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Abstract: Background: Age-related macular degeneration (AMD) is a leading cause of vision loss
in older individuals, driven by a multifactorial etiology involving genetic, environmental, and
dietary factors. Nutritional genomics, which studies gene-nutrient interactions, has emerged as a
promising field for AMD prevention and management. Genetic predispositions, such as variants in
CFH, C3, C2/CFB, APOE, and oxidative stress pathways, significantly affect the risk and progression
of AMD. Methods: This narrative review synthesizes findings from randomized controlled trials
and recent advances in nutritional genomics research. It examines the interplay between genetic
predispositions and dietary interventions, exploring how personalized nutritional strategies can
optimize AMD management. Results and Discussion: The AREDS and AREDS?2 trials demonstrated
that supplements, including vitamins C, E, zinc, copper, lutein, and zeaxanthin, can reduce the
progression to advanced AMD. Nutritional interventions tailored to genetic profiles show promise:
CFH risk alleles may enhance zinc supplementation’s anti-inflammatory effects, while APOE variants
influence the response to omega-3 fatty acids. Adjusting carotenoid intake, such as lutein and
zeaxanthin, based on genetic susceptibility exemplifies emerging precision nutritional approaches.
Ongoing research seeks to integrate nutrigenomic testing into clinical settings, enabling clinicians
to tailor interventions to individual genetic profiles. Conclusions: Further studies are needed to
assess the long-term effects of personalized interventions, investigate additional genetic variants, and
develop tools for clinical implementation of nutrigenomics. Advancing these strategies holds the
potential to improve patient outcomes, optimize AMD management, and pave the way for precision
nutrition in ophthalmology.
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1. Introduction

Age-related macular degeneration (AMD) is a neurodegenerative disease that affects
the macula and is responsible for irreversible vision loss in individuals aged 55 and older [1].
It currently affects over 30 million people worldwide and is expected to increase tenfold by
2024 despite the introduction of new therapies for prevention and treatment [2,3].

AMD is commonly classified into three stages: early, intermediate, and late. In
early AMD, small to medium-sized drusen are present [4]. Drusen are the earliest visible
clinical sign of AMD [4]. Early in the disease process, lipids are deposited in Bruch’s
membrane due to the retinal pigment epithelium’s (RPE) failure to process cellular debris
associated with outer segment turnover [4]. This stage is typically asymptomatic and is
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managed with regular monitoring and lifestyle modifications, such as smoking cessation
and a diet rich in antioxidants [5]. Intermediate AMD is characterized by larger drusen
and pigmentary changes in the retinal pigment epithelium (RPE) [4,6]. Patients may
experience mild visual disturbances, including difficulty adapting to low light or slight
blurriness. Management at this stage often includes dietary supplementation to reduce
the risk of progression to advanced stages [7]. Late AMD can manifest as either atrophic
(dry) or neovascular (wet) macular degeneration [8]. Geographic atrophy (GA) is clinically
recognized by a well-demarcated area of decreased retinal thickness. It is characterized
by the loss of photoreceptors, RPE, and choriocapillaris, causing a gradual decrease in
vision over time [9,10]. Wet or neovascular AMD is characterized by the ingrowth of new
vessels from the choriocapillaris through a break in the Bruch s membrane into the sub-
RPE space [4,11]. These new vessels undergo plasma and blood extravasation, resulting
in neurosensory or RPE detachment with fluid and blood accumulation [2,12]. In the
end stage, neovascularization results in a fibrovascular or atrophic macular scar, with
subsequent permanent damage to the central vision [4].

Several studies have investigated the factors associated with progression from non-
advanced to advanced disease. This transition is multifactorial and influenced by demo-
graphic, lifestyle, phenotypic, and genetic factors, namely age, smoking, and nutrition [13].

1.1. Genetic Predispositions

AMD was the first human condition in which genome-wide association studies suc-
cessfully identified genetic variants responsible for a substantial disease risk [14]. The
genetic background for AMD has been well documented and is non-modifiable; 52 com-
mon AMD-associated variants and more than 100 rare variants have been reported, which
explain most of the disease causes and helped identify several pathogenic pathways [1,15].

Numerous genetic risk variants have been linked to AMD, with particularly strong
associations consistently identified for common variants at the CFH and ARMS2/HTRA1
loci [15,16]. Genome-wide association studies (GWAS) have identified 52 variants across
34 genomic regions that are independently associated with AMD [17]. These findings have
facilitated the development of a personalized genetic risk score (GRS) for the disease [15,17].
Additionally, GWAS revealed a significant presence of rare variants in the CFH and CFI
genes [16,18]. Subsequent studies confirmed that these rare variants not only substantially
increase disease risk but are also correlated with more severe phenotypes [15,19].

1.2. Environmental Factors

The gold standard treatment for the neovascular form is anti-Vascular Endothelial
Growth Factor (anti-VEGF) injections. However, there is currently no approved treatment
for GA, the predominant form of the disease [20]. Currently, we are limited to antioxi-
dant/mineral supplementation, which might only delay disease progression [21].

Routine physical activity has been significantly associated with a decreased risk of
AMD in several studies, even after adjustment for confounding factors such as age, body
mass index, smoking habits, and dietary patterns like adherence to the mediterranean
diet [21]. The exact mechanisms are not fully understood, but regular exercise is be-
lieved to enhance retinal health through improved systemic circulation, reduced oxidative
stress, and modulation of chronic inflammation, all of which are implicated in AMD
pathogenesis [1,22]. However, some researchers caution that a potential “healthy user bias”
could contribute to these findings, as physically active individuals may engage in other
health-promoting behaviors [21,23,24].

Smoking is one of the most significant modifiable risk factors for AMD, particularly
for its advanced stages [15]. It increases the risk of late AMD by 2—4 times, with a weaker
or negligible association with early AMD [25]. Smoking contributes to AMD through
several mechanisms, including oxidative stress, chronic inflammation, impaired choroidal
circulation, and the accumulation of retinal toxins [15,26]. Epidemiological evidence shows
that smokers are more likely to develop severe AMD features such as larger drusen, RPE
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atrophy, and choroidal neovascularization [27,28]. While smoking cessation reduces AMD
risk over time, former smokers still retain a higher risk compared to those who never
smoked. Smoking also interacts with genetic predispositions, such as variants in the
CFH and ARMS2/HTRAI1 loci, and compounds the risk through lower antioxidant levels,
making dietary interventions particularly valuable [15]. Clinically, smoking cessation is
a critical recommendation for AMD patients. Public health measures targeting smoking
cessation could significantly reduce AMD incidence and slow disease progression.

1.3. Dietary Influences

Dietary interventions are gaining popularity in the treatment of several conditions.
As an example, a 2022 study that explored the impact of a novel dietary supplement
on sarcopenia tested a combination of leucine, omega-3 fatty acids, and the probiotic
Lactobacillus paracasei PS23 over a two-month period [29]. Their results indicated the
supplement’s potential in improving muscle health and function in sarcopenic individuals,
highlighting its promise as a therapeutic dietary intervention [29].

