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Abstract: Age-related Macular Degeneration (AMD) is a multifactorial ocular pathology that destroys

the photoreceptors of the macula. Two forms are distinguished, dry and wet AMD, with different

pathophysiological mechanisms. Although treatments were shown to be effective in wet AMD, they

remain a heavy burden for patients and caregivers, resulting in a lack of patient compliance. For

dry AMD, no real effective treatment is available in Europe. It is, therefore, essential to look for new

approaches. Recently, the use of long-chain and very long-chain polyunsaturated fatty acids was

identified as an interesting new therapeutic alternative. Indeed, the levels of these fatty acids, core

components of photoreceptors, are significantly decreased in AMD patients. To better understand this

pathology and to evaluate the efficacy of various molecules, in vitro and in vivo models reproducing

the mechanisms of both types of AMD were developed. This article reviews the anatomy and the

physiological aging of the retina and summarizes the clinical aspects, pathophysiological mechanisms

of AMD and potential treatment strategies. In vitro and in vivo models of AMD are also presented.

Finally, this manuscript focuses on the application of omega-3 fatty acids for the prevention and

treatment of both types of AMD.

Keywords: retina; photoreceptors; age-related macular degeneration (AMD); polyunsaturated fatty

acids (PUFA); omega-3 fatty acids; AMD in vitro models; AMD in vivo models

1. Introduction

Age-related Macular Degeneration (AMD) is a chronic retinal disease affecting peo-
ple over 50 years old. Two forms are distinguished: the atrophic (so-called dry or non-
exudative) form and the neovascular (so-called wet or exudative) form. Patients are
subjected to the degradation of the photoreceptors of the macula, the central zone of the
retina, causing a decrease in visual acuity. In the later stages, black spots occur in the center
of the field of vision, resulting in “legal blindness” with a visual acuity below 20/200 [1].
AMD is one of the leading causes of blindness in developed countries and is responsible
for 8.7% of new cases of blindness worldwide [2].

To this day, wet AMD is treated with anti-vascular endothelial growth factor (VEGF)
drugs prescribed as first-line therapy, unlike dry AMD, for which there is no real effective
treatment available in Europe. Moreover, these therapeutic strategies only allow to slow
down the progression of the disease and are not curative treatments. Research is, therefore,
underway to improve patient comfort in terms of effectiveness and route of administration
thanks to new active pharmaceutical ingredients and novel formulations.
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In recent years, fatty acids have been shown to have an impact on the pathophysiology
of AMD and proved to be an interesting and effective therapeutic approach. Indeed,
long-chain polyunsaturated fatty acids (LC-PUFA) and very long-chain polyunsaturated
fatty acids (VLC-PUFA) are essential components of retinal photoreceptors, contributing
to their proper development and function. In AMD patients, the quantity of these fatty
acids is considerably reduced [3]. By understanding the mechanisms involved in this
occurrence, supplementation in an appropriate formulation could be of major interest in
both preventing and treating the disease.

2. Retina and Vision

2.1. Eye Anatomy and Principal Functionalities

The eye is a sensitive and complex organ responsible for vision. It is, among other
constituents, composed of three tunics (retinal, uveal, fibrous), two segments (anterior and
posterior), a lens, and a cornea [4]. The retina is a thin transparent layer (<500 µm) that
can be divided into two zones: the neuroretina and the retinal pigment epithelium (RPE)
(Figure 1). The latter is attached to Bruch’s membrane, which serves as the inner wall of the
choroid (300–500 µm) [5].
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Figure 1. Anatomy of the posterior eye segment, focused on the central zone of the macula. The
retina is divided into two parts: neuroretina (includes ganglion cells, amacrine cells, bipolar cells,
horizontal cells, rods and cones photoreceptors and glial cells) and retinal pigment epithelium.
Bruch’s membrane, choroid and sclera are located below the retina. The foveola is the most central
zone of the macula, where the light directly reaches the photoreceptors. Note: elements are not
to scale.

The macula represents the center of the neuroretina and is composed of numerous
photoreceptors. It also contains macular pigments, lutein and zeaxanthin, that filter blue
light and possess antioxidant properties [6].

Photoreceptors are polarized neuronal cells composed of phospholipids enriched with
polyunsaturated fatty acids (PUFA) of variable length. Two types of photoreceptors can be
distinguished, rods and cones, with an approximate physiological ratio of 20:1. Both types
are divided into an internal segment, where the necessary material for metabolism is con-
tained, and an external segment, in the form of stacks of discs for rods. External segments
represent the photosensitive part containing photopigments derived from vitamin A [7,8].

Rods represent 95% of photoreceptors and enable vision in dim conditions (night). Ap-
proximately 5 million cones ensure high visual acuity and color vision in bright conditions
(day) [9]. Blue, green and red cones ensure optimal light absorption at wavelengths of 430,
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530 and 561 nm, respectively. Blue cones are less present in the retina and completely absent
in the fovea. Rods and cones contain 11 cis-retinal, a photoreceptor chromophore, which
is transformed into trans-retinal during the absorption of light photons. When excited by
blue light, the retinal undergoes chemical transformation, resulting in toxic and oxidative
metabolites for the eye [10,11].

The functions of the RPE include the transport of nutrients from the choriocapillaris to
the photoreceptors, retinal waste management (phagocytosis of approximately 10% of the
photoreceptor outer segment disks per day), photopigment recycling, participation in the
metabolism of PUFA, vitamin A and derivatives, as well as the synthesis of growth factors
such as VEGF [12,13].

Bruch’s membrane is a pentalaminar vessel wall located at the basal part of the RPE.
It allows the bidirectional passage of nutrients, metabolites and waste products between
the RPE and the choroid. Lipids and oxidized materials can accumulate in this area over
time [14].

The choroid, located below Bruch’s membrane, contains numerous vessels, chorio-
capillaris, that allow the vascularization of the external areas of the retina [15], as well
as the evacuation of photoreceptor waste phagocytosed by the RPE. The development of
choriocapillaris is regulated by VEGF [16].

