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Abstract: Ocular diseases associated with retinal ganglion cell (RGC) degeneration is the most
common neurodegenerative disorder that causes irreversible blindness worldwide. It is characterized
by visual field defects and progressive optic nerve atrophy. The underlying pathophysiology and
mechanisms of RGC degeneration in several ocular diseases remain largely unknown. RGCs are a
population of central nervous system neurons, with their soma located in the retina and long axons
that extend through the optic nerve to form distal terminals and connections in the brain. Because
of this unique cytoarchitecture and highly compartmentalized energy demand, RGCs are highly
mitochondrial-dependent for adenosine triphosphate (ATP) production. Recently, oxidative stress
and mitochondrial dysfunction have been found to be the principal mechanisms in RGC degeneration
as well as in other neurodegenerative disorders. Here, we review the role of oxidative stress in several
ocular diseases associated with RGC degenerations, including glaucoma, hereditary optic atrophy,
inflammatory optic neuritis, ischemic optic neuropathy, traumatic optic neuropathy, and drug toxicity.
We also review experimental approaches using cell and animal models for research on the underlying
mechanisms of RGC degeneration. Lastly, we discuss the application of antioxidants as a potential
future therapy for the ocular diseases associated with RGC degenerations.

Keywords: retinal ganglion cell; degeneration; oxidative stress; mitochondria; glaucoma; hereditary
optic atrophy; ischemic optic neuropathy; traumatic optic neuropathy; optic neuritis

1. Introduction

Retinal ganglion cells (RGCs) have multiple functions including the communication
between photoreceptors and the brain, processing visual signals, and controlling visual
information. [1–3]. When rod and cone photoreceptors are activated by light stimulation,
they transmit the signal first to interneurons and then to RGCs, where signal processing
takes place. Then, the signals are transmitted to the central nervous system (CNS) in order
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to generate the original image [4]. Given RGCs’ relatively large size/long length compared
to other human neural cells and their frequent transmission of visual stimulation, RGCs’ en-
ergy demand is high and requires efficient energy production with adenosine triphosphate
(ATP) [5]. One reason for the high ATP requirements can be explained by the characteristic
of RGCs’ axons, which remain unmyelinated within the retina. Specifically, these axons do
not experience saltatory conduction, and as such, require a larger ATP supply to propagate
an action potential, as compared to the energy requirements in the myelinated portion of
axons after passing through lamina cribrosa [6]. During the energy production, reactive
oxidative species (ROS) are generated from the electron transport chain in mitochondria.
Under normal conditions, the ROS could be mediated by mitochondrial proteins and other
scavengers [7]. However, homeostasis between the generation and scavenge of ROS can be
broken when the electron transport chain or mitochondrial function is impaired [8]. Once
the balance of ROS is broken, it can lead to oxidative stress that damages mitochondrial or
nuclear chromosomes, compromising cellular function, ultimately leading to cell death.

Since the concept of oxidative stress was introduced in the recent 50 years [9], sev-
eral investigations have been published regarding its pathophysiological role in various
human diseases. Previous investigations have demonstrated increased oxidative stress
in neurodegenerative diseases involving the brain [10,11]. In the last decade alone, the
association between oxidative stress and ocular diseases has been investigated and dis-
cussed [11–13]. While RGC degeneration is the main pathology in several ocular diseases
such as glaucoma, any cause of RGC dysfunction or degeneration can lead to impaired
visual pathways, causing ocular diseases [14]. Herein, we review the latest findings and
ongoing experimental studies regarding the role of oxidative stress in eye diseases, that
which is related to RGC degeneration in the visual pathway. We further review the various
studies investigating antioxidant therapeutics as a treatment for such RGC degenerative
eye diseases.

2. Mitochondria and Oxidative Stress in Retinal Ganglion Cells

The mitochondria consists of two membranes (i.e., outer and inner membranes),
forming an intermembrane space between the membranes, and a separate matrix found
within the inner membrane [15]. The most important function of the mitochondria is
its role in energy production to maintain cellular function [16]. ATP, the major energy
source of cells, is generated from the electron transport chain, a process that takes place in
the inner membrane of mitochondria through oxidative phosphorylation (OXPHOS) [17].
In the electron transport chain, there are five protein complexes (I, II, III, IV, and V).
From complex I to complex IV, electrons are shuttled from reduced nicotinamide adenine
dinucleotide (NADH) or flavin adenine dinucleotide through ubiquinone (coenzyme
Q[CoQ]) and cytochrome c, to the final product, hydrogen dioxide. The complexes also
generate a proton gradient between intermembrane space and matrix, for the final step
in ATP production. Complex V, also termed ATP synthase, uses the proton gradient to
phosphorylate adenosine diphosphate (ADP) and produce ATP [15]. Then, the generated
ATP is transported to the cytoplasm to supply the cellular need via the ATP/ADP exchange
proteins in the inner and outer membranes (Figure 1) [18]. Mitochondria also take part in
other cellular functions such as metabolism of ROS, balancing intracellular calcium levels,
biosynthesis of cell structural components, and signaling for apoptosis (i.e., programmed
cell death) [19]. The major signal for apoptosis is cytochrome c, located in the mitochondrial
intermembrane space, which can be induced by cellular stress or injuries [20]. Furthermore,
mitochondria are highly dynamic organelles in response to different functional states and
toxic conditions [21,22]. The major dynamic characteristics of mitochondria are fusion and
fission [23], which are important for mitochondria to change its morphology and maintain
its functional properties [19].
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Figure 1. Illustration of mitochondrial structure and the electron transport chain. 

Different from other organelles, mitochondria contain their own, maternally inher-
ited, chromosomal DNA within its matrix, namely, mitochondrial DNA (mtDNA) [24]. 
The double-stranded and circular mtDNA is made of 16.6 k DNA base pairs and contains 
37 genes that participate in energy production, as well as ribosome and transfer RNA pro-
duction necessary for protein synthesis [25–27]. Transcription and translation of mtDNA 
is regulated by the non-coding region of mtDNA as well as nuclear DNA [28], and can 
independently undergo such processes in the mitochondrial matrix via its own ribosomes. 
Furthermore, mtDNA can be exchanged and mixed to further maintain and optimize mi-
tochondrial function via mitochondrial fusion [29]. Although mtDNA encodes some mi-
tochondrial proteins, most of the mitochondrial proteins are produced from the nuclear 
genome, in order to maintain normal mitochondrial functioning [22]. 