Dietary intervention is emerging as a more cost-effective and broadly applicable
method for AMD care [30]. Two landmark studies are notable on this topic. The first was
the Age-Related Eye Disease Study (AREDS), a multicenter, randomized, placebo-controlled
trial that evaluated the role of high-dose supplementation with zinc and antioxidants on
the progression to advanced AMD [7]. This trial included 4757 participants, aged 55 to 80
years old, categorized into four AMD severity groups ranging from no AMD to advanced
AMD in one eye. The follow-up lasted for an average of 6.3 years. Participants were
randomly assigned to one of four treatment groups: antioxidants (vitamin C 500 mg,
vitamin E 400 IU, and beta-carotene 15 mg), zinc (80 mg zinc oxide and 2 mg copper to
prevent copper deficiency), antioxidants plus zinc, or placebo. Results found that: (1) the
combination of antioxidants and zinc reduced the risk of progression to advanced AMD by
25% (p < 0.001) in individuals with intermediate AMD or advanced AMD in one eye; (2) the
supplementation slowed the rate of vision loss, with a 19% reduction (p < 0.01) in the risk
of significant visual acuity decline over 5 years; and (3) beta-carotene supplementation was
associated with an increased risk of lung cancer in current or former smokers, highlighting
the need for caution in these populations [7].

The second was the AREDS2 study, another multicenter, randomized, interventional
trial, which aimed to refine the supplement formula by adding omega-3 fatty acids (DHA
350 mg, EPA 650 mg) and lutein/zeaxanthin (10 mg and 2 mg, respectively) while removing
beta-carotene due to its risks in smokers [31]. AREDS2 included 4203 participants, aged 50
to 85 years old, with intermediate AMD in both eyes or advanced AMD in one eye. Partici-
pants were randomized into various treatment groups to assess the effects of the modified
formulation vs. the original AREDS formula. The study duration was 5 years. Results
from AREDS2 demonstrated: (1) replacing beta-carotene with lutein and zeaxanthin was
equally effective in reducing AMD progression risk, with a 26% risk reduction (p < 0.001)
for advanced AMD, being was safer for smokers and ex-smokers, (2) the addition of DHA
and EPA did not have any statistically significant benefit in reducing AMD progression
(p = 0.63), (3) reducing zinc dosage from 80 mg to 25 mg had no significant impact on AMD
progression, suggesting flexibility in zinc dosing for safety concerns, (4) participants with
low dietary intake of lutein and zeaxanthin had the greatest benefit from supplementa-
tion, with a 36% reduction (p < 0.001) in AMD progression when these carotenoids were
added [31,32]. The AREDS2 formula is now the standard recommendation for managing
intermediate or advanced AMD [31].

The AREDS studies showed that nutritional interventions can impact the rate of pro-
gression to advanced disease [31]. However, the long-term benefits and safety of using
high doses of antioxidants, as might be required to prevent or slow AMD progression, have
not been established [25,33]. There is limited evidence on whether well-nourished people
with AMD need supplements or if a change to a particular type of diet further reduces
the progression of AMD [34]. It has long been recognized that patients with the lowest
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intake of several nutrients face a higher risk of AMD vs. those with the highest intake [14].
This correlation is particularly evident for w-3 fatty acids, especially docosahexaenoic acid
(DHA), the carotenoids lutein and zeaxanthin, and varying degrees for zinc consump-
tion [14,31,35]. However, these results are significantly influenced by differing populations,
classification systems, and study designs [14]. Additionally, dietary patterns play a role in
the risk of AMD. The Mediterranean diet is considered one of the most beneficial nutritional
patterns regarding health benefits and has consistently been linked to greater longevity
and a reduced risk of chronic age-related diseases [30]. Patients consuming diets with a
higher glycemic index, meaning diets that deliver glucose to the bloodstream more rapidly,
are also at an elevated risk for AMD [36,37]. Other dietary patterns, such as the Western
diet, which includes high amounts of red meat, high-fat dairy products, processed meat,
and refined grains, are linked to a significantly increased risk of AMD (Table 1) [14].

Table 1. Comparative analysis of Mediterranean diet vs. Western diet and implication on AMD risk.

Mediterranean Diet

Western Diet

Definition

Diet rich in fruits, vegetables, whole grains,
nuts, legumes, olive oil, moderate fish and
poultry, with low consumption of red meat
and dairy.

Diet high in processed foods, red and
processed meats, refined sugars, saturated
fats, and low in fresh produce.

Key nutrients

High levels of antioxidants (vitamins C and E,
lutein, zeaxanthin), omega-3 fatty acids (DHA,
EPA), and polyphenols.

High intake of saturated fats, refined
carbohydrates, and low levels of protective
nutrients like omega-3 and antioxidants.

Impact on AMD risk

Associated with a 30-40% lower risk of AMD
progression and development due to
anti-inflammatory and antioxidant properties.

Associated with a higher risk of AMD
development and faster progression to
advanced stages.

Oxidative Stress

Reduce oxidative damage to the retina, a key
factor in AMD pathogenesis.

Promotes oxidative stress due to low
antioxidant intake and high pro-oxidant
components.

Inflammation

Anti-inflammatory effects mediated by
omega-3s, polyphenols, and monounsaturated
fats reducing chronic retinal inflammation.

High levels of pro-inflammatory fats and
refined sugars exacerbate chronic
inflammation in the retina.

Cardiovascular impact

Improves cardiovascular health, indirectly
benefiting retinal vasculature.

Poor cardiovascular health contributes to
retinal damage.

Genetic Interactions

Protective effects mitigate genetic risks
associated with CFH, ARMS2/HTRA1, and
other AMD-associated variants, reducing the
influence of high-risk alleles.

Amplifies the effects of AMD risk variants,
particularly in CFH and ARMS2/HTRA1,
through increased inflammation and
oxidative stress.

CFH gene

Reduces AMD risk in individuals with CFH
variants, as antioxidants lower complement
activation.

Exacerbates AMD risk in individuals with
CFH variants by promoting complement
system dysregulation.

ARMS2/HTRA1 Genes

Anti-inflammatory properties counteract risks
associated with ARMS2/HTRA1, slowing
drusen accumulation and AMD progression.

High-fat Western diets accelerate drusen
deposition and choroidal neovascularization
in individuals with ARMS2/HTRA]1 variants.

Exploring the connections between diet, micronutrients, and the host genome has

opened new paths to treating several metabolic diseases. This review examined the inter-
action between diet, micronutrients, and genome in AMD, an area known as “nutritional
genomics”. Adapting dietary interventions to reduce AMD risk can be refined by tai-
loring recommendations to an individual’s genetic profile, particularly for those with
high-risk variants in genes such as CFH and ARMS2/HTRA1. By aligning diet with genetic
vulnerabilities, it is possible to enhance the protective effects of nutrition and mitigate
genetic risks.
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For individuals with CFH variants, associated with complement activation and chronic
inflammation, a diet rich in anti-inflammatory and antioxidant compounds is
crucial [13,17,28]. These patients benefit from increasing the intake of foods high in lutein
and zeaxanthin, such as spinach, kale, and egg yolks, as these carotenoids directly accumu-
late in the macula and reduce oxidative stress [31,33,38]. Additionally, consuming omega-
3-rich foods like fatty fish (salmon, sardines) also helps counteract inflammation [39,40].
Polyphenol-rich foods, such as extra-virgin olive oil, berries, and green tea, can further
modulate the complement system and inflammation [41]. Reducing dietary triggers of
inflammation, such as trans fats and refined sugars, is equally important for individuals
with CFH-related risks.

