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A review of nicotinamide treatment for neuroprotection.

 BY FLORA HUI, PHD, AND PETE A. WILLIAMS, PHD 

METABOLIC DYSFUNCTION IN 
GLAUCOMA: FROM BENCH TO 
BEDSIDE (AND BACK AGAIN)

M
uch like J.R.R. Tolkien’s book There and Back Again: 
A Hobbit’s Tale, research into glaucoma pathophysi-
ology, mechanisms, and treatments weaves a rich 
tapestry—from bench to bedside and often back 
again in multiple iterations. These research themes 

can seem like a movie narrative, wherein the ending is 

known before the beginning, much in the way a therapeutic 
agent or treatment is used before its full mechanisms of 
action are understood. This review focuses on one such tale 
that moves from bench to bedside and back again and is 
starting to demonstrate true clinical potential: nicotinamide 
treatment for neuroprotection in glaucoma. 

I N  R E G I O N E  C A E C O R U M  R E X  E S T  L U S C U S  ( I N  T H E  L A N D  O F  T H E  B L I N D ,  
T H E  O N E - E Y E D  M A N  I S  K I N G ) .

Vision is an essential sense that helps people interact 
with the world. With age, a small percentage of retinal 
ganglion cells (RGCs) are lost every year. Because the brain 
makes up the difference, this loss is often so mild and slow 
that it goes unnoticed. Sometimes, however, faster pro-
gressive loss of RGCs occurs, as in glaucoma, and people 
can spend a significant portion of their lives without suf-
ficient vision. This risk increases with age, and the number 
of patients with glaucoma continues to rise as the aging 
global population grows. Glaucoma, therefore, is a major 
health and economic burden. 

Following are three definitions of glaucoma: 
 1.   “Glaucoma describes a group of ocular disorders of 

[multifactorial etiology] united by a clinically characteristic 
optic neuropathy with potentially progressive, clinically 
visible changes at the optic nerve head, comprising focal or 
[generalized] thinning of the neuroretinal rim with excava-
tion and enlargement of the optic cup, representing neuro-
degeneration of [RGC] axons and deformation of the lamina 
cribrosa; corresponding diffuse and [localized] nerve [fiber] 
bundle pattern visual field loss may not be detectable in early 

stages; while visual acuity is initially spared, progression can 
lead to complete loss of vision; the constellation of clinical 
features is diagnostic.”1

 2.   “Primary open-angle glaucoma (POAG) is a chronic, 
progressive optic neuropathy in adults in which there is a 
characteristic acquired atrophy of the optic nerve and loss of 
[RGCs] and their axons. This condition is associated with an 
open anterior chamber angle by gonioscopy.”2 

 3.   “The glaucomas are a group of optic neuropathies char-
acterized by progressive degeneration of [RGCs]. These are 
central nervous system neurons that have their cell bodies in 
the inner retina and axons in the optic nerve. Degeneration 
of these nerves results in cupping, a characteristic appearance 
of the optic disc, and visual loss. The biological basis of glau-
coma is poorly understood, and the factors contributing to its 
progression have not been fully characterized.”3

Notably, IOP is not mentioned in any of these definitions. 
As a common but not exclusive risk factor, elevated IOP 
cannot and should not be the only target to protect the 
RGCs in glaucoma. Although stabilizing the IOP has been 
proven to reduce the risk of vision loss,4 many patients are 
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refractory to treatment and experi-
ence progressive blindness. Despite 
this, no current therapies in clinical 
use directly target the retina and 
optic nerve in glaucoma. This has 
been well discussed as the future of 
glaucoma treatment and research.5,6

 A L L T H A T G L I T T E R S I S N O T G O L D 
How well is glaucoma treated now? 

Probably not well enough. Despite a 
range of available IOP-lowering treat-
ments, approximately 40% of patients 
develop monocular blindness (visual 
acuity < 6/120 and/or central visual 
field < 10º) in their lifetime.7 The 
vision of many who achieve their tar-
get pressure continues to worsen, and 
those with normal-tension glaucoma 
have a low IOP to begin with. All of 
this suggests that elevated IOP cannot 
be the sole driver of glaucoma patho-
genesis. Although effective treatments 
to lower IOP exist, they do not target 
the neurodegenerative component 
of glaucoma itself. Thus, new neuro-
protective strategies for glaucoma 
are required. 

 O N W A R D A N D U P W A R D 
RGCs exist on a metabolic knife-

edge, meaning they are at great risk 
of being bioenergetically compro-
mised.8,9 These cells are constantly 
under stress from blue light expo-
sure, changes in vascular tone, high 
metabolic strain, and anatomic stress, 
and they have limited glial support 
compared to other neurons in the 
brain. This renders RGCs vulnerable 
to metabolic insults and other factors 
such as age and elevated IOP. RGCs 
appear to be particularly vulnerable 
to metabolic insults; many mitochon-
drial and metabolic diseases (eg, Leber 
hereditary optic neuropathy and 
autosomal dominant optic atrophy) 
have a strong ocular component 
that can exist alone or with other 
systemic effects. 

An aging RGC is like an old motor-
cycle trying to climb a hill. The 
therapies available at the bedside 
focus on factors extraneous to the 
motorcycle. Clinicians try to lower 
the hill (ie, IOP), improve the road 
surface (develop surgical devices and 

techniques to alter aqueous humour 
dynamics), and sometimes ask why 
the hill is so steep to begin with 
(conduct genome-wide association 
studies to identify candidate risk loci 
for glaucoma development).10 These 
strategies are well established and 
important for glaucoma management, 
but they do not directly target the 
motorcycle. As such, they may have 
little to no effect if the motorcycle 
is old or broken. New treatment 
strategies that are intrinsic to the 
motorcycle are needed—ones that 
improve the engine efficiency, add a 
turbocharger, or provide premium 
fuel. Targeting these factors could 
enable the motorcycle to climb 
the hill regardless of its steepness 
and should be complementary to 
any existing treatment strategy to 
manage or improve the hill itself. 
This may be easier said than done, 
but considerable research efforts 
have been devoted to finding ways to 
support RGCs directly in glaucoma.   