2.2. Physiological Aging

Like any part of the human body, the eye is affected by age, with cellular and structural
changes. In addition, due to its low repair capacity, the slightest retinal damage can lead to
serious degradation [17]. Natural aging leads to changes in the different areas of the retina:
photoreceptors, RPE, Bruch’s membrane and choroid. This is clinically illustrated by a
decrease in visual acuity, a reduced adaptation in dark environments as well as a decreased
sensitivity to contrasts [18].

Some debris, called drusen, are characterized by small yellowish spots at the interface
between the Bruch’s membrane and the RPE. Consisting of lipid granular extracellular ma-
terial, they contain various compounds such as esterified and non-esterified cholesterol [19],
serum amyloid P, amyloid β peptide, apolipoprotein E (ApoE), vitronectin, complement
proteins and lipid peroxidation products [20–22]. They are not considered pathological as
long as they are smaller than or close to 63 µm in size (hard drusen) [23]. Physiological
ocular aging also leads to the appearance and accumulation of lipofuscins, characterized
by intracellular lipid and protein aggregate wastes inefficiently digested by lysosomes [24].
Upon contact with light, lipofuscins, which are autofluorescent and photosensitive [25], are
involved in the formation of reactive oxygen species (ROS). Indeed, bis-retinoid N-retinyl-
N-retinylidene ethanolamine (A2E), a lipofuscin fluorophore, contributes to the apoptosis
of RPE cells [12].

All these anatomical changes and the presence of inflammatory and oxidative phe-
nomena result in an abnormal accumulation of metabolic and lipidic debris, excessive
destruction of photoreceptors and the production of ROS, all of which are thought to be
responsible for ocular pathologies such as AMD.

3. AMD: Clinical Aspects

Due to the excessive degeneration of photoreceptors (mainly rods) in the macula [26,27],
AMD is characterized by a progressive loss of central vision in one or both eyes. It is
estimated that 288 million people worldwide will suffer from AMD by 2040, even though
the prevalence has been declining over the past 20 years due to improvements in lifestyle
and healthcare [28].

3.1. Risk Factors

Several factors influence the risk of developing AMD, the most important one being age.
Genetic factors (family history, mutations) may also have a negative impact on the

occurrence of the disease. Polymorphisms in genes coding for complement factor H
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(CFH) [29] or proteins of complement components 3 and 5 (C3, C5) (involved in inflamma-
tion) [30,31] are reported in AMD patients. ARMS2 and HTRA1 (linked to oxidative stress)
have also been associated with AMD [32]. Apolipoprotein E, involved in lipid homeostasis
and functioning as a lipid and cholesterol transporter [33], has three allelic variants, from
the most frequent to the less frequent in the human body: ApoE3, ApoE4 and ApoE2 [21].
Studies show that among these polymorphisms, the ApoE2 allele increases the risk of devel-
oping subretinal neovascularization [34], while ApoE4 seems to be protective [35]. On the
contrary, Liutkeviciene et al. suggested that ApoE4/E2 genotype could be protective [36],
Viturino et al. found no impact of ApoE2/E2 genotype on the increased risk of AMD [37],
and Fernández-Vega et al. described a protective role of ApoE2 allele in wet AMD in a
Spanish population [38]. Thus, these ApoE polymorphisms and their specific roles in AMD
should be further studied.

Environmental factors are involved in the appearance and progression of the disease.
Smoking, which increases the risk of AMD by two to four times [39], is considered the
first environmental risk factor in AMD [40]. On one hand, plasmatic levels of high-density
lipoprotein (HDL) cholesterol are associated with the occurrence of AMD [40]. On the other
hand, a Mediterranean diet decreases this risk; however, this is strongly dependent on the
patient’s genotype [41,42]. The impact of light, mainly blue light, as a risk factor for AMD
still remains controversial [43–46].

3.2. Evolution of AMD

Age-Related Maculopathy (ARM) corresponds to the early stage of the disease (early
AMD), before the onset of macular degeneration. The retina does not present any hyper-
or hypopigmentation [23], but drusen begins to show [47,48], ranging in size from 63 to
125 µm, with outlines harder to define (soft drusen) [23]. With the progression of ARM, the
pathology may switch to intermediate AMD.

Intermediate AMD is characterized by an increase in the drusen size beyond 125 µm.
Hyper- or hypopigmentation becomes visible [23].

Late AMD can be distinguished into dry AMD and wet AMD (Figure 2). The dry-
to-wet AMD ratio is estimated at 85:15 [49]. This pathology is complex; the dry form can
evolve into a wet form and vice versa. Moreover, patients can also have a dry form in one
eye and a wet form in the other.

β

Figure 2. Final stages of AMD. On the left, dry AMD is represented, with the presence of lipofuscins
and drusen. On the right, wet AMD is represented, with the supplementary appearance of neovessels.
Note: elements are not to scale.
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Dry AMD, also known as nonexudative or atrophic form, is the most common form
of AMD, which progresses slowly over time. It is typically characterized by the presence
of soft drusen between the RPE and Bruch’s membrane, accompanied by pigmentary
alterations, destruction and dysfunction of RPE cells. Disease progression, which is spread
over an average time span of 5 to 10 years, corresponds to the degeneration and atrophy of
the retina. This geographic atrophy (GA) is the result of the apoptosis of photoreceptors,
leading to the loss of vision [48].

Wet AMD, also called exudative or neovascular form, is the most aggressive form
and can lead to blindness within a few weeks or months if not treated. Wet AMD is
characterized by the abnormal growth of neovessels originating from the choroid [50,51]
that develop into Bruch’s membrane and can cross the RPE [52]. This leads to fluid leakage
(e.g., serum and blood), resulting in retinal hemorrhages, RPE detachments or retinal
serous detachments, resulting in photoreceptor degeneration and loss of vision [53]. This
neovascularization may be associated with the presence of drusen and lipofuscins deposits.
The appearance of subretinal fibrous scarring marks the final and irreversible progression
of the neovascularization process [54].

