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Background: Quercetin is a naturally occurring flavonoid widely present in fruits,
vegetables and tea with multiple pharmacological activities, including
immunomodulatory,  anti-allergic, antioxidant and  anti-inflammatory
properties. Preclinical studies have indicated the potential to ameliorate
allergic symptoms in animal models, but comprehensive synthesis is still scarce.
Objective: This meta-analysis was conducted to summarize the therapeutic
effects of quercetin in allergic disease models and explore its potential
mechanisms.

Methods: According to PRISMA recommendations, preclinical studies were
extracted from PubMed, Web of Science and Embase databases. Thirteen
eligible studies were extracted for quantitative synthesis analysis. In total,
13 studies using murine models (BALB/c, C57BL/6 mice, SKH-1 hairless mice
and NC/Nga mice; Wistar and Sprague-Dawley rats) were included. The most
closely related biomarkers were total IgE, OVA-specific IgE, histamine,
infammatory cytokines (IL-4, IL-5, IL-10, TNF-a, IFN-y), and immune cell
populations (macrophages, lymphocytes, eosinophils, neutrophils). Review
Manager 5.4 software was used for analysis, and standardized mean
differences (SMD) and 95% confidence intervals (Cl) were calculated under a
random-effects model.

Results: The meta-analysis showed that quercetin significantly decreased the
expression of total IgE, OVA-specific IgE, and histamine, and suppressed the
infiltration of eosinophils, macrophages, and lymphocytes. Cytokine profiling
showed that quercetin significantly suppressed the expression of IL-4 and TNF-aq,
and increased the expression of IFN-y, which may contribute to the underlying
anti-infammatory mechanism of quercetin through Th1/Th2 immune
rebalancing.

Conclusion: Quercetin exhibits strong anti-allergic effects in preclinical models
through suppression of IgE, modulation of immune cells, regulation of cytokine
network, and reduction of histamine. However, large inter-study heterogeneity
and methodological limitations in original studies should be cautiously
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interpreted. Application in clinical settings should be carefully evaluated through
well-designed trials to validate safety, efficacy, and molecular mechanisms in

human populations.

quercetin, allergic
systematic review

Introduction

Allergic diseases (AD) are a heterogeneous group of
hypersensitivity diseases caused by deviant immune responses
against normally innocuous environmental antigens. Allergic
diseases are a continuum of immune-mediated diseases in which
the protective barriers of the body, consisting of both the innate and
adaptive immune responses, recognize harmless environmental
substances as foreign and induce exaggerated responses involving
both immune cells and epithelial tissues. Typical examples are
asthma, eczema (atopic dermatitis), hay fever (allergic rhinitis),
eye allergies, chronic sinus inflammation, and food sensitivities
now impact more than one-quarter of people in developed
nations. Scarily, these are also on the rise in developing countries
too, posing serious health threats and placing a strain on economies.
The high worldwide incidence of these hypersensitivity diseases
their public
health problem.

indicates growing importance as a global

Some of the causes like pollution, climate change, reduction in
biodiversity, urbanization, change in lifestyle and dietary habits have
been implicated for the important rise in allergic cases (Agache and
Akdis, 2019; Aw Yong et al., 2020; Yao et al., 2021; Bousquet et al.,
2020a). Scarily, these are also on the rise in developing countries too,
posing serious health threats and placing a strain on economies
(Ogulur et al, 2021). The high worldwide incidence of these
hypersensitivity diseases indicates their growing importance as a
global public health problem. Some of the causes like pollution,
climate change, reduction in biodiversity, urbanization, change in
lifestyle and dietary habits have been implicated for the important
rise in allergic cases (Wang et al., 2023).

The World Health Organization (WHO) ranks allergic diseases
among the top three conditions requiring prevention and
management in the 21st century. Although broadly systemic in
nature, these disorders typically present as “local diseases”, any of
which can progress to life-threatening anaphylaxis in severe attacks.

The burdens of allergic diseases are tremendous, with extremely
high prevalence rates.

It is estimated that 500 million people suffer from AR, and
300 million from AAS annually, and these numbers are increasing
steadily (Bousquet et al., 2020b). 90 per million males and 170 per
million females die from AAS. Low-to-middle income countries
report 96% of asthma deaths (Meghji et al., 2021). Current estimates
indicate that FA affects 1 to 10 percent of the global population
(Kattan and Wang, 2013). The current global prevalence rate of AD
is 8% (Tsoi et al.,, 2020; Lloyd-Lavery et al, 2019), the lifetime
prevalence of AD is 20% (Bieber, 2022). In 2019, the number of AD
patients worldwide was 171.17 million patients (Dong et al., 2021).
Allergic disorders have their origins in a complex interplay between
genetic factors and the environment. Although both the innate and
adaptive immune systems have important roles in maintaining
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homeostasis with the environment (Agache and Akdis, 2019),
allergies result from a similar interaction of genetic factors and
environmental factors, at the phenotypic level, leading to
immunological dysregulation at the molecular and cellular levels
(Qian et al., 2022; Agache et al., 2019).

Pathogenesis of allergic diseases is considered to involve
types I-IV hypersensitivity mechanisms classified by Gell and
Coombs, which are often associated with coexisting multiple
reaction types. The expression of the disease is determined by
the combination of genetic factors, environmental factors, and
factors specific to target tissues. The IgE-mediated immune
response is critical in the pathogenesis of allergic diseases. As
mentioned by Di Lorenzo et al, IgE induces Type I
hypersensitivity primarily through its binding to high affinity
FceRI receptors on mast cells and basophils, leading to
degranulation and the release of inflammatory mediators (Di
Lorenzo et al., 2017). Lambrecht and Hammad wrote: Epithelial
damage in the airways results in the release of alarmins that
induce the activation of dendritic cells and induce Th2 skewed
immunity, which is a prerequisite for asthmatic inflammation
(Lambrecht and Hammad, 2015). Akdis suggested: Impaired
peripheral immune tolerance may cause chronic allergic
inflammation due to the dysfunction of regulatory T cells,
which would lead to disease persistence (Akdis, 2012).
According to Pawankar, environmental pollutants such as
PM2.5 may
pathways, induce airway hyperresponsiveness, and induce an

induce the activation of Toll-like receptor

environment favoring a Th2 shifted shift in immune response
(Pawankar, 2014). Warren et al. wrote: Food allergy results from
the interaction of genetic susceptibility, intestinal barrier
functional defects, and mucosal immune responses (Warren
et al., 2021).

Characteristic clinical features: upper respiratory symptoms
(sneezing, nasal congestion), lower respiratory symptoms
cutaneous manifestations (urticaria,

(wheezing, dyspnea),

lichenification), and systemic reactions (angioedema,

hypotension). Life-threatening conditions are bronchospasm
and circulatory collapse. Histamines, proteases, and
chemotactic factors released by the mast cells have been
identified as

permeability

the main mediators of increased vascular

and smooth muscle contraction in acute
anaphylactic shock (Marquardt and Wasserman, 1982). First-
generation H1-antihistamines, such as diphenhydramine, have
sedative effects due to the central suppression of the nervous
system and are commonly associated with anticholinergic side
effects like xerostomia, urinary retention (Hossenbaccus et al.,
2020). However, according to the pharmacological summary by
Ren et al., these drugs can induce severe, rare adverse reactions
like hepatotoxicity (Ren et al, 2023). Previous studies have

shown that combination antihistamine therapy is an effective
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method to relieve the acute allergic reaction, and the treatment
effect is very remarkable in allergic rhinitis and asthma, etc.
However, Atanasio et al. have warned that a subgroup of patients
may present with tolerance or decreased therapeutic effect after
repeated use for a long time (Atanasio et al., 2022). Therefore, it is
very important to find more targeted drugs with individualized
therapy. It has been reported that a comprehensive review has
indicated that biologic agents have in general a good safety
profile, and injection reactions are not frequent, but systemic
hypersensitivity events are extremely rare, so close attention
should be paid to them (Sitek et al., 2023). At present, the
still based on
leukotriene

main treatment for allergic diseases is

antihistamines, glucocorticoids, receptor
antagonists, or anti-IgE monoclonal antibodies (Linton et al,
2023; Kumar and Deshmukh, 2024). However, the side effects of
these drugs are very common, such as central depression of the
nervous system (sedation, attention deficit), anticholinergic
effects

Therefore, it is very important to find more effective and

(xerostomia, dysuria), and hepatorenal toxicity.
safer drugs.

