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Role and mechanism of quercetin via the TLR4/MyD88/IRAK4
signaling pathway in the treatment of allergic rhinitis
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Abstract. Although quercetin has anti-allergic and anti-inflam-
matory properties, its role in allergic rhinitis (AR) and its
potential molecular mechanism, especially whether it acts
through the Toll-like receptor 4 (TLR4)/myeloid differentiation
primary response 88 (MyD88)/interleukin-1 receptor-associ-
ated kinase 4 (IRAK4) signaling pathway, is currently unclear.
Therefore, an ovalbumin (OVA)-induced AR mouse model
was established to investigate whether quercetin can treat AR
by regulating the TLR4/MyD88/IRAK4 signaling pathway.
OVA and aluminum hydroxide were injected intraperitoneally
for sensitization, and OVA was dripped into the nose to estab-
lish a mouse model of AR. The mice were scored on behaviors
such as scratching, sneezing and a runny nose to assess the
success of the modeling. The treatment groups were given the
relevant drugs (dexamethasone and quercetin) by gavage for
1 week after successful modeling. Following the completion
of treatment, the serum OVA-IgE, IL-4, IL-13, IL-1p, IL-17
and IL-10 levels were measured; changes in the nasal mucosa
were observed; protein and mRNA expression levels of TLR4,
MyD88, IRAK4 and NF-«xB in lung tissue were determined;
and changes in the percentages of regulatory T cells (Tregs)
and T helper 17 (Th17) cells in the spleen were assessed. The
results showed that compared with the normal control (NC)
group, the allergic symptom scores were >10 points, and
the serum levels of OVA-IgE, IL-4, IL-13, IL-1p and IL-17
increased, whereas the serum level of IL-10 decreased in the
OVA group. Detachment and necrosis of the nasal mucosa,
accompanied by tissue edema and inflammatory cell infiltra-
tion, were observed in the OVA group. Compared with the
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NC group, the relative expression mRNA and protein levels of
TLR4, MyD88, IRAK4 and NF-«B in lung tissues increased,
the percentage of Tregs decreased and the percentage of
Th17 cells increased in splenocytes of the OVA group. Based
on these results, it was hypothesized that quercetin inhibits
inflammatory responses and induces immune tolerance by
regulating the TLR4/MyD88/IRAK4 signaling pathway in a
mouse model of AR.

Introduction

Atopic patients are a specific group of individuals who produce
immunoglobulin E (IgE) antibodies in response to allergens in
the environment. These patients often suffer from one or more
atopic diseases, such as atopic dermatitis, asthma or allergic
rhinitis (AR). When atopic patients inhale allergens, they
develop AR, a non-infectious, chronic inflammatory disease
of the nasal mucosa mediated primarily by IgE (1). AR has a
high prevalence worldwide, reaching as high as 50% in some
developed countries. It not only affects adults, but also chil-
dren and adolescents (1). Although AR is not a serious disease,
it can serve as the basis for several complications and is a
major risk factor for patients with poorly controlled asthma.
Statistically, perennial AR has no less impact on quality of
life than asthma, but has notable negative consequences for the
productivity of society as a whole (2,3). The prevalence of AR
is rising globally due to factors such as increased urbaniza-
tion, a decrease in the amount of time spent outdoors and the
misuse of antibiotics. In addition, lifestyle changes, increased
air pollution, fungi, infectious agents, tobacco, smog and other
risk factors have increased the prevalence of AR, leading to its
worsened impact (4). At present, the etiology of AR is not well
understood, and there are no effective strategies to prevent the
disease (5). The existing therapeutic options cannot completely
cure the disease. Therefore, conducting more in-depth research
into its pathogenesis and identifying new targets for preventing
and treating AR are of notable importance.

Chemically known as 3,3',4',5,7-pentahydroxyflavone,
quercetin (QUE), a naturally occurring flavonoid, is widely
found in vegetables, fruits and medicinal herbs and has notable
therapeutic potential, including anti-inflammatory, anticancer,
antioxidant, neuroprotective, anti-allergic and antibacterial
properties (6,7). QUE may serve a key role in AR treatment
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by modulating multiple key targets (8,9). The T helper 1
(Th1)/Th2 immune cell imbalance can be regulated by QUE,
which reduces IgE and histamine expression and inhibits the
infiltration of eosinophils, macrophages and lymphocytes (10).
Toll-like receptors (TLRs) are closely associated with innate
immunity (3). The TLR4 signaling pathway can activate the
downstream inflammatory NF-«kB signaling pathway, leading
to the release of inflammatory cytokines and chemokines (11).
The inflammatory response can be markedly attenuated
by inhibiting activation of the TLR4/NF-«kB signaling
pathway (12). In the present study, the aim was to explore
the therapeutic effects of QUE on AR via the TLR4/myeloid
differentiation primary response 88 (MyD88)/interleukin-1
receptor-associated kinase 4 (IRAK4) signaling pathway, and
to investigate the effects of QUE on the inflammatory response
and immune regulation in AR using a mouse model of AR.

