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Abstract

Age-related macular degeneration (AMD) is an increasingly prevalent source of permanent
visual impairment in the aging population and is widely accepted as a multi-factorial
neurodegenerative disorder of the retina. While there has been significant progress in
treating neovascular AMD, there are currently no effective disease-sparing treatments for
dry AMD and geographic atrophy. To date, research has begun to reveal the complex
relationship between the environment and genetic predisposition in AMD pathogenesis.
Various environmental factors responsible for AMD include oxidative stress, mitochondrial
dysfunction, inflammation, abnormal complement activation, and epigenetic regulation,
which interact dynamically to drive disease progression. This review summarizes recent
data and provides a comprehensive model for understanding how these interacting factors
lead to the progression of AMD from an early stage to advanced stages with complications
associated with the disease. We highlight the central role of retinal pigment epithelial
mitochondrial failure and impaired stress resilience as upstream drivers that amplify
inflammation and complement-mediated injuries. We also discuss how dysregulated
miRNAs and proteomic network remodeling contribute to disease heterogeneity. Emerging
therapeutic strategies are reviewed in the context of molecular endotyping and personalized
intervention. Finally, we outline future directions toward precision medicine in AMD,
emphasizing early disease modification, rational combination therapies, and the need to
bridge the translational gaps between molecular discovery and clinical trial design.

Keywords: age-related macular degeneration; complement dysregulation; mitochondrial
dysfunction; oxidative stress; microRNA

1. Introduction
Age-related macular degeneration (AMD) is a progressive degenerative disorder of

the retina. It particularly affects the central retina. It is one of the principal global causes of
irreversible vision loss in individuals aged >55 years. The number of people with AMD
continues to grow globally due to an aging population. By 2040, projections indicate that
there will be approximately 300 million people with ocular AMD, creating an increasing
socioeconomic burden on healthcare systems, particularly in developed countries [1–3].
Clinically, AMD causes increasing central vision loss, which results from the degeneration of
the retinal pigment epithelium (RPE), photoreceptors, Bruch’s membrane, and the capillary
network beneath it, ultimately resulting in an impaired macula.
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AMD has traditionally been divided into three stages: early and intermediate (those
with observable physiological changes) and late, which can be further classified as either
neovascular AMD (nAMD) or geographic atrophy (GA). Much progress has been made in
the treatment of nAMD via vascular endothelial growth factor (VEGF)-inhibiting therapies.
However, very little evidence exists regarding the use of disease-modifying medications
for the treatment of GA or dry AMD that will provide patients with any substantial
benefit [4–6]. In addition, during the middle stage of AMD development, people with
dry AMD or GA may remain asymptomatic for long periods. Few patients exhibit any
major external visible signs of damage until they transition into the late intermediate
stage. Understanding the early pathophysiological changes leading to the beginning of
AMD progression and accurately determining viable therapeutic targets once the patient
reaches the initial intermediate stage will ultimately lead to the availability of new and/or
improved treatment alternatives for patients during the initiation of AMD development.

From a biological viewpoint, AMD serves as an archetype of a multifactorial and com-
plex disease that results from interactions among multiple genetic risk factors, epigenetic
regulation, environmental exposures, and age-related degenerative changes to cellular func-
tion. To date, genome-wide association studies (GWAS) have identified over 50 loci on the
human genome associated with AMD, most of which fall under several broader categories
of genes and include pathways involved in the activation of the complement system and
lipid metabolism, as well as remodeling of the extracellular matrix (ECM) and regulation of
inflammation [7]. Polymorphisms found in the complement gene family (e.g., CFH, C3, CFI,
and CFB) and the alleles at the age-related maculopathy susceptibility 2 (ARMS2)/high-
temperature requirement A serine peptidase 1 (HTRA1) locus are among the strongest
genetic risk factors for developing AMD, illustrating that chronic dysregulation of the
innate immune system is a central mechanism contributing to AMD development.

The initiation of retinal damage and its associated longevity, oxidative stress, is a
leading contributor to retinal deterioration beyond genetic predisposition. Due to the
high metabolic demands of the macula, continuous light exposure, increased oxygen use,
and abundance of unsaturated fatty acids, it is extremely sensitive to oxidative stress.
Age-related mitochondrial dysfunction in RPE cells results in energetic dysmetabolism of
energy source molecules, increased production of reactive oxygen species (ROS), thereby
predisposing the retina to progressive degeneration [2,8–10]. However, oxidative stress
exacerbates inflammatory signaling and activates the complement cascade to form a self-
perpetuating cycle of retinal degeneration.

Chronic low-grade inflammation, also known as para-inflammation, is a primary
characteristic of AMD. Initially, para-inflammation acts as a defense mechanism. However,
due to a prolonged period of continued activation of the inflammatory state, it changes from
a protective to a harmful role, often contributing to the formation of drusen, dysfunction of
the RPE, and loss of photoreceptors [11,12]. Drusen are now considered biologically active
substances that contain high concentrations of complement, lipids, amyloid-associated
proteins, and inflammatory mediators. Drusen act as both a biomarker and an active
participant in the progression of the disease [13]. The shift from para-inflammation being
regulated marks the advancement of a patient’s AMD status from intermediate to advanced.

Recent studies focus primarily on the regulatory function of microRNAs (miR-
NAs), which have been identified as methylation-based regulators of AMD, via post-
transcriptional modulation of gene expression and also as mediators of control over ox-
idative stress responses, inflammatory cascades, angiogenesis, and maintenance of mito-
chondrial homeostasis [14,15]. miRNA profiles that are dysregulated are present in retinal
tissue, RPE cells (human donor and in vitro studies), and circulating fluids of AMD patients
(observational clinical studies). These findings may represent both a pathogenic mechanism
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associated with AMD and a potential source of a non-invasive biomarker. These findings
will allow for expanded avenues of research into the development of new therapeutic
strategies targeting the restoration of molecular homeostasis, and not on the targeting of
single downstream effectors.

An explosion in technology advancements within high-throughput genomic, transcrip-
tomic, proteomic, and metabolomic platforms has further pushed our understanding of
AMD from a simple linear pathophysiological pathway towards AMD as a network disease.
The systems biologic paradigm has uncovered many layers of interference between oxida-
tive stress pathways, complement activation, dyslipidemia, and mitochondrial damage,
thus creating the need for integrative therapeutic approaches in AMD [16]. This changing
paradigm has also influenced contempory therapeutic development strategies. Several
therapies that are currently evaluated include those targeting upstream pathways [i.e.,
complement inhibitors, gene-based gene transfer methods, and gene editing tools such as
the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
(Cas) system] rather than targeting complications that have manifested themselves when
the disease is already in an advanced state.

In this context, elucidating the molecular determinants that govern disease initiation,
progression, and phenotypic divergence between nAMD and GA is essential for the de-
velopment of precision medicine approaches. Identifying molecular signatures predictive
of progression from intermediate AMD to advanced stages could enable earlier interven-
tion, personalized risk stratification, and combination therapies tailored to individual
pathogenic profiles.

This review aims to provide a comprehensive and integrative overview of the molecular
mechanisms underlying AMD pathogenesis, with a particular focus on the interplay between
genetic susceptibility, oxidative stress, mitochondrial dysfunction, inflammation, and epigenetic
regulation. Furthermore, we explore how these insights are shaping current and emerging
therapeutic strategies, highlighting novel molecular targets and preventive approaches that
may ultimately transform AMD management from reactive treatment to proactive disease
modification. A schematic overview of the network-based molecular mechanisms underlying
AMD pathogenesis and their therapeutic implications is illustrated in Figure 1.

Figure 1. Genetic and environmental risk factors interact at the level of the retinal pigment epithelium
to create a self-reinforcing pathogenic network, which is characterized by mitochondrial dysfunction,
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oxidative stress, complement dysregulation, chronic para-inflammation, epigenetic alterations, and
proteostasis imbalance. Mitochondrial dysfunction and oxidative stress act as upstream drivers
that promote complement activation and chronic para-inflammation, while sustained complement
activation and inflammatory signaling further exacerbate mitochondrial damage, establishing a
bidirectional amplification loop. As the network continues to be disrupted over time, it leads to
divergent clinical outcomes of geographic atrophy and neovascular age-related macular degeneration.

2. Genetic Architecture of Age-Related Macular Degeneration
From a genetic standpoint, AMD is a multifaceted and polygenic disorder. Importantly,

genetic predisposition alone is insufficient to cause disease. Instead, it interacts dynam-
ically with aging-related processes and environmental exposures to determine disease
onset, progression, and phenotype. This complex interplay has direct implications for risk
prediction, disease stratification, and the development of targeted therapeutic strategies.

2.1. Complement Pathway Polymorphisms as Central Drivers of AMD Risk

Dysregulation of the alternative complement pathway represents the most robust and
reproducible genetic signal in AMD. The complement factor H (CFH) gene is the principal
contributor to genetic risk, with the Y402H polymorphism (rs1061170) conferring a two- to
fourfold increased risk of AMD depending on zygosity [7,17]. This amino acid substitution
impairs CFH binding to heparan sulfate proteoglycans, C-reactive protein (CRP), and
malondialdehyde-modified lipids at the level of Bruch’s membrane and the RPE, resulting
in insufficient local complement inhibition and chronic inflammatory activation [18,19].

Additional common variants in complement component genes further modulate
disease susceptibility. The C3 R102G variant (rs2230199) enhances complement activation
and has been associated with increased drusen burden and progression to advanced
disease [7]. Similarly, polymorphisms in complement factor I (CFI), complement factor
B (CFB), and complement component 2 (C2) influence complement regulation, either
exacerbating or mitigating AMD risk depending on their functional consequences [20].
Protective variants in CFB and C2 reduce alternative pathway amplification, reinforcing
the centrality of complement balance in retinal homeostasis.

Collectively, these findings support a model in which AMD arises, in part, from
chronic, low-grade complement overactivation at the retina-choroid interface, rather than
from episodic inflammatory insults. This genetic framework has directly guided ther-
apeutic development, leading to clinical trials of complement inhibitors targeting C3,
C5, and upstream regulatory components for geographic atrophy [21,22]. However, in-
terindividual variability in treatment response highlights the need for genetically informed
patient stratification.

2.2. The ARMS2/HTRA1 Locus: Multifaceted Effects Beyond Complement

The second most important genetic risk region for AMD is located on chromosome
10q26 and includes the ARMS2 and HTRA1 genes. Variants within this region are strongly
associated with neovascular AMD and GA in several populations, especially variant
rs10490924 [7,23]. Although the precise causal gene remains debated, accumulating evi-
dence suggests that dysregulation of high-temperature requirement A serine peptidase
1 (HTRA1) expression plays a central pathogenic role.

HTRA1 encodes a serine protease that plays an important role in the remodeling
of ECM, transforming growth factor-beta (TGF-β) signaling, and angiogenesis. High
levels of HTRA1 expression due to risk allele(s) may lead to compromised integrity of
Bruch’s membrane, allow for choroidal neovascular invasion, and increase risk of oxidative
stress [24,25]. In parallel, age-related maculopathy susceptibility 2 (ARMS2) has been
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implicated in mitochondrial maintenance and oxidative stress responses, suggesting a
potential link between this locus and age-related mitochondrial dysfunction in the RPE [26].

Notably, the ARMS2/HTRA1 risk haplotype is associated with earlier disease on-
set, faster progression, and more aggressive phenotypes, particularly when combined
with complement risk alleles, highlighting epistatic interactions within the AMD genetic
landscape [2].

2.3. Common Versus Rare Variants: Layered Genetic Contributions

In contrast to common variants, which contribute cumulatively to disease susceptibility
and are particularly informative at the population level [7], rare variants, often uncovered
through whole-exome or whole-genome sequencing, provide mechanistic insights by
directly impairing protein function.

Rare loss-of-function variants in CFH, CFI, and C9 significantly increase the risk of
AMD by severely compromising complement regulation [27,28]. Compared with common
variants, rare variants exhibit higher penetrance, and their penetrance in individuals may be
similar to that of an individual with only one variant. Therefore, individuals harboring rare
variants within complement systems may present distinct phenotypic features compared
to affected individuals with common variants, and thus would provide the optimal group
of individuals for the use of targeted/complement-based therapies (or gene therapy).

The co-existence of common and rare variants indicates that the genetic architecture of
AMD is complex and multi-level, consisting of a combination of cumulative polygenic risk
combined with discrete molecular weaknesses that act together to define disease expression.

2.4. Gene-Environment Interactions: Modifiers of Genetic Susceptibility

Genetic risk for AMD is greatly affected by environmental sources. The most signif-
icant environmental factor is smoking. It is considered the most influential modifiable
risk factor. Smoking causes oxidative stress, impairment of mitochondrial function, and
complement activation [29,30]. It acts synergistically with CFH and ARMS2/HTRA1 geno-
types to increase the risk of developing AMD as well as the rapidity of progression [29,30].
Cigarettes are particularly harmful to people who carry high-risk complement types. Thus,
there is a gene-environment interaction between these two factors.

Other dietary factors do interact with an individual’s genetic predisposition to AMD.
Diets containing high levels of antioxidants, omega-3 fatty acids, lutein, and zeaxanthin
have been associated with reduced rates of progression to advanced AMD in people with
genetic susceptibility [31,32]. Conversely, diets high in saturated fat may worsen dysregula-
tion of lipids and the inflammatory process, thus increasing complement activation driven
by genotypes with a complement genetic risk factor.

Light exposure represents an additional environmental modifier, particularly rele-
vant for individuals harboring genetic variants affecting oxidative stress responses and
DNA repair. Blue light–induced phototoxicity disproportionately impacts RPE cells with
compromised antioxidant defenses, further linking genetic vulnerability to cumulative
environmental stress [33].