Emerging literature has reported that natural products have
gained increasing attention in disease intervention owing to their
multi-target regulatory characteristics. Natural products induce
their pharmacological effects via the regulation of multiple
signaling pathways, enzymatic targets, and receptor molecules
simultaneously, which endows them with synergistic effects
against complex diseases, including cancer, inflammatory, and
metabolic diseases (Atanasov et al, 2021; Nasim et al, 2022;
Mullowney et al., 2023). In addition to well-studied polyphenols
and flavonoids, natural products from other structural classes also
exhibit potential bioactivities. For instance, Xiao et al. reported that a
exhibits
immunomodulatory activities mechanistically associated with the
modulation of ferroptosis and the TRIM56/STAT3 axis. A large
variety of mechanisms of natural products are not exhaustively listed
here (Xiao et al., 2025). Quercetin is one of the most studied
flavonoid-based natural compounds that exhibits a multitude of

polysaccharide-peptide ~ complex anticancer  and

pharmacological ~ activities,  including  anti-inflammatory,
antioxidant, and anti-allergic activities, via modulation of
signaling pathways, such as NF-xB and MAPK (Li et al, 2016;
Chiang et al., 2023; Bernini and Velotti, 2021). In addition, quercetin
has been reported to exhibit considerable potential for alleviating
metabolic syndrome, diabetes, and tumor growth in vitro and in vivo
studies with considerable efficacy, which deserves further clinical
application.

Quercetin is a widely distributed flavonoid compound found in
many fruits, vegetables and tea, possesses

pharmacological activities such as immunomodulatory, anti-

a variety of

allergic, antioxidant and anti-inflammatory activities, and shows

potential applications in metabolic disorders and cancer
suppression. Quercetin is a secondary metabolite of plants and
an essential part of human diets (Deepika and Maurya, 2022), Its
contents in different plant parts may vary greatly. Therefore, the
dietary availability and potential extraction sources of quercetin vary
greatly as well. The richest source of quercetin is onion—outer layers
and red onions—an edible bulb that can be used as popular
vegetables and medicinal agents (Nguyen and Bhattacharya,

2022). In addition to bulbs (Manach et al, 2004), contents of
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quercetin in leaves and outer layers of many fruits and vegetables
are also relatively high. These include skin and outer flesh of many
fruits such as apples, dark berries (elderberries, cranberries,
lingonberries), cherries, red grapes, citrus fruits (Nemeth and
Piskula, 2007), as well as in vegetables including capers, kale,
broccoli, and green beans (Deng et al., 2020; Kim et al.,, 2019).
Furthermore, leaves and flowers used for herbal infusions such as tea
leaves (Camellia sinensis), Ginkgo biloba leaves, and St. John’s Wort
flowers are also rich in quercetin. In addition, it can be found in
seeds and grains such as buckwheat, and even in the bark of trees
such as the Quercus species (oak).

Bark of some trees such as the Quercus species (oak) has been
reported to contain quercetin and its derivatives, however, in lower
concentrations when compared with primary edible diet sources
such as capers or onions. For example, in the phenolic
gilvabark, quercetin-3-O-B-D-
glucuronide was reported (Docampo-Palacios et al., 2020).

characterization of Quercus
Generally, the bark is not the preferred source for commercial or
dietary quercetin extraction because of the low yield, environmental
impact, and other compounds present such as tannins that interfere
with extraction. It should be noted that the concentration of
quercetin in any plant part may vary with species, growing
conditions, maturity, and post-harvest storage. Nevertheless,
current clinical research on quercetin’s anti-allergic effects
remains limited by small sample sizes and significant
heterogeneity in experimental designs, highlighting the need for
systematic evaluation to clarify its translational medical value.
Until now, despite the large number of preclinical studies
indicating that quercetin can relieve the symptoms in animal
models of allergy, the inconsistent results in different laboratories
highlight the importance of comprehensive data mining and
analysis. Meta-analysis of preclinical trials is a commonly used
method to integrate and analyze animal experimental data,
minimize research bias, improve the reliability and translational
application of scientific research, and this study will strictly evaluate
the possible mechanism of quercetin in animal models of allergy
according to Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flow diagram in order to provide

scientific basis and theoretical basis for its clinical application.

Methods

This study adhered to the Preferred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA) guidelines and
was registered with INPLASY(INPLASY202540003).

Search strategy

Literature was systematically searched in PubMed, Web of
Science, and Embase, from the databases’ establishment to April
2025. Comprehensive inclusion of relevant studies was achieved by
supplementing the electronic search with a manual screening of
reference lists from eligible articles. The protocol specified the
analytical strategy, with serum total IgE, eosinophil count, and
IL-4
immunological and

levels designated as primary outcomes, and other

cytological biomarkers categorized as
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secondary or exploratory. Supplementary Table SI offers the
detailed search syntax, incorporating keywords and MeSH/
Emtree terms.

Inclusion and exclusion criteria

The study delineated explicit inclusion and exclusion criteria
within the PICOTS framework. The study’s inclusion criteria were:
participants were limited to animal models affected by allergic
diseases; the intervention was the administration of quercetin
(aglycone) or its bioactive derivatives. Quercetin glycosides,
irrespective of their synthetic or plant-extracted origin, were
used in a standardized purity; (3) control groups were assigned
to receive either no treatment or an equivalent volume of sterile
solution; (4) the primary outcome measures included serum total
immunoglobulin E (IgE), ovalbumin-specific IgE (OVA-IgE),
cytokine levels (IL-4, IL-5, IL-10, TNF-a, IFN-y), and immune
cell counts (macrophages [Mac], lymphocytes [Lym], eosinophils
[Eos], neutrophils [Neu]), as well as histamine (HIS). Supplementary
Table S2 provides a detailed account of the PICOTS framework for
scholarly reference.

Criteria for exclusion encompassed redundant publications,
meta-analyses, review papers, clinical trials, and in vitro research.
Furthermore, articles without complete text access, research without
control groups, and studies without quercetin-based treatment or
with
pharmacological agent use were excluded., such as other

employing mixed therapeutic approaches concurrent
flavonoids, antihistamines, or corticosteroids, this factor impedes
the identification of quercetin’s unique efficacy; (5) research that
lacks focus on allergic disease models; and (6) papers that omitted
pre-specified primary results or key data elements., amongst others,
flavonoids, antihistamines, or corticosteroids, impeded the
identification of quercetin’s unique therapeutic response; (5)
research not focused on allergic disease models; and (6)
publications that excluded pre-specified primary results or critical

data points.

Data extraction

The identified studies were systematically managed via
NoteExpress software. Following duplicate elimination, Lv and
Huang independently conducted a literature search using
predefined criteria, with cross-verification performed on all
articles meeting the data extraction criteria. The data extraction
process entailed the compilation of bibliographic information (title,
first author, and publication year), animal characteristics (species,
sex, and sample size), modeling methodology (sensitization dose,
route of administration, and validation criteria), intervention
protocols (administration method, dosage, and duration), and
outcome measures. Outcome indicator graphical data were
extracted via EngaugeDigitizer graph digitization software,
Version 12.1). To ensure the precision of data, a strict error-
checking procedure was implemented, involving: (a) the separate
digitization of each graph by two researchers; (b) pixel-to-data point
calibration based on at least three distinct axis points; (c) cross-

validation of extracted values with numerical data from the original
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articles; and (d) calculation of an intraclass correlation coefficient
(ICC) for inter-rater reliability evaluation. Using a two-way mixed-
effects model, the ICC was computed from 240 paired comparisons,
with absolute agreement as the single measure definition. The ICC
estimate, upon computation, was 0. The study yields a value of 998,
with a 95% confidence interval (CI) of 0.997 to 0. A rating of
999 signifies impressive dependability Figure 1. In instances of
unresolved discrepancies, the corresponding author was engaged
in a consultation process for resolution. In instances of unresolved
discrepancies, the corresponding author was engaged in a
consultation process for resolution.

Characteristics of included studies

The meta-analysis incorporated 13 preclinical studies, utilizing
183 allergic disease model animals, divided into 89 control subjects
and 94 treatment recipients. A multifaceted array of experimental
models was utilized in the analysis to thoroughly examine
quercetin’s  anti-allergic efficacy. A multifaceted array of
experimental models was utilized in the analysis to thoroughly

examine quercetin’s anti-allergic efficacy.

