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Neuroinflammation is a central pathological process in a wide range of central nervous sys-
tem disorders, yet therapeutic strategies directed solely at single inflammatory targets have
shown limited efficacy. Gut-brain axis dysfunction may contribute to neuroinflammatory pro-
gression through interconnected metabolic, immune, neural, and vesicle-associated routes.
Icariin, a major flavonoid glycoside from Epimedii Folium, has attracted attention because of
its anti-inflammatory, neuroprotective, and microbiota-modulating properties. In this review,
we summarize current evidence for the anti-neuroinflammatory effects of icariin and expli-
citly stratify the evidence into three levels: direct icariin-related findings, icariin-related find-
ings without causal gut-brain validation, and mechanisms inferred from broader gut-brain
axis biology. Available studies provide relatively stronger support for intestinal barrier pro-
tection, microbiota remodeling, peripheral cytokine suppression, and central inflammatory
pathway regulation. In contrast, short-chain fatty acid (SCFA)-associated signaling, vagal
neuroimmune communication, and extracellular vesicle (EV)-mediated cargo transfer remain
plausible but incompletely validated candidate routes. We further compare icariin with its
major microbial metabolites, especially icariside II and icaritin, because oral icariin may act
partly through metabolite-mediated exposure rather than through robust brain penetration of
the parent compound. Major limitations include insufficient causal perturbation, incomplete
organ-specific pharmacokinetic data, inter-individual microbiota variability, and uncertain
therapeutic time windows. Overall, icariin emerges as a promising multi-target natural
product for anti-neuroinflammatory research, but the causal hierarchy and translational rel-
evance of proposed gut-brain pathways require direct validation.

1. Introduction

testinal barrier dysfunction can amplify systemic inflammation
and further aggravate neuroinflammatory processes '""*.

Neuroinflammation is a common pathological feature of
many central nervous system disorders, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), and traumatic brain in-
jury (TBI) ", Sustained activation of microglia and persistent re-
lease of inflammatory mediators such as TNF-a and IL-18 con-
tribute to neuronal damage and progressive neurological dys-
function *”. Although suppression of neuroinflammation is con-
sidered a promising therapeutic strategy, clinical translation re-
mains difficult because many anti-inflammatory agents show lim-
ited brain exposure and because inflammatory responses in the
CNS are sustained by interacting immune, metabolic, and glial
networks rather than by a single dominant target *°. In addition,
growing evidence indicates that gut microbiota imbalance and in-
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E-mail  addresses: xiuzhiru914@126.com (ZR. Xiu); zhuguangze820@
126.com (GZ. Zhu); liyq01@ccucm.edu.cn (YQ. Li)
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Against this background, the gut-brain axis has emerged as
an important framework for understanding neuroinflammation
beyond the brain itself '*'°, Current evidence suggests that gut-
derived signals may influence central inflammatory states
through several interconnected routes. Among them, microbiota-
derived metabolites, especially short-chain fatty acids (SCFAs),
can affect blood-brain barrier function and microglial activity;
vagal pathways can relay peripheral immune and metabolic in-
formation to the brainstem and engage anti-inflammatory re-
flexes; and circulating extracellular vesicles (EVs) may particip-
ate in long-distance inter-organ communication by transporting
bioactive cargo across biological barriers * ', Together, these
routes provide a conceptual basis for multi-organ intervention in
neuroinflammation '***%°,

Icariin, a major bioactive flavonoid glycoside from Epimedii
Folium, has been widely studied for its anti-inflammatory and
neuroprotective activities " *” *’, Recent studies indicate that its

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.


mailto:xiuzhiru914@126.com
mailto:zhuguangze820@126.com
mailto:zhuguangze820@126.com
mailto:liyq01@ccucm.edu.cn
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://www.sciencedirect.com/science/journal/1674862X
http://www.cjnmcpu.com/
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6
https://doi.org/10.1016/S1875-5364(26)61221-6

C. Wuetal.

actions may not be restricted to direct CNS effects. Instead, icari-
in appears to influence several peripheral processes relevant to
gut-brain communication, including gut microbial remode-
ling »'**, intestinal barrier preservation ****, and suppression of
peripheral inflammatory signaling ' *”*> . In this review, we
summarize current evidence for the anti-neuroinflammatory ef-
fects of icariin from a gut-brain axis perspective, focusing on
three candidate routes—SCFA-associated metabolic signaling,
vagal neuroimmune communication, and EV-mediated inter-or-
gan transfer—while also discussing current evidence gaps and
translational challenges. To avoid overclaiming, each proposed
mechanism is interpreted using three evidence tiers: Tier 1, dir-
ect evidence from icariin or icariin metabolite studies; Tier 2,
icariin-related pharmacological evidence in which gut-brain
causality has not been proven; and Tier 3, mechanistic rationale
extrapolated from broader gut-brain axis literature. Particular at-
tention is given to distinguishing direct icariin-related findings
from indirect evidence derived from related flavonoids or gener-
al microbiota-gut-brain biology.

2. Molecular characteristics and bioactivity profile of icariin

2.1. Chemical structure and bioavailability characteristics

Icariin is one of the predominant flavonoids found in
Epimedii Folium. It is a prenylated flavonoid with a characteristic
structure based on an 8-prenylkaempferol core, to which two
sugar moieties, rhamnose and glucose, are attached. This glyc-
osylated structure allows icariin to undergo stepwise deglyc-
osylation. Removal of the rhamnose moiety yields icariside I,
whereas removal of the glucose moiety produces icariside II *'.
Further deglycosylation generates the aglycone icaritin, which
may subsequently be metabolized through demethylation to form
desmethylicaritin *'.

Several studies have reported low oral bioavailability of icari-
in across different animal models and experimental settings.
Early research estimated the oral bioavailability of icariin to be
only 0.12% *. More recent studies have reported values gener-
ally ranging from approximately 0.1% to 1.8% in rats, suggesting
limited systemic exposure after oral administration *. Other
studies have described somewhat higher, but still relatively low,
bioavailability values of around 12% *****°. Consistent with these
findings, clinical studies have shown that blood concentrations of
icariin are very low or undetectable at the tested doses, further
supporting the limited bioavailability of oral formulations *°

The poor oral bioavailability of icariin is likely attributable to
a combination of physicochemical and biological factors that lim-
it its absorption and systemic exposure. Its unfavorable physico-
chemical properties appear to play an important role *”>**. In par-
ticular, icariin has poor aqueous solubility, limited membrane
permeability, and a relatively slow dissolution rate in biological
fluids **. These features are consistent with its classification as a
Biopharmaceutics Classification System (BCS) Class IV
pound, a category generally associated with challenges in oral
drug delivery *. In addition, metabolic processes may further in-
fluence its oral absorption. Icariin can be hydrolyzed by lactase-
phlorizin hydrolase in the small intestine and by microbiota-de-
rived -glucosidases, leading to the formation of metabolites that
may be more readily absorbed '

com-

2.2. Intestinal metabolism and systemic exposure characteristics

After oral administration, icariin appears to undergo sub-
stantial metabolism in the gastrointestinal tract before reaching
the systemic circulation. Studies have shown that icariin can be
converted in the intestine into several metabolites, including icar-
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iside I, icariside II, and icaritin *°. Human studies suggest that this
process may be relatively rapid and complex; for example, avail-
able evidence indicates that intestinal microbiota can convert
icariin into icariside II within approximately 1 hour *>*'. Animal
studies further support the involvement of gut microbiota in this
conversion. After oral administration, approximately 91.2% of
icariin has been reported to be transformed into icariside II,
whereas only about 0.4% undergoes this conversion after intra-
venous administration **. This difference indirectly suggests that
intestinal microbiota may contribute substantially to the meta-
bolism of orally administered icariin '>*.

Icariin metabolism is generally considered to proceed mainly
through a stepwise deglycosylation pathway in the gastrointest-
inal tract. Removal of the glucose residue can generate icari-
side II, whereas removal of the rhamnose residue forms icariside
I *"*. Further deglycosylation produces the aglycone icaritin,
which may subsequently undergo demethylation to form des-
methylicaritin '***. This transformation is thought to involve in-
testinal hydrolysis, potentially mediated by small-intestinal lact-
ase-phlorizin hydrolase and microbiota-derived B-glucosidases.
These processes may facilitate the formation of metabolites with
greater absorptive potential than the parent compound '**°.