2.5. Implications for Risk Prediction and Therapeutic Targeting

Advances in AMD genetics have enabled the development of polygenic risk scores that
integrate common variants across complement, inflammatory, and lipid pathways. These
scores demonstrate an increasing predictive accuracy for disease onset and progression,
particularly when combined with environmental and lifestyle factors [16,34]. Such tools
may facilitate the early identification of high-risk individuals and inform surveillance and
preventive strategies.
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From a therapeutic perspective, genetic stratification offers a rational framework
for developing precision medicine. Patients with a genetic profile suggesting that their
AMD may be driven by complement-driven mechanisms may derive even greater benefits
from complement inhibitors. In contrast, patients with a genetic profile consistent with
oxidative or mitochondrial deficiencies may respond better to treatment based on vari-
ous mechanisms. Additionally, the new development of gene therapy and CRISPR-like
genome editing technologies may eventually allow physicians to repair the genetic defects
associated with a high risk of developing AMD or restore an appropriate balance of com-
plement activity in patients who have already been identified as genetically at high risk of
developing AMD due to complement-related genetic profiles.

Combining identification of patients by their genetic composition with observations
based on molecular phenotyping and environmental characteristics should ultimately pro-
vide the framework for AMD management as we transition from later-stage interventions
to personalized prevention strategies and early modification of disease progression.

A summary of the primary genetic and molecular factors associated with AMD devel-
opment and progression, along with their possible effects on treatment and implications
for future therapeutic options, is presented in Table 1.

Table 1. Genetic and Molecular Determinants of AMD Pathogenesis and Progression.

Molecular Factor Key
Genes/Pathways Functional Impact Association with

Disease Stage Primary Evidence Type Therapeutic
Implications

Complement
regulation

CFH, CFI, C3, CFB,
C2

Impaired control of the
alternative complement
pathway; increased local

inflammation

Early and intermediate
AMD; GA progression

Human genetics (GWAS);
human pathology; clinical

trials

Complement inhibitors;
gene augmentation

strategies

Oxidative stress
response

SIRT1, NRF2
pathway

Reduced antioxidant defense
and stress resilience

Intermediate AMD; GA
expansion

Experimental models;
human donor tissue

Mitochondria-targeted
antioxidants; NAD+

modulation

Mitochondrial
quality control

PINK1, PARKIN,
mitophagy pathways

Accumulation of
dysfunctional mitochondria;

increased ROS

Early RPE dysfunction;
GA

In vitro studies; animal
models; donor eye

analyses

Mitophagy enhancers;
mitochondrial stabilizers

Angiogenic signaling VEGF, HIF-1α Pathological
neovascularization Neovascular AMD Human clinical trials;

experimental models
Anti-VEGF, sustained

delivery systems

Lipid metabolism APOE, HDL-related
pathways

Lipid accumulation in
Bruch’s membrane

Early/intermediate
AMD

Human genetics;
proteomics;

observational studies

Lipid-modulating
therapies

Abbreviations: AMD, age-related macular degeneration; CFH, complement factor H; CFI, complement factor I;
C3, complement component 3; CFB, complement factor B; C2, complement component 2; GWAS, genome-wide
association study; SIRT1, sirtuin 1; NRF2, nuclear factor erythroid 2–related factor 2; ROS, reactive oxygen
species; PINK1, PTEN-induced kinase 1; PARKIN (PRKN), parkin RBR E3 ubiquitin protein ligase; VEGF, vascular
endothelial growth factor; HIF-1α, hypoxia-inducible factor 1 alpha; APOE, apolipoprotein E; HDL, high-density
lipoprotein; RPE, retinal pigment epithelium; GA, geographic atrophy.

3. Oxidative Stress and Mitochondrial Dysfunction
Building on the concepts introduced above, oxidative stress and mitochondrial dys-

function are now accepted as central drivers of AMD pathogenesis, as supported by
converging evidence from human donor studies, experimental models, and integrative re-
views [8,9,35]. The RPE is especially vulnerable to mitochondrial damage because it has one
of the highest metabolisms, experiences long-term exposure to visible light, has high levels
of oxygen, and consistently performs the activity of phagocytosing photoreceptor outer
segments that are very high in polyunsaturated fatty acids [8,9,36]. Age-related impairment
of mitochondrial homeostasis in RPE cells precedes overt retinal degeneration and provides
a unifying mechanistic link between genetic susceptibility, environmental stressors, and
downstream inflammatory and complement-mediated damage (as demonstrated in human
donor eyes and experimental animal models).
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3.1. RPE Mitochondrial Damage as an Initiating Event

Proper mitochondrial function is vital for RPE survival. They supply adenosine
triphosphate (ATP) via oxidative phosphorylation, maintain Ca2+ levels in the cytosol,
act as mediators of redox signaling, and participate in lipid metabolism. Defects in both
mitochondrial function and structure are present in RPE before the clinical manifestation of
AMD (based primarily on analyses of human donor tissue) [8,35]. Transmission electron
microscopy was used to assess the mitochondrial ultrastructure in the mitochondria of RPE
from AMD donors. Both included several morphological features, with many mitochondria
having abnormal amounts of cristae per mitochondrion, a lower degree of mitochondrial
DNA, and a greater amount of deletion from mitochondrial DNA than in normal healthy
individuals [37,38].

These deleterious changes ultimately lead to increased mitochondrial ATP depletion
and increased electron leakage from the electron transport chain. The outcome of these
alterations is an overall increase in the generation of metabolic reactive oxygen species.
Importantly, damage to the mitochondrial DNA is particularly harmful because of its
limited repair capacity and because the mitochondrial DNA is located close to sites of ROS
production. The increased accumulation of mitochondrial DNA damage further disrupts
the ability of mitochondria to produce ATP, creating a cycle of bioenergetic impairment
and oxidative stress [39].

Experimental animal and in vitro models support the concept that mitochondrial
dysfunction is sufficient to induce AMD-like phenotypes. Conditional disruption of mito-
chondrial transcription factor A (TFAM) or components of the electron transport chain in
RPE cells leads to progressive RPE degeneration, photoreceptor loss, and inflammatory
activation resembling dry AMD and geographic atrophy [40]. These findings strongly
suggest that mitochondrial damage is a driver of retinal degeneration, rather than a mere
consequence, consistent with recent consensus reviews positioning mitochondrial dysfunc-
tion as an early and causative event in AMD pathogenesis. Collectively, these findings
support a model in which mitochondrial dysfunction represents an initiating and amplify-
ing event in AMD pathogenesis, preceding overt retinal degeneration and inflammatory
escalation [8,9].

3.2. Reactive Oxygen Species, Lipid Peroxidation, and Impaired Mitophagy

High levels of ROS are produced by dysfunctional RPE mitochondria, causing nega-
tive effects on the rest of the cell. ROS cause lipid peroxidation in both the outer segment
membranes of the photoreceptors and in the lipofuscin components of the RPE, making
them highly reactive to form aldehydes that are much more toxic, namely malondialde-
hyde (MDA) and 4-hydroxynonenal (4-HNE) [19]. The products of these reactions subse-
quently interact with proteins and nucleic acids, leading to cellular dysfunction and innate
immunity activation.

The pathological features of AMD involve the accumulation of oxidative damage
within the drusen and Bruch’s membrane, linking mitochondrial stress to extracellular
pathology [41]. Oxidatively modified lipid and protein molecules are also present in higher
concentrations in AMD than in non-AMD patients, and the resulting modified molecules
represent damage-associated molecular patterns (DAMPs) for both inflammatory and
complement activation pathways.

Under normal circumstances, we have a mechanism for clearing damaged mitochon-
dria from cells, known as mitophagy, which involves the selective removal of damaged
mitochondria from the cellular pool through autophagy. This process is regulated by the
PTEN-induced kinase 1 (PINK1) and Parkin pathways. With advancing age and chronic
oxidative stress, mitophagic flux is impaired in RPE cells, resulting in the accumulation
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of dysfunctional mitochondria and reinforcing mitochondrial dysfunction as an upstream
pathogenic mechanism rather than a secondary effect [8–10,42]. Defective mitophagy
exacerbates ROS production and cellular senescence, promoting a proinflammatory and
prodenerative RPE phenotype.

Recent studies have demonstrated reduced expression and activity of key mitophagy
regulators, including PINK1, Parkin, and BCL2-interacting protein 3 (BNIP3), in RPE cells
derived from AMD patients [10]. Moreover, impaired lysosomal function, another hallmark
of aging RPE, further compromises autophagic and mitophagic clearance, reinforcing
mitochondrial dysfunction and oxidative damage [43].

3.3. Crosstalk Between Mitochondrial Dysfunction and Complement Activation

The emerging model for AMD pathogenesis involves communication and interaction
between the two processes of inflammation caused by high oxidative stress in the eye and
damaged/altered mitochondrial function. Mitochondrial injury due to oxidative stress
allows mitochondrial DNA (mtDNA), cardiolipin, and oxidized lipids to be released into
the cytosol and outside the cell, all of which help initiate and activate innate immune
responses [44,45]. When these oxidized mitochondrial components are released, they
trigger and accelerate complement activation via the alternative pathway. Complement
regulation in the eye is particularly disrupted by oxidative stress-induced mitochondrial
injury at the interface between the RPE and Bruch’s membrane.

Conversely, excessive complement activation exacerbates this mitochondrial dysfunc-
tion. Sublytic deposition of the membrane attack complex (MAC) on RPE cells induces
calcium influx, mitochondrial depolarization, and further ROS generation, even in the
absence of overt cell lysis [12].

Notably, genetic variants in complement regulatory genes, such as CFH and CFI, may
exacerbate this process by reducing the capacity to neutralize oxidative stress–induced
complement activation, thereby directly linking genetic susceptibility to mitochondrial
pathology [19].

3.4. Therapeutic Implications: Targeting Mitochondrial Dysfunction

Given the central role of mitochondrial dysfunction in AMD, therapeutic strategies
aimed at restoring mitochondrial homeostasis represent a promising avenue for disease
modification, particularly in early and intermediate stages.

3.4.1. Mitochondria-Targeted Antioxidants

Most common antioxidant supplement products do not substantially affect the course
of AMD. This is likely due to the failure of these supplements to adequately address
the ROS generated in the mitochondria. Other antioxidants that specifically penetrate
the mitochondria and accumulate before oxidizing mitochondrial ROS include MitoQ,
SkQ1, and SS-31 [46,47]. Preclinical trials (primarily in vitro and animal studies) have
shown that these compounds lower oxidative stress in RPE cells, maintain mitochondrial
morphology, and preserve RPE cell viability under stressful conditions [47]. Although
clinical data on AMD remain limited, these compounds represent a rational strategy to
address mitochondrial oxidative stress more effectively than systemic antioxidants.

3.4.2. Modulation of NAD+ Metabolism

Nicotinamide adenine dinucleotide (NAD+) is important for supporting the cellular
metabolic processes of the mitochondria, repairing DNA, and mediating sirtuin responses
to cellular stress with age. The aging eye has shown decreased levels of NAD+ in the
retina, and this decline is directly linked to increased oxidative damage and decreased
mitochondrial function [48]. Restoring cellular NAD+ has been shown to increase both
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mitochondrial biogenesis and mitophagy. Protecting RPE from oxidative stress can be
achieved by providing dietary supplements with specific precursors of NAD+ [as in the case
of nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN)] or by increasing
intracellular NAD+ availability [49].

NAD+ metabolism intersects with the inflammatory and complement activation path-
ways in the body, indicating an opportunity for enhanced mitochondrial function through
supplementation with NAD+, along with benefits to the immune system and other disease
states [50].

3.4.3. Mitophagy Enhancers

Mitophagy enhancers are potential therapeutic agents for restoring mitochondrial
quality control. Agents that target the PINK1-Parkin pathway stimulate autophagy flux
and improve lysosomal dysfunction, demonstrating protective effects against retinal de-
generation in animal models [9,10,51]. Notably, growing evidence suggests that impaired
autophagy is not limited to selective mitophagy but is instead a wider pathogenic pathway
for AMD, leading to the accumulation of damaged proteins, oxidized lipids, and disabled
organelles in RPE cells [10,52].

Compounds such as spermidine or urolithin A, which promote mitophagy and au-
tophagy, have gained much interest as possibly being disease-modifying for age-related
diseases such as AMD. Through increased autophagic flux, these compounds can help
restore proteostasis, restore lysosomal degradation, increase cellular resilience to long-term
oxidative damage, and address several pathogenic pathways simultaneously [8,10]. Ad-
ditionally, improving mitophagy may promote the removal of damaged mitochondria,
thus reducing oxidative stress, decreasing inflammatory signals, stopping the cycle of
mitochondrial dysfunction, and preventing complement activation [12,19].

Recent experimental data derived from in vivo animal models also support the thera-
peutic relevance of autophagy modulation in AMD. For instance, Zhang et al. [53] demon-
strated that pharmacologically enhancing autophagy regulates several factors that posi-
tively affect the integrity of mitochondrial function, production of ROS, and protection
of the viability of RPE cells in response to oxidative stress in mouse models (the most
commonly used animal model for studying the disease process of dry AMD), suggesting
that the regulation of the autophagic process is a potential new therapeutic target to slow
the progression of AMD and increase cellular function.

In summary, the data support the speculation that activating or enhancing au-
tophagic/mithophagic activity may also serve as upstream disease-modifying agents
that can be used in the early and intermediate stages of AMD when healthy RPE cells exist
but are ultimately functionally impaired due to chronic oxidative stress [8–10]. Further-
more, because autophagy modulation reduces cellular stress signals that drive chronic
para-inflammation and accelerate complement overactivation, it may also complement
therapy with either complement inhibition or antioxidant therapy [11,12,19].