Materials and methods

Reagents. In the present study, the following reagents were
used: QUE (Puxi), dexamethasone (DEX; MilliporeSigma),
ovalbumin (OVA; MilliporeSigma; grade III), TLR4 and
MyD88 (cat. nos. AF8187 and AF7524, respectively;
Beyotime Biotechnology), NF-xB p65 (cat. no. 8242; Cell
Signaling Technology, Inc.), IRAK4 (cat. no. ab119942,
Abcam), BCA kit (Thermo Fisher Scientific, Inc.), SYBR
Green qPCR Master Mix and RT Master Mix for quantitative
PCR (qPCR; MedChemExpress), ELISA kit OVA-IgE (cat.
no. MOFIO01017; Assay Genie), mouse IL-17 ELISA Kit (cat.
no. CSB-E04608m; Cusabio Technology, LLC), mouse IL-1p
ELISA Kit, mouse IL-10 ELISA Kit, mouse IL-13 ELISA Kit,
mouse IL-4 ELISA Kit (cat. nos. 1210122, 1211002, 1211302
and 1210402, respectively; all Dakwei), Flow-through antibody
FITC Rat anti-mouse CD4 antibody, APC Rat anti-mouse
CD25 antibody, PerCP Rat anti-mouse FOXP3 antibody (cat.
nos. 553055, 552880 and 563902; all BD Biosciences) and
Cell Fixation Membrane Breaker (eBioscience; Thermo Fisher
Scientific, Inc.).

Experimental instruments. The following instruments were
used in the present study: SDS-PAGE electrophoresis system,
western blot transfer system, ChemiDoc MP multifunctional
chemiluminescence imaging system (all Bio-Rad Laboratories,
Inc.), BD FACSCanto II flow cytometer (BD Biosciences),
Enzyme labeler SpectraMax Paradigm MultiMode Microplate
Reader (Molecular Devices, LLC).

Animal study. In the present study, a total of 72 female
BALB/c mice aged 4-6 weeks old were purchased from
the Guangdong Experimental Animal Center [animal use
license no. SCXK (Guangdong) 2022-0002; certificate of
conformity no. 44007200114118]. The mice were housed
in an air-conditioned animal room (temperature, 25+1°C;
humidity, 65+5%) for 1 week to allow them to acclimate.
The present study was performed in accordance with the
ARRIVE guidelines for animal research and complied with
all relevant regulations. All experimental protocols used in the
present study complied with animal ethics standards and were
approved by the Experimental Animal Ethics Committee of
Shenzhen Longgang E.N.T Hospital (approval no. 2022-0426).

All efforts were made to minimize animal suffering. All
animals were euthanized in accordance with the approved
protocol at the end of the experiment. No unexpected deaths
were observed, and no premature euthanasia procedures were
carried out during the entire study period. Premature eutha-
nasia procedures would be initiated if any of the following
conditions occurred: Animals are unable to feed themselves,
suffer from severe dehydration, severe infection, a moribund
state, respiratory distress or cyanosis.

Establishment of the animal model. Previous studies have
shown that female sex hormones increase the likelihood of
developing AR and exacerbate eosinophilic inflammation in
the nasal mucosa (13-15). Therefore, a mouse model of AR
was established using female BALB/c mice. The mice were
randomly assigned to one of four groups: Normal control (NC),
OVA, DEX and QUE, with 6 mice per group. A total of 24
mice were used in each independent repeated experiment, and
3 independent repeated animal experiments were conducted.
Except for the NC group, the remaining groups were sensi-
tized with 200 pl sensitization working solution [containing
2 mg AI(OH); and 100 ug OVA] by intraperitoneal injection
on days 0, 7 and 14 for basal sensitization, and challenged on
day 21 by nasal drip (10 gl per nostril) with OVA dissolved in
saline (10 ug/ul) once daily for 7 days. The treatment of the NC
group was replaced with normal saline, and mice were treated
using the same methodology.

Behavioral assessment. The mouse model was expected to
show symptoms such as sneezing, rubbing, face scratching
and a runny nose after a successful challenge; the success of
the model was assessed by observing these symptoms. On the
final day of the 7-day challenge, the behavioral assessment was
initiated within 30 min of completion. Allergy symptoms (such
as sneezing, scratching and a runny nose) were scored after the
challenge, and the observation period lasted 30 min. Scoring
was performed based on the criteria outlined in Table I. The
total score was recorded using the superposition method, and
a score of >5 was considered successful modeling.

