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ARTICLE INFO ABSTRACT
Keywords: Oxidative stress occurs through an imbalance between the generation of reactive oxygen species (ROS) and the
Oxidative stress antioxidant defense mechanisms of cells. The eye is particularly exposed to oxidative stress because of its per-

Reactive oxygen species manent exposure to light and due to several structures having high metabolic activities. The anterior part of the

:;:(’deams eye is highly exposed to ultraviolet (UV) radiation and possesses a complex antioxidant defense system to protect

Ocular diseases the retina from UV radiation. The posterior part of the eye exhibits high metabolic rates and oxygen consumption

Pathophysiology leading subsequently to a high production rate of ROS. Furthermore, inflammation, aging, genetic factors, and
environmental pollution, are all elements promoting ROS generation and impairing antioxidant defense mech-
anisms and thereby representing risk factors leading to oxidative stress. An abnormal redox status was shown to
be involved in the pathophysiology of various ocular diseases in the anterior and posterior segment of the eye. In
this review, we aim to summarize the mechanisms of oxidative stress in ocular diseases to provide an updated
understanding on the pathogenesis of common diseases affecting the ocular surface, the lens, the retina, and the
optic nerve. Moreover, we discuss potential therapeutic approaches aimed at reducing oxidative stress in this
context.

1. Introduction diseases [3].

1.1. Definition of oxidative stress
1.2. Sources and types of reactive oxygen species

Oxidative metabolism primarily occurs in the mitochondria and
endoplasmic reticulum of eukaryotic cells, where metabolic byproducts,
such as free radicals, are generated during physiologic oxidation-
reduction reactions [1]. Free radicals contain unpaired electrons and
together with peroxides or other electrophilic molecules are known as
reactive oxygen species (ROS) and reactive nitrogen species (RNS) [1,2].
They are produced as byproducts of normal cellular metabolism, and an
imbalance between the generation of ROS/RNS and the antioxidant
defense system is termed oxidative or nitro-oxidative stress [1,3]. ROS
are extremely reactive molecules, which can modify and damage
cellular macromolecules, including DNA, proteins, and lipids. ROS
accumulation can lead to oxidative damage, which is involved in the
development of various diseases, including cancer, diabetes, cardio-
vascular diseases, neurodegenerative disorders, and several ocular

Reactive species can be classified based on their chemical structure.
The most relevant are ROS and RNS. Additionally, there are several
other subgroups of species like reactive chlorine species (RCIS), reactive
sulfur species (RSS) and reactive bromine species (RBrS) [4]. Moreover,
there are radical reactive species, such as superoxide (037), hydroxyl
(*OH), hydroperoxyl (HOO®), peroxyl (ROO®), alkoxyl (RO®), and non-
radical reactive species, such as hydrogen peroxide (H202), ozone (O3),
singlet oxygen ¢ /\g) and hypochlorous acid (HOCI) [3]. Several
endogenous sources contribute to oxidative stress. Approximately 90%
of ROS are generated by the mitochondrial electron-transport chain, but
they can also be produced by electron chains in the endoplasmic retic-
ulum [2]. Cellular respiration in the mitochondria occurs in the electron
transport chain, where oxygen (O2) is reduced to generate high energy
phosphate bonds in the form of adenosine triphosphate (ATP) via
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oxidative phosphorylation [5]. During this process, active electrons may
escape the electron transport carriers and reduce molecular oxygen su-
peroxide anion (O3%7), which is then converted to H,O5 by enzymatic
reactions. Furthermore, the reduction of H,O- leads to the formation of
OH* and OH™. The hydroxy radical is one of the most reactive ROS [2,6,
71.

Cellular enzymes represent another source of ROS [6]. One of the
main enzymes responsible for ROS production is the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX). NOX is a
membrane-bound enzyme with several subunits, which produce super-
oxide from molecular oxygen using NADPH as electron donor. Different
isoforms of NOX are co-expressed or predominantly expressed in various
cell types, such as phagocytes (NOX2), colon epithelial cells (NOX1),
vascular cells (NOX4), or lymphoid tissue cells (NOX5). Their expression
is regulated primarily at the transcriptional level, but epigenetic
mechanisms have also been reported [8]. During their activation, elec-
trons are transferred to flavin adenine nucleotide (FAD), passed through
heme groups, and finally passed to molecular oxygen, resulting in the
generation of superoxide anions [6]. It is noteworthy that ROS are
essential for several physiological functions, such as microbial killing or
inflammasome activation [6].

ROS are also produced as byproducts in various metabolic processes.
Enzymes like xanthine oxidase (XO) also form superoxide and H205 [9].
During endothelial dysfunction, uncoupled endothelial nitric oxide (NO)
synthase (eNOS) generates superoxide instead of NO [9]. Moreover,
cyclooxygenases (COX), phospholipase A2, lipoxygenase and cyto-
chrome p450-catalyzed reactions also contribute to the generation of
ROS [9-11]. Moreover, ROS formation is closely related to inflamma-
tion, as excessive amounts of free radicals are secreted by inflammatory
cells, which are further stimulated by ROS [12].

In addition to endogenous sources of ROS, exogenous sources play a
crucial role in their generation. Air pollution, tobacco smoke, ultraviolet
(UV) radiation and traffic noise represent important exogenous sources
of ROS [13-16]. Anthropogenic air pollution and subsequent chemical
exposure induce ROS production in the human respiratory tract and in
the cardiovascular system [13,17]. Tobacco smoke contains a complex
mixture of potentially toxic chemicals that directly generate ROS.
Additionally, smoke-induced inflammation contributes to an indirect
stimulation of ROS generation [18]. Exposure to UV radiation is another
significant factor inducing ROS generation. It stimulates the synthesis of
NO synthase and affects the enzyme, catalase, leading to increased ROS
production. Furthermore, DNA and other chromophores can be modi-
fied through UV radiation, resulting in elevated ROS levels [19,20].

1.3. The antioxidant defense system

To counteract the destructive effects of ROS, cells are equipped with
a complex antioxidant defense system. This system includes enzymes
like superoxide dismutase (SOD), catalase (CAT), heme oxygenase (HO)
and glutathione peroxidase (GPX), as well as non-enzymatic antioxi-
dants like vitamin E, vitamin C, and glutathione (GSH), which act as
antioxidant scavengers [6].

Gene expression of antioxidant enzymes is mainly regulated by the
nuclear transcription factor nuclear factor erythroid 2-related factor 2
(Nrf2). Hence, it is not surprising that dysregulation of Nrf2 has been
associated with numerous diseases related to oxidative stress [21].

Three different isoforms of SOD have been identified, which are
found in the mitochondria, the cytosol and the extracellular matrix [4].
SOD belongs to the family of metalloenzymes and converts O3~ to HyOo,
which is then converted by CAT to H,O and O3 [2]. Enzymes belonging
to the family of peroxidases, such as GPX, are also capable of neutral-
izing lipid hydroperoxides. In this process, GSH acts as a reducing agent
and can also scavenge ROS directly [2]. Reduced GSH is an antioxidant
tripeptide that acts as a potent redox buffer due to its ability to convert
to its oxidized form. It is also capable of generating cellular antioxidants
like vitamin C and E, in their active form. GSH reductase balances the
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level of reduced GSH by reducing GSH disulfide [2,20]. NADPH and its
oxidized product NADP™' represent another relevant cellular redox
buffer, serving as an important coenzyme for GSH reductase. Apart from
its role in GSH regeneration, NADPH is also used by other antioxidant
enzymes, such as thioredoxin reductase and peroxiredoxin, to scavenge
ROS and protect cells from oxidative damage [22-24]. Moreover, it
features direct antioxidant functions via reduction of different radicals
[25]. Aldehyde dehydrogenase is a NAPD "-dependent enzyme, which is
critical in the prevention of UV-induced oxidative damage in ocular
structures by scavenging UV-induced free radicals. In addition, it is
involved in the production of NADPH, thereby contributing to antioxi-
dant GSH levels [20]. The reductive potential of NADPH is maintained
by glucose-6-phosphate dehydrogenase in the pentose phosphate
pathway [26].

There are also several non-enzymatic antioxidants involved in the
antioxidant defense system. Ascorbate (vitamin C) represents a strong
electron donor for free radicals, superoxide anions, hydroxyl and peroxy
radicals [20]. GSH and NADPH contribute to the regeneration of
oxidized vitamin C. Notably, elevated levels of ascorbate were found in
diurnal animals compared to nocturnal species, indicative of a protec-
tive role against UV radiation [27]. a-Tocopherol (vitamin E) is another
fat-soluble chain-breaking antioxidant that can interrupt lipid peroxi-
dation by intercepting peroxyl radicals [28]. Moreover, a synergism
between ascorbate and o-tocopherol has been described [28].
a-Tocopherol is also involved in the regeneration of other antioxidants
[20]. In addition, uric acid, the final product of purine metabolism in
humans, is a water-soluble molecule acting as potent scavenger of
singlet oxygen and hydroxyl radicals and is involved in regulation of the
redox state of the GSH-ascorbate system [20,29]. Retinol (vitamin A) is
an essential agent involved in visual function and antioxidant actions by
capturing ROS, neutralizing radicals and stabilizing peroxyl radicals
[30]. There are several additional small molecules, such as 1-cysteine,
L-tyrosine, albumin or ferritin, which prevent Fenton reaction-derived
ROS and possess antioxidant potential [20].

1.4. Molecular mechanisms of oxidative damage

ROS generation is a physiological process in healthy individuals,
which is balanced by the antioxidant defense system before oxidative
damage occurs. However, when the production of ROS exceeds the ca-
pacity of the antioxidant defense system, oxidative stress emerges,
which contributes to the pathogenesis of numerous diseases [3]. ROS
can damage cellular macromolecules by modifying proteins, lipids, and
DNA. ROS will react with DNA molecules, leading to the oxidation of
bases and deoxyribose [5]. This may cause base modification, rear-
rangement of DNA sequences, miscoding of DNA, gene duplications, or
activation of oncogenes [6]. These mechanisms are assumed to be
involved in carcinogenesis [6]. ROS can also damage mitochondrial
DNA (mtDNA), which encodes proteins of the mitochondrial respiration
chain. Defective mtDNA may lead to mitochondrial dysfunction and
further aggravate ROS formation [31]. Moreover, ROS can induce pro-
tein oxidation. Surface-exposed methionine and cysteine residues are
especially susceptible to oxidation, which may alter protein function
[7]. Furthermore, cross-linking, protein misfolding, fragmentation and
aggregation may occur [5]. Cell membranes are largely composed of
lipids, as well as cell organelles. Membrane polylipids contain poly-
unsaturated fatty acids particularly sensitive to oxidative stress. As lipid
peroxidation occurs, endogenous aldehydes and their derivates, such as
glyoxal, methylglyoxal (MG), malondialdehyde (MDA) or 4-hydroxy-2--
nonenal (4-HNE), are formed with high reactivity and toxicity for cell
components. Additionally, the formation of adducts with cellular pro-
teins and DNA, as well as increased inflammation, is possible [5,32,33].
Moreover, cytokines and several transcription factors like nuclear factor
kappa B (NF-kB) and hypoxia-inducible factor-1a (HIF1-a) are regulated
by ROS [34]. A result of these events is the induction of autophagy and
apoptosis, driving to cell death and further oxidative damage [35,36].
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Such events can aggravate inflammation and cellular stress responses,
further increasing ROS levels and promoting the vicious circle of
oxidative stress.

1.5. Therapeutic approaches to oxidative stress

Therapeutic strategies to decrease oxidative stress include adminis-
tration of antioxidants to scavenge ROS and the modulation of cellular
signaling pathways that regulate ROS production and antioxidant de-
fense mechanisms. The therapeutic effects of antioxidants, e.g., SOD and
mimetics, peroxidase and mimetics, vitamin E, C or A have been studied
in various oxidative stress-stimulated diseases. The therapeutic effects of
antioxidants are, however, controversial, and there is some evidence
that high doses of antioxidants may induce side effects and increase the
risk of total mortality [6,37]. Inhibitors of ROS generation can antago-
nize specific ROS-generating systems. NOX inhibitors, allopurinol or
xanthine oxidase inhibitors may reduce ROS levels [6]. Another
approach is modification of cellular signaling pathways that regulate
ROS production and antioxidant defense. For example, activation of
Nrf2 can trigger antioxidant enzyme expression and diminish oxidative
stress [38].

1.6. Oxidative stress and ocular diseases

Because of its permanent exposure to light and its composition of
several susceptible tissues with high metabolic activities, the visual
system is very vulnerable to oxidative stress. Particularly, the anterior
part of the eye, including the conjunctiva, cornea and lens, is highly
exposed to UV radiation [12]. To meet these challenges, these structures
are equipped with a complex and regulated antioxidant system [39].
When ROS formation exceeds the capacity of the antioxidant defense
systems, oxidative stress occurs, which is involved in the pathophysi-
ology of various anterior ocular segment disorders, such as dry eye
disease (DED) or pterygium. Additionally, cataract and a variety of
corneal diseases, including keratoconus, Fuchs endothelial corneal
dystrophy, diabetic keratopathy are triggered by oxidative stress [36,
40]. The posterior ocular segment, including the optic nerve and retina,
exhibits high metabolic rates and high oxygen consumption compared to
other body tissues. Hence, larger amounts of ROS are generated in the
mitochondria of these neuronal structures. Because of low antioxidant
enzyme levels and an abundant content of oxidizable structures, these
structures are prone to oxidative damage [4]. Vascular dysfunction is
recognized to be part of the pathogenesis of several retinal pathologies,
such as diabetic retinopathy (DR), age-related macular degeneration
(AMD), retinal vessel occlusion, retinopathy of prematurity and glau-
coma [41]. Modification of cellular signaling pathways by ROS is inti-
mately involved in vascular dysfunction and is thereby essentially
contributing to the pathogenesis of ocular diseases associated with
abnormal ocular perfusion [42]. In this review, we summarize sources of
ROS, oxidative stress-activated signaling pathways and antioxidant
mechanisms in ocular structures. Moreover, we display the importance
of oxidative stress in the pathogenesis of frequent ocular diseases, except
for Leber’s hereditary optic neuropathy (LHON), and discuss potential
therapeutic options. We excluded, however, ocular injuries and in-
fections as well as complex multifactorial inflammatory diseases, such as
uveitis, since this would open more large chapters and go beyond the
scope of this review.

2. Oxidative stress in ocular diseases
2.1. The ocular surface

The ocular surface comprises the surface and epithelia of the con-
junctiva, cornea, main and accessory lacrimal glands, and meibomian

glands, as well as their apical and basal matrices, the eyelashes with
their associated glands, the eyelid components responsible for the blink,
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and the draining tear ducts. The conjunctiva, a transparent mucous
membrane, lines the inner surface of the eyelids and covers the anterior
surface of the eye globe, except the cornea. It consists of two parts: the
palpebral conjunctiva, which covers the inner eyelids, and the bulbar
conjunctiva, covering the eyeball [43]. The bulbar part is loosely
adherent to the underlying Tenon’s capsule [43]. Comprising
non-keratinized, stratified squamous epithelium, a layer of loose con-
nective tissue, and a highly vascularized layer of substantia propria, the
conjunctiva plays a critical role in maintaining ocular immune defense
and preventing infection, through its numerous blood vessels, lymphatic
vessels, and immune cells [44]. Goblet cells, secreting mucin, are
abundant in this organ, especially in the upper eyelid. The conjunctiva
also contains lymphoid follicles, which contribute to the immune de-
fense of the ocular surface [45]. The main role of the conjunctiva is to
safeguard the ocular surface from extrinsic irritants and pathogens, to
maintain moisture, and to provide a smooth surface for the eyelids to
move over. The conjunctiva is also involved in tear film production and
tear drainage.

The ocular tear film nutrifies, lubricates and protects the ocular
surface and is composed of three main layers [46]. The outermost lipid
layer, provided by Meibomian glands, reduces evaporation and protects
the ocular surface from external contaminants [47]. The middle layer, or
aqueous layer, primarily supplied by the main and accessory lacrimal
glands, contains water, electrolytes, proteins, antimicrobial agents, cy-
tokines, vitamins, immunoglobulins, peptide growth factors, and hor-
mones, providing oxygen, nutrients, and other essential compounds to
the ocular surface [46,48]. The innermost mucin layer, provided by
conjunctival goblet cells, helps to spread the tear film evenly over the
surface of the eye and to anchor it to epithelial cells. Tear film stability is
regulated by a complex balance of tear secretion, evaporation, drainage,
absorption and osmolality [46]. The composition of the tear film and the
structure of the conjunctiva are presented in Fig. 1.

As the first layer of defense against external potential oxidative
stimuli, the ocular tear film harbors an antioxidant defense system.
Several antioxidant factors, including ascorbic acid, cysteine, GSH,
tyrosine and uric acid, can be found in the ocular tear film and may
protect from oxidative stress under physiologic conditions [12,49]. In
addition to these nonenzymatic antioxidants, SOD isoenzymes have
been found in the ocular tear film [39,50].

2.1.1. Dry eye disease

2.1.1.1. Clinical insights into dry eye disease. Dry eye disease (DED) is a
multifactorial disorder characterized by a deficiency in tear production
or excessive tear evaporation resulting in ocular surface disruption,
inflammation and discomfort. It is a common condition affecting people
of all age categories, but with elevated prevalence in older individuals
and women [51,52]. The pathogenesis of DED involves a complex
interplay of various factors, including inflammation of the ocular sur-
face, instability of the tear film, and neurosensory abnormalities. Com-
mon risk factors for DED include aging, hormonal changes, autoimmune
diseases, environmental factors, and certain medications [53]. Symp-
toms of DED can vary widely, but common complaints include dryness,
burning, itching, tearing, and a foreign body sensation. Diagnosis of DED
involves a comprehensive ocular surface evaluation, including assess-
ment of tear film quality, quantity, and stability, as well as measurement
of tear osmolarity and ocular surface staining. Additional tests, such as
meibomian gland imaging and assessment of blink rate and complete-
ness, may be necessary in specific cases. Subjective scales, such as Ocular
Surface Index (OSDI), play also a crucial role in diagnosing DED [51].
The treatment of DED typically involves a combination of pharmaco-
logical and non-pharmacological interventions, depending on the
severity and underlying causes of the condition. A representative picture
of DED is demonstrated in Fig. 2.
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Fig. 1. Structure of the ocular tear film and conjunctiva. The ocular tear film is composed of three different layers. The lipid layer is produced by the Meibomian
glands located in the eyelids and is separated into a non-polar lipid sublayer and a polar lipid sublayer. The aqueous layer is produced by the lacrimal gland and
accessory lacrimal glands and contains various proteins and electrolytes, including growth factors, cytokines, and the antioxidant defense system of the ocular tear
film. The mucin layer is the innermost layer secreted by conjunctival goblet cells. The ocular conjunctiva consists of the conjunctival epithelium, a non-keratinized
stratified squamous epithelium, and the substantia propria with vessels, connective tissue and lymphocytes. AA: ascorbic acid; GSH: glutathione; SOD: superox-

ide dismutase.

