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Glaucoma, which is one of the principal caus-
es of irreversible blindness in the world (1), repre-
sents a serious public health problem. The global
number of glaucoma patients was 44 million people
in 2013, and this number is predicted to increase to
53 million by 2020, which is associated with the
general trend of population ageing (2). The global
percentage of glaucoma patients in the population is
1-2%, and in the group of persons above 70 years 
of age, it is up to 5% (2), three-fourths of which
(74%) are cases of primary open-angle glaucoma
(POAG) (3).

Glaucoma is a type of degenerative neuropathy
characterised by loss of retinal ganglion cells
(RGCs) with subsequent visual field defects (1).
Although high intraocular pressure (IOP) is the most
important risk factor of the diseaseís development, it
is not necessary for the occurrence of glaucomatous
neuropathy (2). The benefits of lowering IOP with
respect to inhibition of primary open-angle glauco-
ma progression have been definitively proven.
Nevertheless, the estimated risk of monocular visu-
al defect in patients with POAG at a level of 27%
was higher than previously expected (3). Therefore,
IOP reduction may not be sufficient to limit the dis-
ease in a certain group of patients with diagnosed

glaucoma. Alternative treatment methods, as well as
neuroprotection, are considered in such cases.

Neuroprotection to counteract neurodegeneration 

Neuroprotection means measures aimed to pro-
tect nerve cells from damage and elimination (4). In
the context of glaucomatous neuropathy, the objec-
tive of neuroprotective treatment is to reduce risk
factors that lead to early activation of the cascade of
processes whose ultimate outcome is death of retinal
ganglion cells (5). In glaucoma, ganglion and glial
cells die mainly due to the process called apoptosis,
i.e. ìprogrammed cell deathî. Under normal condi-
tions, a cell constantly receives information about
how it should function from its environment. This is
important from the perspective of tissue homeosta-
sis. On one hand, the cell may receive a signal to
divide into two and multiply, and on the other hand,
if the cell is damaged, it may receive a signal to
undergo apoptosis in order to eliminate the patho-
logically changed tissue. In such a case, the cell pro-
duces enzymes with which it may ìdigestî itself,
leaving only small apoptotic bodies that subsequent-
ly undergo phagocytosis (6). 

The death of ganglion cells whose axons form
the optic nerve is caused by neuronal damage as a
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result of disturbed axoplasmic transport, hypoxia,
effects of local inflammatory mediators (i.e. gluta-
mate, nitric oxide or endothelin), deprivation of neu-
rotrophic factors or mitochondrial dysfunction (7,
8). An important fact in the analysis of glaucoma-
tous neuropathy is the integrity of the ganglion cell
ñ lateral geniculate body ñ visual cortex system (9,
10). Retinal ganglion cells are the first to die, and it
is at the retinal level where the initial changes occur.
Nevertheless, the disease spreads to higher levels of
the nervous system. The correlation between
reduced sensitivity of the retina in visual field exam-
ination (MD ñ mean deviation) and increased laten-
cy of waves in visual evoked potentials examination
is clinically apparent (11). And thus the MD indica-
tor used in everyday practice may reflect the damage
to cells not only at the retinal level but also at the
epiretinal level (12). Similarity in the pathogenesis
of the glaucomatous process to such central nervous
system diseases as Alzheimerís disease indicates an
important aspect of glaucoma consideration in the
context of neurodegeneration. 

Currently, IOP is the only modifiable risk fac-
tor of glaucoma and basically the focus of treatment.
Nevertheless, owing to recent advances in the un-
derstanding of the neurodegenerative process in
glaucoma, neuroprotective treatment has been pro-
posed as a different approach to improved manage-
ment of this condition.

Neuroprotection to counteract excitotoxicity

Glutamate is the main stimulating neurotrans-
mitter in the brain and retina (12) in vitro (13) and in
vivo (14). Studies where peripheral cells of the reti-
naís internal layers were exposed to glutamate evi-
denced its toxic effect on the retina, with particular
susceptibility of ganglion cells. Under physiological
conditions, where the level of glutamate is normal, it
interacts with N-methyl-D-aspartate (NMDA)
receptors in a synchronised manner owing to the
efficient functioning of homeostatic mechanisms
that prevent overexpression of those receptors (15).
On the other hand, excitotoxicity is a result of
excessive accumulation of glutamate along with
overstimulation of receptors. Under such condi-
tions, increased intracellular calcium influx occurs,
which activates the complex cascade of cellular
apoptosis (16). 