Treatment of animal models. The treatment groups (DEX and
QUE) received 10 mg/kg DEX or 50 mg/kg QUE by gavage
in the afternoon of the day of challenge, after successful
modeling, once daily for 7 days. The NC and OVA groups
were treated by gavage with equal amounts of saline. Mice in
all groups were further sensitized with nasal drops as before,
and their behavioral changes were observed during the 7 days
of treatment. Efficacy was evaluated by analyzing symptom
scores in each group during the treatment period. The mice
were anesthetized with isoflurane on day 35 (5% induction and
2% maintenance). Once the mice completely lost the ability
to right themselves, their respiratory rate markedly decreased
or they showed no response to painful stimuli, they were
euthanized by cervical dislocation. Subsequently, blood from
the eye, nose, lungs and spleen was collected for subsequent
analysis (Fig. 1).

ELISA-based detection of OVA-IGE, IL-4, IL-13, IL-1§3, IL-17
and IL-10 in the serum of mice. Blood from the eye was
collected, left at room temperature for 30 min, then centrifuged
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Table I. Criteria for scoring allergic symptoms in ovalbumin-induced mouse model.

Biological scoring Scratching Sneezing Runny nose
0 None None None
1 Occasionally (1-2 times) 1-3 Flow to anterior nostril
2 Frequently 4-10 Beyond the anterior nostril
3 Scratching incessantly >10 Runny nose all over the face
Table II. Quantitative PCR primer sequences. ngLrJaEpy

0 7 14 21 27 28 DEX 34 35 days
Genes Primer sequences (5'-3) GF PHHHH P -
TLR4-F ATGGCATGGCTTACACCACC OVA/alum Sensitization OVA Challenge Euthanized
TLR4-R GAGGCCAATTTTGTCTCCACA OVA/alum = 100 mg OVA absorbed to 2 mg alum; QUE = 50 mg/kg, DEX = 10 mg/kg
MyD88-F TCATGTTCTCCATACCCTTGGT Figure 1. Schematic diagram of the animal modeling. OVA, ovalbumin;
MyD88-R AAACTGCGAGTGGGGTCAG QUE, quercetin; DEX, dexamethasone; alum, aluminum hydroxide.
IRAK4-F CATACGCAACCTTAATGTGGGG
IRAK4-R GGAACTGATTGTATCTGTCGTCG
NF-«xB-F ATGGCAGACGATGATCCCTAC hold at 95°C for 5 min, followed by 40 cycles of denaturation at
NF-kB-R TGTTGACAGTGGTATTTCTGGTG  95°C for 10 sec and annealing at 60°C for 30 sec. The relative
GAPDH-F AGGTCGGTGTGAACGGATTTG mRNA expression levels in each group were calculated using
GAPDH-R TGTAGACCATGTAGTTGAGGTCA  the 244 method based on the reference (16).

F, forward; R, reverse; TLR4, Toll-like receptor 4; MyDS8S,
myeloid differentiation primary response 88; IRAK4, interleukin-1
receptor-associated kinase 4.

at 12,880 x g for 10 min at 4°C to isolate the upper serum
layer, which was stored at -80°C until further use. The serum
levels of OVA-IgE, IL-4, IL-13,1L-17,IL-1p and IL-10 in mice
were measured using ELISAs according to the manufacturer's
protocol.

Histopathological analysis by hematoxylin-eosin (HE)
staining. The nasal tissues of mice were isolated intact
under aseptic conditions, the surface blood was washed, and
the tissues were stored in EP tubes containing 4% parafor-
maldehyde for fixation at room temperature for 24 h. After
decalcification, dehydration, transparency, wax immersion and
embedding, the sections were cut into 5-um-thick slices. Then
the sections were stained with HE solution at room temperature
for 3 min after spreading, baking, dewaxing and rehydrating.
After dehydration, clearing and drying, the slides were sealed
and finally observed under a brightfield microscope.

Reverse transcription (RT)-gPCR. Total RNA was isolated
from mouse lung tissue using TR1zol®, and RNA concentration
and purity were determined. According to the RT Master Mix
for gPCR (gDNA digest plus) kit instructions, the total RNA
was reverse transcribed into cDNA with a final transcription
volume of 20 pl. TLR4, MyD88, IRAK4, NF-kB p65 and
GAPDH primers were synthesized by Sangon Biotech Co.,
Ltd. (Table II). qPCR amplification was performed according
to the instructions of SYBR Green qPCR Master Mix (Low
ROX) kit under the following thermocycling conditions: Initial

