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Neuroprotection in glaucoma
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Neuroprotective therapies in glaucoma may play a role in preventing ischemia and oxidative damage that 
results in apoptosis of retinal ganglion cells and optic nerve damage. Although intraocular pressure (IOP) 
is the only known modifiable risk factor for glaucoma, disease progression commonly occurs despite IOP 
control, suggesting that factors other than IOP play a role in its pathogenesis and can potentially act as 
targets for neuroprotection. Factors including mediators of apoptosis, ischemic changes, poor ocular blood 
flow and neurotoxins have been hypothesized to play a role in glaucoma progression. Neuroprotective 
targets include glutamate-induced neurotoxicity, nitric oxidase synthetase, neurotropins, calcium channel 
receptors, free radicals, vascular insufficiency, the rho-kinase pathway, and more. Drugs related to these 
factors are being evaluated for their role in neuroprotection, although this area of investigation faces several 
challenges including limited evidence for these agents’ efficacy in clinical studies. Additionally, while 
IOP-lowering therapies are considered neuroprotective as they generally slow the progress of glaucoma 
progression, they are limited by the extent of their effect beyond IOP control. The aim of this article is to 
review the current treatment options available for neuroprotection and to explore the drugs in the pipeline.

Key words: Glaucoma, neuroprotection, pharmaceutical agents

Department of Glaucoma, Aravind Eye Hospital, Pondicherry, 
2Department of Glaucoma, Aravind Eye Hospital, Coimbatore, 
Tamil Nadu, 3Department of Glaucoma, Indira Gandhi Eye Hospital 
and Research Institute, Lucknow, Uttar Pradesh, India, 1Department 
of Glaucoma, Wills Eye Hospital, Philadelphia, PA, USA

Correspondence to: Dr.  Srinivasan Kavitha, Department of 
Glaucoma, Aravind Eye Hospital,  Cuddalore Main Road, 
Thavalakuppam, Pondicherry  ‑  605 007, India. E‑mail:  skavitha.
shree@gmail.com

Received: 11-May-2021	 Revision: 11-May-2021
Accepted: 07-Sep-2021	 Published: 27-Jan-2022

Glaucoma is the leading cause of irreversible blindness in both 
developed   and developing nations[1] and its prevalence is 
projected to increase to 111.8 million by 2040.[2] It is a chronic 
disease characterized by progressive optic neuropathy caused 
by damage to the retinal ganglion cells  (RGCs) resulting in 
typical structural and functional defects.[3] RGC damage results 
from multifactorial causes including intraocular pressure (IOP) 
elevation, ischemia/reperfusion damage, oxidative/nitrosative 
stress, neurotrophic growth factor deprivation, activation of 
autoimmunity, and glutamate neurotoxicity. Till date, the 
only modifiable risk factor for glaucoma is elevated IOP; 
hence, both medical and surgical treatment options aim to 
reduce the IOP in an effort to arrest glaucoma progression. 
However, recent evidence suggests that optic nerve damage can 
continue despite effective lowering of IOP.[4-6] As RGCs cannot 
divide and regenerate, optic nerve damage is irreversible; 
therefore, neuroprotective strategies to preserve RGCs and 
optic nerve neuronal structure and function are imperative.[7,8] 
Although IOP reduction is still considered the most promising 
mechanism to protect the optic nerve from glaucomatous 
damage, neuroprotective agents under investigation include 
N‑methyl D‑aspartate  (NMDA) receptor antagonists, 
antioxidants, Gingko biloba extract, and more. The aim of this 
review is to discuss the role of various neuroprotective agents 
based on the available literature.

Methods
A detailed search of databases includes Pubmed, Medical 
Subject Headings Cochrane library, and Embase. The search 
was conducted with the following keywords: neuroprotection in 
glaucoma, pharmacological agents for glaucoma, antioxidants, 
newer drugs for glaucoma, neuromodulators, and ocular 
blood flow.

Pathophysiology of glaucoma and the role of neuroprotection
Glaucoma is a neurogenerative disease that is characterized 
by typical structural defects of the optic nerve and resulting 
functional defects of the visual field. These defects occur when 
RGCs that are grouped at the optic nerve undergo apoptosis.[3] 
RGC and axonal injury in glaucoma is due to multiple causes, 
of which elevated IOP is a predominant factor. IOP elevation 
leads to distortion of the lamina cribrosa, which in turn leads to 
axoplasmic stasis, preventing neurotropic factors from the brain 
from reaching the RGCs. Although IOP plays an important role 
in the pathogenesis of glaucoma, it is not the only factor. This was 
demonstrated in multiple randomized clinical trials including 
the Ocular Hypertension Study,[9] in which progression was not 
seen despite IOPs as high as 32 mm Hg, and the Collaborative 
Normal Tension Glaucoma Study,[4] in which progression 
was seen with IOPs below 21 mm Hg. These observations 
further support the theory that factors other than IOP may 
play a role in pathogenesis of glaucoma. For instance, normal 
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tension glaucoma constitutes a significant proportion of open 
angle glaucoma, and is characterized by typical glaucomatous 
optic neuropathy despite low IOPs (10–21 mm Hg) at all time 
points.[10‑13] These eyes are postulated to undergo ischemia, 
leading to an increase in excitotoxic substances such as glutamate 
in the vitreous, which activate the NMDA receptor and results 
in a cascade of events that induces apoptosis [Fig. 1].[14]