“ T H E  E N E R G Y  O F  T H E  M I N D  I S  T H E  E S S E N C E  O F  L I F E . ” — A r i s t o t l e

Age is the most common risk 
factor for glaucoma.11,12 With normal 
aging, RGC metabolic capacity 
decreases in association with a 
concomitant increase in mitochon-
drial stress.13 Elevated IOP conspires 
with age to further compromise mito-
chondrial integrity. 

Emerging research suggests that a 
systemic vulnerability to metabolic 
compromise exists in patients with 
glaucoma. Genomic analysis has 
demonstrated increased mitochon-
drial DNA content and a spectrum 

of mitochondrial DNA mutations in 
glaucomatous eyes.14-16 Population 
studies and gene association studies 
have identified an increased risk of 
glaucoma subtypes associated with 
metabolism.17-20 Gene and protein 
expression of these candidates has 
been shown in the retina and optic 
nerve, suggesting a local vulnerability 
to metabolic stress. Pathway analyses 
of gene candidates have implicated 
lipid metabolism and mitochon-
drial metabolism in glaucoma. These 
effects may not only be local to RGCs; 

defects in mitochondrial metabolism 
have been shown in the lymphoblasts 
of patients with glaucoma, indicating 
a systemic susceptibility to metabolic 
defects.21 Metabolic dysfunction 
and mitochondrial abnormalities 
occur before neurodegeneration in 
glaucoma (ie, may exist already with 
age or as a consequence of early IOP 
changes). This has been demonstrated 
both in humans and in animal models 
of the disease, with a correlation 
shown between the two.22,23
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3 “ T H E  I D E A  I S  T O  D I E  Y O U N G  A S  L A T E  A S  P O S S I B L E . ” — A s h l e y  M o n t a g u

Targeting metabolism does not 
mean trying to resurrect dead RGCs. 
Research on RGC axon regeneration is 
ongoing, but it is not yet possible for 
regenerating axons to be guided to 
their terminal thalami in the brain, a 
key step in restoring functional vision. 
Dogma in glaucoma once maintained 
that cells are alive or dead, with little 
grey area in between. However, it has 
since been established that RGCs are 
not alive or dead but are, in fact, a 

heterogenous mix of alive, stressed, 
dysfunctional, dying, and dead, 
with a lot of grey area in between. 
Part of this may be due to subtypes 
of RGCs with different inputs,24 
sizes of dendritic fields, calibers of 
axons, and thus different metabolic 
requirements. 

In glaucoma, evidence supports 
that RGCs enter a comatose-like state 
in which they go through a period of 
dysfunction and low activity before 

degeneration.25 This cellular activity 
can be partially recovered by reduc-
ing the IOP, but more information 
is needed on how this occurs. What 
methods can be developed to promote 
positive changes in metabolism 
to keep RGCs from falling off this 
metabolic cliff? Changing or reducing 
metabolic load appears to support 
RGCs subjected to IOP insults, and this 
seemingly can be accomplished simply 
by targeting diet and exercise.26

“ E V E R Y T H I N G  I S  E N E R G Y  A N D  T H A T ’ S  A L L  T H E R E  I S  T O  I T . ” — A l b e r t  E i n s t e i n

RGCs are highly bioenergetic, yet 
they exist in a Goldilocks state of not 
too little and not too much. As such, 
these cells are highly sensitive to fluc-
tuations in metabolic demand and to 
metabolic or mitochondrial defects. 
The mechanisms by which mitochon-
drial defects influence neuronal metab-
olism, leading to RGC dysfunction 
and degeneration, are being studied. 
Metabolic dysfunction and mito-
chondrial abnormalities were shown 
to occur before neurodegeneration 
in multiple experimental models of 
glaucoma and in human postmortem 
tissue.22,23,27 Targeting mitochondria 
and metabolism via dietary inter-
vention, exercise, and drug or gene 
therapy has shown promise in animal 
models of glaucoma.26,28 Many of the 
changes discovered in animal models 
sensitized RGCs, leaving them vulner-
able to the insults of elevated IOP.

One molecule that aids metabo-
lism is the essential metabolite 

nicotinamide adenine dinucleotide 
(NAD), commonly referred to as the 
longevity molecule. NAD acts as a 
cofactor to hundreds of enzymatic 
reactions in the cell and is an impor-
tant regulator of neurodegeneration. 
Ongoing studies have shown that 
the body’s capacity to maintain NAD 
levels in the retina and optic nerve 
declines with age, rendering RGCs 
susceptible to pressure-related stress 
and promoting dysfunction and 
degeneration.22 Preventing age-related 
NAD depletion via the administration 
of nicotinamide (the amide of vitamin 
B3 and an NAD precursor) or through 
gene therapy (targeting terminal 
enzymes for NAD production) has 
been shown to provide robust protec-
tion against age-related metabolic 
decline and prevent neurodegenera-
tion in animal models of glaucoma.22 

NAD-generating capacity is low in 
peripheral blood mononuclear cells 
from patients with glaucoma29 and 

in the sera of patients with POAG.30 
Elevating NAD levels through nicotin-
amide supplementation can improve 
visual function in patients with 
glaucoma.31 Further, defective glu-
coneogenesis/glycolysis (the process 
by which cells make different sugar 
molecules) has been identified in ani-
mal models of glaucoma. Treatment 
with nicotinamide and/or pyruvate 
(a simple sugar in these pathways) 
has been found to provide robust 
protection against these effects in ani-
mal models.22,32,33 In humans, a small 
phase 2 trial showed that a combina-
tion treatment of nicotinamide and 
pyruvate improved vision/visual recov-
ery in glaucomatous eyes.34 These data 
suggest that glaucoma has a strong 
metabolic component and that it is 
possible to correct these bioenergetic 
insufficiencies to provide neuropro-
tection in animal models and improve 
the vision of at least some patients 
with glaucoma. 



s

  RESEARCH UPDATE

46  GLAUCOMA TODAY |  JANUARY/FEBRUARY 2025

“ I  P R E F E R  T O  B E  A L I V E ,  S O  I ’ M  C A U T I O U S  A B O U T  T A K I N G  R I S K S .”—Werner Herzog

It has been shown clinically that 
some patients respond well to IOP-
lowering treatment and experience 
minimal vision loss due to glaucoma, 
whereas others experience rapid or 
continued disease progression despite 
treatment. In one retrospective study, 
the probability of glaucoma-related 
blindness in at least one eye over a 
person’s lifetime was greater than 
40%.7 More can be done to identify 
who is most at risk of progression 
and requires intensive treatment 
and monitoring. 