ROS are formed by the inclusion of free radicals with unpaired electron such as su-
peroxide anion radical, hydroxyl radical, oxygen peroxide, singlet oxygen, and nitric ox-
ide. In physiological condition, ROS are produced during energy production, metabolic 
processes, and cellular responses to infection, inflammation, or hypoxia. ROS are also gen-
erated when one is exposed to exogenous toxic factors such as radiation, smoking, toxi-
cants, and alcohol [30,31]. In a healthy status, ROS can be depleted by several antioxida-
tive mechanisms including enzymes (superoxide dismutase, catalase, glutathione), pro-
teins (ferritin), radical scavengers (CoQ, uric acid), and exogenous antioxidants (vitamin 
A, vitamin C, vitamin E, omega-3 fatty acid) [31,32]. Once the balance between ROS pro-
duction and depletion is disrupted, the accumulation of ROS generates oxidative stress 
that can directly damage DNA, proteins, and lipid molecules, resulting in genetic muta-
tion, loss of cell integrity, impaired cell function, or even cell death [33,34]. 

Mitochondria are one of the major sources of ROS production and oxidative stress. 
In mitochondria, ROS are yielded from the electron transport chain during OXPHOS, with 
the highest ROS production activity occurring from complexes I and III [35]. In OXPHOS, 
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Different from other organelles, mitochondria contain their own, maternally inherited,
chromosomal DNA within its matrix, namely, mitochondrial DNA (mtDNA) [24]. The
double-stranded and circular mtDNA is made of 16.6 k DNA base pairs and contains
37 genes that participate in energy production, as well as ribosome and transfer RNA
production necessary for protein synthesis [25–27]. Transcription and translation of mtDNA
is regulated by the non-coding region of mtDNA as well as nuclear DNA [28], and can
independently undergo such processes in the mitochondrial matrix via its own ribosomes.
Furthermore, mtDNA can be exchanged and mixed to further maintain and optimize
mitochondrial function via mitochondrial fusion [29]. Although mtDNA encodes some
mitochondrial proteins, most of the mitochondrial proteins are produced from the nuclear
genome, in order to maintain normal mitochondrial functioning [22].

ROS are formed by the inclusion of free radicals with unpaired electron such as super-
oxide anion radical, hydroxyl radical, oxygen peroxide, singlet oxygen, and nitric oxide. In
physiological condition, ROS are produced during energy production, metabolic processes,
and cellular responses to infection, inflammation, or hypoxia. ROS are also generated when
one is exposed to exogenous toxic factors such as radiation, smoking, toxicants, and alco-
hol [30,31]. In a healthy status, ROS can be depleted by several antioxidative mechanisms
including enzymes (superoxide dismutase, catalase, glutathione), proteins (ferritin), radical
scavengers (CoQ, uric acid), and exogenous antioxidants (vitamin A, vitamin C, vitamin E,
omega-3 fatty acid) [31,32]. Once the balance between ROS production and depletion is
disrupted, the accumulation of ROS generates oxidative stress that can directly damage
DNA, proteins, and lipid molecules, resulting in genetic mutation, loss of cell integrity,
impaired cell function, or even cell death [33,34].

Mitochondria are one of the major sources of ROS production and oxidative stress.
In mitochondria, ROS are yielded from the electron transport chain during OXPHOS,
with the highest ROS production activity occurring from complexes I and III [35]. In
OXPHOS, the electrons leak from the mitochondrial inner membrane’s reduced oxygen
molecule and generate ROS [36]. The proximity of ROS generation in mitochondria also
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makes mtDNA vulnerable to oxidative stress [37]. Furthermore, the elevation of oxidative
stress increases mitochondrial cytochrome c release, which initiates the apoptosis cascade,
ultimately leading to cell death [38]. Therefore, mitochondria are not only a major source
of ROS, but also they are particularly susceptible to ROS-induced damage.

As a site of active photoreaction and direct exposure to light, which is known to
induce ROS production [39], retinal cell function is closely related to ROS homeostasis
and oxidative stress [11]. In retina, mobile zinc and nitric oxide, which are closely related
to oxidative stress, have been reported to be increased after optic nerve injuries [40].
Furthermore, the high energy demand of RGCs—especially of unmyelinated RGC axons
within the retina—results in a highly active energy production state in mitochondria. When
mitochondrial function is impaired, accumulation of ROS leads to elevated oxidative stress
and, subsequently, significant mitochondrial physiology damage [41]. This vicious cycle
makes the RGCs highly susceptible to ROS and oxidative stress [42]. Therefore, RGC axon
degeneration has a closed association between mitochondrial function and oxidative stress
(Figure 2). Recent studies also showed that the death or survival of RGCs, as well as
their ability to regenerate axons, are also influenced by the complex circuitry of the retina
and adjacent cells such as amacrine cells, oligodendrocytes, and bipolar cells [40,43,44].
Many studies have reported the possible pathophysiology of oxidative stress in RGCs and
relevant eye diseases, as we have reviewed below.
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Figure 2. Impaired mitochondrial function can lead to axon degeneration and subsequent eye diseases.

3. Experimental Investigations of Oxidative Stress in Ocular Diseases with Retinal
Ganglion Cell Degeneration
3.1. Glaucoma

Glaucoma is a degenerative disease resulting in the loss of RGCs and subsequent
damage to the optic nerve [45]. Specifically, RGC apoptosis in glaucoma is caused by
several pathophysiological factors, including elevation of intraocular pressure (IOP), vas-
cular insufficiency, and oxidative stress [46–49]. Oxidative stress in glaucoma was first
proposed in 1981 [50], and the association of oxidative stress and RGC loss in glaucoma via
different pathways has been investigated and reviewed extensively [12,13,51]. According
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to the previous study in glaucoma patients, intraocular oxidative stress results in a direct
damage to RGCs and indirectly leads to RGC apoptosis through activation of caspases [52].
Furthermore, intraocular oxidative stress can induce IOP elevation and is correlated to the
degeneration of trabecular meshwork, which regulates aqueous humor outflow and IOP in
patients with primary open-angle glaucoma (POAG) [53]. The impaired autoregulation
of blood flow in the optic nerve is also associated with intraocular oxidative stress [54,55].
Regarding systemic oxidative stress, a decreased serum level of glutathione (GSH), an
intrinsic antioxidant, was reported as a risk factor in patients with glaucoma [56,57]. Uri-
nary 8-hydroxy-2′-deoxyguanosine, a marker of systemic oxidative damage, was higher
in patients with normal tension glaucoma (NTG) [58]. In addition, increased systemic
biomarkers of oxidative stress were associated with decreased ocular blood flow in patients
with NTG [59].

