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Glaucoma is a heterogeneous group of disorders unified by loss of retinal ganglion cells (RGCs) and their axons,

resulting in a characteristic phenotype consisting of an excavated optic nerve head with corresponding visual field

defects. The pathogenesis of glaucoma is incompletely understood with multiple pathophysiological factors and

pathways postulated to be causative, such as mechanical, vascular, and immunological factors, leading to the final

result of apoptotic death of RGCs. Increasingly it is becoming apparent that these factors do not contribute to

glaucoma independently, but rather they can be viewed as a continuum in which each factor contributes to the

damage of retinal ganglion cell axons.

NOX  oxidative stress  glaucoma

1. Pathogenesis of Glaucoma

1.1. Anatomical Structure of the Optic Nerve Head and Retina

The retina is composed of ten layers that consist of the retinal pigment epithelium as the outermost layer and the

internal limiting membrane as the innermost layer. RGCs and their 1.2 to 2.0 million axons reside in the inner retina

just external to the internal limiting membrane. All visual information transmitted from the retina to the brain travels

through the RGC axons. These unmyelinated axons converge at the optic disc, where they exit the eye after

making a 45–90° turn. The optic disc is a circular aperture in the sclera in which a multi-layered network of collagen

fibres that insert into the scleral canal wall, known as the lamina cribrosa, allows passage of the axons through its

pores. A complex arrangement of supportive glial tissue that consists of astrocytes, other glial cells, capillaries and

extracellular matrix coats the meshwork of laminar beams that make up the lamina cribrosa. Past the lamina

cribrosa, RGC axons become myelinated and terminate at the lateral geniculate nucleus and superior colliculus in

the brain. These sites produce neurotrophins which are then transported in a retrograde fashion to the RGCs. As

such RGC axons are critical for maintaining the health of RGCs by regulating the activity and survival of cell

somas.

The blood supply to the optic nerve is complex and unique. The central retinal artery, which enters the eye through

the centre of the optic nerve, supplies blood to the inner layers of the retina and sends small branches to only the

very superficial layers of the optic nerve head (ONH) . The prelaminar portion of the ONH is supplied by short

posterior ciliary arteries that stem off the ophthalmic artery . These arteries form an incomplete anastomosis

known as the circle of Zinn–Haler, within the scleral canal. From this circle, smaller end-arteries arise to supply the

ONH, including branching capillaries that coat the lamina cribrosa. The movement of oxygen and nutrients from the
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laminar capillaries, through the laminar beam extracellular matrix across the astrocyte basement membrane into

the astrocyte, finally reaching the peripheral and central axons of each bundle via cell processes, is critical for

maintaining axonal health .

It is likely that the ONH is the only part of the central nervous system with no blood-brain-barrier as the capillaries

lack blood-brain barrier mechanisms . In contrast to retinal circulation, which is highly autoregulated, the ONH

circulation is less efficiently autoregulated , and susceptible to diffusion from the choroid circulation nearby. It is,

therefore, sensitive to circulating molecules such as endothelin-1 and angiotensin II , which are known to cause

NOX activation .

1.2. Mechanical Theory of Glaucoma

The mechanical theory of glaucoma offers a framework to explain the relationship between intraocular pressure-

related stress and RGC pathophysiology. Elevated intraocular pressure is a well-recognised risk factor of glaucoma

and the only modifiable one. Elevated intraocular pressure is the result of increased resistance in the trabecular

meshwork outflow pathway, preventing adequate drainage of aqueous humour. This, in turn, impedes axoplasmic

transport, resulting in apoptosis of RGCs . The site of this injury is postulated to occur at the ONH, where RGC

axons are more vulnerable to pressure-related changes as lamina cribrosa, being structurally weaker than sclera,

is more prone to distortion and posterior-displacement . It is the effect of this translaminar pressure gradient

on axonal physiology that underpins the mechanical theory of glaucoma. Assessment of the movement of the

cribrosal plates in glaucoma have demonstrated that the greatest compressive force is exerted on axons lying in

the peripheral part of the optic nerve ; this correlates with the clinical observation that vision loss in glaucoma

initiates with loss in the peripheral visual field.

However, it is unlikely that gross deformation of the cribrosal plates occurs in the early stages of glaucoma. Whilst

axons are undoubtedly damaged and lost in the early stages of glaucoma, it is not due to physical alteration of the

lamina cribrosa, and its proposed mechanisms are discussed later in this article. However, stress and strain can

build up at the lamina cribrosa due to elevated intraocular pressure . Reduced lamina cribrosa elasticity with

age means that in older eyes, the lamina cribrosa is less able to return to normal configuration once pressure is

normalised . Hence the increased prevalence of glaucoma with increasing age, and ageing is associated with

oxidative stress.