Neuroprotective requirements
Neuroprotection refers to the treatment of disease by preventing 
neuronal death or deterioration.[15] Neuroprotective targets 
include glutamate‑induced neurotoxicity, nitric oxidase 
synthetase, neurotropins, calcium channel receptors, free radicals, 
vascular insufficiency, and rho‑kinase (ROCK) pathway; drugs 
related to these factors are being evaluated as potential treatment 
options.[16,17] Neuroprotective treatment has been approved for 
central nervous system diseases such as Parkinson’s disease, 
Alzheimer’s disease, amyotrophic lateral sclerosis, and other 
neurodegenerative diseases.[18] Neuroprotective therapies in 
glaucoma may play a role in preventing ischemia and oxidative 
damage that results in apoptosis of RGCs and optic nerve damage.

To evaluate the potential clinical applicability of a 
pharmacological agent as a neuroprotectant in glaucoma, 
four criteria have been proposed.[19]

1.	 There must be specific target receptors in the retina or optic 
nerve.

2.	 There must be laboratory evidence to support that it has a 
mechanism of action that enhances neuronal resistance to 
injury.

3.	 It must be available at the retina or optic nerve at 
pharmacological  concentrations required for a 
neuroprotective effect.

4.	 It must have demonstrated neuroprotective activity in 
prospective randomized clinical trials.

Pharmacological agents
1.	 Antiglaucoma Medications
a.	 Alpha‑2 adrenergic agonists
b.	 Prostaglandin analogues
c.	 Beta blockers
d.	 Carbonic anhydrase inhibitors
e.	 ROCK inhibitors

2.	 Antioxidants
a.	 Gingko biloba extract
b.	 NMDA receptor antagonist
c.	 Citicoline
d.	 Melatonin
e.	 Crocus sativus

3.	 Vasodilators
a.	 Calcium channel blockers (CCBs)
b.	 Carbonic anhydrase inhibitors.

Antiglaucoma medications
The primary modality of treatment in the management 
of glaucoma still remains the antiglaucoma medications. 
The most probable mechanism by which the available 
antiglaucoma medications offer neuroprotection is by 
lowering of IOP itself.

Figure 1: NMDA receptor activation pathway–excitotoxicity pathway leading to RGC apoptosis
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Alpha‑2 adrenergic agonists
Brimonidine tartrate, a third generation alpha‑2 adrenergic 
agonist, is hypothesized to provide neuroprotective effects 
through its antiapoptotic properties, though the exact 
mechanism still remains unclear.[20,21] Brimonidine generally 
causes vasoconstriction but causes vasodilation on retinal 
arterioles and increases ocular blood flow.[22] Studies on the 
effect of brimonidine on experimental animal models of optic 
nerve injury provide further evidence of its neuroprotective 
potential. A  preclinical study compared RGC survival 
following subcutaneous administration of brimonidine vs. 
timolol in a chronic ocular hypertensive rat model.[23] In 
brimonidine‑treated eyes, RGC survival was 50% more likely 
as compared to timolol‑treated eyes. Additionally, the Low 
Pressure Glaucoma Treatment Study randomized normal 
tension glaucoma patients to treatment with brimonidine 
vs. timolol and found that despite an identical effect on IOP, 
patients treated with brimonidine were less likely to have visual 
field progression than those treated with timolol.[24] Likewise, 
a small randomized controlled trial of newly diagnosed 
glaucoma patients found that those randomized to brimonidine 
treatment had an improvement in contrast sensitivity as 
compared to those randomized to timolol. This effect appeared 
to be independent of IOP‑lowering effects, supporting a 
neuroprotective mechanism.[25]

Prostaglandin analogues
Since their introduction in the 1990s, prostaglandin analogues 
have been a first‑line drug for glaucoma treatment as they 
offer substantial IOP reduction achieved with once daily 
dosing and the relative absence of systemic side effects as 
compared with other monotherapies. Prostaglandins have 
also demonstrated better control of IOP fluctuation over a 24‑h 
period than beta blockers.[26,27] Additionally, latanoprost has 
shown neuroprotective effect on glutamate‑induced RGC death 
in vitro and ischemic or axotomy‑induced optic neuropathy 
mimicking glaucoma in animal models.[28] Latanoprost has 
also demonstrated increased optic nerve head blood circulation 
in rabbits, monkeys, and normal humans; this appears to 
be independent of an IOP‑reducing effect.[29] Latanoprost 
is believed to exert its neuroprotective effects by impeding 
glutamate and hypoxia‑induced apoptosis and act via negative 
feedback on cyclooxygenase‑2 activity.

