& frontiers | Frontiers in Medicine

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Georgios D. Panos,
Aristotle University of Thessaloniki, Greece

REVIEWED BY

Michael Risner,

Oakland University, United States
Paola Bagnoli,

University of Pisa, Italy

Teresa Rolle,

University of Turin, Italy

Aristeidis Konstantinidis,

University Hospital of Alexandroupolis, Greece
Chi Wai Do,

Hong Kong Polytechnic University,
Hong Kong SAR, China

Dario Rusciano,

Consultant, Catania, Italy

*CORRESPONDENCE
Frederic Michon
frederic.michon@inserm.fr

RECEIVED 13 November 2024
ACCEPTED 07 March 2025
PUBLISHED 26 March 2025

CITATION

Sarkis S, Chamard C, Johansen B, Daien V and
Michon F (2025) Challenging glaucoma with
emerging therapies: an overview of
advancements against the silent thief of sight.
Front. Med. 12:1527319.

doi: 10.3389/fmed.2025.1527319

COPYRIGHT

© 2025 Sarkis, Chamard, Johansen, Daien
and Michon. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiersin Medicine

TYPE Review
PUBLISHED 26 March 2025
pol 10.3389/fmed.2025.1527319

Challenging glaucoma with
emerging therapies: an overview
of advancements against the
silent thief of sight

Solange Sarkis'?, Chloé Chamard'?, Bianca Johansen?,
Vincent Daien** and Frederic Michon'**

Institute for Neurosciences of Montpellier, Univ Montpellier, Institut national de la santé et de la
recherche médicale (INSERM), Montpellier, France, 2Laboratoires Théa, Clermont-Ferrand, France,
3Department of Ophthalmology, Gui de Chauliac Hospital, Montpellier, France, *Sydney Medical
School, The Save Sight Institute, The University of Sydney, Sydney, NSW, Australia

Glaucoma, a leading cause of irreversible blindness, represents a significant
challenge in ophthalmology. This review examines recent advancements in
glaucoma treatment, focusing on innovative medications and creative strategies.
While new agents offer promising methods for lowering intraocular pressure
(IOP), they also pose challenges related to efficacy and side effects. Alongside
IOP reduction, emerging neuroprotective approaches are being explored to
safeguard retinal ganglion cells (RGCs) from glaucoma-induced damage. The
review also evaluates the potential of novel drug delivery systems, such as
biodegradable implants and nanoparticles, to enhance treatment effectiveness
and patient adherence. Additionally, it highlights the role of personalized
medicine in identifying new biomarkers and customizing therapies based on
individual genetic and environmental factors.
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1 The pathophysiology of glaucoma

Glaucoma is a group of chronic, progressive ocular neuropathies characterized by
structural changes to the optic nerve rim and retinal nerve fiber layer (RNFL) loss, leading
to related visual field defects, and eventual blindness (1, 2). Crucial neurons integral to the
central nervous system possess axons extending into the optic nerve, with their cell bodies
residing in the inner retina. The degeneration of these neurons leads to the characteristic
cupping of the optic disc and, ultimately, vision loss (1) (Figure 1).

Glaucoma primarily presents in two forms: open-angle glaucoma (OAG) and
angle-closure glaucoma (ACG). Among the open-angle glaucomas, primary open-angle
glaucoma (POAG) is the most common form, while primary angle-closure glaucoma
(PACG) is the most common type of angle-closure glaucoma (2) (Figure 2). POAG
arises from dysfunction of the trabecular meshwork (TM), which is responsible for
draining aqueous humor (AH). This dysfunction leads to increased intraocular pressure
(IOP), causing mechanical stress and eventual death of RGCs (3). POAG can be further
divided into low-tension glaucoma, characterized by IOP levels below 21 mmHg, which
is often associated with a higher incidence of retinal nerve fiber layer hemorrhages
(4, 5). In contrast, ACG arises from contact between the iris and the TM, obstructing
AH outflow. This obstruction leads to increased IOP and subsequent damage to the
optic nerve (3, 6). Other forms of glaucoma include secondary open-angle glaucoma
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FIGURE 1

The path of vision loss [adapted and modified from Nagstrup et al. (321)]. Row 1: the retina. Row 2: the optic nerve and the retinal ganglion cells. Row
3: the perceived image. Columns 1 to 5 illustrate the progression of glaucoma: column 1 shows a normal eye and column 5 the final stage of
glaucoma. Figure designed partly with Biorender, https://app.biorender.com/illustrations.

(SOAG), which can arise from eye injuries, diseases, or surgical
procedures like laser treatments. SOAG may result from TM
blockage due to the accumulation of inflammatory cell debris
or mechanical deformation (7). Steroid-induced glaucoma is
another form of secondary glaucoma, occurring due to prolonged
corticosteroid use, which can lead to increased IOP and optic nerve
damage (8, 9). Pseudoexfoliation syndrome (PES) is characterized
by the abnormal accumulation of a gray-white, fibrillar extracellular
matrix material, known as pseudoexfoliative material (PXM), in
various ocular and extraocular tissues. This material is primarily
deposited on the lens capsule, zonular fibers, iris, TM, and
conjunctiva, leading to significant ocular manifestations, including
glaucoma (10-12). Additionally, pigmentary glaucoma occurs
when pigment granules from the posterior iris break away and
obstruct the TM (7, 11). Low-tension glaucoma, on the other
hand, is not clearly associated with IOP but rather with vascular
dysfuntion, leading to optic nerve damage despite normal pressure
levels (13, 14).

The global prevalence of glaucoma among individuals aged 40
to 80 years is estimated at 3.54% (15). Within this demographic,
primary open-angle glaucoma (POAG) is most prevalent in Africa
at 4.20%, while primary angle-closure glaucoma (PACG) is most
common in Asia, with a prevalence of 1.09%. In 2013, an estimated
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64.3 million people aged 40 to 80 were living with glaucoma
worldwide, with projections increasing to 76.0 million by 2020
and 111.8 million by 2040 (15). According to a Bayesian meta-
regression model, men are more likely to develop POAG than
women. After controlling for factors such as age, gender, type of
habitation, response rate, and study year, individuals of African
descent showed a higher likelihood of having POAG compared
to those of European descent. Additionally, urban residents were
more prone to POAG than their rural counterparts (15).

Each type of glaucoma necessitates tailored treatment strategies
focused on reducing IOP. Current treatments for glaucoma
primarily aim to reduce IOP, which remains the only modifiable
risk factor known to slow disease progression (16-18). Medications,
such as prostaglandin analogs, beta-blockers, alpha agonists,
and carbonic anhydrase inhibitors, are commonly prescribed
to either decrease AH production or increase its outflow (19).
As an alternative to eyedrops, laser therapy, like selective laser
trabeculoplasty (SLT), can be utilized to enhance fluid drainage (20,
21). For more advanced or refractory cases, surgical interventions
such as trabeculectomy, glaucoma drainage devices, and minimally
invasive glaucoma surgeries (MIGS) provide additional options
to lower IOP (22-24). While these strategies have proven
effective in preserving vision, there remains an ongoing need for
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FIGURE 2

Comparing Healthy and Glaucomatous Eyes [adapted and modified from Weinreb et al. (1)]. Figure designed partly with Biorender, https://app.

biorender.com/illustrations and Smart servier, https://smart.servier.com/.
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novel approaches that address the underlying neurodegeneration
associated with glaucoma and improve patient outcomes.

As advancements in understanding the pathophysiology
of glaucoma continue, innovative therapeutic approaches are
emerging to challenge the limitations of conventional treatments.
Novel agents targeting
minimally surgical techniques,

pharmacological neuroprotection,
cutting-edge

technologies like gene therapy and regenerative medicine

invasive and
hold the promise of reshaping the management of glaucoma. This
review aims to explore these pioneering strategies, highlighting
their potential to not only lower IOP but also preserve and
restore vision, ultimately offering new hope for patients facing this
progressive optic neuropathy.

2 Advances in glaucoma therapy

2.1 IOP-focused medications

2.1.1 Rho-kinase inhibitors

Rho-kinase is a that functions as

serine/threonine kinase, regulating calcium-dependent smooth

protein  kinase

muscle contraction and cytoskeletal dynamics. It plays a critical role
in modulating AH outflow, cell adhesion, actomyosin contraction,
and cellular rigidity (19). Recently, Rho-kinase (ROCK) inhibitors,
such as Ripasudil (K-115) and Netarsudil (AR-13324), have been
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approved for glaucoma treatment, offering the dual benefits of
lowering IOP and providing neuroprotection. These agents modify
the cytoskeletons of the TM and Schlemm’s canal (SC), which
reduces outflow capacity through the conventional route and
consequently lowers IOP. By inhibiting RhoA GTPase signaling,
these agents induce relaxation of TM cells, resulting in increased
AH outflow (25). This mechanism is particularly crucial in the
context of ocular hypertension (OHT), where high resistance to
AH outflow plays a key role in disease progression. Research has
demonstrated that ROCK inhibitors can profoundly modulate
the contractile properties of TM tissue, enhancing its ability to
facilitate efficient AH drainage and potentially mitigating the
pathophysiological burden associated with increased IOP (26).
However, because the IOP-lowering effect of ROCK inhibitors is
less potent compared to prostaglandin analogs (PGAs), they are
primarily used as adjunctive therapies (19, 27).

Ripasudil was first approved in Japan in 2014 and has
undergone several clinical trials led by Tanihara et al. that
confirmed its efficacy in reducing IOP, particularly with a
0.4% concentration administered twice daily (28, 29). Long-
term surveillance has shown no significant safety concerns,
although common side effects include conjunctival hyperemia,
minor microhemorrhages near the limbus, and blepharitis (27,
30, 31). Ripasudil has also been studied in combination with
other treatments, demonstrating effective IOP reduction across
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various glaucoma types, including secondary glaucomas (32-35).
In contrast, netarsudil received FDA approval in 2017 and is
characterized as both a ROCK and norepinephrine transporter
inhibitor, with substantial IOP-lowering effects observed in clinical
trials (36). However, it is considered slightly less effective than
latanoprost and timolol when used alone (37). The combination
of netarsudil with latanoprost showed superior efficacy in reducing
IOP compared to monotherapy (38). Other ROCK inhibitors,
such as SNJ-1656, AR-12286, PHP-201, and ITRI-E-212, have
shown considerable promise in glaucoma treatment and have been
evaluated in early clinical trials (39-42).

Additionally, several clinical trials for other ROCK inhibitors
have been registered. These include INS115644, which was a Phase
1 trial for POAG and OHT in 2007, and INS117548, another Phase
1 trial for bilateral OHT or early POAG in 2008 (36). LX7101 has
undergone both Phase 1 and 2 trials for POAG and OHT starting in
2012, while ATS907 was assessed in Phase 1 and 2a trials in the same
year (36). A Phase 2 trial for ATS907 also took place in 2012 (36).
More recently, H-1337 was evaluated in a Phase 2 trial for POAG
and OHT in 2023 (36). Overall, while several ROCK inhibitors are
undergoing clinical trials or are in preclinical stages, their safety,
efficacy, and potential combinations in treating glaucoma continue
to be areas of active research, showing promise for improving
treatment outcomes in patients with this condition.

2.1.2 Nitric oxide-donating prostaglandin analog

In 2017, the FDA approved latanoprostene bunod, a nitric
oxide-donating prostaglandin F2o receptor agonist, for the
treatment of OAG and OHT by reducing IOP. Its mechanism
involves enhancing the outflow of AH through SC, the TM, and
the uveoscleral pathway. The release of nitric oxide activates the
guanylate cyclase-1-cGMP pathway, which promotes relaxation of
the TM and facilitates increased AH outflow (43). Clinical studies
comparing latanoprostene bunod administered once daily with
timolol administered twice daily demonstrated that latanoprostene
bunod significantly lowered IOP at all assessed time points.
Patients using latanoprostene bunod had a higher percentage of
individuals with a mean IOP <18 mmHg and a reduction in
IOP >25% compared to those using timolol. Additionally, patients
transitioning from timolol to latanoprostene bunod experienced
a sustained decrease in their mean diurnal IOP, although the
incidence of side effects was higher with latanoprostene bunod
compared to timolol (44, 45). Building on these findings, a double-
masked, placebo-controlled Phase 3b clinical trial (NCT05938699)
aims to investigate the effects of NCX 470 ophthalmic solution
(0.1%) on AH dynamics in healthy volunteers and subjects with
OAG. This study will provide further insights into the action of
NCX 470 on key AH parameters and its potential as a treatment
for IOP management in glaucoma patients.

