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Glaucomatous optic neuropathy1 is the most com-
mon form of neurodegeneration involving the 
central nervous system and the leading cause of 
irreversible vision loss worldwide. Although age 
is an important risk factor, early onset is not un-
common and may result in severe vision loss in 
younger persons, even when the rate of disease 
progression is slow.

The critical neurons that are damaged in glau-
coma are the retinal ganglion cells, which reside 
in the inner retina and serve as neuronal inter-
mediaries between the photosensitive outer retina 
and the brain. They transmit visual information 
to the visual cortex through synapses in the lat-
eral geniculate nucleus. The site of injury in the 
glaucomatous human optic nerve is thought to 
be the lamina cribrosa, where the unmyelinated 
axons of the retinal ganglion cells exit the eye 
through collagenous pores in the sclera and are 
susceptible to perturbations in their microenvi-
ronment and microarchitecture. The progressive 
loss of neuronal elements leads to irreversible 
structural damage and functional loss.

For more than 150 years, the only proven treat-
ment for glaucoma has been the reduction of in-
traocular pressure with either drugs or surgical 
approaches. As with the study of other multifac-
torial neurodegenerative conditions, the ultimate 
goal in glaucoma research is the identification of 
treatment interventions that directly target neuro-
nal health and enhance neuronal survival. Unfor-
tunately, several drugs designed to protect against 
glaucomatous neurodegeneration have failed in 
clinical trials.

Possible early drivers of axonal injury to reti-
nal ganglion cells are mitochondrial dysfunction 
and the interruption of axoplasmic flow, which 
may serve either as initial steps in the neurode-
generative process or as early sequelae of lami-
nopathy. Williams et al.2 recently described their 

investigations of mitochondrial dysfunction in a 
mouse model of glaucoma that is manifested as 
chronic, age-related increases in intraocular pres-
sure and subsequent optic neuropathy, thus mim-
icking the human condition. Using RNA sequenc-
ing (in which the researchers indiscriminately 
sequenced RNAs to determine which genes are 
being transcribed) and unsupervised hierarchical 
clustering (to understand which cellular process-
es are activated during the development of dis-
ease), they identified transcriptomic abnormalities 
in the retinal ganglion cells of animals with ele-
vated intraocular pressure that were otherwise 
phenotypically indistinguishable from control ani-
mals. These very early molecular changes preced-
ed neurodegeneration. Williams et al. observed 
the differential expression of genes associated 
with mitochondrial dysfunction and genes encod-
ing proteins in oxidative phosphorylation path-
ways. Electron microscopy confirmed the presence 
of mitochondrial abnormalities — for example, 
there were comparatively few cristae formed by 
the inner mitochondrial membrane, which would 
suggest depressed levels of oxidative phosphory-
lation. The researchers further demonstrated the 
presence of comparatively low levels of retinal 
nicotinamide adenine dinucleotide (NAD), a co-
factor for many biochemical reactions (levels of 
both NAD+ and NADH were subnormal), and the 
antioxidant glutathione. The decrease in levels of 
NAD occurs in normal aging as well as in glau-
coma-prone mice.

The investigators proposed that the differences 
in gene expression and total NAD levels affect the 
function of the retinal ganglion cells partly by 
limiting the energy produced by — and thus 
available within — neurons. Although decreased 
NAD levels alone did not result in cell death, 
Williams et al. hypothesized that reduced levels 
do destabilize metabolism during periods of stress 
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and that the age-dependent decline in NAD levels, 
when combined with stress from elevated intra-
ocular pressure, has a negative effect on mito-
chondrial function. This compromise in function 
leads to increases in the metabolism of fatty acids 
and the generation of free radicals, and thus an 
impaired response to metabolic stress, which 
in turn leads to loss of retinal ganglion cells 
(Fig. 1).

To test the “NAD-deficit” hypothesis, Williams 
et al. supplemented the mouse diet with nicotin-
amide (the amide of vitamin B3 and a precursor 

to NAD+) to enhance cellular energy production. 
At the lowest dose studied (equivalent to about 
2.5 g per day for a person weighing 60 kg), the 
authors found that nicotinamide prevented the 
structural and functional loss of retinal gangli-
on cells despite the continued elevation of intra-
ocular pressure. The dose-dependent protective 
effect was evident at different points in disease 
progression, and the authors did not observe ad-
verse effects.

An alternative approach showed similar results. 
In the same mouse model, intravitreal injection 

Figure 1. Putting the Pressure on Retinal Ganglion Cells — A Model.

Williams et al.2 recently described data from a mouse model that implicate a deficit in vitamin B3 in conferring sus-
ceptibility to glaucoma. During normal aging (Panel A), retinal levels of nicotinamide adenine dinucleotide (NAD) 
decrease. This decline is expected to increase the likelihood of mitochondrial dysfunction and metabolic failure and 
therefore the vulnerability of retinal ganglion cells to external stressors. Declining levels of NAD may contribute to 
the age-related loss of retinal ganglion cells (Panel B), but additional studies are required to assess the validity of 
this hypothesis. During glaucoma, the age-related decline in NAD levels renders retinal ganglion cells vulnerable to 
the stress caused by elevations in intraocular pressure (IOP). In eyes affected by hypertension, metabolism is less 
reliable and switches to a state that promotes DNA damage and the induction of hypoxia-inducible factor 1, alpha 
subunit (Hif1α), effects that conspire to damage retinal ganglion cells. With nicotinamide treatment (Panel C), in-
creased NAD levels support normal metabolism. Because healthy metabolism is reliable even under stress, the in-
duction of conspiring factors is abrogated, despite the presence of ocular hypertension (DNA damage is reduced, 
and there is no induction of Hif1α). This process lowers the probability of the loss of retinal ganglion cells, ulti-
mately lowering the risk of the development of glaucoma.
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of a gene encoding an enzyme that produces NAD+ 
protected 70% of the mice from glaucomatous 
damage over the course of 12 months. The com-
bination of gene therapy and nicotinamide treat-
ment provided greater protection from damage to 
the eyes than did either alone. In all, the experi-
ments suggest that enhancing the energy status 
of retinal ganglion cells by improving their mito-
chondrial health has a positive effect in this model 
of glaucoma.

Should nicotinamide be tested in humans with 
glaucoma? In the past, high-dose niacin has been 
used as a supplement to decrease hypercholes-
terolemia, but adverse effects included flushing, 
nausea, and maculopathy. Nicotinamide supple-
mentation is associated with fewer side effects 
(although reversible hepatotoxicity may occur at 
extremely high doses) and has been under inves-
tigation for the prevention of type 1 diabetes.3 A 
study of dose response and side effects in humans 
would be required before the treatment of pa-
tients with glaucoma could be considered. For-
tunately, trials of neuroprotective agents to slow 
the progression of glaucoma can now be carried 
out over manageable periods of time with fewer 
numbers of patients, depending on the treatment 
effect of the intervention.4 Such trials necessitate 
the inclusion of patients at high risk for disease 

progression and often involve both structural 
and functional end points.5

In summary, the identification of early cellu-
lar mechanisms before the onset of phenotypically 
evident disease in a mouse model has created a 
new path toward a novel, experimental interven-
tion. The question of whether glaucomatous neu-
rodegeneration can be delayed or possibly even 
prevented by dietary supplementation with nico-
tinamide would require careful study.
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NEJM.org.
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