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Abstract

Mitochondrial reactive oxygen species (mtROS) play a dual role in retinal physiology,
acting as essential redox signalling mediators under homeostatic conditions but driving
oxidative damage and neurodegeneration once regulatory thresholds are exceeded. Owing
to the exceptionally high energetic demands of retinal neurons and supporting cells, even
subtle perturbations in mitochondrial redox balance can precipitate progressive retinal dys-
function. Increasing evidence indicates that retinal neurodegenerative diseases, including
glaucoma, diabetic retinopathy (DR), age-related macular degeneration (AMD), and inher-
ited optic neuropathies, are characterised not by uniform oxidative stress, but by disease-
and stage-specific mtROS signatures shaped by mitochondrial quality control capacity. This
review synthesises current insights into the sources, regulation, and signalling functions of
mtROS in the retina, with particular emphasis on threshold-dependent redox transitions,
reverse electron transport, and the progressive failure of mitochondrial quality control
mechanisms, including mitophagy, mitochondrial dynamics, and redox-responsive tran-
scriptional networks. The limitations of non-selective antioxidant strategies are critically
examined, highlighting why indiscriminate ROS suppression has yielded limited clinical
benefit. In contrast, emerging therapeutic approaches aimed at recalibrating mitochondrial
redox homeostasis, rather than abolishing physiological signalling, are discussed in the
context of disease stage, metabolic state, and mitochondrial competence. By integrating
redox biology with mitochondrial quality control and precision medicine concepts, this
review proposes a unifying framework in which retinal neurodegeneration is governed
by regulated mtROS signalling and the progressive exhaustion of mitochondrial resilience.
This model defines critical therapeutic windows for mitochondria-targeted intervention
and provides a framework for biomarker-guided patient stratification.
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1. Introduction

Ocular neurodegenerative diseases, including glaucoma, age-related macular degener-
ation (AMD), diabetic retinopathy (DR), and Leber’s hereditary optic neuropathy (LHON),
represent a growing global health burden and a leading cause of irreversible vision loss [1].
Glaucoma affects more than 57 million individuals worldwide and is projected to exceed
111 million cases by 2040 [2]. AMD remains the predominant cause of central vision loss
in the elderly [3], DR imposes a substantial burden on working-age populations [4], and
LHON causes profound bilateral vision loss driven by pathogenic mitochondrial DNA
(mtDNA) mutations that affect complex I of the electron transport chain (ETC) [5,6]. De-
spite major advances in disease characterisation, the translation of experimental insights
into effective neuroprotective therapies remains limited, reflecting both the multifactorial
nature of ocular neurodegeneration and pronounced interindividual variability in disease
progression and treatment response, including differences in mitochondrial resilience and
redox regulation [7].

Across these clinically distinct disorders, mitochondrial dysfunction has emerged as
a unifying pathogenic denominator, linking metabolic stress, impaired redox signalling,
and progressive neuronal vulnerability. Interventions aimed at enhancing mitochondrial
resilience may therefore be pharmacological, such as mitochondria-targeted antioxidants,
or system-level/behavioural, exemplified by environmental enrichment strategies that pro-
mote mitochondrial function and neuroprotection [8]. Such approaches bridge lifestyle and
molecular mechanisms, highlighting the potential of non-pharmacological interventions to
complement drug-based therapies.

The retina operates under exceptionally high energetic demand, with photoreceptors
and retinal ganglion cells (RGCs) relying on sustained mitochondrial adenosine triphos-
phate (ATP) production to support visual signalling and axonal transport [9]. Retinal mito-
chondria are continuously exposed to oxidative pressure arising from intense metabolic flux
and environmental stressors. Further mtDNA, lacking protective histones and possessing
limited repair capacity, accumulates oxidative lesions that further amplify mitochondrial
reactive oxygen species (mtROS) production [10-14].

In this context, mtROS occupy a central and inherently paradoxical role. Excessive
mtROS drives mitochondrial membrane damage, mtDNA instability, inflammasome acti-
vation, and apoptotic signalling cascades that contribute directly to neuronal loss [15,16].
Conversely, basal mtROS are indispensable for adaptive redox signalling and stress re-
silience, regulating mitochondrial quality control processes such as mitophagy, antioxidant
gene expression, and metabolic adaptation [17-20]. Increasing evidence indicates that
retinal neurodegeneration reflects a progressive failure of mitochondrial quality control
systems, thereby converting physiological mtROS signalling into pathological amplifica-
tion. The inability to distinguish between adaptive and maladaptive mtROS signalling
has contributed substantially to the translational gap in treating ocular neurodegenerative
diseases. The dual nature of mtROS can be contextualised within the broader “oxygen para-
dox,” which reflects the fundamental tension between oxygen’s essential role in sustaining
high-energy metabolism and its potential to generate damaging reactive species. The retina
exemplifies this paradox; its high metabolic rate and oxygen tension render photoreceptors
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and RGCs particularly vulnerable to oxidative stress, illustrating why even physiological
levels of mtROS must be tightly regulated [21].

Current therapeutic strategies largely address downstream manifestations of disease
rather than early mitochondrial vulnerability and resilience. In glaucoma, intraocular pres-
sure reduction slows disease progression but does not correct the intrinsic mitochondrial
susceptibility of RGCs [1,7,22]. Anti-vascular endothelial growth factor (anti-VEGF) thera-
pies stabilise neovascular complications in AMD yet fail to prevent early mitochondrial
degeneration within the retinal pigment epithelium (RPE) [23,24]. Improved glycaemic
control in diabetes reduces long-term complications but does not adequately resolve mito-
chondrial overload and oxidative stress in DR [25,26]. Even in LHON, where mitochondrial
dysfunction is primary, available treatments only partially restore bioenergetic capacity
and do not fully prevent neurodegeneration [6].

Important mechanistic uncertainties further hinder progress. It remains unclear
why RGCs exhibit disproportionate sensitivity to bioenergetic deficits in glaucoma and
LHON [27,28], why RPE mitochondria in AMD are particularly susceptible to lipid per-
oxidation and complement-driven inflammation [29-31], or how vascular and neuronal
mitochondrial dysfunction converge to destabilise the neurovascular unit in DR [32,33].
The thresholds at which physiological mtROS signalling shifts into pathological amplifi-
cation, particularly via reverse electron transport (RET) and impaired mitophagy, remain
insufficiently defined [34-36].

Recent advances have renewed interest in mtROS as both biomarkers and therapeutic
targets. Improvement in understanding of mitohormesis has refined the concept of bene-
ficial mtROS signalling and redox-dependent adaptation [19]. Progress in nicotinamide
adenine dinucleotide (NAD") metabolism has highlighted a central role for NAD* de-
pletion in RGC vulnerability and RPE ageing, providing a rationale for NAD*-restoring
interventions in ocular disease [37-39]. In parallel, mitochondrial-targeted compounds,
including mitoquinone mesylate (MitoQ), plastoquinonyl-decyl-triphenylphosphonium
(SkQ1), elamipretide (55-31), and mitophagy and mitochondrial dynamics modulators
have demonstrated neuroprotective effects in preclinical models [40-42]. Methodological
innovations, such as redox-sensitive biosensors, quantification of mtDNA damage, Optical
coherence tomography (OCT)-based metabolic indicators, and multimodal omics, now
enable increasingly precise characterisation of mitochondrial dysfunction in vivo [43,44].

Nevertheless, ocular neurodegeneration arises from the interplay of genetic suscep-
tibility, metabolic stress, vascular dysregulation, and environmental factors [45,46]. Mi-
tochondrial dysfunction, therefore, represents a critical, but not isolated, component of
a broader pathogenic network. Accumulating evidence suggests that integrative thera-
peutic strategies combining mitochondria-targeted interventions with neuroprotective,
anti-inflammatory, and vascular-supportive approaches may more effectively address
disease heterogeneity and promote sustained retinal resilience [7,15].

This review synthesises current evidence on mtROS signalling across major ocular
neurodegenerative diseases and critically evaluates emerging therapeutic strategies target-
ing mitochondrial dysfunction. Emphasis is placed on defining the regulatory thresholds
that separate adaptive from pathological mtROS signalling in retinal cells and on clarifying
how progressive failure of mitochondrial quality control mechanisms drives the transition
toward neurodegeneration. Key issues addressed include the molecular determinants
that establish pathological mtROS thresholds across retinal cell types and the mechanistic
basis for the limited clinical efficacy of broadly acting antioxidant approaches. We propose
that retinal neurodegeneration is best understood as a failure of mitochondrial resilience
governed by dynamic mtROS thresholds and quality control capacity, rather than a uni-
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form oxidative stress, underscoring the importance of disease stage and mitochondrial
competence for the development of precision-targeted interventions.

2. Disease-Specific mtROS Signatures in Ocular Neurodegeneration

mtROS constitute a central pathogenic axis across the major ocular neurodegenerative
disorders, yet their roles vary according to cellular context, metabolic architecture, and
disease-specific stressors. Although glaucoma, AMD, DR, and LHON share core features
of mitochondrial dysfunction, including impaired oxidative phosphorylation, mtDNA
instability, and redox disequilibrium, the magnitude, localisation, and temporal dynamics
of mtROS production differ across retinal cell types [11,20].

RGCs are particularly vulnerable to mtROS due to their long, unmyelinated axons,
which require sustained axonal transport and a high reliance on Complex I-driven oxidative
phosphorylation, increasing susceptibility to oxidative injury [11,20,27]. In contrast, RPE
cells are exposed to chronic photooxidative stress, intense phagocytic load, and a lipid-rich
environment, which predisposes them to lipid peroxidation and complement-mediated
inflammation [28]. Recognising these cell-type-specific vulnerabilities is essential for the
rational design of mitochondria-targeted therapies.

Table 1 summarises the disease-specific mtROS signatures across major ocular neurode-
generative disorders, highlighting the primary sources of mtROS, vulnerable retinal cell
populations, dominant mitochondrial failure mechanisms, and downstream pathological
pathways [1,3-7,9-13,15,16,22-39,45,46].

Table 1. Disease-specific mitochondrial ROS and failure mechanisms in retinal neurodegeneration.

. Primary Dominant mtROS Key Mitochondrial Characteristic Representative
Disease = Vulnerable . . Downstream . References
Sources Failure Mechanisms Biomarkers
Cell Type(s) Pathways
Complex1 Enhanced fission (Drp1) AXOI;)aAllizgiEg:tlon 8-oxo0-dG
dysfunction Reduced fusion (Mfn1/2) P Reduced Complex I
RGCs AN NLRP3 .. [1,7,9,10,
. RET mtDNA oxidation . activity
Glaucoma Lamina N . inflammasome N 15,16,27,
. Axonal transport NAD™ depletion o Decreased NAD
cribrosa cells . ' activation . 28,34-38]
blockade Impaired mitophagy Chronic Increased MitoSOX
Excitotoxic ROS (PINK1/Parkin) . . signal
neuroinflammation
. Complement 4-HNE
RPE Photooxidative stress mtDNA deletions activation (C3/C5) MDA
.. cq Impaired PGC-1x . [3,23,24,
Secondary Lipid peroxidation . . Drusen formation Complement
AMD biogenesis . . . 29-31,37,
photorecep- Complex I/III leakage Defective B-oxidation Lipid—protein fragments 39,43]
tors A2E oxidation Cardiolipin oxidation adducts mtDNA deletions -
P Metabolic uncoupling Oxidised A2E
ETC overload Mitochondrial BRB breakdown AGEs
Endothelial ~PKC-AGE-RAGE swelling/depolarisation Pericyte loss Elevated MitoSOX
DR cells signalling Increased fission (Drp1) Neurovascular ROS [4,12,25,26,
Pericytes  polyol pathway flux Reduced fusion (OPA1) uncoupling Reduced Complex IV 32,33,45,46]
Miiller glia NOX2/NOX4 Impaired mitophagy Microaneurysm activity
activation Glutathione depletion formation Decreased GSH
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Table 1. Cont.
. Primary Dominant mtROS Key Mitochondrial Characteristic Representative
Disease = Vulnerable . . Downstream . References
Sources Failure Mechanisms Biomarkers
Cell Type(s) Pathways
Pathogemc. mtDNA  Severe AT}j deficiency Rapid RGC Pathogen.lc mtDNA
mutations Respiratory deceneration variants
(ComplexI) supercomplex g' Reduced ComplexI [5,6,27,28,
LHON RGCs . . e L Optic atrophy .
Excessive superoxide destabilisation Heiohtened stross activity 34-36]
RET-driven Secondary mtDNA ghtenec F2-isoprostanes
e e sensitivity .
amplification damage Increased superoxide

RGCs: Retinal ganglion cells; mtROS: mitochondrial reactive oxygen species; Drpl: Dynamin-related protein 1;
8-ox0-Dg: 8-okso-2'-deoksigvanozin; RET: reverse electron transport; Mfn 1/2: mitofusin 1 and 2; mtDNA:
mitochondrial DNA; NAD: nicotinamide adenine dinucleotide; NLRP3: NOD-like receptor family pyrin domain
containing 3; PINK1: PTEN-induced kinase 1; MitoSOX: mitochondrial superoxide; RPE: retinal pigment epithe-
lium; PGC-1«: peroxisome proliferator-activated receptor-gamma coactivator 1-alpha; 4-HNE: 4-Hidroksinonenal;
MDA: malondialdehyde; A2E: ETC: electron transport chain; PKC-AGE-RAGE: Advanced Glycation End-products
(AGEs) bind to their Receptor (RAGE), activating intracellular signaling involving Protein Kinase C (PKC); NOX:
Mitochondrial NADPH oxidase; OPA1: optic atrophy 1; BRB: Blood-retinal barrier; ROS: reactive oxygen species;
ATP: Adenosine triphosphate; GSH: Glutathione.