4. Inflammation and Complement Dysregulation
AMD’s primary pathogenic driver is chronic inflammation, which integrates genetic

susceptibility with upstream cellular stress pathways. The difference between AMD and
other classical inflammatory diseases is that AMD is associated with chronic low-grade
inflammatory processes that develop over many years before culminating in an eventual
and dramatic shift to pronounced immune-mediated injury.

https://doi.org/10.3390/biom16020234

https://doi.org/10.3390/biom16020234


Biomolecules 2026, 16, 234 10 of 27

4.1. Chronic Para-Inflammation Versus Acute Inflammation in AMD

The concept of para-inflammation has been introduced to describe the adaptive, low-
level inflammatory response that maintains tissue homeostasis under chronic stress condi-
tions such as aging and metabolic burden [54]. In the aging retina, para-inflammation serves
a protective function by facilitating debris clearance, modulating oxidative stress, and main-
taining immune surveillance. However, when persistent cellular stress exceeds the buffer-
ing capacity of para-inflammatory mechanisms, the response becomes maladaptive [11,12].

In AMD, the ongoing para-inflammatory state is the result of the constant activation
of RPE cells, microglia, and choroidal macrophages, all of which produce complement
proteins, cytokines, and chemokines continuously, as opposed to acute inflammation states
that are temporary, self-limiting, and ultimately result in full recovery of pathogen clearance
or tissue repair. In AMD, the absence of a clear initiating pathogen and the persistence
of endogenous DAMPs prevent resolution, resulting in a state of chronic inflammatory
signaling that promotes tissue degeneration rather than repair [52].

The transition from adaptive para-inflammation to pathological inflammation is now
considered a critical inflection point in AMD progression, particularly during the shift from
intermediate disease to geographic atrophy or neovascular complications.

4.2. Complement Overactivation and Its Role in Drusen Formation

Drusen, the extracellular deposits that hallmark early and intermediate AMD, are
now recognized as immunologically active structures rather than inert byproducts of aging.
Proteomic analyses of isolated human drusen and donor retinal tissue have revealed that
drusen are enriched in complement components and regulators, including C3, C5, factor B,
factor H-related proteins, and terminal complement complex constituents [13,41].

Oxidative stress–modified lipids, lipoproteins, and cellular debris accumulating be-
tween the RPE and Bruch’s membrane act as potent activators of the alternative complement
pathway. In genetically susceptible individuals, particularly those carrying risk variants in
CFH, CFI, or C3, local complement regulation is insufficient, leading to sustained comple-
ment amplification at the retinal interface [20,27].

Complement activation products, such as C3a and C5a, further recruit and activate
immune cells, enhance vascular permeability, and stimulate angiogenic signaling, thereby
linking drusen-associated inflammation to both geographic atrophy and neovascular AMD.
Importantly, sublytic deposition of the MAC on RPE cells induces cellular stress responses
without immediate lysis, thereby contributing to RPE degeneration [55].

4.3. Local Versus Systemic Complement Activation: Distinct but Interconnected Processes

A critical question in AMD pathogenesis concerns the relative contributions of local
ocular versus systemic complement activation. While elevated systemic complement
activation markers have been detected in AMD patients, mounting evidence suggests that
local complement dysregulation within the retina and choroid is the dominant driver of
disease pathology [56].

The eye possesses a semi-autonomous immune environment, with local synthesis of
complement components by RPE cells, microglia, Müller glia, and choroidal endothelial
cells. This localized production allows for rapid, site-specific complement activation but
also necessitates tight regulatory control. Genetic defects in complement regulators dispro-
portionately affect this local system, where compensatory mechanisms are limited [18].

The ability for systemic complement activation to modify disease instead of directly
cause it may affect the degree of severity of the disease, whether it is symmetric on both
sides, or result in an increased amount of inflammation outside the eye. This has important
implications for future therapeutic strategies, as a systemic inhibitor of complement could
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theoretically be less effective because it would not completely block the pathogenic effect
on complement in the retina and may also pose a greater risk of unwanted side effects
throughout the body systemically.

4.4. Lessons from Complement Inhibitor Trials: Successes and Limitations

The strong genetic and mechanistic evidence implicating complement dysregula-
tion in AMD has driven the development of complement-targeted therapies, particularly
for geographic atrophy. Phase 2 and phase 3 human clinical trials targeting C3 and C5
have demonstrated that complement inhibition can slow the rate of GA lesion expansion,
validating complement overactivation as a disease-modifying mechanism [21,22].

Pegcetacoplan, a C3 inhibitor, and avacincaptad pegol, a C5 inhibitor, have both
shown statistically significant reductions in GA growth rates in phase 3 trials, although
these studies differed in molecular target (upstream C3 versus terminal C5 inhibition),
dosing frequency, and enrolled patient populations. Notably, the pegcetacoplan trials
included a broader GA population with monthly or every-other-month dosing, whereas
avacincaptad pegol trials focused on monthly administration and slightly different inclu-
sion criteria regarding lesion characteristics and baseline disease stage. However, these
benefits are modest and are accompanied by important limitations. Significant increases in
the conversion to nAMD have been reported following treatment with some therapeutic
agents, with rates varying between trials depending on the level of complement inhibition,
dosing intensity, and baseline patient risk factors, suggesting that they contribute to the
rebalancing of unintended pathways that support angiogenesis, raising concerns about
their impact on pro-angiogenic states [22].

In addition, complement inhibition does not restore lost vision and retinal tissue but
rather provides a disease-modulating effect. The different responses to therapy observed
between patients are likely related to genetic differences, pre-existing inflammatory states
of the patient, and the stage of disease at the time of treatment.

These trials highlight several key lessons: (i) complement dysregulation is necessary
but not sufficient to fully explain AMD progression; (ii) upstream disease drivers, such
as oxidative stress and mitochondrial dysfunction, remain active despite complement
blockade; and (iii) future strategies may require combination therapies targeting multiple
pathogenic axes or genotype-guided patient selection to maximize benefit.

Together, these differences highlight that complement inhibition trials in AMD are not
directly interchangeable and should be interpreted in the context of target selection, study
design, and patient population characteristics.

5. microRNAs and Epigenetic Regulation
While classical epigenetic mechanisms such as DNA methylation and histone modifi-

cations primarily regulate gene expression at the transcriptional level, post-transcriptional
regulation by microRNAs represents a complementary layer of epigenetic control that
fine-tunes gene expression without altering DNA sequence or chromatin structure. In
regulating gene expression through post-transcriptional mechanisms (e.g., via modulating
mRNA stability and translation), miRNAs (i.e., small noncoding RNAs) are important to
the biological function of the retina as they maintain cellular homeostasis. They coordinate
stress response, provide immune regulation, regulate mitochondrial function, and are
involved in remodeling of the ECM. Also, dysregulation of miRNA activities as a result of
AMD provides additional evidence of an epigenetic mechanism that connects the process
of aging, the environment, and genetics together for disease onset and progression rather
than simply resulting from retinal damage [14,15,57]. Due to their ability to simultaneously
regulate multiple targets throughout established cellular pathways, miRNA regulatory
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activities are particularly appropriate for the function of AMD as a multifactorial and
networked disease process.

Oxidative stress is the primary mechanism of RPE damage, and the various microR-
NAs (miRs) related to AMD regulate pathways that influence the cellular senescence
process, mitochondrial resilience, and overall redox status. For example, there is evidence
that miR-34a modulates age-related oxidative stress susceptibility. When DNA damage
and oxidative stress induce the expression of miR-34a, it downregulates sirtuin 1 (SIRT1)
expression, a critical regulator of mitochondrial biogenesis, antioxidant responses, and
mitophagy. Reduced SIRT1 expression is thought to be responsible for promoting impaired
mitochondrial function and increasing the production of reactive oxygen species, thereby
contributing to the activation of degenerative signaling mechanisms in RPE cells that result
in an increase in oxidative injury [58]. Furthermore, the aberrant regulation of other miR-
NAs, such as miR-21 and miR-146a, may lead to the aberrant regulation of the oxidative
stress response and cell senescence, impairing the ability of retinal cells to respond to
environmental changes [59,60]. Based on the collective evidence, we present a model in
which miRNA shifts that occur as a result of stress and age promote decreased antioxidant
capacity and increased susceptibility to cumulative oxidative damage in RPE cells.

In addition to regulating redox signals, miRNAs are intimately associated with in-
flammatory and innate immune pathways implicated in AMD. Several studies have con-
sidered the role of miRNAs in the genesis and progression of chronic aging-associated
para-inflammation, including their mediation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling, cytokine production, and complement pathways.
For example, miR-146a is consistently elevated when challenged by pro-inflammatory
signals. It serves as an inhibitory factor by targeting critical intermediates [interleukin-1
receptor-associated kinase 1 (IRAK1) and tumor necrosis factor receptor-associated factor
6 (TRAF6)] and other involved proteins. The primary outcome is to limit the magnitude of
the inflammatory response at first. However, continued dysregulation of miR-146a due to
chronic stress will ultimately lead to maladaptive, overly strong downregulation, which
will lead to the lack of adequate downregulation of inflammatory pathways, the loss of
cellular protective mechanisms, and ultimately to the activation of pathways leading to
the development of AMD [11,14,57]. The consistent identification of dysregulated miRNAs
associated with AMD in ocular fluids, peripheral blood, and retinal tissues suggests that
these miRNAs operate at the intersection of crosstalk between complement and inflamma-
tion, implicating multiple pathways in the pathogenesis of AMD rather than being limited
to a few isolated molecular events [15,61].

miRNAs are essential elements of the angiogenic and extracellular remodeling pro-
cesses, which are central to the development of neovascularization from intermediate AMD
to the fully developed neovascular (NV) phenotype. Regulatory activities occur in endothe-
lial cells of the vascular tissue through regulation via miRNAs of both vascular permeability
and matrix composition. Numerous miRNAs modulate endothelial activation and perme-
ability by regulating angiogenic factors, integrins, and ECM components. miR-29a is a
compelling example of an miRNA with anti-angiogenic effects in experimental ocular NV
models. Conversely, miR-29a alters the expression of genes that encode ECM components.
Restoration of miR-29a activity suppresses pathological neovascular growth and influences
structural remodeling processes relevant to both Bruch’s membrane integrity and choroidal
angiogenesis [62]. More broadly, miRNA families implicated in AMD-related angiogenesis,
including miR-21, miR-126, miR-155, and miR-23/27 clusters, regulate interconnected
networks that govern endothelial behavior, inflammatory signaling, and tissue remodeling.
Although individual miRNA findings vary across studies, network-level convergence on
angiogenic and ECM pathways provides biological coherence to these observations [15,57].
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The fact that miRNAs are relatively stable in biofluids has led to the development of
great interest in using them as biomarkers for minimally invasive procedures. Circulating
miRNAs are located within serum or plasma, where they are protected against degradation
via encapsulation in extracellular vesicles and also through their attachment to various pro-
teins and lipoproteins. Numerous studies have demonstrated significant differences in the
levels of circulating miRNAs when comparing samples taken from patients with AMD and
healthy controls, as well as between different AMD subtypes, thus establishing the ability of
these circulating miRNAs to potentially provide an appropriate means for risk stratification
and/or monitoring disease progression [63]. Simultaneously, profiling of miRNAs in ocular
fluids, such as aqueous humor, has uncovered disease-associated profiles that may correlate
more directly with local retinal and choroidal processes than systemic measurements [61].
Although there is now a significant body of evidence supporting the idea that miRNAs may
be useful in clinical tests, there are significant hurdles to overcome before we see miRNAs
integrated into practice, including variations in pre-analytical processing, variations in
analytical platforms, differences in normalization strategies, and confounding effects of
age and concurrent systemic diseases. Recent integrative reviews have noted that when
miRNAs become clinically useful, they will most likely be incorporated into multimodal
biomarker panels rather than used as standalone diagnostic tests [15,61].

miRNA modulation is a novel and promising approach in terms of therapeutic ap-
plications because it allows for the rebalancing of disease-driving pathways rather than
simply being directed to a single “downstream” target or “effector.” Therapeutic miRNA
mimics can be used to replace normal healthy (protective) miRNAs that are suppressed or
downregulated by diseases. Conversely, antagomiRs or anti-miRs may be used to target
and specifically kill the pathogenic miRNAs responsible for sustaining oxidative stress,
inflammation, or angiogenesis. Advances in oligonucleotide chemistry (e.g., locked nucleic
acids and phosphorothioate) have improved oligonucleotide stability and affinity to their
targets; therefore, new delivery systems have been developed to promote high ocular speci-
ficity and reduce the incidence of off-target side effects [64]. For AMD, miRNA strategies
have the potential to enhance current therapeutic options by inhibiting proangiogenic pro-
grams, reducing chronic inflammatory signaling, and improving mitochondrial resilience
to stress. Thus, the continued rise in RNA-based therapies in ophthalmology provides a
strong platform for the potential success and framework for developing new miRNA-based
interventions [65]. While there are still many obstacles to the successful development of
miRNA-based therapies for AMD, including defining miRNA cell-type specificity in an
extremely complex environment (the retina), determining the best treatment and thera-
peutic dosing regimen for a slowly progressive disease, and finding clinically relevant
endpoints that are robust enough to capture the desired modulation at the network level,
miRNA-based therapies have great potential as therapeutic agents for disease modification
in AMD rather than merely symptomatic control.