Western blot. Mice lung tissues were collected under aseptic
conditions, stripped of surrounding fat, blood vessels and
connective tissue and stored at -80°C. When required, tissues
were thawed to room temperature and washed 3 times with
PBS. Subsequently, the protein lysis solution with protease
inhibitor was added. The lysis solution was prepared by
mixing RIPA lysis buffer (strong; cat. no. PO013B; Beyotime
Biotechnology) with PMSF protease inhibitor (cat. no. 36978;
Thermo Fisher Scientific, Inc.) at a volume ratio of 100:1. The
tissues were ground and further lysed for 30 min at 4°C. The
lysates were then centrifuged at 4°C at 12,880 x g for 10 min.
The supernatant was collected as a protein stock solution.
Protein concentration was measured using a BCA kit. After
adjusting the protein concentration of each group to the
same level, 30 pg protein was loaded per lane for SDS-PAGE
electrophoresis using a 5% loading gel and a 12% resolving
gel, at 80 V during the loading gel and at 120 V during the
resolving gel. Subsequently, the proteins were transferred
to PVDF membranes, blocked with TBST (0.1% Tween-20)
containing 5% skim milk powder for 1 h. The membranes
were cut according to the location of the protein of interest
and incubated with primary antibodies overnight at 4°C on
a shaker at the following dilutions: GAPDH (1:2,000; cat.
no. MAS5-15738-A488; Thermo Fisher Scientific, Inc.), TLR4
(1:2,000; cat. no. AF8187; Beyotime Biotechnology), NF-xB
p65 (1:1,000; cat. no. 8242; Cell Signaling Technology, Inc.),
IRAK4 (1:1,000; cat. no. ab119942; Abcam), and MyD88
(1:1,000; cat. no. AF7524; Beyotime Biotechnology). The
following day, membranes were rewarmed at room tempera-
ture for 1 h, washed three times with TBST (10 min per
wash), incubated with goat anti-rabbit IgG antibody (1:5,000;
cat. no. ab6728; Abcam) for 2 h, washed three times again
with TBST (10 min per wash), and developed using the
SuperSignal™ West Femto Chemiluminescent Substrate (cat.
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Figure 2. Allergy symptom scores and local nasal mucosal manifestations in mice (n=6 per group). (A) Allergic symptom scores in mice on day 34. Local
nasal manifestations of mice in the (B) NC, (C) OVA, (D) DEX and (E) QUE groups on day 34. Data are presented as the mean = SEM. “*P<0.0001 vs. NC;
#P<0.01,"#P<0.001 vs. OVA. NC, normal control; OVA, ovalbumin; Dex, dexamethasone; QUE, quercetin.

no. 34098CN; Thermo Fisher Scientific, Inc.). The results were
analyzed using Imagel (version 1.54g; National Institutes of
Health).

Flow cytometry for detection of Tregs and Thl7 cells in
splenocytes. After euthanasia of the mice, the spleen was asep-
tically stripped, ground in a flat dish containing PBS, filtered
and washed with PBS, Subsequently, 300 pl erythrocyte lysate
was added, the samples were shaken and mixed, and incubated
at 4°C for 5 min. Next, the splenocytes were then divided into
two halves; one half was used to assess Tregs, and the other
half to assess Th17 cells. Blank control tubes, control isotype
tubes, CD4 and CD25 single-stained tubes, and CD4 and IL-17
single-stained tubes were set up separately. A total of 1 ul of
undiluted CD4 antibody and 1 ul of undiluted CD25 antibody
was added to each tube of the Tregs assay; 1 ul of undiluted
CD4 antibody was added to each tube for the Th17 cells assay,
and all the samples were incubated for 30 min in the dark at4°C,
and then 400 yu1 fixation buffer was added and cell were fixed
for 1 hat4°C. A total of 1 ul of undiluted FOXP3 antibody and
300 pl permeabilization buffer were added to each tube of the
Treg cells assay; 2 ul of undiluted IL-17 antibody and 300 pl
permeabilization buffer were added to each tube of the Th17
cells assay. All the samples were shaken thoroughly, incubated
overnight at 4°C, washed twice with PBS and then evaluated
using a BD FACSCanto II flow cytometer (BD Biosciences).
The number of cells per sample was set to 50,000-100,000
for flow cytometry, and cellular debris and dead cells were
excluded. Data analysis was performed using FlowJo software
(version 7.6.1_Min; FlowJo LLC; BD Biosciences).