Among these metabolites, icariside II appears to exhibit more
favorable systemic exposure than icariin. Reported maximum
plasma concentration and area under the curve values for icar-
iside II are approximately 3.8-fold and 13-fold higher than those
of icariin, respectively, suggesting that icariside Il may be an im-
portant contributor to systemic exposure after oral administra-
tion “**°. Consistent with this interpretation, urinary excretion
data show that less than 0.425% oficariin is recovered un-
changed, supporting the possibility that orally administered icari-
in is largely metabolized and eliminated mainly in the form of
metabolites rather than as the intact parent compound " *. In
addition, hepatic first-pass glucuronidation of the related com-
pound icaritin may further influence oral bioavailability and sys-
temic exposure, highlighting the broader relevance of metabolic
pathways within this class of compounds .

Compared with the parent compound, microbial metabolites
should be considered pharmacologically distinct entities rather
than interchangeable forms of icariin. Icariside II has fewer sugar
residues and shows higher reported systemic exposure than
icariin, whereas icaritin, as an aglycone, is more lipophilic and
has broader reported pharmacological activity in inflammation,
mitochondrial regulation, and tumor biology. However, the ex-
tent to which these metabolites reach the brain, engage CNS tar-
gets, or mediate gut-brain anti-neuroinflammatory effects after
oral icariin remains incompletely quantified. Therefore, effects
observed after oral icariin administration should be interpreted
as potentially involving parent-compound exposure, metabolite-
mediated activity, and indirect peripheral regulation.

Comprehensive metabolic profiling has identified up to 11
icariin metabolites in rat feces, with major metabolites account-
ing for more than 90% of the total metabolite pool *°. These meta-
bolic pathways include hydrolysis, demethylation, oxidation, and
conjugation reactions. In vitro studies using intestinal flora have
also suggested differences in metabolic rates among related com-
pounds, with the reported order being icariin > epimedin B >
epimedin A > epimedin C > baohuoside I **. The proposed gut-liv-
er biotransformation route of icariin after oral administration is
summarized in Fig. 1.

2.3. Differences in individual gut microbiota and organ exposure

The metabolism of icariin by gut microbiota appears to in-
volve several bacterial strains with different metabolic capacities.
Studies have shown that Streptococcus sp. MRG-ICA-B and Entero-
coccus sp. MRG-ICA-E can mainly convert icariin into icariside II
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Fig. 1 Gut microbial transformation and proposed post-absorptive hepatic metabolism of icariin after oral administration. Following oral administration, icariin undergoes
stepwise deglycosylation in the gastrointestinal tract. Streptococcus sp. MRG-ICA-B and Enterococcus sp. MRG-ICA-E have been reported to convert icariin to icariside II
through B-glucosidase-mediated removal of glucose, whereas Blautia sp. MRG-PMF-1 may contribute to further deglycosylation of icariside II to icaritin. After absorption,
icaritin is proposed to undergo hepatic cytochrome P450 (CYP)-mediated O-demethylation to form desmethylicaritin. Black solid arrows indicate reported metabolic trans-
formations; the black dashed arrow indicates a proposed hepatic transformation. This scheme summarizes current biotransformation evidence and does not establish a

causal gut-brain mechanism.

under anaerobic conditions, suggesting that these strains may
participate in the early deglycosylation steps of icariin metabol-
ism "> *"*". In comparison, Blautia sp. MRG-PMF-1 may contrib-
ute to further deglycosylation and demethylation, leading to the
formation of metabolites such as icaritin and desmethylicaritin,
which have been reported to show estrogen-like activity in some
experimental settings *" *'. Fungi may also be involved in the
metabolism of this type of flavonoid glycoside. For example, Pae-
cilomyces terricola M2 has been reported to efficiently transform
icariin into icariside I1 *°.

Following oral administration, icariin exhibits organ-specific
distribution patterns in rats, and these patterns may differ
between sexes. In male rats, tissue exposure has been reported in
the order liver > lung > spleen > heart > kidney > brain > testicle,
suggesting relatively greater distribution in the liver and lung. In
female rats, the reported order is liver > uterus > heart > ovary >
lung > kidney > spleen > brain, with relatively higher accumula-
tion in the uterus and ovary *. Overall tissue exposure appears to
be higher in males than in females, whereas female reproductive
organs show relatively greater accumulation. These findings sug-
gest a possible sex-related difference in tissue distribution, al-
though further studies may be needed to clarify its biological sig-
nificance " *. In both sexes, brain exposure remains low, which
may indicate limited penetration of icariin across the blood-brain
barrier **.

The route of administration also appears to influence icariin
metabolism and systemic exposure. After oral administration,
icariin is largely converted to icariside II, which has been identi-
fied as a predominant form in rat plasma, whereas intravenous
administration results in much lower conversion. This difference
is consistent with the involvement of intestinal microbiota in the
metabolism of orally administered icariin > **. Regardless of the
administration route, fecal excretion appears to be the main elim-
ination pathway for icariin and/or its metabolites *.

2.4. Blood-brain barrier penetration and CNS bioactivity

Icariin may have some capacity to reach the central nervous
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system; however, the available evidence is not sufficient to de-
scribe its blood-brain barrier (BBB) permeability as efficient or
unequivocal. Several preclinical studies and reviews suggest that
icariin can be detected in brain tissue or exert pharmacological
effects within the brain, including attenuation of neuroinflamma-
tion, antioxidant activity, protection of dopaminergic neurons,
improvement of learning and memory, and regulation of brain-
related signaling pathways ***. For example, An et al. ** detected
icariin-related exposure in rat plasma and brain tissue after ad-
ministration, while Li et al. , *® Guo et al, *° and Li et al. *’
provided indirect support for its potential CNS activity through
evidence of cognitive improvement, neuroprotection, and inflam-
matory modulation. Nevertheless, many of these conclusions are
derived mainly from animal models or functional outcomes
rather than from direct quantitative evidence demonstrating ro-
bust BBB transport of intact icariin. This cautious interpretation
is further supported by pharmacokinetic and tissue-distribution
studies showing low oral bioavailability, rapid systemic clear-
ance, and limited brain exposure of icariin. Xu et al. ** reported a
low brain AUC for icariin, suggesting inefficient BBB penetration,
while Zeng et al. ** and Fehsel >’ also noted its low brain accumu-
lation, rapid elimination, and insufficient BBB transport. Struc-
turally, the methoxy group of icariin may contribute to lipophili-
city, whereas its glycosidic chains increase hydrophilicity,
thereby restricting passive diffusion across the BBB * ', There-
fore, intact icariin may cross the BBB only to a limited extent un-
der specific experimental conditions, rather than freely or effi-
ciently entering the brain.

The extensive intestinal metabolism of icariin should also be
considered when interpreting its CNS-related bioactivity after or-
al administration. Icariin can be metabolized in the intestine into
compounds such as baohuoside 1, icariside II, and icaritin *, and
some of these less glycosylated metabolites may possess better
membrane permeability and brain exposure potential than the
parent compound “* *. Selected studies suggest that less glyc-
osylated metabolites may have greater membrane permeability
than icariin; however, direct head-to-head brain pharmacokinet-
ic evidence remains limited ***>®. In terms of bioactivity, icariin
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and its microbial metabolites exhibit overlapping but not neces-
sarily identical neuroprotective and anti-inflammatory effects.
Icariin has been reported to inhibit NF-kB-related inflammatory
signaling, reduce microglia-mediated inflammatory responses,
and protect dopaminergic neurons, whereas icariside Il may sup-
press the expression of inflammatory mediators such as IL-1f,
TNF-a, COX-2, and iNOS and improve A-induced cognitive
impairment ®* ®. Icaritin has also shown potential in inhibiting
BACE1, modulating amyloid precursor protein processing, and
exerting neuroprotective effects ° “’. Thus, the neuroprotective
and anti-neuroinflammatory effects attributed to orally admin-
istered icariin may not depend entirely on substantial BBB penet-
ration by the intact parent compound. Instead, they may reflect
the combined contribution of limited parent-compound brain ex-
posure, metabolite-mediated CNS activity, and indirect regula-
tion of peripheral inflammatory or BBB-related pathways. Deliv-
ery strategies such as liposomes, intranasal administration, and
cyclodextrin inclusion complexes have shown potential for im-
proving CNS exposure °* *. However, further direct pharma-
cokinetic, brain-distribution, and translational studies compar-
ing icariin with its major microbial metabolites are still needed to
clarify their relative BBB permeability, CNS target engagement,
and clinical relevance. The comparative pharmacokinetic charac-
teristics, BBB-related evidence, and neuroprotective activities
of icariin and its major microbial metabolites are summarized in
Table 1.