Currently, adequate clinical 
measures, whether with perimetry or 
OCT, exist to diagnose vision loss and 
structural damage in glaucoma, but 
these modalities can detect only losses 
that have already occurred. Medeiros 
et al found that glaucomatous eyes 
had an average RGC loss of 28.4% 
before an early visual field defect could 
be detected; in 20% of patients with 
early defects, more than 40% of RGCs 
had been lost.35 In contrast, Harwerth 
et al demonstrated a linear relation-
ship between structure and function 
when utilizing a pointwise analysis of 
the visual field.36 Research on different 
types of perimetry have delved into 
identifying earlier signs of RGC loss 
with various stimuli, including short-
wavelength automated perimetry and 
frequency doubling technology.37,38 
Despite those modalities’ potential to 
detect earlier functional loss,39-41 stan-
dard automated perimetry remains the 
gold standard. Prior research suggests 
that altering the visual field stimulus 
size and/or contrast in perimetry 
can help to detect earlier defects,42,43 
although these settings are largely 
fixed in commercially available devices. 
OCT can detect the early loss of reti-
nal nerve fiber layer thickness, even in 
preperimetric glaucoma.44-46 However, 
OCT may be prone to imaging artifacts 

and false segmentation, particularly 
in the presence of an epiretinal mem-
brane and high myopia, which could 
lead to a false interpretation.47-50

Although the diagnosis of glaucoma 
has improved, current methods of 
disease monitoring do not provide 
direct insight into an individual’s 
risk of progression or the health 
of the remaining RGCs. This infor-
mation is essential if a precision 
medicine approach to glaucoma is 
to be adopted. The landmark United 
Kingdom Glaucoma Treatment Study 
(UKGTS) used a rigorous visual field 
testing protocol consisting of 11 visits 
in 24 months, with clustering of tests 
at baseline, 18 months, and 24 months 
for a total of 16 visual field tests. 
With this protocol, far beyond what 
is clinically feasible, it still took a year 
to detect visual field progression reli-
ably.4 Tan et al recently demonstrated 
that front-loading Swedish interactive 
thresholding algorithm-faster visual 
field tests may increase testing fre-
quency while maintaining reliability.51 
Although the method holds promise, 
future implementation studies must be 
conducted for it to be deployed in clini-
cal settings. Home monitoring of visual 
fields may have a role in the future as 
a potentially cost-effective solution 
for stringent monitoring.52-54 Patients 
could also perform clustering of visual 
fields or frequent testing themselves, 
which could detect changes earlier.53,55

AI and deep learning are also being 
applied (with some success) to retinal 
fundus photographs and OCT images 
to aid in diagnosis and the detection 
of disease progression.56-59 Although 
AI image screening could be useful for 
detecting glaucomatous progression, 
some obstacles must be overcome 
before clinical implementation can 
occur.60,61 These include establishing a 
proper ground truth for glaucomatous 

progression as well as developing stan-
dardized AI strategies to accommodate 
input data from different sources. 

An individual’s risk of glaucoma 
could also be assessed using genetics 
and metabolomics. The latter studies 
the metabolites in the body. Genome-
wide association studies can be used to 
calculate polygenic risk scores (PRSs) 
for patients with glaucoma,10,62-64 and 
they offer a potential new tool for 
stratifying patients based on their risk 
of progression using a blood or saliva 
sample. Craig et al demonstrated 
that PRSs could accurately identify 
people with early glaucoma who were 
at increased risk of progression and 
the likelihood of surgical interven-
tion being required in people with 
advanced glaucoma.10 In another 
study, patients with a high poly-
genic risk were 2.5-fold more likely to 
develop glaucoma.64 Although prom-
ising, PRS studies are still in the trial 
phase and must be applied to different 
populations and in longitudinal studies 
to determine whether the predictive 
power of PRSs can facilitate the timely 
treatment of high-risk patients. 

Metabolomics can enable the identi-
fication of potential systemic biomark-
ers and assist in drug discovery for 
glaucoma. Previous work identified a 
series of metabolites that are increased 
or decreased in concentration in 
patients with POAG.65,66 In particular, 
investigators identified reduced levels 
of nicotinamide as an important fea-
ture in POAG, supporting its potential 
as a therapeutic agent for glaucoma. 
Previous studies have also found that 
the metabolomic signature of POAG 
points to mitochondrial dysfunction.67 
Such studies support their further 
investigation as potential therapeutic 
targets in the diagnosis and treatment 
of POAG. 
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" T H A T  T H O U G H  T H E  R A D I A N C E  W H I C H  W A S  O N C E  S O  B R I G H T  B E  N O W  F O R E V E R 
T A K E N  F R O M  M Y  S I G H T .  T H O U G H  N O T H I N G  C A N  B R I N G  B A C K  T H E  H O U R  O F 
S P L E N D O U R  I N  T H E  G R A S S ,  G L O R Y  I N  T H E  F L O W E R .  W E  W I L L  G R I E V E  N O T , 

R A T H E R  F I N D  S T R E N G T H  I N  W H A T  R E M A I N S  B E H I N D . ” — W i l l i a m  W o r d s w o r t h