2.1.3 FC Rho-kinase inhibitor/latanoprost

The FDA has granted approval for the first combination
treatment of a prostaglandin analog and a rho-kinase inhibitor
for managing OAG and OHT. This combination consists of
netarsudil 0.02% and latanoprost 0.005% in an ophthalmic
solution (46). By decreasing AH production, enhancing AH
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through the TM, and reducing episcleral venous pressure,
netarsudil effectively lowers IOP. It works synergistically with
latanoprost, which enhances uveoscleral outflow, further reducing
IOP. Comparative clinical studies have demonstrated that the
fixed combination of netarsudil/latanoprost significantly and
consistently outperforms either drug used alone in lowering IOP
(38, 47). A Phase 3 study (NCT03284853) and phase 2 study
(NCT02057575) comparing PG324 (Netarsudil/Latanoprost) to
Bimatoprost/Timolol and AR-13324, respectively, in glaucoma
patients found both treatments equally effective in reducing IOP.
However, PG324 had a better safety profile with fewer adverse
effects, making it a promising alternative for managing glaucoma
and ocular hypertension. Similarly, 12-month study with a 2-
month extension (NCT02558400) and a separate 3-month study
(NCT02674854) compared PG324 to AR-13324 and Latanoprost in
patients with elevated IOP. Both confirmed the superior efficacy
PG324 in sustained IOP reduction over individual treatments,
with the longer study providing additional long-term safety data.
Switching to Netarsudil/Latanoprost from various latanoprost-
based regimens effectively lowered IOP in glaucoma and ocular
hypertension patients over 12 weeks, demonstrating its efficacy as a
replacement therapy (NCT05283395).

Common ocular side effects include mild conjunctival
hyperemia, conjunctival hemorrhage, and corneal verticillata
(38, 47). New therapeutic options, such as netarsudil, a rho-kinase
inhibitor, latanoprostene bunod, and the netarsudil/latanoprost
fixed combination, offer diverse mechanisms of action for
treating these conditions. However, these medications, containing
benzalkonium chloride (BAK), may exacerbate dry eye symptoms
and contribute to ocular surface diseases. Additionally, the cost
of these medications can pose a significant barrier to long-term
treatment adherence (19).

2.1.4 Cannabinoids

Since the early 1970s, research has explored the effects
of cannabinoids (CB) on glaucoma (48, 49). Receptors CB1
and CB2, which are natural targets for endocannabinoids
like Anandamide (AEA), Palmitoylethanolamide (PEA), and 2-
Arachidonoylglycerol (2-AG), are present in the human retina,
ciliary body, and retinal pigment epithelium. These receptors
interact with cannabinoids, which can affect IOP and other retinal
functions. The administration of exogenous CB may influence
IOP regulation, potentially through various mechanisms (19, 48).
Control of IOP is influenced by CBI receptors found in the SC,
TM, iris, ciliary body muscle, and ciliary pigmented epithelium.
Additionally, CBI receptors may modulate prostanoid synthesis
via cyclooxygenase-2 (COX-2) regulation (19, 48). CB can lower
IOP by modulating the production and outflow of AH, both
trabecular and uveoscleral (48). This effect is partly achieved
through the inhibition of calcium influx in presynaptic channels,
which reduces noradrenaline release in the ciliary body and
subsequently decreases AH production (19). The CB1 receptor
interacts with AEA and synthetic cannabinoids like CP55,940 to
control ciliary muscle contraction, affecting IOP. Activation of CB1
receptors in the ciliary body muscle may also induce vasodilation,
further reducing AH production (48).

The
trans-delta-9-tetrahydrocanabinol

(THC)
(delta-9-THC)

tetrahydrocannabinol isomer

and
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cannabigerol affect the dilation of SC and facilitate AH outflow,
while AEA and CP55,940 act on the ciliary muscle. Moreover, AEA
and delta-9-THC stimulate COX-2 expression, which increases the
synthesis of metalloproteinases 1, 3, and 9, as well as prostaglandin
E2 (PGE2). This leads to a decrease in IOP due to remodeling of
the extracellular matrix. Despite promising results from several
studies, further clinical trials are necessary to fully understand the
precise role of these CB in the physiological regulation of IOP
(48). While cannabinoids show potential benefits for glaucoma
patients, including reduced IOP, several issues remain unresolved.
Research highlights challenges such as irregular absorption and
variable efficacy of oral cannabinoid use. Topical administration
shows some promise but requires further investigation to
confirm its safety and effectiveness (50). One strategy to enhance
THC ocular bioavailability involves developing a hydrophilic
prodrug, A9-tetrahydrocannabinol-valine-hemisuccinate. When
delivered via a lipid-based nanoparticulate vector, this prodrug has
demonstrated significant IOP reduction (by 30% from baseline) in
animal studies, with effects lasting up to 6h (51). However, more
research is needed to validate these findings in human clinical
trials before considering this as a viable glaucoma treatment
option. Additionally, cannabinoids may possess antioxidant, anti-
inflammatory, and neuroprotective properties that could protect
RGCs from glaucoma-induced damage (52). A clinical study
on glaucoma patients demonstrated that PEA supplementation
improved RGCs function, as assessed by pattern electroretinogram
(PERG), over 3 month period. However, no significant effects were
observed on IOP, visual acuity, central corneal thickness (CCT),
ganglion cell complex (GCC) on optical coherence tomography
(OCT), or quality of life measures (NCT04088084). Another study
aims evaluate the effects of single-dose dronabinol, a synthetic
THC, on ocular blood flow in patients with POAG. It will measure
changes in optic nerve head (ONH) blood flow, retinal blood flow,
retinal oxygen saturation, and neurovascular coupling. Results
have not been reported yet (NCT04596826).

While CB is effective in its intended purpose, it is essential to
be aware of the potential side effects associated with its use. Several
studies showed deleterious effects in the retina and ganglion cells
(53). Lucas et al. studied the link between cannabis consumption
and the phenomenon of retinal neuronal activity during a stimulus-
free resting state. According to their research, there appears to
be a correlation between THC use and an increase in neuronal
background noise in the brain and retina. This could be an
indication of the neurotoxicity of cannabis on retinal neuron
dynamics, which is probably caused by changes in neurotransmitter
release (53, 54). According to research by Schwitzer et al., regular
cannabis users have delayed responses from their ganglion and
bipolar cells, resulting in a delay in the brain processing of visual
information. They were able to show that this delay in transmission
could lead to changes in color vision and clarity using a multifocal
electroretinogram (53, 55, 56).

Recent studies have reaffirmed that cannabinoids can reduce
IOP, though with limitations such as a short duration of effect and
potential side effects like euphoria and hypotension (57, 58). For
example, while THC has shown the ability to lower IOP, evidence
supporting its long-term efficacy and safety for glaucoma treatment
remains insufficient (59).

Moreover, cannabinoid use carries risks, including toxicity,
social, and cognitive disorders. It is contraindicated in individuals
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with serious health issues and may interact adversely with
other illicit drugs (53). Despite these concerns, the regulatory
environment around cannabinoids is shifting, with increasing
acceptance in various regions, which has led to growing public
interest in their potential for managing glaucoma (60, 61). Surveys
reveal that many patients are aware of the possible benefits of
medical marijuana for glaucoma, yet healthcare professionals still
fail to provide consistent and clear information (60, 61). This gap
underscores the need for more education and research to clarify the
role of cannabinoids in glaucoma treatment and to address patient
concerns (62).

While cannabinoids have shown potential, they are not
currently recommended as a first-line treatment for glaucoma by
major ophthalmological societies. This is mainly due to the lack
of substantial clinical evidence (61, 62). To better understand
the therapeutic potential of cannabinoids, further research is
needed, particularly regarding their neuroprotective properties
and the mechanisms through which they may relieve glaucoma
symptoms (52, 63). Exploring cannabinoids as adjunct therapies
alongside traditional glaucoma treatments may also offer promising
opportunities for future investigations (58, 64).

2.1.5 Melatonin

Melatonin, primarily known for its role in regulating sleep-
wake cycles, has several other physiological functions. Notably,
evidence supports its involvement in regulating IOP and AH
dynamics, as melatonin receptors are found in various ocular
tissues (19, 65, 66). The primary melatonin receptors, MT1,
MT?2, and MT3, are notably expressed in key ocular structures,
including the ciliary epithelium (66, 67), the iris and retina (68).
These receptors, which belong to the G-protein-coupled receptor
(GPCR) family, mediate effects of melatonin through distinct
signaling pathways, often involving the inhibition of cyclic AMP
(69). The MT3 receptor, expressed by the sympathetic nervous
system, plays a role in controlling the production and outflow
of AH in the eye, with melatonin influencing these processes via
cholinergic and noradrenergic pathways. This influence includes
the regulation of adrenergic receptor expression, particularly the
up- and down-regulation of alpha-2 and beta-2 receptors, which
may contribute to the hypotensive effects of melatonin on the
eyes (65).

Recent studies indicate that the absence of MT1 receptors
in mice leads to increased nocturnal IOP and a decrease in
RGCs, highlighting a possible connection between impaired
melatonin signaling and the development of glaucoma (68). In
the porcine ciliary epithelium, melatonin has been shown to
stimulate AH secretion via MT3 receptors, facilitating chloride
and fluid transport (67). Additionally, the presence of melatonin
receptor mRNA and protein expression in the nonpigmented
ciliary epithelial cells of Xenopus laevis provides further evidence of
melatonin the direct influence of melatonin on AH secretion (70).

Melatonin treatment has been shown to significantly reduce
IOP in glaucomatous animals, suggesting its potential as both a
stand-alone and adjunct therapy (71, 72). Beyond its effects on
IOP, melatonin also possesses neuroprotective properties that are
particularly relevant for glaucoma management. It helps mitigate
two key contributors to RGC degeneration: inflammation and
oxidative stress (73, 74). Additionally, its strong antioxidant
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capacity supports retinal cellular integrity and prevents apoptotic
cell death (73, 75). Preclinical studies further indicate that
melatonin enhances neuroprotection by increasing GABA levels,
promoting retinal glutamate clearance, and boosting antioxidant
activity in animal models of glaucoma (73).

Agomelatine, a non-selective agonist of the MT1 and MT2
melatonin receptors, exerts a hypotensive effect on IOP primarily
through the activation of MT2 and MT3 receptors (65). Research
indicates that oral administration of the melatonin agonist
agomelatine can consistently reduce IOP in POAG patients, even
when used alongside various topical treatments. These findings
suggest that agomelatine may be a valuable therapeutic option for
POAG and support further development of agomelatine for topical
use, which could potentially offer more potent and prolonged
effects (65). Additionally, the presence of melatonin receptors
in ocular tissues highlights the potential for targeted therapeutic
interventions through topical administration, leveraging these
receptors to elicit beneficial effects (76). Recent advancements in
drug delivery systems, particularly nanotechnology, have further
enhanced the feasibility of melatonin-based ocular treatments by
improving its solubility, stability, and permeability across ocular
barriers (77, 78). These innovations enable sustained release
formulations, optimizing therapeutic efficacy while ensuring better
patient compliance (78). Furthermore, studies indicate that
melatonin levels in the AH naturally rise in response to increased
IOP, suggesting an intrinsic protective mechanism. Harnessing this
response through topical melatonin administration could provide
a novel, physiologically relevant approach to managing ocular
conditions associated with IOP elevation (79).

Moreover, melatonin also interacts with dopamine, a
neurotransmitter involved in regulating circadian rhythms, mood,
and behavior. By modulating dopaminergic pathways, melatonin
may affect AH production (through dopamine DA receptors) and
outflow (through dopamine DA2-3 receptors) (65). Additionally,
melatonin and its agonists can reduce AH production by down-
regulating carbonic anhydrase, an enzyme involved in the AH
production process (80). Furthermore, melatonin-induced changes
in glycosaminoglycan production may impact the TM, which
regulates IOP, potentially influencing the pathophysiology of
POAG (81).

Preclinical studies have demonstrated that melatonin has
the potential to lower IOP and protect RGCs, making it a
promising candidate for glaucoma treatment. However, its efficacy
in glaucoma patients remains untested due to the absence of large-
scale clinical trials, highlighting the need for further research.
Further studies are necessary to better understand intra-subject
variability and consider the natural fluctuations in IOP related to
daily activities and circadian rhythms.

2.1.6 Connective tissue growth factor

Connective tissue growth factor (CTGF) is an immediate early
protein regulated by transforming growth factor-beta (TGF-B)
and it plays a crucial role in the proliferation of fibroblasts and
the production of the extracellular matrix (ECM) (82-84). CTGF
is present in various structures of the human eye. Van Setten
et al. demonstrated that in the cornea, CTGF is detected in the
epithelium, particularly in the basal layers, as well as in stromal
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keratinocytes and endothelial cells (83). Adjacent conjunctival
epithelial cells also display CTGF (83). In the iris, CTGF is observed
in both the sphincter and dilator muscles, and in the vessels
of the iris and ciliary body, where it is derived from vascular
endothelium but not from vascular smooth muscle cells (83).
Within the ciliary body, CTGF is present in the smooth muscle
cells of the ciliary muscle and the non-pigmented epithelium (83).
In the retina, CTGF is localized to the nerve fiber layer (NFL)
and weakly in the inner and outer plexiform layers (IPL/OPL)
(83). The choroid exhibits CTGF in the choriocapillaris and blood
vessels, while a few cells in the optic nerve head and lamina
cribrosa also display CTGF positivity (83). The wide distribution
of CTGF across various ocular structures, combined with its
presence in the AH means that CTGF is transported to the
TM, where it may alter outflow resistance, ultimately impacting
IOP homeostasis.