6. Proteomics and Systems Biology Approaches
Proteomics and systems biology have allowed researchers to know much more about

how the tissues function in terms of proteomics or systems biology, especially how they
relate to AMD. Proteomics and systems biology provide detailed insights into specific path-
ways that cannot be identified using only genomic or transcriptomic data. Genome-wide
association studies have identified many risk genes for AMD, and transcriptomics have
indicated that genes are expressed differently depending on their environment. Proteomic
analyses reveal the amount of each protein present, any modifications made to each protein
after translation, how each protein is exported out of the cell, and if the activation of
signaling pathways related to that protein has occurred [16].
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One of the most influential applications of proteomics in AMD has been the molecular
characterization of drusen, the extracellular deposits that define early and intermediate
disease stages. Early mass spectrometry-based analyses of isolated human drusen demon-
strated enrichment of complement components and regulators, acute-phase reactants,
apolipoproteins, amyloid-related proteins, and extracellular matrix constituents, funda-
mentally redefining drusen as biologically active immunometabolic structures rather than
passive accumulations of waste material [41]. Subsequent proteomic and immunohisto-
chemical studies confirmed the presence of complement activation products, including
components of the terminal complement complex, alongside oxidative stress-modified
proteins and lipid peroxidation adducts, directly linking drusen formation to chronic innate
immune activation and mitochondrial-derived oxidative injury at the RPE-Bruch’s mem-
brane interface [13,41,66]. More recent high-resolution proteomic and pathology-driven
studies have further expanded the drusen proteome to include proteins involved in in-
flammasome signaling, lipid handling, and cellular senescence, supporting the concept
that drusen represent an extracellular fingerprint of sustained RPE stress and impaired
clearance mechanisms rather than a single pathogenic pathway [41].

Proteomics has also provided critical insights into disease mechanisms operating
within the RPE, a central integrator of metabolic, inflammatory, and extracellular signaling
in AMD. Quantitative proteomic studies of human RPE cells exposed to oxidative stress
have demonstrated widespread remodeling of intracellular pathways governing redox
balance, mitochondrial function, and proteostasis, accompanied by profound changes in the
RPE secretome. Under stress conditions relevant to AMD, the RPE exhibits increased secre-
tion of complement components, pro-inflammatory mediators, matrix metalloproteinases,
and angiogenic factors, alongside reduced secretion of proteins involved in extracellular
matrix stabilization, antioxidant defense, and immune regulation [67,68]. These secretory
alterations provide a mechanistic link between intracellular mitochondrial dysfunction and
extracellular pathological processes, including Bruch’s membrane degradation, choriocapil-
laris dysfunction, immune cell recruitment, and angiogenic permissiveness.

Importantly, proteomic analyses have repeatedly demonstrated discordance between
transcriptomic and proteomic changes in stressed RPE cells, particularly for secreted
proteins and complement regulators, underscoring the limitations of relying on mRNA
abundance as a surrogate for functional pathway activity in AMD [34,67]. This disconnect
highlights the importance of post-transcriptional regulation, protein stability, trafficking,
and secretion dynamics in shaping disease-relevant molecular environments.

In addition to tissue studies, the proteomics of ocular fluid has created a strong trans-
lational link between molecular discovery and clinical application. Analysis of the protein
composition of both aqueous (fluid) and vitreous (gel-like) humors from patients with AMD
has revealed differences in several protein families that may play a role in inflammation,
complement-mediated inflammation, oxidative stress, angiogenesis, and lipid metabolism.
The pathways identified in these studies correlate well with the pathogenic mechanisms
discovered through the study of retinal tissue [69–71]. Additionally, high-dimensional
proteomic profiling of the aqueous humor associated with geographic atrophy secondary
to AMD has identified candidates that can be sourced from retinal and/or RPE tissues
using donor eye expression atlases, thus confirming the biological basis for using these
fluids to capture biomarkers [72]. Furthermore, ocular fluid proteomics has demonstrated
the potential to predict therapeutic responses in AMD. An example would be a study
in which proteomic analysis of the aqueous humor from patients who had received anti-
VEGF therapy successfully identified protein signature patterns related to the therapeutic
response [73].
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The integration of proteomics with genomics and transcriptomics through systems
biology approaches has further refined the understanding of AMD as a disease driven
by interacting molecular networks rather than isolated pathways. Multi-omics analyses
consistently reveal that AMD-associated molecular changes cluster into interconnected
modules encompassing complement activation, lipid transport, mitochondrial metabolism,
proteostasis imbalance, and extracellular matrix remodeling [16,34]. Network-based mod-
eling has enabled the identification of central hub proteins that integrate signals from
multiple pathogenic axes and may therefore represent particularly attractive therapeutic
targets. Notably, several of these hubs are not directly predicted by genetic association stud-
ies alone, illustrating how proteomics-driven systems biology can uncover novel disease
mechanisms beyond inherited risk factors.

A recent and particularly promising advance has been the application of proteome-
wide Mendelian randomization and colocalization analyses to prioritize proteins with
genetically supported causal roles in AMD. These approaches integrate protein quan-
titative trait loci with AMD GWAS data to distinguish proteins that are likely drivers
of disease from those that are secondary consequences. Recent studies have identified
multiple candidate proteins associated with overall AMD risk as well as with dry and
neovascular subtypes, and have further assessed their druggability using in silico and
chemical annotation frameworks [16]. When interpreted alongside tissue and ocular-fluid
proteomics, these causal inference approaches provide a powerful strategy for therapeutic
target prioritization.

AMD has been recognized as a result of multiple interacting molecular networks due
to genetic predisposition, age-related declines in mitochondrial function and proteostasis,
and chronic inflammation through proteomics and systems biology. The understanding of
AMD’s molecular makeup through the identification of the chemical compounds found in
the deposits of drusen, identification of the changes in the way that RPE secretes material
into the bloodstream, and integration of multi-omics data into a direct experimental model
has allowed for the discovery of potential new molecular therapeutic targets for treatment
as well as the establishment of mechanistic pathways that extend beyond current anti-
VEGF and complement-based treatments. The evolution and continued maturation of both
spatially resolved proteomic technology and single-cell proteomic technologies, as well
as the development of artificial intelligence technologies to develop proteome network
analysis, will likely play an important role in the application of precision medicine to AMD,
allowing for earlier diagnosis, better modification of the disease, and delaying the onset of
severe late-stage AMD.

7. Molecular Determinants of Progression from Intermediate
Age-Related Macular Degeneration

One of the most clinically and biologically compelling aspects of AMD is the striking
heterogeneity in disease progression observed among patients with intermediate AMD.
While some individuals remain stable for many years with minimal functional decline,
others rapidly progress to late-stage complications, including GA or nAMD. This variability
cannot be explained by age or fundus phenotype alone and instead reflects complex
interactions among genetic predisposition, molecular stress responses, immune regulation,
and environmental modifiers. Understanding the molecular determinants that govern
progression from intermediate AMD is therefore central to identifying high-risk individuals
and defining preventive therapeutic windows.

At the genetic level, cumulative risk conferred by common variants in complement
pathway genes, particularly CFH, CFI, C3, and ARMS2/HTRA1, strongly influences the
likelihood and tempo of progression, but does not fully determine disease fate. Poly-
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genic risk score analyses demonstrate that individuals in the highest genetic risk strata
are significantly more likely to progress to advanced AMD, yet substantial overlap exists
between progressors and non-progressors, indicating that downstream molecular processes
modulate genetic susceptibility [74]. Rare, high-impact variants in complement regulators,
especially loss-of-function variants in CFI or CFH, further increase progression risk by
amplifying local complement activation and inflammatory stress at the RPE-Bruch’s mem-
brane interface [27]. However, genetics alone is insufficient to explain why progression
occurs along divergent trajectories toward GA or neovascular disease.

Studies of human donor eyes and experimental models demonstrate that early mito-
chondrial impairment in RPE cells precedes overt atrophy and is associated with increased
reactive oxygen species production, lipid peroxidation, and accumulation of damaged
mitochondria due to defective mitophagy [16]. Importantly, the extent of mitochondrial
dysfunction correlates with subsequent RPE loss and GA expansion, suggesting that failure
of mitochondrial quality control represents a critical molecular tipping point. Patients
with intermediate AMD who exhibit biomarkers of heightened oxidative stress and im-
paired antioxidant responses appear more likely to progress, particularly toward atrophic
phenotypes [7].

Chronic para-inflammation and complement dysregulation represent another major
axis influencing progression. In intermediate AMD, low-grade complement activation may
initially serve adaptive functions, facilitating debris clearance and immune surveillance.
However, sustained complement overactivation, especially in genetically susceptible indi-
viduals, drives a transition toward maladaptive inflammation characterized by sublytic
membrane attack complex deposition on RPE cells, inflammasome activation, and pro-
gressive cellular dysfunction [12]. Evidence from human pathology indicates that local
complement activation within the choriocapillaris and RPE precedes capillary dropout and
RPE degeneration, processes that strongly associate with GA development [66]. In contrast,
complement-derived anaphylatoxins such as C3a and C5a promote vascular permeability
and pro-angiogenic signaling, thereby biasing progression toward neovascular conversion
in a subset of patients [55].

Lipid metabolism and ECM remodeling further modulate progression risk. Inter-
mediate AMD is characterized by the accumulation of lipid-rich deposits within Bruch’s
membrane that impair nutrient diffusion and waste removal. Proteomic and lipidomic
analyses reveal that dysregulated cholesterol transport, apolipoprotein accumulation, and
oxidative modification of lipids create a pro-inflammatory and pro-angiogenic extracellular
milieu [75]. Progressive thickening and calcification of Bruch’s membrane reduce RPE
resilience and may favor GA development by exacerbating metabolic stress, whereas focal
ECM breakdown and matrix metalloproteinase activity may facilitate choroidal neovascular
invasion in susceptible regions [18].

Molecular predictors of GA expansion have been increasingly refined through longitu-
dinal imaging–biomarker correlations and tissue-based studies. Faster GA growth rates are
associated with markers of heightened complement activation, mitochondrial dysfunction,
impaired autophagy, and RPE senescence [76,77]. Recent clinical trial data further support
this framework, as complement inhibition slows GA expansion without restoring lost tissue,
implying that complement-driven inflammation acts as a disease accelerator rather than
the sole initiator of atrophy [21]. These findings suggest that patients with intermediate
AMD who exhibit molecular signatures of oxidative stress, mitochondrial failure, and
complement dysregulation may represent optimal candidates for early intervention before
irreversible RPE loss occurs.

In contrast, molecular predictors of neovascular conversion emphasize angiogenic
permissiveness and inflammatory-vascular crosstalk. Upregulation of VEGF signaling,

https://doi.org/10.3390/biom16020234

https://doi.org/10.3390/biom16020234


Biomolecules 2026, 16, 234 17 of 27

increased local levels of C3a and C5a, and proteomic signatures indicative of endothelial
activation and extracellular matrix degradation have all been associated with a higher risk
of neovascular conversion [55]. Importantly, complement inhibition trials have highlighted
a critical trade-off: while suppressing complement activity may slow atrophy, it can increase
the incidence of neovascular conversion in some patients, underscoring the need for careful
molecular stratification and combined pathway targeting [21,77].

Collectively, these insights highlight intermediate AMD as a dynamic molecular state
rather than a static clinical category. The concept of preventive therapeutic windows is
therefore central to disease modification. Interventions targeting oxidative stress, mitochon-
drial dysfunction, complement dysregulation, or lipid metabolism are likely to be most
effective when applied before self-reinforcing degenerative loops become established [78].

Key molecular predictors associated with progression from intermediate AMD, to-
gether with their linked clinical outcomes and translational relevance, are summarized in
Table 2.

Table 2. Molecular Predictors of Progression from Intermediate AMD.

Predictor Category Molecular Features Associated Outcome Evidence Type Clinical Relevance

Genetic risk burden High polygenic risk score;
rare complement variants

Faster progression to
advanced AMD

GWAS; longitudinal
cohorts

Risk stratification;
preventive targeting

Complement activation
Elevated local MAC
deposition; C3a/C5a

signaling

GA expansion or
neovascular conversion

Human pathology;
clinical trials Complement modulation

Mitochondrial
dysfunction

Reduced mitochondrial
mass; impaired mitophagy RPE degeneration; GA Donor eyes; preclinical

models
Mitochondria-targeted

therapies

Inflammatory signaling Chronic para-inflammation;
inflammasome activation Accelerated progression Tissue studies;

biomarkers
Anti-inflammatory

strategies

ECM remodeling MMP activation; Bruch’s
membrane thinning Neovascular conversion Proteomics; imaging

correlations
Anti-angiogenic

combination therapies

Abbreviations: AMD, age-related macular degeneration; GA, geographic atrophy; MAC, membrane attack
complex; C3a, complement component 3a; C5a, complement component 5a; RPE, retinal pigment epithelium;
ECM, extracellular matrix; GWAS, genome-wide association studies.

8. Emerging Therapeutic Strategies
The therapeutic landscape of AMD is undergoing a profound transformation driven

by the recognition that sustained disease control and prevention of progression will require
strategies that extend beyond repeated intravitreal inhibition of VEGF. While anti-VEGF
therapy has revolutionized the management of neovascular AMD, treatment burden, vari-
able durability, incomplete response, and the lack of effective therapies for GA underscore
the need for innovative approaches that target upstream pathogenic mechanisms, enable
long-term pathway modulation, and allow molecularly informed patient stratification.

