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Abstract

Age-related macular degeneration (AMD), primarily driven by dysfunction of the retinal pigment epithelium (RPE), is the leading cause of
irreversible blindness in the elderly. As the central hub for photoreceptor support, nutrient transport, and waste clearance, the RPE is
particularly vulnerable to age-related stressors that disrupt proteostasis and mitochondrial quality control. Autophagy and mitophagy are
essential regulators of RPE and retinal longevity, ensuring the turnover of damaged proteins and organelles while maintaining energy
homeostasis. In AMD, these pathways become compromised, contributing to lipofuscin accumulation, oxidative stress, inflammation, and
progressive cell death. This review examines the physiological roles of autophagy and mitophagy in retinal homeostasis, their dysregulation
in AMD, and emerging therapeutic approaches aimed at restoring these protective processes. Targeting autophagy and mitophagy is a
promising strategy to preserve vision and delay the progression of AMD.
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1. Introduction

The retina is the light-sensitive tissue located in the posterior region of the eye. Its function involves capturing photons and
converting them into electrical impulses, which are subsequently transmitted to the brain to facilitate vision. Recent advances in
single-cell sequencing have identified 69 distinct cell types within the human retinal'l. These cells are organized into 10 specific
layers, including the retinal pigment epithelium (RPE); the outer nuclear layer (ONL), which contains photoreceptors (PRs); the inner
nuclear layer (INL), that contains bipolar, horizontal, and amacrine neurons; and the ganglion cell layer (GCL), where signals converge
and from which axons extend to form the optic nerve, transmitting information to the brain. Interposed between the ONL, INL, and
GCL are the plexiform layers, which serve as the primary sites for synaptic transmission and signal processing’l. In addition to neural
cells, the retina contains non-neural cells such as Miiller glia, astrocytes, and microglia, which are distributed throughout the tissue
to provide metabolic and trophic support, structural integrity, and synaptic modulation.

Given that many retinal cells are post-mitotic, robust quality-control mechanisms are essential to maintain their viability, as these
cells cannot dilute toxic cellular byproducts through cell division. Lysosomes, the principal intracellular degradative organelles, are
therefore crucial for preserving cellular homeostasis. Degradation of intracellular cargo within lysosomes, mediated by the
autophagy machinery, enables retinal cells to eliminate deleterious materials, sustain their metabolism, and ensure visual function!.
In the retina, which has high energetic demands, optimal mitochondrial function is maintained through mitophagy, which is the
selective degradation of mitochondria via autophagy and eliminates excess or damaged mitochondriall.

Retinal diseases are conditions that disrupt the processing of visual signals, leading to vision loss. These diseases are broadly
categorized as either genetic or multifactorial. The inherited retinal diseases (IRDs), such as retinitis pigmentosa, are a diverse group
caused by specific genetic mutations. In contrast, age-related macular degeneration (AMD) is a multifactorial disease where both
genetic and environmental factors contribute to its development. In AMD, the combination and effects of various risk factors,
including aging, diet, lifestyle, and genetic predisposition, are recognized triggers for disease onsetl®). AMD is characterized by the
degeneration of the macula, the region of the primate retina responsible for detailed color vision. Extensive research indicates that
disruption of RPE cell function and integrity is a key contributor to AMD pathogenesis>7l. Evidence strongly implicates autophagy
and mitophagy, or dysregulation thereof, in the progression of retinal diseases[*#l. Consequently, modulation of the corresponding
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regulatory pathways represents a novel therapeutic approach for these diseases!’l. In this review, we specifically focus on AMD and
the alterations observed in the autophagy pathway within RPE cells. We review evidence from cell and animal models supporting the
therapeutic potential of strategies that modulate these pathways in AMD and other retinal diseases.