4. AMD: Pathophysiology

Under the influence of various pathological mechanisms, including inflammation
and oxidative stress [55,56], physiological ocular aging can switch to pathological ocular
aging, responsible for AMD. Rozing et al. proposed the following mechanism: first,
cellular damage, due in part to oxidative stress, could be responsible for a decrease in the
function of the retina. This phenomenon would then activate an inflammatory process,
further exacerbating the changes observed during natural aging and leading to pathological
aging [27].

4.1. Oxidative Stress

The role of oxidative stress in the pathogenesis of AMD is confirmed by studies that
show that smoke, a source of oxidative stress, is one of the main environmental risk factors
for AMD [57]. Also, the absence of a redox-sensitive protein called DJ-1 results in a lack
of response to oxidative stress and, therefore, retinal dysfunction [58]. Moreover, the RPE
and photoreceptors undergo oxidative stress due to their sensitivity to short-wave photons
and to an environment with high levels of oxygen [24], resulting in the production of ROS
by mitochondria and in the abnormal development of lipofuscins [59]. Its fluorophore,
A2E, is involved in retinal degeneration [25]. Indeed, it plays a role in the apoptosis of RPE
cells when exposed to blue light, as well as in the activation of the complement system. Its
accumulation in the RPE and its toxicity in the eye amplifies a detrimental inflammatory
response in AMD [60,61]. The P2X7 purinergic receptor may also play a role in retinal
oxidative stress linked with amyloid β peptide accumulation [62].

4.2. Inflammation

Drusogenesis is a complex process closely linked to local inflammation [59]. In-
deed, drusen contain many proinflammatory factors, such as ApoE, IgG and complement
factors [48].

TNFα, a pro-inflammatory factor, deregulates the OTX2 gene that controls many
functions of the RPE and ensures its homeostasis [63]. As with oxidative stress, P2X7
reception is involved in the inflammatory process [62].

Numerous other receptors present in the retina are responsible for the secretion of
cytokines by the RPE, amplifying its degradation in a vicious circle. For example, Toll-like
receptors (TLRs) are involved in the production of cytokine pro-forms such as IL-1β [64].
The latter remains inactive until the NOD-like receptor P3 (NLRP3) inflammasome regulates
the activity of caspase-1, which can activate interleukin [65,66]. The NLRP3 isoform is also
activated by drusen, lipofuscin, the A2E fluorophore or amyloid β peptide [64].
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4.3. Choroidal Neovascularization

Choroidal vessel growth is physiologically regulated by a balance between anti-
angiogenic (pigment epithelium-derived factor—PEDF) and pro-angiogenic (VEGF) factors,
both secreted by the RPE [67,68].

In wet AMD, this balance is disturbed, with VEGF predominant in response to local
hypoxic conditions [69]. This hypoxia may be caused by the excessive presence of drusen
between the RPE and Bruch’s membrane.

VEGF-A is responsible for pathological ocular angiogenesis and exists in different
isoforms: A-121, A-165 (most common in the retina), A-189 and A-206. They act primarily
on the VEGFR1 and VEGFR2 receptor tyrosine kinases, the latter being the most involved
in ocular pathology [51].

The abnormal development of choroidal neovessels between the RPE and Bruch’s
membrane may also be the result of increased inflammation. Pro-inflammatory mediators
such as IL-1β, TNF-α and IFN-γ cause the RPE to produce cytokines and chemokines such
as IL-6, IL-8, TNF-β and VEGF [70].

4.4. RPE and Bruch’s Membrane Degradation

All the phenomena mentioned above are closely interlinked, amplifying the degrada-
tion of the RPE and Bruch’s membrane in a vicious cycle.

As a result of these oxidative and inflammatory events, the RPE is less able to eliminate
photoreceptor waste products, with an exacerbated accumulation of lipofuscins and drusen.
As for Bruch’s membrane, excessive renewal of extracellular matrix components leads to a
loss of elasticity and resistance, while insufficient renewal reduces the bidirectional passage
of nutrients and waste products [71].

The accumulation of these products leads to cellular hypoxia (responsible for neovas-
cularization) and further impedes the bidirectional passage of nutrients and waste products
across Bruch’s membrane. Non-recycled and non-eliminated waste amplifies oxidative
stress and inflammation, which, in turn, amplifies the degradation of the RPE and Bruch’s
membrane, accumulating more waste that will ultimately not be eliminated.

5. Dry and Wet AMD Treatments

Current treatments are mainly targeted towards wet AMD, the most aggressive form,
which, without diagnosis or treatment, can lead to legal blindness in a few weeks or months.
The major drawback is that these treatments target the consequence (neovascularization)
and not the cause. For the atrophic form, the course of treatment is mainly preventive
(antioxidants, anti-inflammatories). Multiple reviews have already listed current treatments
but also older ones, as well as molecules that were in development. This part of the review
will, therefore, give a brief overview of the commercialized treatments in Europe and the
molecules currently in development worldwide (Table 1).

Table 1. Current commercialized treatments (in Europe) and in-development molecules (worldwide)
for dry and wet AMD.

Treatment
Administration

Mode
Mechanism of Action Refs.

Wet AMD

Commercialized
(Europe)

Laser photocoagulation Local laser

Destruction of extrafoveolar
neovessels under effect of

temperature (thermal
argon laser).

[59,72]

Verteporfin (Visudyne®) + photodynamic therapy
Oral administration +

local laser

Destruction of neovessels
by applying local infrared

radiation to a
photosensitive molecule.

[59]
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Table 1. Cont.

Treatment
Administration

Mode
Mechanism of Action Refs.

Wet AMD

Commercialized
(Europe)

Anti-VEGF

Ranibizumab (Lucentis®),
Bevacizumab (Avastin®) 1,

Aflibercept (Eylea®),
Brolucizumab (Beovu®),
Faricimab (Vabysmo®)

Intravitreal injection

Inhibition of VEGF (mainly
VEGF-A) by binding to
them and blocking their

interactions with receptors.