For patients with ARMS2/HTRA1 variants, which are linked to mitochondrial dysfunc-
tion and increased susceptibility to drusen formation, enhancing mitochondrial support
and reducing oxidative damage is key [15]. A diet emphasizing omega-3 fatty acids from
fish or algal oils can strengthen mitochondrial function and protect photoreceptors from
degeneration [42]. Foods rich in vitamin E, such as almonds, sunflower seeds, and avo-
cados, provide lipid-soluble antioxidants that shield cellular membranes from oxidative
damage [43]. In these individuals, avoiding diets high in saturated and trans fats, which
exacerbate drusen accumulation and retinal stress, is critical.

Individuals with a combination of CFH and ARMS2/HTRA1 variants, who are at the
highest risk for AMD, may require a more comprehensive dietary strategy. Combining
the benefits of the Mediterranean diet with targeted nutrient supplementation, such as the
AREDS?2 formulation (lutein, zeaxanthin, vitamin C, vitamin E, zinc, and copper), provides
a robust approach to counteract their genetic risk. For these individuals, maintaining a
consistent intake of these protective nutrients and avoiding detrimental dietary patterns,
such as a high glycemic index (GI) diet, is especially important [31,36]. Low-GI foods like
whole grains and legumes can help stabilize blood sugar levels, reducing oxidative stress
and inflammation that might otherwise exacerbate genetic vulnerabilities.

2. Methods and Records: Selection Process
2.1. Study Design

This narrative review was conducted to evaluate the role of nutritional genomics in
AMD. A comprehensive search of peer-reviewed literature was conducted using the PICO
framework to identify relevant studies.

Population (P): patients with AMD.

Intervention (I): dietary factors, micronutrient supplementation, or genome-based
personalized nutritional approaches.

Comparison (C): standard care or differing personalized dietary interventions.
Outcome (O): impact on AMD progression or prevention.

2.2. Search Strategy

A systematic search of electronic databases, including PubMed, Scopus, and Web of
Science, was conducted from database inception to 10 October 2024. The search terms
combined keywords and Medical Subject Headings (MeSH) terms, such as “age-related
macular degeneration”, “diet”, “micronutrients”, “genome”, and “genetics”, using Boolean
operators (AND, OR). Reference lists of eligible articles were also screened for additional

relevant studies.

2.3. Inclusion Criteria

e Randomized controlled trials (RCTs), prospective and retrospective observational
studies, experimental studies, and epidemiological studies.
Articles published in English.
Studies reporting on the association between micronutrients, dietary habits, genomic
factors, and AMD.
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SCREENING

ELIGIBILITY
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2.4. Exclusion Criteria

e  Studies not focused on AMD or without a dietary or genomic component.

e Reviews, conference abstracts, editorials, and articles not available in full text.

e High risk of bias based on the sum of randomization bias, missing data, outcome
measurement bias, or selection bias.

2.5. Data Synthesis and Analysis

A narrative synthesis was employed to integrate findings from eligible studies. Results
were categorized based on study design, key findings, and their relevance to AMD patho-
genesis, management, and influence on progression. Divergent findings were discussed to
highlight gaps in current knowledge and guide future research priorities.

A total of 1114 potentially relevant publications were identified in our initial search,
along with manual reference screening (Figure 1). After duplicate publication removal and
abstract review, 169 full-text articles were retrieved for a detailed evaluation. Following
exclusion based on predefined criteria, 139 articles were included in the final analysis.

Records identified through database
searching (n=1114)

|

Duplicates removal
(n=574)

|

Records excluded by titles and

Records screened abstract (n=371)
(n=540)
Full-text articles assessed for —— Full-text articles excluded based on pre-
eligibility (n=169) defined criteria (n=30)

|

Studies included (n=139)

Figure 1. Flow diagram of screening studies.

3. Genome and Mediterranean Diet in AMD
3.1. Genetic Risk Factors

Genetic factors play a crucial role in the development and progression of AMD, with ge-
netic research significantly advancing our understanding of its underlying mechanisms [9].
Over 50% of the AMD heritability is attributable to common and rare variants across 34 loci,
primarily associated with lipid metabolism, complement system, and extracellular matrix
(ECM) restoration [17]. Understanding these genetic influences is crucial for advancing
both diagnostic and therapeutic strategies for AMD.
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3.1.1. Complement Genes

The complement system, a critical part of the innate immune response, has been
strongly implicated in AMD. Dysregulated complement activity leads to chronic inflam-
mation and tissue damage, contributing to the development of both dry and wet forms
of AMD [15,44]. Key genes in the complement cascade, including CFH (Complement
Factor H), C3 (Complement Component 3), and C2, have been associated with increased
AMD risk.

CFH regulates complement activation and protects against excessive inflammation. In
2005, the CFH gene variant rs1061170, linked to the rs570618 variant in the 2016 Genome-
Wide Association Study (GWAS), was found to increase AMD risk and promote the pro-
gression to both neovascular AMD and GA [6,9]. The Y402H variant impairs CFH function,
leading to uncontrolled complement activation and retinal damage, particularly in the mac-
ula [6]. Another CFH variant (rs10922109) has shown protective effects against late-stage
AMD progression [45].

The C3 gene is another critical player in complement activation. Intriguingly, the C3
rs2230199 variant, while initially a susceptibility factor for GA development, appears pro-
tective against GA growth once the disease is established, suggesting that AMD-associated
gene variants can display distinct effects at various stages [9,46].

Both C2 and CFB gene variants have also been implicated in AMD, influencing com-
plement activation and promoting inflammatory damage to the retina [9]. These genes act
together in the alternative complement pathway, which is overactive in AMD patients. The
minor allele C2/CFB rs116503776 confers protection against late-stage AMD [45,46].

3.1.2. ECM Restoration Genes

The ECM is a complex network of proteins and other molecules that provide structural
and biochemical support to retinal cells, particularly the RPE [47,48]. Disruption in ECM
remodeling contributes to the pathological features of AMD, such as drusen formation and
GA. Several genetic loci related to ECM restoration have been identified as important for
AMD susceptibility.

The ARMS?2 (Age-Related Maculopathy Susceptibility 2) gene is thought to influence
oxidative stress and inflammation, both of which contribute to ECM degradation and the
progression of retinal degeneration [9,49]. The HTRA1 (High-Temperature Requirement
A1) gene is involved in ECM remodeling and proteolysis [50,51]. Functional investigations
appear to defend that ARMS2 encodes a protein involved in mitochondrial function or
extracellular processes, and HTRA1 regulates TGF-3 signaling, extracellular matrix de-
position, and angiogenesis; their precise roles in AMD pathophysiology remain largely
undefined [49,50].

The common 510490924 variant near the ARMS2/HTRA1 genes significantly impacts
AMD risk [9]. It is perfectly linked with 153750846 from the 2016 GWAS [17]. Prospective
studies indicate that the minor allele increases the risk of early AMD, progression to
neovascular AMD and GA, as well as GA growth rates of 0.23 mm/year for wildtype,
0.30 mm/year for heterozygous, and 0.32 for homozygous genotypes [52,53].

3.1.3. Lipid Metabolism Genes

Lipid metabolism plays a critical role in retinal health, particularly in the accumulation
and regulation of lipids in the retina and RPE [54]. Several genetic variants involved in
lipid metabolism have been identified as risk factors for AMD, particularly those related to
lipoprotein processing and cholesterol transport.

