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Abstract: Quercetin is one of the dietary flavonols found mostlyin fruits and vegetables and is
known to modulate the bidirectional communication among the gut microbiota, immune system, and
central nervous system. Apart from its antioxidant and anti-inflammatory effects, it modulates gut
microbial composition, the intestinal barrier, and neuroimmune pathways. Clinical translation is
constrained because of low systemic bioavailability, extensive first-pass metabolism, and
inter-individual variability caused by genetics and microbiome diversity. While nano delivery
systems, phospholipid complexes, and metabolic co-administration have been proposed to improve
absorption, the extent to which these interventions alter microbiota-mediated effects and yield
measurable neurological outcomes in humans remains limited and requires further validation in
well-controlled human studies. The evidence also supports a hormetic response, whereby moderate
doses stimulate the body’s adaptive defenses, whereas supra-physiological doses may have adverse
effects. Therefore, researchers should focus on standardized human trials that include
neurofunctional outcomes, cerebrospinal fluid biomarkers, and multi-omics approaches to clarify the
associated mechanisms. In this review, we synthesize molecular, preclinical, and clinical evidence to
advance a conceptual framework that elucidates the potential of this compound as a
microbiota-modulating agent, principally on mechanistic and preclinical grounds, while clinical
confirmation of its therapeutic efficacy in neuropsychiatric and neurodegenerative disorders remains
limited. It emphasizes the significance of gut-level interactions and microbiota-derived metabolites
rather than systemic bioavailability alone.
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1. Introduction

The gut-brain axis is a bidirectional communication network that includes neural, hormonal,
immunological, and metabolic signaling pathways between the gastrointestinal tract and the central
nervous system. This concept has transformed the way we understand neurological and psychiatric
disorders by demonstrating that the composition and function of intestinal microbiota have a
significant impact on brain physiology, behavior, and cognition via microbial metabolites and host
signaling pathways (e.g., neurotransmitter precursors, short-chain fatty acids, and secondary bile
acids) that affect neuroinflammation, blood-brain barrier integrity, and synaptic plasticity [1]. The
gastrointestinal tract is the primary source of peripheral serotonin and substantially metabolizes
peripheral dopamine precursors, supporting its recognition as a neuroendocrine organ. Research into
therapies that affect the gut-brain axis is increasing; however, most evidence is preclinical, and it is
therefore necessary to conduct human clinical trials to demonstrate efficacy in conditions such as
depression, anxiety, and neurodegeneration [2,3].

Quercetin (3,3',4',5,7-pentahydroxyflavone) is a polyphenolic flavonoid found in abundance in
plant-based foods such as onions, apples, berries, citrus fruits, leafy vegetables, and tea [4]. The
structure of quercetin comprises a 15-carbon flavonol backbone with several hydroxyl groups, which
mostlyconfer antioxidant and anti-inflammatory properties. The reported daily consumption of
quercetin varies widely across populations (10-500 mg/day), with higher levels observed in
Mediterranean and plant-based dietary patterns. Beyond its antioxidant properties, quercetin
modulates major inflammatory and redox signaling pathways by activating Nrf2-dependent
detoxification enzymes and inhibiting pro-inflammatory mediators, including cyclooxygenase and
lipoxygenase [5]. Moreover, the findings from ageing models suggest its senolytic potential; however,
this aspect is not clearly integrated into the gut-brain axis context, making it secondary to our
primary focus of this review [6]. Moreover, while cellular and animal-based studies have
demonstrated the neuroprotective effects of quercetin, critical questions remain regarding how
quercetin modulates the gut-brain axis. There have been studies on the direct action of quercetin on
neurons; hence, its role in altering gut microbial composition and the production of
microbiota-derived metabolites that affect brain function has been largely overlooked [7].
Furthermore, quercetin has low oral bioavailability, below 10%, due to limited absorption and
extensive first-pass metabolism, which raises significant uncertainty about whether its neurological
benefits are attributable to the parent compound, its conjugated metabolites, or microbial
biotransformation products formed in the colon [8]. The interplay among microbiome shifts, gut
barrier modulation, systemic inflammatory changes, and neural outcomes remains unclear. In
addition, variations in study design, quercetin formulations, dosage regimens, and outcome measures
complicate the definition of the integrated mechanistic framework and the assessment of limitations
in translational potential [9]. In this review, we consolidate the latest evidence of quercetin's role in
the modulation of the gut-brain axis, highlighting microbiome-mediated mechanisms and
neuroprotective effects. We examine its impact on gut microbial ecology, intestinal barrier integrity,
and the generation of neuroactive metabolites; explore the signaling pathways linking the gut to the
brain, such as vagal, neuroendocrine, immune, and neurotransmitter-related mechanisms; and
consider its therapeutic potential for neuropsychiatric and neurodegenerative disorders. Finally, we
highlight the limitations of the methods employed and suggest future research directions in precision
nutrition, multi-omics integration, and combination therapeutic strategies to advance the field.
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Although quercetin and the gut-brain axis have attracted increasing attention, the available
literature remains fragmented. It primarily addresses either the direct neuroprotective effects or broad
microbiome changes, without integrating pharmacokinetics, microbial metabolism, and
neurobiological outcomes into a single framework. In addition, the differences between preclinical
results and the few human studies make it even more difficult to understand the translational aspect.
Thus, we to offer a detailed and integrated viewpoint by connecting the metabolic fate of quercetin,
its interactions with the microbiome, and neuroprotective mechanisms within the context of the
gut-brain axis. A conceptual framework summarizing quercetin-mediated modulation of the
gut—microbiome—brain axis is presented in Figure 1.
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Figure 1. Conceptual framework of quercetin-mediated gut-microbiome—brain axis modulation.

To facilitate better understanding, the evidence covered in this review is organized into three
levels: (i) mechanistic studies in cell systems, (ii) preclinical evidence from animal models, and (iii)
human clinical studies. Mechanistic and animal studies indicate strong biological plausibility;
however, there is limited direct evidence that quercetin-induced modulation of the microbiome
affects neurocognitive outcomes in humans.

2. Quercetin bioavailability and metabolic fate
2.1. Intestinal absorption and phase I/Il metabolism
Quercetin in the diet is mostly present as glycosides, which must be hydrolyzed by intestinal

B-glucosidases and lactase-phlorizin hydrolase to release the aglycone for absorption. The aglycone has
limited solubility and low membrane permeability; thus, bioavailability in humans is less than 10%.
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The major site of absorption is the small intestine. Absorption occurs primarily via passive diffusion,
but carrier-mediated transport via SGLT1 and organic anion transporters is also involved [10].

Once inside the body, quercetin is rapidly subjected to phase II metabolism in intestinal and
hepatic cells, mostly by UGTs, SULTs, and COMT. The metabolic routes yield plasma-dominant
conjugates, such as quercetin-3-glucuronide, quercetin-3’-sulfate, and isorhamnetin-3-glucuronide,
which typically reach their highest levels between 0.5 and 3 hours after ingestion [11]. For example,
polymorphisms in the UGT1A1 and COMT genes can greatly contribute to differences in blood
metabolite concentrations between individuals, with levels differing by up to 20-fold among
individuals taking the same dose. Because the parent compound is subjected to extensive first-pass
metabolism, only very small amounts of it reach the systemic circulation with the conjugated
metabolites [12].

2.2. Microbial biotransformation: Ring fission and phenolic derivatives

A proportion of quercetin may escape absorption in the small intestine and reach the colon,
although the exact fraction varies across studies. At these sites, quercetin undergoes extensive
microbial metabolism before being absorbed into the systemic circulation later. This concept is
supported by data showing that quercetin glycosides are not efficiently absorbed in the upper gut but
are instead released in the colon and metabolized by the microbiota [13].Bacteria from the intestine,
such as FEubacterium, Bacteroides, and Clostridium, carry out glycoside hydrolysis and C-ring
cleavage, thus producing major phenolic acids like 3,4-dihydroxyphenylacetic acid,
3-hydroxyphenylacetic acid, and hippuric acid. Other compounds are transformed into
protocatechuic acid, phloroglucinol, and structurally related compounds. Microbial metabolites
derived from phenolic compounds can reach detectable levels in plasma and sometimes remain there
longer than the parent compound. On the other hand, their pharmacokinetics vary widely across
studies and are influenced by individual microbiota composition and study conditions [14].
Metagenomic research points to enzymes such as quercetinase and flavonol reductase as key factors,
whose levels depend on the individual's microbiome. Some phenolic metabolites have better
permeability through the blood-brain barrier than quercetin conjugates, which suggests microbial
metabolism as an enhancer of neuroactive effects [15].

2.3. Enterohepatic circulation and tissue distribution

Quercetin metabolites undergo enterohepatic recirculation. Hepatic glucuronides and sulfates
are secreted into the bile via ABC transporters, mainly MRPs. After that, bacteria in the intestine
produce B-glucuronidases and sulfatases that can break conjugates, thus liberating the aglycone,
which is then reabsorbed; hence, quercetin’s elimination profile is multiphasic. This recycling
process accounts for about 20-30% of total systemic exposure. Studies involving radiolabeled
compounds reveal that quercetin metabolites accumulate preferentially in the liver, kidney, and lungs
at levels much higher than those in plasma, while the amount in the brain is low due to efflux via
P-glycoprotein and BCRP at the blood-brain barrier [16]. However, long-term exposure increases
neural tissue levels, indicating that efflux transporters are partially saturated or that certain
metabolites penetrate more readily. Metabolites have longer half-lives (11-28 hours) compared to the
parent aglycone (1-2 hours), which suggests that conjugated forms predominantly exert biological
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effects for a prolonged period [17].
2.4. Critical evaluation: Bioavailability paradox and therapeutic implications

The bioavailability paradox of quercetin highlights the discrepancy between its potent in-vitro
actions and the very low circulating levels of the parent aglycone. Nonetheless, this apparent
inconsistency can be clarified by considering the biological actions of the conjugated metabolites and
their deconjugation in specific tissues. After absorption, quercetin is extensively metabolized into
glucuronidated, sulfated, and methylated metabolites, which are the major circulating forms in
humans. Accumulating evidence indicates that these metabolites are not merely inactive excretion
products; they may either contribute to biological activity themselves or serve as reservoirs for the
regeneration of the active aglycone.