In the pathogenesis of glaucoma, the RGC loss by apoptosis was observed in experi-
mental and human glaucoma [60,61]. Mitochondria has a major role in the regulation of
the apoptotic process related to RGC degeneration, and dysfunction of mitochondria leads
to impaired ATP production, blockage of axonal transduction, and ROS accumulation in
RGCs [52,62–65]. In addition to mitochondria, the endoplasmic reticulum (ER) also plays
a crucial role in glaucoma-related RGC loss [52,66,67]. The ER mediates protein folding
acts as a cellular sensor responding to ROS. Impaired ER function results in accumulation
of ROS and leads to oxidative stress, also termed ER stress [11,67,68]. Previous studies of
glaucoma animal model have already investigated the characteristics of oxidative stress in
glaucoma (Table 1).

Table 1. Role of oxidative stress in glaucoma.

Publication Study Model Results

Moreno et al., 2004 [69] Rat
Decreased total retinal superoxide dismutase and catalase activities in

increased intraocular pressure induced by hyaluronic acid injection to the
anterior chamber.

Ko et al., 2005 [70] Rat ROS level and activity of antioxidant enzymes increased in elevation of
intraocular pressure by cauterization of 3 episcleral veins.

Tezel et al., 2005 [71] Rat Increased protein oxidation levels in eyes with elevated intraocular
pressure by hypertonic saline injections into episcleral veins.

Harada et al., 2007 [72] Mice Glutamate/aspartate transporter knockout mice had decreased
glutathione level and demonstrated pathological features of NTG.

Ferreira et al., 2010 [73] Rat ROS levels increased in elevation of intraocular pressure by cauterization
of 2 episcleral veins.

Harada et al., 2010 [74] Mice
Deficiency of apoptosis signal-regulating kinase 1, an enzyme, leads to
stress-induced RGCs apoptosis, preventing optic nerve degeneration in

the NTG model.

Noro et al., 2019 [75] Common marmoset
In the aged marmosets presented with glaucoma-like characteristics,
increased expression of 4-hydroxy-2-nonenal in the inner retina and

blood, and decreased glutathione in blood were found.

Naguib et al., 2021 [76] Mice

ROS levels increased up to 5 weeks following IOP elevation and
inhibition of nuclear factor E2-related factor 2 (Nrf2) gene, which

participated in antioxidation pathway, leading to earlier
axon degeneration.

3.2. Hereditary Optic Atrophy

Mitochondrial mutational disease was first identified in Leber’s hereditary optic neu-
ropathy (LHON) in 1988 by Wallace et al. [77]. LHON is caused by a mtDNA mutation
involving insufficient cellular energy production in RGCs, being one of the most com-
mon maternally inherited mitochondrial diseases with a prevalence of approximately 1
in 50,000 [78,79]. The LHON mutations in mtDNA encoding NADH dehydrogenase (ND
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subunit 1 [MT-ND1] 3460G>A, MT-ND4 11778G>A, and MT-ND6 14484T>C) affect the crit-
ical subunits of NADH—ubiquinone oxidoreductase of OXPHOS complex I [80]—leading
to the degeneration of RGCs and subsequent bilateral loss of central vision [77,78,81–83].
Complex I of the electron transport chain has been known as a major site for ROS pro-
duction in the inner membrane of mitochondria [84]. The mtDNA mutations affect the
physiological function of complex I, and thus lead to altered mitochondrial function, gener-
ation of superoxide radicals, accumulation of ROS, respiratory insufficiency, and reduced
synthesis of ATP [85–88]. Furthermore, this energy depletion and escalating ROS in mito-
chondria may induce degeneration and apoptosis of RGCs in LHON [89–91]. There were
experimental reports demonstrating the pivotal role of oxidative stress in the pathophysiol-
ogy of LHON (Table 2). In addition to experimental studies, Rovcanin et al. has reported
an increased level of oxidative stress in plasma in LHON patients [92].

Sharing a similar clinical presentation with LHON, autosomal-dominant optic atrophy
(DOA), which is caused by the OPA1 gene mutation [93], was also related to impaired
mitochondrial function. DOA is the most common inherited optic nerve disease with the
prevalence of approximately 1 in 35,000 [94,95]. Unlike the mtDNA leading to LHON, OPA1
mutations in DOA are located in nuclear DNA [96]. OPA1 proteins on the mitochondrial
inner membrane involve the control of mitochondrial remodeling and fusion [97]. Sun et al.
found that a deficiency of OPA1 could lead to alteration of mitochondrial morphology
and impaired respiratory function in RGCs [98]. Specifically, the OPA1 mutation leads to
impaired fusion of dysfunctional mitochondria and subsequent ROS accumulation [96]. In
addition, decreased expression and protein level of superoxide dismutases-2, an antioxidant
enzyme, was also found [99].

Table 2. Role of oxidative stress in hereditary optic atrophy.

Publication Study Model Results

Wong et al., 2002 [100] cybrid cells Differentiation of LHON cells to neuronal forms resulted in significant
increases in ROS production.

Beretta et al., 2004 [101] cybrid cells Impaired activity of the EAAT1 glutamate transporter and enhanced ROS
production in LHON cells.

Danielson et al., 2005 [102] cybrid cells Increased levels of sorbitol, which has been linked to oxidative stress, were
noted in LHON cells.

Floreani et al., 2005 [103] cybrid cells Decreased antioxidant defenses and increased oxidative stress in
LHON cells.

Nguyen et al., 2011 [99] mice OPA1 gene mutations decreased antioxidant enzyme gene and
protein expression.

Lin et al., 2012 [104] mice Increased ROS production in both mitochondrial and synaptosome analysis
in the LHON mice model.