This broad distribution of CTGF highlights its potential role
in the pathogenesis of glaucomatous optic neuropathy. Both
CTGF and its upstream regulator, TGF-f, are implicated in the
pathogenesis of glaucomatous optic neuropathy due to their roles
in ECM remodeling. Overexpression of these growth factors is
associated with glaucoma, as it disrupts ECM turnover, leading
to excessive ECM accumulation in the AH outflow pathway,
increasing outflow resistence and ultimately resulting in elevated
IOP, which contributes to glaucoma development (83, 84).

Recent advances have introduced the use of hyaluronan-
coated nanoparticles for delivering anti-CTGF small interfering
RNA (siRNA) directly into the eye’s anterior chamber. This
method enhances penetration into the outflow regions, such
as the TM and SC. Hyaluronan binding to CD44 receptors,
which are highly expressed in glaucoma-affected eyes, facilitates
this process. Combining RNA interference with hyaluronan-
coated nanoparticles offers a promising strategy for treating
glaucoma (85). Another approach involves the use of microRNA
mimetics, specifically miR-18a-5p, to downregulate connective
CTGF expression and inhibit TGFB2-induced TM cell contractility,
a strategy that has been proposed as a viable therapeutic option
(86). Beyond its role in disease pathogenesis, CTGF has also been
implicated in the fibrotic response following glaucoma filtration
surgery. Research indicates that CTGF overexpression contributes
to excessive collagen deposition and fibroblast proliferation,
leading to postoperative scarring and surgical failure (87, 88).
A deeper understanding of the molecular pathways involving
CTGF could facilitate the development of antifibrotic strategies,
such as microRNA-26a and the use of CRISPR-Cas9 aimed at
enhancing surgical success rates and minimizing complications
(87, 89). In summary, therapeutic strategies targeting CTGE
such as siRNA and microRNA-based approaches, show promise
in improving glaucoma management. However, further clinical
trials are needed to evaluate the efficacy and safety of these
innovative treatments before they can become mainstream options
for patients.

2.1.7 Adenosine

Adenosine is a ubiquitous local modulator that interacts with
four membrane receptors: Al, A2A, A2B, and A3 to regulate
various physiological and pathological processes (90). These
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receptors influence AH dynamics, IOP, retinal function, blood flow,
and neuroprotection (90). The ciliary processes in rat eyes express
Al, A2A, and A2B receptor mRNAs, while the retina expresses Al
and A2A (91).

Activation of Al receptors in the ciliary body and TM reduces
AH production and outflow resistance, lowering IOP (90). A3
receptor antagonists lower IOP by preventing adenosine-induced
activation of Cl- channels in ciliary epithelial cells, while A2A
receptor activation in Schlemm’s canal cells can have bidirectional
effects on IOP (90, 92). In pseudoexfoliation syndrome, A3 receptor
expression is upregulated in the ciliary epithelium, potentially
offering cytoprotective effects (93).

Adenosine receptor signaling pathways involve molecular
mechanisms such as adenylyl cyclase, phospholipase-inositol
triphosphate-diacylglycerol, and phosphatidylinositol-3-kinase,
which activate MAPK pathways that influence gene transcription
(94). In addition to adenosine receptor agonists and antagonists,
drugs that target intracellular signaling molecules—such as Ras
proteins, G proteins, and the small GTPase Rho—are also being
explored (94). Emerging therapies, including Rho-kinase inhibitors
and adenosine receptor ligands, show promise for improving AH
outflow and offering neuroprotection for RGCs (95).

Several clinical studies, including Phase 2 and 3 trials, have
focused on evaluating the efficacy of various topical formulations
in lowering IOP in adults with OHT or POAG, comparing them
to existing therapies like latanoprost and timolol (NCT01917383,
NCT02565173). These studies demonstrated that trabodenoson,
anA; adenosine receptor agonist, has shown significant potential in
reducing IOP, with Phase 2 trials revealing a 6-7 mmHg reduction.
However, Phase 3 trials encountered setbacks due to incorrect
dosages and regimens. Trabodenoson, optimally dosed at 0.6%,
helps control IOP through two mechanisms: slow-mode turnover
of the TM and fast-mode vascular effects. Trabodenoson impact
on TM rejuvenation is strategically important for addressing the
progression of glaucoma, enhancing treatment responsiveness, and
preventing the disease from reaching a terminal stage, such as
blindness (96). When combined with latanoprost, the two therapies
work synergistically, with trabodenoson rejuvenating the TM and
latanoprost enhancing AH outflow. This fixed-dose combination
results in significant IOP reduction and offers a favorable safety
profile for patients with OHT or POAG (NCT02829996).

Safety and tolerability were key focus areas across these
studies, with comprehensive physical health checks, ECGs, blood
tests, and monitoring for adverse events ensuring the drug safety
profiles. Additionally, some studies, such as those involving oral
doses of PBF-677 in healthy volunteers, employed dose-escalation
methodologies to determine the maximum tolerated dose while
closely monitoring for potential side effects (NCT02639975).

Similarly, the study evaluating INO-8875 eye drops aims to
assess their tolerability, safety, and effectiveness in adults with
glaucoma or OHT. By focusing on the ability of INO-8875 to
reduce IOP while ensuring minimal side effects, this trial seeks to
establish the drug as a promising treatment option for managing
these eye conditions (NCT01123785). These trials, along with
ongoing studies on trabodenoson, underline the evolving landscape
of glaucoma treatment and the importance of finding safe, effective
therapies for IOP management.
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2.2 Neuroprotection-focused medications

While IOP reduction remains the primary clinically validated
method for controlling glaucoma and slowing disease progression,
it is increasingly recognized that developing neuroprotective
strategies is essential. Neuroprotection extends beyond merely
lowering IOP; it also involves enhancing cell survival and bolstering
resistance to optic nerve damage.

Several potential neuroprotective targets have shown promise
in preclinical studies, but failed to demonstrate efficacy in clinical
trials, despite their effects on IOP and/or neuroprotection (97). A
particularly promising strategy would be to develop treatments that
simultaneously lower IOP and provide neuroprotection. However,
achieving this is challenging due to the complexity of glaucoma and
the nature of optic nerve damage.

The term “neuroprotection” in the context of glaucoma refers
to methods aimed at preventing damage and degeneration of
RGCs and their axons, which are key features of the disease.
Treatment strategies can be categorized based on their targets,
including the disruption of excitotoxicity, management of oxidative
stress and mitochondrial dysfunction, treatment of inflammation
and abnormal immune responses, modulation of glial cells, and
the use of gene and stem cell therapies. Additionally, molecules
such as nicotinamide, statins, and neurotrophic factors are being
explored for their potential benefits (Figure 3). It is important
to note that this classification is somewhat arbitrary, as many
of these targets are interconnected and involved in multiple
pathways The development of this neuroprotective drugs for
glaucoma faces significant challenges, with high costs and risks.
These challenges stem from an incomplete understanding of
glaucomatous optic neuropathy and retinopathy, which can be
divided into several areas: the mechanisms of pathogenesis remain
uncertain, therapeutic targets are not clearly defined, and there is a
lack of validated preclinical models (98, 99). Over the past several
decades, numerous models have been developed for glaucoma
research (100). In vitro models include twelve immortalized RGC
lines, primary RGC cultures, and, more recently, RGCs derived
from induced pluripotent stem cells. Inherited and induced rodent
models have largely replaced the primate models used in the 1970s
and 1980s (100). Most glaucoma models focus on increasing IOP,
employing various methods to either elevate episcleral venous
pressure or enhance aqueous outflow resistance. Additionally,
glaucoma research has employed models that induce an acute
rise in IOP, as well as other optic nerve injury models (101).
Every glaucoma model has its strengths and limitations. Cell
culture systems offer a rapid approach to evaluate potential
neuroprotective agents. However, they fall short in accurately
representing the complexities of the human condition. Among
animal models, laser-induced IOP elevation in primates is arguably
the most physiologically relevant. Yet, ethical concerns and high
costs have significantly restricted its use (101). The most widely
used genetic rodent model, the DBA/2] mouse, allows for large-
scale studies but is also associated with various non-glaucomatous
pathologies (102). Induced rodent models, while useful, exhibit
varying degrees of reproducibility and inconsistencies in the extent
of RGC damage they produce (101). Given these limitations, it
seems clear that the best strategy for glaucoma neuroprotection
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FIGURE 3
Overview of key molecules involved in neuroprotection in glaucoma.
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research may be to focus on relatively safe neuroprotective agents
that can be rapidly tested in humans, minimizing the time spent on
animal studies that may not yield reliable or relevant results.

The slow progression of glaucoma, the variability in its
pathogenesis, and the need for clear evidence beyond normal
IOP reduction make clinical investigations into neuroprotection
particularly challenging. These studies are often complex, costly,
and time-consuming due to the chronic nature of glaucoma and
its gradual development (103, 104). However, strategic approaches
can significantly reduce the workload and sample size required to
achieve conclusive results. While OCT has become a widely used
clinical tool, automated perimetry has traditionally been considered
the gold standard for primary outcomes in clinical glaucoma
research (105). In neuroprotection studies, guided progression
analysis using Cirrus HD-OCT offers a trend-based statistical
approach that may replace perimetry as the primary outcome
(101). A promising strategy could involve focusing on “low-
hanging fruit,” where results can be evaluated more quickly. In
cases of acute glaucoma or instances where IOP management
may temporarily be suboptimal, randomized controlled trials
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comparing neuroprotectant treatment to a placebo could be
particularly useful (101). Additionally, leveraging national or
international databases would allow for the selection of individuals
with chronic glaucoma and rapid progression, enhancing the
efficiency of the research (101). Additionally, the effectiveness
of neuroprotective medications relies on patients adhering to
their treatment plans. The complexity of certain treatments,
such as those requiring intravitreal injections or continuous
monitoring, may discourage patients from consistently following
their prescribed regimens (106). Moreover, the overall therapeutic
burden on patients must be carefully considered when integrating
neuroprotective strategies into current glaucoma management
protocols. For example, while adjunctive therapies have shown
promise in enhancing neuroprotection, the risks associated with
non-adherence and the potential increase in medication burden
should be evaluated before their inclusion in standard care (107,
108). To optimize patient adherence and achieve the most favorable
outcomes, it will be essential to develop convenient delivery
methods and ensure that patients are thoroughly educated about
the benefits and importance of neuroprotective medications (109).
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Ultimately, the holy grail of laboratory glaucoma research is to
develop animal models that more closely resemble human disease
in order to validate new therapeutic agents before progressing
to human trials. While there is an ever-increasing abundance
of preclinical research, clinical translation remains in its early
stages and is not without its inherent challenges. Refining clinical
trial designs and utilizing validated monitoring techniques will be
essential in improving the cost-efficiency and success of clinical
neuroprotective trials in glaucoma research.

2.2.1 Management of the excitotoxicity (NMDA
receptor antagonists)

Excitotoxicity refers to the process where excessive stimulation
by neurotransmitters, such as glutamate, leads to nerve cell
damage and death. This occurs when there is over-activation
of receptors, particularly the ionotropic N-methyl-D-aspartate
(NMDA) receptors. Such over-activation results in an influx of
calcium ions into cells, causing oxidative stress and ultimately
leading to cell death (110-112). Glutamate excitotoxicity via
NMDA receptors plays a vital role in RGC death in glaucoma,
often accompanied by oxidative stress and NLRP3 inflammasome
activation. Moreover, inhibitors targeting the RIP1/RIP3/MLKL
pathway, such as GSK872 and necrostatin-1, have shown significant
neuroprotective effects by mitigating RGC necroptosis. These
inhibitors not only prevent necroptotic cell death but also play
a crucial role in suppressing NLRP3 inflammasome activation,
thereby reducing neuroinflammation and neuronal damage in
models of glutamate-induced excitotoxicity (113).

A promising area of research focuses on mitigating excitotoxic
damage through NMDA receptor antagonists. Studies have
demonstrated that compounds such as Philanthotoxin-343 can
safeguard RGCs from NMDA-induced excitotoxicity, thereby
preserving visual function in animal models (114). Beyond
pharmacological interventions, growing evidence suggests that
microRNAs play a crucial role in regulating excitotoxicity. For
instance, miR-145-5p has been implicated in RGC apoptosis via
the PI3K/AKT signaling pathway, highlighting the potential of
modulating microRNA expression as a neuroprotective strategy
(115). Furthermore, the use of microRNA mimics has shown
promise in reducing RGC death following NMDA exposure,
suggesting that genetic approaches may serve as a complementary
avenue alongside pharmacological treatments (116).

