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Abstract
Diosmetin is a flavonoid compound with various pharmacological activities, which plays a vital role in alleviating the devel-
opment of asthma and atopic dermatitis. However, the role of diosmetin in allergic rhinitis is unclear. Our study aimed to 
investigate the effects of diosmetin on AR progression and the underlying molecular mechanisms. The allergic rhinitis murine 
model was established via ovalbumin challenge, followed by administration with diosmetin or dexamethasone. Before mice 
were sacrificed, nasal symptoms were evaluated. The histopathological examination of nasal mucosa was performed through 
hematoxylin–eosin and toluidine blue staining. The levels of histamine, ovalbumin-specific IgE, and ovalbumin-specific IgG1 
in serum of mice and the levels of Th1/Th2-related cytokines and pro-inflammatory cytokines in nasal lavage fluid of mice were 
determined by enzyme-linked immunosorbent assay. The protein levels of silent information regulator 1 (SIRT1) and nuclear 
factor kappa B (NF-κB) pathway-related molecules were detected by western blotting. Diosmetin improved nasal symptoms, 
and downregulated the serum levels of histamine, IgE, and IgG1 in allergic rhinitis mice. Diosmetin attenuated eosinophil 
and mast cell infiltration in nasal mucosa tissues, decreased the migration of inflammatory cells into the nasal lavage fluid, 
and improved the Th1/Th2 cytokine imbalance in nasal lavage fluid. Diosmetin upregulated SIRT1 and inactivated the NF-κB 
pathway in allergic rhinitis mice. Furthermore, treatment with an SIRT1 inhibitor (EX-527) overturned the effects of diosmetin 
on the SIRT1/NF-κB signaling, Th1/Th2 cytokine imbalance, and nasal inflammation in allergic rhinitis mice. Diosmetin 
ameliorates nasal inflammation and Th1/Th2 imbalance by regulating the SIRT1/NF-κB signaling in allergic rhinitis mice.
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Introduction

Allergic rhinitis (AR) is a type I hypersensitivity reaction medi-
ated by immunoglobulin E (IgE) after individual exposure to 
allergens. Following antigen-IgE stimulation, mast cells, eosin-
ophils, and T-lymphocytes secrete allergic mediators includ-
ing histamine, cytokines, and chemokines to induce hyper-
sensitivity reactions (Hemmati et al. 2019). The incidence 
of AR has increased dramatically over the past decade, and 
epidemiologic data show that AR influences approximately 

40% of the global population (Hoyte and Nelson 2018). Even 
though AR is not life-threatening, its typical symptoms, includ-
ing rhinorrhea, paroxysmal sneezing, nasal congestion, and 
itching, severely impact the patient’s life quality (Zhang et al. 
2021). The current agents widely used for the treatment of AR 
include corticosteroids, antihistamines, mast cell stabilizers, 
nasal decongestants, and antileukotrienes. However, prolonged 
use of these drugs brings various adverse side effects, such 
as endocrine disorders, damage to the liver and kidneys, and 
inhibition of the central nervous system (Meltzer and Bukstein 
2011). Therefore, it is urgently required to develop novel better 
drugs with high safety and less side-effects.