Ocular perfusion pressure (OPP) is equal to two‑third mean 
blood pressure minus IOP, is an important determinant of 
ocular blood flow, and 24‑h OPP fluctuation is known to be 
a risk factor for normal tension glaucoma.[30,31] A randomized 
controlled trial comparing latanoprost and bimatoprost 
found that both prostaglandins demonstrated significant IOP 
reduction, but latanoprost was associated with improved OPP, 
whereas bimatoprost did not show this effect.[32,33]

Carbonic anhydrase inhibitors
Carbonic anhydrase inhibitors lower IOP by blocking the enzyme 
carbonic anhydrase, which is essential for the production of 
the aqueous humor. In addition, carbonic anhydrase inhibitors 
have an influence on the buffer system of the body, reducing 
pH, and inducing vasodilation.[34] Vasodilation in turn 
increases retinal perfusion; these mechanisms might lead to 
an additive neuroprotective effect beyond IOP control. A study 
comparing timolol vs. dorzolamide in a rat glaucoma model 

found that both classes of medication led to a significant 
IOP reduction and RGC preservation. However, the level of 
neuroprotection conferred by dorzolamide correlated with 
the level of IOP reduction, which suggests an IOP‑dependent 
path to neuroprotection rather than intrinsic neuroprotective 
properties.[35] Both dorzolamide and brinzolamide have shown 
to have increased end diastolic velocity and OPP on ocular 
blood flow analysis.[36]

Beta blockers
The neuroprotective effect of betaxolol and the nonselective 
β‑blockers metipranolol and timolol are thought to be 
elicited through reduction in sodium and calcium influx 
through voltage sensitive channels, which are responsible 
for ischemia/reperfusion injury and are linked to the 
release of glutamate and subsequent activation of NMDA 
receptors.[37,38] Levobetaxolol has been found to be a more 
effective neuroprotectant than timolol, likely due to its 
greater capacity to block sodium and calcium influx.[39] The 
improvement in both neurological and histological outcomes 
in transient cerebral ischemia following administration 
of β‑adrenoreceptor antagonists is partly attributed to 
attenuation of glutamate release. Betaxolol has also been 
demonstrated to increase blood velocity in the human optic 
nerve head, thus supporting the hypothesis that mediation 
of vasculature effects may temper ischemia‑induced RGC 
injury.[40] Additionally, betaxolol and levobunolol’s role in 
neuroprotection is mediated by blockade of voltage‑gated 
calcium channels[41]; timolol and carteolol also exhibited 
similar actions albeit to a lesser degree.[42]

Rho‑kinase inhibitors
ROCK are serine/threonine kinases that play an important role 
in fundamental processes of cell migration, proliferation and 
survival.[43] Blockade of ROCK promotes axonal regeneration 
and neuroprotection. Elevated levels of rho enzymes have 
been found in the optic nerve head of glaucomatous eyes as 
compared with age‑matched controls, supporting a possible 
role for rho in glaucomatous neuropathy. Both fasudil and 
netarsurdil have been reported to arrest axonal degeneration, 
promote axonal regeneration,[44] and have been found to 
increase ocular blood flow.[45] While neuroprotective activity 
of ROCK inhibitors has been demonstrated in the eye, further 
studies are warranted.

Antioxidants
Ginkgo biloba extract
Ginkgo biloba is a native tree of China with various uses 
in traditional medicine. Leaf extract of Gingko biloba has 
antioxidant and vasoactive properties and may play a role in 
combating oxidative damage and apoptosis‑mediated damage 
to the optic nerve head in glaucoma. In a clinical study on 52 
primary open‑angle glaucoma patients who were followed for 
3 months, those treated with Gingko biloba extract showed a 
relevant decrease of endothelin‑1 resulting in vasodilation. This 
was paralleled by a decrease of malondialdehyde‑modified 
low‑density lipoproteins and plasma malondialdehyde levels, 
indicating the activation of an antioxidant response and the 
attenuation of oxidative stress.[46]

