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ABSTRACT: Oxidative stress results from an imbalance between reactive oxygen species (ROS) production and
antioxidant defense mechanisms and contributes to cellular damage and the pathogenesis of various diseases. This
review summarizes recent advances in the molecular and biochemical mechanisms associated with oxidative stress in
ocular diseases, including dry eye disease, diabetic retinopathy, age-related macular degeneration (AMD), glaucoma,
and cataract. A literature search was conducted using PubMed and Google Scholar databases to identify relevant
studies published up to 31 December 2025. Current evidence suggests that oxidative stress plays an important
role in inflammation, mitochondrial dysfunction, and cellular damage associated with ocular diseases. A better
understanding of oxidative stress-related mechanisms may provide new insights into the pathogenesis and progression
of ocular diseases.
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1 Introduction

Oxidative stress has a recognized role in the pathogenesis of various pathological processes and diseases.
Oxidative stress refers to an imbalance between the production of reactive oxygen species (ROS) and the
ability of the body to detoxify these harmful molecules. An imbalance between oxidant and antioxidant
results in both intercellular and intracellular homeostasis dysregulation, impairs normal functions of
tissue cells, and contributes to the development of various health problems, ranging from cardiovascular,
neurodegenerative, immune, and autoimmune diseases, cancer, to eye disorders [1-3]. Due to their exposure
to higher oxygen levels compared to other tissues, the eyes are particularly sensitive to oxidative stress.
Multiple studies have emphasized the significant association between oxidative stress and the onset and
progression of ocular diseases. Despite the extensive publication of data on the pathomechanisms of ocular
diseases and the significance of oxidative stress in their development, the mechanisms underlying disease
progression remain inadequately understood. Therefore, this review aims to summarize current evidence
on the molecular and biochemical mechanisms of oxidative stress across major ocular diseases and to
highlight shared pathogenic pathways, disease-specific features, and emerging therapeutic strategies.
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2 Methodology

A comprehensive literature search was conducted using the electronic databases PubMed and Google
Scholar to identify relevant studies published up to 31 December 2025. The following search terms and
Boolean combinations were used: (“reactive oxygen species” OR “oxidative stress”) AND (“ocular diseases”
OR “cataract” OR “dry eye disease” OR “diabetic retinopathy” OR “age-related macular degeneration” OR
“glaucoma”). Articles were selected based on their relevance to the topic, with inclusion criteria focusing on
publications addressing oxidative stress mechanisms in ocular diseases. Both original research articles and
systematic or narrative reviews published in English were included. Exclusion criteria comprised studies
not directly related to oxidative stress or ocular pathology, non-English publications, conference abstracts,
and articles with insufficient methodological detail. As this study represents a narrative review, no formal
quality assessment or risk-of-bias analysis was performed. However, priority was given to recent studies
and those providing mechanistic or clinical insights. Potential limitations of the search strategy include
restriction to selected databases and language bias.

3 The Basic Mechanism of Oxidative Stress

The term oxidative stress refers to the disturbance in the pro-oxidant-antioxidant balance in favor
of the former, leading to potential damage. Reduced antioxidant levels and/or increased production of
reactive species result in oxidative damage to cellular biomolecules during oxidative stress. Multiple cellular
components, including lipids, DNA, proteins, and carbohydrates, may be damaged by oxidative stress.
Oxidative damage, especially to DNA, may trigger cell death by apoptosis or necrosis [4] (Fig. 1 [5]).
ROS: superoxide, O,~; hydroxyl, OH; hydroperoxyl, HO,; and reactive nitrogen species (RNS): nitric oxide,
NO; nitrogen dioxide, NO,, formed under normal physiological conditions and may have both beneficial
and harmful roles. Free radicals and other reactive species of oxygen/nitrogen/chlorine play an important
role in the development of various diseases by inducing oxidative stress and oxidative damage. ROS are
generated as byproducts of incomplete oxygen reduction during mitochondrial oxidative phosphorylation
or through the activity of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex
(NOX). This complex comprises seven isoforms (NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, DUOX2) that
share structural similarities but differ according to tissue distribution and regulatory systems. In addition to
mitochondrial ROS production, enzymatic and environmental sources substantially contribute to oxidative
stress in ocular tissues, highlighting the multifactorial nature of ROS-mediated damage. The human eye
is constantly exposed to both natural sunlight and artificial lighting. This exposure includes exogenous
sources of ROS such as UV light, visible light, and ionizing radiation, which may contribute to oxidative
damage in ocular tissues [6]. Moreover, the aging eye is particularly vulnerable to oxidative stress, a critical
factor in the development of various chronic ocular diseases [7]. These diseases include dry eye disease
(DED), glaucoma, diabetic retinopathy (DR), age-related macular degeneration (AMD), and cataract.