In recent decades, anti-inflammatory agents from natural 
products have attracted people’s attention. Numerous herbal 
medicines have shown their potential safety and efficacy in 
the prevention and treatment of AR. Flavonoids, as the most 
common and widely distributed plant secondary metabolite, 
belong to the polyphenolic compounds that are characterized 
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by the structure of benzo-γ-pyrone. The relationship between 
the hydroxyl groups in the structure of flavonoid molecules 
and their antioxidant activity including the ability to scavenge 
free radicals or to reduce iron ions have been widely reported 
(Hyun et al. 2010). Until now, many flavonoids have been 
revealed to play effective roles in protecting against the devel-
opment of AR. For example, baicalin, a flavonoid compound 
extracted from Scutellaria baicalensis Georgi, Lamiaceae, 
has shown its anti-allergic and anti-inflammatory activities in 
lipopolysaccharide-stimulated human mast cells and ovalbu-
min (OVA)-induced AR guinea pigs (Zhou et al. 2016). Tan-
geretin, a polymethoxylated flavonoid found in the fruit peels 
of Citrus aurantium L., Rutaceae, has been demonstrated to 
alleviate airway inflammation, improve allergic symptoms, 
and promote regulatory T cell responses in an OVA-induced 
AR animal model (Xu et al. 2019). Diosmetin (1) is an 
O-methylated flavone (3′,5,7-trihydroxy-4′-methoxyflavone) 
found in the leaves of the olive tree (Olea europaea L., 
Oleaceae) and the fruits of C. aurantium. Diosmetin contains 
benzene rings in its molecular structure, and the presence of 
hydroxyl group on the benzene ring endows diosmetin with 
strong antioxidant property, which can effectively scavenge 
free radicals and protect cells from oxidative damage (Sor-
don et al. 2019). Furthermore, diosmetin has been proved 
to possess many other pharmacological activities, including 
anti-cancer, anti-inflammatory, antihyperglycemic, antihyper-
lipidemic, anti-virulence, and free radical scavenging effects 
(Li et al. 2022). Notably, no adverse effect was detectable in 
the acute toxicity study of diosmetin, suggesting its safety 
for use in humans. In several recent studies, diosmetin was 
discovered to play an effective role in alleviating the develop-
ment of allergic diseases. In OVA-challenged asthmatic mice, 
administration of diosmetin improves airway remodeling 
and hyperresponsiveness as well as relieves collagen depo-
sition and inflammatory cell infiltration in lungs (Ge et al. 
2015). Treatment with diosmetin decreases pro-inflammatory 
cytokine production and suppresses macrophage infiltration 
into the atopic dermatitis lesion in dinitrochlorobenzene-
induced atopic dermatitis mouse models (Lee et al. 2020). 
To date, whether diosmetin plays an anti-allergic role in AR 
has not been investigated.

Silent information regulator 1 (SIRT1) is an 
NAD( +)-dependent deacetylase that removes acetylation 
modifications from many different proteins, including his-
tones, transcription factors, and structural proteins. SIRT1 
is involved in many cellular physiological and pathologi-
cal processes, such as cell cycle regulation, DNA repair, 
glucose metabolism, fatty acid metabolism, apoptosis, and 
senescence (Fang and Nicholl 2014). Activation of SIRT1 
inhibits inflammatory response, reduces cellular stress, and 
improves cellular antioxidant capacity. SIRT1 has been 
identified to negatively regulate nuclear factor kappa B 
(NF-κB) signaling pathway by reducing the transcriptional 
activity of NF-κB (Chen et al. 2020a). The NF-κB is a fam-
ily of inducible transcription factors and consists of five 
different members in mammals: NF-κB1 (p105 and p50), 
NF-κB2 (p100 and p52), RelA (p65), RelB, and c-Rel. Due 
to its ability to modulate the transcription of genes involved 
in immune response and inflammation, NF-κB is regarded 
as a crucial regulator of the inflammatory response. SIRT1 
can deacetylate lysine 310 of RelA/p65 subunit, which 
favors the association of p65/p50 complex with the NF-κB 
inhibitor IκBα and triggers the transport of the NF-κB 
complex from the nucleus back to the cytoplasm, affecting 
its transcriptional activity and inhibiting the expression of 
its pro-inflammatory target genes. Numerous studies have 
elucidated that inhibiting the NF-κB signaling pathway 
through activating SIRT1 contributes to alleviating the 
inflammatory response in multiple human diseases, includ-
ing allergic diseases. For example, bergenin activates SIRT1 
to deacetylate NF-κB and hinder its nuclear translocation, 
thereby suppressing the production of proinflammatory 
cytokines and improving airway inflammation in asthma 
(Huang et al. 2022). Loganin administration effectively 
reduces macrophage M1 polarization and the expression of 
pro-inflammatory cytokines in colon tissues of ulcerative 
colitis mouse models by upregulating SIRT1 expression and 
inhibiting NF-κB p65 acetylation (Liu et al. 2020). Interest-
ingly, diosmetin was previously reported to alleviate colon 
inflammation and oxidative damage in the mouse model 
of colitis by inhibiting NF-κB signaling pathway through 
activating the circ-SIRT1/SIRT1 axis (Li et al. 2022). How-
ever, whether diosmetin participates in AR progression by 
regulating the SIRT1/NF-κB remains unclear.