While it is known that RGCs are 
compromised in glaucoma, there is 
no strong clinical evidence for any 
neuroprotective therapies to support 
RGC health and function. A range 
of additional neuroprotective thera-
pies have been proposed, including 
brimonidine, citicoline, coenzyme 
Q10, and gingko biloba.68-70 Some 
preclinical studies have suggested that 
these compounds have neuroprotec-
tive properties. Brimonidine was once 
touted as a potential neuroprotective 
agent but failed to demonstrate a sig-
nificant effect in clinical trials.71 The 
potential neuroprotective properties of 
citicoline have been shown in multiple 
experimental models of glaucoma.72,73 
Coenzyme Q10 has been demonstrated 
as a mitochondrial-targeted antioxidant 
that could prevent RGC degeneration 
in rodent models,74-77 and clinical trials 
are underway.78 Gingko biloba extract 
has been suggested to improve blood 
flow around the optic nerve head,79 and 
some small studies suggest that it may 
have potential clinical utility.68,80 

One promising therapy is high-dose 
nicotinamide supplementation. Oral 
supplementation with the metabolite 

provided robust neuroprotection in 
rodent models of glaucoma.22,32 Follow-
up studies have shown the potential 
of high-dose nicotinamide (3 g/day) 
to support RGC function in patients 
with glaucoma.81 In a 6-month, 
placebo-controlled crossover study, 
patients with glaucoma were randomly 
assigned to high-dose nicotinamide 
or placebo for 12 weeks,31 after which 
they crossed over to the other treat-
ment without a washout period. After 
12 weeks of nicotinamide treatment, a 
significant improvement in RGC func-
tion, as measured by the photopic neg-
ative response on electroretinography 
(ERG), was observed in approximately 
25% of patients. Patients treated with 
nicotinamide also showed a tendency 
for improved visual field parameters 
compared to those who received place-
bo. Larger and longer-term clinical trials 
are required to show the clinical utility 
of high-dose nicotinamide supplemen-
tation in glaucoma. 

Large-scale clinical trials of neuropro-
tection in glaucoma are limited by their 
inherent difficulty. Glaucoma clinical 
trial endpoints depend on a range of 
clinical tools, including perimetry, that 

require at least 12 months to detect 
changes in vision reliably,82 making 
neuroprotection studies lengthy and 
expensive to run. One of the most 
recent large-scale clinical trials testing 
neuroprotection by memantine failed 
to reach its primary endpoint of visual 
field progression after 2 years.83

Another issue is determining whom 
to target in clinical trials. Theoretically, 
at any disease stage, a retina will have 
a population of healthy, sick, and dying 
or dead RGCs. However, if only patients 
with early disease are recruited for a 
trial, then it may be too hard to detect 
clinical signs of change. If patients with 
advanced disease are recruited, then it 
may be too late for intervention to be 
useful. Patients with moderate glauco-
ma represent a spectrum of disease sta-
tus, so large sample sizes are required 
to achieve the statistical power needed 
to find significant changes. 

Yet another issue is which clinical 
parameters should be used to classify 
what is early, moderate, or advanced 
glaucoma. Does this classification, more-
over, truly reflect the RGC health status 
of each patient? Herein lies the conun-
drum faced in glaucoma clinical trials. 

“ H O P E  I S  B E I N G  A B L E  T O  S E E  T H A T  T H E R E  I S  L I G H T  D E S P I T E 
A L L  O F  T H E  D A R K N E S S . ” — D e s m o n d  T u t u

 D I A G N O S T I C T E S T I N G 
ERG has been used to detect short-

term changes in retinal function over 
as little as 3 months after a change in 

glaucoma treatment.84 ERG was also 
used in the short-term nicotinamide 
randomized controlled trial to dem-
onstrate improved retinal function.31 

Moreover, as mentioned earlier, home 
monitoring of visual fields may play a 
role. In a recent study, patients with 
glaucoma were amenable to at-home 
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testing of visual fields over 12 months 
with high retention rates.54 

A longitudinal 2-year randomized 
controlled trial of nicotinamide in glau-
coma (NCT05275738, NCT05405868) 
will explore the ability of methods 
beyond perimetry, including ERG, OCT, 
and metabolomics, to detect changes 
due to nicotinamide supplementation. 
The research is a global collaboration 
designed to provide substantial clinical 
evidence showing whether nicotin-
amide should be incorporated into 
glaucoma management. Clinical trials 
are also underway to investigate the 
effects of nicotinamide and pyruvate 
(NCT05695027) and nicotinamide ribo-
side (ChiCTR 1900021998).85

 D I E T 
Current evidence suggests that 

a ketogenic diet—a diet high in fat 
and low in carbohydrates—may be 
neuroprotective. This diet has been 
shown to be beneficial in other dis-
eases, including epilepsy, Alzheimer 
disease,86-88 and Parkinson disease,89,90 
potentially by reducing reactive oxy-
gen species and preventing the loss of 
mitochondria.26,91 In a mouse model of 
glaucoma, a ketogenic diet produced 
a robust antioxidant response and 
significantly improved RGC survival.92 
One study examining food frequency 
questionnaires showed that, although 
low-carbohydrate diets were not associ-
ated with a risk of POAG, a high-fat and 
high-protein diet (obtained from vege-
tables) was associated with about a 20% 
reduced risk of POAG with paracentral 
visual field loss.93 Although this diet has 
been shown to improve quality of life 
in patients with multiple sclerosis and 
Alzheimer disease, evidence of its neu-
roprotective effect is limited.94 Further, 
the regimen is difficult to maintain and 
can cause gastrointestinal side effects.

 L O O K I N G A H E A D 
Targeting bioenergetic insufficiency 

and metabolic dysfunction has the 
potential to be translated rapidly to the 
clinic. In addition to these strategies, 

several exciting therapeutic avenues are 
showing strong promise preclinically. 
As a result, the future of patients with 
glaucoma looks bright.  

Identifying the right patients for the  
right therapies. More comprehensive 
screening of patients might be beneficial 
(although the cost might outweigh 
the benefit), and the use of PRSs might 
help define who is at risk and who is 
most likely to benefit from certain 
treatments. The integration of biopsies 
or blood work (where candidate 
biomarkers have been identified) could 
provide an additional benefit.  

Predicting progression. Although there 
are valuable tools for diagnosing 
glaucoma, predicting its progression 
is a different story. The typical spacing 
of clinic visits also limits the clinician’s 
ability to gain a rapid understanding of 
a given patient’s disease progression. 
Home monitoring might provide 
additional data points without 
requiring an office visit.  

