative PCR
was used to detect the expression levels of CysLTR1, NAD(P)
H quinone oxidoreductase 1 (NQOI) and heme oxygenase 1
(HO-1). CysLTRI and Nrf2 protein expression levels were
determined using western blotting. Immunofluorescence
assays were used to evaluate the relative fluorescence intensity
of Nrf2 in rat lung tissues. Lung tissue histology was assessed
through hematoxylin & eosin, alcian blue and periodic
acid-Schiff and Masson's trichrome staining assays. The levels
of IL-17,1L-4, serum IgE and the reduced/oxidized glutathione
ratio were determined using ELISA assay kits. The number
of inflammatory cells was analyzed using Wright-Giemsa
staining. Bronchial epithelial cell apoptosis was measured
using a TUNEL assay. The results indicated that OVA-induced
inflammatory responses and increased eosinophil, lympho-
cyte and macrophage counts were significantly attenuated
following blockade of CysLTR1. Downregulated expression of
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antioxidant genes NQO1 and HO-1 and the reduced GSH/GSSG
ratio caused by OVA challenge were restored by blockade
of CysLTRI. Additionally, CysLTR1 blockade also reduced
collagen deposition, suppressed goblet cell hyperplasia and
inhibited bronchial epithelial cell apoptosis in a rat model of
asthma. Furthermore, it was demonstrated that the blockade
of CysLTRI1 could significantly increase Nrf2 expression. In
conclusion, the blockade of CysLTR1 could alleviate asthma
in an OVA-induced rat model by inhibiting bronchial epithe-
lial cell apoptosis and activating the Nrf2 signaling pathway.
These data may potentially provide a theoretical basis for
future asthma therapy in a clinical setting.

Introduction

Asthma, a chronic and heterogeneous disease affecting the
lower airways, is characterized by persistent inflammation and
airway hyper-responsiveness, resulting in symptoms such as
coughing, wheezing, dyspnea and chest tightness (1,2). The
prevalence of asthma varies worldwide, ranging from 2.1% in
Indonesia to 32.2% in the United Kingdom due to environ-
mental differences (3). Based on extrapolation from existing
data, the World Health Organization predicts a projected
increase in the number of individuals with asthma by an
additional 100 million up to 2025 (4). Therefore, the explora-
tion of novel therapies and therapeutic targets is imperative
to enhance symptom control and minimize exacerbations in
patients with severe asthma.

The airway epithelium functions as the primary interface
of the body with inhaled air and other substances, establishing
the initial defense barrier against exogenous particles (5).
Airway epithelial cells constitute the frontline defense
against inflammatory stimuli and antigens, safeguarding
the airways and lungs from exposure (6). Bronchial biopsies
commonly exhibit shedding of bronchial epithelial cells,
which is a significant histological characteristic of patients
with asthma (7). A number of studies have reported an
increased incidence of apoptosis in bronchial epithelial cells
among adults with asthma (8,9). Research has shown that
nuclear factor erythroid-derived 2-related factor 2 (Nrf2) is an
essential endogenous transcription factor with antioxidant and
antiapoptotic properties (10,11). In normal conditions, Nrf2
remains inactive in the cytoplasm while bound to its inhibitor,
Kelch-like ECH associated protein 1 (Keapl) (12). However,
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exposure to environmental stress triggers the activation of
Nrf2 by separating it from Keapl. This leads to its transloca-
tion into the nucleus and subsequent stimulation of various
genes responsible for antioxidant activity, such as NAD(P)H
quinone oxidoreductase 1 (NQOI1), heme oxygenase 1 (HO-1)
and glutathione peroxidase (13). The Nrf2 signaling pathway
serves a crucial role in protecting individuals with asthma and
maintaining the integrity of bronchial epithelial barriers (14).
Additionally, studies have reported that activating Nrf2 can
inhibit apoptosis in bronchial epithelial cells, reduce airway
inflammation, alleviate airway hyper-responsiveness and
mitigate oxidative stress in mouse models of asthma (15-17).
Therefore, gaining a deeper understanding of airway epithelial
apoptosis and activation of the Nrf2 signaling pathway may
uncover novel therapeutic approaches for managing asthma.