Fig. 2. Superficial punctate keratitis in a patient with dry eye disease. This slit
lamp photograph of the anterior eye segment stained with sodium fluorescein-
containing drops reveals fluorescein-positive yellow spots on the corneal sur-
face, which represent epithelial defects often seen in patients with dry eye
disease. Unpublished image. Department of Ophthalmology, University Medical
Center Mainz. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

2.1.1.2. Mechanisms of oxidative stress in dry eye disease. Oxidative
stress essentially contributes to the development and progression of
DED. Based on a meta-analysis, various oxidative stress markers,
including lipid peroxide, myeloperoxidase, NO synthase, xanthine oxi-
dase/oxidoreductase, 4-HNE, and MDA were found to be elevated in tear
fluid and conjunctival specimens from patients with DED [54]. More-
over, impaired antioxidant functions have been detected in DED

patients. For example, expression of CAT, GPX, and SOD was reduced in
conjunctival epithelial cells from patients with DED compared to
healthy controls [55].

Several environmental factors have been shown to induce oxidative
stress on the ocular surface. For example, air pollution has been reported
to trigger ROS production in the conjunctiva and cornea, contributing to
DED [56]. Moreover, gaseous substances, such as O3 and NO, may
irritate the ocular surface and exacerbate oxidative stress [57]. One of
the most relevant environmental sources of oxidative stress is exposure
to UV radiation. UVA, UVB, and UVC radiation trigger DNA damage and
promote the production of HyO,, the most frequently found ROS from
UV radiation, damaging cellular proteins, lipids, and DNA [20,58]. The
main neutralizing enzyme of HpO2 is SOD, which was reported to be
diminished in the ocular tear fluid from patients with DED [55,59].

Aging is another well-established risk factor for DED, associated with
a decline in antioxidant defense mechanisms and an increase in oxida-
tive stress [60]. The rate of 05~ and Hy05 production increases, inducing
a pro-oxidative shift and accumulation of oxidatively damaged mole-
cules [61]. Nrf2 signaling, an important regulator of antioxidant de-
fense, is impaired during aging [60], leading to reduced levels of
antioxidant enzymes like CAT or SOD [62]. Mice lacking SOD exhibit a
phenotype with accelerated aging, showing alterations in the lacrimal
gland, reduced tear production, and increased inflammation [63].
Accumulation of lipofuscin granules in the lacrimal gland also contrib-
utes to oxidative stress [64]. Metabolic changes during aging, such as
impaired insulin signaling and the consequent aggregation of advanced
glycation end products (AGEs) are associated with oxidative stress and
inflammation in the lacrimal gland [64].

Inflammation of the ocular surface, a condition highly inter-
connected with oxidative stress, is typically present in DED [12]. ROS
induce the expression of inflammatory cytokines such as interleukin-1
(IL-1), interleukin-6 (IL-6) and tumor necrosis factor o (TNF-o)
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activating multiple inflammatory pathways [65]. Conversely, immune
cells also release significant amounts of ROS, such as 03, HyOs, further
exacerbating the vicious circle between oxidative stress and inflamma-
tion [66]. Elevated levels of cytokines and chemokines have been found
in the tear fluid of patients with symptomatic DED [67]. There is also a
correlation between IL-6 levels, disease severity and ocular surface pa-
rameters [68]. Stimulation of conjunctival epithelial cells with TNF-a
and interferon- y (INF-y) leads to an increased secretion of
IP-10/CXCL10, a potent chemoattractant for immune cells, further
aggravating oxidative stress and inflammation [69,70]. In mice with
reduced tear volume, mononuclear infiltration and fibrosis of the
lacrimal gland were observed [71].

The tear film has a crucial function in protecting the ocular surface
from external insults and providing a smooth optical surface. In DED, the
tear film becomes unstable and hyperosmolar. Hyperosmolarity of the
tear film is a critical step in the pathogenesis of DED. It initiates
morphological changes, such as apoptosis of conjunctival and corneal
cells, and activates inflammatory pathways, resulting in the loss of
mucin-producing goblet cells, further exacerbating tear film instability
[72]. Hyperosmolar stress stimulates generation of inflammatory cyto-
kines, e.g., IL-1p and TNF-a, promoting ocular surface inflammation
[73]. Primary human corneal epithelial cells exposed to hyperosmolar
stress displayed elevated oxidative stress markers and a disrupted bal-
ance of oxygenases and antioxidant enzymes [74]. Hyperosmolarity also
resulted in mitochondrial DNA damage. In this regard,
mitochondria-induced oxidative damage was associated with lacrimal
gland inflammation and dysfunction in transgenic mice [71].

Tear film stability may also be affected by dysfunctional meibomian
glands, which produce the lipid compound of the tear film. Meibomian
gland dysfunction can result in a reduced quantity and quality of the
lipid layer, resulting in increased tear evaporation and consequent
oxidative stress [75]. Mice lacking SOD1 exhibited meibomian gland
dysfunction with elevated levels of the oxidative stress markers, 4-HNE
and 8-hydroxy-2-deoxyguanosine (8-OHdG), as well as inflammatory
cell infiltrates in the acinar epithelium of meibomian glands [76].
Notably, lipids are highly prone to oxidative degradation, further
reducing tear film stability under oxidative stress conditions [75]. To
counteract lipid peroxidation, meibomian glands also possess antioxi-
dant enzymes, such as GPX [77]. However, these antioxidant functions
may be hampered under pathological conditions [12]. Dysfunction of
the lacrimal gland also contributes to the pathophysiology of DED. In a

Redox Biology 68 (2023) 102967

transgenic mouse model encoding the mev-1 gene, which induces
oxidative stress, mitochondrial oxidative damage and inflammation of
the lacrimal gland was detected. This resulted in reduced protein and
aqueous secretory functions, leading to increased ocular surface
epithelial damage [78]. In a study of our own, aged mice lacking the M3
muscarinic acetylcholine receptor developed tear fluid deficiency with
signs of DED and a pronounced increase of oxidative stress markers and
prooxidative redox and inflammatory genes in the corneal and
conjunctival epithelium [79]. Additionally, in aging rats, Rab GTPases
were reported to be involved in exocytosis of tear components, and
antioxidant markers were found to be decreased [80]. Apart from direct
disturbances in the lacrimal gland, oxidative stress may impair inner-
vation. The ocular surface is innervated by sensory nerve endings of the
trigeminal nerve, and acini of the lacrimal gland are innervated by
efferent sympathetic and parasympathetic nerves. A pro-oxidant state
may damage the nerve’s myelin, driving to impaired innervation of the
lacrimal gland, which may result in reduced tear secretion [64,81].

In summary, oxidative stress in DED can arise from various sources,
including tear film instability, inflammation, lacrimal and meibomian
gland dysfunction, environmental factors, and aging. Knowing the
oxidative stress sources in DED is crucial for developing targeted ther-
apies to prevent or limit the damage caused by ROS in this condition. A
scheme on the role of oxidative stress in DED is presented in Fig. 3.

2.1.1.3. Therapeutic approaches for oxidative stress in dry eye disease.
The therapeutic approaches for oxidative stress in DED aim to limit the
production of ROS and to enhance the antioxidant defense mechanisms
of the ocular surface. These targets include both pharmacological and
non-pharmacological approaches, which can be used alone or in com-
bination to manage the symptoms of DED.

Antioxidants, such as vitamin A and E, coenzyme Q10 or lipoic acid,
can be administered topically in tear substitutes to scavenge ROS and to
prevent from their harmful effects to the ocular surface [82]. Other
studies evaluated the therapeutic potential of lactoferrin in DED. Lac-
toferrin is an iron-binding glycoprotein, which plays a pivotal role in
enhancing iron retention while also exerting antioxidant functions by
limiting the production of free radicals and mitigating inflammation. It
is an important component of the ocular tear film and is usually pro-
duced by corneal epithelial cells and the lacrimal gland [83]. Decreased
levels of lactoferrin in the tear fluid were found in patients with DED and
were found to be negatively correlated with DED symptoms [84].
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Fig. 3. Role of oxidative stress in the pathogenesis of dry eye disease. Environmental factors, such as air pollution, particulate matter, gaseous substances or UVR as
well as aging lead to increased inflammation with consequent imbalance between ROS generation and the antioxidant defense. Additionally, hyperosmolarity and
instability of the tear film further aggravates inflammation and oxidative stress contributing to the vicious circle of dry eye disease. DED: dry eye disease; UVR:
ultraviolet radiation; IL-1: interleukin 1; IL-6: interleukin 6; TNF-a: tumor necrosis factor a; O3 : superoxide; H,O,. hydroxyl peroxide; Nrf2: nuclear factor erythroid

2-related factor 2; SOD: superoxide dismutase; CAT: catalase.
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Moreover, studies in an animal model of DED revealed that uptake of
selenium-binding lactoferrin by a receptor into corneal epithelial cells
could prevent corneal damage [85]. In animal models of corneal
epithelial damage and DED, topical administration of lactoferrin
reduced inflammation and promoted wound healing [86,87]. In patients
with Sjogren’s syndrome and cataract surgery-induced DED, oral
administration of lactoferrin, ameliorated tear film stability and reduced
DED symptoms [88,89]. In addition, lactoferrin-loaded contact lenses
were proposed to protect the corneal epithelium from oxidative stress in
ocular surface pathologies [90].

After cataract surgery, DED is a common problem, and postoperative
application of eye drops containing preservatives, such as benzalkonium
chloride, known to trigger ocular surface oxidative stress and to cause
Meibomian gland dysfunction and DED [91,92]. Comparison between
postoperatively administered preservative-free and preserved eye drops
showed decreased parameters of DED, reduced inflammation, and
higher levels of antioxidants in the group treated with preservative-free
eye drops [93,94]. These findings highlight the possibility to minimize
oxidative stress with consequent DED by using preservative-free eye
drops after cataract surgery.

Iodide is an oxygen free radical scavenger acting as a reducing agent
and electron donor [95]. Iodide iontophoresis represents a therapeutic
technique that involves the application of an electronic current to
facilitate the movement of iodide ions through body surfaces. This
technique has been used to enhance the water-soluble antioxidant ca-
pacity of the ocular tear fluid [75,96]. Patients with DED treated with
iodide iontophoresis showed improved subjective symptoms, better tear
film stability and reduced morphologic changes [95]. However, a
limiting factor for the use of iodine are its potential cytotoxic effects to
corneal epithelial and endothelial cells [97].

There are also several studies using nanoparticles to develop thera-
pies to face DED. For example, xanthohumol induced the production of
antioxidant transcription factors, such as Nrf2, regulating antioxidant
enzymes. Moreover, xanthohumol-encapsulating poly (lactic-co-glycolic
acid) nanoparticles showed cytoprotective effects against oxidative
stress in vitro and in a mouse model in vivo [98]. In summary, there are
several topical therapeutic approaches aimed at targeting oxidative
stress in DED include the reduction of inflammation and the enhance-
ment of antioxidative defense mechanisms. For more studies concerning
antioxidants in the treatment of DED, please refer to Table 1 in the
online supplement.

2.1.2. Pterygium

2.1.2.1. Clinical insights into pterygium. Pterygium is a widespread
ocular surface disease characterized by a fibrovascular conjunctival
degeneration with the subsequent growth of a fleshy, triangular-shaped
mass of conjunctival tissue onto the cornea [99]. The pathogenesis of
pterygium involves genetic, environmental, and immunological factors.
Chronic exposure to UV radiation, dry and dusty environments, genetic
susceptibility, increasing age and male gender have been identified as
major risk factors for pterygium [99,100]. Most pterygia are located
nasally in the interpalpebral zone [99]. A photograph of pterygium is
shown in Fig. 4.

Patients with pterygium may suffer from visual loss, conjunctival
redness, irritation, dryness and epiphora [99]. Diagnostic evaluation of
pterygium usually involves visual acuity testing, slit-lamp examination,
and measurement of its size. Treatment is usually initiated in cases of
visual impairment, rapid growth, or discomfort. Conservative options
include lubricants and sunglasses. The standard surgical therapy is
excision with a conjunctival or limbal-conjunctival autograft [99].

2.1.2.2. Mechanisms of oxidative stress in pterygium. Oxidative stress
contributes to the pathogenesis of pterygium. In samples of patients with
pterygium, a higher serum total oxidant status and higher compensatory
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Fig. 4. Pterygium in a 30-year-old man. The photograph of the anterior
segment of the right eye shows the typical appearance of a pterygium with a
fleshy, triangular-shaped mass of conjunctival tissue growing from the nasal
side onto the cornea. Unpublished image. Department of Ophthalmology,
University Medical Center Mainz.

total antioxidant status were detected compared to a healthy control
group [101]. In pterygium specimens, enhanced labeling of proteins
modified by 4-hydroxyhexenal and 4-hydroxynonenal, which are reac-
tive aldehydes derived from nonenzymatic oxidation of n-3 and n-6
polyunsaturated fatty acids, has been found, suggesting a potential role
of oxidative stress in its pathogenesis [102].

The activity of antioxidant enzymes, such as CAT, SOD and GPX, was
significantly reduced in pterygium samples compared to conjunctiva
from healthy controls. Increased levels of NO and MDA, a marker for
lipid peroxidation, have also been found in patients with pterygium
[103]. Increased NO levels may be a consequence of elevated inflam-
mation with consequently higher levels of endotoxins and cytokines. For
example, positive staining for COX2 was detected in most pterygium
specimens [104]. Notably, GSH S-transferase was elevated in pterygium
specimens, which may be a compensatory response to free radical for-
mation [105].

UV radiation is discussed to be the main risk factor in the patho-
genesis of pterygium. UVB light is supposed to be the most biologically
active form of UV radiation, thereby playing a crucial role in the path-
ogenesis of pterygium [106]. Its phototoxic effects induce oxidative
stress and damage of cellular DNA [106]. Immunohistochemical studies
revealed significantly higher levels of the oxidative DNA damage
marker, 8-OHdG, in pterygium specimens compared to normal
conjunctival tissue [107].

Oxidative stress is associated with increased expression of ALDH3A1,
PDIA3 and PRDX2. These enzymes may provide a certain resistance to
UV-induced apoptosis, and a hyperproliferative stage may be promoted
[108]. These results indicate that the pathogenesis of pterygium may be
a consequence of hampered apoptosis and uncontrolled cell prolifera-
tion [109].

UV radiation and consequent ROS excess can activate the
extracellular-signal regulated kinase (ERK), a mitogen-activated protein
kinase (MAPK) pathway [110]. By activating this pathway, different
growth factors, such as matrix metalloproteinase-1 (MMP-1), in-
terleukins and VEGF, which play a crucial role in the pathogenesis of
pterygium, are also activated [110,111]. MMP-1 was found to be
expressed by pterygium-diseased cells dissolving Bowman’s layer and
thereby playing a key role in the formation and migration of pterygium
[112]. Other authors also detected increased levels of MMP-1 and
MMP-3 in pterygium head fibroblasts, initiating corneal invasion [113].

Elevated expression of interleukins, such as IL-6 and IL-8 was
observed in patients with pterygium induced by UVB radiation [114].
Increased levels of VEGF-165, VEGF-A, the endothelial junction protein
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CD31 and the lymphatic marker D2-40 as well as elevated blood and
lymphatic vessel counts in pterygium specimens compared to normal
conjunctiva support the fact that lymphangiogenesis and angiogenesis
are pivotal for the pathogenesis of pterygium [115]. UVB radiation and
oxidative stress have also been shown to trigger the NF-xB pathway in
keratocytes and in ocular surface epithelium [116,117]. Activation of
this pathway with consecutively increased expression of NF-kB-induced
inflammatory genes was detected in patients with pterygium [118-120].

In summary, chronic exposure to environmental stressors, particu-
larly UV radiation, can initiate ROS production on the ocular surface.
Decreased levels of antioxidant enzymes and insufficiency of apoptosis
further exacerbate oxidative stress and contribute to the pathogenesis of
pterygium.

2.1.2.3. Therapeutic approaches targeting oxidative stress in pterygium.
Surgical removal of pterygium with conjunctival autografting is the
standard therapy to treat symptomatic pterygium [99]. Recurrence of
pterygium after surgical excision is a major problem. In this regard,
elevated indicators for oxidative stress and lower levels of antioxidant
enzymes were found in recurrent pterygia compared to primary pterygia
[121]. Thereby adjuvant postoperative therapies should face this
problem.

Administration of antioxidants may be a therapeutic tool in the
treatment of pterygium. Phenolic compounds, such as flavonoids, ca-
rotenoids, curcumin, ellagic acid and chalcones, are supposed to exert
anti-inflammatory effects and to reduce oxidative stress [122]. For
example, curcumin exerts antioxidant, anti-angiogenic and
anti-inflammatory properties, and these effects were also demonstrated
in human pterygium fibroblasts with consequent inhibition of prolifer-
ation [123].

Other therapeutic approaches target ROS-dependent signaling mol-
ecules, such as proangiogenic and proinflammatory factors. For
example, some authors reported that perioperative subconjunctival in-
jection of bevacizumab, a recombinant and humanized anti-VEGF
antibody, reduced the recurrence rate of pterygium [124-126]. Exper-
iments in cultured pterygium fibroblasts revealed suppressed cell
migration and reduced expression levels of MMP-3 and MMP-13 after
treatment with the immunosuppressive agent, cyclosporine A [127]. In
addition, adjuvant use of cyclosporine A with pterygium excision was
reported to reduced recurrence rates [128,129]. Notably, antioxidant
eye drops that are used in DED might represent another therapeutic
option to prevent pterygium onset and progression.

2.2. The cornea

The cornea is a transparent and avascular tissue covering the anterior
segment of the eye and providing approximatively 40-44 D of the total
ocular refractive power [43]. It is composed of different layers that are
fundamental to protect the eye and to maintain transparency. The
outermost layer is the corneal epithelium, a nonkeratinized stratified
squamous epithelium composed of several cell layers providing a
smooth optical surface and representing a barrier to chemicals, water
and microorganisms [43]. The Bowman’s layer is composed of collagen
and proteoglycans and is an acellular layer anterior to the stroma that is
important for maintaining the corneal shape [43]. In humans, approx-
imatively 80-85% of the corneal tissue is formed by the stroma, a
transparent layer with a peculiar organization of stromal fibers and
extracellular matrix, characterized by glycosaminoglycans and by an
arrangement of collagen fibers in parallel bundles. The predominant cell
type in the stroma are keratocytes, which produce the extracellular
matrix. The Descemet’s membrane is located between the stroma and
the corneal endothelium contributing to the overall structural integrity
of the cornea and consisting of collagen and laminin. The endothelium is
the most posterior layer of the cornea with contact to the aqueous
humor. It is a monolayer of non-regenerative cells with decreasing cell
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density throughout life. These cells act as endothelial pumps to regulate
corneal water content. To generate a flux of ions out of the stroma to the
aqueous humor they are richly equipped with Na™/K" ATPase and an
intracellular carbonic anhydrase pathway [43]. Due to its localization at
the front of the eye, the cornea is permanently exposed to high con-
centrations of oxygen [36] as well as to solar UV radiation [130,131].
Thereby, ROS accumulation occurs chronically. To face this problem,
the cornea possesses an antioxidant defense system including nonen-
zymatic antioxidants, e.g., vitamin A and E, GSH and ferritin as well as
enzymatic antioxidants, such as CAT, SOD and GPX [20,131-133].
Under specific conditions, the prooxidant and antioxidant balance may,
however, become disturbed.