2. The RPE and Aging

2.1 How does the RPE sustain retinal function?

The RPE is a monolayer of post-mitotic cells. Its apical side faces the PR outer segments (POS), while its basal membrane faces the
choroid, a highly vascularized layer external to the retina that metabolically supports the outer retina. RPE cells are characterized by
their polarity and tight junctions, maintained by an extensive cytoskeletal network. This cellular organization facilitates the creation
of gradients for ions, metabolites, macromolecules, and organelles, leading to compartmentalization and coordination of specific
functions within these epithelial cells!'’l. RPE cells are critical for maintaining outer retinal homeostasis, performing key functions
including visual chromophore recycling, POS renewal, light absorption, metabolic and trophic support, maintenance of ionic and
molecular gradients, and contribution to the structural integrity of the blood-retinal barrier (BRB)!'°l.

PRs (cones and rods) are situated in the outer retina, where phototransduction occurs. This cascade begins with the excitation of the
visual chromophore within the POS by light, initiating a signaling pathway that results in the hyperpolarization of the PR membrane
potential. This event leads to changes in synaptic transmission among retinal neurons, which, upon processing and transmission to
the brain cortex, generates a visual image 2. Synthesis, shuttling, and recycling of the active form of the visual chromophore are a
primary function of the RPE and ensure the light-detection capacity of PRs!!*-!!l. Phototransduction relies on membrane potential and
ion transport that must be extracellularly compensated: the RPE maintains this equilibrium, as demonstrated in studies of
light-evoked electrophysiological responses!'?l. Furthermore, the RPE synthesizes the pigment melanin, which accumulates in
melanosomes. Melanin absorbs light to maintain visual acuity by reducing light reflection and scattering. Melanosomes also quench
metal ions and free oxidative radicals!'?l

Due to the high physiological activity of PRs, POS are renewed daily through the formation of new disks and transfer of their tips into
the RPE, where they will be degraded!'’l. Heterophagy, the process by which POS are degraded, involves POS recognition and binding,
internalization through phagocytosis, and degradation within lysosomes, underlining all previous steps as key for proper cellular
functionl®l. Given that RPE cells interact with multiple PRs, heterophagy must be coordinated with other cellular activities, including
metabolism and autophagy!'l. Thus, lysosomes are vital for RPE homeostasis and play a central role in POS degradation and in the
elimination and recycling of intracellular components through autophagy!. The RPE relies on autophagy-mediated degradation of
superfluous or damaged intracellular components, thereby acting under normal conditions as a homeostatic process or under stress
to mitigate the damagel®l. Upstream autophagic regulators such as mammalian target of rapamycin (mTOR) and adenosine
monophosphate-activated protein kinase (AMPK) sense different triggers and converge on core autophagy machinery activation.
Nevertheless, each stimulus gives rise to differential activation of autophagy mediators, diversifying the response and enabling the
cell to cope with specific alterations!!l.

The RPE is a fundamental component of the BRB, which establishes the necessary gradients for metabolites and oxygen that are
actively transported to fuel the PRs. This metabolic interface therefore requires fine-tuned compartmentalization of specific
metabolic pathways, which is crucial to sustain cellular homeostasis but also creates cell type-specific vulnerabilities!'’. While PRs
and RPE exhibit distinct yet complementary metabolic regulation, both cell types rely on mitochondrial metabolism to maintain their
viabilityl* 151,

2.2 RPE alterations during aging

Increased age is associated with functional, cellular, and molecular changes that impact visual processes!'®'7l, In both humans and
mice, the RPE undergoes age-associated atrophy, characterized by a decrease in cell number alongside an increase in cell area and
nuclear count!'$:1%1, This is accompanied by morphological changes in organelles and dysregulation of signaling pathways, which
further impair cell function!! (Figure 1).