2.5. Pharmacological potential and translational prospects

As summarized in Table 1, icariin and its major metabolites
differ in glycosylation status, systemic exposure, membrane per-
meability, and reported biological activity. These differences in-
dicate that the metabolites should be regarded as pharmacologic-
ally distinct entities rather than interchangeable forms of the par-
ent compound. In oncology-related studies, icariin and its deriv-
atives have been reported to modulate apoptosis, cell-cycle pro-
gression, tumor-associated inflammatory responses, mitochon-
drial quality control, and signaling pathways such as PI3K/Akt,
JAK/STAT3, MAPK, and PINK1/Parkin-related mitophagy *’". In
models of neurodegenerative diseases, their potential benefits
appear to be associated with attenuation of oxidative stress, reg-
ulation of autophagy, improvement of brain insulin signaling, and
protection of dopaminergic neurons . However, these activities
should not be generalized across all metabolites or interpreted as
proof that intact icariin itself is the dominant CNS-active species
after oral administration. Direct side-by-side comparisons of
icariin, icariside I, icariside II, icaritin, and desmethylicaritin are
needed to define their relative BBB permeability, target engage-
ment, and anti-neuroinflammatory bioactivity.

From a translational perspective, the clinical development of
icariin and its metabolites is still constrained by several pharma-
cokinetic and formulation-related limitations, particularly poor
aqueous solubility, low oral bioavailability, rapid systemic clear-
ance, and insufficiently defined dose-safety relationships. To ad-
dress these challenges, recent studies have explored advanced
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delivery strategies, including nanostructured lipid carriers, cyclo-
dextrin inclusion complexes, intranasal thermosensitive gels, mi-
celles, liposomes, and other nanoformulation platforms, which
may improve solubility, tissue targeting, and therapeutic expos-
ure °* 77, Clinical evidence for icaritin remains limited and is
concentrated in oncology. Recent literature includes review and
experimental studies, whereas direct human outcome data are
currently represented mainly by a real-world study in hepatocel-
lular carcinoma. These findings do not establish efficacy in neuro-
logical or gut-brain axis disorders *”°. Nevertheless, these clinic-
al data do not directly establish efficacy for neuroinflammation or
gut-brain axis indications. Further progress will require stand-
ardized extracts or well-characterized active compounds, optim-
ized dosing regimens, systematic pharmacokinetic and toxicolo-
gical evaluation, and rigorously designed clinical trials with dis-
ease-relevant inflammatory, microbiome, and neurological end-
points ”"7%,

3.Key regulatory nodes of bidirectional communication in
the gut-brain axis

3.1. Gut microbiota-immune-neuroendocrine triangular network

The gut microbiota forms a complex bidirectional communic-
ation network with the central nervous system through the mi-
crobiota-gut-brain axis, wherein the immune and neuroendo-
crine systems serve as key regulatory components. Emerging
evidence suggests that alterations in the composition of the gut
microbiota can modulate neuroinflammatory processes via Toll-
like receptor (TLR) signaling pathways "’ In models of AD, gut
dysbiosis exacerbates neuroinflammation by promoting beta-
amyloid deposition and the formation of neurofibrillary tang-
les *>*. Furthermore, following TBI, changes in the gut microbi-
ota contribute to neuronal damage and cognitive impairment by
regulating the activation states of microglia and astrocytes *.
This communication primarily relies on three mechanisms: 1) Mi-
crobial metabolites such as SCFAs directly influence the central
nervous system; 2) Modulation of intestinal barrier integrity af-
fects systemic inflammation; 3) The activation of TLR-dependent
signaling pathways regulates neuroinflammatory responses **.
Treatment with icariin has been shown to significantly alter the
gut microbial structure in APP/PS1 transgenic mice, while con-
currently ameliorating aberrant protein expression in the hippo-
campus and alleviating spatial memory deficits '. This modula-
tion may involve microbial metabolites, including short-chain
fatty acids, as well as microbiota-immune interactions that influ-
ence neuroendocrine and inflammatory states **. Furthermore,
icariin has been associated with modulation of TLR-related in-
flammatory signaling, which may be relevant to gut-brain axis
regulation, although pathway specificity remains insufficiently
resolved *. These findings underscore the complex role of the gut
microbiota in neuroinflammation and provide insights into po-
tential therapeutic strategies targeting the microbiota-gut-brain
axis.

Table 1 Pharmacokinetic and neuropharmacological comparison of icariin and its major microbial metabolites.

Compound Systemic exposure BBB/CNS evidence Main bioactivity Key limitation Refs
Icariin Low Limited brain exposure Pexlﬂlpheral and ce.ntr;.il anti- Parent contribution unclear 36, 42,45
inflammatory findings
. Improved membrane ..
Icarlsldfe il Higher than icariin permeability suggested; direct Antl-mﬂammatm.*y e No head-to-head brain PK 41,42, 63-65
(baohuoside I) . . . neuroprotective
brain PK remains unavailable
e More lipophilic than icariin; direct L. .
. Incompletely quantified after . X . Anti-inflammatory and amyloid- L -
Icaritin S comparative brain PK remains . Exposure after oral icariin unclear  5,7,47, 62
oral icariin . related activity
unavailable
Icariside I and Limited or context-specific ~ No comparative brain PK or target-
Sparse data Unknown 41,44, 48

desmethylicaritin

findings engagement data

Note: BBB/CNS evidence refers to direct brain pharmacokinetic data where available; otherwise, the assessment is based on physicochemical characteristics or indirect

pharmacological findings.
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3.2. SCFA-associated signaling in gut-brain communication

SCFAs, principal metabolites derived from microbial fer-
mentation of dietary fiber, are important signaling molecules in
gut-brain communication and neuroimmune regulation '’. Broad-
er gut-brain axis studies indicate that acetate, propionate, and
butyrate can affect BBB integrity, glial activity, HDAC activity, GP-
CR signaling, and cytokine profiles **°'. Some icariin studies sug-
gest microbial remodeling or enrichment of taxa associated with
SCFA production, but most have not simultaneously quantified
SCFA flux, manipulated SCFA receptors or HDAC signaling, and
measured central inflammatory outcomes *> *. Therefore, the
SCFA route is best classified as Tier 3 evidence for icariin-specific
gut-brain signaling: biologically plausible and supported by in-
direct data, but not yet causally validated. Future studies should
combine fecal, plasma, and brain SCFA measurements with anti-
biotic depletion, FMT, SCFA rescue, receptor blockade, and mi-
croglial readouts to determine whether SCFAs are necessary or
sufficient for icariin-related anti-neuroinflammatory effects.

3.3. Neuroanatomical basis of vagal signaling

The vagus nerve is a major neural route connecting the gut
and the brain and is well positioned to transmit gut-derived im-
mune and metabolic information to the nucleus tractus solitarius
and downstream neuroimmune circuits *°. Gut microbiota and
microbial metabolites can activate receptors on vagal afferent
fibers, while vagal efferents can engage cholinergic anti-inflam-
matory reflexes that regulate peripheral cytokine release *'”. In
neuroinflammatory and hypertensive models, vagal activity or
vagus nerve stimulation has been associated with suppression of
pro-inflammatory cytokines and reduced CNS inflammatory
drive ***°. However, direct evidence demonstrating that icariin
exerts anti-neuroinflammatory effects through a defined vagal
mechanism is lacking. Because icariin can improve gut microbial
and inflammatory states in selected models, downstream vagal
signaling remains a testable hypothesis rather than an estab-
lished pathway > '°'. Vagotomy, pharmacological blockade, vagus
nerve stimulation, neural tracing, and electrophysiological re-
cording in icariin-treated models are needed to move this route
from Tier 3 rationale to causal evidence. These peripheral mod-
ules and candidate gut-brain communication routes—including
SCFA-associated metabolic signaling, vagal neuroimmune signal-
ing, and EV-mediated inter-organ communication—are summar-
ized in Fig. 2.

4. Peripheral actions of icariin relevant to gut-brain commu-
nication

4.1. Regulation of intestinal barrier function and reconstruction of
immune homeostasis

Icariin enhances intestinal barrier function through various
mechanisms, including the regulation of tight junction proteins,
the enhancement of intestinal cell function, and the reduction of
inflammatory responses. At the molecular level, this compound
significantly upregulates the expression of tight junction proteins
such as occludin-1, zonula occludens, and claudin-1, while also
enhancing the activity of Paneth cells and Goblet cells '’. These
changes are consistent with improved mucosal barrier integrity
and reduced vulnerability to inflammatory injury. Studies have
confirmed that icariin treatment reduces the expression of miR-
122a in the Caco-2 cell model, thereby attenuating TNF-a-in-
duced occludin disruption and epithelial barrier damage, which
provides direct support for a barrier-protective role in this exper-
imental context '”’. Under inflammatory conditions, icariin mitig-
ates the disruption of tight junction structures induced by the pro-
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inflammatory factor TNF-a through the inhibition of the NF-kB
signaling pathway '**. Animal experiments have shown that icari-
in intervention significantly improves morphological damage to
intestinal villi, reduces inflammatory cell infiltration '*', and en-
hances the activity of antioxidant enzymes such as SOD, GPx, and
CAT ', supporting a combined antioxidant and barrier-protect-
ive effect in intestinal inflammatory settings.