3.3. Ischemic Optic Neuropathy

Non-arteritic anterior ischemic optic neuropathy (NAION) is the most common acute
optic neuropathy in individuals older than 50 years of age [105]. It is caused by infarction
of the short posterior ciliary arteries, followed by optic nerve head ischemia. Axonal
edema and a compartment syndrome in an already crowded optic disc leads to a vicious
cycle [106]. The loss of RGCs takes place as a result of the ischemic insult of the optic nerve.
There have been limited experimental studies focusing on oxidative stress in NAION.
Kim et al. has reported an increased expression of oxidative protein in rabbit optic nerve
head after ischemic optic neuropathy induced by endothelin-1 delivered to anterior optic
nerve [107].

Although ROS play critical roles in many biological processes, such as adaptation to
stress, cell signaling and gene transcription regulation, differentiation, immune response,
homeostasis, apoptosis, and autophagy, in normal physiological circumstances, the pro-
duction of ROS far surpasses the physiological amounts, which cause destructive effects
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in ischemic tissues [108,109]. In the human CNS ischemic insults, ROS overproduction
is a remarkable characteristic and an important mediator of ischemic damage [110]. One
in vivo study in particular demonstrated that a constant escalation of ROS production will
take place, following the occlusion of middle cerebral artery in rat. Following infarction,
reperfusion resulted in ischemia/reperfusion injury, which induced a second peak of ROS
generation fueled by the restoration of oxygen to the ischemic tissue [111,112]. The sources
of ROS during infarction include mitochondrial electron transport chain, xanthine oxidase,
and cyclooxygenases metabolism of arachidonic acid [113–116]. The accumulation of ROS
will ultimately lead to destruction of intracellular structures, mitochondrial dysfunction,
impairment of the DNA repair system, induction of apoptosis, disruption of blood–optic
nerve barrier, increased neurotoxin production, and upregulation of immune-mediated
neuronal injuries [117–119]. Additionally, a large proportion of axonal mitochondria are
stationary. However, the axonal transport of mitochondria is crucial for neuronal survival
and function. The ischemia/reperfusion injury in neurons will induce somatic autophagy
and elimination of axonal mitochondria, which impede the delivery of energy throughout
axons and elicit axonal damage [120–123].

3.4. Traumatic Optic Neuropathy

Blunt injury of optic nerve can induce ROS accumulation, which leads to increased
production of retinal superoxide, decreased activity of superoxide dismutase 2, and acti-
vation of the inflammasome. ROS is a major contributor to secondary axon degeneration
after neurological trauma to the visual system [124]. Traumatic optic neuropathy (TON)
is caused by optic nerve injury after trauma, usually CNS trauma [125,126]. The patho-
physiology mechanism included not only direct traumatic injury but also ischemia related
to vascular insults [125]. Furthermore, post-traumatic inflammation, demyelination, or
mass effects from surrounding swollen tissue may also lead to RGC loss in TON [127,128].
There have been several models established for investigating pathogenesis and potential
managements of TON [129]. Similar to the mechanism behind CNS injury, RGC apoptosis
following injury could be caused by the loss of neurotrophin, as well as oxidative damage
from inflammatory cells [12].

Previous studies investigating the role of oxidative stress in TON have revealed a
number of underlying roles [130]. The TON models from those investigations are listed
in Table 3. Evidence of oxidative stress in TON was found in direct elevation of ROS
and indirect increases of the biomarkers, including calcium reflux and oxidative pro-
teins expression after the injury [131–133]. Mitochondrial calcium overload was found
to be related to increased oxidative stress [134]. Rather than primary trauma insult, sec-
ondary degeneration of neuron cells after trauma was found in CNS injury as well as
TON [131,135,136]. In secondary degeneration of TON, elevated oxidative stress was found
late after the injury [137,138], and a change of mitochondrial structure and physiology
were identified [139].

Table 3. Role of oxidative stress in TON.

Publication Study Model Results

Levkovitch-Verbin et al., 2000 [140] Mice
Overexpressing superoxide dismutase, which metabolized ROS,

increased RGCs survival in eyes with crush injury of the
optic nerve.

Lieven et al., 2006 [141] Rat RGCs culture Increased intracellular superoxide levels in retinal cell culture
from rat eyes underwent optic nerve crush.

Fitzgerald et al., 2010 [131] Rat
Increased oxidative stress associated enzyme (manganese

superoxide dismutase) in the TON model with optic
nerve transection.
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Table 3. Cont.

Publication Study Model Results

Wells et al., 2012 [132] Rat
Increased calcium flux and oxidative stress markers, and

decreased catalase activity were found in TON model with optic
nerve transection.

Ahmed et al., 2013 [133] Mice Increased intraocular ROS levels were found in TON mice
induced by giving pressure posterior to the globe.

Szymanski et al., 2013 [137]
O’Hare Doig et al., 2014 [138] Rat Increased ROS in secondary degeneration of TON in the model

with partial optic nerve transection.

Bernardo-Colón et al., 2018 [124] Mice Increased retinal superoxide and decreased superoxide
dismutases-2 in eyes injured by over-pressure air waves.

3.5. Optic Neuritis

Inflammation in the optic nerve affects neural function and impairs visual transmission
to the CNS [142]. Optic neuritis (ON), a condition characterize by inflammation of the optic
nerve, is commonly idiopathic but may be associated with systemic diseases including
multiple sclerosis (MS) and neuromyelitis optica (NMO) [143]. In ON, the inflammation
leads to the breakdown of the blood–optic nerve barrier, demyelination, and death of
RGCs [144]. Similar to the mechanism behind TON, the RGC loss can be primary as in
the demyelination of MS (a disseminated demyelinating disease), or secondary to the
primary inflammation [142,145]. The pathophysiology of inflammatory disease is closely
related to oxidative stress, and either inflammation or ROS accumulation is able to induce
the other [146]. A clinical study found elevated serum gamma glutamyl-transferase, an
early marker of oxidative stress, in patients with MS and NMO [147]. Although anti-
inflammatory therapy such as steroid treatment is frequently used for treating ON, oral
lipoic acid has been proposed as a potential antioxidative treatment for ON [148].