Most importantly, B-glucuronidase enzymes released from sites of inflammation or expressed by
cells or tissues (e.g., macrophages, liver, and kidney) can cleave quercetin glucuronides, release
quercetin and enable it to exert its local pharmacological effects. The processes of deconjugation or
reconjugation has been demonstrated in inflammatory cells, were quercetin glucuronides, after being
converted back to quercetin aglycone, can exert anti-inflammatory effects [18].

Moreover, a growing body of data supports a metabolite-driven pharmacology model, which
suggests that circulating conjugates and phenolic metabolites derived from the gut microbiota play
important roles in systemic effects. Studies in humans and animals indicate that these metabolites act
on endothelial, immune, and metabolic pathways and exhibit biological activities. However, their
potency and mechanisms of action may not be entirely the same as those of the parent compound. To
further clarify the “bioavailability paradox,” it is important to distinguish systemic exposure and
site-specific biological activity. Although circulating levels of the parent aglycone are low due to
rapid metabolism, quercetin is predominantly present in plasma as conjugated metabolites, which
may retain or modulate biological activity. In addition, tissue-specific deconjugation and
microbiota-derived phenolic metabolites may contribute to localized pharmacological effects. Thus,
the apparent paradox reflects a shift from parent-compound—centric pharmacology toward a
metabolite-driven, context-dependent mechanism of action [11,18,19].

Overall, this evidence indicates that the so-called bioavailability paradox does not entirely
disprove the results obtained from in-vitro experiments; on the contrary, it underscores the need to
re-examine those results, taking into account the body's metabolite profile and the different activation
mechanisms in tissues. Nevertheless, a substantial number of in-vitro experiments conducted at very
high aglycone doses may exaggerate its direct effects. Furthermore, these experimental conditions
differ markedly from human physiological conditions, thereby limiting their applicability to human
physiology [20]. Three major explanations are proposed: (1) Conjugated metabolites and microbial
phenolic derivatives may have biological activity through different mechanisms than the parent
compound; (2) transient luminal concentrations during absorption may cause gut-mediated systemic
responses; and (3) tissue accumulation and enterohepatic recycling result in longer exposure time
even though the circulating aglycone levels are low [21,22].

There is convincing evidence for the metabolite-centered model, which demonstrates that
quercetin glucuronides have anti-inflammatory and vascular effects and can be locally deconjugated
by tissue PB-glucuronidases, thereby regenerating the active aglycone at sites of inflammation or
oxidative stress [23]. Additionally, microbiome-derived phenolic metabolites, which typically reach
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higher and more sustained plasma concentrations than quercetin, appear to have a major role in
systemic and neuroactive effects. These findings collectively indicate that physiologically relevant
metabolites, microbial biotransformation pathways, and targeted delivery strategies should be central
to future studies aimed at unlocking the therapeutic potential of quercetin [24].

To integrate these findings, quercetin modulation of the gut-brain axis can be conceptualized as
an interconnected network involving drug metabolism, microbiome metabolism, and neurobiological
signaling. When quercetin is taken orally, it is only slightly absorbed and is mainly transformed by
the gut microbiota into phenolic metabolites, which alter microbial composition and metabolic
products. As a result, the levels of microbiota-derived signaling molecules, such as short-chain fatty
acids and tryptophan metabolites, change, and these molecules then interact with the gut epithelial,
immune, and enteroendocrine systems. Further signaling occurs via several interconnected routes,
including vagal nerve activation, cytokine-mediated immune modulation, and endocrine regulation
via the hypothalamic-pituitary-adrenal axis. These interconnected mechanisms collectively influence
brain functions, including neuroinflammation, neurotransmitter levels, and synaptic plasticity.
Significantly, these mechanisms form a single network rather than separate processes, even though
the available data are mainly preclinical. The differences between in-vitro and in-vivo relevance
underlying the bioavailability paradox are summarized in Table 1.

Table 1. Comparison of in-vitro and in-vivo relevance underlying the quercetin
bioavailability paradox.

Aspect In vitro studies In vivo (human) References
Form studied Quercetin aglycone Conjugated metabolites [11]
Concentration 10-100 uM nM-low uM range [12]
Biological activity Direct antioxidant/signaling Metabolite-driven, indirect [18]
Mechanism Direct cellular action Deconjugation at target tissues [19]
Relevance Mechanistic insight Physiological relevance [20]

3. Microbiome modulation mechanisms
3.1. Antimicrobial selectivity and prebiotic-like effects

Quercetin exhibits concentration-dependent, species-selective antimicrobial activity that
suppresses pathogens while supporting beneficial commensals. It inhibits the growth of
Gram-positive pathogens, including Staphylococcus aureus and Clostridium difficile [25]. The
antimicrobial activities include rupture of the bacterial cell membrane, release of intracellular
components, and inhibition of quorum sensing [26]. Animal experiments show that quercetin intake
reduces Enterobacteriaceae and Desulfovibrio, resulting in increased microbial diversity and
strengthened intestinal barrier function [27]. These prebiotic-like effects are partially explained by
quercetin being metabolized by flavonoid-degrading bacteria [28].

3.2. Microbiome-derived metabolites: SCFAs and phenolic compounds

As described in Section 2.2, quercetin is metabolized by gut microbiota into phenolic
compounds and SCFAs, which are discussed here in the context of gut—brain signaling [29]. Butyrate,
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through histone deacetylase inhibition, supports colonocyte energy metabolism, while propionate and
acetate help maintain neurotransmitter balance and energy homeostasis.

The phenolic biotransformation of quercetin also yields neuroactive acids, including
3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), protocatechuic acid, and
hippuric acid. These metabolites possess antioxidant, anti-inflammatory, and neuroprotective
properties and have better bioavailability than native quercetin [30].

3.3. Microbiome functional capacity and metabolic pathways

Quercetin not only changes the microbial taxonomic composition but also appears to influence
microbial metabolic functions, especially tryptophan metabolism, bile acid transformation, and
vitamin biosynthesis. It has been reported to increase the formation of indole derivatives and
kynurenine pathway metabolites, which, in turn, lead to activation of the aryl hydrocarbon receptor
(AhR) signaling and restoration of mucosal integrity [31]. Likewise, quercetin enhances bile salt
hydrolase activity, thereby promoting the production of secondary bile acids, which in turn activate
FXR and TGRS signaling pathways linked to lipid metabolism and energy expenditure [32].
Microbiomes treated with quercetin also show elevated biosynthesis of B vitamins and vitamin K2,
and increased microbial GABA production, which is essential for neurotransmission and redox
balance [33].

3.4. Quercetin as a precision microbiome modulator

A study points to quercetin as a precision microbiome modulator rather than a broadly acting
antimicrobial. Its impact appears to depend on the baseline microbial composition. Interventions
targeting the abundance of Akkermansiamuciniphila have demonstrated substantial effects in animal
models, but controlled validation in human populations remains limited. Evidence, largely from
preclinical studies, suggests that dietary modulation can elevate A. muciniphila levels, but the
quantitative magnitude and reproducibility of these changes in human cohorts need to be confirmed
by properly controlled trials [34]. The magnitude of SCFA and bile acid modulation also depends on
basal metabolic capacity, indicating potential compensatory adaptation within the microbiome. These
findings suggest that quercetin influences microbiota composition in preclinical settings; however,
well-controlled trials confirming this are limited.

Figure 2 provides a schematic overview of gut-brain signaling pathways affected by quercetin.
It highlights the principal pathways documented in literature: (1) Alteration of vagal afferents
through microbial metabolites, (2) the role of short-chain fatty acids in neuroinflammation, and (3)
the influence of the tryptophan/kynurenine pathway on central neurotransmitter pools. These three
pathways are the most commonly reported in preclinical studies and are summarized in Table 2 [35].
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Table 2. Quercetin in the gut-microbiome-brain axis: Mechanistic actions, molecular
mediators, important biological pathways, and neuroprotective outcomes.

Mechanism Mediators Key Action Outcome Ref

Microbiome Bifidobacterium, A. Tbeneficial bacteria; Better  gut  barrier, [36]

composition muciniphila, | pathogens reduced endotoxin
Lactobacillus

Immune NF-xB, NLRP3, ASC | cytokines, Reduced [37]

modulation | inflammasome neuroinflammation

Neuronal SIRT1, PI3K/Akt, Nrf2 ~ PI3K/Akt, CREB, Improved memory [38]

plasticity and SIRT1

survival

BBB protection SIRT1 — Nrf2 — HO-1  Strengthens the Reduced permeability, [39]
blood-brain barrier ~ neuroprotection

Microbial 3,4-DHB, Production of Anti-inflammatory, [40]
metabolites benzoylglutamic acid phenolic acids vascular protection
production
Gut barrier ZO-1, Claudins, 1 tight junctions, Lower systemic [41]
integrity TLR4/NLRP3 | LPS inflammation
m Gut Microbiota Modulation m Microbial Metabolites [ Brain Effects
v | Z
‘ Quercetin SCFAs (Butyrate, Acetate, Propionate) ‘ aj <
| Source oﬁ)uercetln « Indole-3-propionic acid (lPA) ‘ =
‘ Gut Microbiota Modulation Protocatechuic Acid - \ N=
4 Akkermansia, Lactobaciilus, Bifidobacterium 1 T ] -
Microbial Enzymes
= Quercetinase m Intestinal Barrier Function
= Flavonol reductase

— — 4 Barrier Integrity
4 LPS Translocation

||

m Outcomes

¥ * NF-kB / NLRP3
y 4 * Nrf2-» HO-1
@ W HQgp — 4 * BDNF, Synaptic Proteins
e : h 4
P Reduced Neuroinflammation &
) Improved Cognition

Figure 2. Quercetin regulates the gut-brain axis by modulating microbiota and
generating metabolites that enhance barrier integrity, reduce inflammation, and promote
neuroprotection.
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4. Molecular signaling pathways in gut—brain communication

In this section, we distinguish three levels of evidence: (i) Mechanisms supported by in-vivo or
human data (“demonstrated mechanisms”), (i1) strong associations mostly backed by animal models
(“preclinical correlations™), and (iii)reasonable but as yet untested pathways that require direct
validation in human studies (“emerging models™). This framework is used to avoid conflating
well-supported effects with speculative hypotheses.