4.2. Reshaping of microbial metabolite profiles

Icariin exhibits multidimensional characteristics in regulat-
ing gut microbiota. Current evidence suggests that icariin may
help ameliorate gut microbial dysbiosis associated with disease
or aging, as reflected by increased bacterial diversity, partial res-
toration of a youth-like microbial profile, and enrichment of be-
neficial or metabolically active bacteria. For example, in Alzhei-
mer’s disease and aging models, icariin treatment increased bac-
terial diversity and was accompanied by increased abundance of
Akkermansia, reduced abundance of Alistipes, and enrichment of
short-chain fatty acid-producing bacteria such as Akkermansia
muciniphila and Eubacterium ramulus ** "> '°'% In ulcerative
colitis and inflammatory bowel disease models, icariin or icariin-
derived compounds also improved gut microbial structure, res-
tored impaired intestinal barrier function, and helped normalize
commensal microbiota and their metabolites, effects that may be
partly related to microbiota-mediated immune regulation > '"’.
Functionally, icariin-associated microbial remodeling has been
linked to a reduced Firmicutes/Bacteroidetes ratio, increased
abundance of probiotics, improved levels of short-chain fatty
acids and indole-derived metabolites, decreased lipopolysacchar-
ide (LPS) production and translocation, and enhanced intestinal
barrier integrity and metabolic pathway regulation ** "',

4.3. Regulation of enterogenic inflammatory factor levels

Icariin has shown inhibitory effects on multiple inflammat-
ory mediators in several peripheral inflammatory models. Experi-
mental data indicate its capacity to significantly reduce the levels
of pro-inflammatory factors such as IL-1f, IL-6, IL-12, and TNF-a
in both plasma and colon tissues '** ', while concurrently en-
hancing the expression of the anti-inflammatory factor IL-10 "%,
This bidirectional regulatory effect is especially significant in
gut-brain axis research, as the systemic dissemination of gut-de-
rived inflammatory factors is a major contributor to neuroinflam-
mation ''*'"". Mechanistic studies reveal that icariin obstructs the
amplification of the inflammatory cascade by inhibiting the activ-
ities of STAT1 and STAT3 '’, as well as the TLR4/NF-kB signal-
ing pathway "' "% Notably, the inhibition of inflammatory
factors by this compound exhibits a dose-dependent characteri-
stic ', thereby supporting future dose-response studies, al-
though clinically relevant dosing remains unresolved.

5. Targeted regulatory network of central nervous system in-
flammation

Current evidence for icariin-related central anti-inflammat-
ory regulation is stronger than the evidence linking these effects
to specific gut-brain axis communication routes. Beyond its peri-
pheral effects, icariin has been reported to modulate central in-
flammatory programs associated with microglial activation, in-
flammatory transcription, and neuroimmune phenotypic switch-
ing. Current evidence mainly converges on SIRT1-related regula-
tion, NF-kB-associated pathways, and microglial polarization dy-
namics.

5.1. SIRT1-mediated epigenetic regulatory mechanisms

SIRT1, a nicotinamide adenine dinucleotide (NAD+)-depend-
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ent class III HDAC, is a member of the sirtuin family and plays a products (AGEs) activates the NF-kB signaling pathway, thereby
pivotal role in regulating inflammation in the central nervous sys- forming a RAGE-NF-kB positive feedback loop **. In spinal cord
tem '"’, Studies have demonstrated that SIRT1 activation signific- injury models, the inhibition of SEMA3C-mediated RAGE signal-
antly inhibits the expression of pro-inflammatory mediators, ing significantly reduces the production of pro-inflammatory cy-
such as inducible nitric oxide synthase, cyclooxygenase-2, and in- tokines and reverses the pro-inflammatory polarization of mi-
terleukin-1p in microglia, while promoting the polarization of M2- croglia and macrophages '*. Furthermore, the activation of this
type microglia '*’. At the molecular level, SIRT1 suppresses the signaling axis promotes the transcellular transport of low-dens-
transcriptional activity of nuclear factor kappa B (ac-NF-kxB) ity lipoprotein, accelerating the process of atherosclerosis ‘.
through deacetylation '*', and this epigenetic regulation can im- Available studies suggest that icariin may interfere with compon-
pede the cascade amplification of neuroinflammation. Notably, ents of the AGE/RAGE-NF-kB axis, although the exact molecular
the SIRT1 inhibitor EX527 can completely block FGF21-induced steps and disease-context specificity require further valida-
M2-type microglial polarization '**, supporting an important role tion "**'*°, In cases of cerebral ischemia-reperfusion injury, tar-
for this pathway in neuroinflammatory regulation. In models of geted inhibition of the RAGE/NF-kB pathway effectively allevi-
age-related cognitive dysfunction, the reduction in SIRT1 expres- ates neuroinflammation and protects axonal integrity °, thereby
sion is closely associated with the downregulation of DNA identifying the AGE/RAGE-NF-kB axis as a potentially relevant
methyltransferase 1 (DNMT1) and the upregulation of ac-NF- target within a broader multi-organ inflammatory framework.
kB ¥, suggesting age-dependent characteristics of its epigenetic
regulatory network. 5.3. Dynamic regulation of microglial polarization states
5.2. Regulation of RAGE-related inflammatory signaling Although the M1/M2 framework remains useful for concep-
tual discussion, microglial phenotypes in vivo are likely more het-
The binding of the RAGE receptor to advanced glycation end erogeneous and context-dependent. Nevertheless, the M1/M2
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Solid lines indicate reported or experimentally supported relationships; dashed lines indicate proposed or incompletely validated associations.

Fig. 2 Evidence-stratified peripheral network and candidate gut-brain routes involved in icariin-related anti-neuroinflammatory regulation. (A) Icariin-associated peri-
pheral microbiota-immune-neuroendocrine network. Icariin may remodel the gut microbiota, improve intestinal inflammatory and barrier states, and alter peripheral me-
diators, including short-chain fatty acids (SCFAs), tryptophan metabolites, and immune cytokines. These peripheral effects are relatively better supported, although their
causal mediation of central outcomes has not been established. (B) Candidate SCFA-associated route. Icariin-associated microbial remodeling may influence the production
of acetate, propionate, and butyrate, which could regulate G-protein-coupled receptor signaling, histone deacetylase activity, blood-brain barrier integrity, cytokine produc-
tion, and microglial inflammatory states. Direct SCFA-dependent mediation of icariin-related central effects remains unverified. (C) Candidate vagal signaling route. Im-
provement of intestinal barrier and inflammatory states may alter vagal afferent signaling to the nucleus tractus solitarius and engage an efferent cholinergic anti-inflam-
matory reflex; however, an icariin-specific microbiota-vagus-brain pathway has not been causally demonstrated. (D) Candidate extracellular-vesicle-mediated route. Icari-
in may influence extracellular-vesicle release or cargo composition in peripheral donor cells and tissues, and these vesicles may interact with or cross biological barriers to
modulate microglia, astrocytes, or neurons. Endogenous EV-mediated gut-brain signaling should be distinguished from exosome-based drug-delivery systems and remains
a hypothesis requiring direct validation in icariin-treated models. Solid arrows indicate experimentally supported or relatively direct icariin-associated relationships, where-
as dashed arrows indicate proposed gut-brain links requiring causal validation.
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phenotypic switch of microglia is a critical aspect of neuroinflam-
mation regulation. The SIRT1 activator SRT2104 promotes the
transformation of microglia from the pro-inflammatory M1 type
to the anti-inflammatory M2 type '*’. This polarization switch is
directly associated with the inhibition of NF-kB signaling and the
enhancement of SIRT1 expression '*". At the molecular level, the
suppression of the HPK1-JNK-NF-kB signaling pathway and the
blockade of the TLR2-NF-kB signaling pathway are common
mechanisms regulating microglial polarization '** '*°. Notably,
SIRT1 maintains the polarization homeostasis of microglia '*°,
and its activation can simultaneously reduce the expression of M1
markers while increasing the characteristic factors of M2 ', This
bidirectional regulatory characteristic makes SIRT1 an ideal
therapeutic target. In depression models, SIRT1-dependent regu-
lation of microglial polarization correlates significantly with be-
havioral improvement '*’, revealing the molecular link between
neuroinflammation and psychiatric disorders. The integrated
central anti-neuroinflammatory mechanisms potentially associ-
ated with icariin intervention are illustrated in Fig. 3.