2.1. Glaucoma

In glaucoma, progressive RGC degeneration arises from the interaction between
mitochondrial vulnerability and mechanical or pressure-related stress [7,22,47,48]. Early
mitochondrial dysfunction disrupts axonal transport at the lamina cribrosa, leading to
local energy imbalance and increased vulnerability of distal axons to mtROS-mediated
damage [49]. Impaired axonal transport limits mitochondrial replenishment, leading to
the focal accumulation of complex I-derived mtROS, mtDNA damage, and the failure of
mitochondrial quality control pathways [50-52].

Excessive Drpl-mediated mitochondrial fission combined with reduced fusion pro-
motes mitochondrial fragmentation and bioenergetic collapse by activating apoptotic and
PANoptotic pathways [53]. Age-related declines in respiratory reserve and antioxidant
capacity further amplify RGC susceptibility to pressure-induced metabolic failure [25].
Together, these processes establish a self-reinforcing cycle in which mtROS act as early
stress signals and accelerators of irreversible RGC degeneration.

Persistent exposure to mtROS in glaucomatous RGCs appears to promote oxidative
damage to nucleic acids, particularly through the formation of 8-oxo-2'-deoxyguanosine
(8-0x0-dG) lesions in both mitochondrial and nuclear DNA. mtDNA may be especially
vulnerable to such injury because it lacks protective histone proteins and possesses com-
paratively limited repair capacity. For this reason, accumulation of 8-oxo-dG is widely
considered a sensitive indicator of oxidative genomic damage in glaucoma and may reflect
early disturbances in mitochondrial quality-control pathways [11,14].

Nucleotide oxidation may be particularly pronounced in RGCs owing to the distinctive
metabolic demands of these neurons. RGCs rely heavily on complex I-dependent oxidative
phosphorylation to maintain long-distance axonal transport. Sustained bioenergetic strain,
when combined with localised ROS accumulation, could progressively compromise mtDNA
integrity and thereby exacerbate mitochondrial dysfunction, reinforcing the degenerative
cascade observed in glaucomatous neurodegeneration [11,27].

2.2. Age-Related Macular Degeneration

AMD is driven primarily by chronic mitochondrial stress within the RPE, where sus-
tained phagocytosis of photoreceptor outer segments, cumulative photooxidative exposure,
and lipofuscin accumulation generate a persistently pro-oxidative environment [11]. Mi-
tochondrial abnormalities—including mtDNA deletions, reduced mtDNA copy number,
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impaired mitophagy, and defective mitochondrial biogenesis—undermine RPE metabolic
capacity and promote lipid and protein oxidation [12,13,24].

Under sustained oxidative stress, lipid peroxidation products such as 4-hydroxynonenal
(4-HNE) may accumulate as secondary mediators of cellular injury. This highly reactive
aldehyde is generated through free-radical-mediated oxidation of polyunsaturated fatty
acids, which are abundant in photoreceptor outer segments and RPE membranes. Owing
to its electrophilic nature, 4-HNE readily forms covalent adducts with proteins, nucleic
acids, and membrane phospholipids, processes that can alter mitochondrial enzyme activ-
ity, destabilise membrane architecture, and potentially amplify inflammatory signalling
pathways [11,29].

The relative prominence of lipid-derived oxidative products in AMD likely reflects
the distinctive biochemical environment of the outer retina. This region is characterised by
high oxygen availability, continuous photooxidative exposure, and exceptionally lipid-rich
photoreceptor membranes. Together, these factors appear to create conditions that favour
membrane-centred oxidative injury.

Elevated mtROS activate complement and innate immune pathways, reinforcing
chronic inflammation and contributing to drusen formation [15,23,29,30,35,54]. This pro-
gressive metabolic decline compromises photoreceptor support, establishing AMD as a
paradigm of RPE-centric mtROS amplification in which mitochondrial dysfunction inter-
sects with immune dysregulation.

2.3. Diabetic Retinopathy

In DR, chronic hyperglycaemia increases electron flux through the mitochondrial
ETC, resulting in excess mtROS generation that overwhelms endogenous antioxidant
defence [25,26]. Parallel activation of advanced glycation products (AGEs), the polyol
pathway, and PKC signalling further destabilises mitochondrial redox homeostasis and
bioenergetic efficiency [55,56].

In DR, mtROS-driven mitochondrial dysfunction intersects with chronic low-grade
inflammation and endothelial activation, contributing to neurovascular uncoupling and
progressive retinal injury. Inflammatory signalling pathways have long been recognised
as central drivers of DR pathogenesis and therapeutic response [55,57]. mtROS-mediated
endothelial injury disrupts tight junction integrity, induces pericyte apoptosis, and ac-
tivates Miiller glia, collectively impairing the blood-retinal barrier and neurovascular
coupling [32,33,58]. Concurrent neuronal mitochondrial dysfunction exacerbates this vi-
cious cycle, promoting inner retinal thinning, ischaemia, and macular oedema. Within this
framework, mitochondrial-targeted interventions represent a critical adjunct to systemic
glycaemic control rather than a replacement strategy [25,26,59,60].

2.4. Leber Hereditary Optic Neuropathy

LHON results from pathogenic mtDNA point mutations, most notably G11778A,
T14484C, and G3640A, that compromise complex I activity, diminish ATP synthesis, and
elevate mtROS production [6,61]. RGCs are disproportionately affected due to their high
reliance on oxidative phosphorylation, long axonal structure, and limited antioxidative
buffering capacity [27,28].

Impaired electron transport drives mtROS accumulation, disrupts axonal trafficking,
and activates apoptotic pathways culminating in rapid RGC loss [62]. Environmental
factors such as smoking further intensify mtROS-mediated injury, highlighting the inter-
play between genetic predisposition and modifiable risks [6]. Current therapies, including
idebenone, aim to partially restore electron flow and reduce mtROS. However, variable clin-
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ical efficacy underscores the need for strategies that more robustly enhance mitochondrial
resilience [63,64].

2.5. Cross-Disease Integration of mtROS Mechanisms

Figure 1 shows a comparative schematic of mtROS signatures across the major ocular
neurodegenerative diseases—glaucoma, AMD, DR, and LHON—highlighting both shared
and disease-specific sites of mitochondrial vulnerability [1,3-7,9,10,15,16,23-39,45,46,63,64].

Figure 1. Disease-specific mtROS sources and signalling pathways in ocular neurodegeneration.
The figure highlights the spatial and temporal distribution of mtROS across major ocular diseases,
integrating complex I/IlI-derived ROS, lipid peroxidation burden, mitophagy failure, and neurovas-
cular stress. It contrasts RGC-predominant vulnerability in glaucoma and LHON with RPE-centric
oxidative injury in AMD and neurovascular disruption in DR. Together, these patterns illustrate how
distinct pathological triggers converge on a common axis of mtROS amplification and mitochondrial
quality control failure. mtROS: Mitochondrial reactive oxygen species; AMD: Age-related macular
degeneration; DR: Diabetic retinopathy; LHON: Leber’s hereditary optic neuropathy; RPE: Retinal
pigment epithelium; ETC: electron transport chain; OXPHOS: oxidative phosphorylation; RGCs:
Retinal ganglion cells; PUFA: Polyunsaturated fatty acids.

Across these disorders, a convergent theme emerges: mtROS become pathogenic
when mitochondrial quality control capacity is exceeded, generating disease-specific yet
mechanistically unified patterns of degeneration [11,27]. RGCs are highly sensitive to
disruptions in complex I activity and axonal transport, whereas RPE cells undergo mtROS-
mediated lipid peroxidation and complement activation under chronic photooxidative
pressure [13,29]. In DR, hyperglycaemia-driven mitochondrial overload destabilises en-
dothelial and neuronal redox homeostasis [32,57], while LHON represents a genetically
primed state in which complex I defects push mtROS beyond compensatory thresholds [28].

This unified framework underscores mtROS as an upstream driver of ocular neurode-
generation and supports therapeutic strategies designed to restore mitochondrial resilience
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rather than merely suppress ROS. Together, these observations support the concept that
mtROS-driven retinal neurodegeneration reflects a failure of adaptive buffering capacity
rather than uniform oxidative stress, reinforcing the need for precision, stage-dependent
mitochondrial interventions.

Although individual retinal disorders exhibit distinct biomarker profiles, several
oxidative indicators appear to represent shared manifestations of mitochondrial stress that
become differentially expressed depending on cellular and metabolic context. Oxidative
nucleotide lesions such as 8-oxo-dG may arise in multiple retinal pathologies because
mtDNA is inherently susceptible to reactive oxygen species-mediated damage [11,14].
Their relative abundance, however, appears to vary according to the dominant metabolic
pressures in specific retinal cell populations.

In glaucoma and inherited optic neuropathies, RGCs rely heavily on complex I-
dependent oxidative phosphorylation, a metabolic configuration that may render mtDNA
particularly vulnerable to oxidative modification [11,27]. By contrast, lipid peroxidation
products such as 4-HNE are often more evident in AMD. This observation likely reflects
the lipid-rich architecture of photoreceptor outer segments and the chronic photooxidative
conditions characteristic of the RPE [11,29].

These observations suggest that oxidative biomarkers should not necessarily be in-
terpreted as disease-specific entities but rather as context-dependent manifestations of a
broader redox stress network [14,27]. Recognising this convergence-divergence pattern
could improve biomarker-based patient stratification and may ultimately support the
development of metabolically informed therapeutic strategies.

3. Mitochondrial ROS Biology in the Retina: Signalling, Sources,
and Thresholds

Mitochondria are central regulators of energy metabolism and redox homeostasis
in retinal cells, which rank among the most metabolically active tissues in the human
body. Sustained oxidative phosphorylation, high oxygen consumption, and continuous
exposure to light induce oxidative stress, making retinal neurons and supporting cells
especially vulnerable to mtROS generation [11,18,20]. The retina’s unique combination of
high O, demand, abundant polyunsaturated fatty acids (PUFAs), and exposure to photo-
oxidative stress underscores its sensitivity to redox imbalance and makes it an ideal model
for studying the paradoxical roles of oxygen in physiology and pathology [21].

Importantly, mtROS are not merely toxic by-products of respiration but function
as essential signalling molecules that regulate stress adaptation, survival pathways, and
mitochondrial quality control. Dysregulation of mtROS production or detoxification,
however, contributes directly to retinal pathologies, including AMD, DR, glaucoma, and
retinitis pigmentosa [11,18,20].

