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Abstract

Glaucoma is the neurodegenerative disease of retinal ganglion cells. The main risk factor for glau-
coma is increased intraocular pressure. The processes leading to cell death due to presence of the injury
factor comprise multiple molecular mechanisms, as well as the immunological response. The knowledge
of immunological mechanisms occurring in glaucomatous degeneration makes it possible to introduce
glaucoma treatment modulating the cellular degradation. The glaucoma treatment of the future will
make it possible not only to lower the intraocular pressure, but also to moderate the intracellular
mechanisms in order to prevent retinal cell degeneration. Citicoline is a drug modulating glutamate
excitotoxicity that is already in use. Rho kinase inhibitors were found to stimulate neurite growth and
axon regeneration apart from lowering intraocular pressure. The complementary action of brimonidine
is to increase neurotrophic factor (NTF) concentrations and inhibit glutamate toxicity. Immunomod-
ulatory therapies with antibodies and gene therapies show promising effects in the current studies.
The supplementation of NTFs prevents glaucomatous damage. Resveratrol and other antioxidants in-
hibit reactive oxygen species formation. Cell transplantation of stem cells, Schwann cells and nerve
extracts was reported to be successful so far. Our review presents the most promising new strategies of

neuroprotection and immunomodulation in glaucoma.
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Introduction

Glaucoma is a group of diseases characterized by pro-
gressive optic nerve degeneration. It leads to irreversible
loss of retinal ganglion cells (RGCs) and their axons —
optic nerve fibers of the retina [1]. These changes can be
observed by the thinning of the RGC layer and retinal
nerve fiber layer of the retina.

Glaucoma is treated pharmacologically and surgically,
decreasing the intraocular pressure. Surgical treatment is
usually reserved until there is a failure of medical treat-
ment. Topical therapy with ocular hypotensive drugs
works by suppressing the production of the aqueous hu-
mor or by increasing the conventional or unconvention-
al aqueous outflow pathway. The main anti-glaucoma
topical medication classes are -adrenergic antagonists,
a2-adrenergic agonists, carbonic anhydrase inhibitors,
prostaglandin F, analogues and, recently introduced, Rho
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kinase inhibitors [2, 3]. Out of these groups, the Rho ki-
nase inhibitors are the only drugs resulting in decreased
resistance in trabecular meshwork outflow by modifying
the cytoskeleton of trabecular meshwork cells [4].

Increased intraocular pressure (IOP) has been known
as a main factor of glaucoma incidence and progression.
Targeting trabecular meshwork and aqueous humor out-
flow pathways has been the main strategy in glaucoma
treatment. Ocular hypotensive drugs were proven effective
in delaying or preventing glaucoma in patients with and
without ocular hypertension [5-7].

Glaucoma is one of the leading causes of irreversible
blindness in developed countries [8]. Its treatment was in-
troduced during the second part of the 20™ century and has
made great progress. Ocular hypotensive drugs are eas-
ily administered and widely available. In addition, there
is a wide range of surgical procedures which effectively
decrease intraocular pressure. However, achieving low
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intraocular pressure is often not enough to prevent glau-
coma progression. Thus, ophthalmic research has become
focused on understanding the molecular pathomechanisms
in RGCs’ glaucomatous degeneration.

The research in glaucoma pathophysiology has shown
that numerous cellular mechanisms are involved in RGC
loss. Since lowering IOP is often not enough to prevent
glaucoma, there is a need for developing additional agents
which allow retinal cells to withstand various pathological
factors [9, 10].

The molecular basics of the glaucomatous damage in-
clude production of reactive oxygen species (ROS), depri-
vation of neurotrophic factors (NTFs), glial activation,
excitotoxicity, ischemia and oxidative stress [11]. Those
mechanisms are a possible target for neuroprotection and
glaucoma treatment.