In experimental models, an increased level of
glutamate was evidenced after a sudden increase in
intraocular pressure (17). Moreover, the composi-
tion of vitreous fluid was analysed in animal models
(dogs, monkeys) and in human eyes with experi-
mentally induced glaucoma, which confirmed the

high intraocular level of this neurotransmitter (18,
19). The results of these and other studies highlight-
ed the important role of excitotoxicity in the mecha-
nism of glaucomatous neuropathy development. A
similar pathogenic mechanism was evidenced in a
wide range of neurological disorders, including
Alzheimerís disease (20-22). In response to these
observations, inhibition of glutamate activity
through modulation of NMDA-type receptors is
reported to be an important strategy in neuroprotec-
tion. For this purpose, a number of analyses of com-
pounds acting as NMDA receptor antagonists have
been performed. An example is a memantine,
approved by the Food and Drug Administration
(FDA) for the treatment of moderate-to-severe
Alzheimerís disease. Experiments with this com-
pound in studies on neuroprotection in glaucoma
did not demonstrate a significant effect inhibiting
disease progression (23, 26) despite the hopes ini-
tially placed in memantine during preclinical stud-
ies (24, 25).

As for the new NMDA antagonists, studies are
currently underway with regard to the efficacy of
bis(7)-tacrine in glaucoma neuroprotection. The
compound appeared to cause a more potent neuro-
protective effect in a study in cultured RGC (27).
than memantine, extended by concomitant inhibi-
tion of acetylcholinesterase (28, 29). and nitric oxide
synthase (30), in addition to the NMDA receptor
blocking function. However, the results of those
clinical trials will not be available any time soon.
Amantadine may prove to be another potential neu-
roprotective substance, which acts by decreasing
NMDA activity (31).

Calcium channel blockers

Calcium influx into the cell is a physiological
stimulus for initiation of the process of cellular
apoptosis. Therefore, calcium channel blockers
seem to constitute a reasonable alternative in glau-
coma neuroprotection. Their targeted effect of
blocking calcium-sensing receptors reduces the pos-
sibility of initiation of the cascade of processes lead-
ing to cell death and additionally improves local
blood flow in hypoxic tissues by inducing vasodila-
tion (32). In a study in rabbits, systemically admin-
istered 2% flunarizine improved retinal blood sup-
ply under retinal hypoxia conditions caused by high
intraocular pressure and lowered the IOP (33). On
the other hand, iganidipine, nimodipine and lomer-
izine, respectively, increased the viability of rat
RGCs under oxygen deficiency conditions (34). In
randomised clinical trials (35-37), evidence was pre-
sented that brovincamine and nilvadipine, sub-
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stances with high bloodñbrain barrier permeability,
improve visual field defects and ocular circulation in
a group of patients with normal tension glaucoma
(NTG) and additionally diminish the rate of deterio-
ration in visual field sensitivity.

Nevertheless, calcium channel blockers also
appeared to cause some negative effects in glauco-
ma treatment. Despite the proven increase in blood
flow, they may interfere with autoregulation of ocu-
lar perfusion in persons with ocular hypertension,
which contributes to the development of glaucoma-
tous neuropathy (38). By lowering systemic blood
pressure, calcium channel blockers used in the treat-
ment of arterial hypertension in persons with coex-
isting elevated IOP adversely affect the perfusion
pressure in the eye and cause vascular dysregulation
(39), which results in impaired blood flow in the
retina and through the optic nerve disc and in hypox-
ia and ischaemia, which cause damage to these
structures.

Neuroprotection to counteract neurotrophic fac-

tors and axoplasmic transport

Neurotrophic factors play an important role in
the maintenance of normal neuronal functioning,
both through improved viability of nerve cells as
well as through regulation of the processes of their
differentiation, growth and regeneration. These fac-
tors are transported in both directions to nerve cells
inside the nerve fibre, in a process called axoplasmic
flow. High intraocular pressure or decreased blood
flow (40), or optic nerve axotomy (41), lead to dis-
turbances in the axoplasmic flow. This results in the
lack of supply of neurotrophic factors, i.e. the
absence of information for the cell about how it
should function. This is one of the underlying fac-
tors that initiate the process of cellular apoptosis (42,
43). Experimental studies demonstrated a significant
role of brain-derived neurotrophic factor (BDNF) in
the protection of retinal ganglion cells (43-45). Its
trophic effects are regulated, e.g. by the presence of
the transmembrane tyrosine kinase receptor (TrkB).
Changes in the distribution of the BDNF and TrkB
receptors in optic nerve axons were evidenced in
acute and chronic experimental glaucoma in an ani-
mal model (43). Furthermore, the selective effect of
BDNF on the mechanisms responsible for the sur-
vival of optic nerve neurons was demonstrated (46).
This is why interference with the supply of BDNF to
RGCs could be considered a factor causing glauco-
matous damage (42). Numerous experimental stud-
ies also demonstrated a protective effect of intravit-
real injection of BDNF on retinal ganglion cells in
an animal model (46-48).