1.3. Vascular Theory of Glaucoma

The vascular theory of glaucoma postulates that glaucoma is a consequence of insufficient blood supply to the

optic nerve due to either elevated intraocular pressure or other risk factors leading to reduced ocular blood flow .

This results in hypoxia and ischemia to the RGC and its axons. While the question has been raised of whether

reduced ocular blood flow may, in fact, be a consequence of elevated intraocular pressure in glaucoma, rather a

cause , investigators argue that evidence direct us to reduced ocular blood flow as a cause for these reasons:

Firstly, effects of reduced ocular blood flow is often more pronounced in those with normal tension glaucoma rather

than high-tension glaucoma, such as optic disc haemorrhages . Secondly, reduced ocular blood flow is often
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not confined to the eye alone but often seen beyond the eye . Finally, reduced blood flow precedes

glaucomatous disease in at least some patients . There are also many clinical indications of this being the

underlying pathophysiology, both within the eye and systemically. Optic disc haemorrhages are one of the

hallmarks of glaucoma, especially poorly-controlled glaucoma . Increased risk of venous thrombosis ;

and vasoconstriction of the retina  are also more frequently seen in patients with glaucoma. Systemically, there

is an association between cardiovascular disease and the development of glaucoma. Specific risk factors include

systemic hypertension  or hypotension , a previous haemodynamic crisis , diabetes , and

increased blood viscosity . Migraines , Raynaud’s phenomenon , and other conditions related to

vasospasm have also been identified as risk factors for the development of normal tension glaucoma . In

this review, we will focus on the role of NOX-dependent oxidative stress in the eye. However, it is well known that

NOX-dependent oxidative stress is implicated in cardiovascular diseases . Impaired endothelial cell function has

been described in glaucoma patients , as well as increased blood plasma and aqueous humour levels of

endothelin-1 , although this finding is not specific to glaucoma patients alone .

The exact underlying cause of impaired ocular blood flow still unknown, and a detailed analysis is beyond the

scope of this article. However, three potential causes have been suggested: (1) increased resistance to flow such

as with arteriosclerosis; (2) reduced perfusion pressure, such as seen in systemic hypotension or primary

vasospastic syndrome; (3) increased blood viscosity. The dependence of the ONH on end-arteries to deliver its

vascular supply likely predisposes this risk. While we do not yet have a treatment that directly targets reduced

ocular blood flow to treat glaucoma, the lowering of intraocular pressure, which is the only currently available

treatment strategy, may in part work by increasing blood flow .

1.4. Immunological Theory of Glaucoma

As with all cell types, homeostasis and survival of RGCs depend on a well-functioning immune system. As

glaucoma is frequently considered a neurodegenerative disease, it is perhaps not surprising that processes

associated with impairment of the immune system seen in other central nervous system (CNS) diseases are also

identified in glaucoma . The idea that glaucoma is associated with impaired immunity was first raised by Wax in

1998 when he described antibodies against endogenous antigens such as heat shock proteins (HSP) in the serum

of glaucoma patients . HSPs are important for cellular defence and are upregulated during pathophysiological

conditions. Since then, activity associated with both innate and adaptive immunity has been described in glaucoma

.

Microglial cells are specialised macrophages of the CNS. They are in the frontline of active immune defence and

act as scavengers to clear the debris of dead or dying neurons. However, they can also have a destructive role and

can harm the cells by releasing cytokines such as tumour necrosis factor (TNFα) and may play a role in the

initiation of RGC death . Microglia have been shown to be activated by elevated intraocular pressure in

experimental models of glaucoma .
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Monocytes have been reported to mediate axonal damage in mouse models of glaucoma and inhibition of this

activity have been demonstrated to have a protective effect . This is likely to be associated with activation of a

leukocyte transendothelial migration pathway which allows proinflammatory cytokines to enter the ONH. Howell et

al.  subsequently demonstrated that localised radiation of the ONH could be neuroprotective by reducing the

activation of optic nerve microglia.

2. Oxidative Stress in Glaucoma

Oxidative stress in its simplest form refers to the imbalance of free radicals and antioxidants in the body that can

result in tissue damage. Reactive oxygen species (ROS) are a major source of oxidative stress, and they include

free radicals such as superoxide anion (O ), hydroxyl radical, lipid radical and nitric oxide (NO). Uncontrolled

production of ROS can lead to cell damage, necrosis or apoptosis via oxidation of macromolecules such as

proteins , lipids , nuclear DNA , or mitochondrial DNA . Oxidative stress is recognised to be an

important mechanism of cell death in neurodegenerative diseases, including glaucoma . While there are

numerous enzyme systems that produce ROS in mammalian cells, four enzyme systems predominate; these

include NADPH oxidase , xanthine oxidase , uncoupled NO synthase , and the mitochondrial electron

transport chain .