Herein, we aim to figure out the influence of diosmetin 
on the OVA-induced AR murine model. We hypothesize 
that diosmetin improves Th1/Th2 cell–released cytokine 
imbalance and ameliorates nasal inflammation in AR mice 
via modulating the SIRT1/NF-κB signaling pathway. The 
present study might provide evidence that diosmetin is a 
promising and safe drug for AR treatment.
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Materials and Methods

Animals

Totally 40 male BALB/c mice (6-week-old, 21–23 g weight 
range) purchased from Damool Science (Daejeon, Korea) 
were included in our study. Mice were housed in a specific 
pathogen-free facility under a 12-h light/dark cycle with free 
access to standard food and water. The Institutional Animal 
Care and Use Committee of Hubei Provincial Hospital of 
TCM (Wuhan, China) approved all experimental protocols.

Experimental Design

All mice were randomly allocated into 5 groups (n = 8/each 
group): control, OVA, OVA + diosmetin, OVA + dexameth-
asone (Dex), and OVA + diosmetin + EX-527 groups. To 
induce the mouse model of AR, mice were sensitized with 
50 μg OVA (Sigma-Aldrich, St. Louis, MO, USA) and 1 mg 
aluminum hydroxide (Vetec, Rio de Janeiro, RJ, Brazil) on 
days 0, 7, and 14 by intraperitoneal injection. On days 15–28, 
the OVA-sensitized mice in diosmetin and DEX groups 
were daily administered by oral gavage with 200 μl dios-
metin (0.5 mg/kg; purity: ≥ 98%, batch number: PS010395, 
purchased from Chengdu Push Bio-technology Co., Ltd., 
Chengdu, Sichuan, China) or DEX (positive control; 2.5 mg/
kg; Sigma-Aldrich). The dosages of diosmetin (Ge et al. 
2015) and DEX (Piao et al. 2020b) were determined as pre-
viously described. Mice in OVA and control groups received 
the same volume of saline once a day. On days 21–28, the 
OVA-sensitized mice in OVA, diosmetin, and DEX groups 
were challenged daily with 200 μg OVA by intranasal instil-
lation. For EX-527 treatment, mice were intraperitoneally 
injected with SIRT1 antagonist EX-527 (10 mg/kg; Sigma-
Aldrich) 10 min before OVA challenge on day 21 (Zou et al. 
2021). On day 29, mice were lightly anesthetized by inhaling 
with ether and sacrificed by cervical dislocation. A schematic 
diagram of AR mouse model establishment and diosmetin or 
DEX administration is depicted in Fig. 1A.

Nasal Symptom Evaluation

On day 29, the events of sneezing and nasal rubbing occur-
ring over a 20-min period after the last OVA challenge were 
recorded by two blinded observers, from which the nasal 
symptoms were evaluated.

Histopathological Examination

Mice heads were fixed in 10% neutral formalin for 2 days, 
followed by decalcification in Calci-Clear Rapid histological 
decalcifying agent (National Diagnostics, Atlanta, GA) for 
3 days. The fixed tissues were embedded in paraffin and then 

sectioned in 4-µm-thick segments. The slides were stained 
with hematoxylin–eosin (H&E) and toluidine blue solution 
and observed under light microscopy to detect the infiltration 
of eosinophils and mast cells, respectively. Digital photo-
graphs were taken by using the Moticam 5.0 MP camera, 
and the morphometric analysis of the histological findings 
was performed by using KS400 software.