AMD-associated variants in these genes from the 2016 GWAS have been linked to AMD
progression [17]. The APOE (Apolipoprotein E) gene, which regulates lipid metabolism, is
one of the most studied genes in relation to AMD. Variants in the polymorphic APOE gene
at amino acid positions 112 and 158 produce three isoforms: €2, e3, and e4. While APOE &4
reduces AMD risk, €2 shows a trend toward increased risk [9,55]. These APOE isoforms
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and related variants have yet to be studied in AMD progression through prospective cohort
studies [9].

Minor alleles of rs2740488 in the ABCA1 (ATP Binding Cassette Subfamily A Member
1) gene and rs5817082 in the CETP (Cholesteryl Ester Transfer Protein) gene are protective
against early AMD [9,46,52]. In the LIPC (Hepatic Lipase) gene, the minor allele of rs2043085
is protective against late AMD [45,46].

3.2. Mediterranean Diet

Evaluating an overall dietary pattern, rather than isolated nutrient intake, is advanta-
geous because nutrients may exhibit interactions and synergistic effects that exceed their
individual impacts [56]. This is especially relevant in complex diseases like AMD, involving
multiple pathways and risk factors [1,16].

The Mediterranean diet is characterized by a high intake of fruit, vegetables, cereals,
fish, and olive oil; low-to-moderate consumption of dairy products; limited meat intake;
and regular but moderate alcohol consumption, namely wine [21]. This dietary pattern is
rich in antioxidants, unsaturated fats, lutein, and zeaxanthin, which are protective against
AMD due to their antithrombotic and anti-inflammatory properties [41].

The Mediterranean diet has been widely associated with a decreased risk for AMD
development and progression. Greater adherence to this diet has been linked to im-
proved outcomes in cardiovascular and neurological diseases, which share risk factors and
pathophysiological mechanisms with AMD, thus supporting its potential protective role
in AMD [57,58]. In a 2023 report from the Coimbra Eye Study [1], low adherence to the
Mediterranean diet was associated with an AMD risk 2.5 times higher. The combined effects
of having a low adherence to the Mediterranean diet and a high genetic risk score resulted
in a greater than 4-fold increased risk of AMD vs. a high adherence to the Mediterranean
diet and a low genetic risk score [1].

The healthy retina’s metabolic activity is exceptionally high, requiring substantial
energy for phototransduction and photoreceptor maintenance, leading to oxidative stress
even under normal conditions [59]. The retina’s redox balance is crucial for its metabolic
function; high oxidative stress can impair mitochondria, resulting in photoreceptor loss,
cellular debris accumulation, and macular atrophy, all contributing to AMD [1]. Antioxi-
dants, fatty acids, and carotenoids, such as lutein and zeaxanthin, support the structural
integrity of the photoreceptor membrane and RPE cells and help maintain the antioxidant
system at physiological levels [32,54].

4. Gene-Diet Interactions
4.1. Gene—Diet Interactions with Zinc

Zinc is an essential trace element involved in DNA synthesis, RNA transcription, cell
division, survival, and immune system function, namely complement activation [9,35].
Cellular zinc levels are tightly controlled by transporters and proteins like metallothionein
with antioxidant properties. Aging and oxidative stress reduce metallothionein levels in
the macula, particularly in the fovea, releasing zinc into the extracellular compartment
where drusen formation takes place [60]. Zinc (1) indirectly combats oxidative stress by
stabilizing cell membranes and reducing lipid peroxidation; (2) supports RPE function by
aiding the regeneration of photoreceptor pigments through its role in the enzyme retinol
dehydrogenase; and (3) modulates the alternative complement pathway, potentially reduc-
ing chronic inflammation implicated in AMD pathogenesis [35]. As such, zinc intracellular
loss can induce RPE and retinal cell apoptosis and increase oxidative damage, contributing
to AMD development [9].

Zinc supplementation promotes zinc re-uptake into the RPE-choroid complex and
enhances metallothionein synthesis [35]. However, systemic zinc levels are unreliable indi-
cators of disease progression due to their variation in factors like age, sex, and fasting [61].
The AREDS] study demonstrated that zinc supplementation (80 mg zinc oxide) lowered
late AMD progression rates over six years [7]. In AREDS2, both high (80 mg) and low
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(25 mg) zinc doses showed similar benefits, suggesting lower doses could effectively slow
AMD progression [31]. The Blue Mountains Study, a population-based cohort study that
included 3654 participants aged 49 and older, suggested a protective effect of dietary zinc
intake against early and overall AMD, with a potential threshold effect observed at intakes
above 15.8 mg/day [62]. A 2014 study suggested that daily oral supplementation with
50 mg of zinc sulfate could reduce complement catabolism, as measured by the C34/C3
ratio, in AMD patients [35]. However, that effect appears limited to those with initially
high complement catabolism. After the supplementation period ended, the C3d/C3 ratio
reverted to baseline, suggesting that zinc’s effect on complement activation is reversible [35].
Thus, ongoing zinc supplementation may be needed to sustain complement inhibition over
extended periods.

The role of genotype in modulating response to zinc and antioxidant supplementation
remains unclear [9,63]. Findings from the Rotterdam Study indicated that high dietary zinc
intake may lower the risk of AMD associated with the CFH Y402H variant, suggesting a
potential link between zinc intake and this genotype [64]. Additionally, a recent subgroup
analysis using AREDS data found that responses to zinc and antioxidant treatments may
be influenced by CFH and ARMS?2 genotypes, indicating that patients carrying the CFH
Y402H risk allele might not benefit from zinc supplementation on the 10-year disease
progression [63,65].

4.2. Gene-Diet Interactions with Vitamins
4.2.1. Vitamin C and E

Vitamins C and E, two potent antioxidants, play fundamental roles in ocular health
due to their protective effects against oxidative stress, a key contributor to AMD. Vitamin
C, a water-soluble antioxidant, is present in high concentrations within the eye’s cornea,
vitreous humor, and aqueous humor and functions as a cofactor in enzymatic processes [5].
Unlike some vitamins, vitamin C must be obtained from dietary sources, primarily fruits
and vegetables, as humans cannot synthesize or produce it through gut microbiota [2].
Vitamin C neutralizes reactive oxygen species, regenerates vitamin E to its active form,
and participates in collagen synthesis, which may stabilize Bruch s membrane and reduce
AMD-related structural degeneration [43].

Vitamin E, a lipid-soluble antioxidant, comprises tocopherols and tocotrienols, which
integrate into cell membranes and neutralize free radicals, thereby preventing lipid per-
oxidation [2,43]. It also inhibits the activation of inflammatory mediators and reduces
oxidative DNA damage in RPE cells [7].

Research linking vitamins C and E with AMD risk has yielded mixed results. Animal
studies initially suggested that ascorbic acid (the physiologically active form of vitamin C)
might protect the retina from oxidative damage, as ascorbate supplementation reduced
retinal damage from light exposure [66]. Similarly, case—control studies involving neovas-
cular AMD patients linked a high vitamin C and alpha-tocopherol intake with a reduced
risk of AMD and a decreased risk of oxidative stress-related eye diseases [67,68]. These
findings contrast with prospective studies in human populations, many of which have not
found consistent associations. For instance, the Blue Mountains Eye Study observed that
higher vitamin E intake was linked to increased late AMD risk, whereas the Eye Disease
Case—Control Study found no significant link between vitamin E levels and AMD and
reported that lower plasma levels of Vitamin C were associated with an increased risk of
AMD [38,62].