Citicoline/glutamate excitotoxicity

Glutamate is one of the main central nervous system
(CNS) neurotransmitters. Glutamate acts on N-methyl-
D-aspartate (NMDA) and non-NMDA receptors, activating
proapoptotic cascades. Glutamate toxicity is considered
a potential cause of glaucomatous damage. Increased glu-
tamate concentration leads to ischemic insult in the CNS
[12]. Memantine is an NMDA receptor antagonist blocking
excessive glutamate activity [13] and is considered a pro-
tective agent in glaucoma therapy [12]. Clinical studies
however suggest no effect on delaying visual field changes
in patients receiving memantine treatment [14].

Citicoline is a nootropic drug and one of the neuropro-
tective agents used already in prevention of glaucomatous
degeneration. Citicoline exerts its functions by counter-
acting glutamate excitotoxicity. Inhibition of glutamate
action by citicoline reduces oxidative stress in RGC injury
[15, 16].

Citicoline is a precursor for acetylcholine (ACh) —
the main neurotransmitter of the cholinergic system.
The cholinergic signaling in CNS modulates visual pro-
cesses. Moreover, the proper ACh metabolism is necessary
for survival of the RGCs.

Citicoline crosses the blood-brain barrier after the
breakdown to cytidine and choline. Upon entering the
CNS, it is incorporated in biosynthesis of phosphatidyl-
choline, ACh, sphingomyelin and cardiolipin. It supports
ACh formation and also serves as a rescue recourse for
cellular membrane components [16]. These functions have
been suggested to have the main role in citicoline neuro-
protection in degenerative diseases of the CNS.

Citicoline is known for modulating the cholinergic,
glutamatergic and dopaminergic neurotransmission in
structures involved in glaucomatous degeneration. It has
also been shown to maintain proper levels of sphingomy-
elin — one of the proteins involved in RGCs’ axonal func-
tion and in effect enhance RGC survival [16].

106

Glaucoma treatment with citicoline causes delay in
degenerative changes seen in electrophysiological testing
(visual evoked potential). Citicoline is believed to halt
glaucoma progression [15]. However, it cannot replace
hypotensive treatment as its effect is transient and the drug
would have to be given continuously to achieve a stable
neuroprotective effect [15].

Rho kinase inhibitors

Rho kinase inhibitors are the newest class of clinically
approved ocular hypotensive drugs. The class comprises
ripasudil, which was approved in Japan in 2014, and ne-
tarsudil, which was approved in the United States in 2017.
The Rho-associated coiled-coil-containing protein kinase
(ROCK) family is the main effector of the Rho family and
it comprises of ROCK1 and ROCK?2. These agents act on
ROCKI1 and ROCK2 Rho kinases in the trabecular mesh-
work [3]. Their main mechanism of action is attributed to
lowering aqueous outflow resistance by modifying the my-
osin light chain in the cytoskeleton [4, 17]. It also regulates
neuroinflammation mediating the NF-kB pathways [3].

The effect of Rho kinase pathways on RGC degener-
ation has been investigated [18]. Apart from Rho kinase
inhibitors’ beneficial influence on IOP modulation, they
present an additional neuroprotective effect on retinal neu-
rons. ROCK inhibitors were shown to stimulate neurite
growth and axonal regeneration [19]. Rho kinase path-
ways’ suppression modulates and inhibits autophagy. Rho
kinase inhibitors in experimental glaucoma models — ad-
ministered topically as well as systemically — promoted
RGC survival and regeneration [18, 20, 21]. The neuro-
protective effect of Rho kinase inhibitors may play a sup-
plementary role in glaucoma treatment.

Brimonidine

Brimonidine is an a2 adrenergic receptor agonist low-
ering intraocular pressure and thus preventing glaucoma
progression. Inhibition of a2 adrenergic receptor results in
increased aqueous outflow and decreased aqueous humor
production [8]. Brimonidine was approved by the Food
and Drug Administration for topical glaucoma treatment in
1996. It represents one of the main classes of topical ocular
hypotensive agents.