2.2.1. Keratoconus

2.2.1.1. Clinical aspects of keratoconus. Keratoconus is a generally
bilateral corneal disorder characterized by their thinning and bulging.
This may result in a progressive central thinning of the corneal stroma
with consecutive irregular astigmatism and myopia, inducing to vision
loss [134]. Histopathological studies revealed that the disease is asso-
ciated with defects in the Bowman’s layer and iron deposits in the basal
epithelium (Fleischer’s Ring). The progressive corneal thinning may
lead to rupture of the Descemet’s membrane and acute corneal edema or
even corneal perforation. The prevalence of keratoconus shows a large
variation over different regions of the world [135,136]. A meta-analysis
by Hashemi et al., which included more than 50 million people in 15
countries determined a global prevalence of keratoconus of 138 per 100,
000 [137]. In early stages of keratoconus with mild or moderate vision
impairment, glasses or rigid gas permeable contact lenses may to correct
astigmatism [138]. In cases of disease progression, corneal cross-linking,
intracorneal ring segments or, in advanced stages, deep anterior
lamellar or penetrating keratoplasty represent established therapeutic
approaches [139].

2.2.1.2. Mechanisms of oxidative stress in keratoconus. While keratoco-
nus is classically regarded a non-inflammatory disease, recent reports
suggest an inflammatory component in its pathogenesis. A meta-analysis
by Navel et al. showed a significant decrease of antioxidants in tear fluid,
aqueous humor and blood serum of patients with keratoconus compared
with healthy controls. The total antioxidant status, aldehyde/NADPH
dehydrogenase, lactoferrin/transferrin/albumin, selenium/zinc were
significantly decreased in keratoconus patients compared to healthy
individuals [140].

Moreover, was shown that patients with keratoconus had elevated
systemic markers for oxidative stress [141]. These findings indicate a
possible systemic component in the development of keratoconus.

Liu et al. observed a significantly higher expression of prooxidative
genes, including NOX2 and NOX4, in a rabbit cornea model for kera-
toconus [142]. Moreover, disturbed transcription and activity of
different antioxidant enzymes was detected in keratoconus corneas
[143].

Additionally, in the tear film of keratoconus patients an increased
level of proinflammatory cytokines, such as IL-6, TNF-o and MMP was
detected [144-146]. Given the young age at manifestation,
ROS-mediated damage to mitochondrial function is currently assumed
[147]. In this regard, Karamichos et al. demonstrated increased levels of
lactate in fibroblasts of patients with keratoconus [148]. Due to
increased HyoO» formation and DNA damage with decreased antioxidant
defense at the same time, keratocyte apoptosis as well as changes in the
corneal extracellular matrix may occur and lead to increased corneal
thinning and disease progression [147,149]. Activation of collagenases
and gelatinases by excessive ROS generation may further aggravate
corneal thinning [150]. Potential ROS sources and the role of oxidative
stress in keratoconus are shown in Fig. 5.
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Fig. 5. Sources and role of oxidative stress in keratoconus. Exogenous sources of oxidative stress include UV radiation and mechanical irritation. Moreover, altered
gene expression of ROS-related genes, such as HO1, NOX2, NOX4 and NRF2, with consequently elevated expression of proinflammatory cytokines, such as IL-6, TNF-
o and MMP, are found. By increased levels of ROS, protein damage and keratocyte death as well as changes in the extracellular matrix occur causing progressive
thinning of the central cornea. UVR: ultraviolet radiation; HO1: heme oxygenase-1; NOX: nicotinamide adenine dinucleotide phosphate oxidase; Nrf2: nuclear factor
erythroid 2-related factor 2; IL-6: interleukin 6; TNF-o: tumor necrosis factor a; ROS: reactive oxygen species; NADPH: reduced form of nicotinamide adenine

dinucleotide.

2.2.1.3. Therapeutic approaches targeting oxidative stress in keratoconus.
There are very few therapeutic agents that aim to reduce oxidative stress
in keratoconus. Flavonoids were shown to protect against UV-induced
oxidative stress by obtaining potent antioxidant capacities [151].
McKay et al. showed that quercetin, a natural flavonoid, may be able to
regulate metabolic activity of human keratoconus cells and reduce in-
flammatory pathways, thereby representing a potential therapeutic
approach in this context [152,153]. Lactoferrin-loaded contact lenses
may also represent a therapeutic option in keratoconus because higher
resistance to cytotoxicity in tears of keratoconus patients was demon-
strated [154]. Likewise, vitamin D supplementation is supposed to have
beneficial effects on inflammation, oxidative stress and collagen
degradation. Stabilization in the progression of keratoconus was
detected after 12 months of vitamin D supplementation [155]. Improved
antioxidant capacity and reduced inflammation in patients with kera-
toconus were also found after oral supplementation with highly
concentrated docosahexaenoic acid (DHA) triglyceride [156]. More-
over, the application of sulforaphane could activate the Nrf-2/HO1
signaling pathway with protective effects in keratoconus corneas of
rabbits [157].

2.2.2. Fuchs endothelial corneal dystrophy

2.2.2.1. Clinical insights into fuchs endothelial corneal dystrophy. The
corneal endothelium is highly prone to oxidative stress as a consequence
of its life-long exposition to UV radiation and its lack of proliferative
cells [158]. It is a monolayer of the posterior corneal surface. The
corneal endothelium is rich in Na'/K'-ATPase as its main ion

transporter to generate an osmotic gradient out of the corneal stroma,
which works against the inwardly leading pressure caused by stromal
glycosaminoglycans [159,160]. Therefore, these cells are commonly
known as the pump cells of the cornea. In case of an insufficient osmotic
gradient, corneal swelling can establish, leading to disorganization of
collagen fibrils due to embedded water molecules, which causes a loss of
corneal transparency and visual impairment [161,162]. This patholog-
ical set is typical for the most common primary corneal endothelial
dystrophy known as the Fuchs endothelial corneal dystrophy (FECD)
[163,164]. This condition is globally a major reason for corneal trans-
plantation [164]. Therapeutic options are hyperosmotic sodium chlo-
ride drops or ointments aimed at reducing corneal edema, bandage
contact lenses in advanced cases with painful epithelial bullae or sur-
gical treatment with endothelial or penetrating keratoplasty [163].

2.2.2.2. Mechanisms of oxidative stress in fuchs endothelial corneal dys-
trophy. The high density of ion transporters in the endothelium of the
cornea results in a high metabolic activity, being the second highest
energy consumption site in the eye after retinal photoreceptors [165].
The corneal endothelium is therefore prone to oxidative stress. A recent
review hypothesized that cellular stress and abnormal cell interactions
within the extracellular matrix may be pivotal factors in the patho-
physiology of FECD [163]. Another research group reported on a
down-regulation of Nrf2 in FECD [166]. A variety of antioxidant mol-
ecules are dependent on regulation by this important transcription fac-
tor [167]. It has been demonstrated that most of the energy required by
the ion pumps to maintain corneal endothelial function is provided by
the mitochondria [168]. Due to its lack of histone protection as well as
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its exposure to the ROS producing electron transport chain, mtDNA is at
high risk of oxidative damage. Increased levels of 8-OHdG, a marker for
oxidative DNA damage, have been observed in FECD, and it has been
proposed that oxidative stress primarily targets mtDNA in the disease
[161]. In comparison to healthy tissue, upregulated levels of 8-OHdG
can be interpreted as a sign of accelerated aging of corneal endothelial
cells affected by FECD, and a consequence of oxidative stress. In another
study, exposure of the corneal endothelium to menadione, a ROS
inducing substance, was shown to promote rosette formation of corneal
endothelium as well as mtDNA and nDNA damage with mitochondrial
dysfunction. Finally, apoptosis is induced via caspase cleavage and cy-
tochrome c release [169].

Accumulation of oxidized DNA is characteristic for ROS-induced
damage at the molecular level and can be detected in a variety of dis-
eases associated with oxidative stress. It has been shown that the extent
of apoptotic cell death and oxidative stress correlates with the severity of
FECD [161]. A scheme of oxidative stress-related pathways in FECD is
shown in Fig. 6.

2.2.2.3. Therapeutic approaches targeting oxidative stress in fuchs endo-
thelial corneal dystrophy. Limited nuclear translocation of Nrf2 and
consequently a diminished activation of the antioxidant response
element (ARE) was reported to play an essential role in the pathophys-
iology of FECD. Exposure of corneal endothelial cell lines to sulforaph-
ane decreased ROS production, enhanced cell viability and significantly
upregulated ARE-dependent antioxidants reducing oxidative stress-
triggered apoptosis in FECD [170]. Lithium treatment of corneal endo-
thelial cell cultures improved cell survival and reduced oxidative and ER
stress. Increased autophagy was discussed to contribute to this effect
[171]. Similar effects with elevated antioxidant markers and decreased
ER stress markers were detected after treatment with N-acetlycysteine in
cultured murine corneal endothelial cells with FECD [172]. Oxidative
stress, inflammation and apoptosis can also be diminished by stimula-
tion of the adenosine Agp receptor. Polydeoxyribonucleotide is a regis-
tered drug activating this receptor, and an in vitro study in a FECD
model with human corneal endothelial cells revealed reduced
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Hy0,-induced damage after incubation with this agent [173]. Poly
(ADP-ribose) polymerase (PARP) is associated with cell death and
apoptosis in several diseases. The PARP1 inhibitor PJ34 was shown to
protect the corneal endothelium from UVA-induced oxidative damage
and apoptosis, representing another possible approach for the therapy of
FECD [174]. The antioxidative capacity of human corneal endothelial
cells was be improved after in vitro treatment with curcumin by acti-
vation of the Keapl/Nrf2/ARE pathway [175]. In advanced disease
stages, corneal transplantation may be mandatory. Recently, it has been
found that 2% human platelet lysate medium could represent a suitable
xeno-free substitution for 2% fetal bovine serum medium in cultured
human donor corneas due to beneficial alterations in gene expression,
including the upregulation of HO1 with consequently reduced endo-
thelial cell loss [176]. These findings demonstrate that there are several
therapeutic approaches targeting oxidative stress in FECD. Since most of
the existing agents were analyzed in vitro, further clinical studies are
mandatory in this field.

2.2.3. Diabetic keratopathy

2.2.3.1. Clinical insights into diabetic keratopathy. Diabetes mellitus is
globally a very common disease, and DR is one of the most common
causes of acquired blindness in industrialized countries and will
continue to increase in the approaching decades [177]. However, much
less is known about other ocular complications, such as diabetic kerat-
opathy, involving the cornea as a consequence of diabetic metabolism.
In the course of peripheral diabetic neuropathy, nerve damage probably
triggered by hyperglycemic conditions also affects the corneal nerve
fibers, resulting in a significant reduction and change in the morphology
of subepithelial nerve fibers [178]. This leads to a reduction of corneal
surface sensitivity, one of the elements of diabetic keratopathy [179].
Smaller case series showed an increased risk for corneal epithelial de-
fects and corneal wound healing disorders after intraocular surgery in
diabetic patients [180,181]. In vitro experiments also demonstrated
slower wound healing in diabetic corneas [182]. In diabetes, the risk of
spontaneous corneal trauma was shown to be markedly increased both
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under laboratory and clinical conditions [177,183,184]. The manage-
ment of corneal erosions can be much more challenging in a hypergly-
cemic state and often requires treatment options beyond conventional
therapy, such as amniotic membrane coverage in combination with
autologous serum eye drops [185] or insulin eye drops [186].

2.2.3.2. Mechanisms of oxidative stress in diabetic keratopathy. Diabetic
keratopathy is caused by changes in cytokine and growth factor
expression as well as by the accumulation of advanced glycation end-
products (AGEs), which are detectable in diabetic corneas and are
responsible for disturbance of epithelial cell migration, that is funda-
mental for the physiological corneal turnover [187-189]. A dedicated
study reported that expression of the antioxidant receptors and enzymes
was significantly reduced in mice with diabetes, whereas markers for
oxidative stress were significantly increased [190]. Furthermore,
decreased tear film production and increased oxidative stress were
demonstrated in humans and experimental diabetic animals [191]. A
complex signaling cascade related to diabetic metabolic disorders leads
to the destruction of the corneal epithelium and initiates a surface dis-
order with superficial punctate keratopathy, persistent erosions up to
corneal ulcers. AGEs play an important role in the pathophysiology of
diabetic keratopathy. These are compounds formed by non-enzymatic
reactions of glycans, proteins, nucleic acids and lipids. They are usu-
ally characterized by inertness, therefore tending to accumulate. AGEs
can activate PKC through binding their specific receptor, namely re-
ceptor for advanced glycation end products (RAGE), which activates
NOX and consequently ROS production. In case of depletion of antiox-
idant capacities, a ROS excess triggers the activation of the transcription
factor NF-kB and the NLRP3 inflammasome. Both mechanisms can lead
to a strong inflammatory reaction and cell death. Activated NLRP3
elicits production of inflammatory cytokines, such as IL-1p and IL-18.
Concomitantly, activation of caspase-1 results in proteolytic division
of gasdermin D, which in turn induces pyroptosis. In this context, the cell
releases proinflammatory cell contents or cytokines, such as IL-1p and
IL-18, via lytic pores in its membrane, thereby further escalating
inflammation [192].

2.2.3.3. Therapeutic approaches for oxidative stress in diabetic ker-
atopathy. Improvement of glycemic control represents the first step in
the treatment of diabetic keratopathy with consequent increase in
corneal nerve fiber density [193]. Moreover, application of artificial
tears may enhance epithelial barrier function, thereby reducing
inflammation and ROS generation. Additionally, topical steroids and
non-steroidal anti-inflammatory agents may decrease oxidative stress
and ROS formation by inhibiting various pro-inflammatory mediators
[194]. Thymosin $4, a naturally occurring polypeptide, has been shown
to reduce corneal inflammation and improve corneal reepithelialization
in ocular surface diseases [195,196]. Through inhibition of the NLRP3
inflammasome, topical calcitriol administration improved corneal
healing and reinnervation in diabetic corneas [197]. Similar effects with
reduced ROS accumulation were found after topical treatment with
N-acetylcysteine in a diabetic mouse model [198]. Other potential
therapeutic agents that lead to reduced inflammation and improved
antioxidant capacities with subsequent amelioration of the diabetic
corneal epithelium are f-carotene [199], pycnogenol [200] or a-lipoic
acid [201].

2.3. The lens

The crystalline lens is a transparent biconvex structure with refrac-
tive properties. Histologically, the lens can be divided into two distinct
cell subtypes: the anterior single-layered collection of cuboidal lens
epithelial cells and otherwise main lens cells with elongated collagen
fibers. These two types of lens cells are covered by a circular basement
membrane, also termed lens capsule [202].
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2.3.1. Cataract

2.3.1.1. Clinical presentation of cataract. Lens opacification, also termed
cataract, is the most common cause of blindness worldwide, especially
in non-industrial nations and rural areas [203]. The cataract itself can be
roughly divided anatomically into different subtypes, which can also be
mixed. A cataract of the lens cortex is termed cortical cataract and is
often accompanied by hyperopia. Opacification of the lens nucleus is
termed nuclear cataract and often results in myopia. Subcapsular cata-
ract is located under the lens capsule and is often associated with a rapid
decrease of visual acuity. Furthermore, cataract can be classified ac-
cording to its etiology, for example into age-related, traumatic, diabetic,
or radiation-related subtypes. The most common form of cataract is
age-related nuclear cataract [204]. A clinical picture of a patient with
cataract in presented in Fig. 7.

2.3.1.2. Mechanisms of oxidative stress in cataract formation. During
aging, lens cells lose the ability to synthesize or replace proteins,
resulting in the deposition of proteins, such as crystallins, the main
proteins in the lens, which contribute to the crucial function of main-
taining transparency [205]. Age-related or oxidative processes can cause
destabilization of crystallins with subsequent protein accumulation,
which finally drives to a process of lens opacification, visible in
age-related nuclear cataract [206]. This age-dependent process can be
accelerated by exogenous influences, including UV radiation [207] or
heavy metals [208]. An altered redox status, resulting in ROS excess, has
been shown to profoundly contribute the pathogenesis of age-related
nuclear cataract. Due to the long-term exposure of lens cells to UV ra-
diation and consequently to oxidative stress, lens cells have developed
high levels of antioxidants [209], repairing mechanisms for proteins
[210] and nucleic acids [211].

The major antioxidant protein present in the lens is reduced GSH
[212]. It is produced by the lens epithelium and is almost entirely pre-
sent in its reduced form. Accordingly, oxidized glutathione (GSSG) is
rapidly reduced to GSH. GSH preserves proteins and enzymes, including
Na'/K'-ATPase, from oxidative damage. With increasing age, GSH
synthesis and reduction of GSSG decreases [213,214]. The increasing
rate of GSSG causes thiolation of proteins leading to the formation of
disulfides and large protein conglomerates by further oxidation [215,
216]. Large proteins are characterized by a high molecular weight and
their size causes increased refraction of light and thus the formation of
cataract. This metabolic process is the main step in cataract develop-
ment. Large crystalline conglomerates held together by disulfide com-
pounds have been detected in human lenses with cataract. Agents that
can repair and restore these proteins to their original state are for
example glutareoxin [217] and glyceraldehyde-3-phosphate dehydro-
genase (G3PD) [218]. The activity of these enzymes decreases with age,
indirectly favoring cataract formation. It has been demonstrated that
GSH is relatively absent in the nucleus, favoring the primary develop-
ment of age-related nuclear cataract [219]. Apart from the
above-mentioned oxidative processes [81,220], non-oxidative meta-
bolic processes such as deamination [221,222] or mutations of amino
acids in proteins [223] may also play a role.