4 The Role of Oxidative Stress in the Pathogenesis of Dry Eye Disease

Dry eye is a multifactorial disease that affects the ocular surface. It is characterized by a loss of tear film
homeostasis and is accompanied by ocular symptoms. Key etiological factors include tear film instability
and hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities [8]. DED
induces a large panel of ocular symptoms depending on the stage of tissue damage, such as superficial pain,
foreign body sensation, ocular discomfort, and visual disturbance. Tear film hyperosmolarity seems to be the
core mechanism of dry eye disease. The ocular surface, including the tear film, contributes to maintaining
redox homeostasis through antioxidant defense mechanisms. Disruption of this balance has been associated
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with oxidative stress, inflammation, and cellular damage in DED [9]. It is suggested that an imbalance
between oxidative and antioxidative processes plays a key role in the pathology of DED. Some studies
indicate that oxidative stress markers, including lipid peroxide (LPO), hexanoyl-lysine (HEL), 4-hydroxy-2-
nonenal (4HNE), myeloperoxidase (MPO), nitric oxide synthase 3 (NOS3), xanthine oxidase/oxidoreductase,
malondialdehyde (MDA), and ROS, are elevated in the tears, conjunctival cells, and conjunctival biopsies of
patients with DED compared to controls [10]. ROS are implicated in the pathogenesis of autoimmunity, yet
they also exhibit protective roles in autoimmune diseases. For instance, a missense variant in the NCF1
gene, which leads to decreased ROS production, increases susceptibility to systemic lupus erythematosus
and other autoimmune disorders such as primary Sjogren’s syndrome [11]. Additionally, reduced NOX2
function leads to decreased cytosolic ROS during neutrophil activation, impairing the clearance of apoptotic
and necrotic bodies. T regulatory (Treg) cells, which are a type of T cell characterized by the expression of
Forkhead box P3 (FoxP3), help suppress the immune response and prevent autoimmunity [12]. Evidence
suggests that ROS are vital for the stability and function of Treg cells, with a notable reduction in the
immunosuppressive capacity of Treg cells in Ncf1~/~ mice due to the absence of cytoplasmic ROS [13]. On
the other hand, ROS also contributes pathogenically to autoimmune diseases. Cytoplasmic ROS, produced
by NOX during T cell activation, influences their differentiation. This results in T cells favoring a T helper
17 phenotype over T helper 1, accompanied by reduced production of interferon-vy, interleukin (IL)-2, and
tumor necrosis factor (TNF)-o. Additionally, there is increased production of IL-6 and IL-17. Furthermore,
mitochondrial (mt-) ROS-deficient T cells do not properly activate or expand in response to antigens [14].
Oxidative stress and inflammation are two closely interrelated and interdependent pathophysiological
processes: ROS trigger intracellular signaling cascades that increase the expression of proinflammatory
genes. Inflammatory cells release ROS along with immune mediators such as cytokines and chemokines,
which together exacerbate oxidative stress and cause tissue damage at the inflammation site (Fig. 2) [15].
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Figure 1: The Basic Mechanism of Oxidative Stress. Adapted from [5] under CC BY 4.0. ROS are generated
by endogenous and exogenous sources and are normally balanced by antioxidant defenses. When ROS production
exceeds the capacity of antioxidant systems, oxidative stress develops, leading to protein oxidation, DNA damage, and
lipid peroxidation. These biomolecular alterations disrupt cellular homeostasis and contribute to changes in cell cycle
regulation, cellular senescence, proliferation, and apoptosis. ROS, reactive oxygen species; DNA, deoxyribonucleic
acid. The upward arrow (7) indicates increased ROS production, whereas the downward arrow (J) indicates reduced