In a study by Sant and colleagues, researchers examined ascorbate’s effect on DNA
hydroxymethylation and gene expression in RPE cells [69]. VEGFA expression can be
influenced by active DNA demethylation [69]. This process is initiated by TET (ten-eleven
translocation) enzymes, which convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC), an epigenetic marker that aids in regulating transcription [70]. TET enzymes re-
quire Fe* as a cofactor and 2-oxoglutarate (20G) as a cosubstrate, and research shows that
ascorbate enhances TET activity by promoting the conversion of 5mC to 5hmC [69]. In
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the absence of ascorbate, the hydroxylation reaction catalyzed by TET enzymes reaches a
limit, and the oxidized iron (Fe3* or Fe*") becomes catalytically inactive. Ascorbate aids
in regenerating active Fe?* by reducing these oxidized species, thereby maintaining TET
function [69]. However, oxidative stress, which contributes to AMD pathogenesis, oxidizes
ascorbate to dehydroascorbic acid, depleting retinal ascorbate levels. Unlike ascorbate,
dehydroascorbic acid cannot restore Fe?*, disrupting TET function and potentially altering
gene transcription linked to AMD [71].

Human studies on vitamin E’s dietary impact on AMD reveal discrepancies. To
date, only one study measuring systemic vitamin E levels over time suggested a possible
protective effect [72]. The inconsistent findings across studies may result from variations
in biological activity among the different tocopherol forms or differences in individual
absorption rates. Further research is needed to understand better the precise role of vitamins
C and E in AMD pathogenesis, particularly in light of their uncertain benefits in halting
disease progression [2,9].

4.2.2. Vitamin D

Vitamin D, primarily synthesized in the skin via ultraviolet B radiation as vitamin D3
(cholecalciferol) and secondarily obtained from dietary sources, especially oily fish, plays
a vital role in calcium homeostasis, immune modulation, and insulin regulation [73,74].
The biologically active metabolite of vitamin D, 1,25-dihydroxyvitamin D, is distributed
systemically and regulates these physiological processes. Circulating 25-hydroxyvitamin D
(25(OH)D), which encompasses both D3 and D2, serves as the clinical measure of vitamin
D status [74].

In European populations with low supplementation and limited food fortification,
vitamin D deficiency, defined as 25(OH)D levels below recommended thresholds of at
least 50 nmol/L, affects approximately 13% of individuals [75]. Genetic polymorphisms,
mainly single nucleotide polymorphisms (SNPs) in genes regulating vitamin D uptake and
metabolism, further influence serum 25(OH)D concentrations.

A recent review by Layana et al. highlighted several potential mechanisms through
which vitamin D may influence AMD pathophysiology: (1) antioxidant protection against
oxidative stress via suppression of pro-inflammatory cytokines released by macrophages
and microglia (such as IL-6 and TNF-«) and upregulation of anti-inflammatory medi-
ators; (2) possible inhibition of amyloid-beta deposits, which activate the complement
cascade and inflammatory responses; and (3) anti-angiogenic effects through inhibition of
hypoxia-inducible factor-1 (HIF-1) transcription, induction of endothelial cell apoptosis,
and reduction in metalloproteinase (MMP)-9 production [76].

Studies investigating the relationship between 25(OH)D levels and AMD have shown
inconsistent results. Many studies lacked sufficient power to examine late-stage AMD
specifically or reported associations only within specific subgroups, such as by gender or
age [77,78]. Some studies found that lower 25(OH)D levels were associated with early AMD,
while others did not observe this link [79,80]. Additionally, findings on the association
between specific SNPs influencing 25(OH)D levels and early or late AMD have been incon-
clusive [77]. A 2017 population-based, cross-sectional study found no linear association
between 25(OH)D and early or late AMD or neovascular AMD. However, deficient vitamin
D status (<25 nmol/L) was associated with neovascular AMD but with a small adjusted
odds ratio; thus, the authors could not exclude residual confounding [74]. Significant
associations with 25(OH)D were also found for SNPs in genes GC, VDR, CYP2R1, and
CYP27B1: 2 SNPs (VDR) were associated with early AMD, 4 SNPs (RXRA), and 1 SNP
(VDR) were associated with neovascular AMD, and 1 SNP (RXRA), 2 SNPs (VDR), and
1 SNP (CYP2R1) were associated with late AMD. After Bonferroni correction, however, no
SNPs were associated with early AMD, late AMD, or neovascular AMD [74]. Therefore,
there is still no clear evidence of an association of vitamin D pathway SNPs with AMD
to date.
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4.3. Gene—Diet Interactions with Carotenoids
4.3.1. Carotenes

Carotenoids are organic pigments synthesized in plants, classified into carotenes
(alpha-carotene, beta-carotene, and lycopene) and xanthophylls (lutein, zeaxanthin, and the
isomer meso-zeaxanthin) [2,9]. Humans cannot biosynthesize carotenoids; thus, they must
acquire them through dietary sources. Proposed mechanisms for carotenoid protection
mechanisms against AMD include their antioxidative capacity, which involves activation of
the Nrf2-ARE pathway to enhance the expression of antioxidant enzymes like glutathione
peroxidase and catalase, and protection of RPE cells by reducing oxidative stress-induced
apoptosis [9]. The primary carotenoids in the human diet are x- and (3-carotene, lycopene,
-cryptoxanthin, lutein, and zeaxanthin.

Both o- and p-carotene act as precursors to vitamin A [9]. They are predominantly
found in dark leafy vegetables (e.g., spinach, kale) and yellow/orange vegetables (e.g.,
carrots). Longitudinal reports have yielded inconsistent findings regarding the association
between dietary levels of x-carotene and (3-carotene and the onset or progression of AMD.
While some studies report a protective effect, others find no significant correlation, and a
few indicate a greater risk of late-stage AMD in individuals with higher consumption of
[3-carotene [62,67,81].

Studies suggest that carotenes interact with dietary patterns and genetic profiles
to influence AMD risk. For example, individuals with high-risk genotypes (e.g., CFH,
ARMS2) may benefit more significantly from carotene-rich diets [68,82]. Genetic variants in
carotenoid metabolism genes (e.g., BCO1, BCMO1) affect 3-carotene bioavailability and its
subsequent genomic effects [25,82].

In AREDS], (-carotene was included in the supplements to evaluate its effects on
progression to central atrophy or exsudative AMD [7]. Five years later, 20% of cases
receiving supplements progressed to late AMD, compared to 28% in the placebo group,
with a significant decrease in risk observed only in individuals with intermediate-stage
AMD or worse [7]. However, an increase in efficacy is observed when replacing beta-
carotene with lutein/zeaxanthin in the original AREDS formulation [32]. High-dose f3-
carotene supplementation has been associated with an increased risk of lung cancer in
smokers, raising concerns about its use in AMD populations where smoking prevalence is
high [83]. Consequently, supplementation, according to AREDS], is now recommended
only for non-smoking patients with intermediate AMD.

4.3.2. Xanthophylls

Xanthophylls, such as lutein, zeaxanthin, and meso-zeaxanthin, appear to be more
readily released from food sources and are more efficiently transformed into micelles
than carotenes like beta-carotene, enhancing their uptake by intestinal cells [84]. Lutein
and zeaxanthin are present in the macular pigment located in ganglion cells, cone axons,
and Miiller cells and play a protective role by absorbing 40 to 90% of harmful blue and
ultraviolet light [85]. The primary objective of the AREDS2 report was to enhance the
original AREDS formulation by assessing the effects of lutein, zeaxanthin, eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA), while evaluating the impact of removing
[3-carotene and reducing zinc dosages [31]. No significant differences in progression to late
AMD were observed between groups using the formula with lutein and zeaxanthin and
those using the original formula. However, a subgroup analysis revealed a significantly
lower progression to late AMD among those receiving lutein and zeaxanthin without
[3-carotene [9,31].