Collection of Blood Sample and Nasal Lavage Fluid

After mice were anesthetized, blood specimens were har-
vested from retro-orbital plexus. Nasal lavage fluid (NALF) 
was collected by cannulating the upper part of the trachea 
into the nasal cavity direction and lavaging with 1 ml saline. 
The blood and NALF were centrifuged at 1000 × g for 
10 min at 4 °C to obtain the serum and supernatant, respec-
tively, which were stored at − 80 °C for further use.

Enzyme‑Linked Immunosorbent Assay

The levels of OVA-specific immunoglobulin E (IgE), OVA-
specific immunoglobulin G1 (IgG1), and histamine in 
serum of mice and levels of Th1-related cytokines includ-
ing interferon-gamma (IFN-γ) and interleukin-12 (IL-12); 
Th2-related cytokines including interleukin-4 (IL-4), inter-
leukin-5 (IL-5), and interleukin-13 (IL-13); and pro-inflam-
matory cytokines including interleukin-6 (IL-6), interleukin-
1beta (IL-1β), and tumor necrosis factor-alpha (TNF-α) in 
NALF of mice were measured by using ELISA kits follow-
ing the manufacturer’s instructions. The ELISA kits were 
bought from R&D Systems Inc. (Minneapolis, MN, USA) 
and BD Biosciences (San Diego, CA, USA).

Western Blotting

The nasal mucosa of mice was collected for total protein 
extraction with radioimmunoprecipitation assay buffer (Kaiji 
Biotech, China) containing protease inhibitors. The total 
protein concentrations were determined by bicinchoninic 
acid protein assay kit (Beyotime, Shanghai, China). The 
protein samples were loaded on 8–12% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis for separation 
and subsequently transferred onto polyvinylidene fluoride 
membranes (Millipore). The membranes were then blocked 
with 5% skimmed milk for 2 h, followed by overnight cul-
ture at 4 °C with the primary antibody and 1 h incubation at 
37 °C with the secondary antibody (ab97080, Abcam, Cam-
bridge, UK). After three 10-min washes with tris-buffered 
saline with Tween-20 buffer, the bands were displayed using 
the enhanced chemiluminescence reaction kit (Millipore). 
The following primary antibodies were used: anti-SIRT1 
(ab189494), anti-NF-kB p65 (ab32536, Abcam), anti-
acetyl (ace)-NF-kB p65 (ab19870, Abcam), anti-phospho 
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(p)-NF-kB p65 (ab76302, Abcam), anti-IκBα (#4812, Cell 
Signaling Technology (CST), Danvers, MA, USA), anti-p-
IκBα (#2859, CST), and anti-GAPDH (ab181603, Abcam). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as the internal control.

Statistical Analysis

The statistical analysis was performed using SPSS 20.0 soft-
ware (SPSS, Chicago, IL, USA), and the results for three 
independent experiments are represented as mean ± standard 
deviation. Comparisons between the groups were analyzed 
with two-tailed Student’s t-test or one-way analysis of vari-
ance. Statistical significance was set at p < 0.05.

Results and Discussion

Nasal Symptoms

To explore the anti-allergic role of diosmetin, the major symp-
toms of AR including sneezing, nasal congestion, and/or itching 

in OVA-challenged mice were evaluated. The sneezing and 
nasal rubbing events over a 20-min period after OVA intra-
nasal challenge on day 28 were recorded. Compared with the 
control mice, AR mice presented obviously higher frequencies 
of sneezing and nasal rubbing. However, the administration of 
diosmetin or DEX effectively improved nasal symptoms in AR 
mice (Fig. 1B, C). Furthermore, the upregulated serum levels 
of OVA-specific IgE, OVA-specific IgG1, and histamine in AR 
mice were reduced by diosmetin or DEX treatment (Fig. 1D–F).