Our understanding of the role of oxidative stress generated by the mitochondrial electron transport chain is more

profound than the other enzymatic systems because in recent years considerable research has been conducted on

the bioenergetic processes of RGC axons , whereas little is known about oxidative stress related to NO

synthase and xanthine oxidase in glaucoma. The oxygen consumption of RGCs is immensely high: each RGC

consumes 4.68 × 10  ATP molecules/s to prevent complete loss of vision . This is about 5-fold greater than the

requirement of mammalian photoreceptors in darkness and similar to the requirement of unmyelinated

hippocampal axons (mossy fibres) to maintain action potentials. This high energy expenditure is largely consumed

by the generating of action potentials and re-establishing the resting membrane potential . RGCs are able to

maintain this considerable energy demand due to the abundance of mitochondria present throughout the cell

soma, axon and dendrites. Mitochondria concentration is highest at the lamina cribrosa, and this is consistent with

their role in protecting RGCs from damage by ensuring adequate ATP supply, as the lamina cribrosa is a site

vulnerable to damage . Mitochondria also play an important role in maintaining synaptic integrity .

3. NADPH Oxidase and Oxidative Stress

In addition to mitochondria, NADPH oxidase, also known as the masters of the ROS producing enzymes , may

also play an important role in the generation of ROS and oxidative stress in glaucoma. There is also evidence that

mitochondrial dysfunction can activate NADPH oxidase. For instance, superoxide derived from mitochondria has

been shown to induce activation of NOX2 in human lymphoblasts . NADPH oxidase has been identified as one

of the major sources of oxidative stress in retinal eye diseases such as ischaemic retinopathy and aged-related

macular degeneration . NOX-derived reactive oxygen species (ROS) regulate many cellular processes including
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proliferation, migration and differentiation . There are seven NADPH oxidase (catalytic subunit NOX )

isoforms: NOX1-5 and DUOX1-2. The NOX1, NOX2, NOX4 and NOX5 are widely expressed in vascular and non-

vascular cells, and they primarily produce ROS, making them unique from other redox enzymes. These isoforms

have been extensively explored in cardiovascular disease, inflammation and fibrosis  and the role of NADPH

oxidase in ocular diseases is still under extensive investigation. Among these isoforms, NOX1, NOX2, NOX4 are

the most studied in eye pathology. NOX1 and NOX2 differ from NOX4 in the mode of activation and type of ROS

produced . All three isoforms have a membrane anchoring subunit p22PHOX, but the activation of both NOX1

and NOX2 requires association with their cytosolic subunits and NOX4 is constitutively active . NOX1 and NOX2

generate superoxide and NOX4 mainly produce hydrogen superoxide  because the latter has an extracytosolic

loop that facilitates the spontaneous dismutation of superoxide into hydrogen peroxide  (Figure 1). It has been

known that the enzymatic activity of NOX can be induced by stimuli. For example, hypoxia has been shown to

induce NOX1 expression and ROS production under low glucose condition to cause apoptosis in retinal ganglion

cells (RGC) . Proinflammatory cytokine TNFα has also been shown to cause NOX2-dependent ROS production

in microglia  and TNFα has indeed been detected in aqueous humour of glaucoma patients . HSP that is

induced in glaucomatous eye  has also been found to regulate the enzymatic activity of NOX1 and NOX2 .

Accordingly, all of these stimuli are relevant to glaucoma pathology.

Figure 1.  Structural composition of fully assembled NADPH oxidase (NOX). Both NOX1 and NOX2 have a

membrane anchoring subunit p22PHOX. NOX1 is associated with cytosolic subunits: NOXA1, NOXO1, Rac and

NOX2 is assembled with p67PHOX, p47PHOX, p40PHOX and Rac. The catalytic domain (NOX) allows the

transport of electrons (e ) from cytosolic NADPH to generate O . In contrast, NOX4 (not shown here) only has

p22PHOX. NOX4 is constitutively active and primarily produces hydrogen peroxide.