Long-acting 2 agonists and inhaled corticosteroids are
commonly used as bronchodilators and anti-inflammatory
agents in the treatment of asthma (18). However, the use
of these drugs can lead to numerous side effects, such as
dysphonia, xerostomia, adrenal insufficiency and osteopo-
rosis (19). Cysteinyl leukotrienes (CysLTs) are a group of lipid
mediators that exhibit proinflammatory activities and cause
constriction of the bronchi during allergic inflammation (20).
A number of studies have reported the presence of elevated
levels of CysLTs in the urine or exhaled air condensate from
individuals with asthma (21,22). The majority of the effects
induced by CysLTs, which are relevant to the pathophysiology
of asthma, are mediated through the activation of CysLT
receptor 1 (CysLTR1) (23). This receptor was among the first
specific mediators successfully targeted for drug develop-
ment against asthma symptoms (24). Consequently, CysLTR1
antagonists are considered alternative medications for treating
asthma effectively (25), resulting in the widespread use of
prescription drugs targeting CysLTR1 (26-28). Montelukast
sodium, a CysLTR1-specific antagonist, has shown efficacy in
reducing pulmonary fibrosis, airway hyper-responsiveness and
inflammation in mouse models of asthma (29,30). However,
the effects of CysLTRI1 blockade on bronchial epithelial cell
apoptosis and the Nrf2 signaling pathway during asthma
progression are currently poorly understood.

In the present study, an ovalbumin (OVA)-induced asth-
matic rat model was established. The effects of different doses
of montelukast sodium on bronchial epithelial cell apoptosis
and the Nrf2 signaling pathway in asthma progression were
investigated. These results may further clarify the role of
CysLTRI1 on the progression of asthma and expand our under-
standing of the protective mechanism of CysLTR1 antagonists
in asthma pathogenesis.

Materials and methods

Reagents. Montelukast sodium, OVA (grade V) and bovine
serum albumin (BSA) were purchased from MilliporeSigma.
Aluminum hydroxide gels were purchased from Thermo
Fisher Scientific, Inc. The alcian blue & periodic acid-Schiff
(AB-PAS) staining kit and TUNEL cell apoptosis kit were
purchased from Solarbio Science & Technology Co., Ltd. The
Masson's trichrome staining kit was purchased from Maxim
Biotech, Inc. The hematoxylin & eosin (H&E) staining kit
and Wright-Giemsa stain kit were purchased from Abcam.

Primary antibodies targeting CysLTR1 (cat. no. 27372-1-AP),
Nrf2 (cat. no. 16396-1-AP) and GAPDH (cat. no. 60004-1-Ig)
were purchased from Proteintech Group. Inc. The RIPA
lysis buffer was purchased from Wuhan Boster Biological
Technology, Ltd. The ECL reagent was purchased from Tanon
Science and Technology Co., Ltd. and the BCA reagent was
purchased from Thermo Fisher Scientific, Inc. The Rat IgE
ELISA kit (cat. no. EKF58258) was purchased from Biomatik.
The Rat IL-17 (cat. no. KTE9005) and IL-4 (cat. no. KTE9003)
ELISA kits as well as HRP-conjugated secondary antibodies
(cat. nos. A21020 and A21010) were purchased from Abbkine
Scientific Co., Ltd. The reduced glutathione (GSH)/oxidized
glutathione (GSSG) Ratio Fluorometric Detection Assay
Kit (cat. no. 50120ES70) was purchased from Shanghai
Yeasen Biotechnology Co., Ltd. The total RNA extraction kit
(cat. no. LS1040) was purchased from Promega Corporation.
The First Strand Kit and QuantiFast SYBR® Green PCR Kit
were purchased from Qiagen GmbH.