Animal models and demographics

The research utilized murine and rat models, with mice forming
the majority (128 animals, 67%) as opposed to rats (55 animals,
33%). A spectrum of strains was chosen to replicate allergic
conditions, with BALB/c mice used in three studies, C57BL/
6 mice in one, SKH-1 hairless mice in one, and NC/Nga mice in
one; Wistar and Sprague-Dawley (SD) rat strains were each featured
in two studies. Three studies omitted the murine strain detail. The
sex distribution data incorporated both male and female animals.
Five studies employed female animals exclusively, five utilized male
animals exclusively, with the remaining three exhibiting either
ambiguous sex reporting or the use of both sexes. The subjects
under study were predominantly young adults. Mice exhibited an
age range of 6-12 weeks, accompanied by body weights spanning
16-30 g. In experimental studies, rats were generally 8-22 weeks old
and weighed between 70 and 250 g, a standard demographic for
young adult rodents. In experimental studies, rats were generally
8-22 weeks old and weighed between 70 and 250 g, a standard
demographic for young adult rodents.

Disease models and interventions

The research included a comprehensive selection of seven
allergic diseases: asthma (four studies), allergic rhinitis (two
studies), food allergy (two studies), atopic dermatitis (two
studies), allergic conjunctivitis (one study), allergic airway disease
(one study), and anaphylactic shock (one study). The induction of
sensitization protocols was mainly achieved through ovalbumin
(OVA) solution in ten instances, with other methods including

dinitrochlorobenzene  (DNCB)  with  vehicle in  one,
Dermatophagoides farinae (Df) ointment in one, and chickpea
extract (CPE) solution in one. Sensitization protocols
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predominantly utilized ovalbumin (OVA) solution in ten studies,
while alternative methods involved dinitrochlorobenzene (DNCB)
with vehicle in one study, Dermatophagoides farinae (Df) ointment
in another, and chickpea extract (CPE) solution in a third.

Six studies utilized the aglycone form of quercetin, five used
glycoside derivatives (quercitrin and rutin), and one featured a novel
covalent conjugate. Ten studies favored intraperitoneal injection as
the primary route of administration, with two studies employing
topical application on the dorsal skin. Dosing regimens exhibited
substantial variability, with quercetin aglycone equivalent doses
initiating at 1.11-100 mg/kg. Treatment durations exhibited
substantial diversity, with durations ranging from 14 days for
short-term to 60 days for long-term interventions. Treatment
durations exhibited substantial diversity, with durations ranging
from 14 days for short-term interventions to 60 days for long-
term regimens.

Outcome Measures and Methodological Quality Outcome
measures were assessed by analysing the following immunological
biomiomarkers: immunoglobulin profiles [total IgE in n = 8; OVA-
specific IgE in n = 5], cytokine levels [IL-4 in n = 7; IL-5 in n = 5; IL-
10 in n = 3; TNF-a in n = 6; IFN-y in n = 4], number of inflammatory
cells in bronchoalveolar lavage fluid or tissue [eosinophils [Eos] in
n = 7; macrophages [Mac]; lymphocytes [Lym]; neutrophils [Neu]
collectively in n = 4] and histamine (HIS) quantification in n =
3 studies. The outcome of interest was assayed from different sample
matrices [serum; BALF; tissue homogenates]. All n = 13 studies
reported the use of randomisation when allocating study
participants into groups. Implementation of blinding of outcome
assessment was less consistently reported [n = 5 studies confirmed
implementation of blinding of outcome assessment]; the majority of
studies were rated as “Unclear” in this domain [n = 7 studies].

Risk bias evaluation

Two independent reviewers evaluated the studies founded on
the inclusion and exclusion criteria and there were no disagreements
between the two reviewers on the selection of articles for inclusion.

The quality of the methodological aspects of the included studies
were evaluated by the SYRCLE’s Risk of Bias Tool (Systematic
Review Center for Laboratory Animal Experimentation’s RoB
Tool) (Hooijmans et al., 2014) This tool assesses 10 aspects that
are important for bias detection in animal experiments and rates
them as follows: random sequence generation; baseline
characteristics comparability; allocation concealment; random
housing; blinding of caregivers/investigators; random outcome
assessment; blinding of outcome assessors; completeness of
outcome data; selective outcome reporting; other confounding
factors. These 10 aspects were graded as “yes” (low risk of bias),
“no” (high risk of bias), or “uncertain” (unclear risk of bias).
Discrepancies were resolved through group discussions or by the

corresponding authors.

Statistical analysis

Statistical analysis was performed using Review Manager
(RevMan, Version 5.4). Continuous variables were analyzed as
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primary outcome measures. We computed summary statistics as
standardized mean differences (SMD) with corresponding 95%
confidence intervals (95% CI) to standardize effect estimates
across studies with different measurement scales. A pre-specified
strategy was used to include each study only once in the primary
meta-analysis, to ensure statistical independence across the included
studies. When studies reported multiple quercetin intervention arms
(e.g., different quercetin doses or derivatives), we selected the arm
with highest dose of quercetin aglycone equivalent for synthesis.
Among the 13 included studies, 3 studies (Park et al., 2009; Ding
etal., 2020; Chen and Ko, 2021) satisfied the rule of selecting a single
high-dose arm. Arm-combining was not performed in the primary
analysis, to avoid introducing heterogeneity from different dose-
response relationships. The final list of detailed handling for each
multi-arm study is presented in Supplementary Table S3.

When the standard deviations (SDs) were not reported, we followed
the following hierarchy of imputation: (1) if standard errors of the mean
(SEM) were reported, SD was calculated as SD = SEM x +/(n); (2) if 95%
CIs were reported, SD was calculated as SD = +/(n) x (upper
limit-lower limit)/3.92; (3) if only interquartile ranges (IQR) or
ranges were reported, SD and mean were calculated using validated
methods (Hozo et al,, 2005). All conversions are explicitly documented
in the Supplementary Materials. If means were extracted from
logarithmic axes, or if unit conversion was necessary, appropriate
mathematical transformations were applied and documented.
Between-study heterogeneity was evaluated using the I-squared (I?)
statistic, which represents the percentage of total variability in effect
sizes due to true inter-study heterogeneity (rather than random chance).
Given the considerable degree of heterogeneity (I* > 50%) caused by
variations in experimental parameters, including murine strains (e.g.,
BALB/c vs. C57BL/6), allergen types (e.g., ovalbumin vs. DNCB), and
administration routes (oral gavage vs. intraperitoneal injection), we
chose a random-effects model to account for this heterogeneity.
Subgroup analyses and post hoc sensitivity analyses were applied to
explore potential sources of heterogeneity.

Results
Study selection

Study selection summary flow diagram depicted in Figure 2. A
total of 1,211 records were identified from searching the three
databases and 9 studies were obtained from other sources,
yielding a combined total of 1,211 records. These records were
deduped to 985 unique records. These 985 records were title/abstract
screened to identify potentially eligible studies, of which 171 were
potentially eligible. These potentially eligible studies were further
evaluated by checking the full text, and 158 studies were excluded for
the following reasons: Not Randomized Clinical Trials (or
inappropriate control group); Animal Studies (lack controlled
experimental design, not a parallel control group); incomplete/
inaccessible data; conference abstracts or non-peer reviewed
publications; outcome not relevant to scope of review;
intervention not within inclusion criteria; duplicate dataset.
Thirteen studies (Cruz et al., 2008; Cruz et al., 2012; Park et al,,
2009; Park et al., 2015; Shishehbor et al., 2010; Sagit et al., 2017; Cai

et al,, 2017; Ding et al., 2020; Jegal et al., 2020; Chen and Ko, 2021;
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FIGURE 1
Bland-Altman plot.

Rajizadeh et al., 2023; Zhou et al., 2024; Mu et al., 2024) met all
eligibility criteria upon full-text assessment and were included in the
meta-analysis.