The coordinated phagosome-lysosome axis is fundamental for maintaining RPE homeostasis, a process frequently compromised
during aging in the RPE®2!2?], In aged mice, the downregulation of genes critical for POS phagocytosis and degradation leads to the
accumulation of undigested POS material within RPE lysosomes, forming lipofuscin!?’l. These lipofuscin aggregates are primarily
composed of various bisretinoids, which are generated following light exposure of the visual chromophorel?*l. Increased lipofuscin
levels lead to the formation of degradation-resistant solid crystals. Their continued accumulation can cause lysosomal membrane
permeabilization and subsequent cell death due to the release of lysosomal proteases into the cytosoll?>2°l, Furthermore, lipofuscin
accumulation alters the cholesterol composition of late endosomes and lysosomes?”), which in turn increases ceramide levels and
impairs autophagosome formation and trafficking. These detrimental effects are observed in both mouse (Abca4 KO) and cellular (A2E)
models of RPE lipofuscin accumulation!?®], Additional evidence demonstrates mTOR overactivation in response to RPE lipofuscin
accumulation!?’], a characteristic also noted in aged human RPEPY.. Moreover, genetic manipulation of mTOR upstream regulators,
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such as LST8 (knock-in) and TSC1 (knock-out), results in an age-dependent reduction in visual function and photoreceptor
degenerationl*°l. Recently, Chowdhury et al. demonstrated that mTOR overactivation in the RPE diminishes the expression of
autophagy genes and autophagy flux, leading to decreased mitophagy and impaired glucose metabolism and mitochondrial ATP
productionl®!l. Therefore, the proper functioning of the phagosome-lysosome axis in the RPE is critical for maintaining retinal health
and preventing age-related pathology.

Physiological aging induces metabolic alterations in the retina and RPE, evidenced by altered levels of metabolites, including
nicotinamide adenine dinucleotide (NAD), which is reduced in aged RPEB?. These metabolic shifts, coupled with other factors,
contribute to mitochondrial defects in the RPE, which can be aggravated by lipofuscin buildup, complement activation, and targeted
inhibition of cytochrome c oxidasel**-%%l, Indeed, aging is associated with mitochondrial defects in morphology and mass within the
RPE!'"], a phenomenon attributable to the age-related decline in proteins implicated in mitochondrial transcription and biogenesis, as
observed in aged retinasl*®l. Consistently, genetic ablation of mitochondrial transcription and biogenesis regulators, such as TFAM
and PGC-1, results in loss of RPE cell markers, accumulation of lipofuscin-like deposits, photoreceptor loss, and diminished visual
functionl*%*7], Moreover, whole-body depletion of autophagy and mitophagy proteins in mice leads to defects in RPE mitochondria,
metabolism, and redox balance, thereby rendering the RPE highly vulnerable, akin to the state observed in primary human aged
RPEPS 1, Intriguingly, recent evidence reveals a pathway in which mitophagy is selectively upregulated in the aging retina and RPE
to mitigate oxidative stress-associated neuroinflammation!'°l. Crucially, pharmacological enhancement of mitophagy in aged animals
not only reduces neuroinflammation but also ameliorates age-related functional decline in vision and neurological function!'°l,
Collectively, these data suggest that age-associated mitochondrial dysfunction in the RPE can be counteracted by enhancing
mitochondrial fitness.
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Figure 1. Progression of RPE dysfunction and AMD. Healthy RPE provides visual cycle activity, metabolic support, BRB function, light absorption, and nutrient transport. With
aging, dysfunctional autophagy and impaired mitochondrial function lead to lipofuscin accumulation, defective phagocytosis of POS, oxidative stress, and progressive RPE
degeneration, accompanied by BM rupture and drusen buildup. Advanced dysfunction culminates in RPE cell death, characterized by barrier breakdown, chronic
inflammation, and photoreceptor degeneration. The lower panel shows how the disease progresses using the Minnesota Grading System (MGS1-MGS4). Grading is given
after performing fundus imaging and histology and ranks severity in terms of drusen buildup, changes in RPE pigmentation, and the presence of geographic atrophy spots.