[73–76]

In development
(worldwide)

Anti-VEGF
KSI-301 (phase III done,

waiting for results)
Intravitreal injection

Inhibition of VEGF (mainly
VEGF-A).

[77,78]

Tyrosine kinase
inhibitors

Vorolanib (Eyp-1901,
phase II ongoing)

Intravitreal injection

Inhibition of VEGFR
tyrosine kinase.

[79]

Axitinib (CLS-AX,
phase II ongoing)

Suprachoroidal
injection

[80]

Axitinib (OTX-TKI,
phase III ongoing)

Ocular implant [81]

Anti-complements
Iptacopan

(phase II ongoing)
Oral administration

Inhibition of C5 or
complement factor B.

[82]

Anti-VEGF and
anti-complement

IBI302 (phase II ongoing) Intravitreal injections

Bispecific fusion protein
acting as a decoy: inhibition

of VEGF-mediated
signaling pathway and

complement factors C3b
and C4b.

[83]

Gene therapy

RGX-314
(phase II ongoing)

Subretinal injection

Adeno-associated virus
(AAV) vector delivering a

gene encoding for
anti-VEGF Fab portion.

[84]

ADVM-022
(phase II ongoing)

Intravitreal injection
AAV vector encoding

aflibercept.
[85]

RetinoStat®

(phase I ongoing)
Subretinal injection

Lentivirus delivering
anti-angiogenic genes

(endostatins and
angiostatin).

[86]

Dry AMD

Commercialized
(Europe)

Food supplements
Macular pigments,
vitamins, minerals,

antioxidants, fatty acids
Oral administration

Supplementation of
minerals and fatty acids

necessary for the
development and function

of photoreceptors.

[87,88]

In evaluation by the
European Medicines

Agency
Anti-complements

Pegcetacoplan
(Syfovre®) 2 Intravitreal injection

Inhibition of C3
complement factors.

[89]

Avacincaptad pegol
(Izervay®)

Intravitreal injection
Inhibition of C5

complement factors.
[90]

In development
(worldwide)

Vitamin supplements
ALK-001

(phase III ongoing)
Oral administration

Replacement of natural
vitamin A by chemically
modified vitamin A to
prevent formation of

vitamin A dimers.

[91]

Anti-TNFα
ONL-1204

(phase I ongoing)
Intravitreal injection

Inhibition of Fas receptor
(TNFalpha family).

[92]

Anti-complements
IONIS-FB-LRx

(phase II ongoing)
Subcutaneous
administration

Inhibition of complement
factor B.

[93]

Danicopan (ALXN2040,
phase II ongoing)

Oral administration
Inhibition of complement

factor D.
[94]

Gene therapy GT005 (phase II ongoing) Subretinal injection
AAV vector encoding for

complement factor
I proteins.

[95]
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Table 1. Cont.

Treatment
Administration

Mode
Mechanism of Action Refs.

Dry AMD

In development
(worldwide)

Cellular therapy
OpRegen

(phase I/IIa ongoing)
Subretinal surgery

Administration of human
embryonic stem cell to

regenerate retinal
pigment epithelial.

[96]

Retinal implant + medical device (glasses):
Prima technology

Subretinal implant
Implantation of a

photovoltaic matrix which
simulates photoreceptors.

[97–99]

1 Avastin® is used off-label in Europe. 2 The European Medicines Agency (EMA) refused the marketing autho-
rization of Syfovre in January 2024 because the risks were higher than the benefits. The company requested a
reevaluation of its opinion.

6. Representative Models of AMD

6.1. In Vitro and Ex Vivo Models

To study the potential efficacy of a new molecule in the treatment of AMD, ocular
cell-based models represent an efficient, reproducible and repeatable alternative to animal
experiments. The cells can be primary or immortalized, the latter being used more fre-
quently because of their low cost and their ability to multiply many times while maintaining
their phenotype.

Cell lines can be subjected to different environments or stimuli, with the objective of
reproducing and understanding the mechanisms involved in pathology. It then becomes
possible to screen several drug formulations that would be of interest in the treatment of
the disease. For AMD, the cells of interest are retinal and choroidal cells.

Cell-based models representing a pathological environment can be created through the
activation or inactivation of a specific mechanism. For example, cell lines WI38 and IMR90,
representative of aging cells, have been treated with a cytidine analog that inhibits DNA
methyltransferase to study the expression of ELOVL2, an elongation enzyme involved in
AMD [100]. A simple way to mimic wet AMD angiogenesis is the addition of VEGF to the
cells, as studied by Wei et al., with human choroidal microvascular endothelial cells [101].

Primary pathological cells have the advantage of being collected directly from AMD
patients. They allow a reliable reproducibility of the disease compared to immortalized
cells. Voisin et al. compared hiPSC-RPE from dry AMD patients and elderly healthy
individuals under normal conditions and oxidative stress. When these cells were subjected
to oxidative stress by the application of ferric nitrilotriacetate, ROS production was higher
for cells from AMD patients with higher cell degeneration [102]. In the presence of human
serum of specific composition, healthy human fetal RPE cells develop subcellular deposits
containing characteristic drusen molecules and complement proteins [103]. Gorham et al.
used this model to evaluate the efficacy of a peptide in the inactivation of the complement
system [104].

As AMD is a complex disease with numerous pathophysiological interactions between
the retina and choroid, it has become of great interest to study more complex cellular
systems such as co-cultures or organ-on-a-chip models.