antioxidant defense.
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Several antioxidant and mitochondria-targeted therapies, including melatonin, o-lipoic acid, and SkQ1,
a mitochondria-targeted plastoquinone derivative, have shown potential for reducing oxidative stress and
inflammation in DED. Melatonin reduces ROS generation and suppresses inflammatory signaling [16,17];
o-lipoic acid enhances the antioxidant capacity of ocular surface cells [18], whereas SkQ1 directly scavenges
mitochondrial ROS and helps preserve endogenous antioxidant defenses [19].
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Figure 2: The Mechanism of Oxidative Stress in the Pathogenesis of Dry Eye Disease. Etiological factors
induce oxidative stress, which activates inflammatory signaling cascades and promotes the release of
inflammatory mediators, resulting in ocular surface inflammation, damage, and clinical manifestations of
dry eye disease. UV, ultraviolet radiation; DED, dry eye disease; ROS, reactive oxygen species. The upward arrow (1)
indicates increased oxidative stress markers, increased ROS levels.

5 The Role of Oxidative Stress in the Pathogenesis of Diabetic Retinopathy

Hyperglycemia-Induced Metabolic Abnormalities

DR is a progressive microvascular complication of diabetes that leads to irreversible retinal dam-
age and is a leading cause of acquired blindness in diabetic patients. The pathogenesis of DR involves
numerous factors that operate through integrated molecular signaling pathways and cellular processes.
Oxidative stress is a critical contributor to the pathogenesis of DR. It can both contribute to and result
from metabolic abnormalities in the retina induced by hyperglycemia [20]. ROS are primarily generated
through mitochondrial oxidative phosphorylation and the NADPH oxidase (NOX) system. Hyperglycemic
conditions activate the NOX complex, which intensifies oxidative stress in the retina. This increased
oxidative stress, in turn, directly impairs mitochondrial function [21]. Retinal mitochondria exposed to
hyperglycemia exhibit altered membrane potential and increased membrane permeability, contributing
to mitochondrial swelling [22]. Additionally, classical metabolic abnormalities are involved in causing
hyperglycemia-induced oxidative damage in the retina. Protein kinase C (PKC) plays a crucial role in
various cellular responses associated with diabetes. Under conditions of elevated glucose levels, such as
hyperglycemia, the activation of PKC is significantly increased. This increase in glucose levels triggers the
glycolysis pathway, which in turn enhances the synthesis of diacylglycerol (DAG). DAG then activates PKC,
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which contributes to the activation of NADPH oxidase. The activation of NADPH oxidase initiates a redox
reaction, leading to the accumulation of oxidative stress. As a consequence, ROS and advanced glycation
end products (AGEs) accumulate in cells, leading to cell death and apoptosis [21]. The polyol pathway is a
two-step metabolic pathway in which glucose is reduced to sorbitol by a rate-limiting enzyme known as
aldose reductase using NADPH. Then, the enzyme sorbitol dehydrogenase converts the sorbitol to fructose.
The increased activity of the polyol pathway depletes intracellular NADPH, thereby limiting the regenera-
tion of reduced glutathione, weakening antioxidant defense mechanisms, and contributing to oxidative
stress [23]. Hyperglycemia-mediated mitochondrial superoxide overproduction can suppress the activity of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and lead to the activation of the hexosamine pathway
with the increasing influx of phosphorylated glucose [24]. Rather than acting independently, the PKC,
polyol, and hexosamine pathways are highly interconnected and collectively establish a self-reinforcing
cycle that amplifies oxidative stress, promoting retinal injury and disease progression [3]. All of these
factors increase retinal oxidative stress and trigger hypoxia, endothelial tissue damage, hemodynamic and
structural changes, basement membrane thickening, and greater perfusion and angiogenesis [25].