Statistical analysis. Data were analyzed and plotted using
Graph Pad Prism version 8.0 (Dotmatics), and data are
presented as the mean + standard deviation. A one-way
ANOVA was used for comparison between multiple groups,

followed by Tukey's post hoc test for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Allergic symptom score in the OVA-induced mouse model.
The mice in the NC group occasionally had scratchy noses,
while the mice in the AR model group had notable symptoms,
including a scratchy nose, sneezing and a runny nose, and
all scores were >10, indicating the successful establishment
of the model. During the treatment of mice after successful
modeling, the nasal drip was continued as before until the
day before the mice were sacrificed (days 28-34); it was noted
that the allergic symptoms persisted in the OVA group during
these 7 days, whereas the scratching, runny nose and rubbing
symptoms of the mice in the treatment groups (DEX and
QUE groups) decreased daily in comparison with the OVA
group, as assessed daily according to the scoring criteria in
Table 1. Finally, the results showed that the OVA group allergy
symptom scores were significantly higher than those of the NC
group (P<0.0001). The symptoms were significantly reduced
in the DEX (P<0.001) and QUE (P<0.01) groups compared
with those in the OVA group after treatment, and there was
no notable change in the nasal symptoms in the NC group
(Fig. 2A). Under microscopic examination of HE-stained
sections, the nasal mucosa of the OVA group appeared more
congested than that of the NC group, and after treatment the
congestion appeared reduced in the DEX and QUE groups
(representative images shown in Fig. 2B-E, which only
partially reflect the differences observed by the naked eye).

OVA-IgE, IL-4, IL-13, IL-17, IL-18 and IL-10 expression
levels in the serum of mice. OVA-IgE, 1L-4, IL-13, IL-17,
IL-1pB and IL-10 levels in mouse serum at different time
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Figure 3. Production of OVA-IgE, IL-4,1L-13,IL-17,IL-1p and IL-10 in the serum of mice. (A-F) Results of OVA-IgE, IL-4,1L-13,1L-17,1L-1 and IL-10 rela-
tive secretion levels in NC, OVA, DEX and QUE groups. Data are presented as the mean + SEM. "P<0.05, “P<0.01, ““P<0.001, “**P<0.0001 vs. NC; #P<0.01,
##P<0.001, ##P<0.0001 vs. OVA. NC, normal control; OVA, ovalbumin; DEX, dexamethasone; QUE, quercetin.

points were assessed using ELISA. The results showed that
OVA-IgE, IL-4, IL-13,1L-17 and IL-1f levels increased in the
OVA group compared with the NC group and decreased in the
DEX and QUE groups compared with the OVA group. This
indicates that OVA increased the serum levels of OVA-IgE,
IL-4, IL-13, IL-17 and IL-1f in mice, and QUE reversed the
OVA-induced changes. For IL-10, its expression was decreased
in the OVA group compared with the NC and increased in the
QUE group compared with the OVA group. This suggests that
QUE reversed OVA-induced changes in IL-10 levels (Fig. 3).

HE staining of the histopathological changes of the nasal mucosa
in mice. The HE-stained sections of the nasal cavity showed that
the nasal mucosa of the NC group was generally intact, with an
intact epithelial structure; the glandular cell morphology was
neat and orderly, with relatively little inflammatory cell infil-
tration and no obvious exudation. In the OVA group, the nasal
mucosa was incomplete, with notable mucosal disruption, shed-
ding, necrosis, tissue edema, small vessel dilatation, glandular
hyperplasia, disorganized arrangement of glandular cells and
obvious infiltration of inflammatory cells. In the DEX and QUE
groups, mucosal morphology improved, with mucosal damage,
shedding and necrosis all reduced; glandular hyperplasia was
reduced, and glandular cell arrangement tended to be orderly;
inflammatory cell infiltration was reduced; and tissue edema was
reduced compared with that in the OVA group (Fig. 4).

Effect of QUE on the mRNA expression levels of TLR4, MyDSS8,
IRAK4 and NF-kB. The mRNA expression levels of TLR4,
MyDS88, IRAK4 and NF-«B in the lungs of mice were measured

using qPCR. The results showed that the expression of TLR4,
MyD88, IRAK4 and NF-kB was increased in the OVA group
compared with the NC group, and decreased in the DEX and
QUE groups compared with the OVA group. Thus, QUE reversed
the OVA-induced effects on the aforementioned mRNAs (Fig. 5).

Effect of QUE on the protein expression levels of TLR4,
MyD88, IRAK4 and NF-xB. The relative expression levels
of TLR4, MyD88, IRAK4 and NF-«kB proteins in the lungs
of mice were assessed using western blotting. The relative
expression levels of these proteins were significantly increased
in the OVA group compared with the NC, and reduced in the
DEX and QUE groups compared with the OVA group. This
indicates that QUE inhibited protein expression of members of
the TLR4/MyD88/IRAK4 signaling pathway (Fig. 6).