Oxidative stress is one of the major contributors to the pathogenesis
of fibrotic cataract forms, including posterior subcapsular cataract
[224]. A distinctive feature in the formation of this type of cataract is the
epithelial-mesenchymal transition (EMT) of lens epithelial cells [225,
226]. In EMT, normal cuboid lens epithelial cells morphologically
transform into spindle-shaped mesenchymal cells. In posterior subcap-
sular cataract, lens epithelial cells complete EMT and migrate posteri-
orly, where they form a dense fibrotic plaque, reducing vision. TGF-p has
been shown to favor this transition by promoting migration, contraction,
and production of extracellular matrix [226]. Oxidative stress favors the
activation of TGF-B, further aggravating cataract formation [225]. In
animal models, antioxidants such as GSH prevented TGF-B-mediated
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Fig. 7. Cataract in an 83-year-old woman. The photograph of the anterior segment of the right eye shows the typical clinical appearance of cataract with corti-
conuclear lens opacification. Unpublished images. Department of Ophthalmology, University Medical Center Mainz.

cataract formation [227]. Wang et al. assessed that extracellular vesicles
promote EMT [228]. In this context, Thompson et al. postulated that
oxidative stress triggers cytokine expression possibly leading to EMT
and finally to posterior subcapsular cataract [229]. The role of oxidative
stress in cataract formation is illustrated in Fig. 8.

2.3.1.3. Therapeutic approaches for oxidative stress in cataract. Lifestyle
modifications may represent the first step in the reduction of cataract
development. A healthy lifestyle that includes a balanced diet, regular
exercise, and avoiding smoking and excessive alcohol consumption can
contribute to overall eye health and reduce the risk of cataract devel-
opment [230-232]. Topical and systemic administration of antioxidants
has been analyzed as a therapeutic approach in several oxidative
stress-related ocular diseases. Ascorbic acid as radical scavenger and
regulator of antioxidants with UV light-filtering effects may reduce the
risk of cataract in patients with impaired antioxidant capacity or low
plasma levels of ascorbic acid [233,234]. A meta-analysis assessed that
supplementation of the antioxidant, vitamin E, is associated with a
reduced risk for age-related cataract [235]. Other authors also reported
positive effects of antioxidants, such as lutein, zeaxanthin or carotenoids
in this context [236-238]. However, others found contrary results: A
systematic review revealed that there is no evidence for supplementa-
tion with antioxidant enzymes, such as vitamin C, vitamin E or

beta-carotenes to prevent or slow cataract progression [239]. Several
other studies found no positive effects of vitamin supplementation with
regard to cataract formation either [240-242].

As previously mentioned, Nfr2 is a nuclear transcription factor that
can induce various antioxidant genes. Inducers of Nrf2, such as the
acetyl ester of the trimethylated amino acid i-carnitine (ALCAR),
hyperoside, flavonoids such as morin, SFN or NBP stimulate anti-
oxidative defense systems and have been shown to reduce cataract for-
mation [243]. Melatonin was shown to inhibit ferroptosis and delayed
age-related cataract formation by regulation of Nrf2 associated path-
ways [244]. Humanin as a mitochondrial-related peptide has a cyto-
protective character and increases mitochondrial autophagy with
consequent reduction of ROS production under oxidative stress condi-
tions. Thereby, it may represent another interesting therapeutic
approach for age-related cataract [245].

2.4. The retina

The retina is a well-structured part of the central nervous system
converting incoming light into an electrical signal, which is transmitted
to the brain to generate a complex visual output [246]. It is located at the
posterior eye segment between the vitreous body and the choroid. The
retina is formed by nine different layers: the internal limiting
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Fig. 8. Role of oxidative stress in cataract formation. Exogenous factors, such as UV radiation, and endogenous factors, such as aging cause increased oxidative stress.
This leads to crystallin deposition, ultimately resulting in the formation of large protein conglomerates causing the typical opacity of cataract and leading to loss of
visual acuity. GSH: glutathione; GSSG: oxidized glutathione; TGF-p: transforming growth factor-beta.
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membrane, the nerve fiber layer, the ganglion cell layer, the inner
plexiform layer, the inner nuclear layer, the outer plexiform layer, the
outer nuclear layer, the external limiting membrane and the photore-
ceptor layer [3]. It is adjacent to the retinal pigment epithelium (RPE), a
basement membrane on the choroidal side forming the outer
blood-retina barrier. Moreover, the RPE plays a crucial role in recycling
the chromophore for visual pigment, retinaldehyde, by phagocytosis of
the outer photoreceptor segments [247]. The photoreceptors, rods and
cones, are located in the outermost layer anterior to the RPE and contain
light-sensitive pigment. When these receptors are stimulated by light,
they undergo a chemical change with consequent generation of a
chemical signal. This process is called phototransduction [247]. Signal
processing is ensured by different cell types in inner retinal layers, such
as bipolar cells, horizontal cells, amacrine cells and ganglion cells [247].
The final output cells of the retina are the retinal ganglion cells (RGCs)
whose axons form the optic nerve to carry the visual information to the
visual cortex [248].

The retina receives blood supply from two vascular beds: The inner
retinal layers are perfused by vessels from the central retinal artery,
whereas the outer retinal layers are supplied via diffusion from
choroidal vessels. The central retinal artery is the first branch of the
ophthalmic artery and enters the eye with the optic nerve. It branches
into three different vascular layers: the superficial, intermediate, and
deep vascular plexus [3,41]. RGCs are supplied by the superficial and
intermediate capillary plexus and have been shown to provide important
transcriptional factors for retinal angiogenesis, such as HIF-1a [249].

The retinal blood supply is regulated by autoregulatory processes,
while choroidal blood flow is in part regulated by autonomic nerves
[250]. Due to its high metabolic rate and high oxygen consumption,
retinal tissue generates large amounts of ROS [36]. Especially, the
retinal pigment epithelium needs stable redox homeostasis and obtains
reparative systems of endogenous cell defense to maintain retinal
functions [251]. NO generated by NOS is a very powerful vasodilatory
factor. It uses L-arginine as a substrate and needs tetrahydrobiopterin
(BH4) as a cofactor. Under oxidative conditions, this important regu-
lator of NOS function may become depleted leading to NOS uncoupling
and aggravation of ROS generation [252]. Consecutive endothelial
dysfunction impairs blood flow regulation and initiates a proin-
flammatory and prothrombotic state, which is a basis for various retinal
diseases [3].

2.4.1. Age-related macular degeneration

2.4.1.1. Clinical insights into age-related macular degeneration. AMD is a
leading cause of blindness in the elderly population. In 2020, AMD
ranked fourth among common causes of blindness worldwide in people
over 50 years (with 5.4% of 33.6 million blind adults) after cataract,
glaucoma, and under-corrected refractive error. The prevalence of AMD
is expected to increase even further due to the rising average life ex-
pectancy with 288 million expected patients in 2040 [253,254]. Many
risk factors for AMD have been found, such as ethnicity, genetics,
gender, environmental factors (like high fat diet, sunlight exposure and
smoking) and, what is eponymous for the disease, age [255]. Genetic
variants like mtDNA polymorphisms, CFH-related proteins, apolipo-
protein E and complement factor 2,3,9,I and B are associated with AMD
[256].

AMD is characterized by a progressive degeneration of the central
retina and can be classified into three clinical stages: early, intermediate
and advanced [257]. In early and intermediate stages, small or medium
sized drusen, focal extracellular yellow deposits, are visible. Central
vision loss appears in advanced stages that can be subdivided into
non-neovascular (“dry”) AMD and neovascular (“wet” or exudative)
AMD. In advanced non-neovascular AMD, geographic atrophy that in-
volves the central macula or fovea is the predominant feature and causes
usually slowly progressing vision loss. Geographic atrophy is a
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progressive deterioration of the RPE, photoreceptors and macular
choroidal capillaries [257]. Optical coherence tomography and a fundus
photograph of a patient with non-neovascular AMD are shown in Fig. 9.
Neovascular AMD is defined by choroidal neovascularization (CNV) and
increased expression of VEFG, which lead to hemorrhage and leakage of
fluid into the inner retinal layers or subretinal space. A rapid progression
with loss of central vision is typical [256,257]. Intravitreal application
of anti-VEGF agents is the main treatment option for neovascular AMD.
However, laser therapy like photodynamic therapy can be used in
addition [258].

2.4.1.2. Mechanisms of oxidative stress in age-related macular degener-
ation. The retina stands out as one of the tissues with the highest
oxygen-consumption in the human body. Of note, the outer retina is
supplied with oxygen from the choroidal circulation whereas the inner
retina is dependent on the retinal vasculature. However, the central
250-600 pm of the macula do not possess any retinal vessels and are
exclusively fueled by the underlying choriocapillaris. Thereby, the RPE
is exposed to high levels of oxygen that promote ROS production, such as
037, *OH or Hy0; [256,259]. Under physiological conditions, signifi-
cant amounts of ROS are generated, which are essential for physiological
cell functions [259]. Certainly, an imbalance between generated ROS
and the antioxidant capacity of the macula in favor of oxidative stress
can cause RPE cell death. Excessive generation of ROS can trigger the
MAPKs and NF-kB-dependent signaling pathways and therefore elevated
levels of inflammatory cytokines, such as IL-1p, IL-18 and TNF-« via the
NLRP3 inflammasome and caspase-1 [256]. Additionally, ROS may be
linked to an increase of VEGF levels via HIF-a and a decrease of vaso-
protective NO levels, contributing to choroidal vascular dysfunction
[256,260].

Different risk factors may promote ROS generation in patients
suffering from AMD. Aging is associated with oxidative modifications of
macromolecules. An increased generation of ROS may be due to a rising
leakage of electrons from the electron transport chain and an accom-
panied by a reduction of the antioxidant defense capacity [61,261].

Another factor causing increased ROS production and therefore
photooxidative stress is the exposure to UV radiation and blue light
[262]. For example, a dose-dependent reduction in cell viability to UVB
light exposure with simultaneously increased ROS levels has been
observed in an in vitro cell-based model. Furthermore, expression of the
apoptotic marker Bax was increased and of the antiapoptotic marker
Bcl-2 decreased [263]. However, anterior structures of the eye filter
most parts of the UV spectrum and only a portion of the UVA band
penetrates into the retina in adults [264]. The retinal absorption of UV
radiation results in photochemical reactions via a type 1 mechanism
(direct free radical reactions) and a type 2 mechanism (reactions
involving ROS) [264].

Additionally, UV exposure upregulates proinflammatory molecules
via NF-kB activation and decreases ATP generation. Lower ATP levels
could be responsible for a less effective RPE phagocytosis resulting in a
RPE hyperpigmentation, a potential risk factor for AMD [261]. In
another cell-based model, increased ROS production by enhanced NOX
activity and mitochondria-like activity especially in the outer segments
of photoreceptors has been observed after blue light radiation [265].

Moreover, a rhodopsin-dependent toxic effect of blue light on the
retina has been reported, suggesting that reduced exposition might
decrease the risk for retinal diseases such as AMD [266]. However, large
epidemiologic studies evaluating the effects of blue light blocking
intraocular lenses did not show any benefits [267].

One of the most significant environmental risk factors for AMD is
cigarette smoking, as shown in numerous epidemiologic studies like the
Blue Mountain Eye Study [255,259]. Likewise, direct injury of RPE cells
via cigarette smoke-induced oxidative stress has been demonstrated in
mice, which developed RPE apoptosis and basal drusen-like deposits
after an exposition of 6 months [261]. As part of the comprehensive
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Fig. 9. Non-neovascular age-related macular degeneration in an 80-year-old woman. Optical coherence tomography and fundus photograph of a patient with
nonvascular (dry) age related macular degeneration are shown. The green arrows point to drusen, that appear as focal yellow extracellular deposits within and
around the macula. Unpublished image. Department of Ophthalmology, University Medical Center Mainz. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

cytoprotective response in RPE cells, cigarette smoke triggers the acti-
vation of the antioxidant transcription factor Nrf2 and upregulates
autophagy related genes, including p62 [268]. Interestingly, Zhao et al.
detected ocular pathologies similar to human AMD in Nrf2-deficient
mice [269]. Nrf2 extenuates oxidative injury and supports the mainte-
nance of cellular redox homeostasis [270]. Without surrounding stress,
it gets tagged by Kelch-like ECH-associated protein 1 (Keapl) and then
decomposed in the proteasome. However, when p62 is upregulated, it
competes with Nrf2 for Keapl interaction which prolongs the action
time of Nrf2 and therefore increases the cellular antioxidant capacity.
Notably, p62 plays an important role in autophagy of aggregated pro-
teins through its ubiquitin-associated (UBA) domain [268]. Impaired
autophagy in RPE appears to profoundly contribute to the pathogenesis
of AMD, because an ineffective removal of oxidatively impaired proteins
and vulnerable fatty acids can further exacerbate oxidative stress [256].

2.4.1.3. Therapeutic approaches targeting oxidative stress in age-related
macular degeneration. Due to the significant role of oxidative stress in
the development of AMD and the limited treatment options for non-
neovascular AMD, therapeutic strategies targeting oxidative stress may
hold promise for AMD treatment in addition to established methods.

Anti-VEGF therapy is a standard treatment for neovascular AMD to
reduce the risk of vision loss [271]. Apart from its direct effects like
suppression of endothelial cell proliferation, formation of choroidal
neovascularization and vascular permeability, there is evidence that
vascular dysfunction and ROS are directly and indirectly connected. For
example, a direct link between VEGF and elevated levels of ROS has
been discovered in cultured human choroidal endothelial cells. In the
study, VEGF induced activation of Racl, a part of NOX, and NOX in-
hibitors lead to a decline of ROS generation [260]. Multiple subtypes of
NOX have been shown to generate ROS, leading to elevated VEGF levels
[260]. Combination of anti-VEGF therapy and inhibition of
angiopoietin-2 with faricimab represents a new promising therapeutic
option in neovascular AMD [272]. Reduced inflammation and vascular
permeability have been detected in a murine model of retinal neo-
vascularization and ischemia/reperfusion after dual inhibition of
angiopoietin-2 and VEGF [273].

Apart from anti-VEGF therapy, conservative treatment options are
another method to suppress oxidative stress. Different risk factors like
high fat diet, sunlight exposure and smoking should be reduced or
eliminated to minimize oxidative stress [255]. Well-studied supple-
ments are the carotenoids lutein and zeaxanthin. The Age-Related Eye
Disease Study (AREDS) reported a reduced risk of AMD progression
following daily supplementation of 500 mg vitamin C, 400 IU vitamin E,
2 mg cupric oxide, 80 mg zinc, and 15 mg f-carotene. While other
studies supported these findings, some large prospective studies, like the
Beaver Dam Study, did not find any evidence for a benefit of antioxidant
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supplementation or only found it in specific subgroup analyses [274].
Additionally, p62 and Nrf2 have emerged as potential targets for a
novel therapeutic approach in AMD. Various nutritional supplements
have been identified for their ability to activate or induce Nrf2 and its
downstream genes [261]. For instance, sulforaphane, found in broccoli
and cabbages, increased GSH levels and the expression of the antioxi-
dant protein thioredoxin, which is regulated by Nrf2, as well as NOX
activity in murine models [275]. Similarly, curcumin, a component of
curcuma, induced the Nrf2-driven gene HO1, while analogs like carnosic
acid (found in rosemary and sage), salvianolic acids (from sage), man-
gostin (from mangostan), and taxifolin (from conifers) all induced Nrf2
itself [261]. Another conservative treatment option are statins which
may have a potential protective ability by increasing eNOS and poten-
tially downregulating VEGF expression and ROS generation, but large
prospective studies are not available to this date [276,277].

2.4.2. Diabetic retinopathy

2.4.2.1. Clinical presentation of diabetic retinopathy. DR is a common
microvascular complication of diabetes mellitus and a leading cause of
vision loss. It ranks as the fifth most common cause of blindness in adults
over 50 years [253,278]. The number of patients with diabetes mellitus
was approximately 463 million in 2019, and is expected to reach 700
million by 2045 [279]. About 45% of these patients have DR, and 22%
have vision-threatening DR [279,280]. Persistent hyperglycemia leads
to increased oxidative and ER stress, inflammation, and dysregulated
autophagy, resulting in significant damage to retinal tissue [281]. Most
patients do not experience noticeable symptoms before developing se-
vere complications, underscoring the importance of a systematic
screening program [278]. DR can be clinically classified into different
stages based on fundus examination. It is essential to distinguish be-
tween the non-proliferative and the proliferative form. Proliferative
disease is characterized by new blood vessels formation and/or vitreous
or preretinal hemorrhage, while non-proliferative DR presents with
microaneurysms, intraretinal hemorrhages, or intraretinal microvas-
cular abnormalities without signs of proliferation. Non-proliferative DR
can further be subdivided clinically into mild, moderate, and severe
subtypes. In addition to hemorrhages, a common complication of DR is
diabetic macular edema. Both can lead to severe vision loss [282].
Optimal management of DR requires strict control of blood glucose
levels and other cardiovascular risk factors, such as blood pressure and
serum cholesterol levels [278]. Standard ophthalmologic treatment in-
cludes panretinal laser photocoagulation for proliferative DR, which
may have side effects such as visual-field constraints. Intravitreal
anti-VEGF or steroid injections for diabetic macular edema are
well-established and can also be used as treatment options [283]. A
fundus photograph of a patient with DR is shown in Fig. 10.
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Fig. 10. Non-proliferative diabetic retinopathy in a 70-year old woman. Fundus photographs of both eyes and optical coherence tomography of left eye in a patient
with severe non-proliferative diabetic retinopathy are shown. The green arrows point to intraretinal hemorrhages and hard exsudates around the macula. Optical
coherence tomography demonstrates diabetic macular edema. Unpublished image. Department of Ophthalmology, University Medical Center Mainz. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.4.2.2. Mechanisms of oxidative stress in diabetic retinopathy. Hyper-
glycemia, the primary factor contributing to the pathogenesis of
diabetes-related complications like DR, leads to increased ROS levels via
activation of multiple signaling pathways [284]. First, the polyol
pathway converts glucose into sorbitol and then into fructose. This
process requires NADPH and NAD ™. Since NADPH is usually involved in
the regeneration of the antioxidant GSH, a decrease in NADPH avail-
ability results in a reduced antioxidant capacity [285]. Additionally,
accumulation of sorbitol and fructose increases osmotic pressure, lead-
ing to membrane permeability and edema [284]. Second, the hexos-
amine pathway converts glucose to N-acetlyglucosamine 6-phosphate,
which, similar to the polyol pathway, decreases NADPH-dependent GSH
production, resulting in increased HyO» levels [286]. Third, AGEs are
nonenzymatically glycosylated macromolecules formed under hyper-
glycemic conditions playing a crucial role in ROS generation. Activation
of RAGE, the receptor for AGEs, initiates enhanced ROS generation and
various other effects, such as cytokine release and microvascular com-
plications [3,287]. Moreover, the PKC pathway gets activated via high
ROS levels in hyperglycemia due to the described biochemical mecha-
nisms. The activated PKC pathway further increases ROS generation via
NOX activation [286]. Due to further promotion of ROS generation, the
bioavailability of NO becomes impaired consequently increasing endo-
thelial permeability and VEGF expression [3].