Mitochondrial Dysfunction and Epigenetic Alterations

In mitochondrial deoxyribonucleic acid (mtDNA), there is a large non-coding sequence, a highly
vulnerable region, containing the necessary elements for transcription and control regions for mtDNA
replication. Hyperglycemia-induced hypermethylation of mtDNA disrupts its transcription, leading to
mitochondrial dysfunction and promoting apoptosis [26]. This epigenetic modification impairs mtDNA
transcription and protein synthesis, which compromises normal functions of the electron transport chain
(ETC) and mitochondrial homeostasis [27]. In diabetic animal models, retinal microvessels exhibit mtDNA
damage with reduced mtDNA copy number and decreased mitochondrial superoxide dismutase (MnSOD),
a key mitochondrial antioxidant enzyme that detoxifies superoxide, consistent with heightened oxidative
stress [28,29]. These changes disrupt the mitochondrial fusion-fission balance in the retina, leading to
mitochondrial fragmentation and triggering intrinsic apoptotic pathways, thereby contributing to retinal
microvascular cell loss [30-32]. Hyperglycemic conditions elevate ROS generation in RPE cells while
reducing PINK1/Parkin expression, key regulators of mitophagy, thereby suppressing mitochondrial quality
control. Impaired mitophagy in DR promotes the accumulation of dysfunctional mitochondria and sustains
oxidative stress, contributing to ongoing retinal injury [33]. Moreover, “metabolic memory” describes
how ROS-driven epigenetic changes can maintain oxidative damage even after glycemic control has im-
proved [34]. Clinically, “metabolic memory” suggests that retinal damage may continue to progress despite
improved glycemic control, emphasizing the importance of early and sustained glycemic management to
prevent irreversible retinal injury [35].

Inflammatory Pathways and Angiogenesis

In addition, nuclear factor kappa-B (NF-kB) and other pathways are activated, producing downstream
cytokines, tumor necrosis factor-c, interleukin-6, and others. Activated NOX complex in diabetes increases
intracellular ROS, leading to oxidative DNA damage and activation of inflammation and extracellular matrix
(ECM)-remodeling proteins, including matrix metalloproteinases (MMPs). Higher levels of angiogenic fac-
tors like soluble MMP-2 and MMP-9 are also observed in DR [36]. The retina, vulnerable due to its structure
and continuous exposure to ROS-generating light, suffers from these biochemical changes. Photoreceptors,
rich in polyunsaturated fatty acids (PUFAs) like docosahexaenoic acid (DHA), are particularly sensitive
to oxidative stress, with their high energy demands met by mitochondria located in their inner segments.
This chronic oxidative environment activates glial cells, increasing proinflammatory cytokine levels and
contributing to a persistent inflammatory response that leads to neuropathy [37].
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Several antioxidant-based therapeutic strategies have been investigated for DR, including vitamins
C and E, N-acetylcysteine (NAC), mitoquinone (MitoQ), and Skulachev Ion-1 (SkQ1). Vitamins C and E
scavenge ROS and inhibit lipid peroxidation, whereas NAC enhances endogenous antioxidant capacity
through glutathione replenishment [38,39]. MitoQ and SkQ1 selectively accumulate in mitochondria,
suppress mitochondrial ROS production, and contribute to retinal protection [40].