Effect of QUE on the percentage of Treg and Thl7 cells in
splenocytes. The percentages of Tregs (CD4*/CD25*/FOXP3")
and Th17 (CD4*/IL-17) cells in mouse splenocytes were
assessed using flow cytometry. The results showed that the
percentage of Tregs decreased in the OVA group compared
with the NC group, and increased in the DEX and QUE groups
compared with the OVA group (Fig. 7A-E). This suggests that
OVA reduced the number of Tregs in splenocytes, whereas
DEX and QUE reversed the OVA-induced reduction in Tregs
and potentially promoted Treg differentiation and prolifera-
tion. Additionally, the results showed that the percentage of
Th17 cells increased in the OVA group compared with the NC
group, and decreased in the DEX and QUE groups compared
with the OVA group (Fig. 7F-J). This indicates that OVA
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Figure 4. Histopathological hematoxylin-eosin-stained sections of the mouse nasal mucosa. Histopathological sections of stained tissues from the (Ai) NC,
(Bi) OVA, (Ci) DEX and (Di) QUE groups; magnification, x40. Histopathological sections of stained tissues from the (Aii) NC, (Bii) OVA, (Cii) DEX and
(Dii) QUE groups; magnification, x100. Histopathological sections of stained tissues from the (Aiii) NC, (Biii) OVA, (Ciii) DEX and (Diii) QUE groups;
magnification, x200. Histopathological sections of stained tissues from the (Aiv) NC, (Biv) OVA, (Civ) DEX and (Div) QUE groups; magnification, x400. NC,

normal control; OVA, ovalbumin; DEX, dexamethasone; QUE, quercetin.
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Figure 5. Effect of QUE on mRNA of TLR4, MyD88, IRAK4 and NF-«xB.
Results of (A) TLR4, (B) MyD88, (C) IRAK4 and (D) NF-kB mRNA relative
expression levels in NC, OVA, DEX and QUE groups. Data are presented
as the mean =+ SEM of three repeats. ““P<0.001, “P<0.0001 vs. NC;
"P<0.01, ""P<0.001, "*P<0.0001 vs. OVA. NC, normal control; OVA, oval-
bumin; DEX, dexamethasone; QUE, quercetin; TLR4, Toll-like receptor 4;
MyDS88, myeloid differentiation primary response 88; IRAK4, interleukin-1
receptor-associated kinase 4.

increased the percentage of Thl7 in splenocytes, whereas
DEX and QUE reversed the OVA-induced increase in the
percentage of Th17 cells.

Discussion

The primary clinical symptoms of AR include an itchy nose,
runny nose and sneezing. Examination can reveal pale edema
of the nasal mucosa, clear water-like secretions in the nasal
cavity and hyperemia of the nasal mucosa in the acute phase.
QUE can alleviate allergic symptoms in the nasal mucosa
by reducing the levels of angiogenic factors and inhibiting
oxidative stress (17,18). In the present study, BALB/c mice
exhibited notable nasal scratching after successful modeling,
suggesting they may have experienced nasal itching. Repeated
nose scratching can lead to whisker loss and thinning of the
fur around the nose in OVA-induced mice, and these mani-
festations were observed in the present study post-modeling.
At the same time, it was observed that the allergic symptoms
in the QUE and DEX groups gradually decreased over 7 days
of treatment compared with the OVA group. This indicates
that QUE alleviated the OVA-induced allergic symptoms in
mice, and its effects were similar to those of DEX. It was
also observed that the nasal mucosa of the OVA-induced
mice model was more congested than that of the NC group,
indicating that the inflammation was in the acute phase. This
also shows that the modeling was successful. Scratching
and rubbing were markedly reduced in the DEX and QUE
groups after treatment, and congestion of the nasal mucosa
was improved compared with that of the OVA group. This
indicates that QUE alleviated nasal itching and nasal
mucosal congestion in mice with AR. From this perspective,
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the treatment was effective. For the treatment groups that did
not fully return to normal levels, it was hypothesized that
this may be due to insufficient treatment time or individual
differences in dosage performance, but further research is
required. The symptoms of AR are caused by allergic inflam-
matory mediators released when allergens enter the body and
stimulate the nasal mucosa. Re-exposure of sensitized indi-
viduals to the same allergen activates and degranulates mast
cells and basophils, which release histamine, leukotrienes,