De Cillà et al. evaluated the efficacy of aflibercept and ranibizumab under oxidative
conditions on RPE cells (ARPE-19 cell line) co-cultured with human umbilical vascular
endothelial cells (HUVEC) [105]. With primary cells, Palanisamy et al. co-cultured human
primary RPE and human primary choroidal endothelial cells on Transwell inserts and con-
cluded that this model could be useful for the screening of new molecules and permeability
studies [106]. From this general model of co-culturing RPE and vascular endothelial cells,
some authors replaced the culture insert with a microfluidic channel [107–109]. With this
device, Chen et al. studied the co-culture of ARPE-19 and HUVEC cell lines and found
that the secretion of VEGF was elevated under hypoxic conditions and the presence of a
low-glucose medium [110]. Different authors developed retinal organoids from human
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induced pluripotent stem cells (iPSCs) through different protocols, with the final objective
of studying the pathogenesis of the retina [111–113].

At the boundary between in vitro and in vivo tests, ex vivo experiments may be per-
formed. Fietz et al. developed a model of a primary porcine RPE monolayer cocultured
with porcine retinal organ cultures [114]. They found that this co-culture induced inflamma-
tion and could, therefore, be a reliable inflammatory AMD model. Labrador-Velandia et al.
co-cultured porcine neuroretina and human mesenchymal stem cells to study neuroretinal
degeneration [115].

6.2. In Vivo Models

As animal experiments are still essential for further evaluation of the efficacy and
toxicity of a new treatment, in vivo models of dry or wet AMD are still being developed.

Mice are the most used species due to their low cost, rapid reproduction cycle and
easily inducible genetic modifications, but the anatomy of their eyes does not allow for
good predictability and transposition to human eyes [116].

Rabbits are, therefore, more suitable for pharmacokinetic studies. Indeed, their eyes
are more similar to those of humans, with a corneal thickness of 375–385 µm [117] (com-
pared to around 535 µm in humans [118]), an anterior chamber volume of 280 µL [119]
(compared to approximately 130–170 µL [120]) and a vitreous volume of 1200–1500 µL [121]
(compared to 4–5 mL [122]). The retinal thickness is around 120–160 µm in rabbits [123]
and approximately 260 µm in humans [124].

However, there are still important differences, the main one being the absence of mac-
ula in numerous animals [125], which is crucial in the pathogenesis of AMD in humans. As
animal models of AMD are, therefore, based only on pathological similarities, it complicates
the correlation and interpretation of pharmacokinetics or efficacy of molecules between
animal models and humans.

Transgenic mice with an ELOVL2 C234W mutation that deregulates the activity of the
elongation enzyme ELOVL2 present sub-RPE lipid deposits characteristic of dry AMD [100].

Other models focus on the complement system, such as CFH-deficient (CFH-/-)
mice [126], overexpressing C3 [127] or expressing a specific CFH variant, Y402H [128].

Animal models could also mimic oxidative stress, which is involved in the pathogene-
sis of AMD. For example, the carboxyethylpyrrole molecule is responsible for oxidative
stress. This adduct is present in abnormally high quantities in AMD patients, following the
oxidation of a fatty acid present in the photoreceptors, docosahexaenoic acid (DHA) [129].
The nuclear factor (erythroid-derived 2)-like 2 (NRF2-/-) mice model is responsible for
the increase in carboxyethylpyrrole [130]. Tobalem et al. immunized mice with murine
serum albumin conjugated with carboxyethylpyrrole. After three months, the treated mice
presented signs of RPE degeneration. According to the authors, this model could mimic
the natural progression of dry AMD in humans [129].

Mice with the ApoE4 allele on a high-fat diet develop the characteristics of AMD:
drusen-like deposits, Bruch’s membrane thickening, RPE degeneration and, in some cases,
choroidal vascularization. This ApoE isoform seems to accelerate the accumulation of the
amyloid protein [131]. In rabbits, a cholesterol-enriched diet results in increased levels
of ROS, amyloid β, apparition of drusen-like debris and cholesterol accumulation in the
retina [132].

Mice deficient in the C-C motif chemokine ligand 2 cytokines and C-X3-C motif
chemokine receptor 1 (CCl2-/-/CX3CR1-/-) [133], in CCl2-/- alone or C-C chemokine recep-
tor type 2 (CCR2-/-) receptors [134], show similar morphological, functional and structural
characteristics of dry AMD. However, these similarities should be interpreted carefully.
Indeed, Luhmann et al. found that the “drusen-like” deposits described in previous CCl2-/-

models [134] seem to be lipofuscin-containing macrophages. Moreover, these same authors
found that the susceptibility of developing CNV is reduced in this model [135].

Yasukawa et al. developed a rabbit model to study the biogenesis of drusen. They
mimicked the accumulation of lipofuscin by injecting subretinally glycoxidized micro-
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spheres and hypothesized that lipofuscin could contribute to the appearance of drusen.
They observed that rabbits injected with these microspheres developed drusen-like deposits
more frequently [136].

To study wet AMD, subretinal injections of pro-angiogenic factors could be of inter-
est [137], as well as laser-induced CNV thanks to the application of a laser in the retina and
choroid of mice, rats or rabbits [138–141].

Studies on amphibians were carried out to reproduce AMD by mechanically suppress-
ing outer segment photoreceptors or by locally injecting an antibiotic that destroys cones
and rods [142].

Thus, rodent models are of great interest to study genetic and metabolic alterations,
mostly in dry AMD. Rabbits are useful for screening different molecules and treatments
against dry and wet AMD [125]. However, none of these models allow the development
of a complete and reliable model of human AMD. Research must, therefore, continue in
this field.

7. The Specific Role of Fatty Acids in AMD

7.1. Fatty Acids in Humans

Fatty acids are molecules consisting of a hydrocarbon chain of variable length with a
terminal carboxyl function. They are essential to the human body and have numerous func-
tions, such as providing energy (through storage in the form of triglycerides), constituting
cell membranes or improving cardiovascular health [143,144].

Fatty acids can be found in different forms in the body: free fatty acids, bound to
triglycerides or phospholipids and included in lipoproteins. Inactive in the bloodstream,
fatty acids exert an action in tissues in which they are incorporated [145].

