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Abstract

Glaucoma is a progressive optic neuropathy and a leading cause of irreversible
blindness, characterized by retinal ganglion cell loss and optic nerve degeneration. While
elevated intraocular pressure (IOP) is the main modifiable risk factor, disease
progression can occur independently of IOP, implicating oxidative stress, inflammation,
mitochondrial dysfunction, and extracellular matrix remodeling in its pathogenesis.
MicroRNAs (miRNAs), small non-coding RNAs that regulate gene expression, have
emerged as promising modulators of these pathways and potential therapeutic targets,
although clinical application remains limited by delivery challenges and variable
findings. Emerging evidence suggests that certain natural compounds and plant-derived
bioactive agents can influence miRNA activity, with potential neuroprotective effects.
Although direct evidence in glaucoma is still limited, studies in related
neurodegenerative and inflammatory conditions indicate a promising therapeutic
avenue. This review discusses the potential of miRNA-targeted phytotherapy as a novel
strategy to modulate key pathogenic pathways and enhance neuroprotection in
glaucoma. Future research should focus on standardized methodologies and robust
clinical validation to translate these findings into therapeutic applications.

1. Introduction
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Glaucoma is a progressive optic neuropathy
characterized by irreversible retinal ganglion cell
(RGCQ) loss and visual field defects [1]. While elevated
intraocular pressure (IOP) remains the primary
modifiable risk factor, disease progression can occur
even with normal IOP, particularly in normal-tension
glaucoma [2]. Beyond mechanical stress,
accumulating evidence implicates mitochondrial
dysfunction, oxidative stress, inflammation, fibrosis,
and extracellular matrix (ECM) remodeling as central
to  the

neurodegeneration [1,3].

pathophysiology ~ of  glaucomatous

Although IOP regulation remains the cornerstone of
glaucoma management, increasing attention is now

being directed toward neuroprotective strategies due
to the limitations of conventional treatments in
halting disease progression [4]. Recent findings from
Mendelian randomization and cross-sectional studies
have identified high-fat, high-calorie dietary patterns
as risk-enhancing, whereas antioxidant-rich diets and
optimal sleep appear to be protective [5]. These
associations align with emerging mechanistic insights
into the role of aging and cellular senescence,
especially involving mitochondrial decline, oxidative
imbalance, and chronic inflammation, in promoting
RGC vulnerability and optic nerve damage [6].
Together, these findings suggest that lifestyle and
dietary modulation may beneficially influence the
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molecular ~ pathways  underlying  glaucoma
pathogenesis.

Among emerging therapeutic avenues, microRNAs
(miRNAs)—small of 19-22

nucleotides in length (Fig. 1) that fold into short stem-

non-coding RNAs,

loops (hairpin) structures, and that regulate gene
expression [9] are gaining attention for their
involvement in several pathologies [10], including

diabetes [11,12] and diabetic retinopathy [13].

A) B)

pre-miR-146b
u
5 i ccUGGCAC 6uSAGc c
b4 va
v + 38 o
" 33

3" +GGLCCGUGG _UCUUGACU ¢ AGGUGUCCGUA _ ACG

¥

5'-UGCCCUGUGGACUCAGUUCUGG-3"

mature miR-146b-3p

Figure 1. Structure of a typical microRNA.

A) Nucleotide sequence and predicted stem-loop structure of the
Homo sapiens miR-146b precursor (pre-miR-146b). The two mature
miRNAs derived from the opposite arms of the hairpin are
indicated: miR-146b-5p (blue), originating from the 5' arm, and
miR-146b-3p (red), from the 3’ arm. A, G, C, and U represent the
four ribonucleotides adenine, guanine, cytosine, and wuracil,
respectively. This scheme was adapted from [7]. Additional

structural information is available at miRBase

(https://mirbase.org/hairpin/MI0003129#hsa-miR-146b-5p,
accessed on August 10, 2025). B) Optimal secondary structure of
pre-miR-146b according to minimum free energy (MFE; left) and
centroid model (right), predicted using the RNAfold WebServer
(http://rna.tbi.univie.ac.at/, accessed on August 10, 2025) [8].

Their dual potential as both diagnostic biomarkers
and therapeutic targets makes them especially
promising, including key glaucomatous processes
[14-18]. In glaucoma pathogenesis, several miRNAs
have emerged as potential therapeutic targets because
of their involvement in key disease mechanisms
(supplementary Table S1). Dysregulation of specific
miRNAs has been linked to trabecular meshwork
fibrosis (e.g., miR-29), TGF-p signaling, oxidative
stress responses, apoptosis, and neurodegeneration.
miR-24, miR-29b, miR-200c, miR-204, miR-143-3p,
miR-1260b and miR-125b-5p have been identified in
aqueous humor (AH) and linked to glaucoma-related
molecular mechanisms including gene regulation,
IOP modulation, and retinal degeneration. In the
trabecular meshwork (TM), miRNAs influence ECM
remodeling, apoptosis, and cellular senescence, which