Research indicates that glutamate levels in the vitreous humor
of the eyes of humans, dogs, and rabbits with glaucoma are elevated,
reaching concentrations that could be harmful to RGCs (110).
Additionally, memantine, a substance known as a non-competitive
NMDA receptor antagonist, may provide protective effects against
glaucomatous visual neuropathy (117, 118).

Despite the promise of targeting excitotoxic pathways, clinical
outcomes have been inconsistent, indicating that the success of
these treatments may vary depending on the context of RGC
degeneration (119). This suggests a need for further investigation
into the specific mechanisms and factors that contribute to
excitotoxic damage in glaucoma. One such factor is reduced retinal
blood flow, which exacerbates ischemia, causing the accumulation
of glutamate and other neurotoxic substances and creating a
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hypoxic environment in the retina (112). This hypoxia not only
promotes oxidative stress but also impairs the availability of
essential neurotrophic factors like brain-derived neurotrophic
factor (BDNF), which are critical for RGC survival (112). In
the absence of sufficient neurotrophic support, RGCs become
more vulnerable to apoptotic signals triggered by excitotoxicity,
amplifying neuronal damage and contributing to the progressive
vision loss characteristic of glaucoma (111).

Moreover, neuroinflammation further complicates this process.
Activated microglia and astrocytes release pro-inflammatory
cytokines that not only exacerbate oxidative stress but also
disrupt neurotrophic factor signaling, creating a detrimental
feedback loop. This cycle reduces the availability of neurotrophic
factors, making RGCs even more susceptible to excitotoxic
damage (120, 121). Miiller cells, in particular, play a pivotal role
in this process by initiating microglial activation through the
ATP/P2X7 receptor pathway, leading to increased production of
pro-inflammatory mediator (122). This triggers a harmful feedback
loop where activated microglia, in turn, stimulate Miiller cells,
further intensifying the inflammatory response (122, 123). As
neuroinflammation progresses, glial cells release cytotoxic factors,
disrupt the extracellular matrix, and contribute to glutamate
receptor-mediated excitotoxicity, all of which accelerate RGC
loss (123).

2.2.2 Reduction of the mitochondrial dysfunction
and oxidative stress impact

Mitochondrial dysfunction plays a crucial role in the
pathophysiology  of glaucoma by disrupting oxidative
phosphorylation and increasing the production of reactive
oxygen species (ROS). When the cellular antioxidant system
fails to neutralize excess ROS, oxidative stress ensues, leading
to RGCs degeneration and optic nerve damage (124). Elevated
IOP has been shown to exacerbate oxidative stress by reducing
the activity of key antioxidant enzymes, such as glutathione
peroxidases, which are essential for combating oxidative damage
(125, 126). Additionally, mitochondrial defects contribute to
increased ROS levels and decreased ATP production, which
is vital for maintaining cellular homeostasis, particularly in
energy demanding cells like RGCs (1, 127). The relationship
between oxidative stress and mitochondrial dynamics is also
significant. Oxidative stress-induced mitochondrial fission has
been implicated in RGC degeneration, with the loss of proteins
such as AKAPI leading to Drpl-mediated mitochondrial fission,
increased ROS production, and diminished ATP synthesis,
further contributing to RGC death (127, 128). Additionally,
oxidative stress can trigger mitochondrial membrane potential
collapse, leading to apoptosis and progressive neuronal loss in
glaucoma (129). Given that oxidative stress is a significant factor
in glaucoma, antioxidants may serve as a beneficial therapeutic
approach, especially in the early stages of the disease, before
irreversible damage occurs. Numerous studies have explored
the effectiveness of antioxidants in treating glaucoma, using
various compounds such as vitamins, coenzyme Q10, astaxanthin,
Ginkgo biloba, omega-3/6 fatty acids, and resveratrol in animal
models (124).
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Research has shown a strong association between oxidative
stress and the activation of apoptotic pathways in RGCs,
suggesting that antioxidants may offer neuroprotective benefits.
One example is thioredoxin 2 (Trx2), a crucial mitochondrial
antioxidant, which has been shown to promote RGC survival by
reducing oxidative stress and apoptosis in experimental glaucoma
models (130). Alternatively, the application of AAV-NDII gene
therapy has demonstrated remarkable efficacy in murine glaucoma
models by directly enhancing mitochondrial function, significantly
reducing ROS levels, and ultimately preserving RGCs from
degeneration (131).

Vitamin E deficiency, for instance, has been shown to
exacerbate lipid peroxidation and RGC loss in rat models of
glaucoma, suggesting that sufficient vitamin E intake could benefit
individuals at risk for or diagnosed with glaucoma. However,
more research is necessary to confirm the efficacy of vitamin E
supplementation as an adjunct treatment for glaucoma, particularly
through human clinical trials (132). Similarly, resveratrol (RES),
a polyphenol found in peanuts and red grapes, has demonstrated
potential antioxidant and neuroprotective properties. Studies
suggest that intraperitoneal injection of RES may inhibit the
apoptotic Bax-caspase-3 pathway, thereby preventing RGC death.
Additionally, RES appears to reduce reactive gliosis and may
have neuroprotective effects by decreasing the production of
pro-inflammatory chemicals in the retina following retinal
ischemia/reperfusion (133).

Naringenin, a flavonoid found in citrus fruits like grapefruits,
has also been studied for its potential to mitigate age-related
retinal degeneration by influencing mitochondrial dynamics and
autophagy (134). Beyond animal studies, several antioxidants are
currently undergoing clinical trials to evaluate their effectiveness
in human patients. For instance, Ginkgo biloba, a traditional
Chinese medicinal plant, has been studied for its antioxidant
and neuroprotective properties (135). A 2018 study reported
that glaucoma patients who took dietary supplements containing
vitamins, minerals, omega-3 fatty acids, and plant extracts
including Ginkgo biloba experienced improved blood flow and
reduced retinal artery pressure after 1 month of treatment (136).

Moreover, recent research highlights the intricate interplay
between oxidative stress and other pathological mechanisms
in glaucoma. Specifically, the combined effects of oxidative
stress and endoplasmic reticulum stress have been linked
to the worsening of glaucomatous damage to both RGCs
and the optic nerve (137). This multifactorial nature of
glaucoma suggests that a comprehensive approach targeting
both mitochondrial dysfunction and oxidative stress, alongside
traditional IOP-lowering therapies, may be necessary for effective
treatment (138, 139).

Mitochondrial dysfunction is a major contributing factor
in the pathophysiology of glaucoma. Coenzyme Q10 (CoQ10),
an antioxidant found in mitochondria, plays a crucial role in
the electron transport chain. Its neuroprotective effects have
been demonstrated in conditions such as cerebral ischemia
and neurodegenerative disorders (140). CoQ10 has been shown
to reduce pathogenic glutamate levels following reperfusion in
animal models of acute IOP increases, potentially contributing to
neuroprotection (141). Two ongoing randomized clinical trials are
comparing CoQ10 supplementation with placebo in individuals
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with primary open-angle glaucoma who are being treated with
IOP-lowering drugs. One trial (Phase IV, NCT04038034) is testing
oral CoQ10 supplementation to assess its effects on structural and
functional changes. The second trial (NCT03611530) is comparing
the time to disease progression between patients receiving placebo
and those using eye drops containing both CoQ10 and vitamin E
(19). Additionally, glutamate, another antioxidant, has been studied
in patients with POAG and normal-tension glaucoma (NTG).
Findings suggest that a decrease in glutamate levels in the AH is
associated with visual field loss and may be involved in glaucoma
pathophysiology. In NTG patients, a reduction in this antioxidant
can lead to optic nerve damage and RGC loss even in the absence
of elevated IOP (142).

2.2.3 Modulation of the immune response

Proper management of neuroinflammation is crucial
to safeguarding neurons from inflammatory damage and
promoting natural healing processes. Given the prevalence
of RGCs

neurodegeneration, immunomodulation presents a potentially

neuroinflammation  in during  glaucomatous
effective treatment strategy. Glial cells, being key players in
neuroinflammation, serve as promising targets for improving
outcomes in glaucoma and restoring immunological homeostasis.
In glaucomatous neurodegeneration, astroglial reactivity persists
longer than the transient action of microglia, highlighting
their importance as therapeutic targets (143). The success of
interventions targeting microglia in the retina or optic nerve
head to reduce neurodegeneration underscores the need for early
intervention (144-146).

Microglial activation in glaucoma is closely linked to the
release of pro-inflammatory cytokines and chemokines, which
exacerbate RGC damage. Elevated IOP has been shown to
upregulate interleukin-1 (IL-1), suggeting that astrocytes and
Miiller cells may initiate this inflammatory cascade, leading to
microglial activation and subsequent neuronal injury (147, 148).
The Janus kinase-signal transducer and activator of transcription
(JAK-STAT) signaling pathway further mediates this inflammatory
150). Astrocytes also
play a crucial role in the neuroinflammatory environment by

response in chronic glaucoma (149,

undergoing reactive gliosis, marked by increased glial fibrillary
acidic protein (GFAP) expression, which can compromise the
blood-retinal barrier and promote inflammation (149, 151).
Their reactive state can be influenced by activated microglia,
potentially shifting astrocytes from a neuroprotective to a
neurotoxic phenotype (152). The crosstalk between microglia
and astrocytes is therefore a key determinant of whether
immune responses in glaucoma contribute to neuroprotection
or neurodegeneration. Molecular mechanisms driving this
immune activation include toll-like receptors (TLRs) and the
complement system, both of which mediate microglial responses
to stressors such as elevated IOP and systemic inflammation
(153). Specifically, TLR4 signaling has been implicated in
microglial activation and neuroinflammation in glaucomatous
retinas, while the NLRP3 inflammasome plays a role in caspase-
1-mediated pathways that can further exacerbate neuronal
injury (154-156).
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In addition to the exploration of these mechanisms, recent
studies have highlighted the potential of specific microRNAs
and the gut microbiota in modulating immune responses in
glaucoma. miR-146a, for instance, has been shown to reduce
neuroinflammation by promoting an anti-inflammatory phenotype
in activated microglia, offering a novel therapeutic target to
mitigate RGC damage (157). Furthermore, alterations in gut
microbiota composition have been linked to immune dysregulation
in glaucoma. The gut-ocular axis hypothesis suggests that
dysbiosis may trigger systemic immune responses, exacerbating
ocular inflammation and contributing to glaucoma progression
(158). These emerging areas of research emphasize the need to
consider systemic factors, such as microRNAs and gut health,
in the development of comprehensive therapeutic strategies
for glaucoma.

Research has identified several potential therapeutic targets
for mitigating neurodegeneration by modulating inflammatory
responses. For example, ibudilast, a cAMP phosphodiesterase
inhibitor, has been shown to reduce pro-inflammatory mediators
and enhance neuronal survival in hypertensive rat eyes,
emphasizing the importance of targeting neuroinflammation (159).
Additionally, the prevention of monocyte entry into the optic nerve
head through irradiation has been demonstrated to protect against
neuronal damage in DBA/2] mice, further illustrating the role of
immune cells in neurodegenerative processes (160). Moreover,
studies suggest a connection between neuroinflammation and
pathological changes at the node of Ranvier in DBA/2] glaucoma.
The protective effects of immunosuppressive treatment with
fingolimod offer new therapeutic avenues (161). Impairments in
central and effector CD4 memory cells in primary POAG patients,
along with reduced T cell activation thresholds, indicate that T
cells actively contribute to pro-inflammatory signaling (162).
Developing immunological tolerance to glaucoma-associated
antigens could be a viable strategy for controlling inflammatory
responses and potentially slowing disease progression. Increasing
the number of regulatory T cells (Tregs), which inhibit immune
responses, has been shown to reduce vision loss in mice with
glaucoma, suggesting that immunomodulatory drugs targeting
T-cell activity could benefit some patients (163).