3.1. Cellular and Molecular Sources of mtROS in Retinal Cells

The mitochondrial ETC represents the dominant source of mtROS, with complexes
I and III being the principal contributors. Complex I generate substantial ROS during
RET, a process that occurs when the ubiquinone pool is highly reduced, and mitochondrial
membrane potential is elevated. Under these conditions, electrons flow backwards toward
complex I, promoting the formation of superoxide. While tightly regulated reverse electron
transport (RET) contributes to physiological redox signalling, dysregulated RET is a potent
driver of oxidative stress in retinal cells [34].

At complex III, superoxide generated at the Qo site can be released into both the
mitochondrial matrix and the intermembrane space, facilitating the diffusion of ROS
toward the cytosol when antioxidant buffering capacity is exceeded [11]. Chronic ETC-
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derived ROS overproduction induces lipid peroxidation, protein oxidation, and mtDNA
damage, thereby accelerating retinal degeneration [65]. In contrast, moderate ROS levels
modulate apoptosis, autophagy, and pro-survival signalling pathways, underscoring the
context-dependent nature of ETC-derived mtROS.

3.2. Physiological Roles of mtROS in Retinal Homeostasis

Beyond ETC-associated electron leakage, several enzymatic and lipid-associated pro-
cesses contribute to mtROS generation. Mitochondrial NADPH oxidase (NOX) isoforms
generate superoxide through NADPH-dependent oxygen reduction, while monoamine oxi-
dase (MAO) localised on the outer mitochondrial membrane produces hydrogen peroxide
during neurotransmitter metabolism [11,18].

The retina is enriched in polyunsaturated fatty acids, rendering photoreceptor and RPE
cells particularly vulnerable to lipid peroxidation and oxidative damage [21]. Lipid-derived
ROS propagate oxidative damage through self-amplifying chain reactions, contributing
to photoreceptor dysfunction and AMD pathogenesis [66]. Conversely, mitochondrial
uncoupling proteins (UCPs) mitigate excessive ROS production by partially dissipating the
proton gradient, thereby limiting electron leakage and supporting retinal cell survival [67].
Collectively, these convergent mtROS sources highlight the intrinsic retinal vulnerability to
redox imbalance and the necessity for precise regulation of mitochondrial redox signalling.

3.3. Experimental Tools for mtROS Detection: Methodological Constraints and Translational
Implications

Recent advances in genetically encoded biosensors have significantly enhanced our
ability to monitor mtROS dynamics in retinal cells in real-time [65]. Redox-sensitive green
fluorescent protein (roGFP) enables ratiometric quantification of the intracellular redox
state, whereas the roGFP Orpl and HyPer variants provide selective, real-time monitoring
of hydrogen peroxide dynamics. MitoSOX remains widely used for detecting mitochondrial
superoxide, although its irreversible oxidation, phototoxicity, and susceptibility to artefacts
necessitate cautious interpretation. MitoTimer provides complementary information on
cumulative mitochondrial protein oxidation and turnover [68,69].

Despite these advances, significant methodological limitations persist. Distinguishing
RET-derived ROS from ROS generated during forward electron transport at complexes I
or III in vivo remains technically challenging [34,70]. Pharmacological inhibitors such as
rotenone and antimycin A disrupt ETC function broadly and may induce compensatory
ROS production, complicating mechanistic attribution [68,71]. In addition, confocal and
multiphoton imaging of retinal tissue is constrained by limited optical access, rapid ROS
kinetics, and challenges in quantitative calibration [72,73].

Importantly, these methodological constraints have direct translational implications.
While current biosensors provide valuable mechanistic insight, their integration into clin-
ically actionable biomarker strategies remains limited. Bridging this gap will require
alignment of mtROS imaging approaches with non-invasive clinical readouts, such as
OCT-based metabolic indicators, retinal oximetry, and aqueous humour biomarkers, to
enable patient stratification and early detection of mitochondrial stress [74].

3.4. Threshold-Dependent mtROS Signalling and Pathological Consequences

mtROS play a dual role in retinal cells, acting as essential signalling molecules under
physiological conditions while contributing to oxidative damage when produced in ex-
cess [10,21,67,75]. In the retinal environment, tightly regulated mtROS signalling is required
to maintain mitochondrial function, cellular homeostasis, and neuronal survival [9,76].

Importantly, mtROS signalling does not follow a linear dose-response relationship but
is governed by threshold-dependent dynamics. Low to moderate mtROS levels support
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redox-sensitive signalling pathways and adaptive stress responses, whereas sustained or
excessive mtROS generation promotes mitochondrial dysfunction, oxidative damage, and
neurodegenerative cascades [75,77,78]. The transition between these states is determined by
the efficiency of antioxidant systems and mitochondrial quality control mechanisms [19,79].

Within this framework, mitohormesis represents the physiological manifestation of
threshold-dependent mtROS signalling, describing adaptive cellular responses elicited
below pathogenic transition points, where mitochondrial quality control pathways remain
functional [80,81]. These adaptive responses enhance cellular resilience to metabolic and
oxidative stress without triggering irreversible damage.

When mtROS levels exceed cellular buffering capacity, however, adaptive signalling
progressively shifts toward maladaptive amplification. Excess mtROS impair mitochon-
drial dynamics, compromise mitophagy, and promote the accumulation of dysfunctional
mitochondria, thereby reinforcing oxidative stress and accelerating retinal neurodegen-
eration [22,52,82,83]. This pathological transition underscores the central role of mtROS
thresholds in determining disease progression.

Collectively, threshold-dependent mtROS signalling provides a unifying mechanistic
link between physiological redox communication and mitochondrial quality control failure
in retinal neurodegenerative diseases, forming the conceptual basis for stage-specific and
mitochondria-targeted therapeutic strategies [84].

3.5. Convergent mtROS-Driven Mechanisms Across Retinal Diseases

When mtROS production overwhelms antioxidant defences, convergent pathological
cascades are initiated across retinal diseases. mtDNA, located in proximity to the ETC, is
highly susceptible to oxidative damage. Accumulated mtDNA mutations impair respira-
tory efficiency and perpetuate ROS generation. Oxidised mtDNA fragments released into
the cytosol act as danger-associated molecular patterns (DAMPs), activating innate immune
pathways such as the NLRP3 inflammasome and amplifying retinal inflammation [85-87].

Oxidised lipids and proteins compromise membrane integrity, enzymatic activ-
ity, and intracellular signalling, further propagating inflammatory and degenerative re-
sponses [16,35]. In parallel, ROS-induced disruption of mitochondrial fission—fusion dy-
namics promotes accumulation of dysfunctional organelles, reinforcing oxidative stress
and bioenergetic failure [88]. Chronic mtROS-driven inflammation and mitochondrial
network collapse thus represent shared pathogenic mechanisms across AMD, glaucoma,
and DR [16,35]. Collectively, these observations position mitochondria as both guardians
and executioners of retinal health, with cellular fate determined by the balance between
mtROS generation, detoxification capacity, and adaptive signalling thresholds.

3.6. ER-Mitochondria Communication and Lipid Redox Signalling in Retinal Stress

The endoplasmic reticulum (ER) and mitochondria form a closely coordinated sig-
nalling system that helps regulate cellular adaptation to metabolic and proteostatic stress.
Their functional interaction occurs primarily at mitochondria-associated ER membranes
(MAMs), specialised contact regions that facilitate controlled calcium exchange and re-
dox communication between the two organelles. Through these interfaces, mitochondrial
metabolism becomes tightly linked to ER protein-folding capacity and intracellular calcium
homeostasis. In retinal cells, this relationship appears particularly significant, as mitochon-
drial bioenergetics is highly sensitive to fluctuations in ER-derived calcium flux [89].

ER stress activates the unfolded protein response (UPR). This adaptive signalling
program restores proteostasis but may initiate apoptotic pathways if cellular homeostasis
cannot be re-established [90]. Emerging evidence suggests that disturbances in ER calcium
handling may precede overt mitochondrial dysfunction in several retinal disease contexts.
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Such upstream perturbations could influence both the magnitude and timing of mtROS
production, implying that mitochondrial oxidative stress should be interpreted within a
broader ER-metabolic stress axis rather than as an isolated pathogenic event.

Local regulatory systems may further modulate this interface. Endogenous factors
such as melatonin signalling and steroidogenic pathways appear capable of influencing
mitochondrial redox balance and ER-mitochondria coupling efficiency [91]. Through these
mechanisms, local modulators could partially buffer ER stress by sustaining mitochondrial
function and limiting excessive mtROS generation [92]. Nevertheless, this compensatory ca-
pacity is likely finite. When ER stress becomes prolonged or severe, adaptive signalling may
gradually collapse, allowing pro-apoptotic pathways to dominate and thereby reinforcing
mitochondrial dysfunction.

From a biomarker perspective, these observations suggest a potential temporal hi-
erarchy in which ER-derived stress signals emerge before measurable mitochondrial de-
polarisation or substantial increases in mtROS. Several studies indicate that disturbances
in ER proteostasis and metabolic balance often precede detectable mitochondrial impair-
ment [93-95]. Integrating ER stress markers with mitochondrial and metabolic readouts
may therefore enhance early disease detection and improve patient stratification within
precision-medicine frameworks [94]. Although mitochondrial parameters such as mtROS
remain widely used indicators of disease progression, they frequently become detectable
only after upstream metabolic disturbances have already developed [93,96].

Within this broader redox context, lipid peroxidation products such as 4-HNE and
F2-isoprostanes provide complementary insight into oxidative damage affecting mem-
brane structures. These molecules arise predominantly from the non-enzymatic oxidation
of polyunsaturated fatty acids within membrane phospholipids and therefore tend to
reflect membrane-level oxidative injury rather than exclusively primary mitochondrial
dysfunction. F2-isoprostanes are produced through free-radical-mediated peroxidation of
arachidonic acid and are widely considered reliable indicators of in vivo lipid oxidative
damage [97].

By contrast, prostaglandins such as PGF2« are generated enzymatically through
cyclooxygenase activity and participate in regulated physiological processes, including
inflammation and vascular tone. Clinically, PGF2« analogues such as latanoprost are widely
used in glaucoma therapy to reduce intraocular pressure by enhancing aqueous humour
outflow. Distinguishing non-enzymatic lipid oxidation from regulated prostaglandin
signalling is therefore important for accurate biomarker interpretation and therapeutic
design [98].

4. Mitochondrial Quality Control Failure in Ocular Neurodegeneration

Mitochondrial integrity in retinal cells is maintained by an interconnected network of
quality control mechanisms that regulate redox balance, organelle turnover, and proteosta-
sis. In RGCs, photoreceptors, and RPE cells, sustained mitochondrial stress arising from
continuous oxidative phosphorylation, lipid-rich membranes, and light-induced oxidative
insults necessitates efficient quality control function for cellular survival [20,82,83,99].

These systems encompass enzymatic antioxidant defences, redox-responsive transcrip-
tion governed by nuclear factor erythroid 2-related factor 2 (Nrf2) [21,75,83], dynamic regu-
lation of mitochondrial fusion, fission, and mitophagy [48], and proteostatic mechanisms
such as the mitochondrial UPR (UPRmt). Mounting evidence indicates that disruption of
these tightly integrated pathways constitutes a central driver of mitochondrial dysfunction
and neurodegeneration in glaucoma, AMD, DR, and inherited optic neuropathies [22,48,82].
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4.1. Antioxidant Enzymes and Redox Buffering Systems in the Retina

ROS are unavoidable by-products of oxidative phosphorylation, generated predom-
inantly at complexes I and III of the ETC. To limit oxidative damage while preserving
physiological redox signalling, retinal cells rely on a multilayered and highly coordinated
antioxidant network [100].

Superoxide dismutase 2 (SOD2), localised within the mitochondrial matrix, consti-
tutes the first line of defence by catalysing the conversion of superoxide into hydrogen
peroxide (H,O;) [101]. Reduced SOD2 activity leads to excessive mtROS accumulation,
accelerating photoreceptor and RPE degeneration and contributing to AMD-like pathology
and inherited mitochondrial disorders [13,102].