NMDA receptor antagonists
Increased levels of glutamate and glutamine  (metabolic 
precursor) and decreased levels of the glutamate transporter 
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excitatory amino acid transporter 1 have been reported in 
the vitreous and retinal mounts of patients with glaucoma 
compared with healthy individuals.[47] This suggests an 
association between the excessive release of glutamate in 
the retina, neuronal cell death, and glaucoma.[48] Excess 
glutamate activates the NMDA receptor, leading to influx 
of calcium followed by stimulation of proapoptotic factors. 
Thus, NMDA receptor blockade is a potential target to prevent 
apoptosis, but NMDA receptor activity is essential for normal 
neuronal function. Memantine is a noncompetitive NMDA 
open‑channel blocker, meaning it will block only excess 
NMDA receptors that are activated by glutamate without 
affecting their normal activity. Memantine was considered 
a promising neuroprotective drug for glaucoma during 
in vitro studies,[49,50] but two randomized, placebo‑controlled 
multicentre trials did not find any significant difference 
between patients on memantine and placebo in preventing 
visual field progression.[51]

Cytidine‑5′‑diphosphocholine (Citicoline)
Citicoline is a naturally occurring cell endogenous 
compound, intermediate in the synthesis of membrane 
phospholipids such as phosphatidylcholine.[52] Experimental 
studies have shown that citicoline may increase the synthesis 
of phospholipids in the CNS and has a neuromodulator 
effect, potentially leading to a protective effect on RGCs.[52] 
A beneficial effect of citicoline oral supplement has been 
demonstrated in patients with nonarteritic ischemic optic 
neuropathy.[53] Additionally, a multicenter study on oral 
citicoline supplementation in patients with progressive 
glaucomatous visual field loss found a reduction in the mean 
rate of visual field progression from −1 dB/year to −0.15 (±0.3) 
dB/year over a 2‑year period.[52]

Melatonin
Melatonin is a hormone ubiquitously distributed in living 
systems from bacteria to plants and animals.[53] In mammals, 
including humans, melatonin is secreted during darkness by 
the pineal gland and is inhibited by light, allowing for the 
modulation of the body’s sleep pattern.[54] It is reported to have 
antioxidant and antiscavenging properties.[55] Recognizing 
its potential beneficial antioxidant and ocular hypotensive 
properties, several melatonin‑related compounds, such 
as synthetic analogues and specific agonists of melatonin 
receptors, are underinvestigation.[56] Among the melatonin 
analogues, agomelatine is currently attracting interest for its 
pharmacological activities in both animal and human trials as 
it has shown both IOP‑lowering and antioxidant properties.[57,58]

Crocus sativus (Saffron)
Saffron is derived from the pistils of Crocus sativus and contains 
high concentrations of the carotenoids crocin and crocetin. In 
a model of rat brain cerebral contusion, crocetin’s protective 
effects were related to its proangiogenic and antiapoptotic 
activities.[59] Crocin is thought to improve both the retinal and 
the choroidal blood flow in vivo and consequently facilitates 
retinal function recovery following IOP increase.[60]

Vasodilators
Calcium channel blockers
CCBs are drugs that alter calcium influx across cell membranes 
and intracellular calcium levels. Although their primary 
indications are treatment of angina pectoris, essential 
hypertension, and certain arrhythmias, CCBs also have clinical 
potential for ameliorating the IOP‑independent destructive 
processes in open angle glaucoma. CCBs generally dilate 
isolated ocular vessels and increase ocular blood flow in 

Summary

Drug Neuroprotection mechanism Current status

Beta blockers[37,38]  Arrests retinal ischemia allows for vasodilation, blocks 
glutamate release, and activation of NMDA receptors

Betaxolol preferred over timolol due to vasodilation and 
increased blood flow 

Alpha agonists[22] Vasodilation on retinal arterioles, increasing ocular 
blood flow

Routinely used but commonly has local side effects like 
follicular conjunctivitis

Prostaglandins[30,31] Blocks glutamate‑induced apoptosis and hypoxic 
damage causes vasodilation 

Has the best hypotensive effect and also increases 
ocular blood flow and antiapoptotic actions, especially 
latanoprost

Carbonic anhydrase 
inhibitors[34,35]

Increased ocular blood flow in vivo studies Less effective in healthy subjects, as neuroprotection is 
correlated with IOP reduction

Rho‑kinase 
inhibitors[44,45]

Arrest axonal degeneration and promote axonal 
regeneration through rho‑kinase inhibition, also 
causes vasodilation

Has shown promising results in studies. Are under 
evaluation 

NMDA 
antagonist[49,51]

NMDA receptor blockade, acts as an antioxidant, 
prevents apoptosis

Was not effective on clinical trials

Calcium channel 
blockers[61]

Vasodilation of ocular vessels increases ocular blood 
flow

Promising results in in‑vivo studies, need further 
evaluation 

Citicoline[52] Increases the synthesis of phospholipids ‑protective 
role on RGCs

Can be used as oral supplement along with an ocular 
hypotensive agent

Ginkgo biloba 
extract[46]