At the cellular level, hyperglycemia triggers mitochondrial
dysfunction. Elevated glucose levels disrupt the proton gradient and the
mitochondrial electron transport chain, leading to the formation of su-
peroxide through coenzyme Q. In experimental animals with DR,
increased levels of superoxide have been observed along with a reduced
expression of mitochondrial SOD. Increased superoxide and ROS levels
are linked to augmented swelling, permeability, mitochondrial DNA
damage and consequently retinal neuron apoptosis in DR models [288,
289].

In addition to these metabolic abnormalities, chronic hyperglycemia
can induce epigenetic modifications, that persist even after
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comprehensive antidiabetic therapy and glucose level normalization.
This phenomenon is referred to as “metabolic memory” [290]. Epige-
netic changes in DR promote upregulation of inflammatory proteins and
inhibition of ROS scavenging genes through histone methylation or
acetylation, modulation of transcription factors, or aberrant expression
of regulatory non-coding RNAs [291]. For example, epigenetic modifi-
cations involving increased methyl H4K20 and acetyl H3K9, as well as
LSD1-mediated elevated demethylation in H3K4, can downregulate
SOD2 and promote apoptosis [291]. Another noteworthy epigenetic
alteration involves the heightened expression of Keapl, driven by the
promoter SetD7 due to hyperglycemia [292]. Keapl hinders Nrf2 ac-
tivity, which is critical for the antioxidant defense. Therefore, Keapl and
reduced antioxidant capacities play pivotal roles not only in AMD but
also in the pathogenesis of DR [268]. Interestingly, not only chronic
hyperglycemia but also intensely fluctuating glucose levels appear to be
strong predictors of diabetic vascular complications. In human retinal
endothelial cells cultured in vitro, intermittent high glucose levels
trigger greater ROS generation and VEGF expression compared to sus-
tained high glucose levels [293]. A scheme of sources and the role of
oxidative stress in the pathogenesis of DR is shown in Fig. 11.

All these pathways lead to elevated oxidative stress and, along with
hyperglycemia itself, inflict structural and functional damage in retinal
cells. Lipid peroxidation, associated with elevated oxidative stress
levels, exacerbates the severity of diabetes. This process compromises
the integrity of cellular membranes and augments the generation of
diffusible aldehydic by-products like HNE and HHE [288]. HNE can
initiate p53-mediated apoptosis in RPE cells, while HHE can stimulate
NF-xB-associated inflammatory pathways and disrupt mitochondrial
membrane permeability [294,295].

Oxidative stress can directly trigger mitochondrial damage as well.
Circular mtDNA is more vulnerable to oxidative stress than nuclear DNA
due to the absence of protective histones. Damaged mtDNA enhances
ROS generation through inaccurate protein synthesis, compromising
electron transport [291]. Elevated oxidative stress within mitochondria
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Fig. 11. Source and role of oxidative stress in diabetic retinopathy. Hyperglycemia and epigenetic modifications induce mitochondrial dysfunction and metabolic
pathways, such as polyol, hexosamine, PKC pathways and AGEs leading elevated levels of ROS. Elevated levels of ROS cause lipid peroxidation and neo-
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increases pore permeability, leading to the release of cytochrome ¢ and
other proapoptotic factors like NF-kB. Cytochrome c indirectly activates
caspase-3 via caspase-9. Activation of caspases and proapoptotic factors
contributes to inflammation and initiates cellular apoptosis [288]. In an
animal model, the inhibition of cytochrome ¢ suppressed the oxidative
stress-associated pathogenesis of DR [296]. Under oxidative stress
conditions, alterations in uncoupling proteins have been noted.
Uncoupling proteins offer a potential means to positively influence the
electron transport chain in mitochondria under oxidative stress condi-
tions. They increase proton leakage across the inner mitochondrial
membrane, thereby reducing ROS generation [284]. Through elevated
oxidative processes under diabetic conditions, cell injury in both, retinal
blood vessels and neurons occurs with the induction of a vicious circle
between neuronal and vascular dysfunction [3].

2.4.2.3. Therapeutic approaches for oxidative stress in diabetic reti-
nopathy. This mechanistic insight presents an encouraging therapeutic
avenue in the management of DR.

For example, PPAR agonists, commonly employed in oral diabetic
treatments, have been shown to decrease ROS production and cell death
in cultured retinal neurons [297]. A natural compound that might
activate UCP2 is curcumin, which is also known for its interaction with
the Nrf2 pathway [261,298]. However, the limited bioavailability of
curcumin remains a challenge for its potential therapeutic benefits in
various retinal diseases [298].

Numerous other natural antioxidants or activators of antioxidant
defense systems, such as lutein, zeaxanthin, sulforaphane, and curcu-
min, have been investigated for their therapeutic potential in DR and
other retinal diseases. Some studies have reported that antioxidants can
influence gene expression through epigenetic modifications. Poly-
phenols like epigallocatechin-3-gallate (EGCG), found in green tea, have
been studied for their modulation of oxidative stress in DR. EGCG pos-
sesses diverse antioxidant capabilities: It enhances the activity of GPX
and SOD and acts as a scavenger for peroxynitrite and free radical
byproducts like hypochlorite and peroxyl radicals. EGCG also has metal-
chelating properties, reducing the free forms of metals such as iron and
copper, which subsequently curtails ROS reactions [299]. Additionally,
it suppresses NF-kB activity, diminishes AGE formation, and hampers
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collagen cross-linking [300]. Another notable polyphenol is resveratrol,
which can mitigate oxidative stress through multiple mechanisms. It
functions as a ROS scavenger and thus holds potential protective effects
across various ocular diseases. Particularly relevant to DR, resveratrol
can inhibit the PKC pathway, which generates excessive amounts of ROS
under hyperglycemic conditions. Furthermore, it can restore insulin
levels and promote the expression of paraoxonase 1, an enzyme that
safeguards lipoproteins from oxidation. Numerous other antioxidants,
such as sulodexide, astaxanthin, lipoic acid, various vitamins (A, B1, C,
E, D), and their derivatives like benfotiamine, are recognized for their
favorable impact on oxidative stress [288,301]. However, more exten-
sive clinical studies are needed to assess their potential contribution to
the treatment of diabetes mellitus and DR in the future.

2.4.3. Retinal vascular occlusion

2.4.3.1. Clinical insight into retinal vascular occlusion. There are two
different types of vessel occlusion in the retina: retinal artery and vein
occlusion. Retinal artery occlusion is an ophthalmologic emergency with
sudden severe vision loss due to sudden cessation of retinal blood supply
[302]. The estimated incidence is about 1 in 100,000 people [303]. It is
associated with an elevated risk of stroke and other cardiovascular
events, since the major cause of retinal artery occlusion are emboli from
the heart, aortic arch, carotid artery or systemic vasculitis [41].
Thereby, acute disease management and checkup for risk factors is
necessary. Due to interruption of the retinal perfusion, retinal ischemia
with irreversible cell death may occur. During fundus examination
appearance of retinal opacity in the posterior pole, cherry-red spot,
cattle trucking, retinal artery attenuation, optic disc edema and pallor
are typical. Further diagnostic steps are optical coherence tomography
(OCT), fluorescent angiography and assessment of cardiovascular risk
factors, for example by duplex carotid ultrasound [303]. Clinical com-
plications are permanent vision loss, retinal or vitreous hemorrhage,
neovascularizations or neovascular glaucoma [3]. Therapeutic options
are systemic or arterial fibrinolysis, but improvement of outcome has
been questioned [304]. Conservative treatment options, such as meth-
ylprednisolone, ocular massage or acetylsalicylic acid, showed also low
effects for outcome [303].
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Retinal vein occlusion is also a widespread cause of vision loss that is
associated with aging, atherosclerosis and cardiovascular risk factors
[41]. It is caused by thrombotic occlusion of central retinal vein or
branches of retinal veins. Consequent increased pressure of the capillary
bed leads to elevated retinal capillary permeability and leakage. Retinal
ischemia promotes the production of VEGF causing neovascular com-
plications [305]. Clinically, retinal vein occlusion leads to dilatation and
tortuosity of the retinal veins. Moreover, retinal and subretinal hemor-
rhage as well as macular edema occur. Next to fundus examination,
optical coherence tomography and fluorescein angiography are impor-
tant diagnostic features [306]. In case of macular edema, intravitreal
medication with anti-VEGF drugs or steroids is important. When the
retina gets ischemic, panretinal photocoagulation is mandatory [305]. A
fundus photograph of a patient with branch retinal vein occlusion is
demonstrated in Fig. 12.

2.4.3.2. Mechanisms of oxidative stress in retinal vascular occlusion. Both,
retinal artery and vein occlusion are associated with retinal ischemia or
ischemia/reperfusion injury. There are several experimental models of
retinal or ocular ischemia that aim to analyze involved molecular
pathways in this context. For example, in an ocular ischemia/reperfu-
sion model in pigs where an ischemic period of 12 min was followed by
20 h of reperfusion, RGC loss, endothelial dysfunction and oxidative
stress in retinal arterioles were observed together with upregulation of
HIF-1a, VEGF-A, and NOX2 [307]. Likewise, in a mouse model of ocular
ischemia/reperfusion, RGC loss, vascular endothelial dysfunction,
elevated ROS levels and NOX2 upregulation were observed in the retina
[308,309]. Genetic deletion of NOX2 in mice reduced RGC death after
ischemic injury, indicating that ROS and NOX2-associated pathways
may play a role in ischemic cell death in the retina [310]. After induction
of retinal ischemia by central retinal artery ligation, apoptosis related
genes, including Tp53, Aktl, Akt3, Pi3R1, caspases and TNF were
upregulated [311]. Induction of necrosis and apoptosis after induction
of ocular/retinal ischemia was demonstrated by various studies in
different disease models [312,313].

Fig. 12. Branch retinal vein occlusion in a 62-year-old patient. Fundus
photograph of a left eye with retinal vein occlusion in the inferior branch of
central artery is demonstrated. Retinal occlusion leads to dilatation and tortu-
osity of retinal veins. Retinal hemorrhage as well as macular edema are
demonstrated. Unpublished image. Department of Ophthalmology, University
Medical Center Mainz.
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Nrf2 is a major regulator of antioxidant enzymes. Nrf2 knockout
mice exhibited an increased loss of RGCs after induction of retinal
ischemia. In the same study, induction of ROS generation was inhibited
by Nrf2 activation while survival of RGCs was increased [314].

Inflammation is also associated with oxidative stress, and toll-like
receptor 2 and 4 (TLR2 and TLR4) were reported to be involved in the
induction of apoptosis during ischemic retinal injury [315]. Myeloid
differentiation protein2 has been identified to activate TLRs, and
participation in TLR4-NOX4 complex formation may contribute to
oxidative and inflammatory damage [316]. Moreover, the
TLR2/TLR4/STAT3/NF-kB pathway was shown to be involved in the
generation of ROS in a model of ischemia-reperfusion injury in the rat
retina [315]. These experimental findings suggest the involvement of
oxidative stress in retinal ischemia.

In patients with retinal vein occlusion, elevated serum oxidative
stress marker levels, such as MDA, 80OHdG or H,04 were detected, while
scavenging enzymes for ROS, such as SOD, were decreased [317]. The
oxidative stress index in the aqueous humor of patients with retinal vein
occlusion was significantly higher compared to healthy controls [318].
In patients with retinal vein occlusion, erythrocyte-derived ROS and
lipid peroxidation were elevated and positively correlated with whole
blood viscosity and erythrocyte deformability [319]. High plasma levels
of homocysteine represent a risk factor for central retinal vein occlusion
in young adults due to potential toxicity to the vascular endothelium. A
positive correlation between homocysteine levels and the oxidative
stress marker, thiobarbituric acid-reacting substance, was detected in
patients with retinal vein occlusion [320].

Moreover, in patients with retinal vein occlusion, vitreous levels of
cytokines, such as IL-6, were significantly elevated in patients with the
ischemic type compared to patients with a non-ischemic type [321].
Moreover, hypoxia and oxidative stress stimulate vascular endothelial
cells to produce IL-8, which is a powerful chemoattractant for neutro-
phils and T-cells. Elevated levels of IL-8 were found in the vitreous fluid
in ischemic ocular diseases, such as central retinal vein occlusion and DR
[322]. The chemokine increases endothelial permeability by down-
regulation of tight junctions [323]. Ischemia is also associated with
upregulation of VEGF, and higher levels of VEGFR-1 and VEGFR-2 were
found in the aqueous humor of patients with central retinal vein oc-
clusion. Activation of VEGFR-1 further promotes inflammation by
increasing the expression of inflammatory enzymes, such as MCP-1 and
ICAM-1 via NF-xB and thereby aggravating ROS generation [324].

2.4.3.3. Therapeutic approaches for oxidative stress in retinal vessel
occlusion. Pioglitazone reduced NF-kB activation and apoptosis in a rat
retinal ischemia/reperfusion injury model [325]. Diminished oxidative
stress and inflammation were also detected by application of chitosan
oligosaccharides via modulation of NF-kB, JNK, ERK and p38 [326]. The
NF-kB pathway was also suppressed in the retina by octreotide, a so-
matostatin analogue, in a murine ocular ischemia/reperfusion injury
model [327].

Retinal ischemia/reperfusion has been shown to induce necroptosis,
apoptosis and ferroptosis linked to iron deposition and lipid peroxida-
tion. Inhibitors of apoptosis, necroptosis and ferroptosis, such as z-VAD-
MFK, necrostatin-1 and ferrostatin-1, protected RGCs after retinal
ischemia/reperfusion [328]. The protection of rat RGCs from ische-
mia/reperfusion injury was also demonstrated by mitochondrial p-cal-
pain [329], and inhibitors of the cJun N-terminal kinase [330].
Intraperitoneal injection of granulocyte colony-stimulating factor also
protected from RGC death by phosphorylation and activation of AKT
[331].

In mice, betulinic acid partially prevented vascular endothelial
dysfunction and ROS formation in the retina after ischemia/reperfusion
injury by boosting the expression of the antioxidant enzymes SOD3 and
HO1 [308]. Resveratrol reduced the expression of the prooxidant
enzyme NOX2 and reduced nitro-oxidative stress in the same animal
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model [309]. Dietary supplementation with the ROS scavenger coen-
zyme Q10 blocked apoptosis by decreasing Bax protein expression after
ischemic injury [332]. Systemic treatment with brimonidine preserved
mitochondrial  function and protected against glutamate
excitotoxicity-induced oxidative stress [333]. Nrf2 as an activator of
antioxidant enzymes represents also a promising therapeutic target for
retinal ischemia. Nrf2-activating drugs, such as triterpenoids, inhibitors
of the Keapl-Nrf2 protein-protein or monomethyl fumarate reduced
oxidative stress and RGC death during retinal ischemia [314,334,335].

Intravitreal treatment of macular edema in patients with retinal vein
occlusion is a well-established therapy. Anti-VEGF therapy reduces
inflammation, angiogenesis and ROS generation by inhibition of VEGF,
ICAM-1, MIP-1, NOX-1 and NOX-4 in these patients [336]. Next to
anti-VEGF, intravitreal steroid application is also an established thera-
peutic option. In a rabbit retinal vein occlusion model, upregulation of
TNF-a and NF-kB related pathways was detected to play a crucial role
during inflammation and angiogenesis [337]. Steroids, such as dexa-
methasone, have anti-inflammatory potential by reducing the expres-
sion of transcription factors, such as NF-kB. Moreover, upregulation of
Nrf2 and other antioxidant factors was detected after treatment with
dexamethasone [338,339].

2.4.4. Retinitis pigmentosa

2.4.4.1. Clinical insights into retinitis pigmentosa. Retinitis pigmentosa
stands as the most prevalent inherited retinal degenerative disorder,
affecting approximately 1 in 4000 individuals globally and emerging as
a leading cause of blindness among younger patients [340]. This con-
dition comprises a diverse spectrum of hereditary ocular disorders,
encompassing around 90 identified genes with thousands of mutations
nestled within them. In addition to genetic and allelic variability,
distinct mutations within the same gene can lead to disparate diseases
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(phenotypic heterogeneity), while a singular mutation might result in an
array of clinical outcomes (clinical heterogeneity) [341]. The under-
pinning of retinitis pigmentosa lies in inherited or spontaneous muta-
tions, culminating in a gradual demise of photoreceptor cells
(predominantly rods) and concurrent RPE deterioration [342].

The hallmark of retinitis pigmentosa is the initial degeneration of
photoreceptor rods, accompanied by subsequent disruption of cones.
Consequently, the earliest symptom typically manifests as night blind-
ness (nyctalopia), often noticed during adolescence, followed by pe-
ripheral visual field impairment and eventual tunnel vision, ultimately
leading to central visual acuity loss [343]. The diverse array of genetic
factors contributes to the varying age of onset, ranging from early
childhood to mid-adulthood, along with different rates of progression
[344]. Clinical signs encompass bone spicule-shaped pigment deposits,
retinal atrophy, attenuation of retinal vessels, and a pale appearance of
the optic nerve head [343]. Ocular manifestations further include cys-
toid macular edema and the formation of epiretinal membranes [345,
346]. Diagnostic tools such as fundus evaluation, perimetry, and optical
coherence tomography (OCT) are complemented by the full-field elec-
troretinogram (ERG), a pivotal test especially useful in asymptomatic or
mildly symptomatic patients, revealing hypovolted traces as a conse-
quence of cellular degeneration [343]. Fundus photography and visual
field examination of a patient with retinitis pigmentosa are demon-
strated in Fig. 13.

Treatment avenues for retinitis pigmentosa can be classified into
gene- or mutation-specific approaches and mutation-independent stra-
tegies. Gene-specific interventions require target cells, being most
effective in the early stages with less cellular degeneration. Viral vectors
are used to deliver wild-type copies of the complementary DNA (cDNA)
corresponding to the mutated gene, restoring normal gene expressions.
A significant breakthrough is the FDA-approved gene therapy, vor-
etigene neparvovec (Luxturna), for RPE65 gene augmentation therapy,

Fig. 13. Retinitis pigmentosa in a 42-year-old patient. Fundus photograph und perimetry of both eyes with retinitis pigmentosa are demonstrated. Typical clinical
signs, such as bone spicule-shaped pigment deposits, retinal atrophy, attenuation of retinal vessels, and a pale appearance of the optic nerve head can be detected.
Perimetry shows typical concentric visual field loss with consequent tunnel vision. Unpublished image. Department of Ophthalmology, University Medical Cen-

ter Mainz.
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marking a milestone in retinal disease treatment [347].