They are differentiated by their chain length and the presence of double bonds. Short-
chain fatty acids (between 2 and 4 carbons), medium-chain fatty acids (between 6 and
12 carbons), long-chain fatty acids (LC-FA, between 14 and 24 carbons) and very long-
chain fatty acids (VLC-FA, ≥26 carbons) can, therefore, be distinguished. The presence or
absence of double bonds makes it possible to differentiate saturated fatty acids (SFA) with
no double bonds from monounsaturated fatty acids (MUFA) with a single double bond
and polyunsaturated fatty acids (PUFA) with at least two double bonds. Moreover, the
position of the first double bond subdivides PUFA into omega-3 (first double bond on the
third carbon from the methyl group) and omega-6 (first double bond on the sixth carbon
from the terminal methyl group). MUFA are called omega-9 when the first double bond is
on the ninth carbon from the terminal methyl group.

Essential fatty acids are LC-PUFA, which the body is not able to synthesize de novo
and must be supplemented by diet. Indeed, humans do not possess the ∆15 and ∆12
desaturases [146] necessary for the synthesis of essential fatty acids from oleic acid 18:1 ω9.
This includes linoleic acid (LA) 18:2 ω6 and α-linolenic acid (ALA) 18:3 ω3 (Figure 3). LA,
the precursor of all omega-6 LC-PUFA, is found in some vegetable oils such as soybean oil
but also in sunflower seeds, Brazil nuts and eggs [147]. ALA, the precursor of all omega-3
LC-PUFA [148], can be found in other vegetable oils such as flaxseed oils, but also chia
seeds and quinoa [149].

In addition, some LC-PUFA, other than essential fatty acids, can be incorporated into
human diet. The main plant source of omega-3 LC-PUFA is algae that fish feed on. For
humans, omega-3 fatty acids are, therefore, found in fatty fish [143]. Omega-6 fatty acids
are found in red meat and oils such as sunflower or palm oil.

In the eye, five LC-FA are the main constituents of the retina: palmitic acid 16:0, stearic
acid 18:0, oleic acid 18:1 ω9, arachidonic acid (AA) 20:4 ω6 and DHA 22:6 ω3 [3] (Figure 3),
the latter being the most present. Also, eicosapentaenoic acid (EPA) 20:5 ω3 plays a role in
the fatty acid metabolism and retinal function. In total, unsaturated fatty acids account for
approximately half of all retinal fatty acids [150].
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Figure 3. Chemical representation of most common fatty acids found in the eye and their precursors.
ALA and LA are precursors of omega-3 and omega-6 PUFA, respectively. EPA, DHA, AA, oleic acid,
palmitic acid and stearic acid are common fatty acids in the eye.

7.2. LC-PUFA and VLC-PUFA Metabolism

In humans, LC-PUFA and VLC-PUFA are mainly but not exclusively found in the
retina, brain, skin and testes [151]. LC-PUFA, such as EPA and DHA, can be produced by
the human body, the main site of synthesis being the liver [152]. Local retinal synthesis
exists but is slow and insufficient to ensure all needs of LC-PUFA in the retina [153]. VLC-
PUFA are not present in the diet of vertebrates and must, therefore, be synthesized locally
because the liver does not have the required enzymes [154]. In the retina, VLC-PUFA can
be produced thanks to the elongation enzyme expressed in the inner segment of cones and
rod photoreceptors [155].

Figure 4 represents the physiological metabolic pathway of PUFA in the retina. More
precisely, essential fatty acids (ALA and LA) are elongated by ∆5 and ∆6 desaturases,
ELOVL2 and ELOVL5. The ELOVL enzymes, comprising seven isozymes, condense an acyl-
coenzyme A or acyl-CoA, and a malonyl-CoA into a 3-ketoacyl-CoA, which is then reduced
and dehydrated. This elongation allows the production of a fatty acid with two additional
carbons [156]. The elongation of fatty acids takes place in four steps: (i) condensation:
this is a rate-limiting step, with the formation of 3-ketoacyl-CoA using ELOVL enzymes;
(ii) reduction: conversion of 3-ketoacyl-CoA into 3-hydroxyacyl-CoA with nicotinamide
adenine dinucleotide phosphate (NADPH) as a cofactor; (iii) dehydration: conversion of
3-hydroxyacyl-CoA into trans-2-enoyl-CoA thanks to 3-hydroxyacyl-CoA dehydratase;
and (iv) reduction: trans-2-enoyl-CoA is converted into acyl-CoA, thanks to a reductase
and NADPH as a cofactor [156]. PUFA obtained by these elongations are omega-3 (e.g.,
EPA, DHA) and omega-6 (e.g., AA) LC-PUFA, between 20 and 24 carbons. Once LC-
PUFA is produced, ELOVL1, 3 and 4 elongate them to create VLC-PUFA between 26 and
38 carbons [154]. Among the different LC-PUFA, EPA is preferentially used as a substrate
for ELOVL4, followed by AA and DHA [157].
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ELOVL2 is a promising biomarker for aging [158] and is involved in AMD. When
ELOVL5 is deleted in mice, there is a reduction of DHA and AA [159]. Mutations in
ELOVL4 lead to a reduction of the VLC-PUFA amount in the retina and are at the origin of
ocular pathology in young adults [160].
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Figure 4. Metabolic pathway to produce PUFA (ω3 and ω6); roles of pro- and anti-inflammatory
fatty acids. From ALA and LA, ELOVL2 and 5, ∆5 and ∆6 desaturases produce LC-PUFA. From
LC-PUFA, ELOVL1, 3 and 4 produce VLC-PUFA. β-oxidation can occur and lead to the production
of DHA or its ω6 equivalent. ω3 PUFA are mostly anti-inflammatory, while ω6 PUFA are mostly
pro-inflammatory. Modified from [161].

7.3. Retinal LC-PUFA and VLC-PUFA: Physiological Role

The retina is rich in LC-PUFA and VLC-PUFA, which are mainly present in the discs
of photoreceptor outer segments [162].