Animal grouping and treatment. A total of 30 Sprague-Dawley
male rats (age, 8-10 weeks) weighing 240+5 g, were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. All rats were housed in specific pathogen free
cages under standard laboratory conditions, which included
a temperature of 22-25°C, a relative humidity of 40-55%
and a 12/12 h light/dark cycle with free access to water and
food. Following acclimation, the rats were randomly assigned
to five treatment groups: i) The control (Group I); ii) model
(Group II); iii) low-dose (1 mg/kg) montelukast sodium
(Group III); iv) medium-dose (4 mg/kg) montelukast sodium
(Group 1V); and v) high-dose (30 mg/kg) montelukast sodium
(Group V) groups, with 6 rats/group. OVA was dissolved in
4% aluminum hydroxide gels to prepare an OVA solution
(2 mg/ml). The OVA-induced asthmatic rat model was estab-
lished as previously described (31,32) with some amendments.
On days 0 and 14, rats in Groups II-V were sensitized with
an intraperitoneal injection of OVA solution (0.5 ml/rat). Rats
in Group I were administered an equal volume of saline.
From the 15th day, all rats apart from the control group, were
administered with inhaled OVA aerosol (10 mg/ml; dissolved
in saline; 30 min/day) for 3 weeks. Before the OVA challenge
(from the 15th day onwards), rats in Group I and II were
given 10 ml/kg/day of saline by gavage, while rats in Groups
III-V were given montelukast sodium by gavage at doses of 1,
4 and 30 mg/kg/day, respectively. The gavage procedures were
continuously conducted until sample collection. The experi-
ment duration was 5 weeks. The heart rate of the animals was
monitored each day using a polyethylene cannula (PE 50) filled
with heparinized saline (100 IU/ml) inserted into the right
carotid artery. The cannula was connected to a transducer, and
the signal was amplified by bioamplifier and an acquisition data
system (AD Instruments Pvt. Ltd. with software LabChart 7.3;
AD Instrument Pvt. Ltd). Body weight was monitored each
week. Throughout the experiment, the aim was to minimize
the utilization of animals and alleviate their distress as much
as possible. According to the analgesic methods described in
previous studies, intraperitoneal injection of 5 mg/kg tramadol
has been reported to be a safe and effective analgesic in
rats and mice (33,34). In preliminary experiments, 5 mg/kg
tramadol was found to effectively alleviate pain in rats without
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any side effects or mortality (data not shown). Therefore,
5 weeks later, all animals received an intraperitoneal injection
of tramadol (5 mg/kg) as an analgesic method to minimize
pain, suffering and distress. The rats were housed individually
in a polycarbonate cage and allowed to recover on a heating
pad to maintain a body temperature of 37.5+0.5°C. In addition,
the rats were monitored for any signs of fatigue and stress.
Researchers were trained to apply the humane endpoints,
if any animal exhibited features of a compromised welfare.
The humane endpoints included rapid weight loss (>20% of
normal body weight) and/or rapid or labored breathing. No
animals died naturally during the experiments and all of
the rats were euthanatized by an intraperitoneal injection of
pentobarbital sodium overdose (200 mg/kg) on day 35. Death
was confirmed by cardiac and respiratory arrest and a lack
of response to tail clamping. The bronchoalveolar fluid lavage
(BALF) was obtained by washing the lungs and subsequent
analysis involved the collection of lung tissues and airway
tissues. To analyze the level of OVA-specific IgE in serum,
blood samples (300 ul) were collected from rats by cardiac
puncture. Whole blood was collected and left to coagulate at
room temperature for at least 30 min, and then centrifuged
at 1,000 x g for 10 min at 4°C. The serum samples were stored
at -20°C until use. The experiments in the present study were
carried out by three skilled technicians who were unaware of
the experimental design and purpose. Animal experiments
followed the guidelines provided by the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
and received approval from the Ethics Committee of Jinhua
Polytechnic (approval no. 20221221; Jinhua, China).

Histopathologic examination. The airway tissues were
fixed using 4% paraformaldehyde (48 h; 4°C), embedded in
paraffin and cut into 5-ym sections. Subsequently, sections
were stained with hematoxylin for 5 min and eosin for 2 min
at room temperature using a H&E staining kit. Masson's
staining was performed using a Masson's trichrome staining
kit in accordance with the manufacturer's protocol to observe
collagen deposition at room temperature for a total of 15 min
(Wiegert's iron hematoxylin, 8 min; Biebrich scarlet, 5 min;
aniline blue, 2 min) at room temperature. Based on the manu-
facturer's protocol of the AB-PAS staining kit, sections were
stained with alcian blue for 30 min and periodic acid Schiff
for 15 min at room temperature. The pathological structure of
airway tissues was observed using a BX53 light microscope
(Olympus Corporation).

ELISA and biochemical assays. According to the manufactur-
er's instructions, the GSH/GSSG ratio, levels of IL-4 and 1L.-17
in lung tissues and serum IgE concentration were determined
using corresponding commercial kits (35).