6. Molecular bridges of multi-organ synergy

6.1. Bioactive substances carried by circulating EVs

6.1.1. General biological rationale for EV-mediated gut-brain com-
munication

Extracellular vesicles (EVs), particularly exosomes, are in-
creasingly regarded as potential mediators of gut-brain axis com-

Module I: SIRT1-mediated epigenetic regulation
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munication, while gut microbiota-derived EVs (GMEVs) are
thought to contribute to bidirectional signaling between the gut
and the central nervous system "*"*’, These nano-sized vesicles
can carry various proteins, small RNAs, metabolites, and other
bioactive compounds, some of which may influence distant or-
gans, including the brain '*. Existing evidence suggests that
GMEDVs can cross or interact with the intestinal epithelial barrier
and, under certain conditions, may reach the brain by crossing
the blood-brain barrier or through indirect peripheral path-
ways " %, Metabolomic studies have detected neuro-related
compounds within these vesicles, such as arachidonyl-dopamine,
gabapentin, glutamate, and N-acylethanolamines, while in vivo
studies have shown that they can be transported across intestin-
al and endothelial barriers and distributed to multiple organs, in-
cluding the brain "**, In addition, the detection of EVs in brain re-
gions such as the subventricular zone, a neural stem cell niche,
suggests that extracellular signals from distant sources, poten-
tially including gut-derived vesicles, may enter specific brain re-
gions through cerebrospinal fluid or vascular routes, supporting
further investigation of microbiome-EV pathways as potential

targets for brain health > "*°.

6.1.2. Icariin-related EV evidence outside the gut-brain axis
Current evidence suggests that icariin may influence EV- or
exosome-related intercellular communication, althougha com-
plete icariin-regulated gut-brain EV pathway has not been dir-
ectly established. Based on general EV biology and non-gut-brain
icariin-related studies, icariin may theoretically influence EV bio-
genesis or cargo loading through redox-sensitive pathways;
however, this possibility remains to be directly tested in
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Edge semantics: Solid edges indicate experimentally supported molecular interactions; dashed edges indicate proposed or incompletely validated associations.

Fig. 3 Central anti-neuroinflammatory regulatory modules potentially associated with icariin intervention. The figure summarizes three interacting central regulatory mod-
ules associated with icariin-related neuroinflammatory modulation. Module I depicts SIRT1-mediated epigenetic regulation, in which icariin-related activation of SIRT1 may
promote deacetylation of acetylated NF-kB and suppress NF-kB-dependent expression of inflammatory mediators, including inducible nitric oxide synthase, cyclooxygenase-
2, and interleukin-18. DNMT1-related regulation is shown as an additional context-dependent epigenetic component whose relationship with icariin requires further clari-
fication. Module II depicts the AGE/RAGE/NF-kB positive-feedback loop, through which AGE-induced RAGE activation may sustain NF-kB signaling and cytokine amplifica-
tion; icariin may interfere with selected components of this axis, although direct target engagement and disease-context specificity remain incompletely defined. Module III
illustrates microglial inflammatory-state dynamics, including suppression of pro-inflammatory signaling and transition toward anti-inflammatory states through pathways
involving JNK, HPK1, TLR2, SIRT1, and NF-kB. These central regulatory modules are better supported than the proposed upstream SCFA-, vagal-, or EV-mediated gut-brain
routes, but they should not be interpreted as a single linear pathway or as evidence of causal gut-to-brain transmission. Solid edges indicate reported or experimentally sup-
ported molecular relationships, dashed edges indicate proposed or incompletely validated icariin-related associations, arrowheads indicate activation or positive regulation,
and T-shaped ends indicate inhibition.
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gut-brain axis models "*’. In non-gut-brain models, icariin has
been associated with changes in exosomal cargo, including in-
creased circulating exosomal miR-145 in liver fibrosis and carci-
nogenesis models, and altered osteoclast-derived exosomal miR-
331-3p during bone remodeling ** '¥’. In Alzheimer’s disease
models, icariin may exert neuroprotective effects partly through
gut microbiota and lipid metabolism regulation, providing an in-
direct link to gut-brain signaling . In addition, exosome-based
delivery systems, including icariin-loaded serum-derived or
adipose-derived stem cell exosomes, have been explored to im-
prove delivery efficiency and modulate inflammatory respon-
ses '*'*. Overall, the EV route should be regarded as a Tier 3 can-
didate mechanism for endogenous gut-brain signaling, whereas
exosome-based drug delivery should be discussed separately
from naturally generated gut-derived EV communication.

6.1.3. Future validation strategies

Exosome-mediated gut-brain communication is increasingly
viewed as a potential framework for understanding how intestin-
al signals may influence neural function '*'. Microfluidic
gut-brain axis chip models, which co-culture intestinal epithelial
cells with brain endothelial or neuronal cells, enable assessment
of barrier integrity through TEER measurements and allow ob-
servation of fluorescently labeled exosome transport under con-
trolled conditions '** '**, More recently, real-time tracking ap-
proaches such as CD63-GFP labeling and nanophotonic bio-
sensing have made it possible to monitor exosome dynamics, al-
though further validation is still needed to clarify underlying
mechanisms “*“'**. Overall, advances in organ-on-chip systems
and exosome detection methods may help bridge in vitro and in
vivo studies, while offering a cautious but useful basis for explor-
ing icariin-related regulation of the gut-brain axis.

6.2. Metabolic reprogramming across peripheral and central con-
texts: current clues and limitations

Icariin has been associated with metabolic changes across
multiple organs in preclinical studies. At the intestinal level, icari-
in or icariin-related interventions have been associated with
changes in SCFA-related metabolic profiles and tryptophan meta-
bolism in selected preclinical models **'"’. In the central nervous
system, these metabolic changes correspond to the upregulation
of the glutamate transporters GLT-1 and GLAST in the hippocam-
pal region, thereby maintaining glutamate homeostasis in the
brain > **'*". Separate studies have reported that icariin can sim-
ultaneously regulate the AGE/RAGE metabolic axis in the liver
and peripheral blood by inhibiting the accumulation of advanced
glycation end products (AGEs), which alleviates systemic inflam-
matory responses and improves blood-brain barrier func-
tion ”'**'*, Notably, SIRT1 activation has been broadly associ-
ated with barrier protection, metabolic regulation, and anti-in-
flammatory effects in experimental models of the gut, liver, and
brain; however, its consistent modulation by icariin across these
organs has not been directly established '"***'*". These findings
were reported in separate experimental settings and therefore
provide cross-context clues rather than direct evidence of co-
ordinated inter-organ regulation.

6.3. Cascade effects of epigenetic modifications

Icariin may participate in multi-organ regulatory responses
involving epigenetic mechanisms. At the spinal cord level, it re-
verses the paclitaxel-induced downregulation of SIRT1 and the
abnormal acetylation of histone H4. These observations suggest
that peripheral and central epigenetic changes may be function-
ally linked, although direct transmission across organ systems
has not been clearly demonstrated '°'. Separate studies have
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linked icariin to hippocampal FKBP5/SGK1 expression and have
implicated microbiota-related epigenetic regulation in other con-
texts; a direct mechanistic connection has not been establi-
Shed 120, 152
pathway through the CEBP-/G-CSF axis, inducing long-term epi-
genetic memory of M2 polarization in microglia after retinal
ischemia "**. The major signaling pathways, evidence categories,
and current limitations underlying icariin-related anti-neuroin-
flammatory effects within the gut-brain axis framework are sum-
marized in Table 2.

. Furthermore, icariin activates the non-classical NF-xB

7. Controversies and challenges in existing research

7.1. Dose-response heterogeneity and reporting limitations across
organ systems

The anti-neuroinflammatory effects of icariin appear to show
a dose-dependent pattern, although the effective dose range may
vary across organ systems and disease models. Current evidence
suggests that the central nervous system, particularly the brain
and spinal cord, may be relatively responsive to icariin, with
commonly effective doses ranging from 10-100 mg-kg™-d™* *"'*.
Systemic administration, including oral or intraperitoneal routes,
has been associated with reduced inflammatory responses in
neurological disorders such as Alzheimer’s disease, epilepsy, and
cerebral ischemia, especially after relatively prolonged treat-
ment. These effects are reflected by decreased levels of inflam-
matory mediators such as TNF-a and IL-18 and by modulation of
neuroinflammation-related signaling pathways '*'. Potential
mechanisms may involve promoting microglial polarization to-
ward the M2 phenotype °, inhibiting the JNK/cJUN cascade °, reg-
ulating the AGE/RAGE pathway °, and activating antioxidant
pathways such as SIRT-1, Nrf-2, and HO-1 *°,

In an Alzheimer’s disease model '*°, oral icariin at 40
mg-kg-d™" reduced A deposition and Tau hyperphosphoryla-
tion and improved cognitive performance, with dose-related ef-
fects observed within 10-40 mg-kg ™. In aged mice, intraperiton-
eal administration of 100 mg-kg "-d™" for 15 days decreased oxid-
ative stress markers in the brain and improved learning and
memory '”. Similarly, in spinal cord injury models, 50-100
mg-kg ™ icariin inhibited astrocyte proliferation and supported
motor function recovery '*°. These findings suggest that icariin’s
effects in the CNS may be partly mediated through regulation of
microglia and astrocytes, including suppression of iNOS and COX-
2 expression °. Limited BBB penetration or metabolite-mediated
CNS exposure may contribute to the observed CNS effects, al-
though the relationship between dose, tissue exposure, and effic-
acy remains to be further clarified .