A number of other neurotrophic factors (NTFs),
such as ciliary neurotrophic factor (CNTF) (49),
nerve growth factor (NGF) (50) and glial-derived
neurotrophic factor (GDNF) (51) also exert a pro-
tective effect on RGCs. In addition, such trophic
factors and cytokines as artemin, basic fibroblast
growth factor, interleukin-6 or erythropoietin may
play a role in neuroprotection (52).

Among the NTFs listed above, inhibition of
visual loss progression was evidenced in a phase-2
study of geographic atrophy in which an encapsulat-
ed CNTF-secreting implant was used (53).
Furthermore, a protective effect of CNTF on RGCs
after optic nerve axotomy (54). as well as in apopto-
sis induced by nitric oxide (NO) was demonstrated
(55). In animal model studies, a neurotrophic factor
was administered by intravitreal injection (54), as
drops (56) and with the use of viral vectors (57).

There is no doubt as to the participation of neu-
rotrophic factors in the pathogenesis of the glauco-
matous process. On the other hand, it is challenging
to develop the most effective and durable route of
NTF administration. The blood-retinal barrier,
which prevents the passage of large proteins into the
retina, limits systemic administration of NTFs. An
alternative delivery route for purified recombinant
NTFs is an injection into the vitreous chamber.
Nevertheless, it is an invasive route, which may be
difficult in clinical practice in the case of such a
chronic disease as glaucoma. Integration of neu-
rotrophic factors in the form of implants is one pos-
sible method of long-term delivery of such agents.
In animal models, trophic factors were also deliv-
ered through viral vectors, but precise dosage con-
trol and safety of use of viral vectors make clinical
application of this approach doubtful. Therefore,
further new options, such as gene therapy or stem
cell therapy, must be comprehensively studied and
developed so as to make neurotrophin application
more realistic in glaucoma treatment (52).

Neuroprotection to counteract oxidative and

nitrosative stress

A number of studies confirmed the role of
oxidative stress in the pathogenesis of glaucoma,
especially primary open-angle glaucoma. Under
normal conditions, there is an equilibrium between
prooxidants and antioxidants. A disruption of this
equilibrium causes increased generation of free oxy-
gen radicals, which exceeds the capabilities of their
deactivation and elimination. Accumulation of reac-
tive oxygen species (ROS) contributes to the activa-
tion of processes that damage cells and lead to their
death. A similar situation occurs in patients with
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glaucoma. In fact, in glaucomatous eyes, antioxidant
deficiency (58, 59), an increase in the marker of
DNA damage caused by oxidative stress ñ 8-oxo-2í-
deoxyguanosine(8-oxo2dG) (59), the presence of
glutathione S-transferase antibodies (60), decreased
plasma glutathione level (61) and increased lipid
peroxidation products in blood plasma of patients
with POAG (62) were demonstrated. Additionally,
increased concentration of reactive oxygen species
decreased cell membrane potential and reduced ATP
production in the trabecular meshwork (TM) were
described (63, 64). Deficiency of the mechanisms
that reduce and eliminate ROS and the associated
accumulation of free oxygen species damage the tra-
becular meshwork and lead to an increase in IOP
and to the development of glaucomatous neuropathy
(65, 66).

The best-studied enzymatic mechanisms pro-
tecting against oxidative stress are superoxide dis-
mutase (SOD), catalase and glutathione peroxidase.
Antioxidants that are not as well known but play an
important role in counteracting ROS are thioredoxin
(TRX), glutathione S-transferase and aldehyde
dehydrogenase (67). 

Theoretically, ROS inhibition and improve-
ment of the defence systems could increase the via-
bility of retinal ganglion cells. Such an effect was
demonstrated in animal model studies where, after
experimental damage to TM, overexpression of
TRX limited RGC apoptosis despite high intraocu-
lar pressure (67).

In another study, the role of vitamin E in RGC
protection was demonstrated. Dietary deficiency of
vitamin E was associated with increased levels of
lipid peroxidation products, which contributed to
increased apoptosis of retinal ganglion cells (68).

A well-known potent antioxidant which may
protect nerve cells from oxidative stress is coen-
zyme Q10 (CoQ10). Its functions are stabilisation of
mitochondrial membrane potential, support of ATP
synthesis and inhibition of ROS generation (69-71).

As demonstrated in a study conducted by
Nakajima, CoQ10 protects retinal neurons from
oxidative stress caused in vitro by hydrogen perox-
ide and in vivo by NMDA-induced excitotoxicity of
glutamate (72). Moreover, CoQ10 prevented retinal
damage caused by transient ischaemia induced by an
acute increase in IOP (73).