Accelerating clinical trials. Glaucoma 
clinical trials are arduous, which slows 
the translation from bench to bedside. 
The landmark UKGTS showed that, by 
increasing the number of clinic visits, a 
treatment effect could be observed in 
less than 12 months. Current research 
suggests that ERG may have a similar 
role in decreasing clinical trial time, 
with the photopic negative response 
showing a nicotinamide treatment–
related change within 12 weeks.31,84 

Stem cell therapy. Stem cell therapy has 
shown potential for the treatment of 
select retinal diseases. Stem cell therapy 
for glaucoma is advancing, but many 
hurdles remain, including integrating 
RGCs into diseased tissue, reconnecting 
synaptic connections (or making new 
ones), and facilitating the long-range 
projection of RGC axons to the brain.95

Optic nerve regeneration. Despite major 
advances in the field and achievements 

in long-range axon regeneration, several 
obstacles still must be overcome. These 
include facilitating axon regeneration 
beyond the optic chiasm and into 
the brain and the reintegration of lost 
synaptic connections.96

Gene therapy. Gene therapy has been 
successful for monogenic eye diseases. 
One example is voretigene neparvovec-
rzyl (Luxturna, Spark Therapeutics), 
which targets RPE65 in retinitis 
pigmentosa. Although most glaucoma 
cases are polygenic, several targets have 
been identified for gene therapy. These 
include tropomyosin receptor kinase 
B/brain-derived neurotrophic factor97 
and nicotinamide mononucleotide 
adenylyltransferases.22,98 Numerous 
regulatory hurdles must be cleared 
before gene therapy for polygenic 
glaucoma can enter the clinic. However, 
clinical trials are being planned that may 
yield the first gene therapy treatment 
for glaucoma in the coming years. 

 C O N C L U S I O N 
Although IOP lowering is still the 

mainstay of glaucoma management, 
it is promising to see a wealth of new 
research and resources for patient 
diagnosis and stratification, glaucoma 
biomarkers, and novel neuroprotective 
therapies on the horizon. Work in other 
fields, especially in other neurologic 
and ophthalmic diseases, is informative 
and provides a platform of technology 
for further scientific exploration in the 
glaucoma space.  

Given the surge in glaucoma research 
in recent years—both clinical and 
experimental—there is light at the end 
of the tunnel.   n

1. Casson RJ, Chidlow G, Wood JP, et al. Definition of glaucoma: clinical and experimen-
tal concepts. Clin Exp Ophthalmol. 2012;40(4):341-349.
2. Gedde SJ, Vinod K, Wright M, et al. Primary Open-Angle Glaucoma Preferred Practice 
Pattern. Ophthalmology. 2021;128(1):P71-P150.
3. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and treatment of glaucoma: 
a review. JAMA. 2014;311(18):1901-1911.
4. Garway-Heath DF, Crabb DP, Bunce C, et al. Latanoprost for open-angle 
glaucoma (UKGTS): a randomised, multicentre, placebo-controlled trial. Lancet. 
2015;385(9975):1295-1304.
5. Weinreb RN, Levin LA. Is neuroprotection a viable therapy for glaucoma? Arch 
Ophthalmol. 1999;117(11):1540-1544.
6. Khatib TZ, Martin KR. Protecting retinal ganglion cells. Eye (Lond). 2017;31(2):218-224.
7. Peters D, Bengtsson B, Heijl A. Lifetime risk of blindness in open-angle glaucoma. Am 
J Ophthalmol. 2013;156(4):724-730.