Tumor necrosis factor-alpha (TNF-a)-induced neurotoxicity
plays a significant role in the neurodegenerative damage observed
in glaucoma (164). Elevated levels of TNF-a in the AH of
individuals with glaucoma, compared to controls, facilitate the
apoptosis of RGCs via interaction with TNF-receptor-1 (TNF-R1).
In rats, intravitreal injection of TNF-o correlates with optic
nerve degeneration and delayed death of retinal neuronal cells,
associated with increased expression of NF-kB p65 in the optic
nerve, suggesting a link to TNF-a-induced axonal degeneration
(165). Therefore, inflammatory suppressants or TNF-a antagonists
like Etanercept should be considered as adjunct therapy for
glaucoma (147). Protecting RGCs effectively requires targeted
inhibition of cell death signaling and/or enhancement of survival
signaling without compromising TNF-a-triggered survival
pathways (164). TNF-a antagonists, such as infliximab, have
emerged as promising options due to their ability to mitigate the
neuroinflammatory processes that contribute to RGC apoptosis
and optic nerve degeneration. To further explore the potential
of this therapeutic approach, a clinical trial (NCT05180994) is
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currently being conducted involving patients undergoing their first
penetrating keratoplasty (PKP) surgery. This trial aims to assess
the safety, efficacy, and therapeutic potential of topical infliximab
eye drops in preventing post-surgical glaucoma. The study will
closely monitor and compare key outcomes, such as retinal nerve
fiber thickness, glaucoma incidence, visual acuity, ocular surface
inflammation, epithelial healing time, and overall ocular health
between the infliximab-treated and control groups. Furthermore,
a study by Yang et al. explored the role of oxidative stress in
the neuroinflammation and neurodegeneration associated with
glaucoma. The results indicated that antioxidant treatment reduced
neuroinflammation in mice with OHT, while mice deficient in
the antioxidant enzyme superoxide dismutase 1 (SOD1) showed
increased inflammation compared to controls. These findings
highlight the importance of oxidative stress in neuroinflammation
and suggest that antioxidant therapy could be a potential
strategy for neuroprotection in glaucoma (166). Additionally,
there appears to be a potential link between glaucoma-related
neurodegeneration and autoimmune disease. A promising
therapeutic approach could involve focusing on immunological
alterations, such as antibodies against y-synuclein. Targeting
these immune responses specifically in the retina of glaucoma
patients might help protect RGCs and potentially slow disease
progression (167).

2.2.4 Altering the glial cell activity

Glial cells are categorized into two types: macroglial cells and
microglial cells. Microglial cells function as immunocompetent
cells and are involved in cell death and apoptosis. Macroglial
cells produce cytokines, including TGF-a, ciliary neurotrophic
factor (CNTF), and platelet-derived growth factor (PDGF)
(168, 169). CNTF has been demonstrated to prevent cell
degeneration following axotomy and promote neurite growth
and neuronal survival (170). Given their involvement in these
processes, glial cells are emerging as promising therapeutic targets
due to their potential for neuroprotection and optic nerve
regeneration (171).

Studies have shown that patients with primary open-angle
glaucoma have lower CNTF concentrations in their tear fluid and
AH, especially those experiencing significant vision loss (172).
Moreover, the relationship between glial cell modulation and the
molecular mechanisms underlying RGC death is multifaceted.
Increased oxidative stress, deprivation of neurotrophic factors and
reduced blood flow are all implicated in RGC degeneration in
glaucoma. For example, neurotrophic factors such as nerve growth
factor (NGF) are essential for RGC survival, and their deprivation
can lead to increased apoptosis (173, 174). In addition, studies
have shown that glial cells can influence vascular dynamics in the
retina, which is essential for maintaining adequate blood flow and
nutrient delivery to RGCs (171, 175). Impaired ocular blood flow,
often linked to glial activation, can exacerbate the vulnerability of
RGCs, indicating that restoring normal glial function may help
mitigate these effects (176, 177). Furthermore, intravitreal PDGF
infusion has been found to prevent retinal ganglion cell loss. This
neuroprotective effect is mediated by astrocytes and amacrine
cells, which release protective substances in response to PDGF
exposure (178, 179). NT-501, a therapy involving encapsulated cell
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technology (ECT) intravitreal implants, delivers therapeutic agents
directly into the vitreous humor for a duration of one to one-
and-a-half years. These implants contain immortalized pigment
epithelial cells transfected with the human CNTF gene. The efficacy
and safety of NT-501 have been assessed in two 1-year Phase
IT randomized clinical trials in patients with early and advanced
retinitis pigmentosa (RP), as well as a 6-month Phase I non-
randomized clinical trial in RP patients. The trials reported positive
outcomes in terms of tolerability and visual function (180-183).
Additionally, a 1-year randomized Phase II clinical trial in patients
with atrophic macular degeneration showed a favorable safety
profile and benefits for vision maintenance (184). Current Phase
I and IT randomized clinical trials are ongoing to evaluate the safety
and efficacy of NT-501 in patients with POAG (185).

2.2.5 Nicotinamide

Nicotinamide, also known as vitamin B3, has been extensively
studied for its potential to serve as a neuroprotective agent in the
treatment ofglaucoma. Extensive research across various animal
models has demonstrated its ability to mitigate optic nerve damage,
axon loss, and retinal vascular damage, suggesting its potential to
RGCs and their axons (186, 187). One of the key mechanisms
through which nicotinamide may exert these protective effects
is by restoring the levels of nicotinamide adenine dinucleotide
(NAD+), which is critical for mitochondrial metabolism and
energy production. NAD+ depletion is associated with RGC
apoptosis and neurodegeneration, both of which are central to
the progression of glaucoma. Supplementing with nicotinamide
has been shown to significantly increase NAD+ levels, thereby
protecting RGCs from metabolic dysfunction and preventing cell
death (188-190). This restoration of NAD+ helps preserve RGC
function and structure in animal models of glaucoma, especially
in the face of elevated IOP and metabolic stress (187, 191, 192).
Another important aspect of the neuroprotective properties of
nicotinamide is its antioxidant effect. Glaucoma is associated
with increased oxidative stress, where ROS accumulate and cause
cellular damage and apoptosis. Nicotinamide acts as an antioxidant
by neutralizing these ROS, thereby shielding RGCs from oxidative
damage (138). Additionally, it has been found that nicotinamide
can influence the expression of antioxidant enzymes, further
boosting retinal resistance to oxidative stress (190). Furthermore,
nicotinamide may have indirect anti-inflammatory effects, which
are particularly relevant in glaucoma. Nicotinamide appears to
modulate the activity of glial cells like microglia and astrocytes,
reducing the release of pro-inflammatory cytokines and mitigating
their damaging effects on RGCs (193, 194). Studies have also shown
that nicotinamide supplementation can enhance RGC function, as
evidenced by improved PERG responses, which can detect early
functional impairments before structural changes occur (195, 196).
Recent findings have further supported these benefits, showing that
oral nicotinamide administration provides robust, dose-dependent
neuroprotection of RGCs in rat glaucoma models. Higher
doses were particularly effective in preserving RGC structure
and metabolism, reinforcing the potential of nicotinamide as a
therapeutic agent for glaucoma-induced neurodegeneration (197).
This indicates that nicotinamide not only helps preserve RGC
viability but also supports overall retinal function in glaucoma.
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Eight clinical studies of nicotinamide supplementation
in glaucoma are exploring its potential neuroprotective and
therapeutic effects, although results vary due to different stages
of advancement. Several studies, including (NCT06731582),
(NCT05275738), and (NCT06078605), are still under recruitment
or in progress, so their main results are not yet available. However,
(NCT05916066), a completed study, has shown that glaucoma
patients have lower plasma nicotinamide levels than healthy
controls, and that short-term nicotinamide treatment appears to
affect retinal vascularization, suggesting possible retinal health
benefits. The current study (NCT05695027) is investigating
the combination of nicotinamide and pyruvate for open-angle
glaucoma, while the Phase 3 study (NCT05405868) aims to assess
the efficacy of nicotinamide in slowing visual field loss in glaucoma
patients. In addition, a study (NCT06333236) is exploring the
effects of nicotinamide-based treatments in combination with
other compounds but results are not yet available. Overall, while
initial results are promising, particularly with regard to retinal
health and visual function, further research is needed to fully
establish the benefits and safety of nicotinamide supplementation
for glaucoma management.

2.2.6 Statins

Statins have been demonstrated to enhance blood circulation
and modulate immune responses within the nervous system
(198, 199). Research involving animal models has shown that
statins can extend the lifespan of RGCs in response to OHT by
reducing apoptosis (200, 201). The exact mechanisms behind the
potential protection of statins against glaucoma are still being
studied. Statins may influence the Rho kinase pathway (202) and
affect the TM, which regulates AH outflow (203), but further
research is needed to fully understand these effects. In vitro
studies have investigated the neuroprotective effects of statins,
particularly focusing on RGCs and their progressive loss due to
apoptosis in glaucoma. These studies revealed that statins inhibit
gliosis and RGC apoptosis in Miiller cells, with TNF-o identified
as a critical mediator. These findings suggest that statins could
represent a promising therapeutic option for glaucoma treatment
(204). Studies like those by Song et al. support this, demonstrating
atorvastatin’s effectiveness in reducing IOP in ocular hypertension
models (205). Additionally, elevated lipid levels in patients with
normal tension glaucoma suggest that statins may offer protective
effects by improving lipid profiles and modulating oxidative stress,
potentially influencing the pathogenesis of these glaucoma subtype
by restoring the balance of high-density lipoprotein (HDL)-
linked paraoxonase 1 (PON1) enzymatic activity and mitigating
dyslipidemia (206).

Recent studies have investigated the relationship between statin
use and glaucoma, producing varying outcomes. A recent study
analyzed data from the All of Us Research Program, encompassing
79,742 adults with hyperlipidemia (207). The findings revealed that
statin use was linked to a higher likelihood of developing glaucoma.
This association was particularly pronounced among individuals
aged 60 to 69 years, as well as those with optimal or elevated
LDL-C levels (207). These results suggest a potential risk factor,
highlighting the need for further investigation into the effects of
statins on glaucoma.
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Additionally, statins may provide protective benefits against
open-angle glaucoma. A 2012 study analyzed the relationship
between statin use and OAG among nearly 500,000 patients
with hyperlipidemia enrolled in managed care programs. The
study found that patients who adhered to a statin regimen for
2 years were 8% less likely to develop open-angle glaucoma
compared to those who did not use statins (208). Another
clinical study (NCT00913562) aimed to assess whether rosuvastatin
could improve endothelial function in these patients, using
flow-mediated vasodilatation of the brachial artery and flicker-
induced vasodilatation of retinal vessels. However the study has
been withdrawn.

2.2.7 Epigallocatechin-3-gallate
Epigallocatechin-3-gallate (EGCG), a potent flavonoid found in
green tea, has received significant attention for its neuroprotective
properties in glaucoma. Its mechanisms of action include anti-
inflammatory, antioxidant, and anti-apoptotic effects, which
collectively contribute to RGC preservation and disease mitigation
(209). One of EGCG primary neuroprotective mechanisms is
its ability to suppress neuroinflammation, a key contributor
to glaucoma progression. It inhibits the expression of pro-
inflammatory cytokines such as IL-4, IL-6, TNF-a, and IL-1B,
while also downregulating the nuclear factor-kB (NF-kB) signaling
pathway, a central regulator of inflammatory responses (210-
212). In a rat model of optic nerve injury, EGCG administration
reduced inflammation and optic nerve damage, further reinforcing
its therapeutic potential (210). In addition to its anti-inflammatory
effects, EGCG is a powerful antioxidant that eliminates free radicals
and protects RGCs from oxidative stress, a major contributor to
neurodegeneration in glaucoma. Studies have demonstrated that
EGCG reduces oxidative damage in neuronal cells and improves
RGC survival in animal models with elevated IOP (209, 213, 214).
Furthermore, its ability to cross the blood-brain barrier enhances
its efficacy as a neuroprotective agent (215). Beyond its anti-
inflammatory and antioxidant properties, EGCG modulates key
signaling pathways that regulate neuronal survival. It activates
the hedgehog signaling pathway, which has been associated
with neuroprotection against corticosterone-induced neurotoxicity
(216). Additionally, it influences the phosphatidylinositol-3-kinase
(PI3K)/protein kinase B (AKT) and mitogen-activated protein
kinase (MAPK) pathways, both of which play critical roles in cell
survival and apoptosis regulation (217). In an optic nerve crush
model, EGCG treatment significantly increased RGC survival and
maintained higher neurofilament triplet L protein expression (218).
Building on preclinical evidence, a clinical study
(NCT00476138) was conducted to evaluate EGCG impact on
retinal function in patients with ocular hypertension or early
glaucoma. This randomized, placebo-controlled trial included 40
participants divided into two groups: a treatment group receiving
200 mg/day of oral EGCG alongside standard beta-blocker
therapy, and a placebo group receiving only beta-blockers. Patients
underwent comprehensive ophthalmic evaluations at baseline, 3
months, and 6 months, including Humphrey perimetry, PERG
recordings, and RNFL thickness measurement using OCT. The
main outcome measure was PERG amplitude, a key indicator of
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RGC function. Secondary measures included perimetric indices
and RNFL thickness. In a cross-over design, patients switched
between placebo and EGCG treatment after 6 months, allowing
further assessment of EGCG’s effects. PERG recordings were
obtained using high-resolution electroretinography, capturing
retinal responses to counterphased horizontal gratings. OCT
imaging provided detailed RNFL thickness measurements, with
multiple scans ensuring accuracy and reproducibility. While the
results of this clinical study have been submitted for publication,
they are not yet publicly available. However, preliminary findings
suggest that EGCG supplementation may enhance RGC function
and help preserve RNFL thickness, further supporting its potential
role in glaucoma management.