Characteristics of included studies

The meta-analysis included 13 studies with a total of 183 allergic
disease model animals, including 89 model control groups and
94 treatment groups. A total of 128 mice (67%) and 55 rats
(33%) were used. The specific strains of mice are as follows:
3 studies used BALB/c mice, 1 study used SKH-1 hairless mice,
1 study used C57BL/6 mice, 1 study used NC/Nga mice, and
3 studies did not specify the murine strain; 2 studies each used
Wistar rats and Sprague-Dawley (SD) rats. The stratification of
disease models is shown in Supplementary Table S3: asthma,
4 studies; allergic rhinitis, 2; food allergy, 2; atopic dermatitis, 2;
allergic conjunctivitis, 1; allergic airway disease, 1; and anaphylactic
shock, 1. The most commonly used sensitization protocol was
ovalbumin (OVA) solution (10 studies); other approaches
included DNCB with vehicle (1 study), Dermatophagoides
farinae (Df) ointment (1 study), and chickpea extract (CPE)
solution (1 study).
were

The main immunological biomarkers

examined immunological  indicators  related  to
immunological mechanisms: immunoglobulin profiles (IgE in

8 studies, OVA- IgE in 5 studies), cytokine levels (IL-4 in
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7 studies, IL-5 in 5 studies, IL-10 in 3 studies, TNF-a in
6 studies, IFN-y in 4 studies), inflammatory cell counts (Eos in
7 studies; Mac, Lym, and Neu in 4 studies collectively), and HIS in
3 studies. Detailed descriptions of the overall characteristics of the
studies are shown in Supplementary Table S3.

Quality assessment

Methodological quality of the included studies using the
methodological quality assessment tool developed by SYRCLE
(Hooijmans et al, 2014), are summarised in Figure 3 and
Supplementary Table S4. All 13 studies were at low risk of bias
for selective outcome reporting, completeness of outcome data and
comparability of baseline characteristics. Blinding of outcome
assessors to allocate allocation was performed in 8 studies
(61.5%). However, there were methodological gaps with respect
to randomization: documentation of random housing protocols to
reduce the risk of environmental confounding was not reported in
any of the studies, allocation concealment during group allocation
was not explicitly described in any of the studies, and only one study
(7.7%) was rated as “Low Risk” for random sequence generation.
This study reported using a computer-generated random number
table (Chen et al,, 2021). The remaining 12 studies (92.3%) were
rated “Unclear” with respect to random sequence generation due to
inadequate description of the sequence generation process.

Conclusions of the meta-analysis
Primary outcomes
In regard to primary outcomes, the result showed that quercetin

of the
immunoglobulin E (IgE), the result of the meta-analysis based on

had regulatory effects. In terms modulation of
eight studies demonstrated that quercetin significantly decreased the
level of total IgE [n = 8, SMD = —4.28 (95% CI: -6.07 to —2.48), p <
0.00001, I* = 87%] (Figure 4A). In regard to inflammatory cells, the
result of the meta-analysis based on seven studies demonstrated that
quercetin significantly decreased the level of eosinophils [n = 7,
SMD = —-4.22 (95% CIL: -5.89 to —2.55), p < 0.00001, I* = 75%]
(Figure 5D). At the cytokine level, the result of the meta-analysis
based on seven studies demonstrated that quercetin significantly
decreased the expression of interleukin-4 (IL-4), an important
cytokine secreted by Th2 cells [n = 7, SMD = —4.80 (95% CI:
-7.64 to —1.98), p = 0.0009, I* = 92%)] (Figure 6A). These three key
indicators showed that quercetin significantly inhibited the core
allergic process.

Secondary outcomes

In terms of secondary outcomes, quercetin also displayed
multi-target regulatory potential. With regard to particular
immune response, five studies reported that quercetin could
significantly decrease the content of ovalbumin-specific IgE
(OVA-IgE) [n = 5, SMD = -3.73 (95% CI: -5.66 to —1.81),
p = 0.0001, I* = 78%] (Figure 4B). As for rebalancing of
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Flow chart of study selection.

cytokines, six studies reported that quercetin could significantly
decrease the content of TNF-a [n = 6, SMD = -3.17 (95% CI:
-6.06 to —0.29), p = 0.03, I* = 93%] (Figure 6C), while four studies
reported that quercetin could significantly increase the content of
IFN-y [n =4, SMD =2.75 (95% CI: 0.17-5.32), p = 0.04, I* = 90%]
(Figure 6D), which indicated that quercetin could induce the
rebalancing of Th1/Th2 immune balance toward Th1 phenotype.
In addition, as for immune cell subsets, the content of
macrophage was significantly decreased by quercetin [n = 4,
SMD = -2.52 (95% CI: -4.43 to —-0.61), p = 0.010, I* = 83%]
(Figure 5A) and the content of lymphocyte was significantly
increased [n = 4, SMD = -3.24 (95% CI: -5.43 to -1.04), p =
0.004, I* = 83%] (Figure 5B), which further demonstrated the
wide immunomodulatory effect of quercetin.
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Exploratory outcomes

In the exploratory analysis, some outcomes showed significant
trends, but were not statistically significant.

Interleukin-5 (IL-5) had a downward trend that was not
statistically significant [n = 5, SMD = -5.71 (95% CI: -11.82 to
0.39), p = 0.07, I* = 94%] (Figure 65B). The variations in the anti-
inflammatory cytokine IL-10 were not significant [n = 3, SMD = 1.65
(95% CIL: -3.38-6.69), p = 0.52, I* = 91%] (Figure. Neutrophil count
also had a reduction trend that was not statistically significant [n = 4,
SMD = -1.96 (95% CI: -4.53 to 0.60), p = 0.13, I* = 91%] (Figure 5C).
Interestingly, three studies demonstrated that quercetin could
significantly decrease histamine (HIS) level [n = 3, SMD = —4.40
(95% CI: ~7.48 to —1.31), p = 0.005, I* = 87%)] (Figure 7).
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Subgroup analysis

Because of the large heterogeneity we detected among studies,
we further conducted the subgroup analyses according to the
following factors:

administration route,

methodological ~ and  experimental
treatment duration, induction model,
sample matrix, animal species, and disease type to explore the
possible  sources  of the  variation for  multiple
immunological outcomes.

Subgroup analysis according to administration route, results
showed that ip quercetin significantly decreased the total IgE [n = 6,
SMD = -4.56 (95% CI: -6.83 to —2.28), p < 0.0001, I* = 90%], OV A-
IgE [n = 4, SMD = -3.34 (95% CI: -5.03 to —1.65), p = 0.0001, I* =
77%], macrophage count [n = 4, SMD = -2.52 (95% CI
-4.43 to -0.61), p = 0.01, I* = 83%], lymphocyte count [n = 4,
SMD = -3.24 (95% CIL: -5.43 to -1.04), p = 0.004, I> = 83%],
eosinophil count [n =5, SMD = -3.48 (95% CI: -5.05 to —1.90), p <
0.0001, 2 = 75%], and IL-4 level [n = 5, SMD = —5.29 (95% CI:
-9.21 to —1.37), p = 0.008, I* = 94%]. Other administration routes
also exhibited the significant decreases in the total IgE, OVA-IgE,
eosinophils, IL-4, IL-5, IL-10, and TNF-a, however, with the smaller
sample size and sometimes non-significant heterogeneous outcomes
(Supplementary Table S5).

When stratified by treatment duration, short-term treatment
(<30 days) markedly decreased total IgE [n = 3, SMD = —9.76 (95%
Cl:-18.41 to —1.11), p = 0.03, > = 93%], OVA-IgE [n = 3, SMD = —6.17
(95% CI: -10.82 to -1.52), p = 0.009, * = 83%], IL-5 [n = 2,
SMD = -6.07 (95% CL: -10.40 to —1.74), p = 0.006, I* = 53%] and
histopathology scores [n = 1, SMD = -6.58 (95% CIL: -9.38 to —3.78), p <
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0.00001]. Long-term treatment (>30 days) significantly decreased total
IgE [n = 5, SMD = ~2.57 (95% CI: ~3.92 to —1.21), p = 0.0002, I* = 74%],
OVA-IgE [n =2, SMD = -2.39 (95% CI: -3.68 to —1.10), p = 0.0003, I> =
50%], macrophages [n = 2, SMD = -3.15 (95% CI: -4.21 to —2.09), p <
0.00001, I = 0%], lymphocytes [n = 2, SMD = -3.96 (95% CI:
-538 to -2.53), p < 0.00001, I* = 21%], eosinophils [n = 4,
SMD = —4.15 (95% CL: -5.69 to —2.60), p < 0.00001, I* = 57%] and
IL-10 [n = 1, SMD = 4.74 (95% CI: 2.42-7.06), p < 0.0001]. Of note, the
effect sizes induced by short-term interventions in general were larger
than those induced by long-term treatments (Supplementary Table S6).