Outside the CNS, icariin has also shown antioxidant effects in
organs such as the liver and kidneys, where 100 mg-kg "-d™" re-
duced MDA levels and increased SOD activity '’. However, these
effects may reflect broader antioxidant protection rather than
specific anti-neuroinflammatory activity. In cochlear explants,
icariin inhibited gentamicin-induced injury and inflammation, al-
though the effective dose range has not been clearly defined '*’. In
an optic nerve ischemia model, local delivery using PLGA-icariin
reduced inflammatory death of retinal ganglion cells, suggesting
that targeted administration may lower the required systemic
dose '*. Overall, organ-specific responses may be influenced by
tissue distribution, blood-brain barrier permeability, absorption
efficiency, and local metabolic characteristics. Moreover, combin-
ation therapy may further complicate the dose-effect relation-
ship; for example, icariin combined with FPS-ZM1 enhanced anti-
neuroinflammatory effects, although the optimal dosing ratio re-
mains uncertain °.
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Table 2 Mechanistic pathways and evidence strength for icariin-related anti-neuroinflammatory effects.

Signaling axis/pathway Principal effects/readouts Evidence tier Key limitation and priority test Refs
. . 1Z0-1/occludin/claudin-1; { LPS, NF- Tier 1 (supported event); Tier 2 Time-course analysis plus 15, 26,101-105,
Barrier-LPS-TLR4/NF-kB/STAT axis Klé/STATl//3, and cytokines (unvalida(tedp;’ut-to-brain r]nediation) LPS/cytokine bl())]ckage. 116-118, 158
. . Measure fecal, plasma, and brain
Changes in acetate, propionate, and . . - . L 1,17, 85, 86, 88,
Microbiota-SCFA-HDAC/GPCR axis butyragte; GPCR/HDAI(JI signaling; o, o (G et SUsanli GBI, e Gap i
i, el prieRa e T onses: gut-brain mechanism) receptor antagoms.ts, and SCFA rescue 113
experiments.
Changes in indole and kynurenine Tier 2 (unvalidated gut-to-brain Icariin-specific causality remains
Microbiota-tryptophan/kynurenine metabolites and corresponding mediation); unresolved; targeted metabolomics 1, 44, 113, 147,
axis inflammatory or neuroactive Tier 3 (candidate icariin-specific should be combined with enzyme or 176
signaling. gut-brain mechanism) receptor perturbation.
Vagal afferent-NTS signaling; Vagotomy or pharmacological
Vagus nerve/cholinergic anti- a7nAChR-related efferent reflex; Tier 3 (candidate icariin-specific blockade, VNS, neural tracing, and 79, 83, 94, 95,
inflammatory reflex reduced peripheral cytokines and CNS gut-brain mechanism) electrophysiology are required in 98,100
inflammatory drive. icariin-treated models.
Better supported as a central
T SIRT1; | acetylated NF-xB, iNOS, Tier 1 (supported event); Tier 2 mechanism than as a gut-derived 57.119-123,

SIRT1/acetyl-NF-kB axis COX-2, and IL-1f; promotion of anti-
inflammatory glial states.

pathway; direct CNS effects should be

(unvalidated gut-to-brain mediation) separated from peripheral

127,130, 151

mechanisms.

Reduced inflammatory amplification Direct molecular steps and disease
AGE/RAGE/NF-KB axis ) gnd improved vascular or neural Tier 2 (unvalldfate_d gut-to-brain specificity remain un_certam; target 9,124,125,178

injury-related outcomes in selected mediation) engagement requires further

models. validation.
Microglial inflammatory-state and l Pr'o.-mﬂammatory‘n."larkers and . . M1/M2 term%nology is rfeductlvei  6,7.50,120,
L . : transition toward anti-inflammatory Tier 1 (supported event) single-cell, spatial, and region-specific
polarization signaling - X 127-130, 156
microglial phenotypes. analyses are needed.

Regulation of astrocytic inflammatory
responses and IGF-1R-related

Central relevance is plausible, but its

R oS armiegiile ki v erhy placement within a causal gut-brain 5

Tier 2 (unvalidated gut-to-brain

Sigreling signaling. MG EGI route remains uncertain.
BV rel biodistributi 1 Track tissue origin, inhibit EV release 131.132. 134
EV ionali trekease, 1ot 1str1f utlon(i targe.t-cet Tier 3 (candidate icariin-specific or transfer, sequence cargo, and 1‘37’ 140 ? 142 ?
cargo signaling uptake, cargo transfer, and recipient- gut-brain mechanism) distinguish naturally generated EVs -140, -
cell inflammatory responses. 145

from delivery vehicles.

Evidence tiers: Tier 1, direct icariin or metabolite evidence for the listed event; Tier 2, icariin-associated evidence without causal gut-to-brain validation; Tier 3, mechanism
inferred mainly from broader gut-brain axis literature.

7.2. The regulatory challenge of individualized impact on microbi- pair may depend on the host’s initial inflammatory state, barrier
ota composition integrity, and broader metabolic or immune phenotype. For ex-
ample, in aging models, FMT experiments suggest that icariin-re-
Personalized regulation of gut microbiota by icariin may be lated effects may depend partly on donor microbiota composi-
influenced by several interrelated factors, including baseline mi- tion '°*, while in PCOS with insulin resistance, microbiota dysbi-
crobiota heterogeneity, microbial biotransformation capacity, osis appears to interact with host metabolic status **°.
host inflammatory/barrier status, and external modifiers such as Finally, external modifiers, including diet, metal ions, and co-
diet, metal ions, or co-treatment. treatment, may add further variability to icariin-mediated micro-
First, baseline microbiota heterogeneity may affect the pre- biota regulation. Transition metal ions such as iron, copper, zinc,
dictability of icariin-induced microbial changes. In aged mouse and manganese can independently influence gut microbiota
models, icariin restored some beneficial bacteria and suppressed structure, and icariin may also interact with metal ion balance, al-
senescence-associated microbial alterations, but the specific taxa though potential synergistic or antagonistic effects remain un-
affected varied among individuals ' Similarly, in AD model clear . Because metal ion-dependent enzymes participate in mi-
mice, icariin combined with saponins modulated gut microbiota crobial metabolism, individual trace element status may modify
and hippocampal protein expression, although the relationship the apparent effects of icariin on microbiota function . In addi-
between microbiota changes and disease improvement remains tion, dietary background and combined interventions may influ-
insufficiently standardized “ *°. These findings suggest that indi- ence microbial composition and metabolic activity, suggesting
vidual baseline microbial profiles should be considered when that these external factors should be considered when interpret-
evaluating or optimizing icariin-based interventions. ing icariin-related microbiota responses.
Second, microbial biotransformation capacity may partly de-
termine icariin bioavailability and efficacy. Icariin has been re- 7.3. The temporal window effect of peripheral and central actions
ported to reduce LPS production by affecting ATP synthesis in
Catenibacterium, thereby contributing to activation of the hepat- Icariin-mediated regulation of the gut-brainaxis may in-
ic PPARa/CD36 axis and lipid metabolism regulation; however, volve temporal asynchrony between peripheral and central re-
the abundance of this bacterium differs among individuals '"'. In sponses. Peripheral changes, such as improvement of intestinal
addition, gut microbes such as Streptococcus sp. and Blautia sp. barrier function, can appear relatively early in animal models ',
can convert icariin into active metabolites, including icariside II, whereas attenuation of central neuroinflammation may require a
but this conversion capacity may vary substantially across micro- longer intervention period '°'. This suggests that peripheral mod-
biota profiles *" *. Therefore, individual differences in microbial ulation may precede, and potentially contribute to, later central
metabolism may influence the generation of active compounds effects. Different mechanisms may also operate on distinct time
and the subsequent host response. scales: acute anti-inflammatory responses, vagal signaling, circu-
Third, host inflammatory and intestinal barrier baseline lating extracellular vesicles, and longer-term metabolic repro-
status may further shape the regulatory outcomes of icariin. Icari- gramming may not occur simultaneously '*'**. However, current
in has been shown to enhance intestinal barrier function by up- evidence remains insufficient to define a clear time-effect se-
regulating tight junction proteins such as Z0-1, Occludin, and quence, as most studies lack systematic time-course analyses and
Claudin-1 in rat models '”, and to alleviate inflammation and causal perturbation designs. Therefore, future studies should bet-
support mucosal repair in colitis models "' '**. However, the ex- ter distinguish early peripheral events from subsequent central
tent to which microbiota remodeling translates into barrier re- changes and clarify whether these temporal associations reflect
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causal gut-brain interactions.The major controversies, evidence
gaps, and recommended validation strategies for future icariin
studies are summarized in Table 3.