The effect of antioxidants in the assessment of
internal retinal layers and the optic nerve was
analysed in a clinical trial in which eye drops con-
taining coenzyme Q10 in combination with vitamin
E were administered together with beta-blocker anti-
glaucoma eye drops to 22 glaucoma patients. In the

6th and 12th months of treatment, improved param-
eters of ERG and VEPs were obtained in the group
of patients treated with topical eye drops with
antioxidants in comparison with the control group
treated with beta-blockers alone (74).

Ginkgo biloba extract (GBE) is another sub-
stance that raised interest as to its neuroprotective
effect in glaucoma. It contains certain compounds,
including polyphenol flavonoids, that are able to
penetrate into mitochondria and prevent oxidative
stress, thus protecting RGCs from destruction.
Mitochondria are the energy reservoir of the cell;
this is where ATP is produced, which is necessary
for the normal functioning of retinal ganglion cells
and the optic nerve (66, 75).

In a randomised clinical trial, improvement of
visual field indices was obtained in 27 patients with
normal tension glaucoma using oral GBE (76).
Nevertheless, in another trial, no improvement was
noted in contrast sensitivity and visual field para-
meters in NTG patients treated with GBE (77).
Taking into account the chronic course of glaucoma,
the duration of follow-up, which was 4 months, and
the small group of patients enrolled in the study, the
published data require further analyses.

Antioxidant activity is also displayed by other
substances such as polyphenol flavonoids that occur
in green tea, coffee, wine, and dark chocolate,
anthocyanosides in blueberries, vitamins such as
vitamin B1, and even melatonin (78). Nevertheless,
there have been no studies that would clearly con-
firm the efficacy and safety of these compounds in
glaucoma neuroprotection. Another open issue is the
question of whether antioxidants are beneficial for
all glaucoma patients or only in cases with low
antioxidant reserves.

The evidence given in the literature indicates
the possible effect of nitric oxide (NO) on the pro-
gression of retinal ganglion cell degeneration. In
both studies, in an animal model of experimental
glaucoma (79) as well as in patients with POAG
(80), increased expression of nitric oxide synthase
(NOS) was noted. Among the three isoforms of
NOS, only NOS-2 has neurotoxic activity.
Therefore, NOS-2 inhibitors such as aminoguani-
dine or N-nitro-L-arginine and other substances:
cannabidiol (CBD), synthetic cannabinoids, tetrahy-
drocannabinol, and HU-211 were subjected to
assessment. Reports on the study are inconclusive.
According to some authors, the substances listed
above have a neuroprotective effect (81-84), but
other investigators do not confirm the protective
effect of NOS-2 inhibitors in glaucomatous neu-
ropathy (85, 86).



Neuroprotection to counteract glaucomatous degeneration of... 413

Neuroprotection to counteract vascular deregulation

Elevated intraocular pressure, low blood pres-
sure and vascular deregulation have been proven to
constitute risk factors of glaucomatous damage.
Vascular deregulation is a pathological condition
that interferes with normal autoregulation.
Depending on needs, each tissue regulates its own
blood perfusion independently from blood pressure.
Perfusion pressure is the difference between blood
pressure in arteries and blood pressure in veins. As
to ocular perfusion, perfusion pressure refers to the
difference between arterial blood pressure and
intraocular pressure. Owing to the possibility of
autoregulation, perfusion in the eye can be main-
tained at a stable level regardless of IOP and blood
pressure fluctuations. Therefore, under conditions of
abnormally functioning autoregulation, blood flow
in the retina and the optic nerve is variable and
depends on IOP and BP fluctuations. The role of
intraocular pressure in the development of glauco-
matous neuropathy is complex. Elevated IOP causes
mechanical damage to the weakest structure in the
eye, i.e. lamina cribrosa, and may also block the
axoplasmic flow, which is discussed above, and
finally, may lower ocular perfusion. On the other
hand, when autoregulation is impaired, lowering
arterial blood pressure ñ similarly to high IOP ñ con-
tributes to decreased blood flow in the eye (87).

Apart from lowering intraocular pressure, the
drugs used in glaucoma therapy may additionally
improve blood perfusion in the eye (87). Such an
effect is caused by carbonic anhydrase inhibitors
(88). An improvement in ocular circulation was also
noted in the case of latanoprost (89, 90).

Experimental studies in animal models initial-
ly suggested a neuroprotective effect of betaxolol, a
selective beta-blocker, under retinal ischaemia con-
ditions (91). Nevertheless, this has not been proven
so far (92). On the other hand, possible inhibition by
betaxolol of calcium influx into retinal cells through
a direct effect on voltage-gated calcium or sodium
channels has been suggested (93). 