RPE: retinal pigment epithelium; AMD: age-related macular degeneration; BRB: blood retina barrier; POS: photoreceptor outer segments; BM: Bruch's membrane.
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3. The Roles of Autophagy and Mitophagy in Retinal Homeostasis

As post-mitotic cells, retinal neurons and the RPE require cellular quality-control mechanisms to maintain homeostasis throughout
the individual’s lifespan. Detecting and responding to light stimuli places high energy demands on PRs, resulting in the generation of
metabolic intermediates and reactive oxygen species (ROS), which create an oxidative environment that can damage organelles and
cell membranes!*!l. PRs therefore need robust and redundant strategies to remove metabolic byproducts, misfolded proteins and
damaged organelles. This occurs in a cell-autonomous manner, mediated by autophagy!*?l, or through their release into the
extracellular space as extracellular vesicles, where they can be taken up and recycled by Miiller glia and the RPE, which act as
scavengers, processing waste and subsequently nourishing the retinal*l,

Autophagy and mitophagy play essential roles in maintaining retinal homeostasis in both health and disease, an area extensively
studied by our group!**°l. The complexity and high-level specialization of the retina can compensate for cell-specific impairments in
autophagy and deficiencies in downstream components of the autophagy cascade. Consequently, the main degeneration phenotypes
arise when upstream modulators of the autophagy pathways are disrupted in the whole tissue, as demonstrated in different genetic
mouse models deficient in autophagy proteins.

The autophagy machinery plays a crucial role in POS degradation through LC3-associated phagocytosis, which is necessary to
maintain retinal homeostasis. Dysregulation of this process can lead to debris accumulation and retinal degeneration!'’l. This is a
feature of both AMD and aging, in which lysosomal damage impairs autophagosome degradation, in turn leading to the extracellular
release of autophagosomes via secretory autophagy, contributing to drusen formation!*!l. This decline in autophagy leads to the
accumulation of damaged organelles such as mitochondria, which impairs lipid metabolism and mitochondrial respiration and makes
them less resistant to cellular stressi??. Indeed, in situations of autophagy disruption due to lysosomal impairment, pharmacological
promotion of lysophagy with Urolithin A restores autophagic flux in the RPE, thereby preserving visual function!*l.

Recent data indicate that induction of mitophagy in aging retinas reduces mtDNA-cGAS-STING-mediated inflammation, promoting
the elimination of damaged mitochondria, which improves visual function, preserves synaptic integrity, and reduces the
inflammatory and oxidative stress responsel'®l. Elimination of damaged mitochondria during aging is driven by the
PINK1-Parkin-mediated pathway!!°l. Interestingly, during retinal development a peak of PINK1-Parkin-mediated mitophagy is
followed by a peak of oxidative stress[*°l. In addition, PINK1 deletion causes an increase in ROS that activates a transcriptional
program to driving RPE cell dedifferentiation, highlighting the relevance of oxidative stress and mitochondria fitness in the retinal®®l.

Consistent with these findings, accumulation of autophagosomes and mitophagosomes in PR synaptic terminals, along with swollen
mitochondria in the outer segments, has been observed in aged human retinal samples!*’l. Underscoring the importance of
mitochondrial quality control, a study in zebrafish found that in conditions of stress, cones release damaged mitochondria that are
taken up and degraded by the Miiller glia in a process called transmitophagy!*sl.

Studies in two different animal models of IRDs (retinitis pigmentosa GTPase regulator [RPGR] mutant and phosphodiesterase 6B
[Pd6B] mutant) show that degeneration is preceded by an increase in mitochondrial stress and the accumulation of autophagosomes
and autolysosomes. PRs increase autophagy to degrade misfolded or mislocalized proteins and damaged mitochondria, but due to
incomplete flux, the pathway collapses[*’l. These observations are consistent with previous findings showing that lysosomal
alterations and blockade of autophagic flux contribute to PR cell death in various retinitis pigmentosa models>’.,