Sustained anti-VEGF delivery represents a critical evolution in established therapeu-
tic paradigms. The purpose of long-term VEGF inhibition is due to the fact that many
intravitreal injections lead to a high burden on both patients and the health system, and
that they expose the retina to elevated levels of VEGF during periods of injection and
lower levels during periods when injections are not administered. Gene therapy using
adeno-associated virus (AAV) viral vectors can be used to provide long-term delivery of
VEGF inhibitors after a single administration. Early phase clinical trials of intravitreal or
subretinal AAV-mediated expression of anti-VEGF molecules have demonstrated durable
intraocular protein expression and reduced need for rescue injections in selected patients,
although variability in transgene expression and inflammatory responses remain important
challenges [79,80]. In parallel, device-based strategies, such as refillable port delivery
systems, provide sustained intraocular release of approved anti-VEGF agents, enabling
extended dosing intervals while preserving the ability to discontinue therapy in the event
of adverse effects [81]. Together, these approaches highlight a broader shift toward phar-
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macokinetic stability as a determinant of therapeutic success, rather than simply increasing
molecular potency. An overview of emerging therapeutic strategies for AMD, including
their molecular targets, mechanisms of action, disease stage applicability, and current
limitations, is provided in Table 3.

Table 3. Emerging Therapeutic Strategies in AMD beyond Conventional Anti-VEGF.

Therapeutic Strategy Molecular Target Mechanism of Action Disease Stage Key Limitations

Sustained anti-VEGF
delivery VEGF Continuous intraocular

VEGF suppression Neovascular AMD Inflammation; device or
vector-related risks

Complement modulation
(upstream) Factor B, Factor D, CFH Attenuation of alternative

pathway amplification GA, intermediate AMD Neovascular risk; modest
efficacy

Gene therapy Complement regulators,
VEGF

Long-term expression of
therapeutic proteins Selected AMD subtypes Irreversibility; patient

selection

CRISPR/Cas editing AMD-associated risk loci Permanent genomic
modification Experimental Off-target effects; delivery

challenges

RNA-based therapies VEGF, complement genes,
miRNAs

Post-transcriptional gene
regulation

Neovascular and dry
AMD

Durability; tissue
specificity

Abbreviations: AMD, age-related macular degeneration; VEGF, vascular endothelial growth factor; GA, geo-
graphic atrophy; CRISPR, clustered regularly interspaced short palindromic repeats; Cas, CRISPR-associated
endonuclease; RNA, ribonucleic acid; RNA; miRNA, microRNA.

The complement system is another target for therapeutic intervention in dry AMD
and GA. Therefore, it is one of the areas of intense focus for both basic and clinical re-
search on dry AMD and GA. There is a long history of research based on genetic and/or
pathological evidence linking chronic complement overactivation to the progression of
dry AMD and GA; thus, suppression of complement overactivation remains a focus for
future treatment of dry AMD and GA. Recent clinical developments for dry AMD and GA
have mainly focused on inhibiting either C3 or C5 in the complement pathway. However,
emerging strategies aim to modulate the complement pathway in a specific manner, such
that physiological immune surveillance remains unaltered while pathogenic amplification
is inhibited. Upstream regulators of the alternative complement pathway, including factor
B and factor D, will be targeted for inhibition. Additionally, promotion of endogenous
regulation of complement through the use of factor H-based strategies may provide a
theoretical advantage in reducing local area dysregulation of complement without com-
plete blockade of the alternative pathway [82]. Early clinical experience suggests that
complement inhibition can slow GA lesion expansion, but modest efficacy and increased
risk of neovascular conversion in some treatment arms emphasize the need for refined
patient selection and potentially combination strategies [22].

Gene therapy strategies for AMD are also expanding beyond anti-VEGF delivery
toward correction or compensation of genetic risk alleles. The identification of rare, high-
impact variants in complement regulatory genes has provided a compelling rationale for
gene augmentation approaches aimed at restoring local complement control. Preclinical
studies demonstrate that increasing intraocular expression of complement regulators can
reduce complement activation and protect retinal tissues from degeneration, supporting
the feasibility of genotype-informed gene therapy [27]. However, the polygenic nature of
AMD poses significant challenges, as common risk alleles exert modest effects and interact
with environmental and aging-related stressors. Consequently, gene therapy for AMD is
likely to be most effective in carefully selected subsets of patients with defined genetic
vulnerabilities rather than as a universal intervention.

Genome-editing technologies are currently being developed as potential means of
permanently correcting pathogenic genetic variants associated with retinal diseases using
CRISPR/Cas systems. The evolving interest in retinal diseases is fueled by the fact that
the eye is uniquely suited for gene-editing applications because of the immune-privileged
state of the ocular environment, relative compartmentalization, and direct accessibility of
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the retina. Several proof-of-principle studies support the ability of CRISPR/Cas-based
editing to be successfully delivered to retinal cells in living organisms. This raises the
possibility of directly targeting genetics associated with AMD or modulating the pathways
associated with the development of AMD at the genomic level [83,84]. However, there are
still many limitations to the clinical translation of these technologies. These include issues
related to the potential for off-target effects, mosaicism, and delivering the most efficient
methods of administering CRISPR/Cas directly to post-mitotic retinal cells, and difficulties
associated with identifying appropriate genetic targets in complex multifactorial diseases
such as AMD, where the majority of risk is due to common variants rather than single
genetic causative mutations. These limitations suggest that the application of CRISPR/Cas
approaches to AMD is currently at an experimental stage and is more likely to complement,
rather than supplant, the use of other therapeutic strategies in the near future.

Another rapidly developing class of treatments widely applicable to AMD is RNA-
based therapeutics. Small interfering RNAs (siRNAs) have previously shown clinical
viability in ocular indications and allow selective silencing of genes linked to disease. In ad-
dition to suppressing VEGF, siRNA techniques are being investigated to target angiogenic
signaling pathways, inflammatory mediators, and complement components, providing
modular and possibly combinatorial treatment options [85]. Simultaneously, microRNA
manipulation is a new approach to rebalance entire pathogenic networks instead of indi-
vidual genes. The therapeutic delivery of microRNA mimics or inhibitors holds promise
for multi-pathway disease modification because dysregulated microRNAs affect oxidative
stress responses, inflammatory signaling, mitochondrial function, and angiogenesis [64].
However, significant issues remain regarding tissue selectivity, transport, durability, and
off-target effects, necessitating further technical advancement.

9. Future Perspectives: Toward Precision Medicine in Age-Related
Macular Degeneration

The growing body of molecular, genetic, and systems-level evidence in AMD has
made it increasingly clear that the disease cannot be adequately described, or treated, as a
single clinical entity. Instead, AMD represents a spectrum of related but biologically distinct
conditions that share overlapping phenotypes while differing substantially in underlying
molecular drivers, progression trajectories, and therapeutic responsiveness. The transition
toward precision medicine in AMD, therefore, hinges on the ability to define biologically
meaningful disease endotypes, integrate multi-dimensional data across scales, and translate
this knowledge into personalized prevention and treatment strategies.

AMD molecular endotyping is a fundamental step in precision medicine. The varia-
tion observed at the molecular level is not adequately captured by conventional categories
based on fundus morphology and late-stage outcome. AMD-associated molecular alter-
ations cluster into separate but overlapping networks involving complement dysregulation,
mitochondrial dysfunction, oxidative stress, lipid metabolism, ECM remodeling, angio-
genic signaling, and cellular senescence, according to multi-omics studies combining
genomics, transcriptomics, proteomics, metabolomics, and epigenetic profiling techniques.
Importantly, individuals with similar fundus results may have distinctly different levels
of pathway activation, which contributes to the differences in treatment responses and
progression rates. This is because these molecular fingerprints do not exactly correspond to
clinical presentations. According to recent systems biology frameworks, AMD can be cate-
gorized into endotypes based on dominant molecular drivers, such as complement-driven
inflammatory, mitochondria–oxidative stress, and angiogenic-ECM remodeling endotypes,
each of which has unique therapeutic implications [16].
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Advances in molecular endotyping are closely linked to the development of personal-
ized prevention strategies. Intermediate AMD represents a critical window during which
pathogenic processes are active, but tissue loss remains limited and potentially modifiable.
Genetic risk profiling, particularly through polygenic risk scores incorporating common
and rare variants, has demonstrated increasing predictive power for disease progression
when combined with environmental and lifestyle factors such as smoking, diet, and light
exposure [7]. However, genetics alone is insufficient to guide intervention timing or modal-
ity. Integrating molecular biomarkers, derived from ocular fluids, blood-based assays, and
advanced imaging correlates, with genetic risk holds promise for identifying individuals
poised at a biological tipping point before irreversible degeneration occurs [78]. Such
stratification could enable targeted lifestyle interventions, antioxidant or mitochondrial-
supportive therapies, and early pathway-specific pharmacologic modulation in patients
most likely to benefit, while avoiding unnecessary treatment in low-risk individuals.

Precision medicine in AMD will also require a shift from monotherapies to rational
combination strategies that address the multifactorial nature of disease progression. The
limited effectiveness of single-pathway treatments, such as VEGF suppression alone in
neovascular AMD or complement inhibition alone in geographic atrophy, highlights the
existence of parallel and compensatory pathogenic pathways [77]. According to systems-
level assessments, combining treatments that target complementary pathways, such as
immunological regulation, mitochondrial support, and oxidative stress mitigation, may
result in additive or synergistic effects, especially when used early in the course of the
illness [16]. For instance, neovascular conversion might be decreased while maintaining
tissue integrity by combining long-term antiangiogenic tactics with the modification of
inflammatory or ECM pathways. Similarly, pairing complement modulation with inter-
ventions that enhance mitochondrial quality control may attenuate both inflammatory
amplification and metabolic vulnerability in RPE cells.

However, significant translational gaps and unmet needs remain. Validating and
standardizing molecular biomarkers for routine clinical use is a significant challenge.
Cross-study comparability and regulatory acceptability are hampered by variations in
sample collection, analytical platforms, and cohort composition [15,78]. Furthermore,
most molecular discoveries have come from cross-sectional studies or late-stage tissues,
but longitudinal, stage-specific data are crucial for determining the primary causes of
progression rather than its downstream effects. Another critical gap is the integration of
molecular data into clinical trial designs. Many past and ongoing trials enroll heterogeneous
patient populations based primarily on anatomical criteria, potentially diluting therapeutic
signals that might be robust within molecularly defined subgroups [16].

A conceptual framework linking dominant molecular endotypes of AMD with likely
progression patterns and optimal therapeutic windows is outlined in Table 4.

Table 4. Toward Precision Medicine in AMD: Molecular Endotypes and Therapeutic Windows.

AMD Molecular Endotype Dominant Pathways Likely Progression Optimal Intervention
Window Therapeutic Approach

Complement-driven
inflammatory

Alternative complement
activation GA > neovascular Early–intermediate AMD Complement modulation

Mitochondrial–oxidative
stress

ROS accumulation;
mitophagy failure GA Intermediate AMD Mitochondrial support

Angiogenic–ECM
remodeling

VEGF signaling; ECM
breakdown Neovascular AMD Late intermediate AMD Anti-VEGF ± ECM

targeting

Mixed endotype Multiple overlapping
pathways Variable Individualized Combination therapy

Abbreviations: AMD, age-related macular degeneration; GA, geographic atrophy; ECM, extracellular matrix;
ROS, reactive oxygen species; VEGF, vascular endothelial growth factor.
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Ethical and practical considerations will also shape the future of precision medicine
for AMD. Concerns about cost-effectiveness, testing accessibility, and fair implementation
in aging populations are raised by genetic and molecular stratification. The long natural
history of AMD makes it more challenging to select clinical endpoints sensitive enough to
identify early disease modification, rather than late-stage structural alterations. To solve
these problems, coordinated efforts spanning basic research, clinical research, regulatory
science, and health policy are required.

Although our understanding of the pathophysiology of AMD has advanced signif-
icantly, several significant obstacles limit the interpretation and application of current
research findings. The extensive use of animal models, especially mouse and rat systems,
which lack a true macula and are essentially different from the human retina in terms
of photoreceptor distribution, immunological environment, and complement regulation,
represents a significant obstacle. These models have been essential for mechanistic research;
however, they are still unable to accurately capture important aspects of human AMD,
particularly chronic para-inflammation and geographic atrophy. As a result, preclinical
results must be carefully extrapolated to human diseases [86].

The second drawback is the variability in pre-analytical processing and multi-omics
approaches. Reproducibility and cross-study comparability can be significantly affected
by variations in tissue procurement, postmortem delay, sample preservation, sequencing
and proteomic platforms, normalization techniques, and bioinformatic pipelines. This
methodological heterogeneity makes the identification of strong molecular signatures more
difficult and has been identified as a significant obstacle to the reproducibility and clinical
application of multi-omics findings [87,88].

Finally, despite the appealing prospects of microRNA-based approaches for network-
level disease modulation, there are substantial obstacles to their clinical implementation.
Achieving effective and cell-type-specific delivery within the retina, guaranteeing the
longevity of therapeutic effects in a slowly progressing disease, reducing off-target interac-
tions, and resolving long-term safety issues are some major obstacles. In the larger field
of RNA-based therapies, these translational barriers are well recognized, and they are
especially pertinent to long-term retinal conditions, such as AMD [89].

10. Conclusions
Decades of studies have shown that AMD is a complex, network-based disease in

which environmental stressors, aging-related cellular decline, and genetic vulnerability all
interact with linked molecular systems. Instead of functioning independently, oxidative
stress, mitochondrial dysfunction, chronic para-inflammation, complement dysregulation,
lipid metabolism imbalance, extracellular matrix remodeling, and aberrant angiogenic
signaling form self-reinforcing circuits that change and vary among individuals. This
network perspective offers a paradigm for balancing the variety of clinical manifestations,
development paths, and treatment outcomes observed in AMD.