Antioxidant, decreases endothelin‑1 causing 
vasodilation

May be an adjuvant therapy for NTG and for high‑tension 
glaucoma patients progressing despite a normalized IOP

Melatonin[55,57] Antioxidant, agomelatine has shown to reduce IOP Shown promising results in animal studies. Under 
evaluation in human trials

Crocus sativus[59,60] Improves both the retinal and the choroidal blood flow 
in vivo studies, antioxidant

Promising results in vivo studies 
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experimental animals, normal humans, and patients with 
open‑angle glaucoma.[61] Drugs including lomerizine and 
nilvadipine have shown promising neuroprotective results 
in in  vivo studies. However, there are concerns regarding 
CCB‑related systemic hypotension, as these agents can worsen 
retinal ischemia due to a reduction in OPP.[61]

Stem cell therapies
The use of mesenchymal and human embryonic stem cells is an 
area of research in glaucoma neuroprotection. While mesenchymal 
stromal stem cells have demonstrated an association with 
neuroprotective factors such as platelet‑derived growth factor, the 
stem cell injection itself may lead to significant negative posterior 
segment outcomes including reactive gliosis of the optic nerve, 
retina, and additionally vitreous clumping.[62,63] Additionally, 
studies have demonstrated successful differentiation of human 
embryonic stem cells into RGCs as well as integration of these 
transformed cells into the host retina.[64,65] Several clinical trials 
are ongoing, but this field contains several inherent challenges 
from scientific and ethical perspectives.

Conclusion
Although there has been increasing interest in neuroprotective 
therapies for glaucoma, this area of investigation faces 
several challenges. Preclinical studies on animal models of 
neurodegeneration have demonstrated promise in the use 
of NMDA receptor blockers, alpha‑2 adrenergic agonists, 
CCBs, antioxidants, Gingko biloba extract, stem cell therapies, 
and others. However, only a few approaches have been 
able to be translated into clinical trials in humans, and there 
is a lack of evidence for these agents’ efficacy in clinical 
studies.[66] Head‑to‑head comparison of conventional treatment 
and neuroprotective therapies is needed to demonstrate the 
benefits of neuroprotection as compared to conventional 
therapy. Additionally, while IOP‑lowering therapies generally 
slow the progress of glaucoma progression, they are limited 
by the extent of their effect beyond IOP control. Furthermore, 
clinical studies are necessary to assess the role of neuroprotective 
therapies in preventing glaucoma development and progression 
in individuals with a genetic predisposition to glaucoma. 
Nonclinical and clinical studies on non‑IOP dependent 
neuroprotective therapies for glaucoma are growing, and some 
of these may result in novel drugs approved for clinical use. 
Despite the promising results from nonclinical studies, RGC 
protection remains a challenge to both scientists and clinicians.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

References
1.	 Resnikoff S, Pascolini D, Etya’ale D, Kocur I, Pararajasegaram R, 

Pokharel GP, et al. Global data on visual impairment in the year 
2002. Bull World Health Organ 2004;82:844‑51.

2.	 Tham YC, Li  X, Wong TY, Quigley HA, Aung T, Cheng CY. 
Global prevalence of glaucoma and projections of glaucoma 
burden through 2040: A  systematic review and meta‑analysis. 
Ophthalmology 2014;121:2081‑90.

3.	 Quigley HA. Glaucoma. Lancet 2011;377:1367‑77.
4.	 Comparison of glaucomatous progression between untreated 

patients with normal‑tension glaucoma and patients with 

therapeutically reduced intraocular pressures. Collaborative 
Normal‑Tension Glaucoma Study Group. Am J Ophthalmol 
1998;126:487‑97.

5.	 Lichter PR, Musch DC, Gillespie BW, Guire KE, Janz NK, Wren PA, 
et al. Interim clinical outcomes in the Collaborative Initial Glaucoma 
Treatment Study comparing initial treatment randomized to 
medications or surgery. Ophthalmology 2001;108:1943‑53.

6.	 Heijl A, Leske MC, Bengtsson B, Hyman L, Hussein M. Reduction 
of intraocular pressure and glaucoma progression: Results from the 
Early Manifest Glaucoma Trial. Arch Ophthalmol 2002;120:1268‑7.

7.	 Diekmann H, Fischer D. Glaucoma and optic nerve repair. Cell 
Tissue Res 2013;353:327‑37.

8.	 Gauthier AC, Liu  J. Neurodegeneration and neuroprotection in 
glaucoma. Yale J Biol Med 2016;89:73‑9.

9.	 Kass MA, Heuer DK, Higginbotham EJ, Johnson CA, Keltner JL, 
Miller  JP, et  al. The Ocular Hypertension Treatment Study: 
A  randomized trial determines that topical ocular hypotensive 
medication delays or prevents the onset of primary open‑angle 
glaucoma. Arch Ophthalmol 2002;120:701‑13; discussion 829‑30.