Detoxification of HyO, and lipid peroxides is mediated primarily by glutathione
peroxidases (GPX1 and GPX4), which utilise reduced glutathione (GSH) as an electron
donor [103]. Glutathione reductase regenerates GSH from its oxidised form using NADPH,
sustaining redox buffering capacity [104]. Because the neural retina is enriched in polyun-
saturated fatty acids and subjected to intense photo-oxidative stress, continuous GSH
recycling is essential. GSH depletion sensitises photoreceptors to oxidative injury and pro-
motes AMD-like pathology [105,106], whereas enhanced GPX4 expression confers strong
protection against retinal degeneration and ferroptotic stress [12,107].

Catalase, although predominantly peroxisomal, can translocate to mitochondria under
oxidative stress and catalyses the decomposition of H,O, into water and oxygen [108,109].
Age-associated declines in catalase activity increase RPE vulnerability and contribute to
the pro-oxidative environment characteristic of AMD [110].

Complementing the glutathione system, the mitochondrial thioredoxin 2 (Trx2) path-
way provides rapid redox buffering. Trx2, maintained in its reduced state by TrxR2, donates
electrons to peroxiredoxin 3 (Prx3), enabling efficient detoxification of H,O,. In DR, chronic
hyperglycaemia disrupts NADPH availability, impairing Trx2-Prx3 activity and sustain-
ing mtROS accumulation [59,111]. Collectively, these enzymatic systems form a dynamic
redox-buffering network that preserves mitochondrial integrity while permitting adaptive
redox signalling in retinal cells.

4.2. Nrf2 Signalling and Redox-Responsive Transcription

Nrf2 functions as the master regulator of antioxidant and cytoprotective gene expres-
sion. Under basal conditions, Nrf2 is sequestered by Kelch-like ECH-associated protein
1 (Keap1) and targeted for proteasomal degradation. Oxidative stress modifies reactive
Keap1 cysteine residues, stabilising Nrf2 and permitting its nuclear translocation, where
it activates transcription driven by the antioxidant response element (ARE). Nrf2 target
genes include SOD2, GPx isoforms, Prx3/5, enzymes involved in glutathione biosynthesis,
and NADPH-generating dehydrogenases, which are essential for maintaining cellular
redox homeostasis [112,113]. In the retina, Nrf2 confers protection to both RPE cells and
photoreceptors against photo-oxidative stress and lipid peroxidation. Genetic ablation
of Nrf2 accelerates RPE degeneration, promotes drusen-like deposits, induces chronic in-
flammation, and disrupts mitochondrial metabolism, recapitulating key features of human
AMD [114,115].

Beyond antioxidant defence, Nrf2 directly interfaces with mitochondrial quality con-
trol pathways. Stress-induced Nrf2 activation upregulates p62, an autophagy adaptor that
facilitates mitophagic clearance of damaged mitochondria [116]. Nrf2 also enhances the
expression of mitochondrial chaperones and proteases, which support proteostasis and
mitochondprial recovery [78,82]. Through these mechanisms, Nrf2 integrates redox control
with mitochondrial turnover and metabolic adaptation, positioning it as a central integrator
of retinal mitochondrial resilience.
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4.3. Mitochondrial Dynamics and Mitophagy in Retinal Neuroprotection

Mitochondrial dynamics maintain organelle function through continuous cycles of
fusion and fission, facilitating redistribution of mitochondrial components and isolation of
damaged regions. Fusion is mediated by mitofusin 1 and 2 (MFN1/2) at the outer mem-
brane and optic atrophy 1 (OPA1) at the inner membrane, promoting respiratory efficiency,
mtDNA complementation, and dilution of oxidative stress [117,118]. Disruption of MFN2
or OPAL1 results in mitochondrial fragmentation, impaired oxidative phosphorylation, and
heightened stress vulnerability, with direct relevance to glaucoma and LHON [119]. Fission,
driven primarily by dynamin-related protein 1 (DRP1), enables mitochondrial distribu-
tion and quality control [120]. However, excessive DRP1 activation promotes pathological
fragmentation and energetic failure, as observed in DR and ischemic retinal injury [121,122].

Mitophagy selectively removes dysfunctional mitochondria and is indispensable for
retinal homeostasis [79]. In the PTEN-induced kinase 1 (PINK1)/Parkin pathway, mitochon-
drial depolarisation stabilises PINK1 on the outer membrane, triggering Parkin-mediated
ubiquitination and autophagic clearance [123]. Reduced PINK1/Parkin activity leads to
accumulation of defective mitochondria in RPE cells and contributes to the progression of
AMD [124].

Receptor-mediated mitophagy via BCL2 Interacting Protein 3 (BNIP3) and NIX is
particularly relevant under hypoxic or inflammatory conditions [125]. To maintain mi-
tochondrial population size, mitophagy must be counterbalanced by mitochondrial bio-
genesis. Peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1«)
orchestrates this process by promoting mtDNA replication and synthesis of respiratory
proteins [126]. Reduced PGC-1« expression in AMD and glaucoma compromises mito-
chondrial renewal, which accelerates neurodegeneration [20].

4.4. The Mitochondrial Unfolded Protein Response

UPRmt is activated by the accumulation of misfolded or unimported proteins within
the mitochondrial matrix or inner membrane [99,127]. UPRmt induces nuclear transcription
of mitochondrial chaperones, proteases, antioxidant enzymes, and metabolic regulators
who restore proteostasis and support organelle recovery [128].

Transcription factors: activating transcription factor (ATF5), ATF4, and C/EBP ho-
mologous protein (CHOP) integrate UPRmt with the integrated stress response and Nrf2
signalling, linking proteostatic stress to broader cellular adaptation pathways [129,130].

In retinal cells, transient UPRmt activation enhances resistance to photo-oxidative
and metabolic stress. However, sustained mitochondrial dysfunction can shift UPRmt
signalling toward pro-apoptotic programmes, contributing to RPE degeneration and pro-
gression of AMD and DR. Thus, UPRmt represents a context-dependent quality control
mechanism that balances adaptive recovery against elimination of irreversibly damaged
cells. Mitochondrial quality control in the retina relies on tightly coordinated antioxidant de-
fences, mitophagy, and proteostatic mechanisms [82,131]. The core molecular components
that constrain mtROS signalling in retinal cells are summarised in Table 2, highlighting
the key quality control processes that preserve redox balance at the level of individual
mitochondria [12,16,17,19,28,81,82,99,112,122,124,125].
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Table 2. Core mitochondrial quality control components regulating mtROS in retinal cells.
Quai:gi::trol Key Components Primary Function Impact on mtROS Regulation References
Antioxidant SOD2, PRDX3/5, Detoxifies superoxide le;tisnf:icfisr?lvehmzi?os YZ:II le [12,19,122]
defence GPX1/4 and peroxides sPY & Y

signalling

Redox-responsive

Induces antioxidant

Nrf2, PGC-1¢, Nrfl/2 enzymes and Adjusts mtROS buffering to

[17,81,112]

transcription mitochondrial biogenesis metabolic/oxidative demand
. . . . Constrains or amplifies
Mitochondrial -y /ey 5 opaq prpy  Regulates fusionfission o e oi hitochondrial  [28,82,122]
dynamics balance domai .
omain segregation
. . PINK1, Parkin, BNIP3, =~ Removes damaged Prevents propagation of high
Mitophagy initiation BNIP3L/NIX mitochondria mtROS mitochondria [99,124,125]
Proteostasis and stress Removes misfolded Maintains ETC integrity
response LONP1, CLPE, UPRmt mitochondprial proteins Limits mtROS leakage [19,112,124]
Prevents lipid-driven mtROS
Lipid redox control GPX4, §ard1011p1n Supprgsses mltpchgndrlal esce'llat.lon and [12,16,19]
remodelling enzymes lipid peroxidation ferroptotic/inflammatory
signalling

SOD2: superoxide dismutase 2; PRDX3/5: peroxidoxin 3 and 5; GPX1/4: glutathione peroxidases 1 and 4; mtROS:
mitochondrial reactive oxygen species; Nrf2: nuclear factor erythroid 2-related factor 2; PGC-1x: peroxisome
proliferator-activated receptor-gamma coactivator 1-alpha; MFN1/2: mitofusin 1 and 2; OPA1: optic atrophy 1;
DRP1: dynamin-related protein 1; PINK1: PTEN induced kinase 1; BNIP3: BCL2 Interacting Protein 3; BNIP3L:
BCL2/adenovirus E1B 19 kDa-interacting protein 3-like; BCL2/adenovirus E1B 19 kDa-interacting protein 3-like;
BCL2: Interacting Protein 3 Like; LONP1: lon protease 1; CLPP: caseinolytic protease P; UPRmt: mitochondrial
unfolded protein response; ETC: Electron transport chain.

5. Molecular Modulators of Mitochondrial ROS and Quality Control

Therapeutic strategies aimed at modulating mitochondrial redox homeostasis encom-
pass both pharmacological and non-pharmacological approaches that enhance mitochon-
drial resilience through complementary mechanisms. Growing evidence suggests that
integrative therapeutic strategies combining mitochondria-targeted interventions with neu-
roprotective, anti-inflammatory, and vascular-supportive approaches may more effectively
address disease heterogeneity and promote sustained retinal resilience. In this context,
environmental enrichment has emerged as a promising non-pharmacological strategy for
enhancing mitochondrial function, reducing oxidative stress, and supporting neuropro-
tection in retinal models, providing a complementary avenue to conventional drug-based
therapies [8].

The biological impact of mtROS is determined not by absolute abundance but by
a dynamic equilibrium between redox signalling, mitohormetic adaptation, and antioxi-
dant defences coordinated by Sirtuin 1 (SIRT1), Nrf2, and PGC-1« [80,122]. Retinal neu-
rons rely on an extensive network of endogenous antioxidant systems and mitochon-
drial quality-control pathways to buffer physiological mtROS signalling and preserve
mitochondrial integrity under conditions of sustained metabolic stress [11,16,18,20,42].
Table 3 summarises the principal mitochondrial quality control modules that collec-
tively determine the transition from adaptive mtROS signalling to maladaptive ampli-
fication [12,15,19,35,36,81,82,86,112,122,125].
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Table 3. Molecular modulators of mitochondrial ROS and quality control in retinal cells.
QC Network Integrated Processes Functional Outcome Failure Consequence References
Redox—-metabolic Antioxidant systems  Adaptive mtROS signalling Energetic ‘1mbalance
. . : . 2 Maladaptive mtROS [19,122]
coupling + metabolic sensing Metabolic flexibility e
amplification
Organelle turnover Mitochondrial dynamics Renewal of mitochondrial Accumulation of
. . : : . [82,122,125]
network + mitophagy population dysfunctional mitochondria
Stress-adaptive Nrf2, PGC-1a, UPRmt  Expansion of mitochondrial =~ Exhaustion of adaptive [17,81,112]
transcription signalling capacity under stress responses T
Lipid and Cardiolipin homeostasis P rotection against Ferroptosis
. . .. lipid-driven mtROS . . [12,16,19]
membrane integrity + GPX4 activity . Inflammatory signalling
escalation
Mitochondria— mtROS, mtDNA release Controlled immune Chronic neuroinflammation
. . . N . . [15,35,36,86]
inflammation axis Inflammasome activation signalling Neuronal loss

QC: quality control; mtROS: mitochondrial reactive oxygen species; Nrf2: nuclear factor erythroid 2-related
factor 2; PGC-1ou: peroxisome proliferator-activated receptor-gamma coactivator 1-alpha; UPRmt: mitochondrial
unfolded protein response; GPX: glutathione peroxidases; mtDNA: mitochondrial DNA.

5.1. Natural Compounds and Nutraceutical Modulators

Natural antioxidants and nutraceuticals exert pleiotropic effects on mitochondrial
function, redox balance, and inflammatory signalling pathways relevant to retinal neurode-
generation. Compounds such as resveratrol, curcumin, sulforaphane, nicotinamide, and
idebenone primarily converge on SIRT1-, Nrf2-, and PGC-1x-dependent pathways, which
collectively regulate oxidative stress responses, mitochondrial biogenesis, and metabolic
flexibility in ocular tissues [132-135].