are critical for aqueous humor outflow and IOP
regulation. In the retina, miRNAs are implicated in
RGC death and axon regeneration, contributing to
glaucomatous vision loss [16]. Dysregulation of
several miRNAs, including miR-9, miR-21, miR-23a,
miR-27a, miR-126, miR-144, miR-146, miR-150 and
miR-155, has been associated with retinal diseases,
with these alterations most frequently observed in
biological samples from patients with age-related
macular degeneration [19]. Despite the therapeutic
promise of miRNA-based strategies, their clinical
translation is hindered by challenges in delivery and
a lack of consistent miRNA findings across studies.
Notably, according to Greene et al. [16], only eight
miRNAs (miR-143, miR-221, miR-486, miR-4725, miR-
125b, miR-451a, miR-92a, and miR-99b) were
identified in multiple independent studies as having
a role in glaucoma, suggesting that these may
represent the most robust and promising targets for
further investigation. Using Ingenuity Pathway
Analysis (IPA), the authors [16] were able to link the
identified miRNAs to
senescence and neuroinflammation pathways linked

autophagy, apoptosis,
to glaucoma development. Variability in models,
sample demographics, and glaucoma subtypes likely
contributes to these discrepancies, underscoring the
need for standardized research to validate these
candidates across diverse populations.

For instance, given its critical role in regulating
extracellular matrix genes, the miR-29 family has
garnered attention for its anti-fibrotic function in
glaucoma [20]. Downregulation of miR-29 isoforms,
particularly miR-29a and miR-29c¢, has been observed
in glaucomatous TM and lamina cribrosa cells, and
restoring their expression reduces collagen
production and TGF-B-mediated fibrosis. However,
under oxidative stress, miR-29b-3p may be
paradoxically upregulated, contributing to cellular
damage and suggesting that context-dependent
modulation, rather than uniform upregulation, may
be required to achieve therapeutic benefits.
Phytochemicals and herbal extracts with potent
antioxidant, anti-inflammatory, and anti-fibrotic
properties have been increasingly recognized for their
ability to modulate miRNA expression and the
downstream gene networks they regulate [12]. These

natural compounds can influence key molecular
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pathways involved in inflammation, oxidative stress,
and tissue remodeling, thereby contributing to the
prevention or mitigation of various chronic diseases.
For example, plant-derived polyphenols have been
shown to alter the expression of specific miRNAs in
human tissues, modulating inflammatory responses
and regulating obesity-related biomarkers [21].

Given the large and growing interest in miRNAs as
modulators of gene expression in health and disease,
this review explores the potential of natural products,
particularly plant-derived compounds, as adjunctive
therapies for glaucoma by modulating miRNA
activity. Although direct experimental or clinical
miRNA
modulation to glaucoma treatment is still lacking,

evidence specifically linking herbal
accumulating studies in related fields, such as
neurodegenerative disorders [22], suggest promising
avenues for therapeutic intervention. These findings
support the hypothesis that targeting disease-relevant
miRNAs with phytochemicals may provide a novel
and biologically plausible strategy for modulating the
molecular mechanisms underlying glaucomatous
damage, including RGC loss, oxidative stress, and
aberrant tissue remodeling.

2. Materials and methods

To prepare this review, a comprehensive literature
search was performed in the PubMed, Scopus, and
Web of Science databases, covering publications
available up to August 1, 2025. The search strategy
combined terms related to miRNAs and glaucoma
with those referring to natural compounds, including
phytochemicals and plant-derived molecules.
Particular attention was given to studies examining
the role of miRNAs in glaucoma pathophysiology and
other neurodegenerative diseases, as well as those
investigating their modulation by natural agents with
potential neuroprotective effects. Both original
experimental reports and relevant review articles
were considered, and additional references were
identified by screening the bibliographies of the key
publications. The aim was not to provide a systematic
analysis, but rather to highlight and critically discuss
the most relevant evidence to date, with a focus on the
emerging concept of miRNA modulation by natural
compounds as a potential therapeutic strategy for
glaucoma. However, the available evidence is still

limited and heterogeneous, reflecting the early stage
of research in this field.

3. Results and discussion
3.1. miRNA regulation by natural compounds: impact on
glaucoma

3.1.1. Ginkgo

Ginkgo biloba L. extract (GBE), obtained from the
present-day Ginkgo tree, a genus whose lineage dates
back over 170 million years, has long been used in
traditional Eastern medicine for conditions like
asthma, vertigo, and circulatory disorders [23, 24].
Modern research, as highlighted by Lee et al. [4],
supports its efficacy in treating cognitive impairments
and dementia, owing to its neuroprotective,
antioxidant, and anti-inflammatory properties [25].
These benefits are particularly relevant to RGCs,
making GBE a potential therapeutic agent for
glaucoma [25-27]. Interestingly, while GBE has been
shown to improve ocular blood flow and visual field
damage [28], its precise impact on visual field
progression remains inconclusive [27]. A promising
emerging avenue involves exploring the effects of
GBE at the molecular level, particularly through the
modulation of miRNAs. Given that miRNAs play a
critical role in regulating gene expression linked to
neuroinflammation, oxidative stress, and apoptosis,
GBE's bioactive compounds may exert part of their
therapeutic effects by influencing miRNA expression
patterns. This miRNA-mediated mechanism may
help explain the cellular neuroprotection observed
with GBE and provides a novel framework for
understanding and optimizing its role in glaucoma
treatment.