6 The Role of Oxidative Stress in the Pathogenesis of Age-Related Macular Degeneration

Oxidative stress plays a crucial role in the development of aging-related eye diseases, including
AMD [41]. It is a multifactorial progressive neurodegenerative disease that primarily affects the central
region of the retina (macula) [42]. The retina is among the tissues with the highest oxygen consumption
in the human body. The cumulative oxidative damage to the retinal pigment epithelium (RPE) primarily
results from an imbalance between the production and elimination of ROS [43]. This imbalance contributes
to anatomical and physiological changes in the photoreceptors, the RPE, Bruch’s membrane, and the
choriocapillaris. Excessive oxidative stress plays a detrimental role in causing cellular damage across
various ocular cell types, thereby contributing to the onset and progression of disease (Fig. 3) [44]. Many
exogenous factors, such as lifestyle, unhealthy diet, environmental pollution, UV, chemicals, as well as
endogenous factors like cellular metabolism, genetic alterations, infection, and aging, impact the production
of ROS. Healthy cells have the endogenous antioxidative capacity for self-protection, including antioxidant
defenses such as superoxide dismutase (SOD), catalase, and glutathione peroxidase, which neutralize
free radicals and reduce the resulting oxidative damage [43]. In RPE cells, SOD is a key antioxidant
enzyme within the mitochondrial defense system against oxidative stress. SOD deficiency results in
structural mitochondrial alterations, including swelling and cristae disruption, accompanied by reduced ATP
production and increased oxidative mtDNA damage, ultimately impairing RPE function [45]. There is strong
evidence that mitochondrial dysfunction is involved in AMD, with mitochondria being the major source of
intracellular ROS in most cells [46]. Due to their high reactivity and local production within mitochondria,
mitochondrial components are likely the first to be exposed to and damaged by ROS. Oxidative reactions
within the mitochondria contribute to mtDNA damage. The vulnerability of mtDNA to oxidative damage is
influenced by several factors: its location, the lack of histones (which could otherwise act as a physical
barrier against ROS), its intron-less structure, and its high transcription rate, which increases the likelihood
of mutations and/or deletions. Additionally, mtDNA repair mechanisms can be less efficient under certain
circumstances [47]. Such mitochondrial damage is closely linked to age-related RPE dysfunction, including
cellular senescence, and is influenced by changes in mitochondrial dynamics. Mitochondrial function and
RPE cell senescence are increasingly recognized as important contributors to AMD pathogenesis [48]. In
aging RPE cells, mitochondria exhibit structural and morphological alterations. Mitochondrial dynamics
play a crucial role in modulating oxidative stress by regulating intracellular ROS levels and preserving
mitochondrial function. Experimental models show that aging shifts mitochondrial dynamics in the RPE—
choroid complex toward increased fission, consistent with mitochondrial fragmentation and impaired
function [49].

Mitochondria in the eye and skin face constant exposure to visible light, which activates mitochondrial
photosensitizers such as cytochrome c oxidase, leading to the production of ROS and mtDNA damage. In the
retina, specifically the RPE complex, numerous chromophores like retinoids, lipofuscin, and melanosomes
can generate various ROS. Additionally, the retina’s high levels of polyunsaturated fatty acids (PUFAs)
are particularly vulnerable to oxidative damage [50]. With age, the accumulation of lipofuscin in the
RPE leads to an increase in ROS, exacerbating oxidative stress in the retina. Excessive ROS accumulation
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within RPE cells disrupts intracellular degradative pathways, promoting the retention of cellular debris.
Enhanced lipid peroxidation further accelerates lipofuscin formation derived from incompletely processed
photoreceptor outer segments. As a consequence of impaired clearance and oxidative modification of
lipids and proteins, extracellular deposits known as drusen form between the RPE and Bruch’s membrane
during early AMD [51]. Moreover, epidemiological evidence suggests a possible association between
long-term sunlight exposure and AMD risk, although findings across studies and meta-analyses remain
inconsistent [52,53].

The vital role of RPE lies in its participation in metabolic and supportive functions that supply
oxygen and remove waste from the retina. It is generally accepted that ROS induce autophagy and that
autophagy, in turn, serves to reduce oxidative damage. Autophagy dysfunction results in decreased clearance
of cellular waste in RPE cells and increased intracellular residual corpuscles, which interfere with cell
metabolism [54]. Mitophagy contributes to the maintenance of oxidative balance by selectively eliminating
damaged mitochondria, thereby preventing excessive ROS accumulation and oxidative stress. In AMD,
impaired mitophagy in RPE cells compromises mitochondrial clearance, increases ROS levels, and can
promote epithelial-mesenchymal transition [55].
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Figure 3: The Mechanism of Oxidative Stress in the Pathogenesis of Age-Related Macular Degeneration.
Endogenous and exogenous factors, together with aging, promote oxidative stress through increased
ROS production and impaired ROS elimination in retinal pigment epithelium (RPE) cells. Oxidative
stress contributes to mitochondrial dysfunction, autophagy and mitophagy impairment, inflammation,
proangiogenic signaling, apoptosis, and RPE senescence, leading to structural retinal changes and the
progression of dry and wet AMD. ROS, reactive oxygen species; RPE, retinal pigment epithelium; AMD, age-related
macular degeneration. The upward arrow () indicates increased ROS production, increased oxidative stress markers