4.1. Vagal nerve signaling and neurotransmitter modulation

The vagus nerve is a major pathway for bidirectional communication between the brain and the
gut, transmitting signals produced by microbial metabolites to the central nervous system [42]. These
pathways operate as an integrated network (see Section 2.4), involving coordinated immune, neural,
and endocrine signaling mechanisms. However, most of the data come from animal experiments, and
whether these mechanisms translate into clinically significant neurobiological outcomes in humans
remains largely uncertain [43].

4.2. Neuroendocrine and immune-mediated pathways

Immune-mediated pathways are key components of gut—brain communication; detailed
neuroinflammatory mechanisms are discussed in Section 6.2 [44]. It is known that butyrate can cross
the blood-brain barrier and decrease the excitability of hypothalamic CRH neurons, thereby
alleviating the stress response. Microbial modulation (for example, increased abundance of beneficial
taxa such as Akkermansiamuciniphila) has been linked to improved intestinal barrier function and
reduced endotoxin (LPS) translocation. However, the extent to which quercetin directly affects these
processes in humans remains unclear. These anti-inflammatory actions involve inflammasome
pathways described in Section 6.2. In addition, quercetin and its metabolites influence macrophage
polarization toward anti-inflammatory M2 phenotypes and coordinate with regulatory T-cell
populations, thereby decreasing neuroimmune activation [45].

4.3. Neurotransmitter precursor availability: Tryptophan, tyrosine, and glutamate pathways

Microbiota in the digestive system are important in determining the availability of
neurotransmitter precursors, and emerging research indicates that gut microbiota influence
tryptophan metabolism and generate indolic compounds as well as other metabolites that are
involved in gut-brain axis signaling. However, there is little direct evidence on how quercetin
specifically links these metabolic changes in humans [46]. Notably, quercetin has been found to
significantly raise levels of indole-3-propionic acid (IPA), a microbial metabolite of tryptophan,
which leads to the activation of the aryl hydrocarbon receptor (AhR) in the intestinal tract. Through
quercetin-induced microbiota modulation, tryptophan metabolism is shifted toward beneficial indole
derivatives instead of diverting to neurotoxic branches of the kynurenine pathway; thus, the ratio of
neuroprotective kynurenic acid to excitotoxic quinolinic acid may be altered. However, whether this
translates to humans remains unconfirmed.

Certain microbes can generate metabolites from amino acids (e.g., tyrosine and other
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precursors), which may theoretically affect neurotransmitter precursors pools. However, there is no
controlled evidence demonstrating quercetin's impact on these pathways in humans. Therefore, it has
been hypothesized that quercetin might affect dopaminergic signaling via microbiota-derived
tyramine. However, no study has confirmed this by measuring tyramine levels in quercetin-treated
models [47].

Additionally, quercetin-containing flavonoids have been linked to the proliferation of
GABA-producing bacteria. They may influence GABAergic signaling through the gut-brain axis, as
described in mechanistic studies [48]. Despite promising findings, it remains unclear whether
quercetin directly mediates the bacterial species-dependent increase in GABA production by
Lactobacillus brevis and Bifidobacterium dentium in vivo. Overall, current evidence suggests that
quercetin may modulate neurotransmitter precursor pathways; however, further in vivo, particularly
human, studies are needed to validate these mechanisms [49].

4.4. Deep integration of pathways

The brain mechanisms modulated by quercetin via the microbiome constitute an integrated
signaling network involving the interplay among neural, endocrine, and immune pathways [50].
Changes mediated by the HPA axis and the autonomic nervous system directly affect the gut by
altering sympathetic and parasympathetic tone. Gut microbiota profiles are affected not only by
changes in gut motility, secretion, and perfusion but also by the microbiota, which remodel microbial
diversity and metabolic activity, thereby constituting a dynamic gut-brain feedback loop [51].

The immune and neuroendocrine systems also form part of this network and interact with each
other. Glucocorticoids can alter immune function, and inflammatory cytokines can affect neural
stress pathways; nevertheless, the exact molecular role of quercetin in these intricate feedback
circuits in humans remains to be confirmed. Quercetin's anti-inflammatory and antioxidant activities
appear to disrupt this harmful feedback cycle that drives stress-induced neuroinflammation and HPA
hyper reactivity [52]. These interconnected systems operate over different time scales. Vagal
signaling occurs within seconds; neurotransmitter precursor fluxes take several hours; immune
modulation may take several days; and microbiome compositional remodeling takes weeks, enabling
rapid adaptation and long-term stabilization of brain function. Together, these pathways can be
conceptualized as a sequential and interconnected cascade rather than independent mechanisms.

Individual variability in microbiota composition, host genetic variation, and environmental
exposures are factors that create unique pathway configurations that determine responsiveness to
quercetin supplementation [53]. The significant mechanisms and their comparative levels of
evidence are summarized in Table 3. In fact, these pathways are better viewed as parts of a unified,
hierarchical signaling network that works together, rather than as separate mechanisms. Here,
microbiome-derived metabolites serve as the primary upstream regulators that coordinate neural,
immune, and endocrine responses along the gut-brain axis.
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Table 3. Summary of significant mechanisms underlying quercetin-mediated modulation
of the gut-brain axis and their corresponding levels of evidence.

Category Key Mediators Evidence Level Ref
Microbial metabolism Phenolic metabolites Preclinical-dominant [13-15]
Mlcro@al metabolites (CNS SCFAs, Indoles Preclinical-dominant [1,31]
signaling)

. . Cytokines, Mixed (animal + limited  [37,45]
Immune signaling

Inflammasome human)

Neuroendocrine HPA axis Limited human [42,51]

5. Blood-brain barrier dynamics
5.1. Structural integrity and transporter-mediated permeability

As discussed in Section 2, quercetin exhibits limited blood—brain barrier permeability;
accordingly, in this section, we focus on transporter-mediated modulation and inflammation-related
changes that influence CNS uptake. Importantly, numerous in vitro studies have examined the effects
of quercetin at concentrations ranging from 10 to 50 uM, which are much higher than levels
achievable in human plasma from normal intake. Pharmacokinetic studies in humans have shown
that even very large oral doses (e.g., 1000 mg) yield plasma concentrations in the low-micromolar or
sub micromolar range. As a result, these experimental conditions should be regarded as
supra-physiological, and caution is warranted when applying such results to human biological
systems [54].

ATP-binding cassette (ABC) efflux transporters (mainly P-glycoprotein/ABCB1 and
BCRP/ABCG?2) are responsible for pumping foreign compounds out of the brain. Quercetin affects
them in two ways: At low (~1-10 uM) concentrations, it is a substrate, and at higher (>25 uM)
concentrations, it impairs their function, thereby potentially facilitating its own entry into the brain.
Long-term treatment with quercetin may also lead to downregulation of P-glycoprotein via Nrf2. In
addition, on the influx side, GLUT1 and OATPs are transporters that enable certain metabolites to
enter; thus, quercetin glucuronides can utilize OATPs for brain penetration and avoid efflux [55].

5.2. Inflammation &endothelial activation

Neuroinflammation affects the blood-brain barrier (BBB), which leads to increased expression
of adhesion molecules (ICAM-1, VCAM-1, E-selectin) and degradation of tight junction proteins,
thereby enabling leukocytes and toxins to penetrate the CNS. As part of its broader
anti-inflammatory action (see Section 6.2), quercetin reduces leukocyte infiltration and endothelial
adhesion molecule expression [56].

5.3. Quercetin penetration: Parent compound vs metabolites

In humans, most quercetin is found in plasma as conjugated metabolites (e.g., glucuronides and
sulfates), and the free parent quercetin is often not detectable; this suggests that the biological effects
observed in-vivo may be due to these metabolites rather than the unchanged aglycone. Therefore, it is
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essential to distinguish the effects of the parent compound from those of its metabolites, as the
metabolite profiles and their biological activities differ from those of quercetin and are more
representative of human exposure. In high-dose studies (50-200 mg/kg), only very small amounts of
quercetin have been detected in brain tissue, suggesting that the BBB crossing is limited. On the
other hand, metabolites such as methylated derivatives (e.g., isorhamnetin) or glucuronides may
reach higher concentrations in the brain, in part because they have a lower affinity for efflux
transporters and can be taken up via OATPs. Some microbial metabolites (e.g., protocatechuic acid)
have been demonstrated to cross the BBB efficiently and accumulate in the brain, thus supporting the
concept of a “metabolite-mediated” mechanism of action [57].

5.4. Critical evaluation &methodological caveats

Understanding quercetin BBB studies from the perspective of the methodologies used has been
a major challenge. For example: If perfusion is not properly performed before tissue collection, brain
levels may be overestimated due to residual blood; several researchers use excessively high doses
(much higher than dietary exposure), so transporters are saturated and the results are misleading;
most determine brain levels at only one time point, so dynamic kinetics are not taken into account;
and differences between species in the transporter expression make it more difficult to extrapolate the
results to humans. To resolve the issue of quercetin bioavailability to the CNS and its mechanism,
researchers should employ physiologically relevant doses, strict perfusion protocols, metabolite
profiling, and human models (e.g., CSF sampling or neuroimaging).