Eosinophil and Mast Cell Infiltration

The histopathological evaluation of nasal mucosa through 
H&E staining showed that the number of eosinophils was 
considerably increased in the OVA group compared with the 
control group. Diosmetin or DEX treatment led to a remark-
able reduction in eosinophil numbers in nasal mucosa of AR 
mice (Fig. 2A, B). Toluidine blue staining was performed 
to detect the presence of mast cells in nasal mucosa tis-
sues. Consistently, obvious recruitment of mast cells can be 
observed in the OVA group. Nevertheless, the infiltration of 
mast cells in the nasal mucosa of AR mice was ameliorated 
after administration of diosmetin or DEX (Fig. 2C, D).

Fig. 1  Influence of diosmetin (1) on nasal symptoms in allergic rhi-
nitis mice. A Experimental protocol for murine model of allergic 
rhinitis. B, C Recording of sneezing and nasal rubbing events within 
20  min of ovalbumin intranasal challenge on day 28. D–F Detec-

tion of ovalbumin-specific IgE, ovalbumin-specific IgG1, and his-
tamine level in serum of mice using ELISA kits. n = 8/each group. 
**p < 0.01, ***p < 0.001
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Inflammatory Cell Infiltration

Next, the numbers of total and differential inflamma-
tory cells in NALF of mice were counted. A significant 
elevation in the numbers of total cells, eosinophils, and 
lymphocytes as well as the percentage of eosinophils was 
discovered in NALF of AR mice. However, diosmetin or 
DEX administration mitigated the migration of the above 
inflammatory cells into the NALF (Fig. 3A–D).

Imbalance of Cytokine Release

Compared with the control group, the OVA group displayed 
decreased levels of Th1-related cytokines (IFN-γ and IL-12) 
as well as increased levels of Th2-related cytokines (IL-
4, IL-5, and IL-13) and pro-inflammatory cytokines (IL-
6, IL-1β, and TNF-α). After AR mice received diosmetin 
or DEX treatment, the levels of all the above cytokines in 
NALF were restored (Fig. 4A–H).

SIRT1/NF‑κB Signaling

To determine the potential molecular mechanism by which 
diosmetin inhibited nasal inflammation in AR mice, western 
blotting was conducted to analyze the expression of SIRT1 
and NF-κB signaling–related molecules. The expression of 
ace-NF-κB p65, p-NF-κB p65, and p-IκBα was upregulated 

while the expression of SIRT1 and IκBα was downregu-
lated in AR mice, suggesting the downregulation of SIRT1 
and the activation of NF-κB signaling. However, compared 
with OVA-induced AR mice, diosmetin or DEX-treated AR 
mice presented reduced protein levels of ace-NF-κB p65, 
p-NF-κB p65, and p-IκBα and elevated protein levels of 
SIRT1 and IκBα, indicating that diosmetin or DEX acti-
vated SIRT1 and suppressed the NF-κB signaling in AR 
mice (Fig. 5A–F).

Effect of SIRT1 Inhibitor EX‑527

To confirm whether diosmetin participates in regulating 
AR development by regulating the SIRT1/NF-κB sign-
aling, SIRT1 inhibitor EX-527 was used. As shown in 
Fig. 6A–F, EX-527 overturned diosmetin-induced upregu-
lation in SIRT1 and IκBα protein levels and downregula-
tion in ace-NF-κB p65, p-NF-κB p65, and p-IκBα protein 
levels in nasal mucosa tissues of AR mice. This indicated 
that EX-527 antagonized the repression of diosmetin on 
SIRT1 expression and its activation on NF-κB signaling 
pathway in AR mice. Finally, whether EX-527 treatment 
influences diosmetin-mediated Th1/Th2 cytokine imbalance 
and nasal inflammation in AR mice was estimated. ELISA 
revealed that diosmetin-induced increase in the levels of 
Th1-related cytokines (IFN-γ and IL-12) and decrease in 
the levels of Th2-related cytokines (IL-4, IL-5, and IL-13) 