Neuroinflammation is a key factor in the development
of neurodegenerative diseases like Alzheimer’s
disease and glaucoma [29]. GBE, traditionally used for
blood circulation disorders, has been investigated for
its anti-neuroinflammatory effects. Liu et al. [30]
demonstrated that GBE inhibited

lipopolysaccharide (LPS)-induced inflammation in

significantly

microglial and glial cells without toxicity.
Mechanistically, GBE increases the expression of miR-
146b-5p, that post-transcriptionally regulates gene
expression. miR-146b-5p exerts its effect by binding to
the 3’ untranslated region (3'-UTR) of specific target
mRNAs, a region that does not code for proteins but
plays a crucial role in the regulation of mRNA

stability and translation. One such target is TNF
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receptor-associated factor 6 (TRAF6), an adaptor
protein involved in innate immune and inflammatory
signaling via activation of the NF-xB pathway. Upon
binding of miR-146b-5p to the 3-UTR of TRAF6
mRNA, translation of TRAF6 protein is suppressed,
leading to decreased intracellular levels of TRAF6 [30].
This, in turn, results in the attenuation of NF-xB
activation (Fig. 2), a key transcription factor complex
that drives the
inflammatory cytokines, including IL-13, IL-6, TNF-q,

expression of various pro-
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Figure 2. Proposed mechanisms by which miR-146a-5p and

miR-146b-5p modulate inflammation in glaucoma.

Red bars indicate inhibitory actions. Key mediators involved in
inflammatory signaling pathways relevant to glaucoma are shown:
TLR: Toll-like receptor; MyD88: Myeloid differentiation primary
response protein 88; IRAKI: Interleukin-1 receptor-associated
kinase; TRAF6: TNF receptor-associated factor 6; NF-kB: Nuclear
factor kappa-light-chain-enhancer of activated B cells. On the right,
the sequences of miR-146a-5p and miR-146b-5p are shown.

and COX-2. Supporting this mechanism, Zhou et al.
[31] demonstrated in experimental glaucoma that the
closely related miR-146a-5p directly targets both
TRAF6 and interleukin-1 receptor-associated kinase 1
(IRAK1), leading to the downregulation of the
IRAK1/TRAF6/NF-«B signaling axis in microglia,
which reduces neuroinflammation and protects
against retinal ganglion cell injury. Collectively, these
findings indicate that GBE exerts anti-inflammatory
effects via the miR-146b-5p/TRAF6/NF-kB pathway

and highlight the broader therapeutic potential of
miR-146 family members in neuroinflammatory

conditions.

Additional insights are provided by findings on miR-
146b [7], the primary transcript from which the
functional strand miR-146b-5p is derived. In the tears
of glaucoma patients [16, 32], the expression of miR-
146b appears to be increased, compared to that in
healthy subjects; the increased level of miR-146b in the
tears of glaucoma patients could represent a
compensatory defensive mechanism. miR-146b is
well-known for its role as a negative regulator of
inflammation, as above mentioned, primarily by
targeting key signaling molecules like TRAF6 and
downregulating the NF-kB pathway, which controls
the expression of many pro-inflammatory cytokines
[30, 33]. In the context of glaucoma, where chronic
neuroinflammation contributes to retinal ganglion
cell damage and disease progression, the
upregulation of miR-146b might be the body's attempt
to counteract excessive inflammation and protect
neural tissues. Thus, elevated miR-146b levels in the
tear fluid may reflect an endogenous response
intended to limit inflammatory damage and restore
immune balance in ocular tissues affected by
glaucoma. However, if this compensatory mechanism
is insufficient or overwhelmed, neurodegeneration
can still progress. This also opens avenues for
therapies that boost miR-146b activity, such as GBE,

to support the natural defense system.

3.1.2. Flavonoids
Flavonoids, a diverse group of polyphenolic
compounds found in many fruits, vegetables, and
besides their role as anti-

medicinal plants,

inflammatory agents and combating
neurodegenerative diseases [34], have emerged as
potential modulators of miRNA expression, including
miR-29

pathological conditions [22, 35, 36]. In the context of

the anti-fibrotic family, in various

glaucoma— particularly open-angle

glaucoma (POAG), where fibrosis at the lamina

primary

cribrosa and trabecular meshwork contributes to
disease progression—modulation of miR-29 is of
significant interest [20], since a dysregulation of miR-
29b is believed to contribute to abnormal deposition
of extracellular matrix [18]. The miR-29 family is
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known to suppress the expression of ECM
components such as collagens and fibronectin, which
are upregulated by transforming growth factor-beta
(TGF-B), a key driver of glaucomatous damage [37].
Therefore, miR-29 family is considered as anti-fibrotic
through its effects on the TGF-{ signaling pathway,
modulating the production and deposition of
extracellular matrix [20, 36] (Fig. 3). However, Liu et
al. [38] suggested that inhibiting miR-29b-3p may
protect against glaucoma by reducing apoptosis,
oxidative stress, and extracellular  matrix
accumulation, while enhancing human trabecular
meshwork (hTM) cell survival under oxidative stress.
These effects appear to involve the upregulation of E3
ubiquitin-ligase RNF138 and subsequent activation of
the extracellular signal-regulated kinase (ERK)
signaling pathway, indicating a potential new

therapeutic approach for glaucoma (Fig. 3).