6. Neuroprotective mechanisms
6.1. Oxidative stress &mitochondrial protection

Oxidative stress is a major contributor to neurodegeneration and cognitive deficits. Quercetin
helps in this regard by scavenging reactive oxygen species and activating the Nrf2—-ARE pathway. In
fact, quercetin interferes with the Keap1—Nrf2 interaction, facilitates Nrf2 translocation to the nucleus,
and enhances the production of antioxidant enzymes like SOD, catalase, GPx, and HO-1 [58].

Quercetin, in neuronal and animal models, is capable of restoring the mitochondrial membrane
potential, inhibiting the release of cytochrome c, preventing mitochondrial permeability transition
pore opening, and stimulating biogenesis through PGC-1a; thus, it is a protective agent against
mitochondrial toxin-induced damage (e.g., from rotenone, MPTP) and reduces apoptosis [59].

6.2. Neuroinflammation and glial modulation

Quercetin alleviates neuroinflammation by blocking NF-kB activation: It impedes IkB kinase
activation, maintains IkB integrity, and keeps NF-kB in the cytoplasm, thereby reducing microglial
production of IL-1B, IL-6, TNF-a, and iNOS [60].Additionally, the flavonoid blocks microglial
NLRP3 inflammasome assembly. Quercetin in aged or diseased animal models (e.g., diabetic
encephalopathy) increases the expression of SIRT1 and simultaneously decreases NLRP3, ASC,
caspase-1, IL-1pB, and IL-18, leading to reduced neuroinflammation and increased synaptic and
cognitive markers (BDNF, NGF, PSD95) [61].
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6.3. Synaptic plasticity and protein aggregation

Preclinical research indicates that quercetin may influence factors related to synaptic integrity,
such as BDNF expression and the antioxidant system, both of which have been associated with
synaptic plasticity in animal models; however, there is little direct evidence that quercetin repairs
synaptic plasticity in humans [62].

In Alzheimer’s disease models, quercetin has been shown to inhibit B-secretase (BACEI),
reduce amyloid-P production, shift aggregates toward non-toxic forms, and enhance autophagy, thereby
promoting amyloid clearance. Additionally, it prevents tau hyperphosphorylation (via inhibition of
GSK-3p/CDKS5) and supports proteasomal and autophagic degradation. In Parkinson’s disease models,
quercetin prevents a-synuclein oligomerization and facilitates aggregate removal [63].

6.4. Hormetic stress &adaptive neuroprotection

Quercetin shows dose-dependent effects typical of hormesis. When used in low doses, it has
cytoprotective properties. However, at high doses, it becomes a pro-oxidant or cytotoxic agent.
Biphasic behavior is one of the key characteristics of dietary polyphenols, which, in addition to being
mild cellular stressors, facilitates the activation of endogenous defense pathways [64]. Studies
indicate that quercetin-induced hormetic responses are highly specific to the human body and vary
across experimental models [65]. At a broader level, polyphenol hormesis reflects a general adaptive
mechanism in which cells, upon low-dose exposure, exhibit greater resilience, whereas higher doses
lead to inhibitory or toxic effects. Nevertheless, it should be kept in mind that most data on
quercetin-induced hormetic neuroprotection come from in-vitro and animal studies, and its clinical
efficacy in humans has yet to be confirmed [66,67].

7. Disease-specific applications
7.1. Neuropsychiatric disorders: Depression &anxiety

While quercetin has been demonstrated to reduce depression- and anxiety-like behaviors in
rodent models, strong clinical evidence in humans is missing. It has been shown that quercetin
(10-50 mg/kg) effectively reduces depressive and anxiety-like behaviors (e.g., forced swimming/tail
suspension and sucrose preference) in rodents (subjected to chronic unpredictable stress,
corticosterone administration) and restores corticosterone levels and hippocampal BDNF and
serotonergic signaling. From a mechanistic perspective, quercetin stimulates hippocampal
neurogenesis in mice under chronic stress via the FoxG1/CREB/BDNF pathway.

Moreover, the anxiolytic effect of quercetin might be related to interactions between the lateral
habenula and the endocannabinoid (eCB) system: In mice exposed to CUMS, quercetin restored CB:
receptor activity and alleviated depressive behavior, and inhibition of CB: receptors reversed
quercetin's effect [68].

7.2. Neurodegenerative diseases: Alzheimer s& Parkinson's diseases

Quercetin has been reported to impact the major pathological components of Alzheimer's
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disease (AD) in animal experiments; however, such evidence has not been corroborated by human
clinical trials. For example, in 3xTg-AD mice, long-term treatment with quercetin (25 mg/kg every
48 h) not only reduced levels of B-amyloid, paired helical filament tau, and BACE1 but also
improved memory [69]. Furthermore, a systematic review of 14 preclinical AD studies strongly
supports quercetin's neuroprotective effects across models [70]. In a model of repeated intranasal AP
exposure, mice treated with quercetin orally (30 or 100 mg/kg) showed a significant reduction in
neuroinflammation, oxidative stress, AP accumulation, and phosphorylated tau, along with an
improvement in behavior [71]. In Parkinson's disease (PD) quercetin has been shown to promote
motor function, safeguard dopaminergic neurons, and reduce neuroinflammation and programmed
cell death through mechanisms involving survival signaling pathways (see Section 6) in an
MPTP-induced mouse model of PD [72].

7.3. Autism spectrum disorder (ASD): Microbiome &immune modulation

Almost all the literature on quercetin or quercetin-containing formulations for autism spectrum
disorder (ASD) originates from preclinical animal studies or small open-label pilot studies, and there
are no large, randomized, placebo-controlled clinical trials showing that quercetin alone is
efficacious in human ASD populations. Preclinical studies using rodent models of autism have
shown that quercetin could reduce oxidative stress, neuroinflammation, and behavioral deficits;
however, these results have not been replicated in well-controlled human clinical trials. Open-label
studies, which combine quercetin with other flavonoids (such asluteolin), do not have placebos or
objective outcome measures [73].

7.4. Critical gaps &challenges

Reported dose ranges of 10-200 mg/kg, in the literature, primarily refer to rodent experimental
models. When these doses are converted to human equivalents using body surface area, the resulting
doses are significantly lower. For instance, considering the typical Km factors (rat Km= 6, human
Km=37), a 50 mg/kg dose in a rat is equivalent to ~8 mg/kg in humans, which is roughly ~560
mg/day for a 70 kg adult. This suggest that the effects seen at very high animal doses may not be
directly related to the levels that can be achieved in humans, especially given quercetin poor oral
absorption and extensive metabolism, and there is no agreement on the equivalent or safe dose
ranges for human ASD studies; a careful pharmacokinetic and safety evaluation is necessary when
extrapolating these doses to humans. Moreover, obtaining systemic exposures in humans comparable
to those in rodents is difficult, primarily due to quercetin’s rapid metabolism and poor oral
bioavailability. This is demonstrated in clinical pharmacokinetic studies of quercetin, in which even a
150 mg/day dose yields only low-uM plasma concentrations. Additionally, biomarkers for target
engagement remain poorly established. Reliable methods to accurately quantify quercetin and its
metabolite’s levels in the brain are lacking, and approaches to assessing Nrf2 activation or
anti-inflammatory effects in humans are not standardized. The therapeutic window also remains
uncertain, as most benefits are observed in preventive or early-stage conditions, and only a few
studies suggest the possibility of reversing advanced disease.

Neurological disorders are heterogeneous; therefore, it will be necessary to determine which
subpopulations (based on genetics, the microbiome, and inflammation) are most likely to benefit
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from quercetin. Therefore, there is a need for rigorous clinical trials, and researchers should employ
standardized formulations, clearly defined patient groups, use mechanism-based biomarkers, and
monitor long-term safety [74].

8. Clinical translation challenges
8.1. Pharmacokinetic barriers: Bioavailability, metabolism, and inter-individual variability

One of the major issues in the clinical translation of quercetin is its oral bioavailability, which is
less than 10%. After first-pass metabolism, the biological products are glucuronidated, sulfated, and
methylated conjugates with significantly lower biological activity than the aglycone form, which is
generally used for mechanistic studies. After normal dietary intakes (10-100 mg), plasma
concentrations are often below 0.5 uM, which is 10—100 times lower than the concentration at which
in-vitro efficacy is observed [75].

Variability between individuals is very high; plasma levels differ by 10-20-fold among
individuals receiving the same dose. This variability is mainly due to genetic polymorphisms in
UGT1A1 and COMT, as well as variations in gut microbiota composition that influence metabolism
and absorption. In addition, quercetin has the potential to influence drug-metabolizing enzymes and
transporters by interacting with CYP3A4, OATP, and BCRP, and thus, pharmacokinetics becomes
less predictable [76].

8.2. Formulation strategies: Nanoencapsulation, complexation, and co-administration

Advanced drug delivery systems primarily aim to improve quercetin's bioavailability without
compromising its biological activity. Phytosome formulations that complex quercetin with
phospholipids greatly enhance absorption and plasma exposure in human trials [77]. Polymeric
micelles (e.g., Soluplus) and nano cochleates have been shown to improve solubility, stability, and
intestinal permeability, resulting in bioavailability levels several times higher than those of free
quercetin [78].

The use of metabolic inhibitors, such as piperine, in co-administration strategies can
significantly enhance oral absorption by inhibiting glucuronidation and reducing pre systemic
metabolism, as demonstrated in nanosuspension formulations. Nevertheless, enhanced systemic
bioavailability may lead to changes in metabolite profiles, thus potentially affecting
pharmacodynamics and safety profiles [79].