Apart from its well-known action of lowering IOP, bri-
monidine has been reported to bear neuroprotective poten-
tial [13]. It has been reported to lead to elevation of NTFs
[22, 23], reduce cyclic adenosine monophosphate (cAMP)
concentrations and modulate NMDA receptors responsible
for glutamate toxicity [8]. Amyloid 3, known for the neuro-
degenerative pathway in Alzheimer’s disease, has also been
proposed to be involved in RGCs’ glaucomatous injury.
Brimonidine was reported to act on the amyloid-§ pathway
and decrease its levels in an in vitro model [24], which ex-
plains brimonidine’s additional neuroprotective function.
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Statins

Statins are agents used for systemic hypercholesterol-
emia. Their main action is to inhibit 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase and suppress cholesterol
synthesis. They additionally exert an anti-inflammatory ef-
fect through Rho kinase inhibition [25]. Apart from leading
to cytoskeletal reorganization as well as cell shape chang-
es in the trabecular meshwork and ciliary body in vitro
[26], they show a protective effect on optic nerve head
(ONH) astrocytes [27]. Transforming growth factor 32
(TGF-B2) is a protein modulating cell differentiation, pro-
liferation and chemotaxis. It also mediates extracellular
matrix remodeling in ONH during glaucoma development.
Statins’ side-effect — TGF-32 inhibition — has a neuropro-
tective role in ONH changes in glaucomatous neurodegen-
eration [27].

Immunomodulation

Neuroinflammation plays a role in glaucomatous dam-
age. The complement, tumor necrosis factor oo (TNF-a.)
and toll-like receptors (TLR) are shown to take part in
pathways leading to RGC loss in animal and in vitro glau-
coma models. The microglia and macroglia are involved
in inflammatory responses to the injury signal. The proin-
flammatory cytokines exert an immunostimulatory effect
and favor the interaction of glia with T lymphocytes, which
are known for their neurodegenerative potential [28, 29].

Inhibition of TLR reduces astrocyte activation and the
RGC death rate. The molecule TAK-242 (resatorvid) has
been proven effective as a selective TLR4 inhibitor and
neuroprotective agent in a murine glaucoma model [30].

It was found that glial response modulation with in-
travitreally administered ibudilast — a phosphodiesterase
type 4 inhibitor — resulted in decreased secretion of proin-
flammatory mediators and activation of the cAMP/PKA
pathway, which in effect enhanced RGC survival [31].

The complement pathway includes activity of pro-
teins C1, C3 and C5, which promotes membrane attacking
complex formation and cell lysis. The increased activity
of complement has been found in eyes in animal glauco-
ma models [32-35]. Complement inhibitor therapies are in
preclinical and clinical trial phases for age-related macular
degeneration [36]. As for glaucoma, the murine model trial
of CR2-Crry gene therapy affecting complement showed
promising results [37]. The gene CR2-Crry codes Crry
— the main regulator of C2 involved in the complement
pathway. Treated retinas showed overexpression of Crry,
which resulted in inhibition of the complement pathway,
leading to reduction of the RGC degeneration rate [37]. In-
travitreal therapy with antibodies suppressing complement
pathways also showed beneficial results. The trial with the
C5-1-C5 complement component antibody prevented the
loss of retinal cells [38].
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Fas ligand (FasL) promotes the extrinsic apoptotic
pathway by binding to the Fas/CD95 trans-membrane re-
ceptor. As a result, the caspase cascade is activated [39].
Studies investigating inhibition of FasL-Fas by a small
peptide of the Fas receptor antagonist named ONL1204
showed neuroprotective and immunomodulatory effects
[40]. Fas receptor inhibition reduced gliosis and macro-
phage infiltration and decreased the concentration of proin-
flammatory cytokines and chemokines, such as TNF-a,
interleukin (IL)-1, glial fibrillary acidic protein (GFAP),
caspase 8, TLR4 and C3 and C1Q complement compo-
nents. The treatment of glaucomatous eyes with ONL1204
prevented axon degeneration and resulted in decrease of
the RGC death rate.

TNF-a is a proinflammatory cytokine playing a role
in glaucomatous degeneration. It promotes mitochondrial
cell death pathways and induces ROS generation. The sys-
temic administration of the Food and Drug Administration
(FDA)-approved anti-TNF-a antibody etanercept showed
the response in glaucomatous retinas. In glaucoma models,
eyes treated with etanercept showed reduced microglial ac-
tivation and degeneration of RGCs’ axons and somas [41].