Conventional treatments compromise dietary supplementation of
vitamin A, docosahexaenoic acid (DHA), and lutein, along with sunlight
protection [348]. An independent approach, unrelated to gene muta-
tions, involves cell-based therapy, where stem cells hold the potential to
restore dysfunctional cells or release tropic factors, facilitating restora-
tion [348].

2.4.4.2. Mechanisms of oxidative stress in retinitis pigmentosa. Experi-
mental investigations in murine models of retinitis pigmentosa revealed
elevated levels of retinal ROS. For instance, in rd1 mice with mutated
Pde6b and Gprl79 genes, increased ROS levels were detected using
dihydroethidium (DHE), a fluorescent probe that reacts with ROS, pro-
ducing a signal in the outer retina absent in healthy retinas. Further-
more, specific antibodies have been employed to visualize oxidized
lipids, proteins, and nucleic acids, particularly within the photoreceptor
layer, across multiple models [349]. In human studies, ROS levels have
been examined in aqueous humor, vitreous body, and peripheral blood
samples. For instance, increased levels of 8-0x0-7,8-dihy-
dro-2’-deoxyguanosine (8-o0xo0-dG), a marker for oxidative DNA damage,
were observed in the vitreous humor, while antioxidant molecules like
extracellular SOD3 and GSH, a crucial antioxidant, were diminished in
aqueous humor samples [350,351].

Several factors are involved to the elevation of ROS levels in retinitis
pigmentosa. As retinitis pigmentosa progresses, the degeneration of rods
commences. Given that rods constitute approximately 95% of all
photoreceptor cells in the outer retina, their oxygen consumption
drastically declines. This reduction in oxygen consumption coupled with
the persistently high oxygen exposure of remaining cones fosters
heightened ROS production [352,353]. Cones, in turn, face oxidative
stress surpassing their antioxidant capacity, contributing to cone cell
demise [351].

Elevated oxygen tissue levels foster the accumulation of superoxide
radicals, resulting from a mismatch in the mitochondrial electron
transport chain and the stimulation of cytoplasmic NOX activity [354].
The electron transport chain generates superoxide radicals and becomes
more efficient either when electron flow decreases, leading to a relative
rise in electron donors, or when oxygen levels increase [355]. NOX fa-
cilitates the transfer of electrons across the plasma membrane towards
molecular oxygen, generating the superoxide anion and consequently
ROS, including Hy05 and hydroxyl radicals [356]. Elevated oxygen
availability in hyperoxic states bolsters ROS generation through NOX
activity [355].

Certain mutations contribute to increased ROS levels in specific pa-
tients. Some forms of retinitis pigmentosa are linked to inactivated genes
responsible for parts of the endogenous antioxidant defense system,
rendering these patients more susceptible to heightened ROS accumu-
lation [357]. For instance, mutations in the CERKL (ceramide-kinase
like) gene, which normally protects cells from oxidative stress and
apoptosis, can exacerbate oxidative stress in certain autosomal-recessive
forms of retinitis pigmentosa [358]. Additionally, specific retinitis
pigmentosa-associated mutations can lead to the accumulation of
unfolded or misfolded proteins within cells, triggering the unfolded
protein response (UPR). This response, characterized by dysfunctional
autophagy, calcium overload, and oxidative stress via PERK and IRE1
related pathways, can set in motion pro-apoptotic programs [359].

After highlighting different pathways that lead to increased oxida-
tive stress it is essential to study the mechanisms resulting in retinal
damage in retinitis pigmentosa to display possible therapeutic targets.
As mentioned earlier, oxidized lipids, proteins and nucleic acids are
increased in retinal probes [349]. Oxidative stress has been implicated
as a primary cause of cone cell death, contributing to the decline of
central visual acuity [352]. Retinitis pigmentosa not only leads to rod
and cone cell death but also entails RPE degeneration. RPE cells are
critical for maintaining retinal health, engaging in activities like daily
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phagocytosis of photoreceptor outer segments, light absorption, heat
exchange, and vitamin A metabolism. Due to their heightened metabolic
activity, RPE cells harbor an abundance of mitochondria and conse-
quently represent a major source of ROS [360]. Furthermore, the daily
phagocytosis of photoreceptor outer segments, which contain elevated
ROS levels, leads to the accumulation of additional ROS within RPE cells
[361]. This excessive ROS buildup significantly contributes to RPE
degeneration [361]. Increased ROS levels have also been shown to
upregulate VEGF, reduce the production of vasoactive factors like
endothelial-derived NO, and trigger microvascular blood-retinal barrier
remodeling. Consequently, elevated ROS levels encourage fluid leakage,
fostering the development of cystoid macular edema, which occurs in
10-50% of retinitis pigmentosa patients and is a major contributor to
central vision loss [293,346].

2.4.4.3. Therapeutic approaches targeting oxidative stress in retinitis
pigmentosa. Given the critical role of oxidative stress in the pathophys-
iology of retinitis pigmentosa, targeting oxidative stress holds potential
therapeutic promise. In animal models, reducing light exposure has been
shown to diminish photoreceptor degeneration. Antioxidant-rich di-
etary supplements, e.g., vitamin A, docosahexaenoic acid (DHA), and
lutein are commonly used to combat oxidative stress. Some reports
suggest a slower decline in ERG amplitudes, indicating a potential
slowdown in disease progression [348]. However, systematic reviews of
vitamin A and DHA supplementation have not consistently supported
their efficacy. Berson et al. [362] noted a decline reduction in high
baseline ERG amplitudes with high-dose vitamin A supplementation,
although these results were not replicated in larger randomized studies
[363]. Other antioxidant agents, including a-tocopherol (vitamin E), Mn
(INtetrakis (4-benzoic acid) porphyrin (a SOD mimetic), ascorbic acid
(vitamin C), and a-lipoic acid, have been evaluated in murine models.
Studies by Komeima et al. [364] demonstrated reduced oxidized lipid
accumulation and cone cell death decline. Lee et al. [365] reported that
oral N-acetylcysteine, which restores intracellular GSH, led to reduced
rod and cone cell death and potentially displayed neuroprotective ef-
fects [366]. Although promising effects of antioxidant supplements have
been observed in clinical studies and certain animal models, further
comprehensive research is needed to establish broader
recommendations.

2.4.5. Retinopathy of prematurity

2.4.5.1. Clinical insights into retinopathy of prematurity. Retinopathy of
prematurity (ROP) is a common cause of childhood blindness in pre-
mature infants. The Early Treatment for Retinopathy of Prematurity (ET-
ROP) study revealed a 68% incidence of any stage of ROP among infants
weighing less than 1251 g, with 36.9% progressing to clinically signif-
icant ROP [367]. Birthweight and gestational age emerge as key risk
factors. The multicenter study of cryotherapy for ROP (CRYO-ROP)
demonstrated that a 100 g increase in birthweight corresponded to a
27% decrease in odds for developing threshold ROP, while each addi-
tional week of gestational age led to a 19% reduction in risk for
threshold ROP development [368]. Premature infants are exposed to a
relatively hyperoxic environment when requiring oxygen support. This
results in decreased expression of HIFs, erythropoietin (EPO),
insulin-like growth factor-1 (IGF-1), and VEGF. Consequently, retinal
vessel growth is disrupted, with some formed vessels even regressing,
defining the first phase of ROP. Phase 2 involves retinal ischemia, trig-
gering an excessive release of growth factors that fuel abnormal neo-
vascularization. The newly formed vessels grow into the vitreous,
culminating in retinal detachment and consecutive vision loss [369].
This transition from phase 1 to phase 2 typically occurs at around 32-34
weeks of postmenstrual age [370]. The two phases are further classified
into five stages:

Clinically, stage 1 and 2 are characterized by a demarcation line and
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ridge between the vascularized and non-vascularized retina, while stage
3 involves extraretinal fibrovascular proliferations. Stage 4 or 5 in-
dicates retinal detachment severity. The retina is divided into three
zones from center to periphery [371]. Management and treatment de-
cisions depend on staging and the affected zone. Laser photocoagula-
tion, which is less invasive than ablative cryotherapy, is the primary
treatment for avascular retina. Anti-VEGF agents are particularly
effective for zone 1 diseases, combined with laser photocoagulation or
serving as monotherapy [372]. Gestational age and birth weight, as
primary risk factors, often form the basis of ROP screening guidelines
[373].

2.4.5.2. Mechanisms of oxidative stress in retinopathy of prematurity.
Oxidative stress in infants emerges from the transition between the
relatively low oxygen levels of the intrauterine environment and the
elevated oxygen pressure in the external environment, especially when
supplemental ventilation is required [374]. Retinal oxygen levels
become difficult to regulate due to the absence of autoregulatory
mechanisms [375,376], resulting in excessive oxygen supply and sub-
sequently increased ROS generation [356]. NO formation is also
oxygen-dependent and interacts with ROS to produce nitrites, nitrates,
and peroxynitrite, leading to nitro-oxidative stress. These metabolites
contribute to retinal microvascular degeneration and apoptosis through
nitro-oxidative stress [377,378]. Additionally, the experimental model
of oxygen-induced retinopathy demonstrated elevated eNOS expression
and activity in oxidative environments, resulting in increased NO pro-
duction [377]. Nitro-oxidative stress promotes lipid peroxidation in the
retina. Given the retinal abundance of polyunsaturated fatty acids like
docosahexaenoic acid (DHA), cis-arachidonic acid, and choline phos-
phoglyceride, susceptibility to such effects is notable. Notably,
cis-arachidonic acid can transform into trans-arachidonic acid, provok-
ing vascular damage in murine models. Furthermore, lipid peroxidation
elevates levels of platelet activation factor and lysophosphatidic acids,
exacerbating microvascular injury and inflammation [379].

Importantly, it is assumed that infants possess reduced antioxidant
capacities, further contributing to elevated ROS levels [378]. For
instance, Buhimish et al. demonstrated compensatory upregulation of
nonenzymatic antioxidant reserves, such as GSH in red blood cell lysate
and plasma total free radical-trapping antioxidant potential, in term
labor, which was not observed to the same extent in preterm births
[380].

2.4.5.3. Therapeutic approaches targeting oxidative stress in retinopathy of
prematurity. Oxidative stress, a central component of ROP pathogenesis,
is poised to receive greater attention in the future. Promising biomarkers
for increased oxidative stress include MDA, 8-OHdG, the GSH/GSSG
ratio, isoprostanes, and isofurans [379]. Numerous potential oxidative
stress-related treatments are currently under debate, with well-studied
or promising options outlined below:

Clinical studies of vitamin E supplementation have yielded con-
flicting results regarding its impact on ROP incidence and severity
[381]. Vitamin C has been discussed as well, functioning as an electron
scavenger to reduce free radical reactivity. It also contributes to regen-
eration of the antioxidant form of vitamin E. While promising results
have been demonstrated in cell cultures, clinical studies have not
consistently shown significant advantages [379,382]. SOD dismutates
the highly reactive superoxide anion and acts as the first line of defense
against mitochondrial oxidative stress. In a randomized controlled trial
by Parad et al., a 53% reduction in severe ROP was observed for infants
born at less than 25 weeks of gestation [383]. Omega-3 long-chain
polyunsaturated fatty acids, known for their beneficial effects in various
neurodegenerative diseases, inhibited apoptosis through reduction of
oxidative stress [384]. A recent randomized clinical trial demonstrated
that enteral lipid supplementation (arachidonic acid (AA) and DHA)
lowered the risk of severe ROP by 50% for infants born at less than 28
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weeks of gestational age [385]. However, the effects of potential anti-
oxidant supplements are debated, and further investigation is clearly
warranted.

2.5. The optic nerve

The optic nerve is composed of axons from RGCs, which form a su-
perficial layer in the retina termed retinal nerve fiber layer (RNFL)
[386]. These ganglion cell extensions converge at the optic disc, also
referred to as the optic papilla, giving rise to the optic nerve head, which
contains approximately 1.2 million RGC axons [387]. Notably, RGC
axons have unmyelinated segments, spanning from the RNFL to the
lamina cribrosa, a structure surrounding the optic nerve with around
200-300 porous openings through which the optic nerve exits the eye,
acquiring glial coverage and myelination [387-389]. While unmyelin-
ated regions transmit potential signals generated by visual stimuli, they
lack the saltatory conduction seen in myelinated fibers due to the
absence of myelin [390]. Consequently, these areas require greater en-
ergy in the form of ATP to repolarize the cell membrane, thereby
enabling the propagation of electrical impulses [391]. In this context,
mitochondria play a crucial role. They are primarily responsible for
oxygen metabolism, producing energy substrates for intracellular ho-
meostasis, and serving as “dynamic” organelles that move along axons in
anterograde or retrograde directions, driven by ATP gradients. This
movement is more pronounced in regions with high energy demands,
such as the unmyelinated segments [392]. In case of mitochondrial
dysfunction, RGCs become susceptible to oxygen deficiency, leading to
reduced ATP production and uncurbed generation of ROS and RNS.
These factors contribute to optic neuropathy, characterized by RNFL
thinning, RGC loss, and optic nerve atrophy [391,393].

RGCs are particularly vulnerable in situations where mitochondrial
aerobic respiration is compromised, whether due to genetic mitochon-
drial disorders, such as Leber’s hereditary optic neuropathy (LHON) or
due to inadequate oxygen supply such as in glaucoma or anterior
ischemic optic neuropathy (AION).

2.5.1. Glaucoma

2.5.1.1. Clinical insights into glaucoma. Glaucoma constitutes a diverse
array of pathologies characterized by the death of RGCs leading to
subsequent atrophy of the optic nerve head. This manifests as a reduc-
tion of the neuroretinal rim of the optic nerve head, enlargement of the
optic nerve head excavation, and deformation of the lamina cribrosa, all
indicative of a glaucomatous optic neuropathy [394]. Consequently,
optic nerve damage gives rise to distinctive signs, including classic vi-
sual field defects that progressively take on an arcuate form [395].

Glaucoma can be classified into a primary form, not linked to co-
existing diseases, and a secondary form, contingent upon the presence
of pre-existing pathological conditions such as trauma or neo-
vascularization [394]. Furthermore, glaucoma can be categorized as
open-angle or angle-closure variants, referring to the iridocorneal angle
in the anterior chamber. This angle, which is open in healthy eyes, fa-
cilitates aqueous humor (AH) outflow to episcleral veins (trabecular
outflow) and to the uvea (uveoscleral outflow) within a normal
“AH-turnover” scenario [396]. In contrast to primary open-angle glau-
coma, where increase in IOP is detected with an open iridocorneal angle,
in primary angle-closure glaucoma, anatomical contact between the iris
and trabecular meshwork is seen, leading to closure of the iridocorneal
angle, which typically results in highly elevated IOP [396]. Despite ac-
counting for approximately 26% of total glaucoma cases, primary
angle-closure glaucoma is particularly devastating and is estimated to
contribute to about half of the global glaucoma-related blindness [397,
398].

Epidemiologically, glaucoma stands as a leading cause of global vi-
sual impairment, with an estimated prevalence of around 3.54% in
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2013, typically affecting a population aged 40-80 years, totaling about
64.3 million individuals. By 2040, the glaucoma-affected population is
projected to rise to around 111.8 million [399]. A significant risk factor
common to both primary open-angle and angle-closure glaucoma
pathogenesis is elevated IOP, often defined as a pressure exceeding the
97.5th percentile in the population under consideration, with a typical
threshold of >21 mmHg [394]. Elevated IOP plays an essential role in
classic pathogenetic hypotheses, which endeavor to elucidate the
mechanisms initiating RGC damage. According to this mechanical the-
ory, elevated IOP leads to nerve fiber compression, hindering RGC
axoplasmic transport, which culminates in energy substrate depletion
and eventual RGC degeneration and cell death [400]. Alternatively, the
vascular theory posits optic nerve head atrophy due to insufficient blood
supply leading to RGC injury [400].

So far, the primary target of antiglaucomatous therapy is lowering
the IOP [401-403].

2.5.1.2. Mechanisms of oxidative stress in glaucoma. ROS play a pivotal
role in the pathogenesis of glaucoma, triggering the degeneration and
apoptotic or autophagic demise of RGCs, alongside glial activation,
aberrant inflammation, optic nerve head remodeling, and subsequent
optic nerve atrophy [131]. Multiple studies have reported on elevated
oxidative stress markers in serum [404], aqueous humor [405,406], and
trabecular meshwork of glaucoma patients [407,408]. Among the
frequently studied biomarkers of oxidative damage are 8-OHdG, indic-
ative of DNA damage, and MDA, reflecting lipid peroxidation. A myriad
of investigations has demonstrated reduced levels of total antioxidant
capacity, total antioxidant status, total reactive antioxidant potential,
and biological antioxidant potential, coupled with increased MDA or
8-OHdG levels in blood, aqueous humor, or trabecular meshwork of
glaucoma patients. These markers have been correlated with advanced
visual field defects, elevated IOP, diminished RGC density, and
increased cup-disc ratio (CDR) [404-412].

Potential sources of ROS in glaucoma are located within various
intracellular sites, including mitochondria, ER, and cellular membranes.
ROS overproduction extends beyond the retina and optic nerve,
affecting trabecular meshwork cells (TMCs), leading to their degenera-
tion and functional impairment [413]. The trabecular meshwork (TM) is
situated in the iridocorneal angle and is crucial for IOP regulation. It
comprises three anatomical layers: the uveal-TM, corneoscleral-TM, and
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juxtacanalicular, also known as the cribriform-TM [414]. Among these
layers, one notable characteristic is the variable size of intercellular
spaces, contingent upon the specific layer under consideration (Fig. 14).

Considering that aqueous humor drainage occurs not only through
intercellular pathways but also via transcellular routes, the permeability
of the TM emerges as a primary factor in regulating IOP [414,415].
Consequently, any processes inducing alterations in the structure of
TMCs may lead to increased resistance for aqueous humor outflow,
thereby posing a crucial factor in elevating IOP.

Within this context, oxidative stress emerges as an important
contributor to TM damage, particularly in the endothelial TMCs
adjoining the Schlemm’s canal [131,413] (Fig. 14). ROS triggers
apoptosis of TMCs, disrupts the extracellular matrix of the TM, and
fosters TMC fusion and excessive thickness. All these outcomes culmi-
nate in increased resistance to aqueous humor outflow, ultimately
leading to elevated IOP [413,416,417].