Glaucoma

miR-29 family Inhibition of

(including miR-29b) miR-29b-3p

J Expression of ECM genes 1 RNF138

| Collagen, Fibronectin l

l

J TGF-B-induced fibrosis

LT ERK pathway activity J

=
l | | Apoptosis
| Oxidative stress
J ECM accumulation
1 TM cell survival under stress

Protective effect

Figure 3. Dual role of miR-29 Family in glaucoma: Anti-
fibrotic (left) vs context-dependent pro-survival pathways
(right).

ECM: extracellular matrix; RNF138: E3 ubiquitin-ligase RNF138;
TGF-f: transforming growth factor-beta; ERK: extracellular
regulated protein kinase; TM: trabecular meshwork.

Flavonoids, such as epigallocatechin gallate (EGCG, a
catechin) and quercetin (a flavonol) from green tea,
and genistein (an isoflavone) from soy, have been
shown in various experimental models to upregulate
miR-29 expression [39-42], suggesting the inhibition
of TGF-p signaling and reduction of ECM deposition.
Zhou et al. [43], using a mouse myoblast model,
showed that miR-29

suppresses  fibrogenic

differentiation by downregulating extracellular
matrix and cell adhesion genes, suggesting that its
upregulation, potentially achievable through
flavonoids like quercetin, could help counteract
fibrotic changes in glaucomatous tissues. This
indicates the potential for therapeutic applications in
diseases like glaucoma, where fibrosis plays a key role.
Although

glaucomatous tissues are still lacking, these findings

direct  experimental studies on
suggest that flavonoid-induced upregulation of miR-
29 could represent a novel therapeutic avenue to
counteract fibrosis in glaucoma. Further research is
warranted to explore the specific effects of dietary or
pharmacological flavonoids on miR-29 expression in
ocular tissues and their potential to modify disease
outcomes in glaucoma patients.

Quercetin has been demonstrated to have a complex
influence on multiple miRNA [44]. In particular, its
ability to induce miRNA-146a has been linked to anti-
inflammatory actions [45]. Agathisflavone
(biflavonoid), another bioflavonoid purified from
Cenostigma pyramidale (Tul.) Gagnon and Lewis,
exhibited

neuroprotective effects by modulating microglial

strong anti-inflammatory and
activation and reducing pro-inflammatory mediators
such as IL-1p3, IL-6, and NOS2 [46, 47]. In particular,
agathisflavone downregulates miR-146a and miR-155
expression in microglia activated by LPS or 3-amyloid,
suggesting a regulatory effect on miRNA-driven
inflammatory pathways. While miR-146a is generally
considered a feedback inhibitor of inflammation, its
sustained upregulation in chronic neuroinflammation
may contribute to dysregulated immune responses. In
glaucoma, a neurodegenerative disease with
significant inflammatory component, miR-146a has
been implicated in modulating microglial reactivity
and RGC survival. The ability of agathisflavone to
normalize miR-146a expression under inflammatory
conditions suggests a potential role in controlling
microglial dysfunction in glaucoma, supporting its
promise as a novel therapeutic candidate for
inflammatory neurodegenerative diseases affecting

the eyes.

Another interesting phytoconstituent is baicalein, a
flavone originally isolated from Scutellaria baicalensis
Georgi roots, which exhibits multiple neuroprotective
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Figure 4. Theoretical mechanism of action for baicalein, berberine and curcumin in glaucoma via miR-21

modulation.

Red bars indicate the inhibitory actions. IOP: intraocular pressure; PDCD4: programmed cell death protein 4; STC1: stanniocalcin-

1; TGF-B1: transforming growth factor beta 1.

properties, including activity on y-aminobutyric acid
(GABA) type Receptors, a mechanism previously
linked to cognitive improvement and neuroprotection
in models of Alzheimer’'s disease [48]. Given the
GABAA
contributes to neuronal survival, synaptic stability,

growing evidence that modulation
and reduced excitotoxicity, baicalein’s GABAergic
effects may also be relevant in the context of
glaucomatous retinal neurodegeneration. Moreover,
9] demonstrated that

baicalein relaxes cultured hTM cells by reducing

in vitro studies by Li et al. [4

myosin light chain phosphorylation and modulating
ECM regulatory proteins. These cellular changes
translated into a significant increase in outflow facility
(by approximately 90%) in enucleated mouse eyes
perfused ex wvivo, corresponding to an estimated
~5 mmHg reduction in IOP when extrapolated to in
vivo conditions. Although these findings are based on
in vitro and ex wvivo models, they support the
mechanistic potential of baicalein in lowering IOP
through trabecular meshwork modulation. Beyond its
biomechanical effects, baicalein has been shown to
modulate key miRNAs implicated in glaucoma
pathophysiology. Notably, baicalein suppresses miR-
21, a miRNA known to promote TGEF-1/Smad
signaling and fibrotic remodeling in various tissues