Neurotrophic factors

Neurotrophic factors exert various effects by binding to
different receptors. They act on development and survival
of neurons. They mainly promote cell survival by activat-
ing tropomyosin receptor kinase (Trk) surface receptors,
as well as inducing apoptosis on interaction with the p75
TR receptor [11].

Brain derived neurotrophic factor (BDNF) is produced
in the superior colliculus and lateral geniculate nucleus as
well as locally by RGCs and retinal astrocytes. It promotes
RGC survival through stimulating the extracellular sig-
nal-regulated kinases (Erk) Erk1/2 and c-jun and suppress-
ing caspase 2. Brain derived neurotrophic factor is produced
throughout the body, locally by RGCs and also in the brain.
It is transported to the retina in the retrograde axonal trans-
port [42, 43]. The a2-adrenergic agonist brimonidine was
found to increase BDNF expression in RGCs and thus cause
a neuroprotective effect [23]. The NTFs are known for stim-
ulating prosurvival, as well as the proapoptotic pathways
—such as c-Jun N-terminal cascade. Their mechanisms of
action affect diverse receptors and multiple pathways.

It has been found that ciliary neurotrophic factor along
with glial cell-derived neurotrophic factor intravitreal ad-
ministration may synergistically promote RGC survival in
optic nerve crush models [44]. Exogenous administration
of the NTFs has been proven to promote RGC survival in
glaucoma models but works only temporarily, supposedly
due to downregulation of TrkB receptors [45, 46].

Apart from NTF administration, other projects have fo-
cused on stimulating NTF production. Stimulation of the
superior colliculus utilizing an optogenetic approach led to
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an increase in BDNF production and reduced RGC loss in
a murine glaucoma model [45, 47].

In vitro and in vivo murine models utilizing gene thera-
py to stimulate the BDNF/TrkB pathway have potential in
producing long-term neuroprotective effects. The models
use the adeno-associated virus to introduce the sequence
coding both BDNF and TrkB receptors in a single trans-
gene. The therapy results in stimulated BDNF production
but also provides continuous signaling by causing in-
creased expression of TrkB in the inner retina [46].

The neurotrophic factor deprivation theory is consid-
ered to be a crucial part of cellular pathology mechanisms
of RGC death [11, 43]. However, therapies targeting NTF
supplementation have not been fully successful. The ex-
act action of particular NTFs and NTF retrograde axonal
transportation is still unknown. This knowledge would en-
able us to fully comprehend the pathways involved in NTF
deprivation in the retinal cells [48].

Antioxidants

Reactive oxygen species have a neurotoxic effect on
the retinal cells. Reactive oxygen species result in glial
cell activation which causes damage to the ONH. The ex-
perimental glaucoma treatment consisting of subcutane-
ously administered Tempol (4-hydroxytetramethylpiperi-
dine-1-oxyl) — a multifunctional antioxidant — resulted in
decreased NF-kB activity in RGCs. In effect, the antiox-
idative agent suppresses the inflammatory response and
neurodegeneration in the glaucoma ischemic model [49].
In conclusion, Tempol therapy shows promising results in
glaucoma treatment and prevention.

Resveratrol (RSV) acts as an activator of sirtuin 1,
which regulates cell senescence and apoptosis. Resvera-
trol has been shown to have antioxidative properties and
have beneficial effects in human organ injuries [50]. It has
been shown that intravitreal RSV injections inhibited ROS
formation, resulting in a neuroprotective effect on RGCs,
downregulated acetyl-p53 protein formation and caused an
increase in BDNF expression in the high-IOP murine glau-
coma model [50]. Another study showed that intraperitone-
al RSV treatment in the experimental rat glaucoma model
caused RGC loss delay via inhibition of proapoptotic ac-
tion of Bax proteins. It also suppressed reactive gliosis and
led to an increase in GFAP level [51]. The antioxidative
and anti-inflammatory effects of RSV bear potential for the
future neuroprotection of retinal cells.