Recently advanced glycation end products (AGEs) that are formed as a result of glycation of proteins and lipids

have also been implicated in the pathology of age-related eye diseases such as glaucoma . Indeed, restoring

the function of AGEs detoxifying enzyme glyoxalase (GLO) has been shown to prevent diabetic retinopathy injury

. While AGEs are sources of oxidative stress, the generated oxidant products have been known to promote the

formation of AGEs, thus providing a positive feedback mechanism to enhance oxidative stress . Apart from

AGEs, NADPH oxidase-derived ROS have also shown to accelerate the synthesis of AGEs. Although it is not the

focus of the present review, a correlation in the context of oxidative stress has been proposed among AGEs,

NADPH oxidase and mitochondria .
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4. Expression of NADPH Oxidase and Glaucoma Pathology

Several animal models of glaucoma have been used to characterise the expression of NADPH oxidase in the

pathogenesis of glaucoma. The animal models utilise different techniques to mimic various pathological processes

in glaucoma, such as retinal ischemia and reperfusion, ocular hypertension, and optic nerve crush injury, to mimic

pathological features of glaucoma . Some features, including microglial activation and neuronal injury in the

retina, and neuronal cell death due to apoptosis of RGC in glaucoma, can lead to vision impairment . Here we

describe the relationship between NOX expression and pathological features in the animal models of glaucoma.

4.1. Retinal Ischemia and Reperfusion

By applying a transient period of ischemia to the retina to induce neuronal cell injury in mice, Yokota et al.

characterised the relationship of NOX expression in neuronal cell death and glial cell activation in

ischaemic/reperfused retinas . While the mRNA of NOX1, NOX2, NOX3, NOX4 and NOX cytosolic subunits

p22PHOX and p47PHOX is detected in the non-ischaemic mouse retinas, only gene expression of both NOX2 and

p22PHOX is induced after ischemia and reperfusion . Furthermore, Yokota et al.  used NOX2-deficient mice

to verify that NOX2-dependent ROS generation is localised to the inner retina, and NOX2 deletion can prevent both

the apoptosis of neurons in the RGC layer and activation of glia after ischemia and reperfusion. In contrast,

Dvoriantchikova et al.  showed that ischemia and reperfusion enhanced the immunostaining of both NOX1 and

its regulatory subunit NOXO1 in the RGC layer without affecting NOX2, NOX4 and p47PHOX in mice. The

variations in the time of ischemia and reperfusion or detection methods may account for the discrepancies between

the two studies. Although both studies subjected the retinas to forty to sixty minutes of ischemia, the reperfusion

duration was different . It should be noted that Yokota et al.  used Western blotting to analyse the overall

expression of NOX2 in the retinas and showed that NOX2 induction commences at three hours and peaks at six

and twelve hours after ischemia and reperfusion . On the other hand, Dvoriantchikova et al. used

immunofluorescence to determine the tissue distribution of NOX expression in retinal sections from mice following

three hours of retinal ischemia and reperfusion . The two study outcomes also reflect the distinct activation of

NOX isoforms in different layers of the retina upon ischemic challenge, for example, NOX1 is mainly induced in the

RGC layer where it contributes to the death of RGC  and NOX2 is distributed throughout the inner retina 

where it promotes glial cell activation as well as RGC apoptosis. Hence inhibiting NOX activation may prevent

neuronal cell damages resulting from the ischaemic insult that occurs in acute glaucoma.

4.2. Ocular Hypertension

Ocular hypertension in animals is induced by either applying laser photocoagulation to the trabecular meshwork or

cauterizing the episcleral vein . NOX2 has been found to co-localise with activated microglia in the ONHs from

mice after laser photocoagulation of the trabecular meshwork . It is proposed that the ROS produced from the

microglial NOX2 cause a disruption to the axonal transport in these mice following laser photocoagulation to the

trabecular meshwork . In a model of unilateral ocular hypertension induced by episcleral vein cauterization,

ocular hypertension causes activation of both astrocytes and microglia in retinas, and this is accompanied by an
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induction of NOX2 mRNA , supporting a role of NOX2 in retinal inflammation. Although the expression of NOX2

is assessed in the two models of ocular hypertension, the interaction between NOX2 and microglial activation has

not been investigated . Interestingly, NOX2 in microglia is thought to promote the polarization of microglia to

the M1-like phenotype in mice brain after traumatic brain injury because the deletion of NOX2 gene reduces M1-

like activation but induces the activation of M2-like phenotype in the injured brain . M1-like phenotype is known

to be involved in inflammatory response while M2-like microglia facilitates tissue repair by suppressing injury-

induced inflammation and re-establishing tissue homeostasis . The demonstration of NOX2 in polarizing

microglia to M1-phenotype after brain injury reflects a major role of NOX2 in neuroinflammation. Moreover, NOX2-

dependent ROS signalling can promote leukocyte transendothelial migration , a process that is known to allow