8.3. Dosing and safety: Effective ranges, long-term safety, and drug interactions

Some human supplementation studies have tested different amounts of quercetin (usually
between 250 and 1000 mg/day), which are generally well tolerated in short-term interventions.
However, quercetin has the potential to interact with drug-metabolizing enzymes and transporters,
such as various cytochrome P450s (e.g., CYP3A4) and P-glycoprotein, thereby altering the
pharmacokinetics of concomitantly administered drugs. These situations may cause changes in drug
exposure levels, either increases or decreases, as has been shown, for example, for drugs such as
cyclosporine, anticoagulants, and some chemotherapeutics. At high doses, quercetin may cause
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gastrointestinal discomfort and, in laboratory studies, kidney toxicity as well as changes in liver
enzyme activity. Most importantly, excessive consumption may affect drug metabolism and
transporter systems, especially during chronic use. Hence, caution should be exercised when
quercetin is co administered with drugs that have a narrow therapeutic index or are cleared by
CYP3A4 or transporter-mediated pathways [80,81].

Initially, animal experiments showed kidney toxicity only at very high intravenous doses (>100
mg/kg). These results have not been confirmed in human studies; however, people with renal
impairment are advised to exercise caution [82]. Safety data on human quercetin supplementation
remain limited, especially when it comes to long-term use and effects on vulnerable populations like
pregnant women, breastfeeding women, children, and people with chronic illnesses. Clinical studies
have not defined the safety profiles for these groups, and one should exercise caution when
extrapolating animal data to humans.

8.4. Critical evaluation: Enhanced bioavailability vs. altered biological activity

Human clinical pharmacokinetic studies have demonstrated that strategies to improve quercetin
bioavailability, such as lipid complexes, phytosomes, glucosylation, and other formulation
approaches, can increase systemic quercetin exposure. However, the effects of these tailored delivery
systems on gut microbiota composition, microbiota function, and derived metabolites, and hence on
gut-brain axis outcomes, have not been thoroughly assessed in controlled human intervention studies
[83]. In future studies, researchers should employ mechanism-based drug delivery system design to
clarify which therapeutic goals depend on actions in the local gut, on metabolites in the systemic
circulation, or on direct tissue penetration (for instance, brain bioavailability in neuroprotective
applications) [84].

8.5. Clinical evidence limitations

While limitations in translation have been considered, clinical evidence for quercetin remains
heterogeneous and has not been consistently investigated across studies. Some human randomized
controlled trials have reported mixed results: On the one hand, some studies have shown mild
improvements in inflammatory or metabolic markers; on the other hand, others show no major
clinical benefit. For instance, meta-analyses of clinical trials show that effects on lipid profiles and
inflammatory markers are quite variable, and changes in IL-6 and TNF-a levels are inconsistent. The
same is true of clinical studies looking at body weight or cardiovascular risk factors, which have
frequently reported small or insignificant effects. Overall, the human evidence base is limited and
heterogeneous and thus remains inadequate to support claims of therapeutic efficacy [85].

9. Methodological considerations and future directions
9.1. Research gaps
The neuroprotective effects of quercetin have mostly been demonstrated in-vitro and in animal

models, whereas human intervention trials assessing cognitive, mood, or functional brain outcomes
are scarce. Additionally, human pharmacokinetic studies reveal high variability in quercetin
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absorption and metabolism among individuals, likely influenced by genetic factors (e.g., UGT
variants) and by differences in gut microbiota composition [86]. However, it remains unclear how
much these factors affect the levels of quercetin and its metabolites in the human bloodstream, or
whether the gut-brain axis effects observed in animals translate into truly significant clinical
outcomes. Further studies should include not only effect-based biomarkers, but also short-chain fatty
acids (e.g., butyrate, acetate, propionate), inflammatory cytokines (e.g., IL-6, TNF-a), and
neurocognitive parameters [87].

9.2. Mechanistic and multi-omics approaches

Network pharmacology analyses have suggested that quercetin may affect genes such as
DYRKIA, NOS2, and NQOI1, which are implicated in AD. However, these findings are largely
based on in silico models and cell or animal-based experiments. Human studies combining
metagenomics, transcriptomics, and metabolomics, together with targeted biomarker panels, are
needed to establish whether these pathways operate in-vivo. Highly relevant outcomes would be
microbiota-derived metabolites, inflammatory cytokines, and neuroimaging markers, such as
functional MRI or PET-based measures of neuroinflammation, that enable connecting microbiome
alterations to brain function [88].

9.3. Translational strategies

Quercetin exhibits antioxidant, anti-inflammatory, and metabolic effects in preclinical models;
however, data demonstrating its combination with probiotics or known neuroprotective drugs in
humans are lacking. So far, there are no rigorously controlled clinical studies confirming the efficacy
or safety of such combination approaches in humans [89]. Future trials should incorporate
biomarker-based endpoints to strengthen translational interpretation.

9.4. Personalized and precision approaches and future directions

Techniques in personalized nutrition, such as genotyping and microbiome profiling, not only help
isolate responsive subpopulations but also hold promise for individualizing quercetin dosing.
Nevertheless, there is a lack of controlled prospective human studies stratified by genetic or microbial
profiles; to our knowledge, such studies remain limited. Appropriate clinical trials with neurocognitive
endpoints, alongside standardized multi-omic analyses and predefined biomarker panels (e.g., short-chain
fatty acids like butyrate, acetate, and propionate; inflammatory cytokines like IL-6 and TNF-a and
neuroimaging markers like functional MRI or PET), rather than general multi-omic endpoints, should be
the focus of future research. Although digital health tools (e.g., wearable monitoring) offer the potential
for real-time physiological assessment, their use in gut-brain axis research should be considered
preliminary and exploratory, given the lack of empirical evidence [90-92].

10. Conclusions

In this review, we highlight quercetin as a prominent multifactorial modulator of the gut-brain
axis, integrating biochemical, microbial, and neurophysiological mechanisms. In addition to its
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already known antioxidant and anti-inflammatory properties, quercetin has been proposed as a
mediator of microbiota-host interactions, thus altering gut microbial ecology and influencing neural
function through vagal, endocrine, immune, and metabolic signaling pathways. Quercetin, therefore,
has been proposed as a potential microbiome intervention agent with the prospect of fostering neural
resilience and metabolic balance by restoring beneficial commensals such as
Akkermansiamuciniphila, Lactobacillus, and Bifidobacterium, as well as increasing the production of
neuroactive metabolites; however, these effects need to be validated in human populations.

The long-term 'bioavailability paradox' of quercetin can be viewed differently by understanding its
activity in the gut and metabolite-driven neuroprotection. The results suggest that microbial
transformation and local intestinal signaling, rather than systemic aglycone exposure, are the major
factors underlying quercetin's neurological effects. However, the extent to which gut microbial
transformation, local intestinal signaling, and circulating quercetin metabolites each contribute to
neurological outcomes in humans has not been well characterized and, in many cases, remains
speculative. Therefore, formulation strategies focused on targeted delivery to the gut microbiome
may be conceptually appealing; however, clinical outcomes with clear translational advantages
supported by evidence have not been established. Besides that, the hormetic profile of quercetin,
which, at moderate levels, is said to initiate adaptive cytoprotective responses in cell models, has not
been shown to be clinically relevant in humans, and the optimal therapeutic windows remain to be
determined.

To ensure clinical success, researchers should use standardized formulations, mechanism-based
biomarkers, and stratified trial designs with microbiome, pharmacogenomic, and inflammatory
profiling. It is necessary to carefully define and validate the clinical endpoints and biomarkers that
can distinguish true treatment effects from background variability. The use of quercetin as a therapy
may be of greater significance for prevention or for very early-stage intervention, but it remains only
a presumption and needs to be confirmed by human studies with adequate power. Synergistic
approaches combining quercetin with probiotics, pharmacotherapy, or lifestyle interventions require
thorough clinical trials to be considered effective, and their efficacy cannot be assumed from
preclinical results alone.

Subsequently, rigorous human trials incorporating neuroimaging, cerebrospinal fluid biomarkers,
and multi-omics analyses are needed to confirm the preclinical data and identify differences in
individual responses. Linking nutritional neuroscience and precision medicine together might, in the
future, enable personalized quercetin-based therapies. Nevertheless, the data supporting immediate
monitoring or dosage changes through digital health platforms are at a very early stage and are only
exploratory. They have not been confirmed in clinical research. Instead, this review's additional value
lies in presenting quercetin as a precision microbiome modulator and highlighting the crucial roles of
microbiota-driven metabolic pathways and local gut signaling, rather than mere systemic
bioavailability.

Author contributions

Vikrant Verma: Conceptualization, literature review, data interpretation and writing original
draft. Dharmendra Kumar: Supervision, critical review, editing and Visualization,

AIMS Molecular Science Volume 13, Issue 2, 226-250.



244

Use of Generative-Al tools declaration

The authors declare that no generative Al tools were used in the preparation of this manuscript.

Acknowledgments

The author thanks Dean, Faculty of Pharmacy, Swami Vivekanand Subharti University, for the

academic support.

Conflict of interest

All authors declare no conflicts of interest in this paper.

References

4.