4. Dysregulation of Autophagy-Mitophagy in AMD

AMD is characterized by a progressive loss of PRs and deterioration of the macula, affecting visual acuity. It is the most prevalent
retinal disease in the elderly population, and population aging has seen the number of affected individuals worldwide double over the
past 30 yearsl>!-*2l, Epidemiological data indicate that it affects both sexes equally, although prevalence in the 60-64 age group is
higher in women, suggesting faster progression or earlier diagnosis®!l. Environmental factors, including smoking and hypertension,
and genetic factors, like the CFHY402H and ARMS2A69S polymorphisms, have been linked to a higher AMD incidence, although aging
remains the primary contributor to disease development>3l. One of the main challenges in AMD management is the frequently late
diagnosis of this disease, which often coincides with the onset of vision loss, at which stage AMD can be further classified as “dry” or
“wet”. Wet AMD is characterized by angiogenic events in the choroid that lead to neovascularization, disruption of Bruch’s
membrane, RPE displacement, and cell death. Vascular invasion of the neuroretina triggers edema, local inflammation, and eventually
PR cell death due to the lack of trophic support from the RPE and the inflammatory microenvironment. Wet AMD accounts for
approximately 10% of cases, while dry AMD, the etiology of which remains unclear, accounts for the remaining 90%[°->?l. Progression
of dry AMD is characterized by the accumulation of extracellular debris known as drusen (consisting of lipids, oxidized proteins,
apolipoproteins, complement components, trace elements, and extracellular vesicles) between the RPE and Bruch’s membrane.
Drusen also disrupt the RPE monolayer, causing geographic atrophy (GA) and subsequent cell death of adjacent PRs, including both
cones and rodsPl.

AMD research has been hindered by a lack of animal models that present an anatomical macula and recapitulate the slow progression
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of the diseasel>!. Donor tissue has thus emerged as a valuable tool to elucidate the cellular alterations in the RPE that lead to AMDl,
Standardized diagnostic criteria and sample grading are crucial aspects of the use of donor biopsies: the best-known classification is
the AMD Minnesota Grading System (MGS), which differentiates between healthy tissue (MGS1) and early (MGS2), intermediate (MGS3),
and late (MGS4) AMDD>0 (Figure 1).

The RPE of AMD donors displays marked accumulation of autophagosomes and abnormal mitochondria, indicative of impaired
autophagy and, specifically, mitophagy!®’->%l. Cultured human adult RPE cells (haRPE) from donors with AMD show reduced autophagic
flux, as evaluated by LC3-II levels in the presence of lysosomal inhibitors>”l. Other features of AMD haRPE include the accumulation of
the selective autophagy substrate p62/SQSTM1 and swollen lysosomes, suggesting that defective lysosomal degradation may underlie
the observed impairment of autophagy!®’l. The sodium iodate (SI) model is another traditionally used pharmacological model (in vitro
and in vivo) of selective oxidative stress-driven RPE degeneration!®’l. Autophagy is also impaired in this model in vitrol®®), and
mechanistic studies have shown that inhibiting autophagy further sensitizes human ARPE-19 cells to SI-induced cell death!*!], while
treatment with the autophagy inducer rapamycin is protectivel®%-°2l, Blockade of autophagy in this model appears to stem from
impaired lysosomal function, as evidenced by lipofuscin accumulation, enlarged lysosomes, and impaired degradation of autophagic
substrates in SI-treated cells[®l. Indeed, our group recently demonstrated that lysosomal membrane permeabilization is a driver of
RPE collapse during SI-induced GA, and that this effect can be counteracted by promoting p62-dependent lysosomal recycling via
lysophagy!*.

Mitochondrial dysfunction has also been identified as a driver of the pathophysiological processes underlying AMD. haRPE cells from
AMD donors show an increased reliance on glycolysis for ATP production and an increase in lipid droplets, indicating decreases in
fatty acid oxidation and mitochondrial function®”l. Studies using microplate respirometry of AMD haRPE have validated this decrease
in mitochondria-coupled ATP production!®’l. Using the mitophagy fluorescent reporter mt-Keima, Fisher et al. demonstrated
increased fission upon mitochondrial depolarization in AMD haRPE, as well as increased receptor-mediated mitophagy in response to
cobalt chloridel®Y. Crucially, treatment with the autophagy inducer rapamycin can restore mitochondrial respiration in AMD haRPE to
the levels seen in healthy donors®l Interestingly, the RPE of donors with the high-risk CFHY*92! variant shows increased mtDNA
damagel®®l and alterations in the mitochondrial proteomel’l. Induced pluripotent stem cells differentiated into RPE (iPSC-RPE) are a
useful tool to study the contribution of high-risk polymorphisms and donor genetic makeup to RPE malfunction!®’l. iPSC-RPE from
CFHY402H donors display reduced mitochondrial function!®’l, as well as increased susceptibility to, and an impaired antioxidant
response to, cigarette smoke extract!®®! and hydroquinonel®”l. The impact of the CFHY*%?! variant on mitophagy and autophagy
remains to be determined. We previously reported impaired mitophagy in vitrol’”! and in vivol* in the SI model of RPE degeneration,
leading to the accumulation of dysfunctional mitochondria and ROS production. However, as previously mentioned, aberrant
mitochondria turnover may be a direct consequence of defective lysosomal function. Drugs known to modulate mitophagy, such as
rapamycin® and A769662["1], have shown protective effects against SI insult in RPE cells, but further research is needed to determine
whether this effect is mitophagy-dependent.