2.2.8 Forskolin

Forskolin, a labdane diterpenoid derived from Plectranthus
barbatus (formerly Coleus forskohlii), is a direct activator of
adenylyl cyclase, increasing intracellular cyclic AMP (cAMP) which
play a crucial role in IOP regulation, neuroprotection, and cellular
signaling (219-221). Forskolin effectively lowers IOP by decreasing
AH production, a key therapeutic target in glaucoma (222).
Clinical trials have demonstrated that 1% forskolin eye drops
significantly reduce IOP in patients with open-angle glaucoma,
offering a potential alternative or adjunct to traditional treatments
(223). A 2012 randomized controlled trial also examined the
effects of an oral supplement containing forskolin and rutin
in patients with POAG, who were already receiving maximum
tolerated medical therapy. The study found that the supplement
helped improve IOP control and led to a modest reduction in
IOP (224). Beyond its IOP-lowering effects, forskolin exhibits
direct neuroprotective properties. It enhances RGC survival by
mimicking neurotrophin activity and modulating critical pathways
such as PI3K/Akt and GSK-3p inhibition, reducing calpain activity,
and mitigating glutamate-induced neurotoxicity (225-227). Studies
indicate that combining forskolin with other neuroprotective
agents enhances its efficacy. In rodent models of hypertensive
glaucoma, dietary supplementation with forskolin, homotaurine,
and B vitamins significantly protected against RGC degeneration
(228). Similarly, forskolin combined with L-carnosine exhibited
synergistic neuroprotection in a rat model of retinal ischemia (227).
study (NCT01254006)
modifications in glaucoma patients is currently in the recruiting

A clinical investigating RNFL
phase. Meanwhile, two other clinical trials, one examining
the effects of forskolin on IOP in glaucomatous patients
(NCT00864578) and another evaluating its effects in patients
undergoing treatment with beta-blockers or prostaglandin eye
drops (NCT00863811), have been withdrawn.

2.3 Long-acting and personalized therapies

2.3.1 Prolonged medication delivery mechanisms,
or extended-release formulations

The management of ocular surface disease and patient
adherence in glaucoma treatment have significantly improved
with the introduction of innovative drug delivery technologies.
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Traditional therapies, primarily topical eye drops, are often
associated with low adherence due to complex dosing regimens,
side effects, and challenges with self-administration (229, 230). To
address these limitations, advanced drug delivery systems have
been developed to enhance therapeutic efficacy while reducing
patient burden.

A significant limitation of conventional eye drops is their
low ocular bioavailability, meaning that only a small fraction
of the administered drug reaches the target site within the eye,
thereby diminishing therapeutic efficacy. Advances in drug delivery
systems, such as gel formulations, in situ-forming gels, and
nanoparticles, present promising solutions to this issue. In situ
gels transition from a liquid to a gel state upon contact with the
ocular surface, enhancing drug bioavailability by prolonging the
drug’s residence time. These gels can be triggered by changes in
temperature, pH, or ion exchange, and offer benefits like improved
drug retention, extended release, and better patient compliance
(231, 232).

Nanoparticles, which
polymeric nanoparticles, and dendrimers, encapsulate drugs to

include lipid-based nanoparticles,

protect them from degradation and enable controlled release.
PLGA
nanoparticles, and lipid-based

Examples of these include chitosan nanoparticles,
[poly(lactic-co-glycolic acid)]
carriers such as liposomes and solid lipid nanoparticles (231, 233).
Additionally, some advanced drug delivery systems combine the
features of in situ-forming gels and nanoparticles to maximize
the advantages of both, resulting in enhanced drug delivery
performance and bioavailability, as seen in nanoparticle-loaded
gels (231).

The use of biodegradable implants, such as Bimatoprost
SR and titanium intraocular implants loaded with travoprost,
represents one of the most promising strategies for managing
persistent glaucoma. These devices provide sustained reductions
in IOP, potentially delaying the need for more invasive surgical
interventions (234, 235). Clinical trials have shown that these
implants allow for continuous drug delivery, reducing the reliance
on daily eye drops and improving patient adherence to treatment
(235, 236). For example, the travoprost intracameral implant has
significantly decreased the need for topical medications, thereby
enhancing patient compliance (230, 236).

Currently, bimatoprost SR is undergoing Phase III trials
across six studies. Of these, one study has been completed
(NCT02247804), which compared the safety and efficacy of
bimatoprost SR with timolol administered topically twice daily.
Two other studies are comparing bimatoprost SR with selective
laser trabeculoplasty (NCT02636946 and NCT02507687), while the
remaining three are focused on assessing the long-term efficacy
and safety of bimatoprost SR (NCT03850782, NCT03891446,
and NCT02250651).

Similarly, three ongoing trials are evaluating a travoprost-filled
titanium intraocular implant in comparison with topical timolol
therapy (NCT02754596, NCT03868124, and NCT03519386).
A biodegradable intracameral implant for extended-release
travoprost has been tested for up to 24 months, but it has been
associated with side effects such as ocular hyperemia, photophobia,
anterior chamber inflammation, cataract formation, and corneal
endothelial cell loss (NCT02371746).

Frontiersin Medicine

10.3389/fmed.2025.1527319

A promising alternative is the development of contact lenses
as medication delivery devices. These lenses offer the potential to
enhance bioavailability and reduce the frequency of administration,
enabling prolonged release of pharmaceuticals (237, 238). Research
indicates that, compared to conventional eye drops, contact lenses
significantly improve medication retention on the ocular surface,
leading to enhanced therapeutic effects (239, 240). Furthermore,
advances in materials science have made it feasible to incorporate
micelles and nanoparticles into contact lenses, which not only
boosts patient adherence but also allows for controlled and
sustained medication release (241, 242).
such as OTX-TP and Evolute
hydrogel punctum plugs, represent another innovative approach

Intracanalicular devices,

to drug delivery. These devices allow for localized drug release,
minimizing systemic exposure and side effects while maximizing
therapeutic efficacy (243). Studies have shown that these systems
effectively maintain therapeutic drug levels in the eye, enhancing
treatment adherence and reducing the incidence of ocular
surface disease associated with conventional therapies (243, 244).
The gel-forming drops include SoliDrop and DuraSite ISV-
215, which contain Brimonidine and Bimatoprost, utilizing
excipients like poly(lactic-co-glycolic acid) and Pentablock
copolymer; both are in preclinical stages (245, 246). An ocular
insert specifically for Bimatoprost is being tested in a Phase
II clinical trial, utilizing a silicone matrix and polypropylene
in the conjunctival cul-de-sac (247). These formulations help
extend the contact time with the ocular surface, thereby boosting
the therapeutic efficacy of glaucoma treatments (229, 242). For
instance, products like SoliDrop and DuraSite ISV-215 have
demonstrated improved patient compliance by decreasing the
frequency of administration needed for effective IOP management
(229, 242).

Intracameral implants, including DURYSTA, iDose Travoprost,
ENV515 or Travoprost XR OTX-TIC, PA5108, and DE-117,
involve multiple formulations with various polymers, progressing
through Phase I to Phase III clinical trials (248-254). Lastly,
subconjunctival injections, such as Durasert™ and POLAT-001,
are also in the clinical trial stages for sustained release of
latanoprost (255-257).

2.3.2 Stem cell-based therapies

Stem cell therapy is emerging as a groundbreaking approach for
treating glaucoma, focusing on directly repairing the TM, which is
responsible for regulating IOP. Unlike traditional treatments that
manage symptoms, stem cell therapy aims to restore TM function,
offering long-term benefits.

There are two key types of stem cells driving this advancement:
human pluripotent stem cells (hPSCs) and mesenchymal stem
cells (MSCs). hPSCs have the remarkable ability to differentiate
into any cell type, enabling the repair or regeneration of damaged
tissues. According to the International Society for Cell and Gene
Therapy (ISCGT), MSCs are multipotent stem cells capable of
generating new cells and differentiating into other cell types (258,
259). Research has also advanced the reprogramming of adult cells
to return to a pluripotent state through molecular manipulation,
producing induced pluripotent stem cells (iPSCs). The production
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of iPSCs typically involves using viruses to deliver genes encoding
specific transcription factors into adult cells (260).

Research has demonstrated the ability of TM stem cells
(TMSCs) to migrate toward the TM and develop into TM cells
when injected into the anterior chamber of a healthy mouse eye.
This process helps restore TM function, crucial for regulating
IOP (261).

An in vivo study in mice and rats has shown that MSCs
and their secreted factors play a crucial role in tissue repair in
OAG by reactivating local neuronal progenitors. Additionally,
laser treatment has emerged as a promising method to facilitate
progenitor cell recruitment by MSCs, thereby enhancing tissue
repair in chronic diseases (262). Adult stem cells found in a specific
region of the eye known as the Schwalbe’s line exhibit unique
properties, making them promising candidates for developing
glaucoma treatments. Research by Braunger et al. involved
treating four cynomolgus monkeys with the nucleotide analog
bromodeoxyuridine (BrdU) for 4 weeks, identifying cells with long-
term retention of BrdU and OCT4 immunoreactivity. These cells,
part of a niche in the Schwalbe’s line region, represent endogenous
adult stem cells that can differentiate into functional TM cells,
potentially regenerating or repairing damaged TM, improving AH
outflow, and reducing IOP (263).

Further studies have highlighted the neuroprotective effects
of MSCs in glaucoma. MSCs, when injected into the anterior
chamber of the eye, protect the optic nerve similarly to TMSCS
(264, 265). To enhance the targeting of stem cells to the TM,
scientists have employed magnetic nanoparticles to label MSCs,
allowing them to magnetically guide to the TM after injection into
mouse models. This method has been shown to be highly effective,
preserving stem cell viability and their ability to differentiate into
functional TM cells (266). An example of this technique is the
use of adipose-derived mesenchymal stem cells (adMSCs) for
restoring the TM (266, 267). Studies have shown that human
adMSCs can differentiate into TM-like cells that not only resemble
the morphology but also retain functional capabilities to regulate
AH dynamics in mouse model in vivo (265). Since adMSCs are
derived from the patient’s own tissue and can be harvested in
significant quantities through minimally invasive procedures, they
are promising candidates for future clinical trials aimed at restoring
TM function in glaucoma patients (268). Using reprogrammed
stem cells derived from glaucoma patients (iPSCs), scientists can
create cells resembling the natural ocular fluid drainage system,
known as TM cells. When transplanted into the eye, these drainage-
like cells could restore normal regulation of eye pressure. This
personalized approach, using the patient’s own cells, reduces the
risk of rejection and provides a tailored treatment, potentially
revolutionizing glaucoma therapy (269).

Studies have explored using MSC-derived exosomes to treat
RGCs. These exosomes have been shown to deliver trophic
and immunomodulatory substances, inhibit inflammatory cell
migration, reduce the release of pro-inflammatory cytokines, and
increase RGC survival (270, 271). Although bone marrow-derived
MSC therapy shows promise as a treatment for retinopathies and
glaucoma, safety studies involving human subjects are limited. A
study investigating the safety and efficacy of using bone marrow
stem cells to treat severe blindness caused by glaucoma involved
two legally blind patients who received MSCs derived from their
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own bone marrow. The study aimed to assess potential side
effects and measure improvements in vision, including visual field
changes, sharpness, thickness of specific eye layers, and nerve cell
function in the more severely affected eye. While the baseline
electroretinography (ERG) findings showed typical characteristics
of advanced glaucoma, there were no notable changes in ERG
responses for either patient up to 1 week post-treatment. However,
on day 15, one patient experienced a serious complication—retinal
detachment with proliferative vitreoretinopathy—necessitating
their removal from the trial. This complication is a known risk
associated with certain ocular surgeries or procedures. The second
patient maintained stable ERG responses throughout the study,
indicating that the treatment did not worsen their condition,
though it did not lead to significant improvement either (272).