Evidence linking lutein and zeaxanthin supplementation to increased systemic levels
has been documented, but findings regarding the relationship between systemic concentra-
tions and macular pigment optical density have been inconsistent [86—88]. Longitudinal
studies examining dietary lutein and zeaxanthin’s impact on AMD progression have
produced mixed results. While some confirm a protective effect against early AMD de-
velopment and progression to late-stage AMD, others find no association, and one report
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showed an opposite effect [62,81,89]. A recent post hoc analysis from the AREDS and
its follow-up AREDS2 showed that oral antioxidant supplementation may decelerate the
progression of GA in late-stage AMD, particularly noncentral GA [90]. The study revealed
that antioxidant supplements had limited effects once GA reached the fovea; however, for
patients with noncentral GA, where the fovea remains unaffected (“foveal sparing”), sup-
plements reduced GA expansion towards the fovea by approximately 55% over 3 years [90].
Specifically, in AREDS participants with noncentral GA, the progression rate towards the
fovea was slower in those randomized to antioxidants (50.7 pm/year) than those without
(72.9 um/year, p = 0.012). Similarly, in AREDS2 participants with noncentral GA random-
ized to lutein/zeaxanthin, progression slowed to 80.1 um/year vs. 114.4 um/year in those
without supplementation (p = 0.011) [90]. These findings support the continued use of
AREDS2 supplements for patients with late-stage dry AMD to slow central vision loss, as
antioxidants appear to enhance the natural foveal-sparing effect, preserving central vision,
which is vital for tasks such as reading and driving.

One possible explanation for the inconsistencies observed in previous studies may lie
in the varying responses of macular pigment to dietary intake of macular
carotenoids [89,91,92]. While lutein and zeaxanthin are obtained exclusively from dietary
sources or supplements, their subsequent accumulation in the retina is influenced by mul-
tiple factors, including various genetic components [91,92]. Recent findings from a twin
study indicate that approximately 27% of the macular response to dietary carotenoids is
inherited, and research supports that genetic variations significantly determine carotenoid
levels in the retina and serum [82,91,93]. Additionally, the relationships between dietary or
serum carotenoids and AMD may reflect other unknown factors related to diet and lifestyle
that were not accounted for, while genetic indicators of carotenoid status would not be
subject to such confounding influences.

Lutein inhibits the activation of STAT3 by inflammatory cytokines and extracellular
signal-regulated kinase (ERK), thereby reducing DNA damage and maintaining a-wave
electroretinogram (ERG) amplitude in a study with mouse models [94]. Additionally, lutein
diminishes the expression of hypoxia-inducible factor 1«, suppresses the production of
reactive oxygen species, and lowers VEGF expression [95].

The 2014 study by Meyers and colleagues tested variants in genes related to lutein
and zeaxanthin status for association with AMD in the Carotenoids in the Age-Related Eye
Disease Study (CAREDS) [96]. The genetic variants associated with AMD were located
in genes involved in (1) cholesterol and carotenoid membrane transport proteins in the
intestine and retina (SCARB1, NPCL1L1, and ABCA1) and/or high-density lipoprotein
levels in the bloodstream (SCARB1, APOE, and ABCA1); (2) carotenoid cleavage enzymes
(BCMOL1 and BCO2); (3) omega-3 fatty acid status (FADS2); and (4) an inherited retinopathy
characterized by the complete absence of macular pigment (ALDH3A2) [96]. The authors
found that a total of 24 variants across five genes that had not been previously linked to
AMD (BCMO1, BCO2, NPCL1L1, ABCGS, and FADS2), along with four genes known to
be associated with AMD (SCARB1, ABCA1, APOE, and ALDH3A?2), were independently
associated with AMD after adjusting for age and ancestry [96]. Variants in all these
genes—though not always in the same SNPs—were associated with serum and/or macular
levels of lutein and zeaxanthin. A genetic risk score incorporating nine variants significantly
distinguished between AMD cases and controls, independent of age, smoking status, CFH
Y402H, and ARMS2 A69S. The odds ratio for AMD among women in the highest quintile
of the risk score compared to those in the lowest was 3.1 [96].

4.4. Gene—Diet Interactions with Lipids
4.4.1. Cholesterol and Triglycerides

Cholesterol is an organic compound synthesized by cells or obtained through diet. It
is a vital structural element of cellular membranes, participates in signaling pathways, and
acts as a precursor for synthesizing steroid hormones, bile acids, and vitamin D [9]. Most
studies have not found a significant correlation between systemic cholesterolemia and the
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progression to early-stage AMD, GA, or neovascular AMD [22,97]. One study, however,
found that higher serum cholesterolemia was protective against neovascular disease while
simultaneously posing a risk for the onset of GA over a five-year follow-up period [26].

Triglycerides consist of glycerol esterified to three fatty acids of varying lengths. They
are the main components of body adipose tissue and are present in the bloodstream,
facilitating the transport of fat and glucose [9]. Most reports have not found a relationship
between systemic triglyceridemia and progression of AMD [24,98,99]. One prospective
study reported a lower risk of developing AMD after an 18-year follow-up for individuals
with higher baseline systemic triglyceridemia [100].

4.4.2. Fatty Acids

Fatty acids comprise a hydrocarbon chain, a carboxyl, and a methyl group at each
end [54]. They are involved in energy storage as triglycerides, forming a significant
component of the lipid bilayer in cellular membranes and contributing to the formation of
cholesterol esters [54]. Fatty acids are classified based on the number of carbon atoms and
the presence of double bonds as follows:

Saturated fatty acids (SFAs) without double bonds;

Monounsaturated fatty acids (MUFAs) with one double bond;

Polyunsaturated fatty acids (PUFAs) with at least two double bonds [54]. PUFAs

are further categorized into two families: omega-3 and omega-6, based on whether

the first double bond occurs at the third or sixth carbon from the terminal methyl

group [54].

Most epidemiological studies indicate that high consumption of SFAs and trans-
SFAs may be linked to an increased risk of AMD [39,40,79,101]. However, many of these
findings lack statistical significance, preventing definitive conclusions about fatty acids as
hazardous for AMD. Trans-SFAs are structurally rigid compared to cis-unsaturated fatty
acids. They compete with omega-3 (e.g., DHA) and omega-6 fatty acids for incorporation
into cell membranes and enzymatic pathways, reducing the bioavailability of DHA, which
is a critical component of the photoreceptor outer segment [64,102]. When incorporated
into retinal cell membranes of RPE and photoreceptors, they reduce membrane fluidity,
disrupt the function of membrane-bound proteins and nutrient transporters, impair cellular
signaling pathways critical for retinal health, and stimulate the production of inflammatory
cytokines (e.g., IL-6, TNF-o) and chemokines (e.g., MCP-1) via activation of nuclear factor-
kB (NF-kB).