5. Therapeutic Modulation of Autophagy-Mitophagy in AMD

Recent therapeutic advances in AMD have revealed considerable potential for the treatment of both wet (neovascular) and dry (GA)
forms. For wet AMD, anti-vascular endothelial growth factor (VEGF) agents such as aflibercept (Eylea), ranibizumab, and brolucizumab
remain the standard of care, effectively reducing neovascularization and fluid leakage by targeting VEGF pathways!’?.. Investigational
therapies include gene therapy approaches—currently in clinical trials—that seek durable VEGF suppression from a single
administration, as well as tyrosine kinase inhibitors and combination therapies to enhance efficacy in refractory cases!’3l.

Treatments for dry AMD include recently FDA-approved therapies that target the complement system: pegcetacoplan (Syfovre)
inhibits C3, while avacincaptad pegol (Izervay) targets C5, and both molecules slow GA progression without reversing existing
atrophy. Emerging therapeutic strategies for dry AMD include complement inhibition by gene therapy (e.g., KRIYA-825, currently in
Phase 1/2 trials for a single suprachoroidal injection) and RPE stem cell replacement strategies that have shown promise in small
patient cohorts!’4l,

Pharmacological activation of autophagy has emerged as a promising therapeutic approach across diverse diseases, including
neurodegeneration, cancer, and metabolic disorders!’>l. Among the most established autophagy inducers are rapalogs—mTORC1
inhibitors such as rapamycin, everolimus, and temsirolimus—which promote autophagy by relieving mTOR-mediated suppression.
Preclinical studies have demonstrated that rapamycin reduces (3-amyloid accumulation and improves cognitive function in animal
models of Alzheimer’s diseasel’*. Rapamycin has also shown protective effects in the SI mouse model of RPE degeneration, preserving
retinal structure, reducing apoptosis, and mitigating oxidative stress and inflammation!®?l. Although rapalogs are FDA-approved for
other indications, direct evidence based on autophagy measurements in human tissues remains limited!(’°l.

AMPK is a cellular energy sensor that promotes autophagy by inhibiting mTORC1 and directly phosphorylating autophagy-initiating
proteins!’’l. Metformin is the most widely used AMPK activator. Metformin and other AMPK activators induce autophagy in various
cell types and tissues!’®l. Metformin is also extensively used in diabetes; indirect evidence suggests it may modulate autophagy in
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humans, although direct evidence is lacking!?l. AMPK activation declines with age, and its deletion accelerates retinal aging and PR
degeneration, underscoring its importance in the pathogenesis of AMDI®’l. Preclinical studies investigating AMPK modulation in AMD
models are limited, but stimulation of its activity using metformin has been suggested to preserve retinal integrity and function by
stimulating mitochondrial biogenesis in photoreceptor degeneration models, such as light-induced damage and Rd10, as well as in
the selective RPE impairment model of SI®!l. Evidence from human studies (primarily retrospective cohort and case-control studies)
suggests that metformin use may be associated with a reduced risk of developing AMDI!®*?l, A meta-analysis of five retrospective studies
found a trend toward lower AMD risk in metformin users, with one large Taiwanese cohort showing a substantial risk reduction,
although statistical significance was not reached in the overall meta-analysisi®?. Prospective clinical trials are underway, but no
results have yet been reported. Evidence of metformin’s beneficial effect in AMD is thus suggestive, but not definitive.