Total RNA isolation and reverse transcription-quantitative
PCR (RT-gPCR). Total RNA from lung tissues was extracted
using a total RNA extraction kit. The concentration of total
RNA was measured using a NanoDrop™ 2000 spectrophotom-
eter (Thermo Fisher Scientific, Inc.). Total RNA (500 ng) was
reverse transcribed into cDNA at 42°C for 45 min using a First
Strand Kit and RT-qPCR was performed using the QuantiFast
SYBR® Green PCR Kit, according to the manufacturer's
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Table I. Primers used for reverse transcription-quantitative
PCR.

Gene Sequence (5'-3")

Cysteinyl leukotriene F: CAAATGTGCCATGCCCTGAC
receptor 1 R: GGTCCACTCCATTCACAGGG
NAD(P)H quinone F: AGCGCTTGACACTACGATCC
oxidoreductase 1 R: TCTGCGTGGGCCAATACAAT
Heme oxygenase 1 F: ATGCCCCACTCTACTTCCCT

R: TACGTAGTGCTGTGTGGCTG
F: ACTCCCATTCTTCCACCTTTG
R: CCCTGTTGCTGTAGCCATATT

GAPDH

F, forward; R, reverse.

instructions. The following thermocycling conditions were
used for the qPCR: Initial denaturation at 95°C for 3 min;
followed by 40 cycles of denaturation at 95°C for 15 sec,
annealing at 60°C for 30 sec and elongation at 72°C for 1 min,
as well as a final extension at 72°C for 5 min. To determine
gene expression levels, the 244%4 method was used (36) and
results were normalized to GAPDH as a reference gene (37).
The primer sequences used are presented in Table I.

BALF analysis. The BALF samples were stained using a
Wright-Giemsa stain kit, and the eosinophil, lymphocyte and
macrophage counts were recorded under a light microscope
(Olympus Corporation) and analyzed using Image-Pro-Plus
(version 6.0; Media Cybernetics). The inhibitory activity
(%) was evaluated as the following formula: (1-A/B) x100%.
A represents the number of inflammatory cells in different
groups of montelukast sodium; B represents the number of
inflammatory cells in the model group.

Immunofluorescence assays. Lung tissue sections (5 pm)
underwent deparaffinization in xylene for 10 min at room
temperature and rehydration with descending concentrations of
ethanol (100,95 and 70% for 3-5 min each), followed by antigen
retrieval in heated citrate buffer (10 mM; pH 6.0) at 80°C for
25 min. Subsequently, the samples were washed three times
with PBS before being permeabilized using 0.5% TritonX-100
in PBS. The sections were then blocked with 5% BSA at room
temperature for 1 h. Next, the samples were incubated with
primary antibodies against Nrf2 (1:50) overnight at 4°C and
the corresponding secondary antibodies (1:200) for 2 h at
room temperature. Finally, after staining with DAPI (1 ug/ml)
at room temperature for 15 min, the samples were imaged
using a fluorescence microscope (Olympus Corporation).
Image-Pro-Plus (version 6.0; Media Cybernetics) was adopted
to analyze the fluorescence intensity.

TUNEL assay. Apoptosis of lung tissues was determined in
accordance with the experimental procedures outlined in the
manufacturer's guidelines for the TUNEL kit. In brief, the lung
tissues were fixed using 4% paraformaldehyde (48 h; 4°C),
embedded in paraffin and cut into 5-ym sections. The depa-
raffinized tissue sections were incubated with 3% hydrogen
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peroxide in methanol for 10 min at 25°C in the dark, washed
three times with PBS and incubated with 0.1% Triton X-100
in freshly prepared 0.01% sodium citrate for 8 min at 25°C.
Tissue sections were then incubated with proteinase K working
solution for 25 min at 37°C and washed three times with PBS
(pH 7.4) for 5 min each. A total of 50 ul TUNEL reagent was
added to each sample and incubated at 37°C for 60 min. The
sections were washed three times with PBS (pH 7.4) and then
cell nuclei were counterstained with 2 yg/ml DAPI solution at
room temperature for 10 min in the dark and mounted with
50 ul anti-fade mounting medium. TUNEL-positive cells were
observed in five randomly-selected fields using a fluorescence
microscope (Olympus Corporation) and analyzed using
Image-Pro-Plus (version 6.0; Media Cybernetics).