The role of oxidative stress in ON has been suggested since the 1980s [149], with
countless studies implementing the experimental autoimmune encephalomyelitis model
for ON studies. Previous experimental studies demonstrating the role of oxidative stress in
ON is listed in Table 4. Target oxidative stress inhibitors such as apoptosis signal-regulating
kinase-1 inhibitor were investigated and indirectly uncovered the major role of oxidative
stress in the pathogenesis of ON [150]: impaired mitochondrial function [151].

Table 4. Role of oxidative stress in ON.

Publication Study Model Results

Guy et al., 1989 [152] Guinea pig
Less demyelination in optic nerve was found with antioxidant enzyme

catalase intraperitoneal administration in experimental allergic
encephalomyelitis (EAE) model.

Guy et al., 1990 [153] Guinea pigs Hydrogen peroxide reaction products were found in the retrobulbar
optic nerve and optic nerve head of EAE model.

Qi et al., 2007 [154,155] Mice
Elevated ROS was found after antigenic sensitization of the EAE model.

Increased RGCs loss was noted in the group with superoxide
dismutases-2 suppression.

Larabee et al., 2016 [156] Mice
More severe optic nerve inflammation and visual deficit were found in

EAE model with knockout antioxidant transcription factor (nuclear
factor-E2-related factor).

4. Experimental Models of Retinal Ganglion Cell Degeneration to Study
Oxidative Stress

As several cell and animal models have been used to investigate the role of oxidative
stress in RGC degeneration, here, we review the critical experimental models used in the
aforementioned investigations.
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4.1. Glaucoma Model

Several experimental models with elevated IOP were used to recapitulate glaucoma,
including hyaluronic acid/saline/silicon oil injection to the eyes, episcleral vein cauteriza-
tion, ischemia reperfusion (I/R) injury model, knockouts of glutamate/aspartate transport
gene, and inbred DBA/2J mice [69–74,157,158]. Injecting 25 µL of 1% hyaluronic acid, 2 µL
15-µm polystyrene microbeads, or silicon oil into rat or mice anterior chambers can induce
significant elevation of IOP [69,76,157,159], and the injection can be repeated several times
for prolonged IOP elevation—this produces a chronic glaucoma model. Silicon oil in the
anterior chamber can be removed to reopen an aqueous outflow pathway and return IOP
to a normal level [157]. To impede the outflow of the aqueous humor, obstruction of the
episcleral vein, laser trabecular photocoagulation, or laser buns to limbal vessels have been
applied [160–162]. In the episcleral vein cauterization models, sustained elevation of IOP
was induced by low-temperature cauterization of three episcleral veins [163], and the IOP
could reach up to 90% higher than in untreated mice for one month. Retinal I/R injury was
performed using phosphate-buffered saline infusion to the anterior chamber of C57BL6/J
mice to elevate IOP up to 90 mmHg for 60 min. The I/R injury model could be used
for representing acute angle closure glaucoma attack [158]. Glutamate/aspartate trans-
porter in glial cells protect neural cells from glutamate neurotoxicity, and the deficiency
of the glutamate/aspartate transporter gene could lead to RGC death; this manipulation
represents a normal tension glaucoma model [74]. For the best representation of congen-
ital glaucoma model, the DBA/2J inbred mouse strain was first described in 1995 [164],
and since then, the model has been used for several studies in inherited and pigmentary
glaucoma [165–167].

4.2. Hereditary Optic Atrophy Model

Cybrid, or cytoplasmic hybrid, incorporates both mitochondria and mtDNA, and
presents a cellular model capable of investigating mitochondrial diseases [168]. For
studying LHON, Ntera 2/D1 (NT2) cybrid cell line was first created by using a neu-
ronal precursor of a patient’s lymphoblast that contained mtDNA mutations in 11778
and 3460, the most common mtDNA mutations for LHON [100]. Other cybrids with
osteosarcoma-derived LHON cell lines were later developed to contain mtDNA 11778,
3460, and 14484 mutations [101–103]. To gain a better understanding of the pathophysiol-
ogy of hereditary optic atrophy, researchers created animal models with the equivalent
mtDNA mutation (ND gene mutation) representing LHON [83,104,169,170], and with the
murine OPA1 gene mutation representing DOA [99,171,172]. ND6 P25L mice carry a muta-
tion in the ND6 gene at 13997G>A (P25L), which is equivalent to the human ND6 14600G>A
(P25L) mutation, thus being capable of approximating the LHON phenotype. Biochemical
characteristics of ND6 P25L mice include declined axonal number in the ON, reduction
in complex I activity, decreased mitochondrial oxygen consumption, increased abnormal
mitochondria, and increased ROS production. These findings suggest that oxidative stress
plays a critical role in the primary pathophysiology of LHON [83,104].

4.3. Ischemic Optic Neuropathy Model

A rat model of anterior ischemic optic neuropathy (rAION) is a well-established animal
model that recapitulates NAION. rAION can be induced by photodynamic activation of
rose Bengal, which produces free radical oxygen at the optic nerve head (ONH) and
establishes an environment of oxidative stress leading to ischemic optic neuropathy and
subsequent RGC death [173–176]. In short, immediately after intravenous injection of
2.5 mM rose Bengal in PBS (1 mL/kg animal weight), the process consists of exposing the
ONH to an argon green laser for photoactivation using a fundus lens [176–178].

4.4. Traumatic Optic Neuropathy Model

TON in human can be recapitulated in mice models [124,179–181]. There are two
major TON animal models used in previous studies, namely, optic nerve crush (ONC)
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and ocular blast injury. ONC triggers axonal degeneration and subsequent RGC loss,
providing a reproducible rat animal model of TON to observe RGC apoptosis and loss in
a predictable manner [182,183]. The ONC animal models have been commonly adopted
to study RGC apoptosis induced by oxidative stress [184,185]. In the ONC model, an
incision on the temporal conjunctiva of the rat is made, followed by the detachment of
the lateral rectus muscle under an operating microscope. The optic nerve is then exposed
and separated with the maximal preservation of the small vessels surrounding optic nerve.
The optic nerve is then clamped with a vascular clip at a distance of 2 mm posterior to
the globe for 10–30 s to ensure reproducible injury in each animal. In order for the retinal
vascular patency to be ascertained after the injury, the retina is checked under the surgical
microscope immediately after the injury [185–188].