Increasing age leads to a drop in the levels of specific metabolites such as nicotinamide adenine dinucleotide (NAD+), which has a
crucial role in sustaining cellular metabolism, autophagy, and signaling cascades that are activated in response to stress!®3. While
decreasing NAD+ levels results in photoreceptor degeneration, supplementation with a NAD+ precursor rescues visual function in a
mouse model of degeneration®!l. Replenishing NAD+ levels is being evaluated in clinical trials for neurodegenerative diseases such as
Alzheimer Disease, Amyotrophic Lateral Sclerosis Multiple Sclerosis and Parkinson’s diseasel®>l. NAD+ supplementation restores
mitochondrial quality control and mitophagy and attenuates AMD-related features in both animal models and human iPSC-derived
RPE cells from AMD donors!®. NAD+ has also been shown to reduce drusen formation and complement-driven inflammation, as well
as correct mitochondrial dysfunction and modulate VEGF expression in these models*®l. In RPE cells, nicotinamide, a precursor of
NAD+, also suppresses pathological signaling pathways that are implicated in AMD and prevents epithelial-mesenchymal transition,
another process involved in AMD progression!®l. While these findings point to potential therapeutic applications of NAD+
supplementation, no corresponding clinical evidence in AMD patients has been reported to date.

Urolithin A (UA) supplementation has shown protective effects in human aging studies, improving mitochondrial health, muscle
function, and biomarkers of cellular fitness in older adults and elderly populations!®’l. UA has demonstrated therapeutic potential,
with studies in human muscle samples suggesting that its mechanism involves increased mitophagy and reduced inflammation®®l. In
the context of AMD, recent mechanistic investigations provide compelling evidence for UA’s neuroprotective role. Specifically, UA
restores autophagic flux and promotes the selective clearance of damaged lysosomes (lysophagy) via a p62/SQSTM1-dependent
mechanism in AMD models[*>l. In murine and ex vivo models of SI-induced AMD, UA treatment ameliorated neurodegeneration,
preserved visual function, reduced oxidative damage, and prevented photoreceptor (PR) cell death by sustaining proteostasis and
supporting RPE survivall*’l. Furthermore, UA can modulate Ca?' transfer between organelles, specifically from the endoplasmic
reticulum to mitochondria and lysosomes, thereby regulating mitophagy activity!®l. It would be pertinent to investigate whether UA’s
positive effects in the SI model are linked to calcium regulation across cellular organelles and how this might influence mtDNA
release into the cytosol and subsequent cell death®?l. Collectively, these findings strongly support the therapeutic potential of UA in
AMD, aging, and other age-related diseases.

Nutritional intervention with the AREDS2 supplement (lutein, zeaxanthin, vitamins C/E, zinc, and copper) remains a widely
recommended preventive measure for intermediate AMD. As clinical trials continue to progress, the therapeutic landscape is shifting
toward longer-lasting interventions and more precise targeting of the mechanisms underlying AMDU %92,

6. Conclusion, Future Direction, and Open Questions

While recent advances in AMD therapy reflect important progress in this field, therapeutic options for both wet and dry forms of the
disease remain limited. Anti-VEGF agents and complement inhibitors have transformed disease management, but they primarily slow
progression. Emerging strategies highlight novel avenues to preserve retinal function and include approaches targeting autophagy,
mitochondrial quality control, and cellular metabolism. Meanwhile, promising data obtained with rapalogs, AMPK activators, NAD+
boosters, and urolithin A underscore the therapeutic potential of modulating proteostasis and energy homeostasis in the RPE.

A critical future step will be to translate promising preclinical findings into rigorously designed clinical trials, with standardized
biomarkers to directly measure autophagy and mitochondrial function in patients. Combining autophagy-targeting therapies with
gene therapy or regenerative approaches, such as RPE stem-cell replacement, may offer synergistic benefits. Furthermore,
personalized interventions guided by the patient’s genetic risk, metabolic status, and lifestyle factors could ultimately shift AMD
treatment from damage control to true disease modification.
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