In previous studies involving transgenic mice, we demonstrated that
even a moderate elevation in IOP can result in altered vascular autor-
egulation and endothelial impairment in the retina, coupled with
overexpression of NOX2 [418,419]. Elevated IOP has been linked to
impaired mitochondrial function, driving mitochondrial fission and
impacting the expression of OPA-1 [420]. Furthermore, increased hy-
drostatic pressure and ischemia prompt the release of TNF-a from glial
cells, initiating proapoptotic cascades in RGCs [421]. TNF-u exacerbates
mitochondrial dysfunction, oxidative stress, caspase-8-dependent
apoptosis and expression of NF-kB, subsequently amplifying neuro-
inflammation and activating glial cells [421,422]. Moreover,
Hy0,-mediated apoptosis plays a critical role by activating apoptosis
signal-regulating kinase 1 (ASK-1) [423,424]. This activation leads to
the subsequent activation of the p38/protein Janus kinase
(pJNK)/protein extracellular signal-regulated kinase (pERK) axis.
Consequently, cytochrome c is released from the mitochondria to the
cytosol, facilitating the formation of the apoptosome, which comprises
apoptotic protease-activating factor 1 (Apaf-1), caspase-9, and cyto-
chrome c. Ultimately, caspase-3 is activated, responsible for cellular
membrane disruption [425,426]. Furthermore, sustained exposure to
H»0, is believed to activate the phosphoinositide 3-kinase (PI3K)/Akt,
also known as protein kinase B (PKB) axis, while concurrently damp-
ening mammalian target of rapamycin (mTor) signaling. This dynamic
creates a favorable environment for the activation of the transcription
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Fig. 14. Model representing the trabecular outflow of aqueous humor to the Schlemm’s canal. The aqueous humor first flows through the large intercellular spaces of
the uveal trabecular layer. Then, it passes via the intercellular as well as via transcellular route through the trabecular lamellae of the corneoscleral stratum.
Subsequently, the aqueous humor reaches the juxtacanalicular trabecular layer, characterized by densely compacted extracellular matrix and reduced intercellular
spaces. Finally, through the passage of this last layer, the aqueous humor arrives at the Schlemm’s canal. TM: trabecular meshwork.
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factor NF-kB, thus intensifying neuroinflammation and apoptosis [427].

In cases of normal tension glaucoma, a trigger for glaucomatous
pathogenesis may be hypoxia, leading to optic nerve hypoperfusion,
even in the absence of elevated IOP. HIF-1a has been identified in the
retina and optic nerve of glaucoma patients [428]. This transcription
factor instigates the upregulation of angiogenic inflammatory and
prooxidative factors, such as VEGF, iNOS and NOX2 [310,429-431].
Interestingly, NOX-generated O3 further stimulates HIF-1a expression,
thus amplifying its own production [432,433]. Furthermore, also other
ROS sources, such as XO and COX were reported in the context of
ischemic injuries [434]. These ischemic events, induced by hypoxia,
lead to the release of TNF-a by glial cells and the subsequent induction of
NF-kB, initiating processes of neuroinflammation, glial activation, and
apoptosis  through both caspase-dependent [421,422] and
caspase-independent pathways [435].

We recently observed that mice lacking the M; muscarinic acetyl-
choline receptor developed RGC loss at advanced age, which went along
with elevated ROS levels and increased mRNA expression for the
prooxidative enzyme, NOX2, but decreased mRNA levels for the anti-
oxidant enzymes, SOD1, GPx1 and HO1, suggesting that the M; receptor
is involved in modulating redox pathways in the retina [436]. Fig. 15
provides a schematic overview on potential sources of ROS and
ROS-mediated effects in glaucoma.

Another significant factor related to oxidative sources in glaucoma is
the role of ER stress. This phenomenon is particularly relevant due to its
intricate interplay with mitochondria, playing a role in processes that
contribute to TMC degeneration [437-440] and RGC apoptosis
[441-444]. Various factors, including hypoxia, oxidative stress, protein
mutations, nutrient deficiency, or viral infections, can lead to an
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impairment of ER functionality reducing its capacity for protein folding,
which causes accumulation of misfolded proteins [445-447]. The
deposition of misfolded proteins within the ER lumen sets off a series of
cascades aimed at restoring intracellular homeostasis (Fig. 16) [446,
448]. These processes involve reduced protein synthesis, enhanced
protein folding capacity, and the degradation of misfolded proteins
through ER-associated degradation (ERAD). ERAD allows the
retro-transportation of misfolded proteins from the ER lumen to the
cytosol for subsequent removal via the ubiquitin-proteasome system
[446,448,449]. However, prolonged activation of this “protein recovery
system” can result in cellular damage and apoptosis [446].

Elevated concentrations of misfolded proteins within the ER activate
the unfolded protein response, which encompasses three primary
pathways: PERK-mediated transduction: This pathway involves protein
kinase RNA-like ER kinase (PERK), which activates eukaryotic initiation
factor 2a (elF2a). This leads to reduced protein translation and the
activation of the activating transcription factor 4 (ATF-4)/CCAAT-
enhancer-binding protein homologous protein (CHOP) pathway. This
results in increased ROS production, ATP depletion, and promotion of
apoptosis [450].

IRE-1-mediated transduction: In this pathway, inositol-requiring
protein 1 (IRE-1) is activated, leading to the stimulation of the tumor
necrosis factor receptor 2 (TNRF2)/ASK1/JNK cascade, ultimately
inducing apoptosis [447,451]. Additionally, IRE-1 triggers the spliced
X-box binding protein-1 (sXBP1), which enhances ERAD and the folding
capacity [448]. Activation of transcription factor 6 (ATF-6)-mediated
transduction, which stimulates apoptosis, ERAD, and increases the
protein folding capability [447,448,452]. Activation of this pathway is
closely linked to the unfolded protein response and results in the
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Fig. 15. ROS sources and ROS-induced damage in glaucoma. Studies reported decreased systemic antioxidative parameters such as TAC or TAS and elevated redox
biomarkers in patients with glaucoma, evidencing the role of the oxidative stress in this disorder. Possible pathophysiological initiators, which drive to an altered
redox status, are suggested to be a loss of integrity and function of the trabecular meshwork, with subsequent elevation of IOP, and abnormal perfusion of the retina
and optic nerve, causing hypoxia. These conditions trigger ROS-sources, such as NOX2, leading to oxidative stress. The ROS excess in turn exacerbates hypoxia and
raised IOP, promoting the glial activation, TMC and RGC death and ONH remodeling. TAS: total antioxidant status; BAP: biological antioxidant potential; TRAP: total
reactive antioxidant potential; TAC: total antioxidant capacity; MDA: malonyldialdehyde; 8-OHdG: 8’-hydroxy-2’-deoxyguanosine; ROS: reactive oxygen species;
IOP: intraocular pressure; HIF-1a: hypoxia inducible factor 1a; NOX2: nicotinamide adenine dinucleotide phosphate oxidase 2; XO: xanthine oxidase; COX: cyclo-
oxigenase; ER: endoplasmic reticulum; TNF-a: tumor necrosis factor a; NF-kB: nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells; TMC: trabecular

meshwork cell; RGC: retinal ganglion cell; ONH: optic nerve head.
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the context of glaucoma, TMCs and RGCs establish an interplay between the ER and mitochondrial stress. Under conditions of oxidative stress, the ER becomes
oversaturated of misfolded proteins. Consequently, through activation and chronic stimulation of the unfolded protein response, some specific pathways, such as the
PERK/ATF-4/CHOP pathway, lead to apoptosis, inflammation, and ROS generation. In addition, calcium ions are released by the stressed ER, and are indirectly
gained by the mitochondria, therefore inducing a ROS overproduction and downstream an amplification of inflammation and apoptosis. IOP: intraocular pressure;
ER: endoplasmic reticulum; TM: trabecular meshwork; NF-kB: nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells; ROS: reactive oxygen species; ERAD:
ER-associated degradation; eIF2a: eukaryotic initiation factor 2«; PERK: protein kinase RNA-like ER-kinase; IRE-1: inositol-requiring protein 1; ATF: activating
transcription factor; CHOP: CCAAT-enhancer-binding protein homologous protein; sXBP1: spliced X-box binding protein-1; TNFR2: tumor necrosis factor receptor 2;
ASK-1: apoptosis signal-regulating kinase 1; JNK: Janus kinase; ERK: extracellular-signal-regulated kinase; NOX: nicotinamide adenine dinucleotide phosphate
oxidase; ERO1: ER-oxidoreductin 1; RyR: Ryanodine receptor; IP3R: Inositol 1,4,5-trisphosphate receptor.

activation of NOX and endoplasmic reticulum oxidoreductase 1 (ERO-1)
on the ER membrane. This leads to an increase in ROS generation
associated with ER-related processes [448,453].

Running concurrently with these intricate pathways, the high accu-
mulation of misfolded proteins within the ER lumen prompts an ER
overload response, potentially causing the release of Ca®* from the ER
[446]. This release may be mediated by the ryanodine receptor (RyR) or
the inositol 1,4,5-trisphosphate receptor (IP3R) within the cytosol
[448]. Consequently, Ca* uptake into the mitochondria is increased
[448,454]. Elevated Ca?* concentrations within the mitochondria can
trigger an increase in HyO» production, ultimately leading to mito-
chondrial dysfunction, excessive ROS generation, and initiation of
apoptosis [448,454]. Fig. 16 summarizes the main cascades occurring
during the interplay between mitochondrial and ER stress.

In summation, the sources of oxidative stress in glaucoma form an
intricate web of interconnections that can be challenging to unravel. The
dynamic redox status substantially influences apoptotic processes,
where a compromised structural integrity of the trabecular meshwork
can culminate in increased IOP and eventual RGC loss. In this intricate
dance, the activation of glial cells assumes significance, triggering the
release of proinflammatory and proapoptotic cytokines, including TNF-
a. Moreover, contemporary research has brought into focus the role of
ER stress and the regulation of intracellular calcium levels, shedding
light on their impact on mitochondrial-mediated ROS generation, all
governed by specific signaling pathways.
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2.5.1.3. Therapeutic approaches targeting oxidative stress in glaucoma.
Diving into the realm of therapeutic targets for oxidative stress in
glaucoma, various molecules with potent antioxidant capabilities have
undergone meticulous preclinical scrutiny. These compounds, due to
their ability to counteract ROS-induced pathways, hold promise in
mitigating the damage sustained by TMCs and RGCs in glaucoma. The
principal targets, as illuminated by existing literature, encompass:

1. Key components of ROS-induced proapoptotic cascades including
ASK-1, the Bcl-2 associated X-protein (Bax), p53, p38/pJNK/pERK,
mTor, Akt, caspase-9, and caspase-3.

2. Antioxidant enzymes such as SOD, GSH, CAT and HO1, whose
upregulation augments the capacity to counteract ROS.

3. Nrf2, a transcriptional factor that, when activated, wields a potent
dual function of anti-inflammation and antioxidation.

4. NOX, a robust prooxidative enzyme that, when inhibited, indirectly
fosters an antioxidant effect.

5. Molecules intricately involved in cascades within the context of ER-
stress.

Among these promising candidates, the class of flavonoids shines
particularly bright. Having demonstrated success in preclinical assess-
ments, they are now undergoing clinical investigations for glaucoma
(NCT01544192; NCT03611530). Derived from plant extracts of Gingko
biloba L., a well-known natural medicinal plant, flavonoids encompass
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more than 70 diverse types [455]. The active compounds from Gingko
biloba L. have showcased their potential to curb RGC loss in glaucoma
by impeding the action of multiple molecules contributing to
ROS-associated apoptosis, including p53, Bax, caspase-9, and caspase-3
[456]. Another beacon of hope in the realm of flavonoids is coenzyme
Q10 (CoQ10), a naturally occurring coenzyme. Demonstrating encour-
aging outcomes in preclinical explorations, CoQo exhibits the capacity
to quell ROS-mediated proapoptotic cascades. It achieves this feat by
diminishing Bax while elevating the presence of the Bcl-2 associated
agonist of cell death (Bad) protein in murine models, particularly
DBA/2J mice, which serves as a representative model of diffused glau-
In addition, CoQw effectively counteracts oxidative
stress-induced glutamate excitotoxicity [457].

Curcumin, an inherent constituent of turmeric spice with deep-
rooted applications in traditional medicine, has been the focus of
numerous investigations [458]. Research has unveiled its potential to
mitigate apoptosis in microglia exposed to HoO, and in murine models
with elevated IOP, where it orchestrates a decrease in caspase 3, cyto-
chrome ¢, and Bax, along with an elevation in Bcl-2 levels [459].
Demonstrating its efficacy, curcumin safeguards RGCs from apoptosis in
these contexts. Further validation arises from ex vivo assessments,
revealing curcumin’s proficiency in curbing RGC loss through the sup-
pression of MAPK, caspase-9, and caspase-3 pathways in murine optic
nerves [460].

Resveratrol is a natural ingredient found in berries, peanuts and
grapes [461]. The compound has exhibited compelling potential in
delaying RGC loss within murine glaucoma models [462]. [463].
Resveratrol shields RGCs from apoptosis caused by ROS, facilitated by
enhanced antioxidant activities encompassing SOD, CAT, and GSH. This
action involves the suppression of ROS levels and the inhibition of
proapoptotic MAPK cascades including p38, pJNK, and pERK [464].

Valproic acid, a prominent antiepileptic medication, has showcased
a proclivity for the pERK pathway, effectively reducing RGC loss within
mouse normal tension glaucoma models [465]. Its antioxidant efficacy is
reflected in ischemic rodent retinal tissues, where it amplifies enzymes
such as GPX, SOD, and CAT, thereby quelling ROS-driven apoptotic
cascades [466]. Edaravone is a free radical scavenger, utilized in the
acute treatment of stroke, which can lead to RGC survival in glaucoma
models [467,468] via inhibition of the ROS-induced proapoptotic
pJNK/p38 MAPK pathway [469].

Pioneering research has pinpointed the Nrf2 pathway as a pivotal
target for prospective antioxidants, owing to its potential to elicit the
expression of antioxidant enzymes. Several agents have surfaced as ac-
tivators of the Nrf2/HO1 pathway, culminating in the suppression of
RGC apoptosis. Notable among these is trimetazidine, a drug targeting
ischemia [470], astaxanthin, a carotenoid pigment present in micro-
algae and lobster [471] and a-lipoic acid, a naturally occurring com-
pound in vegetables and fruits. The latter is celebrated for its propensity
to upregulate HO1 and NOS in DBA/2J mice, potentially via Nrf2 acti-
vation [472].

Turning attention to a cutting-edge avenue, antagonists targeting ER
stress emerge as a promising strategy to counteract ER-related ROS
production. Numerous studies have reported the involvement of the
PERK/elF2a/ATF4/CHOP cascade in RGC loss [441-444]. Similarly,
investigations focusing on TMCs have illuminated the implication of the
PERK-elF20-ATF4-CHOP transduction in the context of glaucomatous
conditions in both human and murine cells [437-440]. Notably, recent
research showcased the efficacy of valdecoxib, a selective COX2 inhib-
itor commonly used to manage osteoarthritis and rheumatoid arthritis,
in counteracting apoptosis due to ER stress. This compound effectively
suppressed the ATF4/CHOP axis in “I/R-induced glaucoma-like” cells
[473].

Further potentially therapeutic compounds targeting oxidative stress
are listed in the Online Supplement (Table 2).

coma.
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2.5.2. Leber’s hereditary optic neuropathy

2.5.2.1. Clinical insights into Leber’s hereditary optic neuropathy. Leber’s
hereditary optic neuropathy (LHON) is recognized as the most prevalent
inherited mitochondrial disorder. LHON follows a maternal inheritance
and predominantly targets male adults aged 35 to 50 [474,475]. The
underlying mutations manifest within the subunits of complex I, also
referred to as NADH-ubiquinone oxidoreductase or
NADH-dehydrogenase, a crucial component of the electron transport
chain situated in the inner mitochondrial membrane [475].

LHON’s prevalence in Europe is estimated at approximately 2-4 in
100,000 individuals [475-480]. Notably, LHON displays a pronounced
gender bias, affecting males at a higher rate than females [481].

Initial clinical manifestations often start as an acute or subacute
event characterized by sudden central vision blurriness. This often
commences in one eye and extends to the contralateral eye over a few
weeks. Symptomatic bilateral involvement concurrently occurs in only
25% of cases [475,482]. Color perception degradation emerges as an
early symptom, with patients typically experiencing no pain, and
maintaining intact pupillary reflexes [475]. Perimetry assessments
typically unveil classic centrocaecal or central scotomas, accompanied
by funduscopic examinations displaying nerve fiber layer swelling,
vascular tortuosity, retinal hemorrhages, circumpapillary telangiectatic
microangiopathy, and axonal loss within the papillomacular bundle
region [475,482,483]. Over a span of 4-6 weeks, visual acuity notably
declines. Following this acute phase, peripapillary retinal nerve fiber
layer edema regresses initially, but within 6-12 months of symptom
onset, visual field defects and acuity loss become more profound. This
phase is characterized by the emergence of optic nerve head atrophy,
marking the onset of the chronic stage of LHON. Optical coherence to-
mography (OCT) examinations at this juncture reveal retinal nerve fiber
layer thinning [482].

2.5.2.2. Mechanisms of oxidative stress in Leber’s hereditary optic neuro-
pathy. The majority of LHON cases (90-95%) are attributed to one of
three primary mutations within complex I: (1) m.3460G>A, affecting
the mitochondrial encoded NADH-ubiquinone oxidoreductase chain
(MTND) 1 subunit; (2) m.11778G>A, impacting MTND4; and (3)
m.14484T>C, influencing MTND6 [484]. These mutations introduce
critical structural and functional abnormalities in complex I, a pivotal
constituent of the ETC responsible for a substantial portion of ATP
synthesis. Despite this dysfunctional complex I and the subsequent
reduction in complex I-associated ATP production [614], various tissues
can often compensate and stabilize ATP synthesis through alternative
energy pathways like glycolysis [485]. In fact, some studies have
demonstrated that in individuals with LHON mtDNA mutations exhibit
normal energy charge levels or ATP production in lymphocytes and fi-
broblasts [486,487].

Beyond ATP depletion, other mechanisms likely contribute to the
pathogenesis of LHON, elucidating its devastating clinical manifestation
(Fig. 17). Altered oxidative status within the inner mitochondrial
membrane emerges as a potential instigator. An elevated NADH/NAD™
ratio diminishes the levels of PH redox sites within the electron transport
chain, potentially impairing its functionality and precipitating excessive
ROS production [485]. Numerous pieces of evidence underscore an
elevated ROS generation in LHON-affected cells, playing a pivotal role in
the degeneration of RGCs [485,488-490]. Cells harboring LHON mu-
tations exhibit elevated levels of redox biomarkers such as oxidized GSH
and 8-OhdG, coupled with decreased antioxidant activity [491-493].

Moreover, investigations involving LHON mutations in murine
models have demonstrated a chronic escalation in ROS generation
within synaptosomes, even in the absence of ATP reduction. This
highlights the potential dominance of elevated ROS formation over ATP
depletion [494]. Remarkably, a single mutation in the ND4 subunit of
complex I is adequate to trigger LHON, as elucidated in a study on mice.