Fig. 2  Influence of diosmetin (1) on eosinophil and mast cell infil-
tration in nasal mucosa tissues. A, B HE staining of nasal mucosa 
tissues for the detection of eosinophil infiltration. C, D Toluidine 

Blue staining nasal mucosa tissues for the examination of mast cell 
infiltration (indicated by red arrows). n = 8/each group. **p < 0.01, 
***p < 0.001
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and pro-inflammatory cytokines (IL-6, IL-1β, and TNF-
α) in AR mice were counteracted by EX-527 treatment 
(Fig. 7A–H), suggesting that diosmetin ameliorates Th1/
Th2 cytokine imbalance and nasal inflammation in AR mice 
through activating SIRT1 and inhibiting NF-κB signaling 
pathway.

This study explored the influence of diosmetin, a natu-
ral flavonol-type flavonoid, on allergic inflammation in AR 
mice. OVA-challenged AR mice exhibited nasal allergy 
symptoms similar to humans, which makes them appropriate 
animal models for studying AR. OVA-challenged AR mice 
presented pronounced nasal allergy symptoms, eosinophil, 

Fig. 3  Influence of diosmetin (1) on inflammatory cell infiltration in 
nasal lavage fluid of allergic rhinitis mice. A–D Total cell number, 
eosinophil number, lymphocyte number, and eosinophil percentage 

in nasal lavage fluid of mice in each group were counted. n = 8/each 
group. **p < 0.01, ***p < 0.001

Fig. 4  Influence of diosmetin (1) on cytokine release in nasal lav-
age fluid of allergic rhinitis mice. The levels of A, B Th1-associated 
cytokines, C–E Th2-associated cytokines, and F–H pro-inflammatory 

cytokines in NALF of mice were determined using ELISA kits. n = 8/
each group. **p < 0.01, ***p < 0.001
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and mast cell infiltration into the nasal cavity, inflammatory 
cell infiltration in NALF, and Th1/Th2 cytokine imbalance. 
However, we discovered that diosmetin treatment allevi-
ated all these symptoms. In addition, the downregulation 
of SIRT1 and the activation of NF-κB signaling pathway 
in AR mice were also overturned by diosmetin. All these 
results suggested that diosmetin ameliorated nasal inflamma-
tion and Th1/Th2 cytokine imbalance in AR mice through 
modulating the SIRT1/NF-κB signaling pathway.

Allergic reactions primarily rely on the action of IgE anti-
body and other immunoglobulins such as IgG. OVA, as an 
exogenous antigen, can stimulate B cells to produce IgE. 
IgE upregulates the expression of FcεRI, thereby playing a 
pivotal role in mast cell activation. The activated mast cells 
release allergic mediators including histamine, chemokines, 
and pro-inflammatory cytokines, which are closely linked 
with the infiltration of inflammatory cells. These mediators 
trigger a series of allergy symptoms, such as nasal itching, 
sneezing, runny, and other symptoms. The overproduction 
of histamine is related to multiple pathological features of 

allergic inflammation, including tissue edema, mucus over-
production, and contraction of bronchial smooth muscle. 
Therefore, antihistamines have been widely utilized for the 
treatment of allergic diseases (Abelson et al. 2015). TNF-α 
is a proinflammatory cytokine secreted from mast cells, 
which is considered as an initiator of cytokine-associated 
inflammatory states. During the induction of inflammatory 
response, TNF-α facilitates leukocyte infiltration and tissue 
fibrosis. Previously, the blockade of TNF-α was reported to 
mitigate the pathological inflammation in AR guinea pigs 
(Guo-Zhu et al. 2015). IL-6 is a pleiotropic cytokine mainly 
produced by macrophages, T lymphocytes, and B lympho-
cytes. When the body undergoes an inflammatory reaction, 
viruses, endotoxins, and many kinds of cytokines can induce 
the production of IL-6. Intranasal challenge with IL-6 was 
shown to enhance the production of nasal mucus (Diamant 
et al. 2010). A previous study disclosed that IL-6 knock-
out mice exhibited lower levels of allergen-specific IgG1, 
decreased Th2/Th17 cytokine production, and attenuated 
inflammatory cell recruitment after allergen sensitization 