and VEGF-mediated signaling, whereas the downward arrow ({) indicates reduced ROS elimination.
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ROS stimulate cells’ death via the apoptosis process, participate in the activation of proinflammatory
and proangiogenic pathways, and are associated with the autophagy process [54]. In advanced dry AMD,
progressive oxidative injury is closely linked to RPE degeneration and the development of geographic
atrophy, whereas in wet AMD, it enhances VEGF-mediated signaling pathways that promote choroidal neo-
vascularization. Elevated levels of oxidative damage markers, including 8-OHdG and carboxyethylpyrrole
adducts, have been reported in AMD eyes, accompanied by a decline in macular antioxidant defenses [34,56-58].
Furthermore, complement factor H polymorphisms may amplify oxidative inflammatory responses and
contribute to more rapid disease progression [58,59].

Several mitochondria-targeted therapeutic strategies have been proposed for AMD, including melatonin,
metformin, lipoic acid, astaxanthin (ATX), and elamipretide (SS-31), a mitochondria-targeted tetrapeptide.
Melatonin has demonstrated retinal protective effects in AMD models, and metformin has been associated
with a lower risk of AMD in clinical observational studies [60-62]. Lipoic acid and ATX enhance antioxidant
defenses, whereas elamipretide improves mitochondrial function by stabilizing mitochondrial cristae and
reducing ROS production [63,64], and clinical trials have demonstrated improvements in visual acuity and
slower progression of geographic atrophy [65].

7 The Role of Oxidative Stress in the Pathogenesis of Glaucoma

Glaucoma is a group of ocular disorders with multifactorial etiology characterized by progressive
optic neuropathy that ultimately leads to irreversible visual impairment [66]. Increasing age, a positive
family history of glaucoma, and elevated intraocular pressure (IOP) are among a number of well-recognized
risk factors for glaucoma. In experimental glaucoma models, where intraocular pressure is increased, the
majority have been shown to induce oxidative stress, characterized by a significant decrease in retinal
antioxidants and an increase in retinal lipid peroxidation [67]. Other factors in glaucoma pathogenesis, like
the elevation of glutamate levels, dysregulated nitric oxide (NO) metabolism, and oxidative damage caused
by ROS overproduction, may significantly contribute to the neurodegeneration [68]. During scientific
research, elevation of IOP in the aging mouse eye was found to induce reversible functional impairment of
the inner retina along with significant increases in oxidative stress [69]. Therefore, elevated IOP, regardless
of the mechanism or duration of the insult, appears capable of inducing oxidative stress in the retina and
optic nerve. One mechanism that explains the etiology of this disease suggests that oxidative stress-induced
vascular alterations lead to impaired autoregulation of blood flow to the optic nerve. Despite normal IOP in
normal-tension glaucoma, vascular dysregulation and ischemia-reperfusion-related oxidative stress can
still contribute to optic nerve head damage [51,59,70].

Additionally, oxidative injury to the trabecular meshwork may impair aqueous humor outflow, resulting
in elevated IOP. This may be driven by oxidative agents in the aqueous humor acting on the trabecular
meshwork (TM). In the anterior segment, the TM, a sieve-like tissue regulating aqueous humor outflow,
is directly exposed to ROS in the aqueous humor, including hydrogen peroxide and superoxide. Chronic
oxidative insult induces TM cell loss, cytoskeletal reorganization, and extracellular matrix stiffening, thereby
increasing outflow resistance and elevating IOP [3,51,59].