Viewing AMD as a network disease has profound implications for therapeutic devel-
opment. The limited and often variable efficacy of single-pathway interventions, whether
anti-VEGF therapy in nAMD or complement inhibition in geographic atrophy, reflects the
capacity of interconnected molecular networks to compensate when one node is suppressed.
Sustained disease control and true modification of disease course are therefore unlikely to
be achieved through isolated targeting of downstream effectors alone. Instead, integrated
molecular targeting strategies that address upstream drivers and multiple converging path-
ways will be required. Advances in genomics, epigenetics, proteomics, and systems biology
have begun to identify such convergence points, including mitochondrial quality control,
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complement regulation, and RPE stress signaling, which may represent leverage nodes
capable of rebalancing pathogenic networks rather than merely dampening their outputs.

Equally important is the recognition that therapeutic timing is as critical as the ther-
apeutic target. The typical focus on late-stage AMD, when significant retinal pigment
epithelium and photoreceptor loss occurs, reduces the possibility of functional recovery. In
contrast, intermediate AMD is a physiologically active but theoretically modifiable stage
in which the tissue architecture is mostly unaltered, yet pathogenic processes continue.
According to molecular profiling and endotyping, there are critical therapeutic windows
during which interventions can delay, stop, or reverse the progression of the illness. To
change the therapeutic paradigm from late-stage rescue to early disease modification, vali-
dated molecular biomarkers, better risk classification, and trial designs that link treatment
approaches to the underlying illness biology rather than morphological aims are necessary.

To summarize, the primary findings of the present review are as follows: (i) AMD is a
networked disease characterized by mitochondrial dysfunction, oxidative stress, comple-
ment dysregulation and inflammation, epigenetic control mechanisms, and dysregulation
of proteostasis; (ii) an early component of AMD pathogenesis is the failure of mitochondrial
function upstream and reduced stress resilience in RPE cells. This leads to a resultant
increase in inflammatory and complement-mediated injury. (iii) Inter-individual molecular
heterogeneity is an important factor in determining the differences in prognosis and re-
sponse to therapy associated with the development of AMD. Finally, advances in managing
AMD in clinical practice will depend on the incorporation of multi-omics-based molecular
endotyping, validated biomarkers, and genetic risk assessment to enhance decision-making
in designing future clinical trials for AMD. These advances will facilitate the use of preci-
sion medicine to provide evidence-based early intervention, the development of rational
combination therapies that target multiple pathogenic pathways, and the transition from
late-stage rescue to proactive disease modification and prevention.

Author Contributions: Conceptualization, M.M.S.; writing—original draft preparation, C.D., R.S.
and M.M.S.; writing—review and editing, C.D., R.S. and M.M.S.; visualization, M.M.S.; supervision,
M.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AMD Age-related macular degeneration
AAV Adeno-associated virus
APOE Apolipoprotein E
ARMS2 Age-related maculopathy susceptibility 2
ATP Adenosine triphosphate
BNIP3 BCL2-interacting protein 3
Cas CRISPR-associated endonuclease
C2 Complement component 2
C3 Complement component 3
C3a Complement component 3a
C5 Complement component 5
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C5a Complement component 5a
CFB Complement factor B
CFH Complement factor H
CFI Complement factor I
CRISPR Clustered regularly interspaced short palindromic repeats
CRP C-reactive protein
DAMPs Damage-associated molecular patterns
ECM Extracellular matrix
GA Geographic atrophy
GWAS Genome-wide association studies
HDL High-density lipoprotein
HIF-1α Hypoxia-inducible factor 1 alpha
HTRA1 High-temperature requirement A serine peptidase 1
IRAK1 Interleukin-1 receptor-associated kinase 1
MAC Membrane attack complex
MDA Malondialdehyde
miRNA MicroRNA
MMPs Matrix metalloproteinases
mtDNA Mitochondrial DNA
NAD+ Nicotinamide adenine dinucleotide
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NMN Nicotinamide mononucleotide
NR Nicotinamide riboside
nAMD Neovascular age-related macular degeneration
NV Neovascular
PINK1 PTEN-induced kinase 1
PARKIN (PRKN) Parkin RBR E3 ubiquitin protein ligase
RPE Retinal pigment epithelium
RNA Ribonucleic acid
ROS Reactive oxygen species
siRNA Small-interfering RNA
SIRT1 Sirtuin 1
TGF-β Transforming growth factor beta
VEGF Vascular endothelial growth factor

References
1. Mitchell, P.; Liew, G.; Gopinath, B.; Wong, T.Y. Age-Related Macular Degeneration. Lancet 2018, 392, 1147–1159. [CrossRef]
2. Fleckenstein, M.; Keenan, T.D.L.; Guymer, R.H.; Chakravarthy, U.; Schmitz-Valckenberg, S.; Klaver, C.C.; Wong, W.T.; Chew, E.Y.

Age-Related Macular Degeneration. Nat. Rev. Dis. Primers 2021, 7, 31. [CrossRef]
3. Steinmetz, J.D.; Bourne, R.R.A.; Briant, P.S.; Flaxman, S.R.; Taylor, H.R.B.; Jonas, J.B.; Abdoli, A.A.; Abrha, W.A.; Abualhasan,

A.; Abu-Gharbieh, E.G.; et al. Causes of Blindness and Vision Impairment in 2020 and Trends over 30 Years, and Prevalence of
Avoidable Blindness in Relation to VISION 2020: The Right to Sight: An Analysis for the Global Burden of Disease Study. Lancet
Glob. Health 2021, 9, e144–e160. [CrossRef]

4. Wong, T.; Chakravarthy, U.; Klein, R.; Mitchell, P.; Zlateva, G.; Buggage, R.; Fahrbach, K.; Probst, C.; Sledge, I. The Natural
History and Prognosis of Neovascular Age-Related Macular Degeneration. Ophthalmology 2008, 115, 116–126.e1. [CrossRef]

5. Fairbanks, A.M.; Husain, D. Controversies and Disparities in the Management of Age-Related Macular Degeneration. Semin.
Ophthalmol. 2023, 38, 134–142. [CrossRef] [PubMed]

6. Kumbhar, P.; Kolekar, K.; Vishwas, S.; Shetti, P.; Kumbar, V.; Andreoli Pinto, T.D.J.; Paiva-Santos, A.C.; Veiga, F.; Gupta, G.; Singh,
S.K.; et al. Treatment Avenues for Age-Related Macular Degeneration: Breakthroughs and Bottlenecks. Ageing Res. Rev. 2024, 98,
102322. [CrossRef]

7. Fritsche, L.G.; Igl, W.; Bailey, J.N.C.; Grassmann, F.; Sengupta, S.; Bragg-Gresham, J.L.; Burdon, K.P.; Hebbring, S.J.; Wen, C.;
Gorski, M.; et al. A Large Genome-Wide Association Study of Age-Related Macular Degeneration Highlights Contributions of
Rare and Common Variants. Nat. Genet. 2016, 48, 134–143. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16020234

https://doi.org/10.1016/S0140-6736(18)31550-2
https://doi.org/10.1038/s41572-021-00265-2
https://doi.org/10.1016/S2214-109X(20)30489-7
https://doi.org/10.1016/j.ophtha.2007.03.008
https://doi.org/10.1080/08820538.2022.2152705
https://www.ncbi.nlm.nih.gov/pubmed/36602457
https://doi.org/10.1016/j.arr.2024.102322
https://doi.org/10.1038/ng.3448
https://www.ncbi.nlm.nih.gov/pubmed/26691988
https://doi.org/10.3390/biom16020234


Biomolecules 2026, 16, 234 24 of 27

8. Kaarniranta, K.; Uusitalo, H.; Blasiak, J.; Felszeghy, S.; Kannan, R.; Kauppinen, A.; Salminen, A.; Sinha, D.; Ferrington, D.
Mechanisms of Mitochondrial Dysfunction and Their Impact on Age-Related Macular Degeneration. Prog. Retin. Eye Res. 2020,
79, 100858. [CrossRef]

9. Ferrington, D.A.; Fisher, C.R.; Kowluru, R.A. Mitochondrial Defects Drive Degenerative Retinal Diseases. Trends Mol. Med. 2020,
26, 105–118. [CrossRef] [PubMed]

10. Golestaneh, N.; Chu, Y.; Xiao, Y.-Y.; Stoleru, G.L.; Theos, A.C. Dysfunctional Autophagy in RPE, a Contributing Factor in
Age-Related Macular Degeneration. Cell Death Dis. 2017, 8, e2537. [CrossRef]

11. Chen, M.; Xu, H. Parainflammation, Chronic Inflammation, and Age-Related Macular Degeneration. J. Leucoc. Biol. 2015, 98,
713–725. [CrossRef]

12. Ambati, J.; Fowler, B.J. Mechanisms of Age-Related Macular Degeneration. Neuron 2012, 75, 26–39. [CrossRef]
13. Mullins, R.F.; Schoo, D.P.; Sohn, E.H.; Flamme-Wiese, M.J.; Workamelahu, G.; Johnston, R.M.; Wang, K.; Tucker, B.A.; Stone, E.M.

The Membrane Attack Complex in Aging Human Choriocapillaris. Am. J. Pathol. 2014, 184, 3142–3153. [CrossRef]
14. Berber, P.; Grassmann, F.; Kiel, C.; Weber, B.H.F. An Eye on Age-Related Macular Degeneration: The Role of MicroRNAs in

Disease Pathology. Mol. Diagn. Ther. 2017, 21, 31–43. [CrossRef]
15. Romano, G.L.; Platania, C.B.M.; Drago, F.; Salomone, S.; Ragusa, M.; Barbagallo, C.; Di Pietro, C.; Purrello, M.; Reibaldi, M.;

Avitabile, T.; et al. Retinal and Circulating miRNAs in Age-Related Macular Degeneration: An In Vivo Animal and Human Study.
Front. Pharmacol. 2017, 8, 168. [CrossRef] [PubMed]

16. Cascella, R.; Strafella, C.; Caputo, V.; Errichiello, V.; Zampatti, S.; Milano, F.; Potenza, S.; Mauriello, S.; Novelli, G.; Ricci, F.; et al.
Towards the Application of Precision Medicine in Age-Related Macular Degeneration. Prog. Retin. Eye Res. 2018, 63, 132–146.
[CrossRef] [PubMed]

17. Haines, J.L.; Hauser, M.A.; Schmidt, S.; Scott, W.K.; Olson, L.M.; Gallins, P.; Spencer, K.L.; Kwan, S.Y.; Noureddine, M.; Gilbert,
J.R.; et al. Complement Factor H Variant Increases the Risk of Age-Related Macular Degeneration. Science 2005, 308, 419–421.
[CrossRef] [PubMed]

18. Clark, S.J.; Bishop, P.N. The Eye as a Complement Dysregulation Hotspot. Semin. Immunopathol. 2018, 40, 65–74. [CrossRef]
19. Weismann, D.; Hartvigsen, K.; Lauer, N.; Bennett, K.L.; Scholl, H.P.N.; Issa, P.C.; Cano, M.; Brandstätter, H.; Tsimikas, S.; Skerka,

C.; et al. Complement Factor H Binds Malondialdehyde Epitopes and Protects from Oxidative Stress. Nature 2011, 478, 76–81.
[CrossRef]

20. The AMD Genetics Clinical Study Group; Gold, B.; Merriam, J.E.; Zernant, J.; Hancox, L.S.; Taiber, A.J.; Gehrs, K.; Cramer, K.;
Neel, J.; Bergeron, J.; et al. Variation in Factor B (BF) and Complement Component 2 (C2) Genes Is Associated with Age-Related
Macular Degeneration. Nat. Genet. 2006, 38, 458–462. [CrossRef]

21. Heier, J.S.; Lad, E.M.; Holz, F.G.; Rosenfeld, P.J.; Guymer, R.H.; Boyer, D.; Grossi, F.; Baumal, C.R.; Korobelnik, J.-F.; Slakter,
J.S.; et al. Pegcetacoplan for the Treatment of Geographic Atrophy Secondary to Age-Related Macular Degeneration (OAKS
and DERBY): Two Multicentre, Randomised, Double-Masked, Sham-Controlled, Phase 3 Trials. Lancet 2023, 402, 1434–1448.
[CrossRef]

22. Kang, C. Avacincaptad Pegol: First Approval. Drugs 2023, 83, 1447–1453. [CrossRef]
23. Rivera, A.; Fisher, S.A.; Fritsche, L.G.; Keilhauer, C.N.; Lichtner, P.; Meitinger, T.; Weber, B.H.F. Hypothetical LOC387715 Is a

Second Major Susceptibility Gene for Age-Related Macular Degeneration, Contributing Independently of Complement Factor H
to Disease Risk. Hum. Mol. Genet. 2005, 14, 3227–3236. [CrossRef]

24. Yang, Z.; Camp, N.J.; Sun, H.; Tong, Z.; Gibbs, D.; Cameron, D.J.; Chen, H.; Zhao, Y.; Pearson, E.; Li, X.; et al. A Variant of the
HTRA1 Gene Increases Susceptibility to Age-Related Macular Degeneration. Science 2006, 314, 992–993. [CrossRef] [PubMed]

25. Vierkotten, S.; Muether, P.S.; Fauser, S. Overexpression of HTRA1 Leads to Ultrastructural Changes in the Elastic Layer of Bruch’s
Membrane via Cleavage of Extracellular Matrix Components. PLoS ONE 2011, 6, e22959. [CrossRef] [PubMed]

26. Kanda, A.; Chen, W.; Othman, M.; Branham, K.E.H.; Brooks, M.; Khanna, R.; He, S.; Lyons, R.; Abecasis, G.R.; Swaroop,
A. A Variant of Mitochondrial Protein LOC387715/ARMS2, Not HTRA1, Is Strongly Associated with Age-Related Macular
Degeneration. Proc. Natl. Acad. Sci. USA 2007, 104, 16227–16232. [CrossRef]