PUFA are bound to phospholipids, mainly phosphatidylcholine, which represents
40–50% of retinal phospholipids. Usually, a VLC-PUFA is in the sn-1 position and a DHA
is in the sn-2 position of the glycerol backbone of phosphatidylcholine [154,156] (Figure 5).
Other retinal phospholipids are phosphatidylethanolamine (30–35%), phosphatidylserine
(5–10%) and phosphatidylinositol (3–6%) [152]. PUFA can also be esterified as diacylglyc-
erols or triacylglycerols [163].

Physiologically, the distribution of LC and VLC-PUFA differs between cones and rods
but also between the center and the periphery of the retina [164]. In rod-dominant animals,
the amount of LC and VLC-PUFA is higher than in cone-dominant animals with double the
concentration of DHA, suggesting different mechanisms and lipid requirements between
these two types of photoreceptors. In humans, for whom the retina contains both rods and
cones, DHA and EPA represent, respectively, about 50% and less than 0.29% of fatty acids
found in the outer segment disc membrane [3,165]. The low concentration of EPA in ocular
tissues is explained by its rapid use to produce DHA, VLC-PUFA or eicosanoids.
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Figure 5. Representation of a phosphatidylcholine in photoreceptors. VLC-PUFA is in sn-1 position
and DHA is in sn-2 position.

The macula, enriched in cones, has less DHA than the periphery [166], and LC-PUFA
and VLC-PUFA are more present in the disc outer segments than in the whole retina [167].

These fatty acids have an indispensable role in the composition and proper functioning
of photoreceptors, allowing their physiological development.

For example, DHA is metabolized and integrated as a structural compound of pho-
toreceptors, allowing good membrane fluidity and promoting conformational changes
and regeneration of rhodopsin during phototransduction [152]. Also, by increasing the
enzymatic activity of the lysosomal lipase of the RPE, DHA allows the hydrolysis of lipid
waste, thus avoiding its accumulation in Bruch’s membrane [6]. Through the production of
neuroprotectin D1, a DHA-derived mediator, photoreceptors survive longer in vitro [168].
This DHA derivative also protects the retina against RPE oxidative stress [169].

EPA and DHA, through the production of mediators, have an anti-angiogenic activity
and limit the development of neovessels [170]. The antiproliferative activity of DHA
decreases in the presence of antioxidants and increases in the presence of pro-oxidant
agents, which indicates that DHA while possessing an antioxidant activity by itself in free
form, needs to be oxidized to exert its antiproliferative activity [171].

Omega-3 LC-PUFA, mainly docosapentaenoic acid, promotes the accumulation of
lutein and zeaxanthin that filter blue light and have antioxidant and anti-inflammatory
properties [172].

VLC-PUFA are present in the neuronal synaptic vesicles of photoreceptors and play
an important role in their membrane curvature, fluidity and integrity [173].

7.4. Retinal LC-PUFA and VLC-PUFA: Role in AMD

Liu et al. compared the retinas of AMD donors to non-AMD patients of the same age
group and found that the concentrations of LC-PUFA and VLC-PUFA were significantly
decreased in AMD patients [3]. This lack of fatty acids could be caused by three factors.

The first is related to dietary changes; essential fatty acids or LC-PUFA are no longer
supplied to the body via the diet.

The second factor concerns a deficiency in the elongation enzymes ELOVL. Mainly
ELOVL2 and ELOVL4 are involved in fatty acid elongation, but the activity of ELOVL2
decreases with age [100]. Consequently, if this enzyme is no longer or less functional, there
will be reduced production of LC-PUFA and, therefore, less production of VLC-PUFA.

The last factor may be an early degradation of LC-PUFA and VLC-PUFA, partly due
to a damaging environment caused by oxidative stress and reactive oxygen species but also
by inflammation.

7.4.1. PUFA and Oxidative Stress

The retina is exposed to radiant energy (e.g., light) and high oxygen consumption,
leading to oxidative stress in the eye. PUFA, containing conjugated double bonds, are par-
ticularly sensitive to oxidation. Indeed, singlet oxygen can induce the peroxidation of these
lipids, leading to toxic products for the eye, such as 4-hydroxynonenal (the peroxidation
product of linoleic acid and arachidonic acid) [174] or carboxyethylpyrrole [175]. They can
then form advanced lipid peroxidation end-products found in drusen [150].

Excessive amounts of lipofuscin are also characteristic of oxidative stress in the eye.
Indeed, lysosomes maintain a daily recycling process of PUFA in photoreceptor outer
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segments by the RPE. Due to the high oxidative environment in the retina, lysosomes
are less effective, leading to incomplete phagocytosis and the degradation of PUFA. This
incomplete digestion causes the accumulation of lipofuscin and its autofluorescent fluo-
rophore in the RPE, leading to further oxidative stress to the eye in a continuous vicious
cycle [176,177].

7.4.2. PUFA and Inflammation

Phospholipase A2 (PLA2) is an enzyme activated by ischemia, light exposure, oxidative
stress, apoptosis, inflammation and aging. It hydrolyzes fatty acids located at the sn-2
position of retinal phospholipids to yield free LC-PUFA. After being activated by the
same stimuli as PLA2, cyclooxygenases (COX) and lipoxygenases (LOX) then catalyze the
conversion of free LC-PUFA to eicosanoids [152]. Eicosanoids are oxidized derivatives of
20-carbon PUFA [178], which include, among others, prostaglandins (PG), leukotrienes (LT)
and thromboxanes (TX). They mainly act locally and modulate vascular functions of cells
(choroidal vessels in the case of the retina) and inflammation [178].

Both omega-3 and omega-6 fatty acids have an impact on eicosanoid metabolism,
resulting in opposite effects: omega-6 fatty acids are the source of predominantly pro-
inflammatory metabolites and omega-3 are the source of anti-inflammatory metabolites
(Figure 4). These fatty acids interact with COX (production of PG, TX and resolvins) and
LOX (production of LT, resolvins and protectins) [179].