Resveratrol is among the most extensively investigated nutraceutical modulators
of mitochondrial function. SIRT1 activation promotes mitochondrial biogenesis, sup-
presses excessive ROS production, and enhances metabolic adaptability [136-138]. In
experimental models of AMD and DR, resveratrol reduces oxidative burden and improves
RGC survival [136]. Anti-inflammatory effects mediated via NF-«B inhibition have been
demonstrated in uveitis [139] while ocular surface studies indicate improved mitochon-
drial efficiency [140]. However, poor bioavailability and limited ocular penetration re-
main the primary translational barriers, necessitating advanced delivery strategies such as
nanoparticle-based or conjugated formulations [135,141].

Curcumin robustly activates Nrf2-ARE signalling by disrupting Keap1-Nrf2 inter-
actions [142,143]. Upregulation of heme oxygenase-1 (HO-1) and NAD(P)H quinone
dehydrogenase 1 (NQO1) enhances retinal resistance to oxidative stress. It confers pro-
tection in preclinical models of AMD and DR, attenuating inflammation and mitigating
photoreceptor stress [133,144-146]. As resveratrol, curcumin is limited by low systemic
stability and poor solubility, reinforcing the need for advanced ocular delivery approaches.

Sulforaphane (SFN), a potent isothiocyanate-derived Nrf2 inducer, enhances detoxi-
fication pathways and promotes autophagic clearance via transcription factor EB (TFEB)
activation [147,148]. In experimental models of AMD and DR, SFN delays RPE and pho-
toreceptor degeneration [149]. However, uncertainties regarding optimal dosing, solubility,
and ocular pharmacokinetics currently limit clinical applicability [44].

Nicotinamide replenishes intracellular NAD™* pools, which are essential for mito-
chondrial metabolism, DNA repair, and SIRT1-mediated signalling [39,150]. Preclinical
studies further confirm robust structural and functional protection of RGCs [151]. However,
long-term dosing strategies, interindividual metabolic variability, and safety thresholds
remain incompletely defined [51].
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Idebenone, a short-chain benzoquinone and synthetic analogue of coenzyme Q10, en-
hances electron transport efficiency and attenuates ROS production under conditions of im-
paired mitochondrial respiration. Its clinical relevance is best established in LHON, where
it bypasses dysfunctional complex I and reduces excessive superoxide generation [63,64].
Idebenone also modulates RET-associated ROS bursts, a key contributor to optic nerve
vulnerability in mitochondrial optic neuropathies. Partial success in LHON clinical trials
underscores mechanistic precision, while highlighting interindividual variability and the
need for predictive biomarkers [64,152].

Collectively, nutraceuticals exert biologically meaningful and mechanistically diverse
effects on retinal mitochondria but face substantial translational challenges related to
bioavailability, pharmacokinetics, and insufficient retinal targeting. Their future clini-
cal utility likely resides in combination strategies incorporating mitochondria-targeted
therapeutics or NAD"-restorative interventions.

5.2. Mitochondria-Targeted Antioxidants and Peptides

Mitochondria-targeted antioxidants, including MitoQ, SkQ1, and the mitochondria-
protective peptide S5-31, are designed to neutralise oxidative injury directly at the site
of mtROS generation. MitoQ and SkQ1 exploit triphenylphosphonium (TPP*)-driven
electrophoretic accumulation within mitochondria, a process dependent on the inner
mitochondrial membrane potential [153,154]. Through this targeting strategy, MitoQ
reduces ROS production and improves mitochondrial bioenergetics in experimental models
of retinal degeneration. Efficacy may nevertheless be attenuated in advanced stages of
retinal neurodegeneration, where progressive mitochondrial dysfunction limits therapeutic
responsiveness. Furthermore, dose-dependent systemic toxicity has been reported for
MitoQ), constraining clinical escalation and necessitating cautious optimisation of treatment
regimens [40,154,155].

SkQ1 demonstrates potent antioxidant and mitochondria-protective effects in preclini-
cal models of retinal degeneration [154-157]. Nevertheless, differences between systemic
and topical delivery efficacy underscore the ongoing difficulty of attaining adequate reti-
nal penetration without advanced formulation strategies. In contrast, SS-31 employs a
membrane-potential-independent mechanism by selectively binding cardiolipin within the
inner mitochondrial membrane. This interaction stabilises ETC supercomplexes, improves
mitochondrial efficiency, and reduces apoptotic signalling [158]. Robust neuroprotection
has been demonstrated in glaucoma models by reducing RGC apoptosis [159,160].

Clinically, SS-31 represents the most advanced mitochondria-targeted therapy in
ophthalmology. In the Phase II RECLAIM-2 trial (NCT03891875) involving patients with
dry AMD, §5-31 subcutaneous treatment resulted in statistically significant improvements
in visual function and deceleration of photoreceptor degeneration, as evidenced by a
reduced rate of ellipsoid zone loss, while maintaining an acceptable safety and tolerability
profile [161]. Ongoing Phase III trials (ReNEW and ReGAIN) will further define long-
term efficacy. Nevertheless, the need for intravitreal administration remains a significant
obstacle to widespread adoption, highlighting the importance of developing less invasive
yet equally efficient delivery platforms.

Collectively, mitochondria-targeted antioxidants and peptides provide a strong mech-
anistic rationale and robust preclinical efficacy but remain limited by delivery-related
constraints. Overcoming these barriers will require advanced ocular delivery strategies,
including nanoparticle-based systems, sustained-release formulations, and non-invasive
mitochondrial targeting approaches.
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5.3. NAD* Modulators and Bioenergetic Regulation

NAD"-enhancing compounds, including nicotinamide, nicotinamide mononucleotide,
and nicotinamide riboside, represent a promising class of metabolic therapies for retinal
neuroprotection. These agents act as precursors of NAD?*, a central coenzyme governing
cellular metabolism, mitochondrial function, and neuronal survival. Their pharmacokinetic
profiles and mechanisms of action suggest potential applications in ocular neurodegenera-
tive conditions such as glaucoma and AMD [37,38,162,163].

Restoration of NAD" supports oxidative phosphorylation, DNA repair, and mito-
chondrial dynamics—processes central to RGC survival. Nicotinamide remains the most
clinically validated precursor, rapidly increasing NAD™ levels and improving mitochon-
drial transport, morphology, and efficiency in RGCs, with confirmed functional recovery in
glaucoma patients [37,162].

Nicotinamide mononucleotide reduces cellular senescence and mitochondrial damage
in RPE cells, mechanisms relevant to early AMD, while nicotinamide riboside confers
similar metabolic benefits, albeit with more limited ocular-specific data [38,163].

Emerging NAD" analogues and tetrahydroquinoxaline derivatives offer enhanced
stability, bioavailability, and tissue selectivity. However, unresolved questions regarding
long-term safety, tissue-specific NAD™ responses, and the theoretical risk of supporting
pathological proliferation remain to be addressed [164].

5.4. Emerging Experimental Mitochondrial Interventions

Experimental approaches targeting mitochondrial dysfunction include mitochondria-
penetrating peptides (MPPs), gene-based strategies such as allotropic expression, phar-
macological enhancement of mitophagy, and modulation of nitric oxide (NO) sig-
nalling [9,42,52,165-167]. MPPs facilitate direct delivery of therapeutic cargo into mi-
tochondria, improving intracellular bioavailability while limiting systemic exposure. Their
precision targeting demonstrates encouraging preclinical potential for retinal disorders,
where enhanced mitochondrial uptake may overcome existing delivery barriers [165].

Gene-based strategies, particularly allotropic expression, relocate mitochondrial gene
transcription to the nucleus, enabling nuclear synthesis and subsequent mitochondrial
import of functional proteins. This approach provides a mechanism to bypass pathogenic
mtDNA mutations and is particularly relevant for mitochondrial optic neuropathies, in-
cluding LHON [166].

Mitophagy enhancers promote selective removal of dysfunctional mitochondria,
thereby reducing oxidative stress and preserving neuronal viability in glaucoma and DR
models. However, excessive activation may destabilise cellular metabolism, underscoring
the need for precise therapeutic control [52,167].

Aberrant NO signalling further contributes to mitochondrial impairment in ocular
tissues. Consequently, NOX inhibitors targeting dysregulated NO pathways are being
explored for their potential to reduce oxidative injury and support mitochondrial function
in models of retinal and optic nerve disease [167].

Despite encouraging preclinical findings, efficient tissue-specific delivery, minimisa-
tion of off-target effects, and demonstration of long-term safety remain essential prerequi-
sites for clinical translation of these experimental modalities.

5.5. Mechanistic Constraints and Opportunities: Hormesis, RET, and Redox Biosensing

Adaptive, threshold-dependent mtROS responses define the non-linear relationship
between ROS levels and cellular resilience. Subthreshold ROS elevation activates Nrf2-,
SIRT1-, and mitochondrial biogenesis pathways, enhancing retinal resistance to injury. In
contrast, excessive ROS levels trigger apoptosis and neurodegeneration [13,80,81]. Un-
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derstanding these hormetic response curves is critical for defining therapeutic windows,
as indiscriminate antioxidant intervention may inadvertently suppress beneficial redox
signalling [122,168].

To conceptualise this non-linearity during retinal disease progression, Figure 2 il-
lustrates a continuum from physiological mtROS signalling to retinal neurodegeneration
driven by progressive failure of mitochondrial quality control mechanisms. This framework
integrates threshold-dependent mtROS signalling, RET-dependent mtROS amplification,
and the progressive narrowing of the therapeutic window for effective redox-targeted
interventions [15,17-20,36-42,50,75,122].

Loss of therapeutic
reversibility

Compensated mitochondrial Decompensated

stress mitochondrial stress
(Therapeutic window) (mtROS amplification)
« Moderately mtROS elevation « High, dysregulated mtROS
- QC pathways active « QC systems overwhelmed

- Adaptive survival responses - Feed-forward damage

Progressive exhaustion of mitochondrial quality-control pathways J

Antioxidant . ; Mitochondrial ’
enzymes J ( Nrf2 signalling J [ dynamiies ) ( Mitophagy J [ mtUPR J

)

DECOMPENSATED

( QC overwhelmed J ( Nrf2 failure ] [ Fr(ajgmenta.tlon/ ] [Mitophagy failure J [ mtUPR failure J
ysfunction

Figure 2. Threshold-dependent mtROS signalling in retinal neurodegeneration. Physiological mtROS
maintain retinal homeostasis under intact mitochondrial quality control. During compensated mi-
tochondrial stress, moderately elevated mtROS trigger adaptive responses, defining a therapeutic
window for precise mtROS modulation. Exhaustion of antioxidant defences, mitochondrial dy-
namics, and mitophagy transforms mtROS into self-amplifying drivers of dysfunction, leading to
irreversible neuronal loss beyond the threshold. mtROS: Mitochondrial Reactive Oxygen Species;
QC: Mitochondrial Quality Control; NAD: Nicotinamide adenine dinucleotide; Nrf2: Nuclear factor
erythroid 2-related factor 2; PGC-1a: Peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha; MitoQ: Mitoquinone mesylate; SkQ1: plastoquinonyl-decyl-triphenylphosphonium;
DRP1: Dynamin-related protein 1, MFN1/2: Mitofusin 1/2; OPA1: Optic Atrophy 1; BNIP3/BNIP3L:
BCL2/adenovirus E1B 19 kDa interacting protein and BNIP3-like protein; UPRmt: Mitochondrial
unfolded protein response.

NAD" availability plays a central role in mitochondrial metabolism and redox balance.
As a key coenzyme in energy production, NAD* supports mitochondrial function and
regulates mitophagy through its influence on SIRT1 activity, which governs mitochondrial
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biogenesis and stress responses. Reduced NAD™ levels impair these regulatory mechanisms,
compromising mitochondrial quality and increasing disease susceptibility [169].

Closely linked to this process is mitophagic efficiency. Mitophagy enables the selective
removal of damaged mitochondria, thereby preventing the accumulation of dysfunctional
organelles and limiting oxidative stress. The PINK1-PRKN pathway represents one of
the well-characterised regulatory mechanisms of mitophagy, and its disruption has been
strongly associated with neurodegenerative disorders [15,169].

Another crucial determinant is the balance between ROS and antioxidant defences.
Mitochondrial metabolism continuously produces ROS, which, if insufficiently neutralised,
can damage mtDNA, proteins, and membranes. Adequate antioxidant reserves, therefore,
play a protective role in maintaining mitochondrial integrity and preventing oxidative
injury [170,171].