27. Van De Ven, J.P.H.; Nilsson, S.C.; Tan, P.L.; Buitendijk, G.H.S.; Ristau, T.; Mohlin, F.C.; Nabuurs, S.B.; Schoenmaker-Koller, F.E.;
Smailhodzic, D.; Campochiaro, P.A.; et al. A Functional Variant in the CFI Gene Confers a High Risk of Age-Related Macular
Degeneration. Nat. Genet. 2013, 45, 813–817. [CrossRef]

28. Seddon, J.M.; Yu, Y.; Miller, E.C.; Reynolds, R.; Tan, P.L.; Gowrisankar, S.; Goldstein, J.I.; Triebwasser, M.; Anderson, H.E.; Zerbib,
J.; et al. Rare Variants in CFI, C3 and C9 Are Associated with High Risk of Advanced Age-Related Macular Degeneration. Nat.
Genet. 2013, 45, 1366–1370. [CrossRef]

29. Klein, R. The Prevalence of Age-Related Macular Degeneration and Associated Risk Factors. Arch. Ophthalmol. 2001, 128, 750.
[CrossRef]

30. Seddon, J.M. Cigarette Smoking, Fish Consumption, Omega-3 Fatty Acid Intake, and Associations with Age-Related Macular
Degeneration: The US Twin Study of Age-Related Macular Degeneration. Arch. Ophthalmol. 2006, 124, 995. [CrossRef]

https://doi.org/10.3390/biom16020234

https://doi.org/10.1016/j.preteyeres.2020.100858
https://doi.org/10.1016/j.molmed.2019.10.008
https://www.ncbi.nlm.nih.gov/pubmed/31771932
https://doi.org/10.1038/cddis.2016.453
https://doi.org/10.1189/jlb.3RI0615-239R
https://doi.org/10.1016/j.neuron.2012.06.018
https://doi.org/10.1016/j.ajpath.2014.07.017
https://doi.org/10.1007/s40291-016-0234-z
https://doi.org/10.3389/fphar.2017.00168
https://www.ncbi.nlm.nih.gov/pubmed/28424619
https://doi.org/10.1016/j.preteyeres.2017.11.004
https://www.ncbi.nlm.nih.gov/pubmed/29197628
https://doi.org/10.1126/science.1110359
https://www.ncbi.nlm.nih.gov/pubmed/15761120
https://doi.org/10.1007/s00281-017-0649-6
https://doi.org/10.1038/nature10449
https://doi.org/10.1038/ng1750
https://doi.org/10.1016/S0140-6736(23)01520-9
https://doi.org/10.1007/s40265-023-01948-8
https://doi.org/10.1093/hmg/ddi353
https://doi.org/10.1126/science.1133811
https://www.ncbi.nlm.nih.gov/pubmed/17053109
https://doi.org/10.1371/journal.pone.0022959
https://www.ncbi.nlm.nih.gov/pubmed/21829675
https://doi.org/10.1073/pnas.0703933104
https://doi.org/10.1038/ng.2640
https://doi.org/10.1038/ng.2741
https://doi.org/10.1001/archophthalmol.2010.92
https://doi.org/10.1001/archopht.124.7.995
https://doi.org/10.3390/biom16020234


Biomolecules 2026, 16, 234 25 of 27

31. The Age-Related Eye Disease Study 2 (AREDS2) Research Group. Lutein + Zeaxanthin and Omega-3 Fatty Acids for Age-Related
Macular Degeneration: The Age-Related Eye Disease Study 2 (AREDS2) Randomized Clinical Trial. JAMA 2013, 309, 2005.
[CrossRef] [PubMed]

32. Merle, B.M.; Silver, R.E.; Rosner, B.; Seddon, J.M. Adherence to a Mediterranean Diet, Genetic Susceptibility, and Progression to
Advanced Macular Degeneration: A Prospective Cohort Study. Am. J. Clin. Nutr. 2015, 102, 1196–1206. [CrossRef] [PubMed]

33. Algvere, P.V.; Marshall, J.; Seregard, S. Age-related Maculopathy and the Impact of Blue Light Hazard. Acta Ophthalmol. Scand.
2006, 84, 4–15. [CrossRef]

34. Grassmann, F.; Heid, I.M.; Weber, B.H.F.; International AMD Genomics Consortium (IAMDGC). Recombinant Haplotypes
Narrow the ARMS2/HTRA1 Association Signal for Age-Related Macular Degeneration. Genetics 2017, 205, 919–924. [CrossRef]

35. Karunadharma, P.P.; Nordgaard, C.L.; Olsen, T.W.; Ferrington, D.A. Mitochondrial DNA Damage as a Potential Mechanism for
Age-Related Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2010, 51, 5470. [CrossRef]

36. Beatty, S.; Koh, H.-H.; Phil, M.; Henson, D.; Boulton, M. The Role of Oxidative Stress in the Pathogenesis of Age-Related Macular
Degeneration. Surv. Ophthalmol. 2000, 45, 115–134. [CrossRef]

37. Lin, H.; Xu, H.; Liang, F.-Q.; Liang, H.; Gupta, P.; Havey, A.N.; Boulton, M.E.; Godley, B.F. Mitochondrial DNA Damage and
Repair in RPE Associated with Aging and Age-Related Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2011, 52, 3521.
[CrossRef] [PubMed]

38. Terluk, M.R.; Kapphahn, R.J.; Soukup, L.M.; Gong, H.; Gallardo, C.; Montezuma, S.R.; Ferrington, D.A. Investigating Mitochondria
as a Target for Treating Age-Related Macular Degeneration. J. Neurosci. 2015, 35, 7304–7311. [CrossRef]

39. Wallace, D.C. Mitochondrial Genetic Medicine. Nat. Genet. 2018, 50, 1642–1649. [CrossRef]
40. Brown, E.E.; DeWeerd, A.J.; Ildefonso, C.J.; Lewin, A.S.; Ash, J.D. Mitochondrial Oxidative Stress in the Retinal Pigment

Epithelium (RPE) Led to Metabolic Dysfunction in Both the RPE and Retinal Photoreceptors. Redox Biol. 2019, 24, 101201.
[CrossRef]

41. Crabb, J.W.; Miyagi, M.; Gu, X.; Shadrach, K.; West, K.A.; Sakaguchi, H.; Kamei, M.; Hasan, A.; Yan, L.; Rayborn, M.E.; et al.
Drusen Proteome Analysis: An Approach to the Etiology of Age-Related Macular Degeneration. Proc. Natl. Acad. Sci. USA 2002,
99, 14682–14687. [CrossRef]

42. Pickrell, A.M.; Youle, R.J. The Roles of PINK1, Parkin, and Mitochondrial Fidelity in Parkinson’s Disease. Neuron 2015, 85,
257–273. [CrossRef]

43. Boya, P.; Esteban-Martínez, L.; Serrano-Puebla, A.; Gómez-Sintes, R.; Villarejo-Zori, B. Autophagy in the Eye: Development,
Degeneration, and Aging. Prog. Retin. Eye Res. 2016, 55, 206–245. [CrossRef]

44. West, A.P.; Shadel, G.S.; Ghosh, S. Mitochondria in Innate Immune Responses. Nat. Rev. Immunol. 2011, 11, 389–402. [CrossRef]
45. Riley, J.S.; Tait, S.W. Mitochondrial DNA in Inflammation and Immunity. EMBO Rep. 2020, 21, e49799. [CrossRef]
46. Smith, R.A.J.; Hartley, R.C.; Murphy, M.P. Mitochondria-Targeted Small Molecule Therapeutics and Probes. Antioxid. Redox Signal.

2011, 15, 3021–3038. [CrossRef] [PubMed]
47. Szeto, H.H. First-in-class Cardiolipin-protective Compound as a Therapeutic Agent to Restore Mitochondrial Bioenergetics. Br. J.

Pharmacol. 2014, 171, 2029–2050. [CrossRef] [PubMed]
48. Verdin, E. NAD+ in Aging, Metabolism, and Neurodegeneration. Science 2015, 350, 1208–1213. [CrossRef] [PubMed]
49. Imai, S.; Guarente, L. NAD+ and Sirtuins in Aging and Disease. Trends Cell Biol. 2014, 24, 464–471. [CrossRef]
50. Covarrubias, A.J.; Perrone, R.; Grozio, A.; Verdin, E. NAD+ Metabolism and Its Roles in Cellular Processes during Ageing. Nat.

Rev. Mol. Cell Biol. 2021, 22, 119–141. [CrossRef]
51. Ryu, D.; Mouchiroud, L.; Andreux, P.A.; Katsyuba, E.; Moullan, N.; Nicolet-dit-Félix, A.A.; Williams, E.G.; Jha, P.; Lo Sasso, G.;

Huzard, D.; et al. Urolithin A Induces Mitophagy and Prolongs Lifespan in C. Elegans and Increases Muscle Function in Rodents.
Nat. Med. 2016, 22, 879–888. [CrossRef]

52. Kauppinen, A.; Paterno, J.J.; Blasiak, J.; Salminen, A.; Kaarniranta, K. Inflammation and Its Role in Age-Related Macular
Degeneration. Cell. Mol. Life Sci. 2016, 73, 1765–1786. [CrossRef] [PubMed]

53. Zhang, Z.; Liang, F.; Chang, J.; Shan, X.; Yin, Z.; Wang, L.; Li, S. Autophagy in Dry AMD: A Promising Therapeutic Strategy for
Retinal Pigment Epithelial Cell Damage. Exp. Eye Res. 2024, 242, 109889. [CrossRef]

54. Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428–435. [CrossRef]
55. Nozaki, M.; Raisler, B.J.; Sakurai, E.; Sarma, J.V.; Barnum, S.R.; Lambris, J.D.; Chen, Y.; Zhang, K.; Ambati, B.K.; Baffi, J.Z.; et al.

Drusen Complement Components C3a and C5a Promote Choroidal Neovascularization. Proc. Natl. Acad. Sci. USA 2006, 103,
2328–2333. [CrossRef]

56. Scholl, H.P.N.; Issa, P.C.; Walier, M.; Janzer, S.; Pollok-Kopp, B.; Börncke, F.; Fritsche, L.G.; Chong, N.V.; Fimmers, R.; Wienker, T.;
et al. Systemic Complement Activation in Age-Related Macular Degeneration. PLoS ONE 2008, 3, e2593. [CrossRef]

57. Tamaddon, M.; Fazel, M.; Rezaee, D.; Khalilzad, M.A.; Majidpoor, J.; Ahmadieh, H.; Fattahi, M.-D.; Namakin, K.; Suri, F.; Najafi, S.
The Role of microRNAs in the Pathophysiology of the Aging Eye. Ageing Res. Rev. 2025, 111, 102805. [CrossRef]

https://doi.org/10.3390/biom16020234

https://doi.org/10.1001/jama.2013.4997
https://www.ncbi.nlm.nih.gov/pubmed/23644932
https://doi.org/10.3945/ajcn.115.111047
https://www.ncbi.nlm.nih.gov/pubmed/26490493
https://doi.org/10.1111/j.1600-0420.2005.00627.x
https://doi.org/10.1534/genetics.116.195966
https://doi.org/10.1167/iovs.10-5429
https://doi.org/10.1016/S0039-6257(00)00140-5
https://doi.org/10.1167/iovs.10-6163
https://www.ncbi.nlm.nih.gov/pubmed/21273542
https://doi.org/10.1523/JNEUROSCI.0190-15.2015
https://doi.org/10.1038/s41588-018-0264-z
https://doi.org/10.1016/j.redox.2019.101201
https://doi.org/10.1073/pnas.222551899
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1016/j.preteyeres.2016.08.001
https://doi.org/10.1038/nri2975
https://doi.org/10.15252/embr.201949799
https://doi.org/10.1089/ars.2011.3969
https://www.ncbi.nlm.nih.gov/pubmed/21395490
https://doi.org/10.1111/bph.12461
https://www.ncbi.nlm.nih.gov/pubmed/24117165
https://doi.org/10.1126/science.aac4854
https://www.ncbi.nlm.nih.gov/pubmed/26785480
https://doi.org/10.1016/j.tcb.2014.04.002
https://doi.org/10.1038/s41580-020-00313-x
https://doi.org/10.1038/nm.4132
https://doi.org/10.1007/s00018-016-2147-8
https://www.ncbi.nlm.nih.gov/pubmed/26852158
https://doi.org/10.1016/j.exer.2024.109889
https://doi.org/10.1038/nature07201
https://doi.org/10.1073/pnas.0408835103
https://doi.org/10.1371/journal.pone.0002593
https://doi.org/10.1016/j.arr.2025.102805
https://doi.org/10.3390/biom16020234


Biomolecules 2026, 16, 234 26 of 27

58. Tong, N.; Jin, R.; Zhou, Z.; Wu, X. Involvement of microRNA-34a in Age-Related Susceptibility to Oxidative Stress in ARPE-19
Cells by Targeting the Silent Mating Type Information Regulation 2 Homolog 1/P66shc Pathway: Implications for Age-Related
Macular Degeneration. Front. Aging Neurosci. 2019, 11, 137. [CrossRef]

59. Hao, Y.; Zhou, Q.; Ma, J.; Zhao, Y.; Wang, S. miR-146a Is Upregulated during Retinal Pigment Epithelium (RPE)/Choroid Aging
in Mice and Represses IL-6 and VEGF-A Expression in RPE Cells. J. Clin. Exp. Ophthalmol. 2016, 7, 562. [CrossRef]