Oxidative stress can also directly damage retinal ganglion cells (RGCs). In the posterior segment, RGCs
are particularly prone to mitochondrial oxidative injury due to their high metabolic demand. Mitochondrial
dysfunction affecting RGCs as well as supporting glial cells can directly promote apoptosis and contribute
to optic nerve degeneration [3,71]. ROS serve as critical signaling molecules that activate apoptosis
pathways. Research has demonstrated that reducing ROS generation can temporarily protect RGCs from
apoptosis, both through caspase-independent pathways and by directly inhibiting RGC apoptosis in vitro [72].
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Furthermore, oxidative stress disrupts retinal glutamine cycling, leading to the accumulation of neurotoxic
levels of glutamate. A reduction in the activity of glutamine synthetase—the enzyme that converts retinal
glutamate into non-toxic forms—has also been observed. Glutamate neurotoxicity typically damages
cellular components, including mitochondria, which results in the depolarization of these organelles and
the excessive generation of ROS. Moreover, the apoptotic process itself produces ROS. Oxidative stress
indirectly damages RGCs through aberrant immune responses and glial cell dysfunction. ROS also triggers
autophagy and apoptosis in retinal RGCs, eventually leading to optic nerve atrophy and blindness [73,74].
Several mitochondria-targeted therapeutic strategies have been proposed for glaucoma, including
nicotinamide (vitamin B3), Mdivi-1 (mitochondrial division inhibitor 1), lithium chloride, and apolipoprotein
A-I binding protein (AIBP). Nicotinamide enhances cellular nicotinamide adenine dinucleotide (NAD+)
levels and has demonstrated neuroprotective effects in preclinical models, while its potential to slow
glaucoma progression is currently being evaluated in clinical trials [75,76]. Mdivi-1 and lithium chloride
exert neuroprotective effects by reducing excessive mitochondrial fission [64,77], whereas AIBP attenuates
mitochondrial dysfunction and neuroinflammation, thereby reducing retinal ganglion cell loss [78,79].

8 The Role of Oxidative Stress in the Pathogenesis of Cataract

The lens is an avascular and transparent tissue that is composed of lens epithelial cells (LECs), lens fiber
cells, and mature lens fiber cells (LFCs) [80]. Cataracts mainly result from crystallin protein aggregation
within lens fiber cells, which are crucial for refraction and transparency. The lens is comprised of three
principal classes of crystallins: &, 3, and y crystallins, essential proteins for preserving lens clarity [81].

Protein Oxidation and Crystallin Aggregation

The development of cataracts is influenced by various factors, among which oxidative stress and ROS
play crucial roles [82]. Under physiological conditions, lens transparency is preserved by a strong antioxidant
system that includes glutathione (GSH), ascorbate, and enzymatic defenses [51]. The encapsulated and
avascular nature of the lens protects it from oxidative damage, as there is very low oxygen tension inside
the lens core. Although ROS serve physiological functions at low concentrations, they become toxic
at elevated levels, leading to lens opacification when there is either an increase in oxidative stress or a
diminished capacity to eliminate ROS [74]. ROS are mostly generated within the mitochondria in lens
epithelium cells and the superficial fiber cells, which are highly reactive and can damage macromolecules,
such as lipids, proteins, and nucleic acids, causing mutagenesis and cell death [83]. The lens is exposed to
multiple oxidative stressors: endogenous, such as altered mitochondrial respiration, phagocytic respiratory
bursts, viral infections, and exogenous: UV light, metals, drugs, and cigarette smoke. All of these can
lead to the production of ROS. Lens epithelial cells (LECs) utilize ROS-scavenging enzymes to maintain
low ROS levels, thereby protecting the lens’s structural components and ensuring its clarity. Oxidative
modification of lens epithelial cells and crystallin proteins is promoted by redox imbalance, which becomes
more pronounced when ROS production rises and antioxidant reserves decline. This occurs commonly
with aging and at-risk conditions such as prolonged UV exposure, diabetes, and hypertension. In particular,
oxidation of methionine and cysteine residues can lead to disulfide bond formation, S-glutathionylation,
and crystallin aggregation into high-molecular-weight complexes that scatter light within the lens [51,84].