Cell transplantation treatment

Stem cell therapy

Intravitreal cell transplantation is an important field
of glaucoma neuroprotection research. Cell replacement
provides the nutrients to areas of injury by replacing the
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degenerated cells with new ones. The stem cell therapy
includes transplantation of human pluripotent stem-cell
derived RGCs and mesenchymal stem cells (MSC) [8].
Mesenchymal stem cell therapy has the potential to be
a future glaucoma treatment [52]. Mesenchymal stem
cells are reported to have the ability to create functional
RGC-like cells in the site of injury [53, 54]. They also have
therapeutic potential through the capacity to secrete exo-
somes (Exos) which may act as carriers for proteins, e.g.
neurotrophins [42]. The intravitreally injected Exos reside
in proximity to the retina for more than four weeks and
provide the continuous delivery of neurotrophins, which
resulted in the reduction in RGCs and axon death [55, 56].

Stem cells also produce numerous factors promoting
cell survival, e.g. NTFs such as platelet-derived growth
factor (PDGF), BDNF, nerve growth factor (NGF) and
ciliary neurotrophic factor (CNTF) [8, 42]. Some authors
suggest that PDGF is the key mesenchymal stem/stromal
cell (IMSC)-derived molecule crucial for the RGC survival
[57]. Mesenchymal stem/stromal cell administration was
found to be neuroprotective by stimulating production of
high levels of growth factors. However, it has also been
found to cause some adverse effects such as reactive glio-
sis, vitreous clamping and epiretinal membrane formation
[58]. Chen et al. stated that the umbilical cord blood MSCs’
neuroprotective effect on RGCs is transient and does not
prevent cell death after cessation of the therapy [59].

Attempts of experimental animal therapy with geneti-
cally modified MSC overexpressing BDNF and NGF were
successful. Modified MSC therapy resulted in increased
RGC survival and regeneration compared to therapy with
unmodified MSC [53, 60]. Further action to prevent down-
regulation of TrkB receptors in NTF therapy has to be con-
sidered [45, 46].

Schwann cells

Schwann cells (SC) have a beneficial effect on RGCs
in an in vivo model. The SC homogenate without NTFs
such as NGF, BDNF, CNTF, NT3 has been administered
in retinal insert explants and intravitreal injections. It was
found to have a positive effect for RGC protection and
regeneration as axon regrowth, in spite of the absence of
NTF supplementation [61].

Nerve extracts

The pre-degenerated sciatic nerve extract administered
as intravitreal injections in a mouse experimental glau-
coma model was revealed to stimulate the outgrowth of
damaged neurites in the CNS and protect RGCs from death
[62]. Among the contents of this extract, MT2 (metallo-
thionein 2) has been found to be the key neuroprotective
molecule. MT2 induces endogenous BDNF expression and
reduces expression of proapoptotic molecules such as p38,
IL-6, IL-1b and TNF-a. [63].
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Conclusions

As of today, lowering the IOP is the main glaucoma
therapy target. Neuroprotection remains a developing strat-
egy which is already finding a place in modern treatment.
The neuroprotective agent citicoline is currently used both
topically and systemically. Promotion of RGC surviv-
al as a side-effect of Rho-kinase inhibitors, brimonidine
and statins seems to be beneficial. The research targeting
various steps of apoptosis pathways and targeting alter-
ations in molecular mechanisms of retinal neurons shows
high potential for lowering the glaucoma progression rate.
The discovery of the immune system’s role in glaucoma
pathogenesis allows for targeting immunomodulation in
preventing glaucomatous damage.

Glaucoma is a group of heterogenous diseases and no
specific genetical cause for retinal cell loss has been found.
However, gene therapies affecting production of molecules
taking part in the pathways of neurodegeneration are prom-
ising. Neurotrophic factor supplementation provides easy
intravitreal administration of the medication and has had
satisfactory results in mice. Nonetheless, the regulation of
NTF receptors has to be studied to determine the long-last-
ing effect of the treatment. Antioxidative agents have also
been shown effective in modulating cell death pathways.
Another powerful approach to glaucoma therapy is cell re-
placement therapy. Like in other neurodegenerative condi-
tions, pluripotential cells and stem cells have the potential
to replace the neurons lost due to glaucoma.

The authors declare no conflict of interest.
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