[50]. In fibrotic disease models, baicalein-mediated
inhibition of miR-21 attenuates TGF-f1 activity,
reduces collagen deposition, and reverses
myofibroblast differentiation [51], suggesting that
similar anti-fibrotic actions could be beneficial in
glaucomatous eyes (Fig. 4). However, miR-21 also
appears to play a protective role in glaucoma in
certain contexts. For example, Su et al. [52]
demonstrated that miR-21a-5p, a mature form of the
miR-21 family, contributes to mesenchymal stem cell-
mediated neuroprotection in acute glaucoma by
modulating the PDCD4/stanniocalcin-1 (STC1) axis.
Similarly, Tan et al. [53] reported that miR-21-5p
PDA/PEI

intraocular pressure by enhancing aqueous outflow

delivered via nanoparticles reduced
through a mechanism involving endothelial nitric
oxide synthase. These findings highlight the context-
dependent functions of miR-21 in glaucoma and
suggest that its modulation by baicalein should be
carefully evaluated, balancing its potential anti-
fibrotic benefits with its possible neuroprotective and
IOP-lowering effects. Moreover, baicalein upregulates
miR-124 in RGCs, leading to the suppression of
inflammatory chemokines such as MCP-1 and
stress

offering neuroprotective benefits under

conditions [54]. Together, these findings suggest that
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baicalein may exert dual therapeutic effects in
glaucoma, by lowering IOP through TM cell
relaxation and ECM remodeling, and by protecting
RGCs via anti-inflammatory miRNA pathways. In
line with this, Xiao et al. [55] and Zhao et al. [56]
emphasized that the flavones of Scutellaria radix,
including baicalein, exhibit multiple routes of
therapeutic action, with diverse pharmacological
properties and mechanisms demonstrated in cellular
and animal models of ocular diseases.

As a general consideration, it is important to
acknowledge the dual role of flavonoids: depending
on their specific structure, concentration, and cellular
context, they can exert both antioxidant and pro-
oxidant effects [57]. Flavonoids are widely recognized
for their antioxidant properties, such as neutralizing
free radicals and reducing oxidative stress, however,
some may act as pro-oxidants under certain
conditions, potentially contributing to oxidative
damage. Dysregulation of specific miRNAs is linked
to oxidative stress, inflammation, and angiogenesis,
all of which are involved in ocular diseases [19]. The
dual antioxidant and pro-oxidant properties of
flavonoids should be considered when evaluating
their influence on miRNA expression, as their effects
may vary and potentially impact the neuroprotective

mechanisms relevant to glaucoma.

3.1.3. Resveratrol

Resveratrol (3, 4, 5-trihydroxystilbene), a natural
polyphenol contained in several plants, like grapes,
has demonstrated significant neuroprotective effects
in experimental models of glaucoma, as confirmed by
a 2025 systematic review and meta-analysis by Zhang
et al. [58], which analyzed 30 preclinical studies. The
authors found that resveratrol significantly increased
sirtuin 1 (SIRT1) expression, enhanced RGC survival,
and slowed retinal thinning, with improvements in
overall visual function. These effects appear to be
mediated by the suppression of inflammatory
cytokines and cell apoptosis. Despite these promising
results, the authors cautioned that differences in
disease complexity and administration routes
between animal models and clinical practice warrant
further translational research to establish effective
dosing and delivery strategies for human use.

Resveratrol has been reported to exert divergent

regulatory effects on miR-34a depending on the
pathological context. In cardiomyocyte injury models,
resveratrol downregulates miR-34a, thereby relieving
its inhibitory effect on SIRT1, which promotes
mitochondrial function, reduces oxidative stress, and
attenuates inflammation [59, 60]. These mechanisms
—miR-34a suppression leading to SIRT1 restoration —
are highly relevant to glaucoma, where oxidative
stress, mitochondrial dysfunction and RGC death are
central features. Conversely, in cancer cells, notably in
ovarian and colorectal models, resveratrol has been
shown to upregulate miR-34a, enhancing apoptosis
by targeting BCL 2, a known anti-apoptotic factor [61].
This suggests a tissue- and pathology-specific
modulation of miR-34a by resveratrol, suppressing
miR-34a in degenerative/inflammatory settings while
upregulating it in oncogenic contexts to promote
apoptosis in cancer cells. Given that SIRT1 activation
and mitochondrial protection are beneficial in
glaucoma (Fig. 5), it is reasonable to hypothesize that
resveratrol may exert similar protective effects in
ocular tissues via downregulation of miR-34a,
although direct evidence from glaucoma models is
currently lacking.