Subgroup analysis based on induction model showed that OVA-
induced models had significant decreases in total IgE [n = 5,
SMD = -5.70 (95% CI: -8.67 to —2.72), p = 0.0002, I* = 91%],
OVA-IgE [n = 5, SMD = —3.73 (95% CI: -5.66 to —1.81), p = 0.0001,
I> = 78%], eosinophils [n = 6, SMD = —3.74 (95% CI: -5.30 to —2.18),
p < 0.00001, I> = 73%] and TNF-a [n = 6, SMD = -3.17 (95% CIL:
-6.06 to —0.29), p = 0.03, I* = 93%]. DNCB-induced and Df-induced
models also exhibited significant decreases in IgE, IL-4 and IL-5,
based on few studies (Supplementary Table S7).

Analysis according to sample matrices revealed that quercetin
could significantly decrease IgE content in serum [n = 8§,
SMD = —4.28 (95% CIL: -6.07 to —2.48), p < 0.00001, I* = 87%].
Eosinophils number was decreased in serum [n = 2, SMD = -8.24
(95% CI -12.01 to —4.47), p < 0.0001, I = 0%), tissue [n = 2,
SMD = —4.80 (95% CI: -9.38 to —0.22), p = 0.04, I* = 75%], and
BALF [n = 3, SMD = -3.17 (95% CI: -5.43 to —0.91), p = 0.006, I* =
82%]. The expression of cytokines including IL-4, IL-5 and TNF-a
were also significantly suppressed in serum and tissue samples
(Supplementary Table S8).
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FIGURE 4
Forest plot of the effect of quercetin on (A) total IgE, (B) OVA-IgE.

When aggregated by animal type, mice exhibited significant
decreases in total IgE [n =7, SMD = —-4.67 (95% CI: -8.81 to —0.53),
p = 0.03, I* = 94%], OVA-IgE [n = 3, SMD = —2.97 (95% CI:
-531 to -0.62), p = 0.01, I* = 75%], macrophages [n = 3,
SMD = -3.25 (95% CIL: -4.23 to —2.28), p < 0.00001, I* = 0%],
lymphocytes [n = 3, SMD = -4.02 (95% CI: -5.15 to -2.89), p <
0.00001, > = 0%], and IL-4 [n = 6, SMD = —5.01 (95% CI:
-8.25 to —-1.77), p = 0.002, I* = 93%]. Rats exhibited effects
significant only for OVA-IgE [n = 2, SMD = -4.68 (95% CI:
-8.84 to —0.52), p = 0.03], TNF-a [n = 1, SMD = -1.63 (95% CI:
-2.90 to —0.36), p = 0.01], and HIS scores [n =1, SMD = -1.72 (95%
CL: -3.01 to —-0.43), p = 0.009] (Supplementary Table S9).

Subgroup analysis according to disease models showed that
quercetin markedly decreased total IgE in atopic dermatitis [n =
2, SMD = -3.92 (95% CI: -7.10 to —-0.73), p = 0.02, I = 64%] and
other allergic models [n = 2, SMD = -3.26 (95% CI: -4.79 to —1.73),
p < 0.0001, I* = 57%]. OVA-IgE was markedly decreased in asthma
[n =2, SMD = -2.93 (95% CI: -4.01 to —1.85), p < 0.00001, I? = 0%]
and allergic rhinitis models [n = 1, SMD = -6.92 (95% CI:
-9.46 to -4.37), p < 0.00001]. Eosinophil counts were
significantly decreased in asthma [n = 3, SMD = -3.78 (95% CI:
-6.85 to —0.72), p = 0.02, I* = 85%] and other models [n = 4,
SMD = -4.80 (95% CI: -7.06 to —2.54), p < 0.0001, I* = 64%]. IL-4
levels were decreased in asthma [n = 2, SMD = -3.77 (95% CI:
-5.71 to -1.82), p = 0.0001, I* = 26%], and IL-5 in non-asthma
models [n = 3, SMD = -7.56 (95% CI: -11.65 to —3.47), p = 0.0003,
I* = 66%)]. IL-10 was increased in asthma and food allergy models
but reduced in others (Supplementary Table S10).
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Visual summary of subgroup analyses via
forest plots

To offer an intuitive synthesis of our subgroup findings, we have
added six summary forest plots in Supplementary Table S11,
representing six stratification variables: animal species, disease
model, induction method, sample matrix, administration route,
and treatment duration respectively. These forest plots visually
summarize the pooled SMDs, 95% Cls, I* estimates, and
statistical significances of each subgroup, which allow direct
comparison of quercetin’s effectiveness across experimental
conditions.

The forest plots demonstrate the similar effectiveness of
quercetin for different allergic phenotypes despite experimental
variations. For example, the summary plot of animal species
shows that quercetin exhibited a larger reduction in IgE and
cellular infiltration in mice than in rats, which is in line with
quantitative subgroup results. Likewise, the disease model plot
shows consistent quercetin suppression of IgE in atopic
dermatitis and asthma models, supporting the translational
relevance of quercetin across allergic phenotypes.

For full methodological transparency and granularity, the
detailed forest of 72

Supplementary Materials.

plots subgroups are available in

This visual integration of results complement the tabular
results and facilitate the interpretation of subgroup findings,
bridging  quantitative  synthesis  with

clinical and

experimental results.
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FIGURE 5

Forest plot of the effect of quercetin on (A) macrophage counts, (B) lymphocyte counts, (C) neutrophil counts, (D) eosinophil counts.

Publication bias and sensitivity analysis

This study adhered to the recommendations of systematic
reviews and meta-analyses and employed Begg’s rank correlation
test and Egger’s linear regression test to evaluate publication bias of
13 included preclinical trials (Supplementary Table S12). The aim
was to detect potential small-study effects and selective publication
bias. It is noteworthy that Begg’s and Egger’s tests exhibit low
sensitivity and obtain unreliable conclusions when the number of
studies is small (k < 10) (Sterne et al., 2011). Therefore, the results of
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these tests for several outcomes in this study (IL-5, k = 5; IL-10, k =
3) should be interpreted with extreme caution and only used as
auxiliary references rather than definitive conclusions. The test
results showed heterogeneous publication patterns of different
immune indicators during evidence synthesis.

Statistically significant publication bias (p < 0.05) was found for
four indicators: total IgE (Begg’s Test p = 0.026; Egger’s Test p =
0.003), eosinophils (EOS) (Begg’s Test p = 0.024; Egger’s Test p =
0.018), IL-4 (Egger’s Test p = 0.001), and IL-5 (Egger’s Test p =
0.002). These results indicated that the effect sizes of these indicators
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FIGURE 6

Forest plot of the effect of quercetin on (A) IL-4, (B) IL-5, (C) TNF-q, (D) IFN-y, (E) IL-10.
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Forest plot of the effect of quercetin on (A) total IgE, (B) OVA-IgE in the sensitivity analysis.

in the meta-analysis might be overestimated. However, no
publication bias was found for OVA-IgE, macrophages,
lymphocytes, neutrophils, IL-10, TNF-a, or histamine (HIS) (the
p-value of both Begg’s and Egger’s tests were >0.05), which
enhanced the reliability of our results.

Additionally, according to the suggestion of the reviewer, we
carried out trim-and-fill analyses to further explore the potential
impact of publication bias. It is important to note that because of the
limited number of included studies and high heterogeneousness,
these trim-and-fill analyses are only exploratory. The results of trim-
and-fill analyses should be treated as sensitivity analysis of the tool to
explore the potential impact of publication bias, and the results of
trim-and-fill analyses should be interpreted cautiously.

This systematic review carried out a comprehensive meta-
analysis of primary outcome measures (IgE and OVA-IgE), and
assessed the robustness of the results and quality of evidence before
and after sensitivity analysis.

The initial analysis (Figure 4) showed that 8 studies were
included for total IgE, and the pooled effect size was
Standardized Mean Difference (SMD) -6.36  (95% CI:
-9.62 to —3.11, P < 0.00001), with significant heterogeneousness
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(I> = 87%, Tau® = 5.04). For OVA-IgE, 5 studies were included, and
the pooled SMD = —4.01 (95% CI: -6.40 to —1.63, P = 0.001), with
significant heterogeneousness (I* = 78%, Tau® = 3.18).