prostaglandins and other inflammatory mediators, leading
to acute AR symptoms (1,19). In the present study, a mouse
model of AR was induced by intranasal OVA challenge to
evaluate whether treatment with QUE could alleviate allergic
symptoms. Although the levels of histamine, leukotrienes
and prostaglandins were not directly measured in this study,
the reduction in sneezing, scratching and nasal congestion in
the treatment group indirectly suggests that QUE may have
influenced the release of these mediators.
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IL-17 is primarily produced by Thl17 cells and is often
elevated in AR (20). This was also demonstrated by the
ELISA results, which were consistent with the flow cytom-
etry findings. IL-1f is a key cytokine that promotes AR (21).
IL-1p activates the NF-xB pathway, promoting IL-13
production (22). IL-4 and IL-13 contribute to the produc-
tion of mucus and IgE, thereby releasing pro-inflammatory
mediators that, in turn, promote the development of allergic
reactions (23). IL-10 serves multiple roles in immune regula-
tion and inflammation, and its deficiency is associated with
increased IgE in AR (24). The immunomodulatory effect of
QUE was characterized by reductions in IL-4, IL-5, IL-13,
IL-1B, TNF-a and IgE levels (25). The results of the present
study showed that OVA-specific IgE, IL-4 and IL-13 levels
were increased and IL-10 levels were decreased in the serum
of the OVA-induced mouse model, and that these indicators
were reversed after QUE and DEX treatment. The increase
of OVA-specific IgE in the OVA group may be associated
with the increase of IL-13, IL-4 and IL-1p and the decrease
of IL-10. The mechanism is that IL-4 and IL-13 promote
IgE production, whereas IL-10 suppresses IgE production,
and IL-1p enhances the Th2-type inflammatory response.
Therefore, increased IL-4, IL-13, IL-1p together with
decreased IL-10 result in higher OVA-specific IgE levels.
It is necessary to conduct more in-depth research into their
relationship in subsequent experiments.

QUE, with the anti-allergic function of inhibiting the
production of histamine and pro-inflammatory mediators,
can regulate the stability of the Th1/Th2 balance, reduce
antigen-specific IgE antibodies released by B cells and
decrease IL-4 in serum, thereby reducing allergic airway
inflammation and airway hyperresponsiveness (26). QUE can
also reduce Ca2* influx induced by allergy and inhibit chemo-
kine release, similar to the mast cell stabilizer DEX (27).
In allergic conditions, the activation of innate and adaptive
immunity can be attenuated by QUE (10). In the treatment
groups (DEX and QUE), IL-4 and IL-13 levels were lower than
in the OVA group, suggesting that QUE reduced OVA-induced
IL-4 and IL-13 levels and that the reduction of IL-4 and IL-13
may further reduce IgE. This also suggests that blocking the
production of IL-4 and IL-13 can treat AR and further verifies
the anti-inflammatory and anti-allergic effects of QUE.

The nasal mucosa is rich in small blood vessels. When
allergens trigger an allergic response, inflammatory media-
tors cause congestion and edema of the submucosal tissue,
smooth muscle contraction, increased vascular permeability
and mucus secretion. These inflammatory mediators can
also increase the number of eosinophils deep in the nasal
mucosa, and excessive accumulation of eosinophils further
releases toxic proteins that can damage the integrity of respi-
ratory epithelial cells (28,29). Under the synergistic effect of
chemokines, inflammatory cells infiltrate the nasal mucosal
tissue, triggering inflammatory responses that further
damage the nasal mucosal tissue and lead to clinical symp-
toms (1). The infiltration of inflammatory cells in the nasal
mucosa tissues of mice with chronic sinusitis or AR can be
alleviated by QUE (8,30). Ke et al (31) showed that QUE
alleviated OVA-induced thickening of the nasal mucosa and
increased eosinophils in the nasal cavity in an OVA-induced
mouse model of AR. Although the study by Ke ef al (31) has

demonstrated the anti-allergic effects of QUE in a similar
mouse model, the present study focuses on the differentiation
balance between Th1/Th2 and Treg/Th17 cells. It systemati-
cally reveals the regulatory role of QUE in modulating the
Treg/Th17 balance via the TLR4/MyD88/IRAK4 signaling
pathway in an OVA-induced AR mouse model, thereby
expanding the understanding of the molecular targets of
QUE in the treatment of AR. In the present study, the HE
staining results showed that the nasal mucosa in the OVA
group exhibited notable disruption, shedding and necrosis;
dilated submucosal small blood vessels; glandular hyper-
plasia; disordered glandular cell arrangement; and infiltration
of inflammatory cells. After treatment, the integrity of the
nasal mucosa was partially restored, tissue edema was allevi-
ated, the arrangement of glandular cells tended to be more
orderly and the number of infiltrating inflammatory cells
was reduced compared with the OVA group. The number of
inflammatory cells in the nasal mucosa differed markedly.
From a morphological perspective, QUE improved mucosal
morphology, reduced the number of inflammatory cells and
restored the integrity of the nasal mucosal epithelium in the
OVA-induced mice model. This further demonstrates the
anti-inflammatory effects of QUE.