8. Future research directions and technical pathways

8.1. Multi-omics-integrated systems pharmacology

Multi-omics strategies provide an important framework for
investigating how icariin may regulate neuroinflammation via the
gut-brain axis. Integrative analyses combining gut microbiota
profiling, metabolomics, and network pharmacology have sug-
gested potential mechanisms in Alzheimer’s disease . In particu-
lar, associations between microbial metabolites (e.g., SCFAs) and
central inflammatory responses merit further investigation ''.
16S rRNA sequencing indicates that icariin can modulate gut mi-
crobiota composition in APP/PS1 mice, while metabolomic data
suggest involvement of the tryptophan-kynurenine pathway *.
Network pharmacology combined with experimental validation
has identified candidate targets, including TLRs signaling and IGF-
1 receptor pathways " °. However, the detailed regulatory net-
work remains unclear. Future integration of spatiotemporal om-
ics may help establish a “component-target-pathway-phenotype”
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framework to better characterize its cross-organ effects '*.
8.2. Organ-on-a-chip models of gut-brain axis

Organoid and organ-on-a-chip technologies offer new tools to
model gut-brain axis interactions and explore the multi-organ ef-
fects of icariin '**. Integrated systems incorporating intestinal or-
ganoids, blood-brain barrier models, and brain organoids may
enable dynamic assessment of gut-derived mediators and neuro-
active substances under icariin intervention ** ',

These platforms may also facilitate investigation of intestinal
barrier function, neuroinflammation, and gut-brain signaling
pathways, including vagal and neurotransmitter-related mechan-
isms (e.g., 5-HT, CCK) '**. Coupling electrophysiological analysis
with single-cell sequencing could further clarify temporal rela-
tionships between intestinal immune responses and microglial
activation ’. Microfluidic systems additionally allow real-time
monitoring of signaling molecules such as SCFAs """ Collectively,
these approaches may support reconstruction of the “microb-
iota—epithelium-immune-neural” network in vitro '*> .

8.3. Precision microbiota intervention and combination strategies

Given the heterogeneity of gut microbiota, precision inter-

Table 3 Key translational challenges and validation priorities for icariin-related gut-brain mechanisms.

Translational issue Current evidence gap

Core evaluation

Priority validation strategy Refs

endpoints
Differences in extraction, purity, formulation, . . - .
. purity S Standardize chemical composition and formulation,
Dose translation, route, dose, and treatment duration limit . . . e -
. . . establish exposure-response relationships, and 30, 35, 36, 69,
formulation, and long-  comparison across studies. Long-term safety and . . - Safety; PK
. g conduct repeated-dose toxicology and interaction 153, 154
term use clinically relevant exposure ranges remain . X L .
; . B studies before efficacy-oriented clinical trials.
insufficiently characterized.
Most studies attribute biological effects to icariin Conduct comparative pharmacokinetic and
without simultaneously quantifying icariin, harmacodynamic studies with simultaneous
Parent compound versus . L. v fying . 18 e . V . 36,41,42,45,
. . icariside II, icaritin, and other relevant metabolites. quantification of the parent compound and major PK; MB; NO
active metabolites . N o R . ) 67
The relative contributions of the parent compound metabolites in plasma, intestinal contents, liver,
and its metabolites therefore remain unclear. cerebrospinal fluid, and brain tissue.
. . . Combine antibiotic depletion, germ-free models,
Changes in microbial composition and host . . P . 8 . - .
. . K fecal microbiota transplantation, defined microbial
Microbiota dependence phenotypes are frequently reported in parallel, but . . . 1,102,113, 167,
3 . . . . consortia, and metabolite-rescue experiments to MB; NO
of treatment effects direct microbiota-mediated causality is R 168
. .. determine whether treatment effects are
insufficiently demonstrated. . K
microbiota dependent and transferable.
Current evidence mainly supports associations
among microbial remodeling, SCFA-related Quantify individual SCFAs and apply receptor
changes, barrier regulation, and antagonists, genetic models, isotope tracing, and 1,88,102,112,
SCFA-mediated signaling . g . ) 'g . 8 & K 3 P g MB; NO
neuroinflammation. Direct involvement of specific SCFA supplementation or depletion to test pathway- 113
SCFAs, receptors, or HDAC-dependent pathways specific causality.
remains uncertain.
Use selective vagotomy, chemogenetic or
Vagus-dependent Vagal signaling is biologically plausible, but direct optogenetic modulation, electrophysiological
s p . evidence that icariin or its metabolites act through  recording, and cholinergic receptor blockade to MB; NO 79,95, 100
communication - X . . . O . . . .
a microbiota-vagus-brain pathway is lacking. distinguish vagal signaling from circulating
immune or metabolic routes.
Gut microbial and host-derived extracellular
vesicles are emerging mediators of gut-brain  Isolate and characterize microbial and host-derived
communication, but their involvement in icariin  extracellular vesicles, trace their biodistribution, 131 134139
EV-mediated signaling treatment has not been directly established. identify functional cargo, and perform vesicle MB; NO 1‘42’ 1’44’ 145’
Evidence from exosome-based drug delivery should depletion, transfer, or uptake-blocking ’ ?
not be interpreted as evidence of endogenous experiments.
vesicle-mediated signaling.
. . Neuroprotective effects do not necessarily Integrate unbound brain-to-plasma ratios,
Blood-brain barrier .. . . . . ; §
demonstrate sufficient brain exposure. BBB cerebrospinal-fluid measurements, brain 35,45, 54,63,
exposure and central . . . . L Lo . PK; MB; NO
target engagement protection, BBB penetration, and direct central microdialysis, transporter studies, imaging, and 69
target engagement are often conflated. central target-engagement assays.
SIRT1, NF-«kB, NLRP3, RAGE, and related pathways Perform matched temporal analyses in the gut,
Cross-organ signaling  have been implicated across different organs and liver, circulation, and brain, supported by tissue- 9.101.102. 109
through the gut, liver,  experimental models, but consistent cross-organ specific inhibition or genetic intervention, to MB; NO ’ ’ ’ g

and brain modulation by icariin has not been directly
demonstrated.

Clinical evidence for icariin in neurological or

limited, brain-targeted formulations remain
preclinical, and microbiota-directed trials show
inconsistent, non-icariin-specific outcomes.

Clinical translation

151

distinguish parallel pharmacological effects from an

integrated signaling axis.

Conduct stepwise trials using standardized
gut-brain axis disorders is lacking. Human data are formulations to assess safety, pharmacokinetics,
central target engagement, mechanistic
biomarkers, microbiota features, and validated

36, 68, 76, 183-

Safety; PK; MB; NO 187

neurological outcomes.

Note: Safety: safety and tolerability; PK:parent/metabolite pharmacokinetics; MB: mechanism-based biomarkers; NO: validated neurological outcomes.
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vention based on metagenomics is likely to be important. FMT
studies suggest that microbial composition can influence
neuroinflammation in Alzheimer’s disease models ', implying
potential synergy between icariin and beneficial microbes such as
butyrate-producing bacteria. FMT has also been associated with
modulation of glial activation and inflammasome signaling in de-
pression, possibly via serotonin-related pathways '*’, and shows
potential in Parkinson’s disease models '®. Emerging synthetic
biology approaches may enable the development of engineered
strains responsive to icariin, facilitating sustained production of
metabolites such as SCFAs and modulation of the microbi-
ota-tryptophan axis '* """,

8.4. Artificial intelligence-assisted multi-scale network modeling

Artificial intelligence may contribute to the analysis of multi-
level regulatory effects of icariin. Current evidence suggests that
icariin may influence immune cell migration, microglial activa-
tion, and neuroinflammatory signaling via the gut-brain axis *'*°,
with potential temporal variability. Integration of single-cell tran-
scriptomics, metabolic, and electrophysiological data using Al-
based approaches could support the construction of predictive
models across molecular and organ scales ' '”*. The BDNF-TrkB
pathway may represent an important target associated with
neuroprotective and antidepressant-like effects '’*. Al-assisted
modeling may also aid in optimizing dosing strategies, although
further validation is needed.