Among selective agonists of the alpha-2-adren-
ergic receptor whose presence has been demonstrat-
ed in ganglion cells and in the inner nuclear layer of
the retina, brimonidine has been studied (94).
Through direct interaction with the alpha-2-adrener-
gic receptor, brimonidine decreases glutamate accu-
mulation and NMDA receptor blockade. Consi-
dering this mechanism of action, brimonidine was
suggested to be able to prevent RGC death inde-
pendently from IOP lowering (95, 96).

In randomised trials comparing the action of
brimonidine with that of 0.5% timolol, results were

presented in which brimonidine inhibited the pro-
gression of visual field defects and also reduced the
rate of RNFL loss (97, 98).

Clear demonstration of the neuroprotective
effect of anti-glaucoma medicines is a real chal-
lenge, posing difficulties in conduct and interpreta-
tion. It should be borne in mind that lowering of
intraocular pressure, by itself, has a protective effect
on RGCs and the optic nerve, but its efficacy is
insufficient. as has been proven in practice. Hence
the search for other substances, which, in combina-
tion with IOP-lowering products, would have a pro-
tective effect in both retinal and epiretinal areas.

Stem cells in glaucoma neuroprotection

Stem cells are now a subject of interest for sci-
entists in practically every field of medicine. They
have found particular appreciation in the context of
treating neurodegenerative disorders, in view of
their unlimited ability to independently renew and
differentiate into every cell type. The unique prop-
erties of stem cells may prove useful in the treatment
of glaucomatous neuropathy. One hypothesis
assumes the use of stem cells that could replace lost
retinal and optic nerve cells (99). Another approach
would be their use for replacement or regeneration
of trabecular meshwork cells, which would support
the regulation of secretion and outflow of aqueous
humour and thus greater IOP control (100).

Another approach to the use of stem cells is
their transplantation as carriers of bioactive factors.
An advantage of such a solution would be a local
long-term activity of certain factors. A hypothesis
was made that implantation of certain types of stem
cells activates multiple neuroprotective pathways
simultaneously through secretion of different factors
(101). Delivery of various neurotrophic factors is
the most commonly accepted mechanism through
which the transplanted cells may modulate excito-
toxicity. As has already been discussed, deprivation
of neurotrophic factors is considered to be one of the
basic pathophysiological mechanisms of RGC death
in glaucoma. 

In this respect, there are serious concerns about
the potential generation of factors of unknown activ-
ity in addition to the desirable neurotrophic factor.
Therefore, before stem cells are transplanted in clin-
ical practice, it is necessary to identify and investi-
gate all substances that may be produced by these
carriers (102).

Another limitation is transplant survival.
Prolonged survival is necessary to obtain continu-
ous benefits from stem cell transplantation but is
also associated with the risk of tumour develop-
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ment (103). Therefore, careful selection of stem
cells through long-term follow-up and safety
assessment will be necessary to ensure that the
potential benefits of neuroprotection outweigh the
risk of carcinogenesis. 

Another issue is the induction of reactive gliosis
in the retina as a consequence of stem cell transplan-
tation. Inhibition of retinal fibrosis induced by stem
cells is critical for transplantation success (104).

Although stem-cell therapy is a promising for-
ward-looking neuroprotective approach in glaucoma
treatment, it still has a long way to go in develop-
ment terms, and we will have to wait for the results
of clinical trials.

The pathophysiology of glaucomatous neu-
ropathy is complex, and permanent damage of reti-
nal ganglion cells and the optic nerve is caused by
the overlapping of the aforementioned mechanisms.
So far, the only known factor leading to the disease
is intraocular pressure, and the treatment applied is
targeted toward IOP reduction either by lowering
aqueous humour secretion or by improving the func-
tion of the outflow pathways or creating new ones in
the case of surgical treatment. Applied drug pro-
ducts, as well as laser and surgical techniques, have
been improved over time, on the basis of new evi-
dence for pathological mechanisms in glaucoma.
One of the consequences of the search for the mech-
anism or mechanisms responsible for the develop-
ment of glaucomatous neuropathy is the change of
the definition and perception of the nosocomial enti-
ty in the context of neurodegeneration. Such an
approach extended the possibilities of further studies
with a broader view of glaucoma by exploring the
pathophysiology of such degenerative disorders as
Parkinsonís disease or Alzheimerís disease. The
search for the common denominator of pathological
groups in both neurology and ophthalmology, but
affecting the same nervous system, resulted in more
focus on the use of neuroprotection in glaucoma
treatment as adjunctive therapy to the existing anti-
hypertensive treatment supported by research. So
far, no drug with such activity has been recom-
mended in pharmacological therapy of glaucoma.
However, there is an increasing interest in citicoline,
a substance known for many years.