10.	 Vijaya L, George R, Baskaran M, Arvind H, Raju P, Ramesh SV, 
et al. Prevalence of primary open angle glaucoma in an urban South 
Indian population and comparison with a rural population: The 
Chennai glaucoma study. Ophthalmology 2008;115:648‑54.

11.	 Garudadri C, Senthil  S, Khanna RC, Sannapaneni K, Rao HB. 
Prevalence and risk factors for primary glaucomas in adult urban 
and rural populations in the Andra Pradesh Eye Disease Study. 
Ophthalmology 2010;117:1352‑9.

12.	 Klein BEK, Klein R, Sponsel WE, Franke T, Cantor LB, Martone J, 
et  al. Prevalence of glaucoma: The Beaver Dam Eye Study. 
Ophthalmology 1992;99:1499‑504.

13.	 Leske MC, Heijl A, Hyman L, Bengtsson B. Early manifest glaucoma 
trial: Design and baseline data. Ophthalmology 1999;106:2144‑53.

14.	 Agarwal R, Gupta SK, Agarwal P, Saxena R, Agrawal SS. Current 
concepts in the pathophysiology of glaucoma. Indian J Ophthalmol 
2009;57:257‑66.

15.	 Levin LA. Direct and indirect approaches to neuroprotective 
therapy of glaucomatous optic neuropathy. Surv Ophthalmol 
1999;43(Suppl 1):S98‑101.

16.	 Neufeld AH. New conceptual approaches for pharmacological 
neuroprotection in glaucomatous neuronal degeneration. 
J Glaucoma 1998;7:434‑8.

17.	 Weinreb RN, Levin LA. Is neuroprotection a viable therapy for 
glaucoma? Arch Ophthalmol 1998;117:1540‑4.

18.	 Andersen  JK. Oxidative stress in neurodegeneration: Cause or 
consequence? Nat Med 2004;10(Suppl):S18‑25.

19.	 Weinreb RN, Aung T, Medeiros FA. The pathophysiology and 
treatment of glaucoma: A review. JAMA 2014;311:1901‑11.

20.	 Tatton WG, Chalmers‑Redman RM, Tatton NA. Apoptosis and 
anti‑apoptosis signalling in glaucomatous retinopathy. Eur J 
Ophthalmol 2001;11(Suppl 2):S12‑22.

21.	 Wheeler L, WoldeMussie E, Lai R. Role of alpha‑2 agonists in 
neuroprotection. Surv Ophthalmol 2003;48(Suppl 1):S47‑51.

22.	 Rosa RH Jr, Hein TW, Yuan Z, Xu W, Pechal MI, Geraets RL, et al. 
Brimonidine evokes heterogeneous vasomotor response of retinal 
arterioles: Diminished nitric oxide‑mediated vasodilation when 
size goes small. Am J Physiol Heart Circ Physiol 2006;291:H231‑8.

23.	 Galanopoulos A, Goldberg I. Clinical efficacy and neuroprotective 
effects of brimonidine in the management of glaucoma and ocular 
hypertension. Clin Ophthalmol 2009;3:117‑22.

24.	 Evans  DW, Hosking  SL, Gherghel  D, Barlett  JD. Contrast 
sensitivity improves after brimonidine therapy in primary open 
angle glaucoma: A  case for neuroprotection. Br J Ophthalmol 
2003;87:1463‑5.

25.	 Krupin T, Liebmann  JM, Greenfield DS, Ritch R, Gardiner  S. 
A randomized trial of brimonidine versus timolol in preserving 
visual function: Results from the low‑pressure glaucoma treatment 
study. Am J Ophthalmol 2011;151:671‑81.

26.	 Islam S, Spry C. Prostaglandin Analogues for Ophthalmic Use: 



February 2022	  Vishwaraj, et al.: Neuroprotection in glaucoma	 385

A Review of Comparative Clinical Effectiveness, Cost‑Effectiveness, 
and Guidelines  [Internet]. Ottawa  (ON): Canadian Agency for 
Drugs and Technologies in Health; 2020.

27.	 Liu  JH, Kripke DF, Weinreb RN. Comparison of the nocturnal 
effects of once‑daily timolol and latanoprost on intraocular 
pressure. Am J Ophthalmol 2004;138:389‑95.

28.	 Ahmad AS, Zhuang H, Echeverria  V, Doré S. Stimulation 
of prostaglandin EP2 receptors prevents NMDA‑induced 
excitotoxicity. J Neurotrauma 2006;23:1895‑903.

29.	 Ishii K, Tomidokoro A, Nagahara M, Tamaki Y, Kanno M, Fukaya Y, 
et al. Effects of topical latanoprost on optic nerve head circulation 
in rabbits, monkeys, and humans. Invest Ophthalmol Vis Sci 
2001;42:2957‑63.