Dose dependency is a key consideration for
translating resveratrol’s neuroprotective and miR-34a
modulatory effects into glaucoma therapy. In
preclinical glaucoma models, an optimal protective
efficacy was observed with moderate cumulative
160240 mg/kg,

below 80 mg/kg were suboptimal, and higher doses

doses  of whereas  doses
did not confer additional benefit [58]. Specific studies
using single day intraperitoneal doses of 20-
40 mg/kg/day in rodents over short periods (5-8 days)
effectively increased RGC survival, elevated SIRT1
levels, reduced pro-apoptotic markers, and
maintained retinal thickness [58]. While human trials
have administered resveratrol up to 5g/day with
tolerable safety, doses above 500 mg/day have been
associated with gastrointestinal side effects,
underscoring the need for cautious dose selection in
ocular translational studies [62]. Therefore, for future
glaucoma-focused investigations of resveratrol’s
impact on miR-34a/SIRT1 signaling, a dose response
design is crucial. Starting with the translational

equivalent of 30 mg/kg/day (~150 mg/day in humans)
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Figure 5. Proposed mechanism of resveratrol action in
glaucoma via miR-34a/SIRT1 modulation.

Resveratrol is hypothesized to exert neuroprotective effects in
glaucoma by downregulating miR-34a, thereby relieving its
inhibitory effect on SIRT1 (Sirtuin 1). SIRT1 activation promotes
mitochondrial function, reduces inflammation and oxidative stress,
and may ultimately protect retinal ganglion cells (RGC) from
degeneration. While this mechanism has been demonstrated in
non-ocular degenerative models, its relevance to glaucoma remains
a promising area for further investigation. Red bars indicate
inhibitory action.

and exploring within the effective animal range (160-
240 mg/kg total) may help identify the minimal
effective dose that balances efficacy, target
engagement, and safety of this compound.

While preclinical studies consistently show that
resveratrol enhances SIRT1 expression in retinal and
neural tissues, the translation of this effect to humans
remains uncertain. A meta-analysis by Mansouri et al.
[63] found no significant increase in SIRT1 protein
levels following resveratrol supplementation in
human subjects. However, subgroup analyses hinted
at a possible dose- and duration-dependent effect,
suggesting that insufficient dosing or short-term
interventions may underlie the lack of measurable
SIRT1 response. These findings emphasize the need
for rigorous clinical trials to explore optimal dosing
regimens, treatment durations, and population-

specific responses to clarify whether resveratrol’s

molecular effects, such as SIRT1 activation and miR-
34a modulation, can be harnessed therapeutically in
glaucoma.

3.1.4. Curcumin
Curcumin (diferuloylmethane), a natural polyphenol
extracted from the rhizome of Curcuma longa L., has
emerged as a potential neuroprotective agent in
various models of neurodegenerative diseases [64],
including glaucoma and other eye diseases [65], partly
through its modulation of inflammatory pathways, in
particular NF-kB and Toll-like receptor 4 (TLR4) [66].
Curcumin has also been suggested for clinical
applications in ophtalmology [66-68]. Pretreatment
with curcumin enhanced the survival of BV-2 murine
microglia cells, reduced oxidative stress markers, and
limited apoptotic activity. Moreover, in a rat model
mimicking chronic ocular hypertension, curcumin
prevented RGC death and inhibited pro-apoptotic
factors, indicating a protective role against high
intraocular pressure-induced damage [69]. In another
glaucoma-relevant model (retinal ischemia followed
by reperfusion in rats) curcumin supplementation
helped preserve retinal integrity by modulating
mitochondrial dynamics and oxidative stress
responses [70]. These findings suggest that curcumin
may protect against glaucomatous neurodegeneration
by regulating mitochondrial homeostasis and
oxidative damage, pathways that may overlap with
miRNA-dependent mechanisms. One key mechanism
could involve the upregulation of miR-146a [31,71],
which discussed above, is a known negative regulator
of the NF-kB signaling pathway. In glioblastoma cells,
Wu et al. [72]

significantly increased miR-146a expression, which

demonstrated that curcumin

subsequently suppressed NF-kB activity and
enhanced apoptotic sensitivity to the alkylating agent
temozolomide. Although this study was conducted in
a cancer model, the molecular implications are
relevant for glaucomatous neurodegeneration, where
and NF-xB

contribute to retinal ganglion cell loss. Thus,

chronic  inflammation activation
curcumin’s ability to modulate miR-146a and
downstream NF-«kB signaling may represent a
promising therapeutic strategy to counteract
neuroinflammation and protect retinal neurons in