Ocular blast injury model was also established for TON studies [124,179–181,189]. The
direct ocular blast damages the optic nerve while simultaneously preventing potentially
confounding injury to visual pathways of the CNS [181,190]. To induce direct blast injury,
researchers exposed the eyes to one or more air blasts with pressure around 15 to 30 psi
for a certain duration and interval [179,181,189,190]. The rest of the body was protected
from the blast wave. This injury induced a temporary elevation of IOP, followed by RGC
death and axonal degeneration, which was similar throughout the length of the optic nerve.
Although the lens in the mouse eye is large, the incidence of cataracts after blast injury
is about 7%, which is comparable to that in the blast-exposed human eyes [181,191]. The
model can also be used in the investigation of traumatic brain injury setting [189].

4.5. Optic Neuritis Model

The previously described ON model was studied mostly on the basis of animal
models with experimental allergic encephalomyelitis (EAE) [152,156,192,193], a condition
defined as inflammation in the CNS. This has also been used to model MS [194]. The
encephalomyelitis was induced by sensitization of the animal to myelin antigens in combi-
nation with different adjuvants via subcutaneous injection [194,195]. To directly induce
inflammation in the optic nerve, researchers have used bacterial lipopolysaccharide for
a single microinjection in the rat optic nerve [196,197]. This model could represent ON
without systemic or CNS inflammation.

4.6. Induced Pluripotent Stem Cell-Derived Retinal Ganglion Cells

Induced pluripotent stem cell (iPSC)-derived RGCs are a unique tool for investigating
the role of oxidative stress caused by RGC degeneration. A plethora of studies now
show the use of iPSCs for the reproducible and efficient generation of RGCs [198–202].
Further, studies have shown the ability of iPSC-derived RGCs to form numerous subtypes
and undergo significant morphological and functional maturation when co-cultured with
astrocytes [203,204]. The continued improvements in development of human iPSC-derived
retinal organoids and more recently complex retina–thalamic–cortical assembloids will
further fuel our understanding of the role of oxidative stress in RGC degeneration [205–208].
In particular, the development of retina–thalamic–cortical assembloids have overcome the
issue of RGC loss in long-term cultures, showing increased survival compared to RGCs
grown within retinal organoids [207]. In this section, we briefly highlight some of the
iPSC-derived RGC disease models that have been developed using 2D and 3D culture
approaches. Several teams have now made patient derived and CRISPR/Cas edited iPSC
lines for the investigation of glaucoma [199,209,210], LHON [211–214], and DOA [215–218].

Several studies have modeled different types of glaucoma using patient iPSC-derived
RGCs [199,209,210]. Tank binding kinase 1 (TBK1) and optineurin (OPTN) are both linked
to glaucoma in addition to being key components of autophagy, with TBK1 phospho-
rylation of OPTN prompting selective autophagy of damaged and dysfunctional mito-
chondria [199,209,219]. Duplication of the TBK1 gene is associated with NTG and leads
to an increase in TBK1 expression in patient iPSC-derived RGCs. Further, Tucker et al.
identified over-activation of autophagy as determined by an increase in expression of
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LC3-II in the patient iPSC-derived RGCs [209]. The effect of the NTG-associated E50K
OPTN mutation has been modeled using patient iPSC-derived RGCs, showing increased
apoptosis compared with controls. Interestingly, apoptosis, as measured levels of cleaved
caspase-3, could be significantly reduced upon treatment of patient iPSC-derived RGCs
with brain-derived neurotrophic factor (BDNF) and pigment epithelial-derived factor
(PEDF) [199]. In a separate study, Inagaki and colleagues found that timolol, a β-adrenergic
receptor (β-AR) antagonist, could decrease the levels of apoptosis and E50K mutation in
the OPTN gene (OPTNE50K) aggregation in patient iPSC-derived RGCs by enhancing
autophagic flux [220]. More recently, VanderWall et al. performed a comprehensive study
on the neurodegenerative phenotypes exhibited in retinal organoid models of OPTNE50K.
In this study, they both knocked-in and corrected the OPTNE50K mutation in healthy
and patient iPSCs, respectively, using CRISPR/Cas9 mediated homology-directed repair
(HDR) [221]. They found that at later stages of maturation OPTNE50K RGCs demonstrated
neurite retraction, increased apoptosis, autophagy dysfunction, and increased excitability.
Upon treatment with rapamycin, an inducer of autophagy, OPTNE50K retinal organoids
showed decreased LC3 and levels of caspase-3, suggesting a link between autophagy and
apoptotic pathways in this model [221]. An iPSC-derived RGC model of POAG from a
patient with a c.412C>A mutation in the SIX6 gene when compared to control showed a sig-
nificant decrease in efficiency to generate RGCs [210]. Furthermore, Teotia et al. found that
iPSC-derived RGCs that possess the SIX6 risk allele have neurite dysfunction, increased
apoptosis, a reduced expression of guidance molecules such as ROBO2, and display im-
mature electrophysiological properties as well as abnormal calcium transients. Lastly, this
model showed global dysregulation of genes involved with developmentally relevant
biological processes for RGC differentiation and signaling pathways, such as mammalian
target of rapamycin (mTOR) [210].