Silva YP, Bernardi A, Frozza RL (2020) The role of short-chain fatty acids from gut microbiota in
gut-brain communication. Front Endocrinol 11: 25. https://doi.org/10.3389/fendo.2020.00025
Huang TT, Lai JB, Du YL, et al. (2019) Current understanding of gut microbiota in mood
disorders: An update of human studies. Front Genet 10: 98.
https://doi.org/10.3389/fgene.2019.00098

Shiadeh SMJ, Chan WK, Rasmusson S, et al. (2025) Bidirectional crosstalk between the gut
microbiota and cellular compartments of brain: Implications for neurodevelopmental and
neuropsychiatric disorders. Transl Psychiatry 15: 278.
https://doi.org/10.1038/s41398-025-03504-2

Kumar M, Gupta S, Kalia K, et al. (2024) Role of phytoconstituents in cancer treatment: A review.
Recent Adv Food Nutr Agric 15: 115-137.
https://doi.org/10.2174/012772574X274566231220051254

Endale M, Park SC, Kim S, et al. (2013) Quercetin disrupts tyrosine-phosphorylated
phosphatidylinositol 3-kinase and myeloid differentiation factor-88 association and inhibits
MAPK/AP-1 and IKK/NF-«B-induced inflammatory mediators production in RAW 264.7 cells.
Immunobiology 218: 1452—1467. https://doi.org/10.1016/j.imbi0.2013.04.019

Zoico E, Nori N, Darra E, et al. (2021) Senolytic effects of quercetin in an in vitro model of
pre-adipocytes and  adipocytes induced senescence. Sci Rep  11:  23237.
https://doi.org/10.1038/s41598-021-02544-0

Balasubramanian R, Bazaz MR, Pasam T, et al. (2023) Involvement of microbiome gut—brain axis
in neuroprotective effect of quercetin in mouse model of repeated mild traumatic brain injury.
Neuromol Med 25: 242-254. https://doi.org/10.1007/s12017-022-08732-z

Carrillo-Martinez EJ, Flores-Hernandez FY, Salazar-Montes AM, et al. (2024) Quercetin, a
flavonoid with great pharmacological capacity. Molecules 29: 1000.
https://doi.org/10.3390/molecules29051000

Kurhaluk N, Kaminski P, Bilski R, et al. (2025) Role of antioxidants in modulating the
microbiota—gut—brain axis and their impact on neurodegenerative diseases. Int J Mol Sci 26: 3658.
https://doi.org/10.3390/ijms26083658

AIMS Molecular Science Volume 13, Issue 2, 226-250.


https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3389/fgene.2019.00098
https://doi.org/10.1038/s41398-025-03504-2
https://doi.org/10.2174/012772574X274566231220051254
https://doi.org/10.1016/j.imbio.2013.04.019
https://doi.org/10.1038/s41598-021-02544-0
https://doi.org/10.1007/s12017-022-08732-z
https://doi.org/10.3390/molecules29051000
https://doi.org/10.3390/ijms26083658

245

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Day AJ, Gee JM, DuPont MS, et al. (2003) Absorption of quercetin-3-glucoside and
quercetin-4'-glucoside in the rat small intestine: The role of lactase phlorizin hydrolase and the
sodium-dependent  glucose  transporter.  Biochem  Pharmacol  65: 1199-1206.
https://doi.org/10.1016/S0006-2952(03)00039-X

Chen X, Yin OQP, Zuo Z, et al. (2005) Pharmacokinetics and modeling of quercetin and
metabolites. Pharm Res 22: 892-901. https://doi.org/10.1007/s11095-005-4584-1

Almeida AF, Borge GIA, Piskula M, et al. (2018) Bioavailability of quercetin in humans with a
focus on interindividual variation. Compr Rev Food Sci Food Saf 17: 714-731.
https://doi.org/10.1111/1541-4337.12342

Kasahara K, Kerby RL, Aquino-Martinez R, et al. (2025) Gut microbes modulate the effects of
the flavonoid quercetin on atherosclerosis. NPJ Biofilms Microbiomes 11: 12.
https://doi.org/10.1038/s41522-024-00626-1

Li K, Nakamura T, Nakamura Y. (2022) Ring fission catabolites of quercetin glycosides. J
Environ Sci Sustain Soc 11: MR02_ p5-MRO02 p8.https://doi.org/10.3107/jesss.11.MR02

Mahdi L, Graziani A, Baffy G, et al. (2025) Unlocking polyphenol efficacy: The role of gut
microbiota in modulating bioavailability and health effects. Nutrients 17: 2793.
https://doi.org/10.3390/nul7172793

Matsukawa N, Matsumoto M, Hara H (2009) High biliary excretion levels of quercetin
metabolites after administration of a quercetin glycoside in conscious bile duct-cannulated rats.
Biosci Biotechnol Biochem 73: 1863—1865. https://doi.org/10.1271/bbb.90031

Chalet C, Rubbens J, Tack J, et al. (2018) Intestinal disposition of quercetin and its phase-II
metabolites after oral administration in healthy volunteers. J Pharm Pharmacol 70: 1002—1008.
https://doi.org/10.1111/jphp.12929

Ishisaka A, Kawabata K, Miki S, et al. (2013) Mitochondrial dysfunction leads to deconjugation
of quercetin glucuronides in inflammatory macrophages. PloS One 8: e80843.
https://doi.org/10.1371/journal.pone.0080843

Williamson G, Clifford MN (2025) A critical examination of human data for the biological
activity of quercetin and its phase-2 conjugates. Crit Rev Food Sci Nutr 65: 1669-1705.
https://doi.org/10.1080/10408398.2023.2299329

Frent OD, Stefan L, Morgovan CM, et al. (2024) A systematic review: Quercetin—secondary
metabolite of the flavonol class, with multiple health benefits and low bioavailability. Int J Mol
Sci 25: 12091. https://doi.org/10.3390/ijms252212091

Majid I, Majid D, Makroo HA, et al. (2024) Enhancing the bioavailability and gut health benefits
of quercetin from sprouted onions: A comprehensive review in the context of food-derived
bioactives. Food Chem Adv 4: 100725. https://doi.org/10.1016/j.focha.2024.100725

Graefe EU, Wittig JW, Mueller S, et al. (2001) Pharmacokinetics and bioavailability of quercetin
glycosides in humans. J Clin Pharmacol 41: 492-499.
https://doi.org/10.1177/00912700122010366

Ishisaka A, Kawabata K, Miki S, et al. (2013) Mitochondrial dysfunction leads to deconjugation
of quercetin glucuronides in inflammatory macrophages. PLoS One 8: e80843.
https://doi.org/10.1371/journal.pone.0080843

AIMS Molecular Science Volume 13, Issue 2, 226-250.


https://doi.org/10.1016/S0006-2952(03)00039-X
https://doi.org/10.1007/s11095-005-4584-1
https://doi.org/10.1111/1541-4337.12342
https://doi.org/10.1038/s41522-024-00626-1
https://doi.org/10.3107/jesss.11.MR02
https://doi.org/10.3390/nu17172793
https://doi.org/10.1271/bbb.90031
https://doi.org/10.1111/jphp.12929
https://doi.org/10.1371/journal.pone.0080843
https://doi.org/10.1080/10408398.2023.2299329
https://doi.org/10.3390/ijms252212091
https://doi.org/10.1016/j.focha.2024.100725
https://doi.org/10.1177/00912700122010366
https://doi.org/10.1371/journal.pone.0080843

246

24. Catalan M, Ferreira J, Carrasco-Pozo C (2020) The microbiota-derived metabolite of quercetin,
3,4-dihydroxyphenylacetic acid prevents malignant transformation and mitochondrial
dysfunction induced by hemin in colon cancer and normal colon epithelia cell lines. Molecules
25: 4138. https://doi.org/10.3390/molecules25184138

25. Wang S, Yao J, Zhou B, et al. (2018) Bacteriostatic effect of quercetin as an antibiotic alternative
in vivo and its antibacterial mechanism in vitro. J Food Prot 81: 68-78.
https://doi.org/10.4315/0362-028 X.JFP-17-214

26. Roy PK, Song MG, Park SY (2022) The inhibitory effect of quercetin on biofilm formation of
Listeria monocytogenes mixed culture and repression of virulence. Antioxidants 11: 1733.
https://doi.org/10.3390/antiox 11091733

27. LiuJ, LiuY, Huang C, et al. (2025) Quercetin-driven Akkermansia Muciniphila alleviates obesity
by modulating bile acid metabolism via an ILA/m6A/CYP8BI1 signaling. Adv Sci 12: ¢12865.
https://doi.org/10.1002/advs.202412865

28. Zhang Z, Peng X, Li S, et al. (2014) Isolation and identification of quercetin degrading bacteria
from human fecal microbes. PLoS One 9: €90531. https://doi.org/10.1371/journal.pone.009053 1

29. Tiwari C, Singh A, Kumar D (2023) Comprehensive characterization and in vitro evaluation of a
novel POQCL drug delivery system, Nanosci Nanotechnol Asia 13: e071223224207.
https://doi.org/10.2174/0122106812276945231201071629

30. Meng X, Xia C, Wu H, et al. (2024) Metabolism of quercitrin in the colon and its beneficial
regulatory effects on gut microbiota. J Sci Food Agric 104: 9255-9264.
https://doi.org/10.1002/jsfa. 13747

31. Lu J, Huang Y, Zhang Y, et al. (2025) Quercetin ameliorates obesity and inflammation via
microbial metabolite indole-3-propionic acid in high fat diet-induced obese mice. Front Nutr 12:
1574792. https://doi.org/10.3389/fnut.2025.1574792

32. Zhu X, Dai X, Zhao L, et al. (2024) Quercetin activates energy expenditure to combat metabolic
syndrome through modulating gut microbiota—bile acids crosstalk in mice. Gut Microbes 16:
2390136. https://doi.org/10.1080/19490976.2024.2390136

33. Xiong M, Kuang W, Liu Z, et al. (2025) Quercetin alleviates ulcerative colitis via regulating gut
microbiota and tryptophan metabolism. MSystems 10: e00703-25.
https://doi.org/10.1128/msystems.00703-25

34. Zhou K (2017) Strategies to promote abundance of Akkermansia Muciniphila, an emerging
probiotic in the gut: evidence from dietary intervention studies. J Funct Foods 33: 194-201.
https://doi.org/10.1016/5.j££.2017.03.045