proinflammatory cytokines to enter the ONH during inflammation. Apart from the degeneration of RGC,

neuroinflammation also contributes to the progression of glaucoma . Hence, these data provide some insights

into how NOX2 may facilitate the initiation and propagation of inflammation. Because microglial activation can

induce or amplify the damages to RGC in glaucoma , it will be of great interest to elucidate whether NOX2 also

affects the polarisation of microglia or leukocyte transendothelial migration in animal models of glaucoma. Apart

from its association with activated microglia, NOX2 expression has also been found in retinal arterioles of mice with

ocular hypertension . The mRNA level of NOX2 but not NOX1 is upregulated in retinas with ocular hypertension,

and it is thought that NOX2-dependent ROS production is involved in the reduced endothelium-dependent

relaxation of retinal blood vessels in the presence of ocular hypertension . In a comparable microvascular

network to the eye such as the cerebrum, NOX2 is also involved in the angiotensin II-induced endothelial

dysfunction , and angiotensin II is known to cause hypertension . The findings thus highlight the role of NOX2

in endothelial dysfunction induced by hypertension.

4.3. Optic Nerve Injury

Optic nerve crush is another experimental approach that induces neuronal cell damage in the retina . Mice with

optic nerve crush injury demonstrated RGC death as well as increases in mRNA expression of NOX1, NOX2 and

NOX4 in the retina . In situ detection of ROS also confirmed that the retinal ganglion layer is the primary site of

ROS production in these mice . Since ROS are short-lived, RGC layer presumably harbours the identified ROS

generating enzymes NOX1, NOX2 and NOX4, which promote RGC death through ROS production after optic

nerve crush injury . In a rat model of nonarteritic anterior ischemic optic neuropathy where the optic nerve was

injured with laser, it was thought that NOX2 induction is involved in the microglial activation in the anterior optic

nerve .

Accumulating findings from animal models of glaucoma revealed that NOX induction is involved in the progression

of glaucoma (Table 1); however, the expression profile of NOX in human eyes is very scarce, and this is largely due

to very limited tissue sources. The demonstration of NOX2 and NOX4 induction in alkali-burnt eye sections from a

patient is one of the few investigations that characterises NOX expression in human corneal specimen .

Another assessment of NOX in clinical samples comes from the profiling of NOX4 protein expression in different

grades of excised ocular tumours and, NOX4 expression is found to be correlated to higher grade retinoblastoma
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and massive choroidal invasion . The profiling of NOX expression in clinical samples from glaucoma patients is

yet to be explored.

Table 1. Summary of NOX expression in animal models of glaucoma.

Animal Model
Tissue Basal
Expression of

NOX

Tissue NOX
Induction

upon Injury

Localisation
of NOX

Site of ROS
Production

NOX
Association to
Retinal Injury

Retinal ischemia
and reperfusion (6

h) 

mRNA: NOX1,
NOX2, NOX3,

NOX4, p22PHOX
and p47PHOX in

retinas

mRNA: NOX2
and

p22PHOX in
retinas

Not
performed

Inner retina

Apoptosis of
retinal ganglion

cells
Glial cell
activation

Retinal ischemia
and reperfusion (3

h) 

Protein: NOX1,
NOX2, NOX4,
NOXO1 and
p47PHOX in

retinas

Protein:
NOX1 and
NOXO1 in

retinas

Retinal
ganglion cells

Inner retina
No evaluation
of cell injury in
the eye section

Optic nerve crush
mRNA: NOX1,

NOX2, NOX4 in
retinas

mRNA:
NOX1, NOX2,

NOX4 in
retinas

Not
performed

Retinal
ganglion

layer

Reduction in
the survival of

retinal ganglion
cells

Photocoagulation of
trabecular

meshwork 

NOX2 mRNA and
protein in optic

nerve head

NOX2 mRNA
and protein in

optic nerve
head

Microglia in
optic nerve

head

Optic nerve
head

Microglial
activation in
optic nerve

head

Cauterization of
episcleral vein 

NOX2 mRNA in
retinas

NOX2 mRNA
in retinas

Not
performed

Not
measured

Microglial
activation in

retinas

Cauterization of
episcleral vein 

NOX1 mRNA
NOX2 mRNA and
protein in retinas

NOX2 mRNA
and protein in

retinas

Retinal
ganglion

layer
Retinal

arterioles

Retinal
ganglion

layer
Retinal

arterioles

Impaired
endothelial

function

Laser-induced injury
on optic nerve 

NOX2 protein in
optic nerve

NOX2 protein
in optic nerve

Not
performed

Not
measured

Microglial
activation in the

optic nerve
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