Lipid Peroxidation and Membrane Damage

Moreover, lipid peroxidation is initiated by free-radical attack on membrane lipids, generating large
amounts of reactive products, which have been strongly implicated in the mechanisms of cataractoge-
nesis [85]. These peroxidized lipids alter the permeability of cell membranes, changing the internal
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composition and structure of cells, which ultimately disrupts protein function and contributes to the
development of cataracts.

Oxidative stress may lead to several protein modifications, resulting in the formation of high-molecular-
weight insoluble aggregates commonly found in cataractous lenses [86]. Clinical studies of human catarac-
tous lenses consistently show increased protein carbonyl levels together with reduced glutathione (GSH)
content, and these changes correlate with cataract severity. A decline in GSH, considered a biochemical
hallmark of cataract formation, leaves crystallin proteins more vulnerable to irreversible cross-linking. At
the same time, lipid peroxidation in lens fiber cell membranes compromises membrane integrity, promoting
fiber disorganization and resulting in optical aberrations [84].

Cellular Alterations and Signaling Dysfunction

Oxidative stress can activate factors such as transforming growth factor beta (TGF-f3), which prompts
the transformation of lens epithelial cells (LECs) into mesenchymal cells. These cells then migrate and
form fibrotic plaques, significantly impairing vision. Additionally, oxidative stress can induce defects in
Na*/K*-ATPase on the membranes of lens epithelial cells. This disruption can lead to the accumulation of
sodium and water within the cells, ultimately causing lens opacification (Fig. 4) [81].

As an example, in diabetes, hyperglycemia-induced ROS accelerates oxidation of lens epithelial cells
and crystallin proteins, an effect further amplified by protein glycation and osmotic stress. More broadly,
oxidative injury to lens proteins and membranes can precede clinically visible opacities, supporting the
view that ROS-mediated damage is an initiating rather than a secondary event in cataract development [51].

Several antioxidant-based approaches have been proposed for cataract management, including ATX
and biliverdin reductase A (BVRA). ATX inhibits ferroptosis through modulation of glutathione peroxidase
4 (GPX4) [87], whereas BVRA reduces intracellular ROS by promoting the formation of the antioxidant
bilirubin, thereby helping to restore redox balance [88].

OXIDATIVE STRESS (1 ROS)

SOURCES OF ROS
Imbalance between ROS production and elimination
e ] =
Endogenous Exogenous
4 T ROS production | 4 Antioxidant capacity

1. PROTEIN OXIDATION AND 2. LIPID PEROXIDATION AND ‘ 3. CELLULAR ALTERATIONS AND
CRYSTALLIN AGGREGATION MEMBRANE DAMAGE ‘ SIGNALING DYSFUNCTION

[ I _ ]

CATARACT FORMATION

Accumulation of oxidized proteins and lipids
— Fiber cell damage and disorganization

— Loss of lens transparency (opacity)

Figure 4: The Mechanism of Oxidative Stress in the Pathogenesis of Cataract. Endogenous and exogenous
factors promote oxidative stress through increased ROS production and reduced antioxidant capacity.
Oxidative stress induces protein oxidation and crystallin aggregation, lipid peroxidation and membrane
damage, as well as cellular alterations and signaling dysfunction, ultimately leading to cataract formation.
The upward arrow () indicates increased ROS production, whereas the downward arrow (|) indicates reduced
antioxidant capacity. ROS, reactive oxygen species.
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9 Conclusion

Oxidative stress and the overproduction of ROS are crucial pathomechanisms implicated in a variety of
ocular diseases. An in-depth understanding of the underlying molecular and biochemical mechanisms offers
substantial prospects for preventing these disorders, achieving early diagnosis, and implementing novel
therapeutic strategies. Continued exploration in this field is essential for enhancing treatment protocols
and ultimately improving patient outcomes in ophthalmic care. Future research should focus on further
evaluating promising antioxidant and mitochondria-targeted therapies in well-designed clinical trials.
In addition, a deeper understanding of oxidative stress-related molecular mechanisms may support the
development of more effective and personalized therapeutic strategies for ocular diseases.
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