35. LiB, YanY, Zhang T, et al. (2024) Quercetin reshapes gut microbiota homeostasis and modulates
brain metabolic profile to regulate depression-like behaviors induced by CUMS in rats. Front
Pharmacol 15: 1362464. https://doi.org/10.3389/fphar.2024.1362464

36. Mi W, Hu Z, Xu L, et al. (2022) Quercetin positively affects gene expression profiles and
metabolic pathway of antibiotic-treated mouse gut microbiota. Front Microbiol 13: 983358.
https://doi.org/10.3389/fmicb.2022.983358

37. Han X, Xu T, Fang Q, et al. (2021) Quercetin hinders microglial activation to alleviate
neurotoxicity via the interplay between NLRP3 inflammasome and mitophagy. Redox Biol 44:
102010. https://doi.org/10.1016/j.redox.2021.102010

AIMS Molecular Science Volume 13, Issue 2, 226-250.


https://doi.org/10.3390/molecules25184138
https://doi.org/10.4315/0362-028X.JFP-17-214
https://doi.org/10.3390/antiox11091733
https://doi.org/10.1002/advs.202412865
https://doi.org/10.1371/journal.pone.0090531
https://doi.org/10.2174/0122106812276945231201071629
https://doi.org/10.1002/jsfa.13747
https://doi.org/10.3389/fnut.2025.1574792
https://doi.org/10.1080/19490976.2024.2390136
https://doi.org/10.1128/msystems.00703-25
https://doi.org/10.1016/j.jff.2017.03.045
https://doi.org/10.3389/fphar.2024.1362464
https://doi.org/10.3389/fmicb.2022.983358
https://doi.org/10.1016/j.redox.2021.102010

247

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Yao RQ, Qi DS, Yu HL, et al. (2012) Quercetin attenuates cell apoptosis in focal cerebral ischemia
rat brain via activation of BDNF-TrkB—PI3K/Akt signaling pathway. Neurochem Res 37:
2777-2786. https://doi.org/10.1007/s11064-012-0871-5

Yang R, Shen YJ, Chen M, et al. (2022) Quercetin attenuates ischemia reperfusion injury by
protecting the blood—brain barrier through Sirtl in MCAO rats. J Asian Nat Prod Res 24: 278-289.
https://doi.org/10.1080/10286020.2021.1949302

Tiwari C, Tomer J, Kumar D (2024) Liposomal drug delivery: Progress, clinical outlook, and
ongoing  challenges. Recent Adv  Drug  Deliv  Formulation 18:  157-169.
https://doi.org/10.2174/0126673878300031240703070511

Zhang HX, Li YY, Liu ZJ, et al. (2022) Quercetin effectively improves LPS-induced intestinal
inflammation, pyroptosis, and disruption of the barrier function through the TLR4/NF-xB/NLRP3
signaling pathway in vivo and in vitro. Food Nutr Res 66: 8948.
https://doi.org/10.29219/tnr.v66.8948

Longo S, Rizza S, Federici M (2023) Microbiota—gut—brain axis: relationships among the vagus
nerve, gut microbiota, obesity, and diabetes. Acta Diabetol 60: 1007-1017.
https://doi.org/10.1007/s00592-023-02088-x

Suganya K, Koo BS (2020) Gut-brain axis: Role of gut microbiota on neurological disorders and
how probiotics/prebiotics beneficially modulate microbial and immune pathways to improve
brain functions. Int J Mol Sci 21: 7551. https://doi.org/10.3390/ijms21207551

Kumar D, Malviya R, Sharma PK, et al. (2020) Advancement in nano pharmaceutical
formulations and their biomedical wuse. Namnosci Nanotechnol 11:  262-2609.
https://doi.org/10.2174/2210681210999200723165456

Xul,LiY, Yang X, et al. (2024) Quercetin inhibited LPS-induced cytokine storm by interacting
with the AKT1-FoxO1 and Keap1-Nrf2 signaling pathway in macrophages. Sci Rep 14: 20913.
https://doi.org/10.1038/s41598-024-71569-y

Zhao P, Chen Y, Zhou S, et al. (2025) Microbial modulation of tryptophan metabolism links gut
microbiota to disease and its treatment. = Pharmacol Res 219: 107896.
https://doi.org/10.1016/j.phrs.2025.107896

Lin R, Piao M, Song Y. (2019) Dietary quercetin increases colonic microbial diversity and
attenuates colitis severity in Citrobacterrodentium-infected mice. Front Microbiol 10: 1092.
https://doi.org/10.3389/fmicb.2019.01092

Zhang Y, Yu W, Zhang L, et al. (2022) The interaction of polyphenols and the gut microbiota in
neurodegenerative diseases. Nutrients 14: 5373. https://doi.org/10.3390/nu14245373

Filosa S, Di Meo F, Crispi S (2018) Polyphenols-gut microbiota interplay and brain
neuromodulation. Neural Regen Res 13: 2055-2059. https://doi.org/10.4103/1673-5374.241429
Silvestro S, Bramanti P, Mazzon E (2021) Role of quercetin in depressive-like behaviors:
Findings from animal models. App! Sci 11: 7116. https://doi.org/10.3390/app11157116

Petra Al Panagiotidou S, Hatziagelaki E, et al. (2015) Gut-microbiota-brain axis and its effect on
neuropsychiatric disorders with suspected immune dysregulation. Clin Ther 37: 984-995.
https://doi.org/10.1016/j.clinthera.2015.04.002

Kumar D, Sharma PK (2023) Wound healing, anti-inflammatory and antioxidant potential of
quercetin loaded Banana starch nanoparticles. Anti-inflamm Anti-allergy Agents Med Chem 22:
230-235. https://doi.org/10.2174/0118715230252770231020060606

AIMS Molecular Science Volume 13, Issue 2, 226-250.


https://doi.org/10.1007/s11064-012-0871-5
https://doi.org/10.1080/10286020.2021.1949302
https://doi.org/10.2174/0126673878300031240703070511
https://doi.org/10.29219/fnr.v66.8948
https://doi.org/10.1007/s00592-023-02088-x
https://doi.org/10.3390/ijms21207551
https://doi.org/10.2174/2210681210999200723165456
https://doi.org/10.1038/s41598-024-71569-y
https://doi.org/10.1016/j.phrs.2025.107896
https://doi.org/10.3389/fmicb.2019.01092
https://doi.org/10.3390/nu14245373
https://doi.org/10.4103/1673-5374.241429
https://doi.org/10.3390/app11157116
https://doi.org/10.1016/j.clinthera.2015.04.002
https://doi.org/10.2174/0118715230252770231020060606

248

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Mehta I, Juneja K, Nimmakayala T, et al. (2025) Gut microbiota and mental health: A
comprehensive review of gut-brain interactions in mood disorders. Cureus 17: e81447.
https://doi.org/10.7759/cureus.81447

Manach C, Morand C, Crespy V, et al. (1998) Quercetin is recovered in human plasma as
conjugated derivatives which retain antioxidant properties. FEBS Lett 426: 331-336.
https://doi.org/10.1016/S0014-5793(98)00367-6

Mann GE (2014) Nrf2-mediated redox signalling in vascular health and disease. Free Radic Biol
Med 75: S1. https://doi.org/10.1016/j.freeradbiomed.2014.10.595

Li C, Zhang W], Frei B (2016) Quercetin inhibits LPS-induced adhesion molecule expression and
oxidant production in human aortic endothelial cells by p38-mediated Nrf2 activation and
antioxidant enzyme induction. Redox Biol 9: 104-113.
https://doi.org/10.1016/j.redox.2016.06.006

Mullen W, Edwards CA, Crozier A (2006) Absorption, excretion and metabolite profiling of
methyl-, glucuronyl-, glucosyl- and sulpho-conjugates of quercetin in human plasma and urine
after ingestion of onions. Br J Nutr 96: 107-116. https://doi.org/10.1079/BJN20061809

Liu J, Zhang ZZ, Yu GR, et al. (2025) Quercetin targets HSP90a and regulates Keap1/Nrf2
pathway to inhibit crosstalk between apoptosis and ferroptosis in oxidatively stressed neurons. J
Biochem Mol Toxicol 39: €70583. https://doi.org/10.1002/jbt.70583

Singh NK, Garabadu D. (2021) Quercetin exhibits o7nAChR/Nrf2/HO-1-mediated
neuroprotection against STZ-induced mitochondrial toxicity and cognitive impairments in
experimental rodents. Neurotox Res 39: 1859—1879. https://doi.org/10.1007/s12640-021-00410-5
Wu J, Lv T, Liu Y, et al. (2024) The role of quercetin in NLRP3-associated inflammation.
Inflammopharmacology 32: 3585-3610.https://doi.org/10.1007/s10787-024-01566-0

Hu T, Lu XY, Shi JJ, et al. (2020) Quercetin protects against diabetic encephalopathy via
SIRT1/NLRP3 pathway in db/db mice. J Cell Mol Med 24: 3449-3459.
https://doi.org/10.1111/jcmm.15026

Adnan M, Siddiqui AJ, Bardakci F, et al. (2025) Neuroprotective potential of quercetin in
Alzheimer’s disease: Targeting oxidative stress, mitochondrial dysfunction, and amyloid-f
aggregation. Front Pharmacol 16: 1593264. https://doi.org/10.3389/fphar.2025.1593264

Li Y, Man M, Tian Y, et al. (2025) Quercetin protects against neuronal toxicity by activating the
PI3K/Akt/GSK-3 pathway in in vivo models of MPTP-induced Parkinson’s disease.
Inflammopharmacology 33: 4063—4076.https://doi.org/10.1007/s10787-025-01712-2

Perrone P, D’Angelo S (2025) Hormesis and health: Molecular mechanisms and the key role of
polyphenols. Food Chem Adv 7: 101030. https://doi.org/10.1016/j.focha.2025.101030