The relationship between MUFAs and AMD is inconsistent across various epidemiolog-
ical studies [39,42,103]. Few showed significant findings, making the evidence for MUFAs’
potential role in AMD prevention unconvincing [54]. Among MUFAs, oleic acid has been
suggested to offer protective effects against AMD, though research on its direct association
is limited. Studies from Australia and France have linked olive o0il consumption—rich in
oleic acid—to a lower risk of AMD [42,104]. However, olive oil has other beneficial com-
pounds, namely polyphenols, complicating the determination of whether the protective
effects stem from oleic acid or these additional components [54]. MUFAs enhance retinal
cell membrane fluidity and stability, supporting photoreceptor and RPE function and gen-
erating less lipid peroxidation, thereby reducing oxidative damage [13,103]. They exhibit
anti-inflammatory effects by suppressing NF-«B activity and also promote cholesterol
efflux via HDL, reducing lipid accumulation and drusen formation [101]. These properties
collectively support retinal health and reduce AMD risk.

Omega-3 LC-PUFAs, with over 18 carbon atoms, are essential fats humans cannot
synthesize. Alpha-linolenic acid (ALA) can be converted into other omega-3 LC-PUFAs,
like EPA and DHA, but this conversion is inefficient in humans [105]. Algae represent the
main sources of EPA and DHA, which are then consumed by fish, making them rich in these
fatty acids [54]. Omega-3 LC-PUFAs play crucial roles in the structure and protection of the
retina, with DHA being particularly concentrated in photoreceptor membranes. EPA and
DHA also possess anti-inflammatory properties by suppressing inflammation via inhibition
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of NF-«B and reduction in pro-inflammatory cytokines and promoting anti-inflammatory
lipid mediators like resolvins and neuroprotectins [44]. Additionally, omega-3 LC-PUFAs
may enhance the density of macular pigment, providing blue light filtering and antioxidant
benefits [40,102,106].

A 2008 meta-analysis combining various studies found that greater intake of omega-3
PUFAs resulted in a 38% lower likelihood of AMD [42]. Similarly, high fish consumption
was associated with a 33% reduced risk [42]. Two randomized controlled trials, AREDS2
and NAT-2, examined the impact of omega-3 supplementation on AMD. AREDS2 did
not find a significant reduction in AMD risk with EPA and DHA supplementation [31].
However, NAT-2 suggested that patients with the highest blood omega-3 concentration
had a smaller risk of neovascularization [107,108]. It is worth noting, however, that both
formulations were different; the AREDS2 formulation was composed of ethyl-esters with a
1:2 DHA /EPA ratio, and the NAT-2 formulation included triglyceride with a 3:1 DHA /EPA
ratio, with consequent differences in bioavailability [54]. Both studies highlight the need to
further explore omega-3’s potential protective roles in AMD.

A 2011 study examined the effects of dietary omega-3 long-chain PUFA (w3s) and
reduced linoleic acid (LA) intake on the neurosensory retina and RPE in rats [109]. Diets
high in w3s significantly enhanced their incorporation into various tissues, especially
when LA intake was low. Low LA diets increased LDL-receptor gene expression and
showed trends in upregulating lipid metabolism-related genes, though retinal function
remained unaffected [109]. The findings suggest that increasing w3 intake while lowering
LA may support the enrichment of w3s in retinal tissues and have a preventive role against
AMD [109].

Omega-6 PUFAs, particularly linoleic acid, have been linked to inflammation, which
may contribute to retinal damage and the development of AMD [110]. Arachidonic acid,
in particular, contributes to AMD through pro-inflammatory pathways by generating
eicosanoids like prostaglandins and leukotrienes, which exacerbate retinal inflamma-
tion [105]. Epidemiological evidence suggests that higher intake of omega-6 PUFAs corre-
lates with an increased risk of AMD, although significant associations are less frequently
reported [39,86,111]. Excessive omega-6 intake relative to omega-3 may disrupt lipid home-
ostasis, promote oxidative stress, and increase VEGF expression, and this imbalance may
accelerate AMD progression [111].

In summary, omega-3 LC-PUFAs are beneficial for retinal health and may protect
against AMD, while omega-6 PUFAs could exacerbate risk through inflammatory pathways.
Further research is needed to clarify these relationships and optimize dietary recommenda-
tions for AMD prevention.

4.4.3. Lipoproteins

Lipids like cholesterol and triglycerides are essential for energy storage, cell signaling,
and forming cell membranes. However, because they are insoluble in water, they require
transport vehicles called lipoproteins to circulate in the bloodstream [112]. Lipoproteins
vary in composition and properties and are classified into five categories based on density.

Total cholesterol (TC) is the most commonly investigated lipoprotein related to AMD,
which has shown a weak or insignificant association with AMD in most studies [47,54].
However, a recent meta-analysis indicated a protective tendency of higher TC levels in early
AMD [113]. Triglycerides (TG), primarily a fat source, have similarly shown mixed results.
While many studies found no significant link to AMD, some noted lower TG levels in AMD
patients and a potential inverse relationship, particularly in the early stages [47,113].

Low-density lipoprotein cholesterol (LDL-C) is often associated with increased cardio-
vascular disease risk but showed mixed results in AMD studies [47,113]. LDL-C contributes
to AMD by accumulating in the Bruch’s membrane and sub-retinal space, where it under-
goes oxidative modification [113]. Oxidized LDL triggers chronic inflammation via the
activation of macrophages and complement pathways, promoting drusen formation. Some
smaller studies found higher LDL-C amounts in AMD patients, while larger populational
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cohorts did not confirm these findings [47,54]. Most LDL-C measurements are calculated
rather than directly measured, highlighting a need for more accurate assessments.

High-density lipoprotein cholesterol (HDL-C) results are also inconsistent. A review of
multiple studies found no association in the majority, with some indicating higher or lower
levels in AMD patients [47,113]. A meta-analysis suggested a possible increased risk for AMD
in patients with greater HDL-C levels [113]. Recent genetic studies support that elevated HDL-
C might increase AMD risk, prompting a focus on HDL functionality over mere levels [114].
Research indicates that inflammation and oxidative stress can alter HDL, converting it into
dysfunctional particles [115]. One study noted significant increases in serum amyloid A in
AMD patients, while other HDL components, such as apolipoproteins A-I (APOA1), A-II
(APOA?2), C-111, E (APOE), TG, phospholipids, fatty acids of HDL, and total and non-esterified
cholesterol, showed no difference compared to controls [116]. Moreover, HDL'’s role in
complement regulation—linked to AMD pathogenesis—suggests that lipoproteins might
influence AMD development through inflammatory processes [18,23].

Over the past decade, numerous genetic variants linked to lipid levels have been
identified. The first large GWAS in this area, with over 100,000 participants, identified 95 loci
that collectively account for 25-30% of the genetic variance in these traits [117]. Subsequent
studies expanded the sample to 188,577 patients, revealing an extra 62 loci associated
with lipid levels [118]. Advancements in reference panels, such as the 1000 Genomes
Project, have identified even more loci and finer mapping of known variants [119]. Many
of these loci are also implicated in metabolic disorders, namely coronary artery disease
and diabetes [118]. Recent techniques like whole-exome sequencing have uncovered rare
variants with more significant effects, primarily within already identified loci [120].

Key variants related to lipid metabolism include those close to genes LIPC, CETP,
ABCA1, and APOE [17].