Mitochondrial membrane potential is essential for ATP synthesis and ionic homeosta-
sis. Its disruption represents a hallmark of mitochondrial dysfunction and can trigger the
release of pro-apoptotic factors, ultimately initiating cell death pathways [172].

These mechanisms are highly interconnected. Alterations in one regulatory component
often propagate through others, collectively determining the threshold at which mitochon-
drial dysfunction becomes pathological. Consequently, effective therapeutic strategies
may require integrated approaches targeting multiple dimensions of mitochondrial quality
control simultaneously.

RET-generated ROS represent a physiologically regulated yet potentially pathological
burst of superoxide formed during reverse electron flow at complex I [63,64,152].

Advances in mitochondrial biosensors, including mtROS probes, NAD* /NADH ratio
sensors, and mitophagy reporters, are refining the mechanistic insight of these pathways.
However, in vivo application remains constrained by phototoxicity, probe instability, and
challenges in discriminating mitochondrial from cytosolic ROS, underscoring the need for
standardised metabolic readouts and improved biosensor design [52,65,82,148,173].

6. Strategies for Mitochondria-Targeted Therapeutic Intervention in
the Eye

The high degree of cellular specialisation and compartmentalisation within retinal neu-
rons further complicates subcellular targeting strategies. Although recent advances in local
administration techniques, nanocarrier engineering, and sustained-release systems have
increased the feasibility of mitochondrial delivery, substantial biological and technological
barriers continue to limit clinical implementation [36,174,175].

6.1. Barriers to Ocular and Mitochondrial Targeting

Drug delivery to the posterior segment of the eye is intrinsically constrained by multi-
ple anatomical and physiological barriers, including the cornea, conjunctival epithelium,
blood—aqueous barrier, and blood-retinal barrier [176]. Topical administration is particu-
larly limited by rapid tear film turnover, nasolacrimal drainage, and restricted transcorneal
permeability, resulting in negligible retinal drug concentrations [177]. Systemic delivery
is similarly hindered by the tight junctions of the blood-retinal barrier, rendering local
administration strategies essential for effective therapy in the posterior segment [174,175].

Mitochondrial targeting introduces an additional layer of complexity. The inner mi-
tochondrial membrane maintains a highly negative membrane potential (A¥m), which
restricts entry of hydrophilic or anionic molecules while favouring electrophoretic accu-
mulation of lipophilic cations such as TPP* [153,178]. This principle underlies many
mitochondria-targeted antioxidants. In dysfunctional mitochondria, A¥Ym decreases,
thereby reducing membrane potential-dependent uptake; this limitation contributes to
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neurodegeneration, especially the loss of RGCs in glaucoma and the oxidative injury that
characterises AMD [42,179]. This inconsistency highlights the need for delivery systems
that can function under conditions of mitochondrial stress and depolarisation.

6.2. Local Routes of Ocular Administration

Topical eye drops offer a non-invasive and patient-friendly route of administration but
deliver negligible quantities of drugs to the posterior segment, confining their utility largely
to anterior segment disorders [180,181]. Intravitreal injection remains the clinical gold stan-
dard for retinal drug delivery, providing direct access to the vitreous cavity and enabling
diffusion toward RGCs and photoreceptors. While mitochondria-targeted compounds
such as MitoQ and SkQ1 are conceptually suitable for intravitreal delivery, long-term
in vivo evidence demonstrating sustained mitochondrial accumulation remains limited.
Moreover, repeated intravitreal injections increase the risk of complications, including
endophthalmitis, retinal detachment, and cumulative patient burden [182].

Subretinal administration enables highly efficient delivery to photoreceptors and the
RPE and is therefore preferred for gene therapies targeting outer retinal degeneration. How-
ever, its surgical invasiveness and spatially restricted transduction limit widespread retinal
coverage [183]. Suprachoroidal delivery has recently emerged as a minimally invasive
alternative for distributing therapeutics across the choroid and outer retina. Preliminary
studies suggest potential applicability for mitochondrial modulators requiring broad retinal
penetration, although direct evidence supporting mitochondrial targeting via this route
remains limited [184].

6.3. Carrier and Delivery Technologies

Advances in nanoengineering have enabled the development of diverse carrier sys-
tems designed to enhance mitochondrial targeting in ocular tissues. Liposomes, composed
of biocompatible phospholipid bilayers, can encapsulate both hydrophilic and lipophilic
agents and may be functionalised with TPP* or mitochondria-targeting peptides to promote
mitochondrial accumulation [87,185,186]. Polymeric nanoparticles, including poly(lactic-
co-glycolic acid) (PLGA) systems, provide tunable size, biodegradability, and sustained
drug release. These features are particularly advantageous for chronic retinal diseases
requiring prolonged mitochondrial modulation [187,188].

Lipophilic cations, particularly TPP* derivatives, function as mitochondrial address
tags that exploit the negative A¥m to enhance accumulation of conjugated antioxidants,
thereby improving protection against oxidative retinal injury [189,190]. MPPs offer a
complementary targeting strategy that does not rely on membrane potential, enabling
translocation across mitochondrial membranes even under depolarising conditions. This
property renders MPPs promising carriers for proteins, nucleic acids, and small molecules
in diseases characterised by mitochondrial dysfunction [25,165].

6.4. Sustained-Release and Implantable Systems

Given the chronic and progressive nature of mitochondrial dysfunction in ocular
neurodegenerative diseases, sustained exposure to mitochondria-targeted therapeutics is
essential for durable neuroprotection. Biodegradable intravitreal implants, microspheres,
and polymer-based delivery systems enable maintenance of therapeutic drug levels over
extended periods while reducing the frequency of invasive interventions [135]. Existing
clinical implants, such as dexamethasone-releasing devices used in macular oedema and
AMD, provide a translational precedent for adapting similar platforms to deliver mitotropic
agents to RGCs and photoreceptors [191,192].

Stimuli-responsive materials, including hydrogels and redox-sensitive polymers, are
designed to release therapeutic cargo in response to oxidative stress, pH shifts, or other
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microenvironmental cues associated with mitochondrial injury. Such adaptive release
strategies may enhance both efficacy and safety by concentrating drug exposure during
periods of heightened mitochondrial vulnerability [193-195].

6.5. Unresolved Challenges in Retina-Specific Mitochondrial Targeting

Despite substantial technological progress, multiple challenges continue to limit ef-
fective mitochondrial targeting in the retina [153,178]. Achieving selective targeting of
RGCs, photoreceptors, or RPE cells remains difficult, as each cell type exhibits distinct
mitochondrial architectures and metabolic environments that influence carrier uptake and
intracellular trafficking [154,178,186].

Following cellular internalisation, carriers must escape endosomal compartments and
traverse the cytosol to reach mitochondria, a process that remains inefficient for many
nanoparticles and peptide-based systems [25,165]. In addition, oxidative conditions within
diseased retinal tissue may destabilise carriers or degrade sensitive therapeutics, further
reducing effective mitochondrial delivery [26,42,73].

Excessive accumulation of therapeutic agents in mitochondria also raises safety con-
cerns, as disruption of physiological ROS signalling, and ETC function may occur [122,179].
Chronic modulation of mitochondrial pathways lacks comprehensive toxicological and
pharmacodynamic evaluation, particularly regarding effects on mtDNA integrity, mi-
tophagy, and long-term metabolic adaptation [12,13,36].

Collectively, these unresolved challenges emphasise the need for delivery platforms
capable of operating under mitochondrial stress, maintaining stability in oxidative environ-
ments, and achieving precise subcellular targeting without compromising mitochondrial
homeostasis. Continued refinement of these technologies is essential for enabling clinically
meaningful mitochondrial-targeted interventions in ocular neurodegenerative disease. As
these limitations shape the development of next-generation mitochondrial therapeutics,
careful evaluation of experimental models, functional endpoints, and emerging biomarkers
will be critical for guiding translational progress.

7. Experimental Models, Functional Endpoints, and Translational Biomarkers

Given the complexity of mitochondrial dysfunction and redox regulation in retinal
neurons and supporting cells, no single model can fully capture disease-relevant mecha-
nisms across spatial and temporal scales. Therefore, a combination of in vitro, in vivo, and
clinically translatable functional endpoints is required to bridge mechanistic insight with
therapeutic development and regulatory approval.

7.1. In Vitro Models of Retinal Mitochondrial Dysfunction

In vitro retinal models constitute a fundamental platform for probing mitochondrial
mechanisms, confirming target engagement, delineating safety profiles, and evaluating
candidate therapeutics prior to in vivo validation. Conventional two-dimensional (2D)
cultures have been widely used since the early 20th century due to their reproducibility,
low cost, and suitability for long-term and high-throughput studies [196]. However, 2D
systems fail to reproduce the three-dimensional architecture, cellular heterogeneity, and
extracellular matrix interactions characteristic of retinal tissue, limiting their ability to
model complex mitochondrial stress responses and intercellular metabolic coupling.

Primary RPE cells isolated from adult or fetal human eye cups provide a closer re-
semblance to native RPE physiology, including polarisation and barrier function [197].
Nevertheless, their limited proliferative capacity and progressive acquisition of mesenchy-
mal features restrict long-term applicability. Immortalised RPE lines, including adult
retinal pigment epithelial cell line (ARPE-19) and human telomerase reverse transcriptase-
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immortalised retinal pigment epithelial-1 (TERT-RPE1), were developed to overcome these
constraints. However, ARPE-19 cells exhibit variable differentiation capacity, altered gene
expression profiles, and phenotype drift across culture conditions and passages, reducing
reproducibility across laboratories [198].

More recently, RPE differentiation from embryonic stem cells (ESCs) has emerged as a
robust alternative. ESC-derived RPE cells demonstrate high morphological, functional, and
transcriptional similarity to native RPE and are particularly suitable for drug screening and
transepithelial transport assays [199].

Beyond monolayer cultures, human stem cell-derived retinal organoids (ROs) have
transformed in vitro retinal disease modelling. First reported in 2011, optic vesicle-like
structures derived from ESCs and induced pluripotent stem cells (iPSCs) self-organise
into laminated retinal tissue containing all major neuronal cell types and Miiller glia,
recapitulating retinal development, morphogenesis, and polarity [200]. Integration with
microfluidic platforms further enables modelling of biochemical gradients and metabolic
stress, positioning ROs as next-generation tools for studying mitochondrial dysfunction
and screening mitochondria-targeted therapies.

7.2. In Vivo Models of Retinal Neurodegeneration

In vivo models remain indispensable for evaluating disease progression, systemic
responses, and therapeutic safety. DR models include chemically induced diabetes via
streptozotocin (STZ) or alloxan, dietary interventions, laser-induced injury, and genetically
modified strains [201]. STZ-induced diabetes is most commonly used due to rapid disease
onset, whereas dietary models require longer durations. Genetically modified mice such as
Ins2Akita, db/db, and non-obese diabetic strains model specific metabolic components of
DR. Combined models, exemplified by the Akimba mouse (VEGF overexpression crossed
with Akita diabetes), better recapitulate features of both early and advanced DR. Although
most models predominantly reflect non-proliferative stages [201].

Animal models of AMD have been developed in rodents, rabbits, pigs, and non-
human primates. Rodent models offer low cost and genetic tractability but lack a macula, a
major anatomical limitation [202]. Nevertheless, key AMD-associated features—including
Bruch’s membrane thickening, subretinal deposits, chronic inflammation, and microglial
activation—have been reproduced through genetic manipulation of complement pathways
(CFH, C3), chemokines (Ccl2, Cxcrl), and antioxidant defences (Sod1, Sod2), as well as
through dietary and laser-based approaches [202].

Glaucoma models exploit both genetic predisposition and induced ocular hyperten-
sion. The DBA/2] mouse develops a spontaneous age-related increase in intraocular
pressure, progressive RGC loss, and optic nerve degeneration. Additional transgenic mod-
els express mutations in Myoc, optineurin, or Cyplbl, facilitating dissection of specific
pathogenic mechanisms [203]. No single in vivo model captures the full spectrum of glau-
coma pathology; however, models that combine mitochondrial stress with mechanical or
metabolic insults are most informative for studying early mtROS dysregulation.