Western blot analysis. The RIPA lysis buffer was employed
for the extraction of total proteins from lung tissues, followed
by quantification using a BCA kit. Subsequently, a total of
50 ug of protein/lane was separated by 10% SDS-PAGE and
proteins then were transferred to polyvinylidene fluoride
membranes. Following blocking with 5% nonfat milk for 2 h
at 25°C, membranes were incubated with primary antibodies
against CysLTRI1 (1:4,000), Nrf2 (1:7,000) and GAPDH
(1:50,000) overnight at 4°C. Then, tris-buffered saline with
0.05% Tween-20 was used to wash the membranes three times.
Subsequently, at room temperature, the HRP-conjugated
secondary antibodies (1:10,000) were incubated with samples
for 1 h. The signals were detected using an ECL kit (Beyotime
Institute of Biotechnology) and blots were quantified under a
Gel-Proanalyzer (version 4.0; Media Cybernetics). GAPDH
was used as the loading control (38).

Statistical analysis. Data were analyzed using one-way
ANOVA, followed by Tukey's post-hoc test. Data analysis was
performed using SPSS software (version 22.0; IBM Corp.).
The data are presented as the mean + standard deviation.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Blockade of CysLTRI alleviates inflammation in asthmatic
rats through Nrf2. The heart rate and body weight of rats were
monitored throughout the study. The results demonstrated
a significant decrease in the heart rate of the model group
compared with that in the control group (Fig. 1A; P<0.001).
Administration of montelukast sodium significantly increased
the heart rate of rats at all doses tested, compared with that in
the model group (P<0.001). From day 21, a significant decrease
in body weight was observed in the model group compared
with the control group (Fig. 1B; P<0.05); however, adminis-
tration of montelukast sodium significantly restored the body
weight of asthmatic rats from the 28th day onwards (P<0.05).

Following administration of different doses of montelukast
sodium, the mRNA and protein expression levels of CysLTR1
in lung tissues were measured. The model group demonstrated
a significant increase in both the mRNA and protein expres-
sion levels of CysLTR1 compared with that of the control
group (Fig. 1C; P<0.001). Moreover, it was demonstrated that,
compared with the model group, administration of montelukast

sodium significantly reduced the mRNA expression level of
CysLTRI1 to varying degrees (P<0.05); however, only adminis-
tration of the medium-dose montelukast sodium decreased the
protein expression level of CysLTRI significantly compared
with that in the model group (Fig. 1D; P<0.05). On the
contrary, a significant decrease in the protein expression level
of Nrf2 was observed in the model group compared with that
in the control group (P<0.001), while all doses of montelukast
sodium significantly increased the Nrf2 protein expression
level, with the higher increase being observed at a dosage of
4 mg/kg (P<0.001).

H&E staining was performed to assess the impact of
CysLTRI1 blockade on inflammation in rat lung tissues. No
apparent inflammatory cell infiltration was observed in the
control group, while the model group demonstrated a notice-
able infiltration of inflammatory cells and visible thickening
of smooth muscle layers compared with the control group
(Fig. 1E). Compared with the model group, the administration
of montelukast sodium, particularly at a dosage of 4 mg/kg,
reduced inflammatory infiltration and airway remodeling.
Upon OVA challenge, a significant increase in IL-17 and IL-4
levels in the model group were observed compared with those
in the control group, which was consistent with the H&E
staining data (Fig. 1F; P<0.001). Furthermore, treatment with
montelukast sodium significantly mitigated the proinflam-
matory effects induced by OVA challenge (P<0.05). IgE is
reported to have evolved in mammals as a primary defense
mechanism against pathogens, and increased IgE levels are
considered indicative of an increased susceptibility to the
development of asthma (39). It was demonstrated that IgE
concentration was significantly increased in the model group
compared with that in the control group (Fig. 1G; P<0.001),
while the administration of montelukast sodium was effective
in decreasing IgE levels (P<0.01). Additionally, due to the
strong association of eosinophils, lymphocytes and macro-
phages with inflammatory processes in asthma (40), cell count
analysis was performed on BALF samples from asthmatic
rats. The results of Wright-Giemsa staining demonstrated
that the model group exhibited a significant increase in the
numbers of eosinophils, lymphocytes and macrophages,
compared with those in the control group (Fig. 1H; P<0.001).
Administration of montelukast sodium significantly decreased
the elevated cell counts in the BALF of asthmatic rats induced
by OVA challenge (P<0.05). The association between the dose
of montelukast sodium and changes in the number of these
inflammatory cells was then assessed. It was observed that
varying dosages of montelukast sodium exhibited the lowest
inhibitory activity on eosinophils and the highest inhibitory
activity on macrophages. Moreover, among the three doses of
montelukast sodium tested, the 4 mg/kg dose demonstrated
the largest inhibitory efficacy across all three types of inflam-
matory cells.