Several clinical trials, including the Bone Marrow Derived
Stem Cell Ophthalmology Treatment Study (SCOTS II), have
explored the use of autologous bone marrow-derived stem cells
(BMSC) for treating retinal and optic nerve conditions that cause
irreversible vision loss. SCOTS II specifically focuses on conditions
like macular degeneration, retinitis pigmentosa, and optic nerve
damage from glaucoma or ischemic optic neuropathy. The trial
administers stem cells through various injection routes, including
retrobulbar, subtenon, intravitreal, intraocular, subretinal, and
intravenous (NCT01920867 and NCT03011541). Another study,
currently in the recruiting phase, will focus on evaluating the
safety and potential therapeutic efficacy of intravenous and sub-
tenon delivery of cultured allogeneic adult umbilical cord-derived
mesenchymal stem cells (UC-MSCs) for treating eye diseases,
with the goal of assessing improvements in patient outcomes
and identifying any adverse effects over a 48-month period
(NCT05147701). In addition, a study that is still in the planning
phase will focus on evaluating the effectiveness of Platelet-rich
Fibrin (PRF) membrane treatment in promoting wound healing in
patients undergoing trabeculectomy for glaucoma (NCT06200727).
Stem cells therapies for glaucoma are currently being tested, with
the focus on the efficacy and safety of this strategy. There are
also challenges to overcome, such as ensuring that transplanted
stem cells survive, integrate properly and function. In addition,
preventing immunological rejection and reducing the risk of tumor
development are crucial issues. Despite these difficulties, stem cell
therapy holds great promise for the treatment of glaucoma in the
future, as it can halt the progression of the disease and improve the
eyesight of sufferers.

2.3.3 Gene therapy

Gene therapy presents significant potential for treating various
eye diseases, including glaucoma, by targeting specific genetic
factors involved in disease progression. In glaucoma, which is
characterized by complex genetic backgrounds, gene therapy
focuses on two primary aspects: neuroprotection of RGCs and
reduction of IOP (273, 274). Viral vectors, particularly adenoviruses
(AVs), adeno-associated viruses (AAVs), and lentiviruses (LVs),
are commonly used in gene therapy studies for glaucoma due to
their efficiency in delivering therapeutic genes to ocular cells (275).
Although LVs are highly immunogenic, they offer a high capacity
for transgenic expression and transfection efficiency. AAVs, notably
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AAV2, are less immunogenic, non-pathogenic, and particularly
effective in transfecting RGCs (276-278).
Gene both

augmentation and silencing approaches. Augmentation involves

therapy strategies for glaucoma include
introducing functional or modified genes to enhance cellular
function, while inhibition aims to down-regulate genes associated
with disease symptoms. Silencing strategies, such as siRNA and
short hairpin RNA (shRNA), allow for precise gene regulation
(279, 280). In the pursuit of IOP-targeted gene therapy, various
approaches have been investigated, such as targeting the aquaporin
1 gene (281), the prostaglandin F2a receptor (282), RhoA kinase
(283), exoenzyme C3 transferase (284, 285), metalloproteinase 1
(286), and myocilin (287). These approaches aim at modulating
AH dynamics, TM function and ECM deposition to achieve
sustained IOP reduction. In the most recent study, IOP was
lowered in normotensive Brown Norway rats by delivering a
transgene using a recombinant adeno-associated virus (rAAV)
vector. The vector transgene appears to contain several elements,
such as TC40, COX2, PTGFR, and TC45 that are linked to IOP
modulation. Over the period of 1 year, the observed reduction in
IOP ranged from 12.6% to 43.2%. The degree of reduction was
dose-dependent, indicating that higher vector doses led to greater
IOP reductions (282).

Gene therapy also offers a promising approach to targeting
the TM, with the aim of improving AH outflow and reducing
IOP (288). One potential approach involves the manipulation of
long non-coding RNAs (IncRNAs) to modulate gene expression in
TM cells under oxidative stress, potentially leading to improved
IOP management (289). Elevated IOP in POAG is often linked
to increased resistance to AH outflow due to excessive ECM
accumulation and altered TM cell contractility (290, 291). Gene
therapies targeting ECM components or the signaling pathways
involved in TM cell contractility could restore normal outflow
dynamics. For example, Rho-kinase inhibitors, which reduce TM
cell contractility, have been shown to enhance AH outflow,
suggesting that similar gene-based approaches could be effective in
improving TM function and managing IOP (292).

Many neuroprotective gene therapy strategies for glaucoma
focus on pathophysiological causes other than elevated IOP.
Mitochondrial dysfunction plays a key role in glaucoma, leading
to RGC death by disrupting energy metabolism and increasing
the production of ROS. Recent studies have demonstrated the
potential of gene therapy to improve mitochondrial function and
mitigate oxidative stress. For example, eNdil gene therapy has been
shown to significantly improve mitochondrial function in mouse
models of glaucoma, effectively preserving RGCs by reducing
levels of ROS (131). Similarly, neuroserpin gene therapy has
demonstrated a protective role against oxidative stress by inhibiting
RGC apoptosis and promoting functional preservation in glaucoma
models (293).

In addition to mitochondrial pathways, gene therapy is also
focusing on neuroprotection and the preservation of RGCs by
preventing their degeneration. Neurotrophic factor deprivation,
caused by a lack of neurotrophic factors, leads to reduced
expression of genes linked to cell metabolism and axonal transport
in animal models of glaucoma (294). A promising therapeutic
target is BDNF, which is essential for neuronal survival, plasticity,

Frontiersin Medicine

10.3389/fmed.2025.1527319

and development, particularly in RGCs. In glaucoma, RGCs exhibit
lower levels of BDNF and higher expression of its receptor, TrkB,
which provides neuroprotection for RGCs. Direct administration
of BDNF protein has been shown to reduce RGC apoptosis in
animal models of glaucoma, paving the way for gene therapy
studies using BDNF transgenes. Woéjcik-Gryciuk et al. used AAV2-
BDNF intravitreal augmentation gene therapy in a rat model of
glaucoma and found that BDNF overexpression restored retinal
TrkB levels, which were elevated due to RGC hypersensitivity to
low BDNF levels (295). When different AAV2-BDNF constructs
were used in gene therapy, Osborne et al. observed a decrease in
cell apoptosis in vitro, comparable to that achieved with AAV2-
BDNF alone or AAV2-TrkB. High-pressure glaucoma models in
rats and optic nerve crush in mice employed similar approaches
(296). Nishijima et al. focused on the intracellular domain of TrkB
(iTrkB) for intravitreal gene therapy. Because iTrkB is smaller
than other TrkB variants, it can be more effectively packaged into
AAV vectors. This AAV design showed excellent results in various
animal models of optic nerve injury, including glutamate/aspartate
transporter knockout mice, silicone oil-induced glaucoma, and
acute optic nerve compression (297). In an NMDA-induced
excitotoxic mouse model, Shiozawa et al. used a tyrosine triple
mutant AAV2 vector for BDNF gene delivery (tm-scAAV2-
BDNF). This gene therapy improved ERG b-wave amplitude,
decreased reactive gliosis in the retina, attenuated inner retinal
thinning, and reduced RGC loss (298). In addition to BDNF,
other neurotrophins and growth factors that have shown promise
in experimental glaucoma treatments include vascular endothelial
growth factor (299) and CNTF (300). Additionally, modulation
of apoptosis and neurodegeneration pathways has been explored
as a therapeutic strategy. Gene therapies targeting anti-apoptotic
factors like Bcl-xL (301) and X-linked inhibitor of apoptosis protein
(Xiap) (302) have shown neuroprotective effects in animal models
of glaucoma. Similarly, interventions targeting Fas ligand (303)
and nicotinamide mononucleotide adenylyltransferase 2 (Nmnat2)
(304) have demonstrated RGC neuroprotection and preservation of
visual function. Furthermore, Erythropoietin (EPO) gene therapy
has shown promise in reducing inflammation and preserving
RGC function (305). Additionally, targeting N-methyl-D-aspartate
(NMDA) excitotoxicity (306) and regulating transcription factors
like Max (307) and nuclear factor-E2-related factor 2 (Nrf2)
(308) have demonstrated neuroprotective effects in preclinical
studies. Finally, silencing gene therapies aiming at reducing IOP or
promoting RGC neuroprotection have also been explored. These
include targeting proteins involved in inflammatory pathways,
such as IkB kinase (309) and Shp2 (310), as well as long non-
coding RNAs like growth arrest-specific transcript 5 (GAS5) (311)
and membrane proteins like Nogo-A and its associated receptor
NogoR-1 (312).

A clinical study (NCT06465537) is ongoing to assess the safety,
tolerability and preliminary efficacy of BD113vLVP in reducing IOP
in patients with POAG and MYOC gene mutations. The study will
also explore the characteristics of BD113vLVP metabolism and its
potential impact on visual acuity. Despite the promising potential
of gene therapy for the treatment of glaucoma, research bridging
the gap between basic studies and clinical trials are still scarce,
making further research in this field of ophthalmology crucial.
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2.3.4 Personalized medicine

Personalized medicine aims to tailor the prevention and
treatment of glaucoma based on a patient unique genetic profile and
other individualized characteristics. Research has shown that most
cases of open-angle glaucoma are complex and polygenic, arising
from the combined effects of multiple common genetic variations,
with each contributing minimally to the overall disease (19). For
instance, genome-wide association studies (GWAS) have identified
numerous genetic loci that are associated with glaucoma risk
factors, such as IOP, vertical cup-to-disc ratio, and central corneal
thicknessrove the identification of individuals at high risk for vision
impairment, it is critical to integrate these genetic findings with
other known risk factors.

Machine learning algorithms have the potential to analyze
large datasets, identifying the critical pathways that are disrupted
in glaucoma and categorizing patients according to genetic
similarities. This approach may reveal new biomarkers that can
be used to diagnose, prognosticate, or develop targeted treatments
for glaucoma. However, these biomarkers will need to undergo
rigorous validation before they can be reliably used in clinical
practice. Once validated, they could allow ophthalmologists to
identify high-risk patients, enabling them to administer more
aggressive treatments when necessary while avoiding unnecessary
interventions for others (19).

Quantdicators like IOP and OCT measurements of retinal
nerve fiber layer thickness are examples of biomarkers that are
already being explored for their potential to track glaucoma
progression. Moreover, advancements in imaging technologies,
as well as genomic, metabolomic, and proteomic studies, are
uncovering additional potential biomarkers. These will need to
be validated across diverse patient populations, different stages
of the disease, and ethnicities. Such biomarkers could eventually
predict a patient’s response to treatment, guide prognoses, or
even serve as diagnostic tools. Recent studies have suggested, for
example, that aqueous veins related to Schlemm’s canal may serve
as a structural biomarker to predict the outcomes of glaucoma
surgery (19).

The personalized approach to glaucoma treatment emphasizes
the integration of genetic profiles, environmental factors, and
individual responses to therapy. By considering these elements,
clinicians can tailor interventions to improve both treatment
outcomes and patient adherence (313, 314). Recent studies have
identified genetic factors that contribute to the development of
glaucoma, such as variants in Caveolin 1 and 2, TMCOI1, and
CDKN2B-AS1 (315, 316). Additionally, polygenic risk scores (PRS)
are emerging as an important tool to assess genetic predisposition,
allowing for the stratification of individuals based on their risk level.
This approach supports early intervention, particularly for those
with ocular hypertension (317).

MicroRNAs (miRNAs), small non-coding RNA molecules, are
also being explored as potential biomarkers for glaucoma. They
have been found to be differentially expressed in the AH of
glaucoma patients, which could offer insights for early diagnosis
and disease monitoring (318). Furthermore, elevated levels of
inflammatory and oxidative stress markers, such as TGF-p and
VEGE, suggesting that inflammation plays a critical role in disease
progression (319, 320). As research progresses and our knowledge
of these factors increases, the possibility of developing more
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effective and personalized treatment options for glaucoma patients
becomes increasingly feasible.

3 Conclusion and perspectives

Emerging glaucoma therapies are shifting toward a
combination of IOP lowering treatments and neuroprotective
strategies, signaling that effective management goes beyond
reducing IOP alone. While traditional therapies have focused on
lowering IOP to protect the optic nerve, this dual approach also
aims to slow or prevent neurodegenerative processes, offering a
more holistic solution to preserve vision. We have summarized
the various strategies exposed in this review in the Table 1.
By addressing both IOP reduction and neuroprotection, these
therapies have the potential to improve long-term outcomes,
offering not only symptomatic relief but also enhanced protection
of the underlying neural structures. This evolution in glaucoma
treatment could lead to a paradigm shift, increasing therapeutic
efficacy, slowing disease progression, and more effectively
preserving vision (Figures 3, 4).

The field of glaucoma management is undergoing a profound
transformation, driven by a series of innovative treatments that
offer new hope in the fight against this insidious thief of sight.
While the main focus of current therapies is on reducing IOP
to protect the optic nerve and preserve vision, the evolution of
treatment strategies goes far beyond traditional pharmacotherapy.
Traditional medications, such as p-blockers, carbonic anhydrase
inhibitors, prostaglandin analogs, alpha-agonists, and cholinergic
agonists, continue to play an essential role in managing IOP.
However, the advent of new IOP-lowering drugs, including
rho-kinase inhibitors and nitric oxide-donating prostaglandin
analogs, offers promising avenues for more effective pressure
control. Additionally, the development of fixed combinations
and dual-mechanism therapies provides innovative strategies for
addressing IOP variability in diverse patient populations. Beyond
the emphasis on IOP reduction, there is a paradigm shift toward
neuroprotective strategies in glaucoma treatment. Recognizing that
glaucoma damage extends beyond IOP elevation, researchers are
exploring ways to promote cell survival and counteract optic nerve
degeneration. Approaches targeting excitotoxicity and oxidative
stress, as well as modulating immune responses, are emerging to
mitigate neurodegenerative processes and preserve visual function.