7.3. Functional and Molecular Endpoints

Robust functional and molecular endpoints are essential for assessing mitochondrial
integrity and therapeutic efficacy. Mitophagy plays a central role in maintaining mtDNA
quality, particularly in heteroplasmic disorders where mutant mtDNA burden determines
disease severity. Quantification of mitophagy remains technically challenging, requiring
integration of multiple approaches [204].

Clinical studies underscore the translational relevance of retinal mitochondrial end-
points. In patients with genetically defined mitochondrial diseases, reduced visual acuity
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and full-field electroretinography (fERG) amplitudes correlate with decreased outer nuclear
layer volume on spectral-domain optical coherence tomography (SD-OCT), connecting
structural degeneration to mitochondrial dysfunction [205].

Imaging biomarkers further enhance mechanistic insight, underscoring the need for
biomarker-guided identification of therapeutic windows. Hyperreflective foci (HRF) on
OCT represent a validated risk marker for AMD progression and correspond to hyperaut-
ofluorescent signals on fundus autofluorescence (FAF) imaging. Fluorescence lifetime imag-
ing ophthalmoscopy (FLIO) enables spectral and temporal characterisation of FAF, revealing
prolonged lifetimes and hypsochromic emission shifts during RPE dysmorphia and migra-
tion, suggesting early metabolic alterations preceding structural degeneration [206,207].

Molecular analyses demonstrate that mtDNA damage accumulates with normal age-
ing but is markedly exacerbated in AMD. Karunadharma et al. demonstrated region-wide
mtDNA lesion accumulation in AMD RPE exceeding nuclear DNA damage by nearly
eightfold, supporting mitochondrial dysfunction as a core pathogenic driver [208]. Mi-
tophagy assessment employs Western blotting, immunohistochemistry, reporter mice (e.g.,
LC3-based fluorescent models), and transmission electron microscopy, which remains the
gold standard despite high cost and limited tissue availability [204,208].

7.4. Biomarkers for Clinical Translation

Translational biomarkers connecting mitochondrial function to clinical outcomes are
critical for therapeutic development. Flavoprotein fluorescence (FPF) imaging enables non-
invasive assessment of mitochondrial redox state, with elevated intensity and heterogeneity
observed in diabetic eyes and proliferative DR, correlating with visual impairment [209].
Unlike purely structural imaging, FPF provides metabolically targeted insight into retinal
mitochondrial dysfunction.

MicroRNAs (miRNAs) have emerged as additional biomarkers and therapeutic tar-
gets. Dysregulated miRNA profiles influence mitochondrial dynamics, oxidative stress re-
sponses, and cell survival pathways across retinal diseases, offering mutation-independent
indicators of disease progression and therapeutic response [210].

For instance, miR-96 and miR-182 contribute to retinal degeneration by affecting
mitochondrial function in photoreceptor cells. Dysregulated miRNAs in retinal dis-
eases, therefore, show potential as biomarkers of mitochondrial dysfunction in ocular
pathologies [210].

Despite their promise, clinical application remains challenging. Variability in miRNA
expression across disease stages and conditions complicates their reliability as biomarkers.
Further research is required to standardise miRNA-based diagnostics and therapeutics
across diseases [211,212].

8. Clinical and Regulatory Perspectives on Retinal Mitochondrial Dysfunction

Mitochondria-targeted interventions for ocular neurodegenerative diseases are in-
creasingly advancing from preclinical validation toward clinical evaluation. This transition
introduces distinct regulatory, methodological, and translational challenges that arise from
mitochondria’s pleiotropic roles in cellular metabolism, redox signalling, calcium homeosta-
sis, inflammation, and cell survival [14,41]. Therapeutic modulation of mitochondrial func-
tion, therefore, requires an integrated clinical framework that aligns mechanistic rationale,
patient selection, endpoint definition, delivery strategies, and long-term safety monitoring.

8.1. Clinical Trials Targeting Mitochondrial Dysfunction in Ocular Diseases

Clinical translation of mitochondrial therapies has progressed most prominently in
inherited optic neuropathies, particularly LHON, in which primary pathogenic mechanisms
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directly involve mtDNA mutations impairing oxidative phosphorylation. Gene therapy
strategies designed to restore respiratory chain function have yielded the most compelling
clinical evidence to date. Five-year follow-up data from lenadogene nolparvovec gene
therapy demonstrated sustained visual improvement or stabilisation in a subset of patients
with ND4-associated LHON, supporting the durability of mitochondrial rescue at the level
of RGCs [213].

Additional clinical trials continue to explore gene replacement strategies targeting
mitochondrial complex I subunits, including ND1-associated LHON (Neurophth Ther-
apeutics Inc., NCT05820152) and the Gene Therapy Clinical Trial for the Treatment Of
Leber’s HereDitary Optic Neuropathy (GOLD) trial conducted by Wuhan Neurophth
Biotechnology (NCT04912843). Collectively, these studies establish LHON as a leading
proof-of-concept indication for mitochondrial therapeutics, supported by its monogenic
aetiology, relative preservation of retinal architecture at early disease stages, and availability
of quantifiable functional visual endpoints [63,213].

Beyond gene therapy, pharmacological modulation of mitochondrial structure and
bioenergetics has entered clinical evaluation. Elamipretide (55-31), a mitochondria-targeted
tetrapeptide that stabilises cardiolipin and enhances ETC efficiency, has been investigated
in randomised clinical trials in LHON. While primary visual acuity endpoints have shown
variable responses, secondary outcome measures indicate potential benefits on retinal
function, mitochondrial bioenergetic stability, and stress resilience [209]. These observa-
tions emphasise the importance of disease stage, therapeutic timing, and the selection of
sensitive functional and metabolic endpoints when assessing mitochondrial interventions
in neurodegenerative conditions.

Broader analyses of LHON clinical trials further highlight the need for harmonised
outcome measures, refined patient stratification based on mutation type and residual
mitochondrial reserve, and extended follow-up durations to capture delayed or cumulative
mitochondrial recovery [118]. Together, these clinical experiences provide a translational
template for extending mitochondrial therapeutic strategies to more complex, multifactorial
retinal diseases.

8.2. Pharmacological Complexity and Nutraceutical Approaches

Mitochondria-targeted compounds (MTCs) exert multifaceted biological effects due
to the highly interconnected nature of mitochondrial processes, including redox balance,
ATP synthesis, calcium handling, and apoptotic signalling. Consequently, both therapeutic
efficacy and safety profiles are strongly dose-dependent. Mild uncoupling of oxidative
phosphorylation may attenuate mtROS generation and confer cytoprotective effects. How-
ever, excessive uncoupling or high-dose antioxidant exposure can impair ETC function,
disrupt physiological redox signalling, or induce pro-oxidant effects [178,214].

To date, the majority of preclinical and clinical data in ocular disease have been
generated using lipophilic triphenylphosphonium-based antioxidants, such as MitoQ
and SkQ1, or cardiolipin-stabilising peptides such as elamipretide. While these agents
validate mtROS as a therapeutically relevant target, their limited clinical penetration and
variable efficacy highlight the need for next-generation mitochondria-targeted molecules
with improved specificity, pharmacokinetics, tissue distribution, and long-term safety
profiles [40,189].

In parallel, nutraceuticals have gained increasing attention as adjunctive strategies for
mitochondrial support in ocular neurodegeneration. Nutraceuticals may serve as adjunc-
tive strategies for mitochondrial support in chronic retinal disease [138,146]. Despite gener-
ally favourable safety profiles, clinical translation remains constrained by poor bioavailabil-
ity, variable ocular tissue penetration, and inconsistent dosing regimens. These limitations
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are largely governed by physicochemical properties, including solubility, lipophilicity, and
molecular weight, which critically influence intestinal absorption and cellular uptake [215].

Nevertheless, nutraceuticals represent a potentially valuable complementary approach,
particularly for chronic retinal diseases requiring long-term intervention. Clinical imple-
mentation will require rigorously designed, adequately powered trials incorporating stan-
dardised formulations, controlled dosing strategies, and mitochondrial-specific functional
endpoints [214,215].

8.3. Roadmap for Clinical Translation

Future clinical translation of mitochondprial therapies in ophthalmology is expected
to benefit from a phased, indication-specific development strategy. Early-phase clinical
trials are most likely to succeed in diseases characterised by a strong mitochondrial aeti-
ology, preserved retinal structure, and availability of sensitive functional and metabolic
biomarkers, as exemplified by inherited optic neuropathies [41,64]. Patient stratification
based on genetic background, metabolic reserve, and disease stage is anticipated to enhance
therapeutic signal detection and reduce clinical heterogeneity.

Combination therapeutic strategies represent a promising direction. In multifactorial
disorders such as AMD and DR, mitochondria-targeted interventions may complement
existing standards of care, including anti-VEGEF therapies, by addressing neurodegenerative,
metabolic, and inflammatory components that remain insufficiently targeted by existing
treatments [14,50].

From a regulatory perspective, long-term safety monitoring is essential given the
central role of mitochondria in systemic cellular homeostasis. Clinical trial designs should
incorporate assessment of systemic exposure, off-target effects, and potential interference
with physiological redox signalling. The integration of advanced retinal imaging modalities,
functional mitochondrial biomarkers, and refined ocular delivery systems is expected to
facilitate regulatory evaluation and accelerate approval pathways for mitochondria-directed
therapies [175,187,207].

Collectively, these considerations position mitochondrial therapeutics as a transfor-
mative yet technically and regulatory demanding frontier in ophthalmology, with suc-
cessful translation dependent on precision targeting, rational combination strategies, and
biomarker-informed patient selection.

9. Key Knowledge Gaps and Research Priorities

mtROS constitute a central regulatory axis in retinal homeostasis, integrating cel-
lular metabolism, stress adaptation, and neuroinflammatory signalling [63]. While
major advances have clarified mitochondrial contributions to glaucoma, AMD, DR,
and LHON, critical conceptual and translational gaps continue to limit therapeutic
progress [9,22,42,48,148,216]. Addressing these gaps requires a shift from descriptive
pathology toward quantitative, cell-type-resolved, and clinically actionable models of
mitochondrial dysfunction [138,217].

9.1. The Central Paradox of mtROS Signalling

A persistent conceptual challenge arises from the dual and context-dependent nature
of mtROS. Under physiological conditions, mtROS function as signalling intermediates
that regulate redox-sensitive transcription, mitochondrial biogenesis, ion homeostasis, and
adaptive mitophagy, thereby sustaining retinal neurons in physiological conditions while
preserving redox adaptability [17,19,20]. When mitochondrial quality control systems
remain intact, these signals promote metabolic flexibility and cellular resilience.
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In contrast, mitochondrial ETC impairment, lipid peroxidation, and mtDNA instability
shift mtROS signalling toward maladaptive amplification, triggering inflammasome activa-
tion, ferroptosis, and apoptotic cascades [12,15,16,35]. Importantly, this transition is neither
linear nor uniform across retinal cell types or disease contexts. Defining vulnerability
thresholds that delineate adaptive from pathological mtROS signalling remains a critical
unmet need. Establishing this “therapeutic window”, a redox range in which interven-
tions enhance resilience without disrupting essential signalling, is therefore a priority for
translational progress [19,81,122].

Achieving this goal will require integrative experimental platforms that can capture the
rapid, subcellular-scale fluctuations of mtROS in vivo. Ratiometric biosensors, single-cell
redox imaging, multiphoton metabolic microscopy, and combined OCT/ERG functional
readouts remain underutilised despite their capacity to define actionable boundaries be-
tween adaptive and pathological mtROS signalling [34,65,72].

9.2. Mitochondrial Heterogeneity Across the Retina

The retina comprises a mosaic of mitochondrial phenotypes shaped by distinct struc-
tural and functional requirements across retinal cell types. RGCs rely heavily on axonal
transport and NAD* metabolism, while photoreceptors operate at near-maximal ener-
getic throughput. The RPE exhibits a unique susceptibility to lipid oxidation and defec-
tive mitophagy [13,18,28,29]. Despite advances in single-cell and spatial transcriptomics,
mitochondrial proteomics, and metabolomics, the field lacks a unified atlas integrating
metabolic, spatial, and redox parameters across health and disease states [43,44].