Blockade of CysLTRI attenuates airway remodeling in
asthmatic rats. The hyperplasia of goblet cells and the
deposition of collagen in the lungs are crucial indicators for
the progression of asthma (41,42). The model group of rats
demonstrated marked goblet cell hyperplasia in comparison
with the control group (Fig. 2A). However, the montelukast
sodium-treated groups showed a decreased degree of goblet
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Figure 1. Blockade of CysLTR1 alleviates inflammation in asthmatic rats. (A) Heart rate and (B) body weight of different groups of rats treated with montelu-
kast sodium. “P<0.05, “P<0.01, ““P<0.001. (C) mRNA expression levels of CysLTR1 in lung tissues were determined using reverse transcription-quantitative
PCR. (D) Protein expression levels of CysLTR1 and Nrf2 in lung tissues were determined by western blotting. (E) The histopathological changes in lung
tissues from different groups of rats treated with montelukast sodium were assessed by hematoxylin and eosin staining (scale bar, 50 ym). (F) Expression
levels of IL-17 and IL-4 in the lung and (G) serum IgE were determined by ELISA. (H) Numbers of inflammatory cells in bronchoalveolar lavage fluid were
measured by Wright-Giemsa staining and the association between the dose of montelukast sodium and changes in the number of lymphocytes, eosinophils and

e

macrophages was assessed (scale bar, 50 ym).

Nrf2, nuclear factor erythroid-derived 2-related factor 2; CysLTRI1, cysteinyl leukotriene receptor 1.

P<0.001 vs. control; "P<0.05, "P<0.01 and *P<0.001 vs. model. ns, not significant; BPM, beats per minute;
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Figure 2. Blockade of cysteinyl leukotriene receptor 1 attenuates airway remodeling in asthmatic rats. (A) Goblet cell hyperplasia was measured by alcian blue
& periodic acid-Schiff staining (scale bar, 20 gm). (B) The collagen deposition in lung tissues from each group was assessed by Masson's trichrome staining
(scale bar, 50 um). (C) The apoptosis of bronchial epithelial cells was determined by TUNEL assay (scale bar, 100 zm). ““P<0.001 vs. control; "#P<0.001 vs.

model.

cell hyperplasia compared with that in the model group
(Fig. 2A). Additionally, the asthmatic rat model exhibited an
exacerbation of OVA-induced collagen deposition in the lung
tissue; however, treatment with montelukast sodium miti-
gated these changes. A TUNEL assay was used to examine
the impact of montelukast sodium on bronchial epithelial
cell apoptosis. The number of TUNEL-positive cells in the
model group was significantly increased compared with that
in the control group (Fig. 2C; P<0.001), whereas the number
of TUNEL-positive cells was significantly reduced by the
administration of montelukast sodium, compared with that in
the model group (P<0.001).

Blockade of CysLTRI inhibits oxidative stress and activates
Nrf2 in asthmatic rats. The expression levels of antioxidant
genes NQOI and HO-1 were measured to investigate the
involvement of CysLTRI1 blockade in oxidative stress.

Additionally, the GSH/GSSG ratio was calculated, due to its
reported role in scavenging free radicals (43). A significant
decrease in the mRNA expression levels of NQO1 and HO-1
was demonstrated in the model group compared with those
in the control group (Fig. 3A and B; P<0.001). Additionally, a
significant reduction in the GSH/GSSG ratio was also demon-
strated (Fig. 3C; P<0.001). These inhibitory effects induced
by OVA challenge were reversed by treatment with montelu-
kast sodium, particularly at a dosage of 4 mg/kg (Fig. 3A-C;
P<0.001). The transcription factor Nrf2, which is responsible
for regulating cellular redox balance and initiating protective
antioxidant responses in mammals, has been reported to be
an important therapeutic target for mitigating oxidative stress
injury in asthma (44). Immunofluorescence microscopy
demonstrated a significant decrease in Nrf2 fluorescence
intensity in the model group compared with that in the control
group (Fig. 3D; P<0.001), while there was a significant increase
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Figure 3. Blockade of cysteinyl leukotriene receptor 1 inhibits oxidative stress and activates Nrf2 signaling in asthmatic rats. The mRNA expression levels of
(A) NQOI and (B) HO-1 in lung tissues from each group were detected using reverse transcription-quantitative PCR. (C) The GSH/GSSG ratio was determined
using a commercial assay kit. (D) Relative fluorescence intensity of Nrf2 in lung tissues was assessed by immunofluorescence microscopy (scale bar, 100 ym).
“"P<0.001 vs. control; “P<0.05, #P<0.01 and "*P<0.001 vs. model. ns, not significant; Nrf2, nuclear factor erythroid-derived 2-related factor 2; NQO1, NAD(P)
H quinone oxidoreductase 1; HO-1, heme oxygenase 1; GSH, reduced glutathione; GSSG, oxidized glutathione.