TLR4-mediated signaling links innate and adaptive
immunity, and activation of TLR4 drives and promotes
inflammation (32). When TLR4 is activated, it binds to
MyDS88, which further activates IRAK4, ultimately leading
to NF-xB activation and the release of inflammatory
cytokines and chemokines, causing inflammation (32,33).
Cheng et al (34) showed that QUE attenuated LPS-induced
inflammatory damage by inducing the microRNA-21/deleted
in malignant brain tumors 1/NF-«B axis. Therefore, it
may serve as a potential compound for the treatment of
AR. Shams and Eissa (35) showed that QUE ameliorated
ethanol-induced gastric ulcers in rats, involving the nuclear
factor erythroid 2-related factor 2/heme oxygenase-1, high
mobility group box 1/TLR4/NF-kB pathways, suggesting that
QUE possesses antioxidant and anti-inflammatory functions.
Gong et al (36) showed that QUE attenuated LPS-induced
cellular damage and inflammation via the TLR4/NF-«B
pathway. The results of the present study showed that
the relative expression of proteins involved in the
TLR4/MyD88/IRAK4 signaling pathway was significantly
increased in the OVA-induced mouse model, suggesting that
inflammation in AR may be associated with this signaling
pathway. The expression of these proteins was reduced in
QUE-treated mice, indicating that QUE can suppress the
expression of related proteins in the TLR4/MyD88/IRAK4
signaling pathway during AR inflammation. The mRNA
expression levels of members of the TLR4/MyD88/IRAK4
signaling pathway were also assessed, and the changes were
consistent with those obtained using western blotting. This
suggests a consistent effect of QUE on related proteins and
mRNAs in the TLR4/MyD88/IR AK4 signaling pathway and
further supports the evidence that QUE exerts a beneficial
effect on AR via this pathway.

The immune responses mediated by Th17 cells and
Tregs contribute to the pathogenesis of AR (37). Th17
cells and Tregs represent two distinct phenotypes of CD4*
T cells with completely different functions. Th17 cells have
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pro-inflammatory effects, while Tregs suppress inflamma-
tion; changes in inflammatory cytokine levels can affect the
Th17/Treg balance (38). Th17 cells and Tregs antagonize
each other's function and differentiation, and an imbalance
between Th17/Treg cells can lead to inflammatory responses,
which in turn can induce AR (39,40). QUE has been reported
to increase Tregs and decrease Thl17 cells, thereby exerting
anti-inflammatory effects (41), and its regulatory effect on
Tregs may be mediated by FOXP3 (10). QUE also inhibits
NF-«kB activation and the release of inflammatory media-
tors, thereby exerting anti-allergic effects (42). Ke et al (31)
showed that QUE improved the Treg/Thl17 cell imbalance
and inhibited the activation of the NF-kB pathway to treat
AR. The results of the present study showed that in the
OVA-induced mouse model, the percentage of Tregs in
splenocytes decreased, while the percentage of Thl7 cells
increased, suggesting that OVA can decrease Tregs and
increase Th17 cells. The Treg percentage was increased,
and Th17 percentage was decreased in the spleen after QUE
treatment, suggesting that QUE can reduce the number of
Th17 cells and reverse the abnormally downregulated Treg
population in splenocytes induced by OVA. Therefore, it
is hypothesized that QUE alleviates AR by restoring the
balance between Treg/Th17 cells, and that AR can be treated
by correcting this imbalance.

In the present study, notable allergic symptoms were
not observed in the NC group, which received only saline
solution. Although QUE is as effective as DEX, long-term
use of DEX can lead to side effects such as immunosup-
pression and metabolic disorders. By contrast, QUE is a
naturally occurring flavonoid compound with a good safety
profile and low toxicity. This suggests that QUE may serve
as a safer natural alternative for treating AR, though further
clinical validation is needed. Assessing the effect of QUE in
knockout mice may be more convincing for its mechanism
of action in treating AR through the TLR4/MyD88/IR AK4
signaling pathway. This should be validated through further
experiments, which will be instructive for the develop-
ment of QUE as a drug to prevent AR. Furthermore, the
present study examined only the effects of QUE on female
mice. The potential deviations in the experimental results
warrant the necessity of future studies that use male mice or
conduct experiments involving both male and female mice
simultaneously.

In conclusion, QUE can effectively alleviate scratching
and sneezing symptoms in the OVA-induced mouse model,
reduce OVA-induced nasal mucosal damage, reduce the
expression levels of inflammatory factors and regulate
the imbalance between Treg/Thl17 cells. Its mechanism of
action may include reducing the inflammatory response via
the TLR4/MyD88/IRAK4 signaling pathway and inducing
immune tolerance. The present study primarily evaluated the
therapeutic effects of QUE on AR, but its toxicity and side
effects were not explored in additional depth. In addition, the
small sample size used is a limitation. Whether QUE still has
this effect with a larger sample size needs further verification
through additional independent experiments. Therefore, it is
necessary to conduct experiments with larger sample sizes to
observe the therapeutic, toxic and side effects of QUE on AR
in future studies.
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