9. Summary and implications for translational medicine

9.1. Integrated mechanisms of the multi-organ regulatory network
of Icariin

Icariin appears to exert its pharmacological effects through a
multi-target and multi-pathway regulatory pattern, which may
contribute to coordinated modulation across the intestine, meta-
bolism, immune system, and central nervous system. At the in-
testinal level, icariin has been reported to regulate gut microbi-
ota composition, including an increase in the abundance of SCFA-
producing bacteria '**'”. It may also help maintain intestinal bar-
rier integrity and influence inflammation-related signaling path-
ways, such as IL-17, NF-kB, and MAPK/ERK 101175 These effects
represent relatively well-supported peripheral modules, but they
should not be interpreted as proof that each downstream
gut-brain route is causally required.

At the metabolic level, icariin is associated with changes in
lipid metabolic reprogramming and the tryptophan-kynurenine
metabolic axis " " V°, which may further affect peripheral-
central immune communication. Within the central nervous sys-
tem, available evidence suggests that icariin can attenuate mi-
croglial activation, reduce the expression of pro-inflammatory
mediators including TNF-a, IL-1f8, and IL-6, regulate the
AGE/RAGE-NF-kB signaling axis, and promote SIRT1-related epi-
genetic modulation ”*'*’. Together, these effects may form an in-
terconnected regulatory network involved in the modulation of
neuroinflammation.

In addition, extracellular vesicles and their cargoes may rep-
resent candidate mediators of gut-brain communication, al-
though icariin-specific EV-mediated gut-brain signaling remains
to be experimentally confirmed " '**. Thus, the systemic actions
of icariin provide a useful framework for hypothesis generation
in complex neuroinflammatory disorders, but future studies
should explicitly separate direct CNS effects, metabolite-medi-
ated effects, peripheral anti-inflammatory effects, and causal
gut-brain communication routes '“ *. Evidence level: Tier
2—icariin-associated evidence is available, but causal gut-to-
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brain mediation has not been established.

9.2. Paradigm innovation in the modernization research of tradi-
tional Chinese medicine

The pharmacological actions of icariin reflect the potential
value of integrating traditional Chinese medicine concepts with
modern biomedical approaches. As an active compound derived
from traditional Chinese medicine, icariin may regulate the gut
microbiota-immune-neuroendocrine network through multi-tar-
get and multi-pathway mechanisms, thereby showing features
consistent with holistic regulation ** *’. Experimental evidence
also suggests that icariin, when combined with other traditional
Chinese medicine components such as notoginsenoside, may ex-
ert synergistic effects and improve cognitive performance in an-
imal models of Alzheimer’s disease **'*’. These effects are likely
related, at least in part, to the modulation of neuroinflammation
through the gut-brain axis.

This strategy preserves the holistic therapeutic perspective
of traditional Chinese medicine while incorporating modern in-
sights into microbiome-host interactions, providing a potentially
valuable direction for theoretical development and translational
application '*°. From a methodological perspective, studies integ-
rating network pharmacology, molecular docking, and experi-
mental validation have adopted a multi-dimensional “component-
target-pathway” framework > """ '°. Through GO and KEGG
pathway enrichment analyses, these studies have helped identify
possible molecular mechanisms by which icariin may affect key
signaling pathways, including TNF, PI3K-Akt, and Fox0 “**”.

Such research approaches help bridge traditional Chinese
medicine theory and modern systems biology, offering a practic-
al technical route for the modernization of Chinese medicine re-
search '"® ', Moreover, quality control strategies combining
HPLC fingerprinting with multi-component quantitative analysis
may improve the reproducibility and standardization of related
studies '*". Future investigations should further clarify the com-
patibility rules and regulatory networks of Chinese herbal formu-
las targeting neuroinflammation through the gut-brain axis,
thereby supporting the development of more evidence-based
therapeutic strategies *”*".

9.3. Translational prospects of icariin in neuroinflammatory and
gut-brain axis disorders

The pharmacological profile of icariin suggests that it may
modulate gut-brain axis-related processes at multiple levels,
with preclinical studies indicating potential effects on gut micro-
biota homeostasis, neuroinflammation, and cognitive impair-
ment **'* ' The potential mechanisms underlying the anti-
neuroinflammatory effects of icariin include modulation of gut
microbial composition and intestine-derived inflammatory sig-
naling *> ', remodeling of the host metabolic environment to-
ward a less inflammatory state ' ', and enhancement of neur-
onal resistance to cellular stress through epigenetic regulation ”°.
These findings provide preliminary mechanistic support for in-
vestigating icariin in the early or preclinical stages of neurode-
generative diseases. However, most available evidence remains
preclinical, and neither causal icariin-mediated gut-to-brain sig-
naling nor clinical neurological efficacy has been established.

To date, no definitive clinical trial has demonstrated that
icariin is an effective treatment for neuroinflammatory, neurolo-
gical, or gut-brain axis disorders. Available human evidence for
icaritin, the aglycone metabolite of icariin, remains largely con-
fined to oncology. A recent multicenter real-world study repor-
ted the clinical effectiveness and tolerability of icaritin in pa-
tients with unresectable advanced hepatocellular carcinoma '*,
while a multicenter cohort study suggested that icaritin com-
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bined with transarterial chemoembolization may improve clinic-
al outcomes in patients with advanced hepatocellular carcinoma
and macrovascular invasion '**, Although these studies support
the clinical feasibility of developing an Epimedium-derived com-
pound, their findings cannot be directly extrapolated to neurolo-
gical or gut-brain axis-related indications because of differences
in disease biology, treatment context, dosing regimens, and out-
come measures.

Recent formulation studies have sought to overcome the
poor aqueous solubility, limited oral bioavailability, rapid sys-
temic elimination, and insufficient brain exposure of icariin.
Wang et al. ** developed an intranasal cyclodextrin-based ther-
mosensitive formulation that enhanced nose-to-brain delivery
and increased icariin distribution in relevant brain regions in a
preclinical model of Parkinson’s disease. Another study de-
veloped targeted pH-sensitive nanoliposomes that improved
icariin delivery to pathological brain regions and attenuated
neuroinflammation, oxidative stress, neuronal injury, and cognit-
ive impairment in an experimental epilepsy model (Wang et al.,
2025) '®. These findings provide encouraging preclinical evid-
ence for brain-targeted delivery but do not establish neurological
efficacy, long-term safety, or clinically relevant target engage-
ment in humans.

The clinical translation of icariin for neurological and
gut-brain axis disorders will therefore require a multidimension-
al evaluation framework integrating standardized and chemically
characterized formulations, dose-response relationships, thera-
peutic windows, matched pharmacokinetic profiles of icariin and
its active metabolites, brain exposure or central target-engage-
ment biomarkers, systemic inflammatory indices, intestinal-bar-
rier measurements, microbiome composition, microbial metabol-
ites, and validated disease-specific neurological outcomes *” '
The clinical evaluation framework proposed by Zhang et al. '*
further emphasizes the need to link microbiome alterations with
mechanistic biomarkers and clinically meaningful neurological
endpoints rather than relying solely on changes in microbial com-
position.

Clinical findings from microbiota-directed interventions also
remain heterogeneous. In a randomized clinical trial, Scheper-
jans et al. '’ found that fecal microbiota transplantation induced
sustained and donor-dependent alterations in the gut microbiota
of patients with Parkinson’s disease but did not produce clinic-
ally meaningful symptomatic improvement compared with
placebo. This negative result highlights the importance of ad-
equate placebo control, sufficient follow-up, careful participant
and donor stratification, prespecified mechanistic analyses, and
cautious interpretation of microbiome changes.

Future studies should further evaluate gut-targeted and
brain-targeted delivery systems to improve local exposure, meta-
bolic conversion, barrier penetration, and tissue-specific pharma-
cological effects '*°. Al-assisted multiscale modeling may help pri-
oritize candidate mechanisms, therapeutic combinations, and
biomarkers; however, computational predictions should be valid-
ated through causal perturbation experiments before being used
to support translational conclusions '*'*°. Collectively, oncology
studies, brain-targeted formulation studies, and microbiota-dir-
ected clinical trials provide complementary evidence for clinical
feasibility and trial design but should not be interpreted as direct
proof of therapeutic effectiveness in neurological or gut-brain ax-
is disorders. Evidence level: Tier 2—icariin-associated mechan-
istic and preclinical evidence is available, but causal gut-to-brain
mediation and clinical neurological efficacy have not been estab-
lished.

Overall, these findings support further investigation of icari-
in as a potential multilevel modulator of neuroinflammatory and
gut-brain axis-related processes, while its clinical relevance re-
mains to be established through rigorously designed translation-
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