following treatment with 4 or 30 mg/kg montelukast sodium
(Fig. 3D; P<0.05).

Discussion

The prevalence of asthma has increased over recent decades,
concomitant with the process of urbanization and indus-
trialization (45). Despite strict adherence to prescribed
anti-asthma medication, certain patients with asthma continue
to experience uncontrolled clinical symptoms, indicating an
ongoing need for effective management (46). Medical care
and excessive absenteeism related to asthma lead to substan-
tial healthcare expenditures exceeding $80 billion annually,
including $50.3 billion in direct medical costs, $29 billion in
asthma-related mortality and $3 billion in absenteeism (47).
Therefore, despite the current availability of innovative

therapies and evidence-based care, asthma continues to pose
a significant public health challenge. The present study aimed
to further elucidate the mechanism of action of CysLTR1 in
the progression of asthma in vivo, and the results indicated
that blockade of CysLTR1 may mitigate asthma progression in
an asthmatic rat model by inhibiting bronchial epithelial cell
apoptosis and activating Nrf2 signaling.

OVA challenge is a sensitization method used to induce
asthma in murine models (48). In the present study, the
pathological tissue of asthmatic rats exhibited noticeable
infiltration of inflammatory cells and visible thickening
of smooth muscle layers. Furthermore, elevated levels of
inflammatory cytokines IL-17 and IL-4 were also observed
in asthmatic rats. Inflammatory cells, such as macrophages,
lymphocytes and eosinophils, have previously been reported
to be closely associated with the inflammatory processes
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in asthma (40,49). Eosinophilic airway inflammation is a
defining characteristic of disease severity in specific subsets
of individuals with severe asthma, and there is a direct
association between eosinophil count and the frequency of
asthma exacerbation (50-52). In the present study, a signifi-
cant increase in the cell counts of macrophages, lymphocytes
and eosinophils in the BALF of asthma rats were demon-
strated. High levels of IgE are considered a biological
indicator of increased susceptibility to the development
of asthma (39). Furthermore, a previous study showed
significant specific IgE sensitization in a number of patients,
particularly among young individuals with severe forms of
asthma (53). Additionally, the relative importance of IgE
compared with eosinophils in severe asthma has also been
reported, indicating that IgE is the main cause of allergic
asthma, while eosinophilia is a consequence of the overall
process (54). Similarly, the present study demonstrated a
significant increase in IgE levels in asthmatic rats compared
with control rats. The present results were consistent with
the inflammatory characteristics of asthma, indicating the
successful establishment of an asthmatic model in rats.
CysLTs, a crucial group of inflammatory mediators in
the pathophysiology of asthma, are generated by activated
macrophages, basophils, eosinophils, myeloid dendritic cells
and mast cells (55). The above immune cells exert proinflam-
matory effects by specifically binding to CysLTRI1 (56).
Thus, antagonism of their actions produces anti-inflamma-
tory properties. In the present study, montelukast sodium, a
specific CysLTR1 antagonist, was used to block CysLTR1
and the role of CysLTRI1 blockade on inflammatory responses
during the progression of asthma was explored. Previous
studies have reported that when the dosage of montelukast
sodium is <1 mg/kg, there is no significant improvement in
inflammation (57,58); however, when the dosage is =3 mg/kg,
it can significantly reduce airway remodeling and inflam-
mation (59,60). Additionally, it has also been reported that
a single high dose of montelukast sodium (=30 mg/kg)
can alleviate inflammatory symptoms in animal models of
asthma (61). Therefore, in the present study, low (1 mg/kg),
medium (4 mg/kg) and high doses (30 mg/kg) of montelu-
kast sodium were administered to rat models with asthma.
Blockade of CysLTRI, particularly at the dose of 4 mg/kg of
montelukast sodium, significantly attenuated the inflamma-
tory symptoms and inflammatory cytokine levels in asthmatic
rats. Additionally, blockade of CysLTR1 also suppressed
the number of eosinophils, lymphocytes and macrophages
in the BALF of asthmatic rats. Among the three dosages of
montelukast sodium tested, the 4 mg/kg dose demonstrated
the highest inhibitory capacity across all three types of
inflammatory cells. These results suggested that blockade of
CysLTR1 may confer protection against inflammatory infil-
tration in asthma progression. The specific binding of CysLTs
to CysLTRI1 not only mediates the inflammatory response
in the progression of asthma, but also exerts a significant
impact on airway remodeling (62). The present study
demonstrated that the blockade of CysLTRI significantly
attenuated OVA-induced goblet cell hyperplasia and collagen
deposition, which indicated its potential role in alleviating
airway remodeling in asthmatic rats. It has been reported
that the apoptosis and shedding of bronchial epithelial cells