Several studies have also modeled LHON using patient iPSC-derived RGCs [211–214].
In particular, Wong et al. found that iPSC-derived RGCs from a patient with homoplasmic
double mtDNA mutations m.4160T>C and m.14484T>C showed increased apoptosis and
mitochondrial superoxide compared to isogenic controls. Interestingly, in the patient’s
fibroblasts, they implemented cybrid technology to replace the patient’s mutant mtDNA
with wild-type mtDNA from kerationcytes and subsequently generate isogenic control
iPSCs from these [211]. In a study by Wu et al., they compared control iPSC-derived RGCs
against RGCs derived from a LHON-affected individual and an unaffected family member
who both harbored the most frequent LHON mutation, m.11778G>A [212]. Upon analysis
they found that iPSC-derived RGCs from the LHON-affected individual had defective
neurite outgrowth, having both less but also shorter RGC axons. The LHON-unaffected
individual had comparable neurite outgrowth to the control but was found to have signifi-
cant expression of the SNCG, which plays a role in neurofilament network integrity—this
may be one contributing factor in the incomplete penetrance found for LHON [212]. Fur-
ther, they found increased activation of global mitochondrial biogenesis, decreased basal
respiration, and spare respiratory capacity, in addition to higher level of oxidative stress in
RGCs from both LHON-affected and unaffected individuals compared to controls. Surpris-
ingly, increased complex 1 activity was found in the LHON-unaffected but not affected
individual [212]. In a follow up study, Yang and colleagues further identified differences in
iPSC-derived RGCs in LHON-affected and unaffected individuals, finding both to have
decreased ROS levels compared with controls. However, only the LHON-affected iPSC-
derived RGCs had an increase in apoptosis [213]. Analysis of mitochondrial movement
along RGC axons showed similar levels of anterograde, retrograde, and stationary move-
ment patterns in control and LHON-unaffected lines. LHON-affected RGC axons, however,
showed increased retrograde and decreased stationary mitochondrial movement patterns
by comparison. Dysregulation of anterograde and retrograde proteins were found with
kinesin family member 5A (KIF5A) being significantly downregulated in LHON-affected
iPSC-derived RGCs compared to affected and control lines. The reduction of KIF5A in
LHON-affected iPSC-derived RGCs was found to be ROS-dependent. Treatment with
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N-acetyl-L-cysteine (NAC), a scavenger of ROS, restored both the expression of KIF5A
but also the normal mitochondrial movement patterns in LHON-affected iPSC-derived
RGCs [213]. In another study examining the role of the m.11778G>A LHON mutation
from the same group, Yang et al. enriched a single pool of RGCs using a modified differ-
entiation protocol [214]. Interestingly, they found that the LHON-patient iPSC-derived
optic vesicles (OVs) were smaller in size and that both OVs and enriched RGCs had lower
expression of neuronal cytoskeletal marker TuJ1. Functional studies were carried out using
whole-cell patch clamp, revealing electrophysiological dysfunction in the LHON-patient
iPSC-derived RGCs compared with controls. Furthermore, on the basis of their previous
studies, Yang et al. investigated the role of glutamate-associated AMPA receptors in LHON.
A significant reduction in expression of AMPA receptor subunits, GluR1 and GluR2, and
associated scaffold proteins in addition to dysregulated binding between the subunits and
scaffold proteins was found in LHON-patient iPSC-derived RGCs [214].

Several teams have also begun trying to model DOA from patients with mutations
in the OPA1 gene [215–218]. Chen et al. found that OPA1 mutation increased necrosis
and apoptosis in the patient iPSCs and could not efficiently differentiate them into RGCs
using their initial methodology. However, the use of neural induction medium, nog-
gin, or β-estrogen helped promote the differentiation of the patient iPSCs to RGCs [215].
Recently the Cheetham group established DOA-iPSCs from dermal fibroblasts of a pa-
tient harboring the c.1334G>A: p.R445H mutation. Further, they generated an isogenic
control through CRISPR/Cas9-mediated HDR. Correction of OPA1 led to restoration of
mitochondrial homeostasis, including mtDNA stability and cellular bioenergetics [218].
Together, these initial studies set a foundation for more in-depth analysis in OPA1 patient
iPSC-derived RGCs.

In summary, progress to improve the in vitro recapitulation of in vivo RGCs (via iPSC-
derived retinal organoids) is creating a paradigm shift towards establishing an effective
translational model of RGC degeneration and disease. Together, this will allow us to inter-
rogate disease mechanisms of RGC degeneration in addition to facilitating the screening of
therapeutics. Additionally, iPSC-derived RGCs are a potential treatment via cell therapy.

5. Potential Antioxidant Therapy for Retinal Ganglion Cell Degenerations

Given the possible role of oxidative stress in RGC degeneration, we have begun to
see an increasing interest in antioxidative treatments. In this section, we review potential
therapies involving the oxidative stress pathway, as a potential for treating the target eye
diseases. A full list of each experimental antioxidant therapeutic is shown in Table 5.

Table 5. Potential antioxidant therapy for RGCs degenerations.

Antioxidants Disease Study Subjects Findings

Coenzyme Q10 [222,223] Glaucoma
DBA/2J mice; rat with ocular
hypertension by intracameral

saline injection

Diet supplemented with coenzyme Q10
could reduce oxidative stress mediated

RGCs apoptosis.

N-Acetyl cysteine [224] Glaucoma
Rat with induced ocular
hypertension by sodium

hyaluronate intracameral injection

Reduced retinal oxidative stress marker,
malondialdehyde, caused by high

intraocular pressure in rats with topical
brimonidine tartrate eye drop installation

and intraperitoneal N-acetyl
cysteine injection.

Lipoic acid [225] Glaucoma DBA/2J mice
Increased expression of anti-oxidative

genes and proteins, and decreased
RGCs loss.

Vitamin B3 (nicotinamide) [226] Glaucoma DBA/2J mice

Increased RGC density, RGC soma size,
and intensity of mitochondrial staining.

Better electrical activity in pattern
electroretinogram than control mice.
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Table 5. Cont.

Antioxidants Disease Study Subjects Findings

Rho kinase inhibitor K-115 [227] Glaucoma C57BL/6 mice Decreased production of ROS and
oxidation of lipids.

Edaravone [228] Glaucoma Normal tension glaucoma
EAAC1-deficient mice

Reduced retinal oxidative stress and
RGCs death.

Minocycline [229] LHON Cybrid cell with mtDNA 11778
mutation in teratoma cells

Increased the survival and conserved
mitochondrial membrane potential of

cybrid cells with overloading oxidative
stress induced by thapsigargin.

Glutathione [230] LHON
Cybrid cell with mtDNA 11778,

3640, and 14484 mutations in
osteosarcoma cells

Prolonged survival in cells with induced
oxidative injury by tert-butyl
hydroperoxide and rotenone.

EPI-743 [231] LHON Human Stop progression and improve vision in
patients with LHON.

Idebenone [232–234] LHON Human Prevent visual impairment and promote
visual recovery in patients with LHON.

Idebenone [235,236] DOA Human Improving and stabilizing visual function
in patients with DOA.

Brimonidine [237] NAION Mice with photosensitization above
the optic nerve head

Intraperitoneal injection of brimonidine
decreased RGCs cell loss and

oxidative stress.

Rho kinase inhibitor E212 [238] NAION Rat with laser induced optic
nerve ischemia

Increased retinal superoxide dismutase
activity and decreased ROS production by

intravitreal injection.