Citicoline and its neuroprotective effects

Cytidine 5í-diphosphocholine (CDP-choline)
or citicoline is an endogenous compound that is
active in the pathway of cell membrane phospho-
lipid biosynthesis (105). It was identified for the
first time in the 1950s by Kennedy and collabora-
tors, who described in their study that this phospho-

rylated choline nucleotide was a precursor of phos-
phatidylcholine (106). One of the main effects of
citicoline is stimulation of phospholipid synthesis in
the central nervous system (CNS) (107, 108). The
neuroprotective effect of CDP-choline, through pre-
vention of phospholipase A2 (PLA2) activation,
protects against an increase in the level of hydroxyl
radicals and loss of cardiolipin (105), which togeth-
er with phosphatidylcholine, constitutes the main
ingredient of the inner mitochondrial membrane,
playing an important role in the normal functioning
of the respiratory chain. Citicoline raises the levels
of various neurotransmitters and neuromodulators
(106-110). An example is an increase in the level of
sirtuin-1 (SIRT1), which appears to be of key neu-
roprotective importance in ischaemic states, particu-
larly in cerebral ischaemia (107-111). Citicoline
also increases the level of neurotransmitters in the
central nervous system, such as dopamine (through
increased activity of tyrosine hydroxylase and inhi-
bition of dopamine reuptake), norepinephrine and
serotonin, and serves as a choline donor in acetyl-
choline biosynthesis (107). Citicoline has a positive
effect on glucose metabolism and microcirculation
in central nervous system structures (108). Citi-
coline displays a tendency to lower elevated gluta-
mate levels and contributes to the normalisation of
decreased ATP level resulting from cerebral
ischaemia (109-111). Citicoline has a very good
safety profile, which has been evidenced in many
clinical trials (108-121). Usually, the daily dose in
humans is 500-2000 mg, i.e. 7-28 mg/kg in a person
with average body weight (70 kg). After administra-
tion as a source of choline, citicoline is rapidly
catabolised, and the products formed are then avail-
able for different biosynthesis pathways and are ulti-
mately eliminated as carbon dioxide. In a large study
assessing the safety of citicoline used orally for 2-9
weeks in 2,817 patients with Alzheimerís disease
and vascular dementia (118), only 5% of study sub-
jects reported drug-related adverse effects, mostly
affecting the gastrointestinal tract and not requiring
discontinuation of treatment.

The neuroprotective and neuromodulating
effects of CDP-choline in acute and chronic
ischaemic stroke, in neurodegenerative diseases
(Alzheimerís disease ñ AD, Parkinsonís disease ñ
PD, glaucoma) or in pathologies resulting from the
excitotoxic action of glutamate and amyloid toxicity
were demonstrated in many experimental in vivo
and in vitro studies (107-121). The results of clinical
trials indicate possible efficacy of citicoline after its
short-term use in acute ischaemic stroke, the evi-
dence of which is an improved level of conscious-
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ness and disability evaluated on the basis of the spe-
cially modified Rankin scale (mRs) (110-113). At
the experimental level, reduced cerebral infarction
and oedema were reported. This led to an improve-
ment in neurological deficits when citicoline was
used alone or in combination with other factors
(120). The results of an international randomised
multi-centre placebo-controlled study (the ICTUS
trial) involving 2,298 patients, in which there was no
significant difference in recovery at 90 days after
acute ischaemic stroke in patients treated with citico-
line and placebo at a ratio of 1:1, raised controver-
sies. It was difficult to obtain significant conclusions
in that study as different sample sizes, multiple doses
and several endpoints were used. In view of the
unclear effect of recombinant tissue plasminogen
activator (rt-Pa), the authors subsequently concluded
that the ICTUS results suggested a positive effect of
citicoline used in patients with acute ischaemic
stroke who had not been treated with rt-PA (111).

The action of citicoline in Alzheimerís disease
leads to reduced formation of beta-amyloid, which
prevents the degradation of nerve cells and reduces
the number of apoptotic cells (112). Improved cog-
nitive functions, bioelectrical CNS activation and
cerebral blood flow were demonstrated in AD

patients (121). In addition, citicoline has a positive
effect on memory, behaviour, global functioning
and enhances focused attention (108, 121).

Stimulation of the dopaminergic system by
citicoline may be responsible for the improvement
of retinal and post-retinal visual pathways in visual
impairment. This has been confirmed in studies
(116, 119), that have demonstrated an improvement
in visual acuity, contrast sensitivity, PERG parame-
ters and shortening of P100 latency in VEP (116). A
similar mechanism of improving the functioning of
dopaminergic pathways contributes to the improve-
ment of neurological symptoms in Parkinsonís dis-
ease (112, 114).