Sensitivity analysis was pre-specified and aimed to investigate
the effect of potential bias on results of these studies [14] by
excluding 4 studies with low RoB Score (RoB Score = 10) (Park
etal., 2015; Jegal et al., 2020; Ding et al., 2020; Cai et al., 2017). Post-
hoc analysis (Figure 8) revealed that, for total IgE (5 studies), SMD
changed to SMD = -5.53 (95% CI: -8.67 to —2.39, P = 0.0006) and for
OVA-IgE (4 studies), SMD changed to SMD = -4.32 (95% CI:
-6.98 to —1.67, P = 0.001). After sensitivity analysis, the direction of
effects and statistical significance of both outcome measures were
not changed.

Discussion

Our systematic review and meta-analysis of 13 preclinical
studies suggests that quercetin has a beneficial impact on the
control of allergic disease in animal models. The quantitative

synthesis ~ showed  that quercetin  treatment improved
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FIGURE 9
Post-hoc sensitivity analysis.

immunological parameters significantly, with quercetin treatment
significantly decreasing the levels of total IgE, OV A-specific IgE, and
histamine compared with the disease control. The compound

exhibited strong immunomodulatory effects, significantly
reducing inflammatory cell infiltration, as shown by the
significant decreases in the numbers of macrophages,

lymphocytes, eosinophils, and neutrophils. At the molecular level,
quercetin  significantly decreased the concentration of pro-
inflammatory cytokines (IL-4; IL-5; TNF-a) and increased the
level of anti-inflammatory IFN-y, indicating that quercetin exerts
dual effects on the regulation of Th2-mediated inflammatory and
Notably, significant
heterogeneity among the primary outcomes between studies. The
sources of heterogeneity may be related to the designs of the

oxidative stress pathways we found

experiments, the methods of dosing, and animal models used in
the studies.

In addition, we would like to make a note about how we handled
multi-arm studies. Our decision to select only the highest dose for
the primary analysis, instead of combining arms, was conservative
because it served to maintain independence among data points and
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offered a clear, interpretable estimate of the maximal potential effect.
However, our analysis of the primary outcome using all arms (post
hoc sensitivity analysis, see Figure 9) where we deliberately forced
the analysis to include all available dose arms, did show changes in
effect sizes and heterogeneity. Since dose is clearly a major source of
variation, we justified our initial strategy of not combining
pharmacologically different interventions and only selecting the
highest dose available.

Primary outcomes

This is the first comprehensive analysis of quercetin’s
suppressive effects on therapeutic mechanisms of allergic
responses. In this study, we further investigated quercetin’s
regulation on immunoglobulins and inflammatory mediators.

Meta-analysis of eight studies on the total IgE were included.
Quercetin significantly suppressed the total IgE levels. IgE is a
central mediator in the pathogenesis of allergic diseases. It plays

a critical role in type I hypersensitivity reactions, which are involved
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in approximately one third of the world population (Mu et al., 2024).
The suppression of quercetin on the IgE production demonstrated
its potential as immunomodulatory agent for the allergic diseases.

The recent work by Park et al. has demonstrated marked
downregulation of serum IgE in an atopic dermatitis model (Park
et al,, 2015) New pharmacological entities have been developed
based on quercetin by Zhou et al. (2024), The quercetin-conjugated
formulation exhibits more effective IgE suppression by covalent
modification. The results of Mu et al. that indicated quercetin
possesses multi-targets anti-inflammatory activity also support
this finding (Mu et al., 2024).

Quercetin exerted significant effects on eosinophil-induced
inflammation. Pooled analysis of seven studies revealed a
considerable decrease in the eosinophil levels. Eosinophils play
a critical role in allergic asthma models. OVA-induced allergic
asthma models have been widely used. It is well established that
eosinophil infiltration was a typical characteristic of asthma
pathology. Quercetin significantly suppressed eosinophil
peroxidase activity, tissue migration and bronchial remodeling
induced by asthma. The results of Cruz et al. (2012), Cai et al.
(2017), and Ding et al. (2020) were consistent with ours.
Moreover, derivatives of quercetin exhibited cell-selective
suppression on eosinophils, neutrophils and lymphocytes
without compromising macrophage function.

Quercetin ~ significantly ~ suppressed the expression of
Th2 cytokine IL-4. It is well known that IL-4 induced IgE class
switching and mast cell proliferation. Jegal et al. (2020), Ding et al.
(2020), and Park et al. (2009), Park et al. (2015) in our previous work
has demonstrated the inhibition of IL-4 secretion by quercetin.

Secondary outcomes

In addition, quercetin repeatedly suppressed allergen-specific
immune pathways in secondary outcomes. OVA-IgE five studies
reported that quercetin markedly suppressed allergen-specific IgE, a
mechanism initially discovered in the study by Cruz et al. (2012) and
further verified in subsequent studies by Cai et al. (2017) and Sagit
etal. (2017). Chen and Ko (2021) also found that quercetin inhibited
total IgE and OVA-IGE in systemic and local compartments,
indicating quercetin’s in all
phenotypes.

Quercetin significantly modulated cellular immunity, reducing

potential application allergic

macrophage and lymphocyte counts. The multi-cell modulation of

quercetin—targeting macrophages, lymphocytes and
eosinophils—demonstrates that quercetin can attenuate the
activation of innate and adaptive immunity in allergic conditions.

Rebalancing of cytokines was another important secondary
outcome. Quercetin significantly suppressed TNF-a, a pro-
inflammatory cytokine that induces endothelial activation and
airway hyperreactivity (Mu et al., 2024),while increasing IFN-y, a
Th1 cytokine. The increase in TNF-a and IFN-y levels in studies
such as Ding et al. (2020) and Cruz et al. (2012), reflect a Th1-biased
response, indicating that quercetin can modulate Th1/Th2 balance
and correct the allergic Th2 drift by synergistic inhibition of IL-4
and upregulating IfN-y.

Our meta-analysis revealed that quercetin exerts its anti-allergic
effects largely through modulating the following critical cytokine
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pathways: suppression of Th2 cytokines (IL-4, IL-13) and possibly
promoting regulatory T cell activity (via FOXP3). The translational
significance of modulating these pathways has strong support in
human genetics. As shown in the study by Tang et al. (2020), single
nucleotide polymorphisms in genes critically involved in immune
regulation (IL-18, FOXP3 and IL-13) significantly increase the
susceptibility of individuals to allergic rhinitis (Tang et al., 2020).
This finding provides a very convincing genetic basis. Dysregulation
of the very pathways modulated by quercetin may represent the key
mechanism of allergic disease pathogenesis. Therefore, our results
support and provide a mechanistic explanation for this genetic
phenotype: by suppressing the activity of IL-4/IL-13 signaling
pathway and possibly enhancing differentiation of FOXP3+ Treg,
quercetin may reverse a critical vulnerability existing in allergic
individuals, connecting the preclinical observation with human
disease mechanism.

Exploratory outcomes

Among exploratory outcomes, several biomarkers showed non-
significant trends that merit further investigation. Neutrophil counts
and IL-5 levels—a cytokine critical for eosinophil maturation and
recruitment (Cruz et al., 2008)—displayed downward trends but did
not reach statistical significance. Similarly, variations in IL-10 levels,
an anti-inflammatory cytokine linked to Treg activity, were
inconsistent across studies, with reports of both elevation
(Rajizadeh et al, 2023) and suppression (Zhou et al., 2024),
suggesting context-dependent modulation.

Notably, quercetin significantly reduced histamine levels, a key
biogenic amine in immediate hypersensitivity reactions. Zhou et al.
(2024) identified a covalent modification-based mechanism for
histamine attenuation, while Shishehbor et al. (2010) observed
reduced plasma histamine in clinical allergy models, affirming
quercetin’s dual capacity for biochemical and systemic regulation
of histaminergic activity.