glaucoma.
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In addition to its effects on miR-146a and NF-«B,
curcumin has also been shown to modulate miR-21
(considered a key regulator of TGF-f31 signaling and
inflammation [50, 73]), as discussed above in relation
to baicalein. Tang et al. [74] demonstrated that
lowdose curcumin significantly downregulated miR-
21 expression and IL-6 levels while restoring
regulatory T cell populations in peripheral blood
mononuclear cells from patients with myocardial
infarction, highlighting curcumin’s anti-inflamma-
tory and immunomodulatory potential. The relevance
of miR-21 to glaucoma is supported by Tan et al. [53,
75], who showed that topical application of miR-21-5p,
belonging to the miR-21 family, mimics significantly
reduced IOP and improved outflow facility in mice by
targeting genes involved in cytoskeletal dynamics,
extracellular matrix remodeling, and endothelial per-
meability, including SMAD?, FGF18, and TIMP3/
MMP9. These findings suggest a dual role for miR-21
in ocular physiology: while its upregulation may
enhance aqueous humor outflow and lower IOP,
sustained overexpression is also linked to TGF-p1-
driven fibrotic changes in trabecular meshwork cells
(Fig. 4). Therefore, curcumin’s ability to fine-tune
miR-21
physiological

expression may allow it to restore

balance by reducing pro-fibrotic
signaling while preserving or enhancing outflow
facility. This complex regulatory capacity positions
curcumin, poten-tially in association with baicalein, as
an adjunct therapy for glaucoma, capable of acting on
molecular miRNA

multiple targets also via

modulation.

3.1.5. Cannabinoids

Cannabis-derived compounds such as the non-psycho-
active cannabidiol (CBD) and the psychoactive A*-tet-
rahydrocannabinol (THC) have attracted ate-ntion for
their potential neuroprotective and anti-inflammatory
effects [76] beyond their modest intraocular pressure-
lowering actions [77]. One key route of interest is the
modulation of miR-146a (specifically in the mature
form miR-146a-5p), that functions as a negative
feedback regulator of NF-kB-mediated inflammation
[71] (Fig. 2). In murine BV-2 microglial cell cultures,
CBD at 10 pM strongly down-regulated miR-146a
expre-ssion under resting conditions and inhibited
LPS-induced upregulation of miR-146a, accompanied
by reduced IL-6 and IL-1f release and suppression of

NF-kB activation [78]. As miR-146a ordinarily acts to
curb excessive inflammatory signaling via targeting
IRAK1 and TRAF6, CBD’s modulation appears to
fine-tune but ultimately limit neuroinflammatory
cascades. While THC showed less robust effects when
tested alone, combined treatment with THC and CBD
in experimental autoimmune encephalomyelitis (EAE)
mice produced a broader modulation of inflammatory
miRNAs, significantly downregulating miR-21a-5p,
miR-31-5p, miR-122-5p, miR-146a-5p, miR-150-5p,
miR-155-5p, and miR-27b-5p, while upregulating
miR-706-5p and miR-7116 [79]. These changes were
suppression of Th17/Thl
responses, reduction of pro-inflammatory cytokines
(IL-17, IEN-y, TNF-a, IL-1$3 and IL-6), and an increase
in anti-inflammatory mediators such as IL-10, IL-4,

associated with the

and TGEF-$. Although direct evidence in glaucoma
models is lacking, these findings suggest that CBD,
and particularly THC/CBD combinations, could
mitigate chronic retinal neuroinflammation by
modulating miRNA-regulated immune pathways,
with the potential to protect retinal ganglion cells
from inflammatory injury. Nonetheless, as
highlighted by recent reviews [80], despite early
reports of IOP-lowering effects, the therapeutic role of
cannabinoids in glaucoma remains uncertain, limited
by a short duration of action, inadequate ocular
formulations, and the absence of well-controlled
studies. Thus,

cannabinoids in glaucoma may depend less on their

clinical the potential value of
modest IOP-lowering properties and possibly more
on their ability to influence miRNA networks
involved in neuroinflammation, immune signaling,
and retinal ganglion cell survival.

3.1.6. Berberine

Berberine, an isoquinoline quaternary alkaloid found
in plants of Berberis and Coptis genera, exhibits
pronounced neuroprotective, anti-inflammatory, and
antioxidant properties [81], making it a compound of
interest in glaucoma [82], where oxidative stress and
RGC degeneration play central roles. Although direct
studies of berberine on glaucoma via miRNA
modulation are lacking, available research supports
its plausible effects on miR-124, a miRNA with strong
anti-inflammatory and neuroprotective activity in
retinal tissue [83, 84]. In a model of retinal injury
(transgenic rat overexpressing the human polycystin-
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2 gene in retinal photoreceptors), delivery of miR-124
mimics suppressed microglial activation, reduced
pro-inflammatory cytokine expression (in particular
TNF-a, IL-18, CCL2 and others), and preserved
neuroretinal function [84]. Since berberine has been
shown to deactivate NF-kB signaling and reduce
apoptosis in retinal Miiller glia under oxidative stress
conditions [85], its anti-inflammatory effects may
intersect with miR-124 regulation. While the direct
modulation of miR-124 by berberine in ocular models
has not yet been demonstrated, berberine influences
miRNA networks
contexts and miR-124 is implicated in apoptosis and

in other neuroinflammatory

tissue remodeling. Together with potential
interactions with miR-214 [86], berberine may support
a dual mechanism of neuroprotection and attenuation
of inflammatory and fibrotic processes in glaucoma.