Calabrese EJ, Hayes AW, Pressman P, et al. (2024) Quercetin induces its chemoprotective effects
via hormesis. Food Chem Toxicol 184: 114419. https://doi.org/10.1016/j.fct.2023.114419

Fiore M, Tonchev AB, Pancheva RZ, et al. (2025) Increasing life expectancy with plant
polyphenols: Lessons from the Mediterranean and Japanese diets. Molecules 30: 2888.
https://doi.org/10.3390/molecules30132888

Skaperda Z, Tekos F, Vardakas P, et al. (2021) Reconceptualization of hormetic responses in the
frame of redox toxicology. Int J Mol Sci 23: 49. https://doi.org/10.3390/1jms23010049

AIMS Molecular Science Volume 13, Issue 2, 226-250.


https://doi.org/10.7759/cureus.81447
https://doi.org/10.1016/S0014-5793(98)00367-6
https://doi.org/10.1016/j.freeradbiomed.2014.10.595
https://doi.org/10.1016/j.redox.2016.06.006
https://doi.org/10.1079/BJN20061809
https://doi.org/10.1002/jbt.70583
https://doi.org/10.1007/s12640-021-00410-5
https://doi.org/10.1007/s10787-024-01566-0
https://doi.org/10.1111/jcmm.15026
https://doi.org/10.3389/fphar.2025.1593264
https://doi.org/10.1007/s10787-025-01712-2
https://doi.org/10.1016/j.focha.2025.101030
https://doi.org/10.1016/j.fct.2023.114419
https://doi.org/10.3390/molecules30132888
https://doi.org/10.3390/ijms23010049

249

68. Ma ZX, Zhang RY, Rui WJ, et al. (2021) Quercetin alleviates chronic unpredictable mild
stress-induced depressive-like behaviors by promoting adult hippocampal neurogenesis via
FoxG1/CREB/BDNF  signaling  pathway.  Behav  Brain  Res  408: 113245.
https://doi.org/10.1016/).bbr.2021.113245

69. Cai YT, Chen DN, Li KX, et al. (2025) Quercetin inhibited chronic unpredictable mild
stress-induced mouse depressive behaviors through attenuating lateral habenula neuronal
activities. Metab Brain Dis 40: 149. https://doi1.org/10.1007/s11011-025-01569-y

70. Samad N, Saleem A, Yasmin F, et al. (2018) Quercetin protects against stress-induced anxiety-
and depression-like behavior and improves memory in male mice. Physiol Res 67: 795-808.
https://doi.org/10.33549/physiolres.933776

71. Sabogal-Guaqueta AM, Muioz-Manco JI, Ramirez-Pineda JR, et al. (2015) The flavonoid
quercetin ameliorates Alzheimer’s disease pathology and protects cognitive and emotional
function in aged triple transgenic Alzheimer’s disease model mice. Neuropharmacology 93:
134-145. https://doi.org/10.1016/j.neuropharm.2015.01.027

72. Costa LG, Garrick JM, Roquée PJ, et al. (2016) Mechanisms of neuroprotection by quercetin:
Counteracting oxidative stress and more. Oxid Med Cell Longev 2016: 2986796.
https://doi.org/10.1155/2016/2986796

73. Savino R, Medoro A, Ali S, et al. (2023) The emerging role of flavonoids in autism spectrum
disorder: A systematic review. J Clin Med 12: 3520. https://doi.org/10.3390/jcm12103520

74. Nair AB, Jacob S (2016) A simple practice guide for dose conversion between animals and human.
J Basic Clin Pharm 7: 27-31.

75. Zhang XW, Chen JY, Ouyang D, et al. (2020) Quercetin in animal models of Alzheimer’s disease:
A systematic review of preclinical studies. Int J Mol Sci  21: 493.
https://doi.org/10.3390/ijms21020493

76. Lasure VU, Singh Gautam A, Singh RK (2024) Quercetin ameliorates neuroinflammatory and
neurodegenerative biomarkers in the brain and improves neurobehavioral parameters in a
repeated intranasal amyloid-beta exposed model of Alzheimer’s disease. Food Funct 15:
8712-8728. https://doi.org/10.1039/d4f002602k

77. Graefe EU, Derendorf H, Veit M (1999) Pharmacokinetics and bioavailability of the flavonol
quercetin in humans. Int J Clin Pharm Ther 37: 219-233.

78. Mohos V, Fliszar-Nyul E, Ungvari O, et al. (2020) Inhibitory effects of quercetin and its main
methyl, sulfate, and glucuronic acid conjugates on cytochrome P450 enzymes, and on OATP,
BCRP and MRP?2 transporters. Nutrients 12: 2306. https://doi.org/10.3390/nul12082306

79. Riva A, Ronchi M, Petrangolini G, et al. (2019) Improved oral absorption of quercetin from
Quercetin Phytosome®, a new delivery system based on food-grade lecithin. Eur J Drug Metab
Pharmacokinet 44: 169—177. https://doi.org/10.1007/s13318-018-0517-3

80. Choi JS, Piao YJ, Kang KW (2011) Effects of quercetin on the bioavailability of doxorubicin in
rats: Role of CYP3A4 and P-gp inhibition by quercetin. Arch Pharm Res 34: 607-613.
https://doi.org/10.1007/s12272-011-0411-x

81. Mohos V, Fliszar-Nyul E, Ungvari O, et al. (2020) Inhibitory effects of quercetin and its main
methyl, sulfate, and glucuronic acid conjugates on cytochrome P450 enzymes, and on OATP,
BCRP and MRP2 transporters. Nutrients 12: 2306. https://doi.org/10.3390/nu12082306

AIMS Molecular Science Volume 13, Issue 2, 226-250.


https://doi.org/10.1016/j.bbr.2021.113245
https://doi.org/10.1007/s11011-025-01569-y
https://doi.org/10.33549/physiolres.933776
https://doi.org/10.1016/j.neuropharm.2015.01.027
https://doi.org/10.1155/2016/2986796
https://doi.org/10.3390/jcm12103520
https://doi.org/10.3390/ijms21020493
https://doi.org/10.1039/d4fo02602k
https://doi.org/10.3390/nu12082306
https://doi.org/10.1007/s13318-018-0517-3
https://doi.org/10.1007/s12272-011-0411-x
https://doi.org/10.3390/nu12082306

250

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Kumar D, Sharma PK (2023) Formulation and evaluation of Quercetin-loaded banana starch
nanoparticles, Nanoscience Nanotechnol Asia 13: €240523217291.
https://doi.org/10.2174/2210681213666230524145559

Liu L, Barber E, Kellow NJ, et al. (2025) Improving quercetin bioavailability: A systematic
review and meta-analysis of human intervention studies. Food Chem 477: 143630.
https://doi.org/10.1016/j.foodchem.2025.143630

Li H, Li M, Fu J, et al. (2021) Enhancement of oral bioavailability of quercetin by metabolic
inhibitory nanosuspensions compared to conventional nanosuspensions. Drug Deliv 28:
1226-1236. https://doi.org/10.1080/10717544.2021.1927244

Ou Q, Zheng Z, Zhao Y, Lin W (2020) Impact of quercetin on systemic levels of inflammation: A
meta-analysis of randomised controlled human trials. Int J Food Sci Nutr 71: 152—-163.
https://doi.org/10.1080/09637486.2019.1627515

Almeida AF, Borge GIA, Piskula M, et al. (2018) Bioavailability of Quercetin in Humans with a
Focus on Interindividual Variation. Compr Rev Food Sci Food Saf 17: 714-731.
https://doi.org/10.1111/1541-4337.12342

Yang J, Song X, Yan S, et al. (2026) The gut microbiota influences neurodegenerative diseases
through the gut-brain axis: Molecular mechanisms and effects on immune function. Front
Immunol 16: 1739329. https://doi.org/10.3389/fimmu.2025.1739329

Chen YQ, Chen HY, Tang QQ, et al. (2022) Protective effect of quercetin on kidney diseases:
From  chemistry to  herbal  medicines.  Front. = Pharmacol  13: 968226.
https://doi.org/10.3389/fphar.2022.968226

Tamura M, Hoshi C, Kobori M, et al. (2017) Quercetin metabolism by fecal microbiota from
healthy elderly human subjects. PLoS One 12: e0188271.
https://doi.org/10.1371/journal.pone.0188271

Jia C, Zhu W, Yuan Y, et al. (2026) How gut microbiota contribute to neuropsychiatric disorders:
Evidence from neuroimaging studies. Front Microbiol 17: 1760096.
https://doi.org/10.3389/fmicb.2026.1760096

Alharbi HOA, Alshebremi M, Babiker AY, et al. (2025) The role of quercetin, a flavonoid in the
management of pathogenesis through regulation of oxidative stress, inflammation, and biological
activities. Biomolecules 15: 151. https://doi.org/10.3390/biom15010151

KumarM, KumarD (2025) Formulation and evaluation of quercetin loaded sago starch
nanoparticles, Curr Nanomed 15: 637-645.
https://doi.org/10.2174/0124681873299675240628125625

©2026 the Author(s), licensee AIMS Press. This is an open access

A1MS AIMS Press article distributed under the terms of the Creative Commons

@ Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Molecular Science Volume 13, Issue 2, 226-250.


https://doi.org/10.2174/2210681213666230524145559
https://doi.org/10.1016/j.foodchem.2025.143630
https://doi.org/10.1080/10717544.2021.1927244
https://doi.org/10.1080/09637486.2019.1627515
https://doi.org/10.1111/1541-4337.12342
https://doi.org/10.3389/fimmu.2025.1739329
https://doi.org/10.3389/fphar.2022.968226
https://doi.org/10.1371/journal.pone.0188271
https://doi.org/10.3389/fmicb.2026.1760096
https://doi.org/10.3390/biom15010151
https://doi.org/10.2174/0124681873299675240628125625