60. Shu, Y.; Li, Z.; Zong, T.; Mu, T.; Zhou, H.; Yang, Q.; Wu, M.; Liu, Y.; Xie, T.; Tan, C.; et al. MiR-21-5p Promotes RPE Cell Necroptosis
by Targeting Peli1 in a Rat Model of AMD. Vitr. Cell. Dev. Biol. Anim. 2025, 61, 801–815. [CrossRef] [PubMed]

61. Choi, Y.A.; Jeong, A.; Woo, C.-H.; Cha, S.C.; Park, D.Y.; Sagong, M. Aqueous microRNA Profiling in Age-Related Macular
Degeneration and Polypoidal Choroidal Vasculopathy by next-Generation Sequencing. Sci. Rep. 2023, 13, 1274. [CrossRef]

62. Peng, D.-W.; Lan, C.-L.; Dong, L.-Q.; Jiang, M.-X.; Xiao, H.; D’Amato, R.J.; Chi, Z.-L. Anti-Angiogenic Properties of microRNA-29a
in Preclinical Ocular Models. Proc. Natl. Acad. Sci. USA 2022, 119, e2204795119. [CrossRef]

63. Dähmcke, M.; Busch, M.; Pfeil, J.M.; Brauckmann, T.; Schulz, D.; Omran, W.; Morawiec-Kisiel, E.; Wähler, F.; Paul, S.; Tayar, A.;
et al. Circulating MicroRNAs as Biomarker for Vessel-Associated Retinal Diseases. Ophthalmologica 2023, 246, 227–237. [CrossRef]

64. Brillante, S.; Volpe, M.; Indrieri, A. Advances in MicroRNA Therapeutics: From Preclinical to Clinical Studies. Hum. Gene Ther.
2024, 35, 628–648. [CrossRef] [PubMed]

65. Hassan, M.S.A.-R.; Zhong, C.; Hassan, F.; Li, S.K. Targeting the Eye: RNA-Based Therapies, Interferences, and Delivery Strategies.
Pharmaceutics 2025, 17, 1326. [CrossRef]

66. Mullins, R.F.; Dewald, A.D.; Streb, L.M.; Wang, K.; Kuehn, M.H.; Stone, E.M. Elevated Membrane Attack Complex in Human
Choroid with High Risk Complement Factor H Genotypes. Exp. Eye Res. 2011, 93, 565–567. [CrossRef] [PubMed]

67. Meyer, J.G.; Garcia, T.Y.; Schilling, B.; Gibson, B.W.; Lamba, D.A. Proteome and Secretome Dynamics of Human Retinal Pigment
Epithelium in Response to Reactive Oxygen Species. Sci. Rep. 2019, 9, 15440. [CrossRef] [PubMed]

68. Duncan, R.S.; Keightley, A.; Lopez, A.A.; Hall, C.W.; Koulen, P. Proteome Changes in a Human Retinal Pigment Epithelial Cell
Line during Oxidative Stress and Following Antioxidant Treatment. Front. Immunol. 2023, 14, 1138519. [CrossRef]

69. Schori, C.; Trachsel, C.; Grossmann, J.; Zygoula, I.; Barthelmes, D.; Grimm, C. The Proteomic Landscape in the Vitreous of Patients
with Age-Related and Diabetic Retinal Disease. Investig. Ophthalmol. Vis. Sci. 2018, 59, AMD31. [CrossRef]

70. Skeie, J.M.; Mahajan, V.B. Proteomic Landscape of the Human Choroid–Retinal Pigment Epithelial Complex. JAMA Ophthalmol.
2014, 132, 1271. [CrossRef]

71. García-Quintanilla, L.; Rodríguez-Martínez, L.; Bandín-Vilar, E.; Gil-Martínez, M.; González-Barcia, M.; Mondelo-García,
C.; Fernández-Ferreiro, A.; Mateos, J. Recent Advances in Proteomics-Based Approaches to Studying Age-Related Macular
Degeneration: A Systematic Review. Int. J. Mol. Sci. 2022, 23, 14759. [CrossRef]

72. Huang, K.; Schofield, C.; Nguy, T.; Dere, R.; Wolowski, V.; Siebourg-Polster, J.; Dieckmann, A.; Garweg, J.G.; Chang, M.;
Honigberg, L.; et al. Proteomics Approach Identifies Aqueous Humor Biomarkers in Retinal Diseases. Commun. Med. 2025, 5, 134.
[CrossRef]

73. Cao, X.; Sanchez, J.C.; Dinabandhu, A.; Guo, C.; Patel, T.P.; Yang, Z.; Hu, M.-W.; Chen, L.; Wang, Y.; Malik, D.; et al. Aqueous
Proteins Help Predict the Response of Patients with Neovascular Age-Related Macular Degeneration to Anti-VEGF Therapy.
J. Clin. Investig. 2022, 132, e144469. [CrossRef] [PubMed]

74. The AMD Gene Consortium. Seven New Loci Associated with Age-Related Macular Degeneration. Nat. Genet. 2013, 45, 433–439.
[CrossRef]

75. Pikuleva, I.A.; Curcio, C.A. Cholesterol in the Retina: The Best Is yet to Come. Prog. Retin. Eye Res. 2014, 41, 64–89. [CrossRef]
76. Blasiak, J.; Piechota, M.; Pawlowska, E.; Szatkowska, M.; Sikora, E.; Kaarniranta, K. Cellular Senescence in Age-Related Macular

Degeneration: Can Autophagy and DNA Damage Response Play a Role? Oxidative Med. Cell. Longev. 2017, 2017, 5293258.
[CrossRef] [PubMed]

77. Holz, F.G.; Bindewald-Wittich, A.; Fleckenstein, M.; Dreyhaupt, J.; Scholl, H.P.N.; Schmitz-Valckenberg, S. Progression of
Geographic Atrophy and Impact of Fundus Autofluorescence Patterns in Age-Related Macular Degeneration. Am. J. Ophthalmol.
2007, 143, 463–472.e2. [CrossRef] [PubMed]

78. Intonti, S.; Olivieri, C.; Reibaldi, M.; Borrelli, E.; Curcio, C.; Conedera, F.M. Translational Molecular and Fluid Biomarkers for
Age-Related Macular Degeneration: Practical Insights from Animal Models and Humans. Biomolecules 2025, 15, 1571. [CrossRef]

79. Rakoczy, E.P.; Lai, C.-M.; Magno, A.L.; Wikstrom, M.E.; French, M.A.; Pierce, C.M.; Schwartz, S.D.; Blumenkranz, M.S.; Chalberg,
T.W.; Degli-Esposti, M.A.; et al. Gene Therapy with Recombinant Adeno-Associated Vectors for Neovascular Age-Related
Macular Degeneration: 1 Year Follow-up of a Phase 1 Randomised Clinical Trial. Lancet 2015, 386, 2395–2403. [CrossRef]

80. Corazza, P.; D’Alterio, F.M.; Kabbani, J.; Alam, M.M.R.; Mercuri, S.; Orlans, H.O.; Younis, S. Long-Term Outcomes of Intravitreal
Anti-VEGF Therapies in Patients Affected by Neovascular Age-Related Macular Degeneration: A Real-Life Study. BMC
Ophthalmol. 2021, 21, 300. [CrossRef]

81. Patel, A.J.; Pieramici, D.J.; Bagheri, N. Evaluation of Port Delivery System with Ranibizumab for the Treatment of Neovascular
Age-Related Macular Degeneration. Ther. Deliv. 2021, 12, 191–200. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16020234

https://doi.org/10.3389/fnagi.2019.00137
https://doi.org/10.4172/2155-9570.1000562
https://doi.org/10.1007/s11626-025-01064-9
https://www.ncbi.nlm.nih.gov/pubmed/40588681
https://doi.org/10.1038/s41598-023-28385-7
https://doi.org/10.1073/pnas.2204795119
https://doi.org/10.1159/000533481
https://doi.org/10.1089/hum.2024.113
https://www.ncbi.nlm.nih.gov/pubmed/39150011
https://doi.org/10.3390/pharmaceutics17101326
https://doi.org/10.1016/j.exer.2011.06.015
https://www.ncbi.nlm.nih.gov/pubmed/21729696
https://doi.org/10.1038/s41598-019-51777-7
https://www.ncbi.nlm.nih.gov/pubmed/31659173
https://doi.org/10.3389/fimmu.2023.1138519
https://doi.org/10.1167/iovs.18-24122
https://doi.org/10.1001/jamaophthalmol.2014.2065
https://doi.org/10.3390/ijms232314759
https://doi.org/10.1038/s43856-025-00862-2
https://doi.org/10.1172/JCI144469
https://www.ncbi.nlm.nih.gov/pubmed/34874918
https://doi.org/10.1038/ng.2578
https://doi.org/10.1016/j.preteyeres.2014.03.002
https://doi.org/10.1155/2017/5293258
https://www.ncbi.nlm.nih.gov/pubmed/29225722
https://doi.org/10.1016/j.ajo.2006.11.041
https://www.ncbi.nlm.nih.gov/pubmed/17239336
https://doi.org/10.3390/biom15111571
https://doi.org/10.1016/S0140-6736(15)00345-1
https://doi.org/10.1186/s12886-021-02055-6
https://doi.org/10.4155/tde-2020-0132
https://www.ncbi.nlm.nih.gov/pubmed/33641347
https://doi.org/10.3390/biom16020234


Biomolecules 2026, 16, 234 27 of 27

82. Yaspan, B.L.; Williams, D.F.; Holz, F.G.; Regillo, C.D.; Li, Z.; Dressen, A.; Van Lookeren Campagne, M.; Le, K.N.; Graham, R.R.;
Beres, T.; et al. Targeting Factor D of the Alternative Complement Pathway Reduces Geographic Atrophy Progression Secondary
to Age-Related Macular Degeneration. Sci. Transl. Med. 2017, 9, eaaf1443. [CrossRef]

83. Maeder, M.L.; Gersbach, C.A. Genome-Editing Technologies for Gene and Cell Therapy. Mol. Ther. 2016, 24, 430–446. [CrossRef]
84. Tsai, S.Q.; Joung, J.K. Defining and Improving the Genome-Wide Specificities of CRISPR–Cas9 Nucleases. Nat. Rev. Genet. 2016,

17, 300–312. [CrossRef] [PubMed]
85. Gupta, A.; Kafetzis, K.N.; Tagalakis, A.D.; Yu-Wai-Man, C. RNA Therapeutics in Ophthalmology—Translation to Clinical Trials.

Exp. Eye Res. 2021, 205, 108482. [CrossRef]
86. Carozza, G.; Zerti, D.; Tisi, A.; Ciancaglini, M.; Maccarrone, M.; Maccarone, R. An Overview of Retinal Light Damage Models

for Preclinical Studies on Age-Related Macular Degeneration: Identifying Molecular Hallmarks and Therapeutic Targets. Rev.
Neurosci. 2024, 35, 303–330. [CrossRef]

87. Baião, A.R.; Cai, Z.; Poulos, R.C.; Robinson, P.J.; Reddel, R.R.; Zhong, Q.; Vinga, S.; Gonçalves, E. A Technical Review of
Multi-Omics Data Integration Methods: From Classical Statistical to Deep Generative Approaches. Brief. Bioinform. 2025, 26,
bbaf355. [CrossRef] [PubMed]

88. Hasin, Y.; Seldin, M.; Lusis, A. Multi-Omics Approaches to Disease. Genome Biol. 2017, 18, 83. [CrossRef]
89. Pozdniakova, N.; Generalov, E.; Shevelev, A.; Tarasova, O. RNA Therapeutics: Delivery Problems and Solutions—A Review.

Pharmaceutics 2025, 17, 1305. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16020234

https://doi.org/10.1126/scitranslmed.aaf1443
https://doi.org/10.1038/mt.2016.10
https://doi.org/10.1038/nrg.2016.28
https://www.ncbi.nlm.nih.gov/pubmed/27087594
https://doi.org/10.1016/j.exer.2021.108482
https://doi.org/10.1515/revneuro-2023-0130
https://doi.org/10.1093/bib/bbaf355
https://www.ncbi.nlm.nih.gov/pubmed/40748323
https://doi.org/10.1186/s13059-017-1215-1
https://doi.org/10.3390/pharmaceutics17101305
https://doi.org/10.3390/biom16020234

	Introduction 
	Genetic Architecture of Age-Related Macular Degeneration 
	Complement Pathway Polymorphisms as Central Drivers of AMD Risk 
	The ARMS2/HTRA1 Locus: Multifaceted Effects Beyond Complement 
	Common Versus Rare Variants: Layered Genetic Contributions 
	Gene-Environment Interactions: Modifiers of Genetic Susceptibility 
	Implications for Risk Prediction and Therapeutic Targeting 

	Oxidative Stress and Mitochondrial Dysfunction 
	RPE Mitochondrial Damage as an Initiating Event 
	Reactive Oxygen Species, Lipid Peroxidation, and Impaired Mitophagy 
	Crosstalk Between Mitochondrial Dysfunction and Complement Activation 
	Therapeutic Implications: Targeting Mitochondrial Dysfunction 
	Mitochondria-Targeted Antioxidants 
	Modulation of NAD+ Metabolism 
	Mitophagy Enhancers 


	Inflammation and Complement Dysregulation 
	Chronic Para-Inflammation Versus Acute Inflammation in AMD 
	Complement Overactivation and Its Role in Drusen Formation 
	Local Versus Systemic Complement Activation: Distinct but Interconnected Processes 
	Lessons from Complement Inhibitor Trials: Successes and Limitations 

	microRNAs and Epigenetic Regulation 
	Proteomics and Systems Biology Approaches 
	Molecular Determinants of Progression from Intermediate Age-Related Macular Degeneration 
	Emerging Therapeutic Strategies 
	Future Perspectives: Toward Precision Medicine in Age-Related Macular Degeneration 
	Conclusions 
	References