In parallel, berberine has been shown to
downregulate miR-21 in cancer models via IL6/STAT3
signaling, leading to increased PDCD4 expression and
[87, 88].

Translating these findings to glaucoma, miR-21 is

activation of pb3-mediated apoptosis

involved in both fibrotic remodeling through TGEF-
[1/Smad pathways and neuroprotective responses by
modulating PDCD4/STC1 in RGCs [50-53]. Therefore,
berberine’s ability to reduce miR-21 levels could
mitigate pathological fibrotic remodeling (Fig. 4)
while potentially influencing RGC apoptosis in a
context-dependent manner. It should be emphasized
that direct in vivo ocular evidence for berberine is
currently lacking, and most mechanistic insights have
from studies on other

been extrapolated

neurodegenerative or systemic disease models.
Nevertheless, by simultaneously enhancing miR-124-
mediated

anti-inflammatory neuroprotection,

modulating miR-214, and regulating miR-21-
dependent fibrotic and apoptotic pathways, berberine
may exert complementary mechanisms to preserve
RGC

degeneration. Combined with its capacity to cross the

function and counter glaucomatous
blood-brain barrier and counter oxidative stress,

inflammation, and apoptosis in preclinical
neurodegenerative models [82], berberine emerges as
miRNA-targeted

therapeutic strategies in glaucoma, although further

a promising candidate for

studies are required to clarify its ocular bioavailability,
effective dosage, and clinical efficacy.

3.1.7. XenomiRs as glaucoma modulators

In addition to modulating host miRNA expression, it
that miRNAs
plant-based foods, termed xenomiRs, may survive

has been proposed present in
processing, persist through digestion, and be detected
in human biofluids [89-92]. However, although some
studies have reported their presence in faces or even
plasma, the overall evidence is highly inconsistent
[89]. Many follow-up investigations have failed to
replicate these observations, and large-scale re-
analyses suggest that most xenomiRs identified in
human samples are likely to represent sequencing
artifacts rather than genuine dietary uptake [93].
Consequently, the notion of meaningful cross-
kingdom miRNA transfer remains speculative and
requires rigorous validation. Interestingly, certain
reports indicate that edible plants contain miRNAs,
such as miR156e, miR159, miR162 and miR168, that
reach the distal
gastrointestinal tract [92, 94]. However, strategies to

can resist degradation and
improve their absorption are still necessary for these
plant-derived miRNAs to potentially reach host
tissues and exert physiological effects. It has also been
reported that miRNAs can be absorbed when
encapsulated in their natural form as plant-derived
(PELNs) [95]. The
systematic sequence analysis conducted by Zhao et al.

exosome-like nanoparticles
[96] of 166 known xenomiRs and 942 non-xenomiRs
from commonly consumed plants, revealed that
xenomiRs exhibit potential sequence specificity and
may be selectively absorbed by the human body. By
employing both random forest and convolutional
neural network models, the authors predicted 241
additional candidate xenomiRs and analyzed their
potential biological functions in humans. Overall,
these findings suggest that plant-derived xenomiRs
may modulate human molecular pathways, including
those implicated in glaucoma. This raises intriguing
possibilities for dietary modulation of miRNA-
regulated processes in the eye and paves the way for
novel therapeutic or preventive strategies targeting
glaucomatous neurodegeneration through nutrition-
based approaches.

4. Conclusions
Growing evidence supports the involvement of
miRNAs in the pathogenesis of glaucoma, high-
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lighting their potential as diagnostic, prognostic, and
therapeutic targets. However, much of the current
research remains at the experimental stage, often
based on in vitro models, and lacks validation through
large-scale clinical studies. Whether changes in
miRNA expression are causative or consequential in
glaucoma progression remains unclear. Nonetheless,
the modulation of specific miRNAs by bioactive
compounds from medicinal plants, such as flavonoids
and alkaloids, offers a promising avenue for future
therapeutic strategies. These natural compounds may
help restore miRNA homeostasis and counteract the
key pathological mechanisms of glaucoma, including
oxidative stress, inflammation, and fibrosis. Although
compounds such as baicalein, resveratrol, and Ginkgo
biloba extract have demonstrated neuroprotective and
anti-inflammatory effects in vivo and in some clinical
settings, it remains unclear whether these benefits are
mediated via miRNA modulation. For other agents,
including berberine and most cannabinoids,
mechanistic evidence is largely extrapolated from
non-ocular models. In addition, aerobic physical
exercise has been shown to beneficially modulate
CNS-specific miRNAs [97], such as miRNA-124,
enhancing neurotrophic signaling and cognitive
resilience, suggesting its potential as an adjunctive
strategy to support optic nerve health in glaucoma.
Moving forward, integrating miRNA profiling with
phytotherapy could open new avenues for more
targeted and personalized approaches to glaucoma
management, although rigorous clinical validation is
still required.
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