are significant histological characteristics in the development
of asthma (63). Therefore, the present study investigated the
role of CysLTRI1 blockade on bronchial epithelial cell apop-
tosis through the TUNEL assay. These results demonstrated
that the blockade of CysLTRI decreased the percentage of
TUNEL-positive cells in asthmatic rats, indicating the poten-
tial suppressive role of CysLTR1 blockade on the apoptosis
of bronchial epithelial cells. However, there are a number of
limitations in measuring the rate of apoptosis. First, other
techniques, such as flow cytometry and transmission elec-
tron microscopy, are also available for measuring apoptosis.
Second, previous studies have reported that in allergies
with an inflammatory component, apoptosis is induced by
proinflammatory mediators, such as TNF-a, produced by
inflammatory cells (64) and TNF-a expression is strongly
associated with the number of inflammatory cells present
in inflammatory reactions (65). Moreover, TNF-a-induced
cells have been shown by transmission electron microscopy
to exhibit features characteristic of the early and advanced
stages of apoptotic cell death, such as condensation of chro-
matin at the nuclear periphery, fragmentation of nuclei and
formation of apoptotic bodies (66). Therefore, the expression
levels of TNF-a and the associations between TNF-a and
inflammatory cell numbers should be assessed in future
studies. Collectively, blockade of CysLTRI could potentially
alleviate the development of asthma through inhibiting
inflammation, airway remodeling and bronchial epithelial
cell apoptosis.

It has been reported that the dysregulation of antioxi-
dant and oxidant systems can expedite the exacerbation of
asthma (67). Nrf2 regulates the encoding of antioxidant
proteins through its interaction with antioxidant response
elements, making it the foremost endogenous pathway for
combating oxidative stress reported to date. HO-1 and
NQOI are the two most important antioxidant genes down-
stream of the Nrf2 pathway (68). HO-1 safeguards cellular
integrity by suppressing oxidative stress and maintaining
mitochondrial function, while NQOI1 directly scavenges
superoxide and contributes to the production of antioxi-
dant forms (69,70). Thus, the present study determined the
expression levels of Nrf2, HO-1 and NQOI in asthmatic rats.
The oxidative stress damage during asthma development led
to the inhibition of the antioxidant genes Nrf2, HO-1 and
NQOI in asthmatic rats. Furthermore, the GSH/GSSG ratio,
which is another major determinant of oxidative stress, was
also suppressed following OVA challenge. Additionally,
blockade of CysLTRI, particularly at a dosage of 4 mg/kg,
restored the expression levels of Nrf2, NQOI1 and HO-1
and the GSG/GSSG ratio in asthmatic rats. These findings
suggested that blockade of CysLTRI1 could activate the
Nrf2 signaling pathway to inhibit oxidative stress and affect
asthma progression.

In conclusion, the present study analysed the potential
of CysLTRI blockade in asthma pathogenesis, indicating
that it could effectively suppress inflammation, airway
remodeling, bronchial epithelial cell apoptosis and oxida-
tive stress to improve asthma, potentially by activating the
Nrf2 signaling pathway. This may provide valuable insights
for future potential clinical therapeutic interventions for
asthma.
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