RESEARCH UPDATE  s

JANUARY/FEBRUARY 2025 | GLAUCOMA TODAY  49

8. Syc-Mazurek SB, Libby RT. Axon injury signaling and compartmentalized injury 
response in glaucoma. Prog Retin Eye Res. 2019;73:100769.
9. Whitmore AV, Libby RT, John SW. Glaucoma: thinking in new ways-a role for 
autonomous axonal self-destruction and other compartmentalised processes? Prog 
Retin Eye Res. 2005;24(6):639-662.
10. Craig JE, Han X, Qassim A, et al. Multitrait analysis of glaucoma identifies new 
risk loci and enables polygenic prediction of disease susceptibility and progression. 
Nat Genet. 2020;52(2):160-166.
11. McMonnies CW. Glaucoma history and risk factors. J Optom. 2017;10(2):71-78.
12. Tham YC, Li X, Wong TY, et al. Global prevalence of glaucoma and projections 
of glaucoma burden through 2040: a systematic review and meta-analysis. 
Ophthalmology. 2014;121(11):2081-2090.
13. Casson RJ, Chidlow G, Crowston JG, et al. Retinal energy metabolism in health and 
glaucoma. Prog Retin Eye Res. 2020:100881.
14. Williams PA, Harder JM, John SWM. Glaucoma as a metabolic optic neuropathy: mak-
ing the case for nicotinamide treatment in glaucoma. J Glaucoma. 2017;26(12):1161-1168.
15. Khawaja AP, Cooke Bailey JN, et al. Assessing the association of mitochondrial 
genetic variation with primary open-angle glaucoma using gene-set analyses. Invest 
Ophthalmol Vis Sci. 2016;57(11):5046-5052.
16. Aboobakar IF, Kinzy TG, Zhao Y, et al. Mitochondrial TXNRD2 and ME3 genetic 
risk scores are associated with specific primary open-angle glaucoma phenotypes. 
Ophthalmology. 2023;130(7):756-763.
17. Tribble JR, Hui F, Quintero H, et al. Neuroprotection in glaucoma: mechanisms 
beyond intraocular pressure lowering. Mol Aspects Med. 2023;92:101193.
18. Gharahkhani P, Jorgenson E, Hysi P, et al. Genome-wide meta-analysis identifies 
127 open-angle glaucoma loci with consistent effect across ancestries. Nat Commun. 
2021;12(1):1258.
19. Han X, Gharahkhani P, Hamel AR, et al. Large-scale multitrait genome-wide associa-
tion analyses identify hundreds of glaucoma risk loci. Nat Genet. 2023;55(7):1116-1125.
20. Bailey JN, Loomis SJ, Kang JH, et al. Genome-wide association analysis identifies 
TXNRD2, ATXN2 and FOXC1 as susceptibility loci for primary open-angle glaucoma. 
Nat Genet. 2016;48(2):189-194.
21. Van Bergen NJ, Crowston JG, Craig JE, et al. Measurement of systemic mitochon-
drial function in advanced primary open-angle glaucoma and Leber hereditary optic 
neuropathy. PLoS One. 2015;10(10):e0140919.
22. Williams PA, Harder JM, Foxworth NE, et al. Vitamin B3 modulates mitochondrial 
vulnerability and prevents glaucoma in aged mice. Science. 2017;355(6326):756-760.
23. Tribble JR, Vasalauskaite A, Redmond T, et al. Midget retinal ganglion cell dendritic 
and mitochondrial degeneration is an early feature of human glaucoma. Brain 
Commun. 2019;1(1):fcz035.
24. Wang AY, Lee PY, Bui BV, et al. Potential mechanisms of retinal ganglion cell type-
specific vulnerability in glaucoma. Clin Exp Optom. 2020;103(5):562-571.
25. Fry LE, Fahy E, Chrysostomou V, et al. The coma in glaucoma: retinal ganglion cell 
dysfunction and recovery. Prog Retin Eye Res. 2018;65:77-92.
26. Tribble JR, Hui F, Joe M, et al. Targeting diet and exercise for neuroprotection and 
neurorecovery in glaucoma. Cells. 2021;10(2).
27. Wang L, Dong J, Cull G, et al. Varicosities of intraretinal ganglion cell axons in 
human and nonhuman primates. Invest Ophthalmol Vis Sci. 2003;44(1):2-9.
28. Kumar A, Ou Y. From bench to behaviour: the role of lifestyle factors on 
intraocular pressure, neuroprotection, and disease progression in glaucoma. Clin Exp 
Ophthalmol. 2023;51(4):380-394.
29. Petriti B, Rabiolo A, Chau KY, et al. Peripheral blood mononuclear cell respiratory 
function is associated with progressive glaucomatous vision loss. Nat Med. 
2024;30:2362-2370.
30. Kouassi Nzoughet J, Chao de la Barca JM, Guehlouz K, et al. Nicotinamide deficien-
cy in primary open-angle glaucoma. Invest Ophthalmol Vis Sci. 2019;60(7):2509-2514.
31. Hui F, Tang J, Williams PA, et al. Improvement in inner retinal function in 
glaucoma with nicotinamide (vitamin B3) supplementation: a crossover randomized 
clinical trial. Clin Exp Ophthalmol. 2020;48(7):903-914.
32. Tribble JR, Otmani A, Sun S, et al. Nicotinamide provides neuroprotection in 
glaucoma by protecting against mitochondrial and metabolic dysfunction. Redox 
Biol. 2021;43:101988.
33. Harder JM, Guymer C, Wood JPM, et al. Disturbed glucose and pyruvate metabo-
lism in glaucoma with neuroprotection by pyruvate or rapamycin. Proc Natl Acad Sci 
U S A. 2020;117(52):33619-33627.
34. De Moraes CG, John SWM, Williams PA, et al. Nicotinamide and pyruvate for 
neuroenhancement in open-angle glaucoma: a phase 2 randomized clinical trial. 
JAMA Ophthalmol. 2022;140(1):11-8.
35. Medeiros FA, Lisboa R, Weinreb RN, et al. Retinal ganglion cell count estimates as-
sociated with early development of visual field defects in glaucoma. Ophthalmology. 
2013;120(4):736-744.
36. Harwerth RS, Wheat JL, Fredette MJ, et al. Linking structure and function in 
glaucoma. Prog Retin Eye Res. 2010;29(4):249-271.
37. Cello KE, Nelson-Quigg JM, Johnson CA. Frequency doubling technology perimetry 
for detection of glaucomatous visual field loss. Am J Ophthalmol. 2000;129(3):314-322.
38. Fogagnolo P, Rossetti L, Ranno S, et al. Short-wavelength automated perimetry 
and frequency-doubling technology perimetry in glaucoma. Prog Brain Res. 
2008;173:101-124.
39. Ferreras A, Polo V, Larrosa JM, et al. Can frequency-doubling technology and 
short-wavelength automated perimetries detect visual field defects before standard 
automated perimetry in patients with preperimetric glaucoma? J Glaucoma. 
2007;16(4):372-383.
40. Horn FK, Brenning A, Junemann AG, Lausen B. Glaucoma detection with frequency 
doubling perimetry and short-wavelength perimetry. J Glaucoma. 2007;16(4):363-371.
41. Leeprechanon N, Giaconi JA, Manassakorn A, et al. Frequency doubling 
perimetry and short-wavelength automated perimetry to detect early glaucoma. 
Ophthalmology. 2007;114(5):931-937.