However, the limitations of existing treatments should not
be overlooked. Long-term use of topical medications, particularly
those containing preservatives, can lead to ocular surface
damages, corneal toxicity, and chronic irritation, resulting in
reduced patient compliance and treatment efficacy. Surgical
interventions, while often necessary, are accompanied by potential
complications such as scarring and unpredictable post-operative
outcomes. Additionally, the complexity of multi-medication
regimens remains a significant barrier to patient compliance,
with many patients struggling to maintain consistent treatment,
which can ultimately exacerbate disease progression. Given these
challenges, the future of glaucoma management must involve a
more comprehensive approach that integrates neuroprotection
and IOP control, while minimizing adverse effects and improving
patient compliance. Emerging therapeutic strategies represent
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TABLE 1 Overview of the therapeutical strategies presented in the present review.

Expected effect

Lower IOP

Therapeutic strategy

Increasing the AH outflow

Therapy used

Rho-kinase inhibitors; NO-donating prostaglandin analog; FC Rho-kinase
inhibitor/latanoprost; Cannabinoids; Melatonin; Connective tissue growth factor;
Adenosine; Gene therapy (aquaporin 1, RhoA kinase, myocilin)

Decreasing the AH production

FC Rho-kinase inhibitor/latanoprost; Cannabinoids; Melatonin; Adenosine

Decreasing the actomyosin
contraction

Rho-kinase inhibitors

Smooth Muscle Relaxation

NO-donating prostaglandin analog

TGF-B regulation then decreasing
fibrosis and TM function

Connective tissue growth factor, Gene therapy (aquaporin 1, RhoA kinase, myocilin)

ECM remodeling

Connective tissue growth factor, Gene therapy (aquaporin 1, RhoA kinase, myocilin)

Decreasing Cl- Channel activation

Adenosine

Long-term TM regeneration

Stem cell therapy (MSCs); Stem cell therapy (hPSCs, iPSCs)

Neuroprotection/neuroregeneration

Reducing apoptosis and necroptosis

NMDA receptor antagonists; antioxidant; TNF-o antagonists; JAK-STAT inhibitors;
miR-146a; statins; Forskolin, Stem cell therapy (MSCs), Exosome therapy (MSCs), Gene
therapy [TrkB Activation, Silencing Long Non-Coding RNAs (GAS5), Bcl-xL and Xiap]

Supporting neurotrophic survival
mechanisms

NMDA receptor antagonists, gene therapy (BDNF overexpression, VEGE, CNTF)

Reducing inflammation

NMDA receptor antagonists; antioxidant; TNF-o antagonists; JAK-STAT inhibitors;
miR-146a; Gut microbiota modulators; Glial cell inhibitors; Nicotinamide; statins;
EGCG; Exosome Therapy (MSCs); gene therapy [EPO, Silencing Long Non-Coding
RNAs (GAS5)]

Blocking excitotoxicity

NMDA receptor antagonists; Forskolin

Reducing ROS

Antioxidant; TNF-o antagonists; Nicotinamide supplementation; statins; EGCG; Gene
therapy (eNdil)

Enhancing retinal blood flow

Antioxidant; statins

RGC metabolism

Nicotinamide Supplementation; Combination therapy (Nicotinamide + Pyruvate)

Improvement in RNFL thickness

EGCG; Forskolin

a promising evolution toward more effective treatments that
enhance patient compliance. Further research is essential to refine
these approaches and ensure their long-term clinical benefits.
Ultimately, the evolution of glaucoma treatments must reflect
the complexity of the disease itself. A truly effective strategy
will not only preserve vision by reducing IOP but also actively
protect the optic nerve from irreversible damage. The next
generation of therapies must strike a balance between efficacy and
tolerability, enabling patients to maintain both their sight and
their quality of life. As our understanding of glaucoma increases,
so must our efforts to develop treatments that address its full
pathophysiological spectrum.

Personalized medicine is becoming increasingly important,
with genetic knowledge and biomarkers allowing clinicians to tailor
interventions to each individual patient, optimizing treatment
efficacy and minimizing unnecessary interventions. Machine
learning algorithms have the potential to decode complex genetic
pathways and identify high-risk individuals, facilitating proactive,
and targeted care. As treatment guidelines evolve, extended drug
delivery mechanisms and sustained-release formulations promise
increased therapeutic efficacy and improved patient compliance.
Moreover, advancements in imaging and biomarker discovery
are driving research into precision medicine for glaucoma,
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enabling early detection and intervention. The convergence of
innovative therapies, personalized approaches, and advanced
diagnostics signals a new era in glaucoma management. By
addressing the multifactorial nature of the disease and utilizing
advanced interventions, clinicians are poised to transform the
trajectory of glaucoma, potentially saving countless individuals
from the misery of vision loss. This approach not only preserves
vision but also enhances the quality of life for those affected
by glaucoma.

Looking ahead, non-IOP lowering treatments will likely play
a pivotal role in managing glaucoma. Factors beyond IOP, such
as systemic vascular health, genetics, and lifestyle, significantly
influence glaucoma progression. Impaired ocular blood flow, often
linked to systemic conditions like hypertension and diabetes, can
worsen optic nerve damage independently of IOP levels. Genetic
variants related to neurodegeneration and apoptosis further
increase susceptibility to the disease, while lifestyle factors such
as obesity, smoking, and physical inactivity contribute through
inflammation and oxidative stress. Additionally, cerebrospinal
fluid pressure (CSFP) has been identified as an important factor,
with lower CSFP associated with optic nerve damage. These
findings underscore the need for a comprehensive approach that
incorporates both IOP and CSFP management.
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TABLE 2 The first molecule in the therapeutic strategy is the NO-donating prostaglandin analog.

Expected effect

Lower IOP

Therapeutic strategy

NO-donating prostaglandin analog

Outcome

NCX 470 ophthalmic solution (0.1%) shows promising potential for managing IOP in
glaucoma patients, with ongoing Phase 3b trial evaluating its effects on AH dynamics

FC Rho-kinase inhibitor/latanoprost

PG324 (Netarsudil/Latanoprost) was non-inferior to Ganfort (Bimatoprost/Timolol) in
reducing IOP

PG324 provided superior IOP reduction compared to AR-13324 (Netarsudil) and
Latanoprost

PG324 demonstrated superior efficacy in sustained IOP reduction compared to AR-13324
and Latanoprost, with additional long-term safety data

3-month study: PG324 showed superior efficacy in sustained IOP reduction compared to
AR-13324 and Latanoprost

Switching to Netarsudil/Latanoprost from various latanoprost-based regimens effectively
lowered IOP in glaucoma and ocular hypertension patients, demonstrating its efficacy as a
replacement therapy

Cannabinoids PEA supplementation improved RGC, but had no significant effects on IOP intraocular
pressure, visual acuity, central corneal thickness, ganglion cell complex
Results have not been reported yet

Adenosine Trabodenoson demonstrated significant potential in reducing IOP by 6-7 mmHg in Phase

2 trials, Phase 3 trials encountered setbacks due to incorrect dosages and regimens

FC of trabodenoson and latanoprost resulted in significant IOP reduction through
synergistic mechanisms

PBF-677 in healthy volunteers, with close monitoring of side effects, safety and tolerability

INO-8875 eye drops for IOP reduction in adults: safety, tolerability and efficacy

Neuroprotection / Neuroregeneration

Mitochondria and oxidative stress

Evaluation of the effects of CoQun (Coenzyme Q10 and Vitamin E)

Evaluation of the effects of CoQun

Immune response

Safety and efficacy of topical infliximab eye drops in preventing post-surgical glaucoma in
patients undergoing their first penetrating keratoplasty

Nicotinamide

Efficacy of nicotinamide supplementation in slowing visual field progression

Efficacy of nicotinamide supplementation in slowing visual field progression

Efficacy on RGC functions

Improvement of the retinal vascularization after short-term treatment

Investigating the combination of nicotinamide and pyruvate

Efficacy of nicotinamide in slowing visual field loss

Investigating the combination of citicoline and nicotinamide oral solution on short term
improvement in inner retinal function, bioelectrical activity of the visual cortex and visual
function

Statins

Rosuvastatin could improve endothelial function, withdrawn

EGCG

Potential benefits for inner retinal function

Forskolin

Investigating RNFL modifications

Effects of KRONEK on IOP Patients under maximum tolerated medical therapy,
withdrawn

Effects of association of forskolin with Rutin and vitamins B on IOP in Patients under
treatment with either beta-blockers or prostaglandins eye drop, withdrawn

Non-IOP lowering strategies to improve ocular blood
flow regulation, such as through the use of carbonic anhydrase
inhibitors, calcium channel blockers, and the inhibition of astrocyte
activation, offer promising therapeutic avenues. Experimental
approaches such as nitric oxide-2 synthase inhibition, matrix
metalloproteinase-9 suppression, and upregulation of heat
shock proteins could prevent glaucomatous optic neuropathy.
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Additionally, reducing oxidative stress, particularly at the
mitochondrial level, using antioxidants like ginkgo, polyphenolic
flavonoids, and anthocyanosides, holds potential in mitigating
further damage. Pre-clinical and clinical studies are necessary to
confirm the efficacy of these treatments and establish their role in
glaucoma management. By integrating these emerging therapies
with traditional approaches, clinicians may transform the trajectory
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of glaucoma, preserving vision and improving the quality of life
for those affected by the disease. Despite significant advancements,
research on glaucoma treatment remains incomplete. Numerous
innovative therapies are under investigation, with ongoing
clinical trials assessing their potential efficacy. Glaucoma is
extensively studied, encompassing diverse aspects ranging from
its pathophysiology to novel therapeutic strategies. Currently, 163
interventional clinical trials are in progress, reflecting substantial
efforts to better understand this disease and develop more effective
treatments (clinicaltrials.gov). Interestingly, among the ongoing
clinical trails, lowering the IOP remains the primary focus. This
extensive research underscores the importance of glaucoma as a
major public health concern and highlights the need to explore
new therapeutic approaches, particularly in neuroprotection and
IOP reduction, to enhance patient quality of life. Despite the large
number of ongoing clinical trials, several promising therapies
have yet to be tested in humans, emphasizing the critical need
for continued research to bridge this gap and translate emerging
treatments into clinical practice (Table 2).

Future glaucoma research should make significant progress
by focusing on several critical areas, particularly in the fields of
early diagnosis, personalized treatment and innovative therapeutic
delivery systems. One of the most promising avenues is the
development of Al-powered diagnostic tools and continuous IOP
monitoring systems, such as smart contact lenses. These lenses
can facilitate real-time IOP monitoring, which is crucial for
the early detection of glaucoma. In addition, the integration of
nanotechnology into contact lenses has opened up new options
for drug delivery systems, enabling sustained release of glaucoma
drugs. These advances not only improve drug bioavailability, but
also reduce the frequency of administration, thereby improving
patient compliance. The use of smart contact lenses capable of
releasing drugs in response to specific stimuli, such as light,
represents a new approach to personalized treatment. This
technology could enable glaucoma to be managed more effectively
by tailoring treatment to the individual needs.

In addition to

approaches, future research should also explore the genetic

improving diagnostic and therapeutic
and epigenetic factors that influence glaucoma. Understanding
the molecular pathways involved in optic nerve degeneration may
reveal new therapeutic targets. In addition, studying the role of the
microbiome in glaucoma could lead to a better understanding of
the disease pathophysiology and potential treatment strategies. The
treatment of side effects associated with glaucoma drugs is another
critical area for future research. The development of alternatives to
the toxic preservatives commonly found in eye drops is essential
to improve patient comfort and adherence to treatment regimens.
In addition, the combination of therapies to mitigate long-term
complications, such as drug resistance, is essential to improve
treatment efficacy.

Telemedicine solutions also represent a significant opportunity
to improve accessibility to glaucoma care worldwide. By leveraging
technology to facilitate remote monitoring and consultations,
healthcare providers can reach underserved populations, reducing
the burden of this disease. Finally, ensuring the affordability
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and long-term safety of emerging therapies is essential if they
are to be successfully implemented in clinical practice. As new
technologies and treatments are developed, thorough assessments
of their cost-effectiveness and safety profile are essential to
ensure that they can be widely adopted without compromising
patient care.

In conclusion, the future of glaucoma research should focus
on integrating advanced diagnostic tools, personalized treatment
strategies and innovative drug delivery systems, while addressing
the challenges of accessibility, affordability and safety. These
efforts will help improve outcomes for patients suffering from this
debilitating disease.
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