Subgroup analysis

By performing subgroup analyses clustered in multiple levels
(animal species, disease models, induction methods, administration
routes, treatment duration, and sample matrices), we explored the
sources of heterogeneity and the consistency of anti-allergic effects
of quercetin. Our results suggested that quercetin was usually more
effective in mouse models (e.g., significant decrease of IgE, immune
cell infiltration, and IL-4 level) than in rats. When stratified by
disease models, quercetin’s inhibitory effect on OVA-specific IgE
was more evident in allergic rhinitis and asthma models while clear
suppression of total IgE was observed in atopic dermatitis models.
When stratified by induction methods, improvement of indicators
was observed in models induced by different allergens (OVA,
DNCB, Df), indicating that quercetin is not limited to suppress
allergic reactions against one type of allergen. Subgroup analyses by
administration routes showed that both intraperitoneal injection
and other administration routes were effective; however, some
outcomes showed larger effect sizes with administration through
(e.g, OVA-IgE). Thus, the

non-intraperitoneal  routes
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administration strategy needs to be further optimized. Subgroup
analysis by treatment duration showed that quercetin’s effect on
most outcomes was stronger with treatment duration <30 days (e.g.,
IgE, OVA-IgE, HIS), while treatment for >30 days still significantly
suppressed total IgE, macrophages, lymphocytes, and eosinophils. In
addition, the effect on most outcomes was still significant when the
treatment duration was >30 days. Furthermore, the effect on
different outcomes was also influenced by sample matrices (e.g.,
serum, BALF, and tissue). For example, the inhibition of IgE and IL-
5 in serum and histamine in tissue were most significant. Although
significant differences existed in effect estimates among subgroups,
querc still significantly improved core allergy-related indicators in
different models and species, confirming quercetin’s position as a
multi-target active molecule against allergies and providing
empirical support for the design of key parameters in subsequent
translational research.

The validity of our translational hypothesis depends on the
well-established roles of the biomarkers analyzed. The multi-
target reductions achieved--from initial IgE sensitization and
histamine release to downstream cellular infiltration and
cytokine-driven inflammation--represent suppression of the
entire allergic cascade. Therefore, the consistent direction and
statistical significance of these effects in different models are not
some isolated pharmacological effects but strong preclinical
evidence of quercetin’s potential therapeutic efficacy. In other
words, quercetin shows potential as a compound that suppresses
the
single symptom.

pathophysiology of allergic diseases instead of a

Nanomedicine strategy: a frontier direction
for overcoming the limitations of
quercetin ADME

Despite its remarkable anti-allergic activity in animal models,
quercetin is limited in clinical application due to its own
pharmacokinetic properties, including low water solubility, low
intestinal absorption, poor metabolic stability and fast systemic
clearance. To overcome these ADME limitations in a systematic
way, nanomaterial strategies have gradually attracted attentions.
polymer
nanoparticles, solid lipid nanoparticles and nanocrystals) greatly

Numerous  nanocarriers  (including  liposomes,

improve quercetin efficacy at different aspects. Quercetin
nanocrystals prepared by high-pressure homogenization could
greatly improve its solubility and stability in aqueous solution,
and showed better pharmacokinetic behavior and anti-allergic
effects compared with ordinary quercetin in rat asthma models.
It could significantly decrease the levels of allergic immunoglobulins
and inflammatory factors at low dose (Gupta et al., 2016). On the
other hand, the above-mentioned advantages of nanocarriers for
quercetin are also achieved by enhancing its solubility and
dissolution rate by increasing specific surface area, enhancing
bioadhesion and endocytosis by intestinal immune cells to
improve absorption, and even further improving the lymphatic
the effect. Just
nanoparticles can enhance the absorption of quercetin by

transport to bypass first-pass as casein

improving its entero-immune cell endocytosis and facilitating its
absorption through intestinal lymphatic transport, which further
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improve the bioavailability and accumulate in intestinal associated
immune tissues (Mazhar et al., 2025).

Clinical practice and future prospects

Quercetin exhibits anti-therapeutic effects in preclinical
models through suppression of IgE, modulation of immune
cells, and rebalancing of Th1/Th2 cytokines, indicating its
potential for use as an adjunct therapy for allergic diseases.
However, translation into clinical practice necessitates well-
designed human trials to confirm its efficacy, safety, and
optimal dose. Currently, the existence of heterozygous study
designs, species-specific responses, and limited information on
safety pose challenges to the use of multicenter, randomized
controlled trials with standardized protocols. In the future,
efforts should be the
mechanisms of quercetin in humans, understand its potential

made to investigate molecular
synergy with existing drugs, and develop bioenhanced quercetin
to improve the oral bioavailability. Only then can we bridge the
preclinical findings to clinical application, providing a natural
multi-target approach for the treatment of allergy.

However, the critical appraisal of quercetin’s translational
potential should not stop at its mechanistic efficacy, but should
also account for its suboptimal pharmacokinetic profile.

Although our study and other reports have demonstrated the
bioactivities of quercetin in cellular and animal models, the
translational potential of quercetin should be rigorously evaluated
considering its suboptimal pharmacokinetics.

Quercetin exhibits notoriously low oral bioavailability due to
its extensive pre-systemic metabolism through glucuronidation,
sulfation, and methylation in the intestine and liver (Abu-Amero
et al., 2016). Therefore, the systemic exposure of the parent,
pharmacologically active aglycone would be minimal and
transient. The pharmacokinetic issue renders quercetin in a
great paradox: the efficacious dose of quercetin in rodent
models often ranges between 50 and 150 mg/kg. However, this
high dose of quercetin in animals translates into minimal human
dose because of its low bioavailability. When converting the high
(HED) by
normalizing to human body surface area, the quercetin dose is

animal dose into Human Equivalent Doses
much higher than that could be achieved by dietary intake or even
available commercial quercetin supplements in humans (Chin
et al., 2025). Therefore, the efficacy observed in preclinical
settings should be calibrated against these pharmacological
realities. The positive effect observed in animals would not
translate into humans unless special strategies to improve its
bioavailability (such as the use of advanced formulations like
nanoparticles or co-administration with metabolism inhibitors)
are adopted. Therefore, the quercetin field should embrace the
need for “PAINS-aware” designs that not only improve target
specificity but also solve pharmacologically critical issues of
bioavailability and metabolic stability simultaneously to
generate truly druggable quercetin-inspired molecules.

In recent years, in order to improve the oral bioavailability of
quercetin, a large number of new formulation strategies have been
developed and have entered the preclinical and early clinical

research stage. For example, the systemic exposure and in vivo
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efficacy of quercetin were greatly improved through enhancing the
water solubility, delaying metabolism and enhancing the intestinal
absorption by carrier systems such as liposomes, phospholipid
(phytosomes), polymer
nanoparticles. The emergence of these formulation technologies

complexes nanocrystals  and
provide an effective and feasible solution to overcome the
pharmacokinetic disadvantages of quercetin and advance its
clinical application.

Strengths and limitations

This review followed PRISMA guidelines closely with a
thorough synthesis of preclinical evidence supporting quercetin’s
immunomodulatory actions in allergic diseases.

Strengths include good methodological design, consistency in
identification of modulated biomarkers across studies and
generation of a translational research framework. However,
caution is warranted.

First, the applicability of our results to humans may be impacted
by the characteristics of the animal models synthesized. As indicated
in the methods, the analysis summarized data from young adult
rodents (6-8 weeks old). In addition, although both male and female
animals were included, animal primary studies did not provide data
stratified by sex, which means that the potential sex-dependent
effects of quercetin cannot be assessed and should be considered as
an important next step.

Second, the output of this meta-analysis should be interpreted as
follows: although all animal primary studies included in this review
reported data using individual animal as the unit of analysis and did
not explicitly mention cage-level intervention or cluster designs, we
did not statistically adjust for potential “cage effects”.

Furthermore, although this meta-analysis was not adjusted for
RVE because animal primary studies included in this review did not
explicitly use a clustering design, we acknowledge the advance that
has been made in this direction. For example, simulation-based
small-sample RVE adjustment methods (based on Satterthwaite
degrees of freedom approximation or bias correction) have been
developed, specifically aimed at statistical inference when number of
clusters is limited (e.g., k < 10 or 20) (Pustejovsky and Tipton, 2018;
Tipton and Pustejovsky, 2015). In the future, there will be more
accurate effect size estimates and standard errors when more
sophisticated clustering designs (e.g., randomization at the cage
level) are frequently used and reported in primary animal studies.

In addition, this study did not combine data from “paired
tissues” (e.g., symmetrical organs) from one individual. Future
of animal studies should use more
sophisticated statistical methods [e.g., adjust sample sizes (design

systematic reviews
effects) or fit multi - level models] to deal with non - independence
when included studies use explicit cluster designs or report
paired data.