42. Redmond T, Garway-Heath DF, Zlatkova MB, et al. Sensitivity loss in early glaucoma 
can be mapped to an enlargement of the area of complete spatial summation. Invest 
Ophthalmol Vis Sci. 2010;51(12):6540-6548.
43. Phu J, Khuu SK, Yapp M, et al. The value of visual field testing in the era of 
advanced imaging: clinical and psychophysical perspectives. Clin Exp Optom. 
2017;100(4):313-332.
44. Wu H, de Boer JF, Chen TC. Diagnostic capability of spectral-domain optical coher-
ence tomography for glaucoma. Am J Ophthalmol. 2012;153(5):815-826.e2.
45. Mwanza JC, Oakley JD, Budenz DL, Anderson DR. Ability of Cirrus HD-OCT optic 
nerve head parameters to discriminate normal from glaucomatous eyes. Ophthalmol-
ogy. 2011;118(2):241-248.e1.
46. Mwanza JC, Warren JL, Budenz DL. Combining spectral domain optical coherence 
tomography structural parameters for the diagnosis of glaucoma with early visual 
field loss. Invest Ophthalmol Vis Sci. 2013;54(13):8393-8400.
47. Schuman JS. Optical coherence tomography in high myopia. JAMA Ophthalmol. 
2016;134(9):1040.
48. Asrani S, Essaid L, Alder BD, et al. Artifacts in spectral-domain optical coherence 
tomography measurements in glaucoma. JAMA Ophthalmol. 2014;132(4):396-402.
49. Lee SY, Kwon HJ, Bae HW, et al. Frequency, type and cause of artifacts in 
swept-source and Cirrus HD optical coherence tomography in cases of glaucoma and 
suspected glaucoma. Curr Eye Res. 2016;41(7):957-964.
50. Li A, Thompson AC, Asrani S. Impact of artifacts from optical coherence 
tomography retinal nerve fiber layer and macula scans on detection of glaucoma 
progression. Am J Ophthalmol. 2021;221:235-245.
51. Tan JCK, Kalloniatis M, Phu J. Frontloading SITA-Faster can increase frequency 
and reliability of visual field testing at minimal time cost. Ophthalmol Glaucoma. 
2023;6(5):445-456.
52. Kumar H, Thulasidas M. Comparison of perimetric outcomes from Melbourne 
Rapid Fields tablet perimeter software and Humphrey Field Analyzer in glaucoma 
patients. J Ophthalmol. 2020;2020:8384509.
53. Anderson AJ, Bedggood PA, George Kong YX, et al. Can home monitoring allow 
earlier detection of rapid visual field progression in glaucoma? Ophthalmology. 
2017;124(12):1735-1742.
54. Prea SM, Vingrys AJ, Kong GYX. Test reliability and compliance to a twelve-month 
visual field telemedicine study in glaucoma patients. J Clin Med. 2022;11(15):4317.
55. Jones L, Callaghan T, Campbell P, et al. Acceptability of a home-based visual field 
test (Eyecatcher) for glaucoma home monitoring: a qualitative study of patients' views 
and experiences. BMJ Open. 2021;11(4):e043130.
56. Li F, Su Y, Lin F, et al. A deep-learning system predicts glaucoma incidence and 
progression using retinal photographs. J Clin Invest. 2022;132(11):e157968.
57. Liu S, Graham SL, Schulz A, et al. A deep learning-based algorithm identifies 
glaucomatous discs using monoscopic fundus photographs. Ophthalmol Glaucoma. 
2018;1(1):15-22.
58. Fan R, Bowd C, Christopher M, et al. Detecting glaucoma in the ocular hypertension 
study using deep learning. JAMA Ophthalmol. 2022;140(4):383-391.
59. Fea AM, Ricardi F, Novarese C, et al. Precision medicine in glaucoma: artificial intel-
ligence, biomarkers, genetics and redox state. Int J Mol Sci. 2023;24(3):2814.
60. Mursch-Edlmayr AS, Ng WS, Diniz-Filho A, et al. Artificial intelligence algorithms 
to diagnose glaucoma and detect glaucoma progression: translation to clinical 
practice. Transl Vis Sci Technol. 2020;9(2):55.
61. Girard MJA, Schmetterer L. Artificial intelligence and deep learning in glaucoma: 
current state and future prospects. Prog Brain Res. 2020;257:37-64.
62. Hsiao YJ, Chuang HK, Chi SC, et al. Genome-wide polygenic risk score for predicting 
high risk glaucoma individuals of Han Chinese ancestry. J Pers Med. 2021;11(11):1169.
63. Qassim A, Souzeau E, Siggs OM, et al. An intraocular pressure polygenic risk score 
stratifies multiple primary open-angle glaucoma parameters including treatment 
intensity. Ophthalmology. 2020;127(7):901-907.
64. Siggs OM, Han X, Qassim A, et al. Association of monogenic and polygenic risk with 
the prevalence of open-angle glaucoma. JAMA Ophthalmol. 2021;139(9):1023-1028.
65. Kouassi Nzoughet J, Guehlouz K, Leruez S, et al. A data mining metabolomics 
exploration of glaucoma. Metabolites. 2020;10(2):49.
66. Tang Y, Shah S, Cho KS, et al. Metabolomics in primary open angle glaucoma: a 
systematic review and meta-analysis. Front Neurosci. 2022;16:835736.
67. Leruez S, Marill A, Bresson T, et al. A metabolomics profiling of glaucoma points to 
mitochondrial dysfunction, senescence, and polyamines deficiency. Invest Ophthalmol 
Vis Sci. 2018;59(11):4355-4361.
68. Caceres-Velez PR, Hui F, Hercus J, et al. Restoring the oxidative balance in age-
related diseases - an approach in glaucoma. Ageing Res Rev. 2022;75:101572.
69. Adornetto A, Rombola L, Morrone LA, et al. Natural products: evidence for 
neuroprotection to be exploited in glaucoma. Nutrients. 2020;12(10):3158.
70. Krupin T. Special considerations in low-tension glaucoma. Can J Ophthalmol. 
2007;42(3):414-417.
71. Saylor M, McLoon LK, Harrison AR, et al. Experimental and clinical evidence 
for brimonidine as an optic nerve and retinal neuroprotective agent: an evidence-
based review. Arch Ophthalmol. 2009;127(4):402-406.
72. Oshitari T, Fujimoto N, Adachi-Usami E. Citicoline has a protective effect on dam-
aged retinal ganglion cells in mouse culture retina. Neuroreport. 2002;13(16):2109-2111.
73. Matteucci A, Varano M, Gaddini L, et al. Neuroprotective effects of citicoline in in 
vitro models of retinal neurodegeneration. Int J Mol Sci. 2014;15(4):6286-6297.
74. Davis BM, Tian K, Pahlitzsch M, et al. Topical coenzyme Q10 demonstrates 
mitochondrial-mediated neuroprotection in a rodent model of ocular hypertension. 
Mitochondrion. 2017;36:114-123.
75. Nucci C, Tartaglione R, Cerulli A, et al. Retinal damage caused by high intraocu-
lar pressure-induced transient ischemia is prevented by coenzyme Q10 in rat. Int 
Rev Neurobiol. 2007;82:397-406.
76. Lee D, Shim MS, Kim KY, et al. Coenzyme Q10 inhibits glutamate excitotoxicity 
and oxidative stress-mediated mitochondrial alteration in a mouse model of 