Fig. 5  Influence of diosmetin (1) on NF-κB signaling pathway. A–F The protein levels of SIRT1, acetyl (ace)-NF-kB p65, phospho (p)-NF-kB 
p65, p-IκBα, and IκBα in nasal mucosa tissues of mice were detected by western blotting. n = 8/each group. **p < 0.01, ***p < 0.001
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(Lin et al. 2016). IL-1β is a pro-inflammatory cytokine that 
is present in the cytoplasm as an inactive zymogen (pro-
IL-1β). Pro-IL-1β can be hydrolyzed to IL-1β when IgE 
mediates mast cell activation. IL-1β can stimulate mono-
cytes and facilitate eosinophil recruitment. Additionally, 
anti-IL-1β IgY, the inhibitor of IL-1β, was demonstrated to 
alleviate pathological allergic inflammation in AR guinea 
pigs (Wei-xu et al. 2014). Consistently, our data showed 
that OVA stimulation increased histamine, IgE, IgG, TNF-
α, IL-6, and IL-1β levels in AR mice. Nevertheless, the 
administration of diosmetin remarkably reduced the levels 
of the above mediators.

The Th1/Th2 cytokine imbalance is the key factor of 
allergic disorders. The exposure of the body to allergens 
induces the differentiation of Th0 cells into Th2 cells, result-
ing in the decrease of Th1 cells, increase of Th2 cells, and 
decrease of Th1/Th2 ratio (Th1/Th2 imbalance) and further 

leading to AR (Asayama et al. 2020). Cytokines produced by 
Th1 cells include IL-2 and IFN-γ, which are associated with 
cellular immunity of virus clearance and delayed allergic 
reaction. Cytokines released by Th2 cells mainly include 
IL-4, IL-5, and IL-13, which participate in allergic inflam-
matory reactions. IL-5 is linked with eosinophilic inflamma-
tion and infiltration into the airway. IL-4 and IL-13 regulate 
IgE synthesis and are associated with Th2 cell differentia-
tion. The increase of eosinophils in tissues and blood is one 
major characteristic of allergic inflammation in humans. 
The eosinophil recruitment during allergen-induced rhinitis 
is related to the expression of cytokines released by Th2 
cells. To evaluate the effects of diosmetin on Th1/Th2 imbal-
ance in OVA-induced AR mice, the expression of Th1/Th2-
related cytokines was detected. The results showed that AR 
mice displayed decreased expression of IFN-γ and IL-12 
and increased expression of IL-4, IL-5, and IL-13. However, 

Fig. 6  SIRT1 inhibitor EX-527 reverses the inactivation of diosmetin 
(1) on the SIRT1/NF-κB signaling. A–F The protein levels of SIRT1, 
acetyl (ace)-NF-kB p65, phospho (p)-NF-kB p65, p-IκBα and IκBα 

in nasal mucosa tissues of mice were measured by western blotting. 
n = 8/each group. **p < 0.01, ***p < 0.001
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diosmetin administration reversed the changes in the expres-
sion of these cytokines in AR mice. The histopathologic 
findings further supported these results. The infiltration of 
mast cells and eosinophils in the nasal mucosa tissues was 
reduced after administration of diosmetin. This indicated 
that diosmetin exerted its anti-allergic effect in AR by modu-
lating the Th1/Th2 imbalance.