30.	 Hayreh SS. Blood flow in the optic nerve head and factors that may 
influence it. Prog Retin Eye Res 2001;20:595‑624.

31.	 Choi J, Kim KH, Jeong J, Cho HS, Lee CH, Kook MS. Circadian 
fluctuation of mean ocular perfusion pressure is a consistent risk 
factor for normal‑tension glaucoma. Invest Ophthalmol Vis Sci 
2007;48:104‑11.

32.	 Sit AJ, Weinreb RN, Crowston JG, Kripke DF, Liu JH. Sustained 
effect of travoprost on diurnal and nocturnal intraocular pressure. 
Am J Ophthalmol 2006;141:1131‑3.

33.	 Quaranta  L, Pizzolante  T, Riva  I, Haidich AB, Konstas AG, 
Stewart WC. Twenty‑four‑hour intraocular pressure and blood 
pressure levels with bimatoprost versus latanoprost in patients 
with normal‑tension glaucoma. Br J Ophthalmol 2008;92:1227‑31.

34.	 Okazawa H, Yamauchi H, Sugimoto K, Toyoda H, Kishibe Y, 
Takahashi M. Effects of acetazolamide on cerebral blood flow, 
blood volume, and oxygen metabolism: A positron emission 
tomography study with healthy volunteers. J Cereb Blood Flow 
Metab 2001;21:1472‑9.

35.	 Seki M, Tanaka T, Matsuda H, Togano T, Hashimoto K, Ueda J, 
et  al. Topically administered timolol and dorzolamide reduce 
intraocular pressure and protect retinal ganglion cells in a rat 
experimental glaucoma model. Br J Ophthalmol 2005;89:504‑7.

36.	 Martínez A, Sánchez‑Salorio M. A comparison of the long‑term 
effects of dorzolamide 2% and brinzolamide 1%, each added 
to timolol 0.5%, on retrobulbar hemodynamics and intraocular 
pressure in open‑angle glaucoma patients. J Ocul Pharmacol Ther 
2009;25:239‑48.

37.	 Shih GC, Calkins DJ. Secondary neuroprotective effects of 
hypotensive drugs and potential mechanisms of action. Expert 
Rev Ophthalmol 2012;7:161‑75.

38.	 Wood  JP, Schmidt  KG, Melena  J, Chidlow G, Allmeier H, 
Osborne NN. The beta‑adrenoceptor antagonists metipranolol and 
timolol are retinal neuroprotectants: Comparison with betaxolol. 
Exp Eye Res 2003;76:505‑16.

39.	 Osborne NN, Wood  JP, Chidlow G, Casson  R, DeSantis  L, 
Schmidt KG. Effectiveness of levobetaxolol and timolol at blunting 
retinal ischaemia is related to their calcium and sodium blocking 
activities: Relevance to glaucoma. Brain Res Bull 2004;62:525‑8.

40.	 Tamaki Y, Araie M, Tomita K, Nagahara M. Effect of topical 
betaxolol on tissue circulation in the human optic nerve head. 
J Ocul Pharmacol Ther 1999;15:313‑21.

41.	 Quaranta L, Turano R, Pizzolante T. Levobetaxolol hydrochloride: 
A review of its pharmacology and use in the treatment of chronic 
open‑angle glaucoma and ocular hypertension. Clin Ophthalmol 
2007;1:93‑7.

42.	 Brooks AM, Gillies WE. Ocular beta‑blockers in glaucoma 
management. Clinical pharmacological aspects. Drugs Aging 
1992;2:208‑21.

43.	 Ding  J, Yu  JZ, Li QY, Wang X, Lu CZ, Xiao  BG. Rho kinase 
inhibitor Fasudil induces neuroprotection and neurogenesis 
partially through astrocyte‑derived G‑CSF. Brain Behav Immun 
2009;23:1083‑8.

44.	 Tanna AP, Johnson M. Rho kinase inhibitors as a novel treatment 
for glaucoma and ocular hypertension. Ophthalmology 
2018;125:1741‑56.

45.	 Ohta Y, Takaseki S, Yoshitomi T. Effects of ripasudil hydrochloride 
hydrate  (K‑115), a Rho‑kinase inhibitor, on ocular blood flow 

and ciliary artery smooth muscle contraction in rabbits. Jpn J 
Ophthalmol 2017;61:423‑32.

46.	 Malishevskaia  TN, Dolgova  IG. Options for correction of 
endothelial dysfunction and oxidative stress in patients with 
primary open‑angle glaucoma. Vestn Oftalmol 2014;130:72‑3.

47.	 Ishikawa M. Abnormalities in glutamate metabolism and 
excitotoxicity in the retinal diseases. Scientifica  (Cairo) 
2013;2013:528940.