Third, quantitative analysis of biomarkers was limited by the
small number of eligible studies for further large-scale replication.
Furthermore, the heterogeneous chemical forms of quercetin targets
(aglycone vs. glycosides) used in studies might lead to the
aforementioned heterogeneity; however, the similar trends of
effects across different outcomes seem to be robust with regard
to the core immunomodulatory activity of quercetin.
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Our analysis focused on immunomodulation. However, the
protective profile of quercetin extends to novel pathways
involved in the pathogenesis of multiple diseases, suggesting
mechanisms from its classical

other  pleiotropic

immunomodulation and

apart
anti-inflammatory  activities. ~ For
example, it has been reported that quercetin could inhibit
hippocampal ferroptosis in diabetic encephalopathy (Cheng et al.,
2024), indicating a pleiotropic action of quercetin that might not be
reflected by its classical readout (i.e., antioxidant activity).

In addition, the large extent of study heterogeneity and
methodological limitations identified in our study are not an isolated
incident. In fact, this issue seems to be universal for preclinical meta-
analyses of quercetin (or other natural products). For example, in our
study on models of acute kidney injury, Zeng et al. also found a significant
protective effect of quercetin but explicitly stated that their conclusions
were substantially limited by high heterogeneity and risk of bias in the
primary studies (Zeng et al., 2023). Therefore, the parallel findings of
quercetin protection in different organ systems indicate that addressing
the core issues of experimental design and reporting standardization
should be given priority in future research to improve the reliability and
translational relevance of preclinical evidence for quercetin and other
natural products.

Furthermore, the PAINS (pan-assay interference compounds)
nature of quercetin aglycone should be considered. The potential to
mediate redox cycling, metal chelation, and nonspecific binding may
lead to false-positive readouts in certain assay systems (Adasme
et al, 2021). Although our review includes mostly in vivo studies,
which are less prone to these artifacts, the possibility of confounding
effects in underlying mechanistic studies cannot be completely ruled
out. Future research should use PAINS-aware experimental designs
(including the use of counterassays and metabolite verification) to
ensure result validity.

Compared with the previous method, the new meta-analysis
showed similar directions of effects for most outcomes, while the
SMDs were generally decreased and CIs narrowed with more
changes in heterogeneity. For example, the SMD of total IgE was
changed from —4.28 (95% CI: —6.07, —2.48; I* = 87%) to —3.59 (95%
CIL: =5.17, =2.01; I> = 89%). The results of OVA-IgE, macrophages,
lymphocytes, eosinophils, IL-4, TNF-a, IFN-y, and histamine were
also similar, while effect sizes decreased but the significance
remained (all p < 0.05). The effect of IL-5 changed from
borderline significant to significantly negative (p < 0.00001) and
the heterogeneity decreased (I* = 49%) (Figure 9). These results
indicated that quercetin has suppressed IgE and modulated Th1/
Th2, and these core effects were not influenced by the selection of
quercetin concentration.

In the new quantitative synthesis, we conducted sensitivity
analysis by pooling data from multiple quercetin concentrations
(as in Park et al. (2009), Ding et al. (2020), Chen and Ko (2021))
instead of using only the highest concentration. In addition,
although Egger’s and Begg’s tests were used to examine whether
there was potential publication bias on multiple outcomes, including
IgE, OVA-IgE, cytokines (IL-4, IL-5, IL-10, TNF-a, IFN-y), immune
cells (macrophages [Mac], lymphocytes [Lym], eosinophils [Eos],
neutrophils [Neu]) and histamine, several core indicators of allergy,
such as IgE, EOS, IL-4 and IL-5, showed significant publication bias,
which may influence the accuracy of effect size estimation. However,
most indicators (such as OVA-IgE, TNF-a and histamine) showed
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robust results. Although the sensitivity analysis proved that the
overall risk of bias of pooled effect estimates was moderate, the
combined existence of high heterogeneity, wide confidence intervals
and common methodological flaws for included studies led to a
moderate overall risk of bias rating. That is, we have moderate
confidence in the effect estimates and acknowledge that the true
effect may differ, but the effect estimates based on the included
studies consistently indicated that quercetin can significantly
decrease the levels of IgE and OVA-IgE.

Furthermore, another important source of bias was found
the
methodological quality assessed by the included studies) as

related to the quality of the included studies (ie.,
assessed by SYRCLE’s risk of bias assessment.

The majority of judgments regarding the risk of bias were
“Unclear” or “High” for several aspects of methodology, such as
sequence generation, allocation concealment, and blinding of
personnel. According to the methodological research established
for Cochrane reviews, these biases are likely to result in an
inflation of the effect estimate in a direction (Hooijmans et al.,
2014). For instance, if sequence generation and allocation
concealment are inadequate, selection bias will be introduced, and
subjects with better prognoses may be systematically assigned to the
intervention group. This would lead to an overestimation of the true
treatment effect. If personnel are not blinded to allocation, either by
the care provider or the outcome assessor (especially for subjective
outcomes), performance and detection bias will also be introduced,
which likewise typically leads to an overestimation of benefit.
Considering the overall trend towards a positive effect was
observed in our meta-analysis, the presence of these potential
biases may slightly inflate the magnitude of the pooled effect size.
Therefore, the beneficial effects of quercetin that have been
interpreted in this study should be interpreted with caution.
Studies using more robust methods for sequence generation,
allocation concealment, and blinding will be necessary to provide
more unbiased and accurate estimates of the effect of the intervention.

Finally, translational relevance is unknown because of the
inherent differences between the animal model and human
allergic disease pathophysiology. The therapeutic potential of
quercetin as an adjuvant has been demonstrated in this study;
however, the clinical application remains to be demonstrated in
standardized multicenter human trials.

In summary, our findings demonstrate potential for flavonoid
research and gaps in the current evidence.

Interestingly, our findings on the immunomodulatory effects of
quercetin share a similar theme with the pharmacology of other
natural products, such as Astragalus. Parallel to our findings on
quercetin, Astragalus has also been demonstrated to modulate
intestinal microbiota to improve barrier function and immunity
in metabolic disease (Su et al., 2023). This line of evidence supports
the notion that phytochemicals are multi-target immunoregulators
that modulate host immunity through both direct signaling and
indirect, microbiota-dependent mechanisms.

Conclusion

In summary, this meta-analysis showed that quercetin possesses
robust anti-allergic activities in preclinical models through a multi-tier
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immunomodulatory action stratified according to pre-defined
outcome hierarchies. Quercetin consistently attenuated underlying
allergic pathology in primary targets by significantly down-regulating
total IgE production, eosinophilic infiltration, and levels of the key
Th2 cytokine IL-4. These endpoints represent fundamental
characteristics of allergic inflammation, suggesting quercetin exerts
effects on primary disease pathologies. Quercetin modulated a
broader range of immunological processes beyond primary targets.
Quercetin significantly inhibited OVA-specific IgE, showed dose-
dependent significant reductions in macrophage and lymphocyte
counts, rebalanced the Th1/Th2 axis by down-regulating TNF-a
and further
enhancing the shift away from Th2 polarization. In exploratory

and up-regulating IFN-y, downregulated IL-4,
analyses, quercetin significantly downregulated histamine, the
prototypical mediator of immediate acute allergic symptoms,
providing further support for the clinical phenotypes of subjective
allergic symptoms. Other endpoints such as IL-5, IL-10, and
neutrophils showed suggestive effects but merit further investigation.

Interestingly, a recent open-label clinical trial in children with
allergic rhinitis (Gori et al., 2025) yielded preliminary human evidence
that
significantly improved objective biomarkers of allergy. However, it

a  multi-component supplement containing quercetin
is important to note that the open-label study involved a multi-
ingredient formulation and that the effects may be due to synergistic
interactions among multiple components rather than quercetin per se.
Additionally, the study design precluded a placebo control and limited
the scope of findings; thus, these promising findings should be
confirmed by large-scale, RCTs designs. These convergent findings
support the potential translational application of multi-component
formulations containing quercetin. However, we must emphasize that
there is currently no strong RCT evidence to support the clinical use of
a single-ingredient quercetin as a standard medical treatment for
allergic rhinitis. The large heterogeneity in the preclinical evidence
base also limits interpretation but highlights the need for rigorous

human trials to evaluate efficacy, safety, and optimal dosing.
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