E.W. Bohm et al.

| impaired complex I |

/\
complex I-related ATP- I [NADH]/[NAD+] Ratio 1 l
production |

v PH |
failed Uptake of Ca2* from
cytosol to ER via Ca2* Pumps :

4

1
cytosolic |

[Ca2]1 ! ETC-impairment and
¥ / ROS-formation
- ’
protracted opening of | T
mitochondrial PTPs ;
mlthhOildI.‘lal .memb(liane Chacdba
mitochondrial disruption

released cyt ¢

| Apaf-1 + cyt ¢ + caspase-9 ‘

caspase-3

Fig. 17. Model representing the LHON pathogenesis and the apoptotic cascade
via cytochrome c. In LHON, a defected complex I, a main component of the
mitochondrial ETC, causes an increased NADH/NAD* ratio and subsequently a
decreased PH, driving to an impairment of the oxidative phosphorylation and to
ROS overproduction, which ultimately activates caspase-dependent apoptosis.
Additionally, the complex I-related ATP production is reduced, therefore
driving to a decreased activity of the ATP-dependent calcium pumps of endo-
plasmic reticulum and consequently to increased cytosolic concentrations of
calcium ions. Hereby, a prolonged opening of the mitochondrial PTPs guides to
a membrane depolarization and to a mitochondrial disruption, which finally
amplifies the cytochrome c release and the caspase-dependent apoptosis. ROS:
reactive oxygen species; NAD: nicotinamide adenine dinucleotide; NADH:
reduced form of nicotinamide adenine dinucleotide; ATP: adenosine triphos-
phate; Bid: BH3 interacting-domain death agonist; cyt c: cytochrome c; Apaf-1:
apoptotic protease-activating factor 1; PTP: permeability transition pore;
LHON: Leber’s hereditery optic neuropathy.

This cascade of events involves mitochondrial structural disruption, ROS
overproduction, activation of ROS-related proapoptotic signaling, and
optic nerve head swelling [495,496]. Interestingly, an exploration
involving cybrid LHON cells revealed that dysfunctional complex I,
marked by elevated ROS levels and augmented cytosolic Ca®* concen-
trations, provokes prolonged opening of permeability transition pores,
leading to mitochondrial membrane depolarization [497]. This, in turn,
could lead to the release of cytochrome ¢ from mitochondria to the
cytosol, thereby activating proapoptotic pathways [498]. The potential
intracellular Ca%* overload could stem from ATP depletion attributed to
defective complex I. This impairment might hinder the ability of Ca%
pumps on the ER membrane to efficiently transport calcium from the
cytosol to the ER [498].

In summary, RGC death via apoptosis may be a consequence of
increased concentrations of cytosolic Ca?* and of ROS. Apoptotic path-
ways in LHON were extensively investigated and include a caspase-
dependent pathway, via caspase-8/cleaved Bid/cyt ¢ and activation of
the apoptosome, formed by Apaf-1/cyt c/caspase-9, with final induction
of caspase-3 [499,500]; as well as caspase independent transductions via
apoptosis-inducing factor (AIF) and endonuclease G (EndoG) [501].
However, a release of cytochrome ¢ from mitochondria to cytosol
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represents a common essential event leading to RGC-death. Fig. 17 il-
lustrates the apoptotic transduction occurring in LHON.

2.5.2.3. Therapeutic approaches for oxidative stress in Leber’s hereditary
optic neuropathy. The prevailing therapeutic option for LHON centers on
idebenone (IDE), which gained approval from the European Medicine
Agency in 2015 for young and adult patients at a dose of 300 mg, three
times daily. IDE stands as the sole LHON disease-specific medication
[502,503]. Structurally categorized as a synthetic hydrosoluble CoQ1o
analogue, IDE functions by donating electrons to neutralize free radicals
or as an electron carrier within the electron transport chain. It facilitates
electron transfer from complex II to complex III, circumventing the
defective complex I [504-506].

Minocycline, an antibiotic belonging to the tetracycline class, and
exogenous GSH were evaluated for their antioxidative potential on
cybrid cells carrying LHON mutations. Both compounds exhibited the
capacity to inhibit oxidative stress-mediated proapoptotic pathways,
suggesting their utility in counteracting cellular damage [507,508].

EPI-743, also known as a-tocotrienol quinone, stands out as a syn-
thetic drug with potent antioxidative properties. It replenishes gluta-
thione levels by targeting NAD(P)H quinone oxidoreductase 1 (NQO1),
thereby enhancing the cellular antioxidant defense mechanisms [502,
509]. Clinical trials involving five [510] and twelve patients [511]
afflicted with LHON revealed promising outcomes with EPI-743. It
effectively halted disease progression and led to improved visual ca-
pacities compared to control groups. Nevertheless, more extensive trials
assessing the efficacy of EPI-743 for LHON are still pending. Currently,
this compound is under investigation in clinical trials for the treatment
of primary mitochondrial diseases (NCT01370447; NCT04378075;
NCT02352896) [512].

Bendavia, also known as SS-31, MTP-131, or elamipretide, repre-
sents a synthetic “mitochondria-targeted peptide” [513] that interacts
with cardiolipin, a constituent of the mitochondrial membrane, thereby
bolstering mitochondrial membrane stability [509]. This molecule has
demonstrated the ability to shield RGCs from oxidative stress-induced
apoptosis [513]. Another intriguing synthetic compound is KL-1333,
classified as a NAD* modulator. It amplifies the NAD"/NADH ratio,
leading to decreased lactate and ROS levels, concurrently promoting
increased ATP synthesis in fibroblasts affected by mitochondrial en-
cephalopathy lactic acidosis and stroke-like episodes (MELAS) [514].

Collectively, since the clinical approval of IDE, diverse pathways
targeting mitochondrial components or molecules capable of improving
the redox equilibrium have been explored. These endeavors seek to
curtail oxidative stress-induced apoptotic signaling. Novel approaches
encompass the reinforcement of antioxidant defense mechanisms, the
stabilization of mitochondrial membranes to prevent permeability al-
terations, and modulation of crucial redox molecules like NAD, culmi-
nating in a reduction of oxidative species and an enhancement of
energetic substrates. These efforts to develop innovative medications
aim to combat the severe onset of this rare yet profoundly debilitating
disease.

2.5.3. Anterior ischemic optic neuropathy

2.5.3.1. Clinical insights into anterior ischemic optic neuropathy. Anterior
ischemic optic neuropathy (AION) encompasses a spectrum of condi-
tions characterized by ischemic events affecting the optic nerve head,
resulting in hypoxic damage and the loss of RGCs. These pathologies are
divided into arteritic AION (A-AION), primarily caused by giant cell
arteritis, an autoimmune vasculitis, and into non-arteritic AION (NA-
AION) [515].

Giant cell arteritis stands as the most prevalent vasculitis in in-
dividuals aged over 50 [516], and represents an ocular emergency due
to its potential for irreversible visual loss if not promptly diagnosed and
treated [517]. Classic symptoms include scalp tenderness, severe
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headaches in the temporal region, jaw claudication (found in 40% of
patients), and unilateral visual loss [518]. Constitutional symptoms like
high fever and weight loss may also manifest [518]. Temporal artery
tenderness and protuberance are commonly observed during physical
examinations [518]. Fundus evaluation reveals optic disc edema, while
blood tests detect elevated levels of erythrocyte sedimentation rate
(ESR) and C-reactive protein (CRP). Although temporal artery biopsy is
considered a diagnostic gold standard, it may yield negative results in
30% of cases [519]. Additional diagnostic tools such as Doppler ultra-
sound and magnetic resonance imaging aid in identifying stenotic
temporal areas, facilitating guided arterial biopsy [519].

Currently, the primary therapeutic approach for giant cell arteritis
remains high-dosage intravenous steroid treatment (1000 mg/day for 3
days), followed by gradual dose reduction to 1 mg/kg [520]. An alter-
native to steroids is tocilizumab, an IL-6 receptor antibody recently
approved by the National Institute for Health and Care Excellence and
NHS England for refractory giant cell arteritis cases [521].

NA-AION, recognized as the most common form of ischemic optic
neuropathy and the second most frequent optic neuropathy after glau-
coma, carries an estimated annual incidence of 10.3 per 100,000, typi-
cally affecting individuals around the age of 72 [522,523]. Key risk
factors for NA-AION include arterial hypertension, coronary heart dis-
ease, hyperlipidemia, male gender, sleep apnea, diabetes mellitus, factor
V Leiden heterozygosity, and a history of cardiovascular medication use
[524]. The pathophysiology involves blockage or vasoconstriction of
short posterior ciliary arteries supplying the optic nerve head. Notably,
transient nocturnal arterial hypotonia may serve as an initial trigger for
NA-AION, leading to optic nerve head hypoperfusion, hypoxia of RGC
axons, and subsequent axoplasmic flow stasis [525]. Swollen axons
consequently emerge, resulting in clinically detectable optic disc edema.
This edema exerts pressure on capillaries supplying the optic nerve
head, perpetuating a cycle of optic nerve head hypoperfusion [526].
Clinical presentation includes painless unilateral visual loss accompa-
nied by optic disc edema [527]. Diagnosis involves fundus evaluation for
disc edema observation and perimetry for detecting central scotomas,
identified in 50% of cases, or the most frequent visual field defect, ab-
solute inferior nasal defect [528]. A noticeable absence of efficacious
therapies for NA-AION is evident from the existing literature, urging the
exploration of new research avenues, particularly within the anti-
oxidative realm [529].

2.5.3.2. Mechanisms of oxidative stress in anterior ischemic optic neuro-
pathy. The role of altered redox status in the pathogenesis of giant cell
arteritis is pronounced due to the prominent risk factor of aging
[530-534]. Age-related mitochondrial dysfunction is believed to
contribute to an imbalanced redox state, potentially leading to ROS
formation in endothelial and vascular smooth muscle cells [530,535,
536]. Patients with giant cell arteritis were shown to exhibit elevated
systemic oxidative stress indicators, including total antioxidant capac-
ity, oxidative stress biomarkers like MDA, and increased ROS levels in
leukocytes [537]. The immune system, particularly neutrophils, is a
significant source of ROS generation in giant cell arteritis, with activated
neutrophils observed in the vascular lumen and tunica adventitia of
temporal arteries in affected individuals [538]. Elevated ROS generation
arises from a combination of abnormal age-associated mitochondrial
dysfunction and autoimmune-mediated neutrophil activation, fostering
significant damage and inflammation within the vascular wall. This
cascade culminates in adventitia and intima hyperplasia, resulting in
vascular stenosis [530].

Concerning NA-AION, the pivotal pathogenetic factor is hypoxia,
which contributes to increased O3 generation. Transient hypoperfusion
and subsequent ischemic events affecting the optic nerve head are the
precursors to hypoxia [526]. Hypoxia induces oxygen generation and
ATP depletion, followed by reoxygenation that triggers ROS over-
production, indicative of an ischemia/reperfusion (I/R) injury
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[539-542]. Our previous investigation in porcine ischemia/reperfusion
(I/R) models revealed hypoxia-associated damage, characterized by the
overexpression of VEGF, iNOS, HIF-1a, and NOX2, leading to detectable
high levels of O3 in retinal arterioles, ultimately causing endothelial
dysfunction [307]. Studies involving NOX2-deficient mice (NOX2—/—)
demonstrated a neuroprotective effect in response to ischemic injuries,
favoring mice without NOX2 [310]. Beyond NOX2, other enzymes also
play a role in ROS-mediated NA-AION pathogenesis. A loss-of-function
mutation in the GSTM1 gene, encoding one of three isoforms of
glutathione-S-transferase (GST), an antioxidant enzyme, was linked to
NA-AION [543,544]. Additionally, mtDNA mutations were identified in
individuals with NA-AION, implying that mitochondrial dysfunction
may constitute a potential risk factor [545]. Interestingly, a study
involving plasma samples from 18 NA-AION patients found no signifi-
cant differences in systemic oxidative stress indicators like total anti-
oxidant status and total oxidant status when compared to controls [546].
Reviewing the existing literature, it is reasonable to assert that hypoxia
occurring in NA-AION is a primary trigger for ROS formation in this
disorder, likely via HIF-1a and NOX2 pathways. Conditions marked by
altered redox status, such as mutations in antioxidant enzymes or
mitochondrial mutations, should also be considered potential risk fac-
tors for the disease.

2.5.3.3. Therapeutic approaches targeting oxidative stress in anterior
ischemic optic neuropathy. Giant cell arteritis is characterized by pro-
found inflammatory activations driven by autoimmune mechanisms,
making immunomodulation a central focus of research for decades.
However, more recent exploration has delved into antioxidant strategies
to counteract ROS generation within the highly inflamed blood vessel
walls of giant cell arteritis patients. Nuclear sirtuins, particularly SIRT-1,
an enzyme regulating gene expression to suppress inflammatory re-
sponses and oxidative stress under physiological conditions [547,548],
have emerged as potential therapeutic targets for giant cell arteritis.
Recent investigations indicate that SIRT-1 expression is downregulated
in individuals with giant cell arteritis, suggesting that SIRT-1 activators
could offer a pharmacological opportunity for treatment [537].

Numerous antioxidant compounds have been studied in animal
models to assess their impact on NA-AION-related oxidative stress (on-
line supplement, Table 3). However, their therapeutic suitability re-
mains to be proven in human trials.

Overall, the lack of effective medications for the relatively prevalent
and severe condition of NA-AION emphasizes the need for research into
novel pharmacological strategies. Antioxidants offer diverse avenues for
targeting oxidative and inflammatory pathways, ultimately suppressing
proapoptotic cascades. Promising preclinical outcomes warrant further
exploration of antioxidants as potential candidates for dedicated trials.

2.6. Future directions

Although antioxidative therapeutic strategies are being developed
for years and tested in a myriad of preclinical investigations, the number
of molecules that passed to clinical trials is quite small. Idebenone,
which is used for the therapy of LHON, has been the first and only
specific antioxidant to be approved for disease treatment, so far. It
represented a breakthrough in the antioxidant research that opened a
wide avenue for new potential antioxidant drugs. The way for a recog-
nized clinical effectiveness of antioxidants in ophthalmology is yet to be
fully achieved. An issue is certainly the essential role of ROS in physi-
ological processes, like for example in mediating immune responses.
Hence, maintaining a basal level of prooxidant molecules is vital for the
homeostasis of the human body. Building on this concept, it is crucial to
underline the challenge in designing drugs with antioxidant activity able
to contrast the disease and parallelly not to interfere with basal con-
centrations of oxidative molecules. In fact, this fine balance between
oxidant and antioxidant molecules needs to be addressed, to minimize
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the risk of detrimental side effects. These problematics may be addressed
by challenging formulations or balanced dose regimens of antioxidants
for human use. In this context, the eye has the advantage of being
relatively easily accessible by local roots of application, such as eye
drops or intraocular injections.

It is worth noting that in the realm of clinical trials, there exists a
notable disparity between the abundance of promising preclinical
findings and the relatively limited exploration of novel antioxidant
molecules for human use. This discrepancy is underscored by the set-
backs encountered in trials that progressed to phase II [549-551].
Delving into this issue, the investigations have provided potential ex-
planations, including challenges in achieving efficient transport to
target tissues, limited bioavailability, and even doses that proved too
toxic for human use [552]. For example, the gradual and protracted
nature of glaucoma progression, combined with the need for extended
follow-up periods, places severe constraints on clinical trials, further
accentuated by the inadequacy of currently employed biomarkers [549].
Consequently, a surge of recent endeavors has been dedicated to pro-
posing solutions for bridging this gap. Efforts have been channeled to-
wards exploring innovative drug delivery systems [552,553] and
devising novel clinical trial designs that enhance adaptability [554,
555]. The significance of advancing in these directions cannot be un-
derstated, as they hold the potential to significantly mitigate the trans-
lational discrepancies currently experienced. By embracing these
advancements, the prospect of overcoming hurdles in the translation of
promising preclinical outcomes to clinical success may be substantially
enhanced.

3. Conclusion

In conclusion, an imbalance between ROS generation and impaired
antioxidant defense with consequent oxidative stress represents a cen-
tral aspect in the pathophysiology of various ocular diseases. The ocular
surface, including the conjunctiva and the cornea are permanently
exposed to UV radiation, which triggers ROS generation. Induction of an
imbalance between oxidative and antioxidative mechanisms may pro-
mote ocular diseases. During aging and inflammation, instability and
hyperosmolarity of the ocular tear film occur, initiating the first step in
the vicious circle of DED with further aggravation of inflammation and
oxidative stress. In patients with pterygium, reduced antioxidant ca-
pacities were observed, and UV radiation as a main risk factor has been
shown to cause oxidative DNA damage with consequent induction of
apoptosis and uncontrolled cell proliferation.

Studies of corneal diseases, such as keratoconus or FECD also
revealed impaired antioxidant capacities and elevated ROS generation
inducing apoptosis and loss of keratocytes or endothelial cells leading to
further disease progression. Under diabetic conditions, AGEs may
aggravate ROS production and activate inflammatory pathways, which
consequently impair functions of corneal epithelial cells leading to
diabetic keratopathy.

Expression of antioxidant enzymes remarkably declines during
aging. Additional metabolic or environmental trigger factors for oxida-
tive stress may accelerate formation of age-related cataract.

The posterior segment of the eye is characterized by high oxygen
consumption with elevated generation of ROS. The retina and the optic
nerve are very vulnerable to oxidative stress. In case of insufficient
antioxidant capacities, retinal and optic nerve diseases can establish.
Main risk factors in age-related macular degeneration are aging with a
decline of antioxidant functions. UV radiation and blue light, which
promote apoptosis and inflammation with consecutive dysfunction of
the retinal pigment epithelium, represent main risk factors. Retinal and
optic nerve disorders of vascular origin, such as DR, vessel occlusion,
retinopathy of prematurity or anterior ischemic optic neuropathies are
also characterized by oxidative damage, inflammation and hypoxia,
further aggravating ROS generation and disease progression. Moreover,
these oxidative processes induce a complex interplay between neuronal
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and vascular endothelial dysfunction. Elevated IOP is the major risk
factor in the pathogenesis of glaucoma. In this context, ROS excess is
involved in the vicious circle of neuroinflammation contributing to RGC
loss. The trabecular meshwork is also affected by ROS abundance,
resulting in impaired IOP regulation.

Various studies aimed to find therapeutic agents to face oxidative
stress in ocular diseases. Supplementation of antioxidants, such as
vitamin A or E, was discussed in various studies with contradictory re-
sults. Idebenone, a synthetic CoQ+o analogue, which gained approval
from the European Medicine Agency in 2015, is the only disease-specific
medication for LHON. Disturbed function of Nrf2, an important tran-
scription factor in the regulation of antioxidant enzymes, has been re-
ported to play a crucial role in several ocular diseases, and regulation of
this pathway represents a promising therapeutic approach. Although,
numerous other agents were analyzed in experimental studies in the
context of oxidative stress in the eye with promising results, clinical
studies are mandatory in this field.
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