Experimental studies suggested neuromodulat-
ing action and a protective role of citicoline on reti-
nal ganglion cells in several mechanisms (Table 1).
CDP-choline decreases the expression of NOS iso-
forms, counteracting nitrosative stress, exerts anti-
apoptotic action, and by increasing the retinal level
of dopamine, prevents the loss of retinal nerve
fibres. The neuroprotective effect of citicoline was
confirmed in neurodegenerative disorders of the
visual system in humans, such as glaucoma or non-
arteritic ischaemic neuropathy. This was reflected in
the results of electrophysiological examinations

Table 1 The table contains a listing of the mechanisms of neuroprotective action of citicoline relevant to glaucomatous neuropathy.

GLAUCOMA -
mechanism CITICOLINE - neuroprotection STUDY

of disease development

Reduced isoforms of nitric oxide 
Park C. et al.: Neuroprotective effect of citicoline

Nitrosative stress
synthase

against KA-induced neurotoxicity in the rat retina.
Exp. Eye Res. 81, 350-358 (2005).

Oshitari T. et al.: Effect of neurotrophic factors on 

Neurotrophic factors Effect imitating the BDNF factor
neuronal apoptosis and neurite regeneration in 
cultured rat retinas exposed to high glucose. \
Brain Res. 1346, 43-51 (2010).

Schuettauf F. et al.: 2006. Citicoline and lithium
rescue retinal ganglion cells following partial opticIncreased expression of Bcl-2
nerve crush in the rat. Exp. EyeRes. 83, 1128-1134inhibiting retinal apoptosis.
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(PERG, VEP) and visual field examinations assess-
ing the improved activity of retinal and post-retinal
visual pathways. 

Citicoline efficacy in glaucoma: clinical evidence

The first reports on citicoline in the treatment
of POAG were presented by Pecordi in 1989 (122).
Together with his collaborators, he described the
results of using intramuscular injections of citicoline
in a group of 34 eligible patients, obtaining a 75%
improvement of visual field parameters. The study
was then continued over a 10-year follow-up period
(123). The purpose of that study was to assess the
effects of repeated cycles of citicoline intake by
glaucoma patients (11 of 23 patients received 1 g of
citicoline daily for 15 consecutive days, i.e. 1 cycle
repeated every 6 months) to find out whether an
improvement in retinal sensitivity translates, in the
longer-term, to protective action of the substance as
reflected in visual field examination results. The
main efficacy variable was considered the worsen-
ing fraction of the visual field assessed on the basis
of the non-perception area (NPA), a perimetric
index obtained by means of Video Screen Perimetry
(124). NPA may be considered an indirect measure
of retinal sensitivity and is closely correlated with
the MD (mean deviation) index of conventional
automatic perimetry. A visual field was deemed to
be worse (endpoint for the survival curve) when an
increase of the NPA >500 mm2 was found and con-
firmed in at least two consecutive examinations. The
worsening fraction of the visual field was evidenced
to be larger in the group of patients not treated with
citicoline, i.e. in 5 of 12 patients, in comparison with
the group treated with injections, in which visual
field parameters worsened in only 2 patients.
Patients treated with citicoline exhibited consider-
able improvement in retinal sensitivity (NPA reduc-
tion) at the first follow-up (1 year), which was main-
tained over the subsequent 9 years. It should be
noted that intraocular pressure was lowered by topi-
cal antiglaucoma agents in all study subjects.

Subsequent reports presented a positive effect
of citicoline treatment on the basis of assessment by
electrophysiological methods: VEP and PERG.
Both the ERG pattern as well as visual evoked
potentials are valuable tests that enable thorough
determination of the visual pathwayís condition
from its retinal origin, through post-retinal path-
ways, to cortical visual centres. Therefore, the
studyís authors used electrophysiology to present
the actions of the investigated drug more precisely.
A double-blind placebo-controlled study with 8
years of follow-up (125), included 30 patients ran-