As reported, SIRT1 influences a wide range of cellular 
processes, including cell cycle, mitochondrial biosynthe-
sis, and energy homeostasis, and macroscopically regu-
lates aging, apoptosis, and inflammatory responses. Recent 
research has confirmed that high expression of SIRT1 helps 
ameliorate allergic symptoms and mitigate inflammatory 
response in murine models of AR. In addition, SIRT1 was 
proved to directly inactivate NF-κB signaling through dea-
cetylating the p65 subunit of NF-κB complex. Xu et al. 
(2022) demonstrated that inhibition of histone deacetylase 
4 mitigates inflammatory response and mucus production 
in IL-13-treated nasal epithelial cells in AR by activating 
SIRT1/NF-κB signaling. NF-κB is a crucial transcription 

factor that participates in regulating inflammatory response. 
Activated NF-κB induces the upregulation in the expression 
of Th2 cytokines and plays a crucial role in the pathogenesis 
of AR. Numerous studies have elucidated that the inhibition 
of NF-κB pathway ameliorates AR development via mediat-
ing Th1/Th2 imbalance. For example, mangiferin amelio-
rates nasal mucosa inflammation and reduces epithelial dis-
ruption and inflammatory cell infiltration in lung tissues of 
AR mice by inhibiting NF-κB pathway (Piao et al. 2020a). 
Luteolin plays an anti-allergic role in AR rats via improving 
the Th1/Th2 imbalance by repressing TLR4/NF-κB path-
way (Dong et al. 2021). Importantly, diosmetin was pre-
viously demonstrated to play an anti-inflammatory role in 
human diseases by inhibiting the NF-κB signaling pathway. 
Diosmetin exhibits anti-proliferative and anti-inflammatory 
effects in rheumatoid arthritis fibroblast–like synoviocytes 
MH7A cells by suppressing the Akt and NF-κB pathways 
(Chen et al. 2020b). Diosmetin ameliorates neuroinflamma-
tion and neuronal apoptosis in a rat model of Streptococ-
cus pneumoniae meningitis by repressing the PI3K/AKT/

Fig. 7  SIRT1 inhibitor EX-527 offsets the improvement of diosmetin 
(1) on Th1/Th2 cytokine imbalance and nasal inflammation. The lev-
els of A, B Th1-associated cytokines, C–E Th2-associated cytokines, 

and F–H pro-inflammatory cytokines in NALF of mice were esti-
mated using ELISA kits. n = 8/each group. **p < 0.01
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NF-κB signaling pathway (Zhang et al. 2019). In addition, 
diosmetin markedly decreases the acetylation of NF-κB 
p65 and inhibits NF-κB signaling pathway by activating 
the circ-Sirt1/Sirt1 axis, thereby alleviating colon inflam-
mation and oxidative damage in the mouse model of coli-
tis (Li et al. 2022), suggesting the regulation of diosmetin 
on the SIRT1/NF-κB pathway. Herein, we discovered that 
treatment of diosmetin counteracted the reduction in ace-
NF-κB p65, p-NF-κB p65, and p-IκBα levels and eleva-
tion in SIRT1 and IκBα levels in AR mice, implying that 
diosmetin activated SIRT1 and thereby suppressed NF-κB 
signaling in AR mice. Moreover, treatment with EX527, 
the inhibitor of SIRT1, reversed the effects of diosmetin 
on the SIRT1/NF-κB signaling pathway, Th1/Th2 cytokine 
imbalance, and pro-inflammatory cytokine expression in 
AR mice.

Conclusion

In summary, diosmetin has a protective effect on OVA-
challenged AR mice through alleviating rhinitis symptoms 
and repressing the production of inflammatory mediators. 
Mechanically, diosmetin displays an anti-inflammatory role 
by improving Th1/Th2 cytokine imbalance via activating 

SIRT1 and inhibiting NF-κB pathway (Fig.  8). Further 
studies into the dose, safety, efficacy, and bioavailability are 
required to support the application of diosmetin in the treat-
ment of AR and other human allergic diseases.
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