Such an atlas must resolve mitochondrial states across neuronal, glial, and vascular
compartments, while capturing disease stage-specific transitions and microenvironmen-
tal influences. Current inconsistencies in sample preparation, sequencing pipelines, and
computational analyses limit the comparability of findings across studies. Standardisation
of mitochondrial profiling, integration of high-resolution metabolic imaging, and appli-
cation of predictive computational models are therefore essential steps toward precision
mitochondrial medicine in ophthalmology [20,74,82].

9.3. Therapeutic Opportunities and Limitations in Retinal mtROS Dysfunction

Although mitotropic antioxidants, NAD* boosters, modulators of mitochondrial dy-
namics, mitophagy regulators, and gene-based interventions show promise in preclinical
models, their clinical translation remains limited. Barriers include insufficient intravit-
real penetration, variable uptake into RGC and RPE mitochondria, and heterogeneous
mitochondrial membrane potentials that unpredictably influence drug accumulation and
efficacy [153,178,186].

To contextualise therapeutic strategies within the trajectory of progressive mitochon-
drial dysfunction, Table 4 summarises stage-specific interventions alongside their principal
limitations [1,7,15,17-20,22-24,28,34-36,40-42,45,46,50,75,122,180]. This framework em-
phasises that therapeutic efficacy is tightly constrained by disease stage and mitochondrial
quality control capacity, and that mistimed interventions may attenuate benefit or exacer-
bate dysfunction.
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Table 4. Stage-specific mitochondria-targeted therapies and limitations in retinal neurodegeneration.

Disease Stage/ = mtROS Status and  Therapeutic Key Limitations and

Primary Rationale References

Mitochondrial State QC Capacity Strategy Risks
No Preserves adaptive Rlsl;ri)tfe;gglnet(i:gisary
Physmloglc.al Regulated mtROS intervention /redox redox s1gnalh'ng disrupting [17-20]
homeostasis Intact QC . and metabolic . .
hormesis . physiological
flexibility ! ;
signalling
Restores redox Narrow therapeutic
Compensated p
mitochondrial stress Precision mtROS balance W1’fh0ut range [19,34-36,40]
(Therapeutic window) modulation suppressing Requires accurate
p essential signalling  disease staging
Moderately QC enhancement Reinforces Context- and
elevated mtROS  (Nrf2 activation, endogenous onte
S db . ) . cell-type—dependent [18,20,50,75]
tressed but mitophagy stress-adaptation officac
functional QC support) mechanisms y
Mitochondria- Reduces excessive Limited clinical
mtROS while evidence
targeted reservin Risk of signallin [40-
antioxidants (e.g., p & . ghatiing 42,75,122]
MitoQ, SkQ1) mitochondrial interference if
! function mistimed
. Slows progression Reduced reversibility
Decompensated aft‘;?f;ﬁzi Ian;gg% by limiting Diminished  [15,50,75,122,
mitochondprial stress restoration oxidative mitochondrial 180]
High mtROS amplification responsiveness
Failing QC Modulation of Stabilises Off-target effects
. . mitochondrial ~ Potential impairment
mitochondrial K ¢ . [50,75,122]
dvnamics networks under of adaptive
y stress fission—fusion
. Neuroprotective or Does not restore
Neurodegeneration . Preserves . .
(Point of no return) o symptomatic remaining function mitochondrial [1,7,22-24]
Self-amplifying therapy integrity

mtROS;
Collapsed QC  Regenerative/cell-
based approaches

Replaces lostor ~ Experimental stage
irreversibly Limited integration  [45,46,180]
damaged cells  into existing circuitry

mtROS: Mitochondrial reactive oxygen species; QC: Quality control; Nrf2: Nuclear factor erythroid 2-related
factor 2; MitoQ: Mitoquinone mesylate; SkQ1: plastoquinonyl-decyltriphenylphosphonium.

The table conceptualises retinal neurodegeneration as a stage-dependent continuum
defined by mitochondrial quality control capacity and mtROS signalling state. Therapeutic
efficacy is critically dependent on disease stage, with the greatest potential for benefit
residing within a narrow therapeutic window characterised by partially preserved mito-
chondrial QC. Interventions applied outside their appropriate stage may attenuate benefit
or exacerbate dysfunction, underscoring the importance of precise patient stratification
and timing.

Emerging delivery platforms, including nanoparticles, lipophilic conjugates, supra-
choroidal formulations, and mitochondria-targeting vectors such as triphenylphospho-
nium and cardiolipin-binding peptides, offer new opportunities to overcome these bar-
riers [165,180,194]. However, their mitochondrial pharmacokinetics, long-term retention,
and off-target redox effects remain poorly characterised. Establishing standardised pro-
tocols for mitochondrial drug profiling is therefore a prerequisite for rational therapeutic
development [12,122,179].
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9.4. Biomarkers for Patient Stratification and Early Detection

Effective translation of mtROS-targeted therapies requires biomarkers capable of
detecting mitochondrial stress before irreversible neurodegeneration occurs. Conven-
tional structural and electrophysiological metrics primarily capture late-stage damage and
lack sensitivity to early metabolic decline [32,73]. Candidate biomarkers include aqueous
humour mtDNA parameters, heteroplasmy burden, mitochondrial-derived peptides, oxida-
tive damage signatures, metabolic ratios, retinal oximetry, and OCT-A-based microvascular
metrics linked to mitochondrial dysfunction [12,13,44].

Recent precision-medicine approaches in DR further emphasise the importance of
genetic and epigenetic biomarkers in defining disease trajectories and therapeutic respon-
siveness, reinforcing the need for mitochondrial- and redox-informed patient stratification
frameworks [54]. Integrating these measures into composite mitochondrial stress indices
may enable biomarker-enriched clinical trials and improve patient stratification [43].

9.5. Collaborative Frameworks for Translational Research

Traditional clinical trial designs often lack mitochondrial biomarkers, metabolic en-
dotyping, and early functional endpoints, limiting their capacity to detect meaningful
neuroprotection. Adaptive, biomarker-guided trial frameworks anchored in mitochondrial
dysfunction rather than broad phenotypic classifications may provide a more efficient trans-
lational pathway [41]. Progress will depend on interdisciplinary collaboration spanning
molecular biology, ophthalmology, pharmacology, computational science, and regulatory
medicine, supported by harmonised methodologies and validated mitochondrial end-
points [13,28].

10. Future Directions for Precision Mitochondrial Therapies

Advancing therapeutic strategies for retinal neurodegeneration will likely require a
transition toward precision mitochondrial medicine, in which interventions are adapted
to the disease stage and to the specific mitochondrial susceptibilities of individual pa-
tients. A growing body of evidence suggests that mitochondrial dysfunction may repre-
sent a common pathogenic axis across several major ocular neurodegenerative disorders,
including glaucoma, AMD, DR, and inherited optic neuropathies [8,9,164]. Neverthe-
less, the mechanisms underlying mitochondrial impairment appear to differ across dis-
eases and across stages of progression, underscoring the importance of biomarker-guided
therapeutic strategies.

Progress in retinal imaging technologies, together with advances in spatial and single-
cell omics, and the identification of mitochondrial biomarkers, provides promising opportu-
nities to detect early signatures of mitochondrial stress and to characterise patient-specific
risk profiles [42,75,122]. Such approaches may allow mitochondrial dysfunction to be recog-
nised before irreversible neuronal loss occurs, thereby potentially widening the therapeutic
window for intervention.

Future therapeutic strategies will likely involve stage-specific and combinatorial ap-
proaches. Mitochondria-targeted antioxidants, NAD* modulators, and agents that regulate
mitochondrial dynamics or mitophagy have demonstrated encouraging effects in experi-
mental models, suggesting that targeted modulation of mitochondrial quality-control path-
ways may help preserve neuronal viability and delay functional deterioration [50,75,122].

A clearer operational definition of therapeutic windows for mitochondrial-targeted
interventions may emerge through the integration of candidate biomarkers, advanced
imaging metrics, and metabolic profiling. Collectively, these approaches may help delineate
the balance between the beneficial and potentially detrimental consequences of therapies
that influence mitochondrial quality-control processes, particularly mitophagy.
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Candidate biomarkers represent an initial layer of clinical evaluation. For example,
mtROS levels may provide insight into mitochondrial integrity and oxidative stress, thereby
enabling assessment of the physiological consequences of therapies designed to modulate
mitophagy [218]. In parallel, proteins directly involved in mitophagy, such as PINK1 and
Parkin, could serve as molecular indicators of mitochondrial turnover and quality-control
activity [219].

Imaging strategies further complement biomarker analyses by enabling the visual-
isation of mitochondrial activity within living tissues. Advanced modalities, including
positron emission tomography (PET), may enable the assessment of mitochondrial integrity
and metabolic function, thereby providing valuable information regarding therapeutic
responses and tissue-specific metabolic adaptations [220].

Metabolic profiling offers an additional analytical perspective. Metabolomic eval-
uation of mitochondria-associated metabolites may reveal alterations in cellular energy
metabolism and oxidative stress, helping to identify metabolic shifts associated with thera-
peutic interventions [221].

Despite the potential therapeutic benefits of stimulating mitophagy, excessive mito-
chondrial turnover could disrupt cellular metabolic homeostasis. This concern may be
particularly relevant in tissues with high energetic demands, such as the heart, retina,
and brain, emphasising the need to define therapeutic windows that are both safe and
biologically effective [219,222].

Translational progress will also require addressing substantial clinical challenges,
including the development of efficient drug-delivery strategies targeting retinal tissues and
the establishment of reliable approaches for monitoring mitochondrial responses in vivo.

Emerging findings additionally suggest that therapeutic strategies may benefit from
integrating mitochondria-directed pharmacological interventions with broader systemic
approaches that support cellular resilience. Interventions that promote mitochondrial
biogenesis, metabolic flexibility, and redox homeostasis could potentially complement
conventional treatments and contribute to more sustained neuroprotection. In this context,
environmental enrichment has been proposed as a systems-level strategy capable of enhanc-
ing mitochondrial performance, reducing oxidative stress, and activating neuroprotective
pathways in retinal models, thereby representing a potential non-pharmacological adjunct
to mitochondria-targeted therapies [8].

Taken together, these developments imply that future progress in this field may
rely on integrated, biomarker-informed therapeutic frameworks that align mitochondrial
interventions with disease stage, cellular susceptibility, and systemic metabolic context.

11. Conclusions

Ocular neurodegenerative diseases are increasingly recognised as a major clinical and
societal challenge. A substantial body of research suggests that mitochondrial dysfunction
represents a shared pathogenic feature across several retinal disorders.

Rather than arising solely from uniform oxidative injury, retinal degeneration appears
to involve a progressive disruption of mitochondrial quality-control systems. These systems
maintain redox equilibrium, regulate organelle turnover, and support metabolic adaptation.

Within this framework, mtROS species appear to fulfil a dual biological role. At
physiological levels, mtROS participate in redox signalling and cellular adaptation.
When produced in excess or inadequately regulated, however, mtROS may contribute
to mitochondrial instability and increased neuronal vulnerability. Recognition of this
threshold-dependent behaviour of mtROS is therefore central to the rational design of
therapeutic interventions.
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Accordingly, effective therapeutic strategies may need to focus not on indiscriminate
suppression of reactive oxygen species but on the precise recalibration of mitochondrial
redox signalling and restoration of mitochondrial quality-control capacity.

Durable neuroprotection will likely depend on identifying mitochondrial vulnerability
thresholds and implementing biomarker-guided therapeutic strategies. Early interven-
tion before mitochondrial homeostasis deteriorates beyond the point of recovery may be
particularly important.

Shifting attention from generalised oxidative stress toward mitochondrial resilience
and adaptive redox regulation may provide a useful conceptual framework for developing
more effective therapeutic approaches to retinal neurodegeneration. Future research inte-
grating mitochondrial biology, precision diagnostics, and targeted therapeutic modulation
may ultimately enable earlier intervention and more durable neuroprotection in retinal
neurodegenerative diseases.
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