Fasudil [239] NAION Human Improvement of visual acuity in NAION
patients with intravitreal injection.

Lomerizine [240] TON Rat with partial optic
nerve transection

The calcium channel blocker reduced
manganese superoxide dismutase

expression and prevented secondary
RGCs death.

Galantamine [241] TON Mice with eye blast injury Reduced oxidative stress markers and
inflammatory response.

Vit E [124] TON Mice with eye blast injury High vitamin E diet prevented RGCs loss
and decreased level of oxidative stress.

Ginkgo biloba [242] TON
Rat with optic nerve clamping and

RGCs cells with exogenous
oxidative stress (H2O2)

Prolonged RGCs survival and in both
in vitro and in vivo studies.

Lithospermum erythrorhizon [243] TON Mice with optic nerve crush
Protected RGCs from oxidative

stress-induced cell death and reduced ROS
production.

Hyperbaric oxygen treatment [244] TON Mice with optic nerve crush Reduction of RGCs loss after hyperbaric
oxygen therapy.

ROS-degradable propylene
sulfide [180] TON Mice with eye blast injury

Reduction of inflammation and oxidative
stress when combining with

erythropoietin-R76E.

Lipoic acid [192,193] ON Experimental autoimmune
encephalomyelitis mice

Decreased inflammation and prevented
RGCs against oxidative damages.

Melatonin [197] ON Rat with lipopolysaccharide
injection to optic nerve

Decreased microglial reactivity,
demyelination, RGCs loss, and

oxidative damages.

Gypenosides [245] ON Rat RGCs with exogenous
oxidative stress (H2O2)

Reduced ROS production and
inflammatory response and prevented

RGCs from oxidative induced apoptosis.

Spermidine [246] ON Experimental autoimmune
encephalomyelitis mice

Reduced demyelination H2O2-induced
RGC damage.

5.1. Antioxidants in Glaucoma

In some animal studies of glaucoma, antioxidants including CoQ10, N-acetyl cysteine,
α-lipoic acid, vitamin B3 (nicotinamide), and edaravone showed potential protection from
RGC loss [222–226,228]. CoQ10 is the most common form of CoQ in humans, and its
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protective effect is believed to be a result of its role in electron stability within the mito-
chondria, as well as in reducing mitochondrial membrane depolarization and free radical
scavenging [247]. Furthermore, decreased oxidative stress-related markers were found
in a high IOP model receiving treatment of brimonidine, N-acetyl cysteine, α-lipoic acid,
and edaravone [224,225,228]. Brimonidine has been widely used for glaucoma patients.
In addition to lowering IOP, brimonidine has also been shown to have a neuroprotective
effect on RGCs [248], possibly due to its antioxidative properties [150]. Similarly, a Rho
kinase inhibitor was reported to lower IOP, serve as an antioxidant, and ultimately pro-
vide neuroprotective effects against glaucoma [227,249]. One such Rho kinase inhibitor,
Netarsudil, has already been approved for glaucoma treatment [250].

5.2. Antioxidants in Hereditary Optic Atrophy

The pathophysiology of LHON and DOA has been linked to oxidative stress due to
its direct pathogenesis in the mitochondria [80,91,104]. As such, several antioxidant treat-
ments have been investigated for reducing oxidative stress in LHON and DOA [251,252].
Although most of the treatments are still under investigation in experimental studies,
idebenone and EPI-743, synthetic analogues of CoQ10, have shown promising therapeutic
benefits and have recently been approved for patients afflicted by LHON [231,253]. Off-
label use of idebenone in DOA patients also demonstrated a potential therapeutic benefit
on vision recovery [235,236].

5.3. Antioxidants in Ischemic Optic Neuropathy

Although the experimental studies are limited to investigating the pathophysiology
of oxidative stress in NAION, some studies using antioxidants to treat NAION showed
prolonged RGC survival [175,237,238]. In addition to glaucoma, brimonidine and Rho
kinase inhibitors demonstrated antioxidative function and neuroprotective properties in
ischemic optic neuropathy [237,238], and fasudil, one specific Rho kinase inhibitor, has
been investigated in human subjects [239].

5.4. Antioxidants in Traumatic Optic Neuropathy

Previous studies found that antioxidants can reduce the loss of optic nerve axons,
protect optic nerve projection and visual function, and prevent inflammation pathway acti-
vation in an ocular blast injury model. Blocking the accumulation of ROS and the activation
of the inflammasome pathway may therefore serve as a potential post-injury interven-
tion [124,179,180]. In a TON model, herbal extracts including ginkgo biloba and Lithosper-
mum erythrorhizon were reported to have protective effects against oxidative stress [242,243].
Because calcium overload was involved in the second degeneration after TON, a calcium
channel blocker has also demonstrated an antioxidative effect with protective effects on
RGCs from secondary death [240]. In addition to antioxidative agents, hyperbaric oxygen
(HBO) has also been reported to reduce RGC apoptosis and oxidative stress in animal
models of TON [244]. However, prolonged HBO treatment may increase the serum level
of ROS in the long term [254]. Moving forward, further investigation is needed to fully
understand this resulting oxidative stress in treating TON with HBO.

5.5. Antioxidants in Optic Neuritis

Since inflammation and oxidative stress both have an important role in ON, identi-
fication of a target that treats both components simultaneously holds great potential. In
particular, lipoic acid, which functions as an antioxidant, was previously used for reducing
CNS neuron atrophy in MS and could also reduce the inflammatory response in an ON
model [192,193]. Similar to lipoic acid, melatonin and gypenosides also demonstrated an-
tioxidant and anti-inflammatory properties and showed therapeutic effects in experimental
ON models [197,245].
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6. Conclusions

To summarize this report, we reviewed the role of oxidative stress in RGC degen-
eration of the optic nerve, including glaucoma, hereditary optic atrophy, ischemic optic
neuropathy, TON, and ON. Previous experimental studies have demonstrated the connec-
tion between oxidative stress and such RGC degenerative diseases. As such, oxidative
stress has been proven to be a major underlying cause of RGC degeneration. Additionally,
experimental models used for RGC degenerations were also described here. Some human
studies, in fact, showed robust evidence of successful antioxidative treatment, but further
investigative studies are required to gain more evidence into the efficacy of such therapeutic
treatment options.
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