Plasma HDL concentrations are modulated by LIPC, which is localized within the
subretinal space and involved in the intra-retinal transport of lipids [121]. Multiple inves-
tigations have identified a protective association between specific LIPC polymorphisms
(rs493258, 1s10468017, rs9621532, 1511755724, rs509859, and rs12637095) and the devel-
opment of AMD [122,123]. These variants” mechanisms for reducing AMD risk remain
ambiguous [124]. In fact, increased HDL levels might be correlated with a heightened
risk of AMD [15]. It has been hypothesized that these genetic variants may enhance the
HDL-facilitated delivery efficiency of carotenoids to the retina [125]. Conversely, the rare
LIPC variants rs13095226 and rs3748391 have been associated with a modestly elevated
risk for AMD [15]. Lastly, specific LIPC variants may correlate with diminished efficacy in
response to anti-VEGF therapies [126].

APOE, a key component of HDL in the retina, facilitates cholesterol and lipid efflux
from photoreceptor cells and the RPE via interaction with receptors like LDLR (low-density
lipoprotein receptor) and LRP1 (LDL receptor-related protein 1) [55]. Disrupted APOE-
mediated lipid clearance leads to lipid accumulation, drusen formation, and retinal dysfunc-
tion. The APOE gene is a significant genetic risk factor for AMD [127]. The APOE?2 allele is
associated with an increased risk of AMD, while APOE4 appears to reduce risk compared to
the wildtype APOE3 by altering lipoprotein binding properties [20]. Interestingly, APOE4
is also the primary genetic risk factor for Alzheimer’s disease, a condition that shares
characteristics such as neuroinflammation and amyloid-beta deposition with AMD [20].
Poor clearance of amyloid-beta contributes to drusen composition and pro-inflammatory
signaling in AMD [55,127].

CETP, which facilitates reverse cholesterol transport, and ABCA1, which is involved in
cholesterol efflux, are also linked to both conditions. Variants in CETP and ABCA1 correlate
with HDL-C and TC levels and have been associated with AMD risk [117,128]. CETP
inhibitors have been exploited for cardiovascular conditions, with notable increases in HDL-
C levels observed in clinical trials [129]. However, given that CETP variants linked to high
HDL-C levels are associated with increased AMD risk, using CETP inhibitor drugs to raise
circulating HDL-C may not be a viable strategy for AMD treatment [54]. A study explored
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the APOA1 mimetic peptide 4F as a local AMD treatment [130]. This synthetic peptide
mimics the anti-atherogenic properties of APOA1, binding to oxidized lipids and reducing
atherosclerotic lesions in animal models [131]. Phase II trials showed that 4F improved the
HDL anti-inflammatory index, but no enhancement in HDL functional biomarkers were
seen, and it was well tolerated [132]. In Apoe-null mice, 4F injections decreased esterified
cholesterol in Bruch’s membrane and improved its structure, suggesting it could effectively
target lipid deposits in AMD [130]. Currently, no drugs targeting CETP or LIPC expression
have been approved for clinical use [54]. Thus, new therapies targeting HDL-C metabolism
for AMD are still in their early stages and must proceed cautiously to avoid increasing
cardiovascular risk, where HDL-C is typically protective [54].

VEGF, a key player in angiogenesis, is similarly connected to lipid metabolism and
AMD. Although some variants associated with lipid levels are also linked to AMD, further
research is needed to clarify these relationships and the specific roles of these genetic factors
in both conditions [133].

Mitochondrial dysfunction in AMD resembles the Warburg effect, characterized by
decreased mitochondrial activity and a shift to anaerobic glycolysis [134]. Peroxisome
proliferator-activated receptor y coactivator 1oc (PGC-1), a key regulator of mitochondrial
biogenesis and lipid metabolism, is known to enhance fatty acid oxidation and mitochon-
drial function [135,136]. A 2024 research by Zhou and colleagues found that inhibiting
PGC-1a—even on a regular diet—can induce RPE dysfunction and drusen-like deposits
in mice [137]. This inhibition leads to reduced expression of lipid metabolism genes, de-
creased mitochondrial mass and function, and increased susceptibility to oxidative stress,
highlighting the role of PGC-1c in lipid metabolism within the RPE and suggesting new
avenues for potential AMD treatments [137].

The association of genetic variants in HDL-C metabolism genes advances the potential
for pharmacological strategies targeting HDL-C in treating AMD [54]. However, several
critical questions remain before advancing these therapies. First, it is unclear whether
pharmacological interventions should aim to raise or lower HDL-C levels. Mendelian
Randomization investigations have produced conflicting results regarding the relationship
between CETP and LIPC variants and AMD risk [114,138]. Second, determining whether
local or systemic HDL-C is involved in AMD is essential for developing effective pharmaco-
logical interventions. Oral treatments may be appropriate for managing intermediate AMD,
while advanced stages may require more direct methods, such as intravitreal injections [54].

A 2021 study also suggested that diet could influence the retinal transcriptome even
in the absence of the gut microbiome. High-throughput RNA sequencing revealed that a
high-fat diet affected the expression of genes and pathways related to retinal inflammation,
angiogenesis, and RPE function, regardless of gut microbiome presence [139]. These find-
ings suggest that intricate interactions between diet, microbiome, and retinal health are only
now being acknowledged as significant in both retinal physiology and the development of
retinal diseases [139].

5. Conclusions and Future Perspectives

Nutritional genomics offers promising insights into the prevention and management
of AMD by highlighting the interplay between diet, genetic susceptibility, and retinal health.
Research has shown that specific dietary patterns can positively influence and modulate
gene expression associated with AMD. These findings underscore the potential for targeted
nutritional interventions to mitigate the risk of AMD, especially in genetically predisposed
individuals. As our understanding of the genetic factors influencing AMD deepens, inte-
grating personalized nutrition strategies may enhance protective effects against this leading
cause of blindness.

Future treatment perspectives for AMD could focus on developing tailored dietary
guidelines and supplements that align with individual genetic profiles. Clinical trials
exploring the efficacy of omega-3-rich diets and other bioactive compounds will be es-
sential in establishing concrete recommendations for AMD prevention and management.
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Additionally, combining nutritional approaches with emerging pharmacological therapies
may create synergistic effects, leading to more effective interventions. Key areas for future
research avenues in nutritional genomics related to AMD include: (1) Long-term Effects
of Personalized Dietary Interventions to investigate how tailored diets based on genetic
predispositions affect AMD progression over decades. Specific areas to explore include
the adaptation of AREDS supplements for genetic variants such as CFH and ARMS2, the
relationship between genotype-specific dietary modifications and macular pigment density,
and the identification of biomarkers in response to dietary changes; (2) exploration of
novel genetic variants beyond CFH and ARMS?2, to identify additional genetic loci influ-
encing dietary response and AMD progression. This includes studying epigenetic changes
(e.g., methylation and histone modifications), examining the role of less-studied variants
involved in lipid metabolism (e.g., APOE, LIPC) and oxidative stress (e.g., SOD2), and
developing polygenic risk scores that integrate genetic, dietary, and lifestyle factors to
predict AMD risk and response to interventions; (3) exploration of gene—diet interactions
in AMD across diverse populations to understand ethnic and regional differences, for
example, the impact of Vitamin D receptor gene (VDR) variations in AMD risk in populations
with differing sunlight exposure and dietary vitamin D levels; and (4) examination of the
protective effects of antioxidants beyond AREDS in AMD prevention and treatment, such
as the impact of dietary flavonoids (e.g., from green tea or berries) on retinal health and the
potential role of vitamin K2 in maintaining retinal microvasculature integrity.

Ultimately, incorporating nutritional genomics into clinical practice can revolutionize
AMD treatment strategies, fostering a more holistic approach to preserving vision and
retinal health as the population ages.
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