48.	 Dreyer EB, Zurakowski D, Schumer RA, Podos SM, Lipton SA. 
Elevated glutamate levels in the vitreous body of humans and 
monkeys with glaucoma. Arch Ophthalmol 1996;114:299‑305.

49.	 Lagrèze WA, Knörle R, Bach M, Feuerstein TJ. Memantine is 
neuroprotective in a rat model of pressure‑induced retinal 
ischemia. Invest Ophthalmol Vis Sci 1998;39:1063‑6.

50.	 Hare WA, WoldeMussie E, Lai RK, Ton H, Ruiz G, Chun T, et al. 
Efficacy and safety of memantine treatment for reduction of 
changes associated with experimental glaucoma in monkey, I: 
Functional measures. Invest Ophthalmol Vis Sci 2004;45:2625‑39.

51.	 Weinreb RN, Liebmann  JM, Cioffi GA, Goldberg  I, Brandt  JD, 
Johnson CA, et al. Oral memantine for the treatment of glaucoma: 
Design and results of 2 randomized, placebo‑controlled, phase 3 
studies. Ophthalmology 2018;125:1874‑85.

52.	 Parisi  V, Coppola  G, Ziccardi  L, Gallinaro  G, Falsini  B. 
Cytidine‑5′‑diphosphocholine (Citicoline): A pilot study in patients 
with non‑arteritic ischaemic optic neuropathy. Eur J Neurol 
2008;15:465‑74.

53.	 Grieb P. Neuroprotective properties of citicoline: Facts, doubts and 
unresolved issues. CNS Drugs 2014;28:185‑93.

54.	 Tan D‑X, Zheng X, Kong J, Manchester LC, Hardeland R, Kim SJ, 
et al. Fundamental issues related to the origin of melatonin and 
melatonin isomers during evolution: Relation to their biological 
functions. Int J Mol Sci 2014;15:15858‑90.

55.	 Aulinas A. Physiology of the pineal gland and melatonin. [Updated 
2019 Dec 10]. In: Feingold KR, Anawalt B, Boyce A, Chrousos G, 
de Herder WW, Dhatariya K, et al., editors. Endotext [Internet]. 
South Dartmouth (MA): MDText.com, Inc.; 2000.

56.	 Reiter RJ, Tan DX, Mayo JC, Sainz RM, Leon J, Czarnocki Z. Melatonin 
as an antioxidant: Biochemical mechanisms and pathophysiological 
implications in humans. Acta Biochim Pol 2003;50:1129‑46.

57.	 Martínez‑Águila A, Fonseca B, Bergua A, Pintor  J. Melatonin 
analogue agomelatine reduces rabbit’s intraocular pressure in 
normotensive and hypertensive conditions. Eur J Pharmacol 
2013;701:213‑7.

58.	 Pescosolido N, Gatto V, Stefanucci A, Rusciano D. Oral treatment 
with the melatonin agonist agomelatine lowers the intraocular 
pressure of glaucoma patients. Ophthalmic Physiol Opt 
2015;35:201‑5.

59.	 Bie X, Chen Y, Zheng X, Dai H. The role of crocetin in protection 
following cerebral contusion and in the enhancement of 
angiogenesis in rats. Fitoterapia 2011;82:997‑1002.

60.	 Xuan B, Zhou Y‑H, Li N, Min Z‑D, Chiou GCY. Effects of crocin 
analogs on ocular blood flow and retinal function. J Ocul Pharmacol 
Ther 1999;15:143‑52.

61.	 Araie M, Mayama C. Use of calcium channel blockers for glaucoma. 
Prog Retin Eye Res 2011;30:54‑71.

62.	 Osborne A, Sanderson  J, Martin KR. Neuroprotective effects of 
human mesenchymal stem cells and platelet‑derived growth factor 
on human retinal ganglion cells. Stem Cells 2018;36:65‑78.

63.	 Kim  JY, You YS, Kim  SH, Kwon OW. Epiretinal membrane 
formation after intravitreal autologous stem cell implantation in a 
retinitis pigmentosa patient. Retin Cases Brief Rep 2016;11:227‑31.

64.	 Sluch VM, Davis CO, Ranganathan V, Kerr JM, Krick K, Martin R, 
et al. Differentiation of human ESCs to retinal ganglion cells using 
a CRISPR engineered reporter cell line. Sci Rep 2015;5:1‑17.

65.	 Venugopalan  P, Wang  Y, Nguyen  T, Huang A, Muller  KJ, 
Goldberg  JL. Transplanted neurons integrate into adult retinas 
and respond to light. Nat Commun 2016;7:1‑9.

66.	 Sena DF, Lindsley K. Neuroprotection for treatment of glaucoma 
in adults. Cochrane Database Syst Rev 2017;1:CD006539.