domised into 2 groups: one group of 15 persons was
treated with citicoline (GC), while the remaining 15
persons received placebo (GP). The results were as
follows. In all patients treated with citicoline, short-
ening of P100 latency in VEP and of P50 in PERG
and an increase in amplitude of the respective waves
were observed, with a reduction of the ìretinocorti-
cal timeî (RCT, the difference between VEP P100
latency and PERG P50 latency), which constitutes a
measure of neural conduction in post-retinal visual
pathways. During the 4-month wash-out, worsening
of the VEP and PERG parameters was observed in
comparison with the examination after the first dose,
which was nevertheless significantly better than in
the baseline examination. After the second pulse of
citicoline treatment, both the latency and amplitude
of P100 and P50 waves improved. The last exami-
nations were performed after a second 4-month
wash-out period. Finally, the P100 and P50 latency
were significantly shorter, and the amplitude
remained at the baseline level. Additionally, a corre-
lation was found between electrophysiological
changes and visual field examination results. An
improvement of MD was obtained in all treated GC
patients. Confirmation of the results of electrophys-
iological tests by visual field examination affords
the clinician a more relaxed approach to electro-
physiology, while nevertheless being a more exact
and objective method. No changes in VEP and
PERG were observed in the placebo group in the
subsequent examinations versus the baseline one.
The use of citicoline proved to be not only effective
but also safe. In fact, no adverse drug reactions were
obtained throughout the treatment period. An impor-
tant endpoint was confirmation of the neuroprotec-
tive effect of citicoline, which inhibited glaucoma
progression, but the treatment had to be repeated
periodically in order to obtain a long-term effect.
Another study quoted in several publications evalu-
ated the efficacy of citicoline, administered in an
oral form, in reducing glaucoma progression (126).
The multi-centre prospective study included 41
POAG patients in whom disease progression was
confirmed within the past 3 years based on worsen-
ing of visual field parameters (MD reduction by -
1dB/year). Oral treatment with citicoline was
applied for 2 years in four 4-month cycles. An
improvement in the visual field was noted as early
as after the first cycle and was maintained through-
out the study. The mean progression rate changed
from -1.1 dB / year (SD 0.7) before the treatment to
-0.15 dB / year at the end of the study. The differ-
ence in retinal sensitivity was statistically signifi-
cant. Additionally, an average reduction of IOP by 
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1 mmHg/year was observed, which also had an
effect on glaucoma progression. The fact of more
rapid visual field loss in patients with IOP >15
mmHg in comparison with IOP < 15 mmHg was
noted. The authors concluded that supplementation
of citicoline as an oral solution could have a signifi-
cant effect on delaying glaucoma progression and
could enable better IOP control when combined
with antihypertensive treatment.

Initially, citicoline was administered in the
form of intramuscular injections. In 2003, Rejdak et
al. published the results of their studies (127), in
which they obtained an improvement of VEP
parameters (shortening of P100 latency and a con-
siderable increase in VEP amplitude) in patients
with POAG by administering citicoline in oral form
at a dose of 1 g daily with a 2-week treatment-free
interval. As demonstrated in further Italian studies
(128), citicoline has equivalent efficacy regardless
of the form (oral vs intramuscular injections) in
which it was administered. Other authors confirmed
the good effect of using the medicine in the oral
form on the basis of electrophysiological examina-
tions. It was also found that after discontinuation of
treatment, an improvement in the investigated
parameters was maintained for several months.
Attempts were also made to use citicoline in the
form of eye drops (129). Its neuroprotective effect
was also confirmed in such a case. Nevertheless, it
is of concern that, as a water-soluble substance,
CDP-choline poorly penetrates through the retina,
and only the addition of benzalkonium chloride
(BAK) and hyaluronic acid can improve its penetra-
tion into the vitreous body. It is known that a glau-
coma patient normally uses antihypertensive medi-
cines in the form of eye drops, which are not neutral
to the eyeís surface. Hence, citicoline in the oral
form, whose safety in systemic administration was
confirmed in numerous studies, seems to be the best
option in the adjunctive treatment of glaucoma.

SUMMARY

Glaucoma is a disease with a complex patho-
mechanism. The pharmacological treatment com-
monly applied, enabling reduction of intraocular
pressure to the so-called ìcontrolledî level, is insuf-
ficient in a certain group of patients in whom con-
siderable disease progression is noted despite such
intervention. Considering glaucomatous neuropathy
as a type of neurodegeneration extended the possi-
bilities of supporting antihypertensive pharmacolog-
ical treatment with neuroprotective agents. This
branch of conservative treatment gives hope for bet-

ter management of the disease. In previous years,
various compounds were proposed as adjunctive
therapy in view of their possible neuroprotective
activity. Apart from a few exceptions, these drugs
failed clinical trials, despite a large amount of exper-
imental evidence from animal models.

Citicoline acts on multiple aspects of glauco-
matous neuropathyís pathogenesis. The potential
neuromodulating and neuroprotective effects of citi-
coline were the subjects of effective studies con-
ducted in patients with stroke, cognitive impairment
and neurodegenerative diseases (Parkinsonís dis-
ease and Alzheimerís disease). In addition to the
above, the positive effects of citicoline were con-
firmed in many pathologies related to the visual sys-
tem, e.g. amblyopia or non-arteritic ischaemic neu-
ropathy of the optic nerve (25). The results of citi-
coline use in glaucoma are interesting. This endoge-
nous substance, with a solid history of experimental
and clinical studies, can be considered a very prom-
ising molecule for neuroprotective strategy in glau-
coma patients.
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