glaucoma. Invest Ophthalmol Vis Sci. 2014;55(2):993-1005.
77. Ekicier Acar S, Saricaoglu MS, Colak A, et al. Neuroprotective effects of topical 
coenzyme Q10 + vitamin E in mechanic optic nerve injury model. Eur J Ophthalmol. 
2020;30(4):714-722.
78. Quaranta L, Riva I, Biagioli E, et al. Evaluating the effects of an ophthalmic 
solution of coenzyme Q10 and vitamin E in open-angle glaucoma patients: a study 
protocol. Adv Ther. 2019;36(9):2506-2514.
79. Park JW, Kwon HJ, Chung WS, et al. Short-term effects of Ginkgo biloba 
extract on peripapillary retinal blood flow in normal tension glaucoma. Korean J 
Ophthalmol. 2011;25(5):323-328.
80. Quaranta L, Bettelli S, Uva MG, et al. Effect of Ginkgo biloba extract on preexisting 
visual field damage in normal tension glaucoma. Ophthalmology. 2003;110(2):359-362; 
discussion 362-364.
81. Nutrient reference values for Australia and New Zealand including recommended 
Dietary intakes. Australian National Health and Medical Research Council and the New 
Zealand Ministry of Health. 2005. Accessed January 12, 2025. www.nhmrc.gov.au/
sites/default/files/images/nutrient-refererence-dietary-intakes.pdf
82. De Moraes CG, Liebmann JM, Levin LA. Detection and measurement of clinically 
meaningful visual field progression in clinical trials for glaucoma. Prog Retin Eye 
Res. 2017;56:107-147.
83. Weinreb RN, Liebmann JM, Cioffi GA, et al. Oral memantine for the treatment of 
glaucoma: design and results of 2 randomized, placebo-controlled, phase 3 studies. 
Ophthalmology. 2018;125(12):1874-1885.
84. Tang J, Hui F, Hadoux X, et al. Short-term changes in the photopic negative 
response following intraocular pressure lowering in glaucoma. Invest Ophthalmol 
Vis Sci. 2020;61(10):16.
85. Leung CKS, Ren ST, Chan PPM, et al. Nicotinamide riboside as a neuroprotective 
therapy for glaucoma: study protocol for a randomized, double-blind, placebo-control 
trial. Trials. 2022;23(1):45.
86. Kashiwaya Y, Bergman C, Lee JH, et al. A ketone ester diet exhibits anxiolytic and 
cognition-sparing properties, and lessens amyloid and tau pathologies in a mouse 
model of Alzheimer's disease. Neurobiol Aging. 2013;34(6):1530-1539.
87. Beckett TL, Studzinski CM, Keller JN, et al. A ketogenic diet improves motor 
performance but does not affect beta-amyloid levels in a mouse model of Alzheimer's 
disease. Brain Res. 2013;1505:61-67.
88. Henderson ST, Vogel JL, Barr LJ, et al. Study of the ketogenic agent AC-1202 in mild 
to moderate Alzheimer's disease: a randomized, double-blind, placebo-controlled, 
multicenter trial. Nutr Metab (Lond). 2009;6:31.
89. Shaafi S, Najmi S, Aliasgharpour H, et al. The efficacy of the ketogenic diet on 
motor functions in Parkinson's disease: a rat model. Iran J Neurol. 2016;15(2):63-69.
90. Phillips MCL, Murtagh DKJ, Gilbertson LJ, et al. Low-fat versus ketogenic diet in Par-
kinson's disease: a pilot randomized controlled trial. Mov Disord. 2018;33(8):1306-1314.
91. Gough SM, Casella A, Ortega KJ, et al. Neuroprotection by the ketogenic diet: 
evidence and controversies. Front Nutr. 2021;8:782657.
92. Harun-Or-Rashid M, Pappenhagen N, Palmer PG, et al. Structural and functional 
rescue of chronic metabolically stressed optic nerves through respiration. J Neurosci. 
2018;38(22):5122-5139.
93. Hanyuda A, Rosner BA, Wiggs JL, et al. Low-carbohydrate-diet scores and the 
risk of primary open-angle glaucoma: data from three US cohorts. Eye (Lond). 
2020;34(8):1465-1475.
94. Tabaie EA, Reddy AJ, Brahmbhatt H. A narrative review on the effects of a keto-
genic diet on patients with Alzheimer's disease. AIMS Public Health. 2022;9(1):185-193.
95. Zhang KY, Aguzzi EA, Johnson TV. Retinal ganglion cell transplantation: approaches 
for overcoming challenges to functional integration. Cells. 2021;10(6):1426.
96. Williams PR, Benowitz LI, Goldberg JL, et al. Axon regeneration in the mammalian 
optic nerve. Annu Rev Vis Sci. 2020;6:195-213.
97. Khatib TZ, Osborne A, Yang S, et al. Receptor-ligand supplementation via a 
self-cleaving 2A peptide-based gene therapy promotes CNS axonal transport with 
functional recovery. Sci Adv. 2021;7(14):eabd2590.
98. Khatib TZ, Martin KR. Neuroprotection in glaucoma: towards clinical trials and 
precision medicine. Curr Eye Res. 2020;45(3):327-338.

FLORA HUI, PHD 
n �Research fellow, Centre for Eye Research 

Australia, Royal Victorian Eye and Ear Hospital, 
Melbourne, Australia

n �fhui@cera.org.au
n �Financial disclosure: Research support 

(Glaucoma Australia)

PETE A. WILLIAMS, PHD 
n �Associate Professor and Group Leader - 

Glaucoma, Department of Clinical Neuroscience, 
Division of Eye and Vision, St. Erik Eye Hospital, 
Karolinska Institutet, Stockholm, Sweden

n �pete.williams@ki.se
n �Financial disclosure: Research support 

(Karolinska Institutet, St. Erik Eye Hospital)