AA is the source of pro-inflammatory mediators metabolized by COX-1 and COX-2,
such as PGE2 and TXA2, that increase vascular permeability [164,180]. These eicosanoids of
series-2 are the major products, compared to series-1 and -3, because AA is the preferential
substrate for COX [181].

EPA is a precursor of the anti-inflammatory LT (series-5), TX and PG (series-3) [152].
DHA is also known to generate anti-inflammatory lipid mediators of the docosanoid family,
such as D-series resolvin (D1, D4) and neuroprotectin D1 [156]. In addition, EPA and DHA
decrease or prevent the increase in InterCellular Adhesion Molecule (ICAM-1), IL-6, IL-1β
and VEGF, the latter having an important role in CNV in wet AMD [182,183]. In general,
EPA appears to be more effective in regulating the anti-inflammatory cytokine balance,
while DHA appears to preferentially inhibit pro-inflammatory mediators [184].

Omega-3 VLC-PUFA are precursors of anti-inflammatory mediators, such as elo-
vanoids, necessary for photoreceptor cell integrity [185].

AMD patients have a higher plasma omega-6/omega-3 ratio than healthy patients [186],
which could correlate with a lack of omega-3 fatty acids. This imbalance amplifies the
inflammatory mechanisms responsible for drusen formation in dry AMD. In wet AMD, an
inflammatory environment promotes the formation of CNV [182].

As shown in Figure 4, the same elongation enzymes are required to produce omega-3
and omega-6 LC-PUFA but also omega-9 (oleic acid) and trans fatty acids. Thus, there is
competition between these different classes of fatty acids to be processed. The preferential
substrate of the elongation enzymes is EPA, an omega-3 present in very small quantities in
the eye, followed by AA, an omega-6 present in much larger quantities during inflammatory
phenomena or ocular pathologies such as AMD. Moreover, the eicosanoid derivatives of
EPA are less biologically active than the AA derivatives [187]. It is, therefore, even more
important to supply the organism with adequate amounts of foods rich in omega-3 fatty
acids. Thus, upon regular consumption of DHA and EPA, series-2 and -4 eicosanoids (pro-
inflammatory and pro-angiogenic) are reduced, whereas series-5 LT and series-3 PG and
TX (anti-inflammatory) are increased; the omega-6/omega-3 balance decreases, shifting
from a pro-inflammatory to an anti-inflammatory environment [188].

Lipid peroxidation products are a main source of ROS that increase oxidative stress but
also retinal inflammation. Indeed, they can modulate and activate inflammatory cytokines.
A2E, when cleaved during lipid peroxidation processes, can activate complement C2 and
C3, thus increasing inflammation [189]. All these lipid products, as well as immunoglob-
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ulins and proteins involved in complement and immune response, are found in drusen,
characteristic of retinal inflammation [176].

In conclusion, LC-PUFA metabolites can regulate inflammation with pro- or anti-
inflammatory (omega-6 or omega-3, respectively) metabolites, but lipid peroxide products,
due to oxidative stress, accentuate inflammation and retinal degeneration.

7.5. Interest of Omega-3 LC-PUFA and VLC-PUFA in the Prevention and the Treatment of Dry
and Wet AMD: Clinical Studies

AMD is characterized by a destruction of the macula and its photoreceptors (composed
of many fatty acids), but PUFA, mainly DHA, are less present in the macula than in
the periphery. In addition, AMD is characterized by non-eliminated lipidic deposits
originating from fatty acids of the photoreceptors, responsible for oxidative stress and local
inflammation. Despite these contradictory facts, many studies reported a positive effect of
the intake of fatty acids, mainly DHA and EPA, in the prevention and treatment of AMD.

Fan and Song have sought to understand more precisely the positive impact of omega-
3 fatty acids in AMD and highlighted four major activities [163]. Firstly, structural re-
placements are determined to be ongoing, more specifically in phospholipid membranes,
where omega-6 is substituted for omega-3 fatty acids. Secondly, PUFA, via the nuclear
factor (erythroid-derived 2)-like 2 (NFE2L2), induces cellular resistance to oxidative stress.
The third mode of action is the inhibition of choroidal neovascularization. Indeed, by
activating the adiponectin pathway and inhibiting the production of matrix metallopro-
teinases, omega-3 fatty acids prevent pathological angiogenesis. Finally, omega-3-enriched
triglyceride-rich lipoproteins reduce ROS production and RPE destruction compared to
SFA-enriched triglyceride-rich lipoproteins. Thus, in the absence of omega-3 PUFA, all
these mechanisms could be compromised and lead to or amplify AMD. Still, it is not yet
clear whether PUFA deficiency or photoreceptor degeneration is the first to appear [167].

Different trials and meta-analyses [190–192] studied the impact of fatty fish, which
is rich in PUFA, in the early [193,194], intermediate [188] or late [182,195–197] stages of
pathology. A meta-analysis of nine studies concluded that an intake of omega-3 PUFA is
associated with a 38% reduction in the risk of late AMD [191]. Only the AREDS2 study [198]
questioned the protective effects of omega-3, whereas the AREDS study suggested a favor-
able association between the intake of omega-3 fatty acids and a decreased risk of AMD.
This may be explained by the different patient inclusion criteria of the studies, the quantities
of DHA and EPA administered and the limits of detection of the benefits [180,199].

For other fatty acids, their roles are less clear. According to some authors, omega-
3 fatty acids are no longer protective when the intake of linoleic acid or trans-PUFA is
high [193,200,201], while Wang et al. found that linoleic acid is the only omega-6 that
would not have a negative impact on AMD [202]. Unfavorable associations between AMD
and long-chain SFA would be dependent on the population and their initial dietary habits:
for the Japanese, who consume mainly fatty fish, increased SFA intake is correlated to
a reduced risk of developing early AMD [203]. In other countries, high consumption of
long-chain SFA is correlated to a higher risk of developing AMD, but not in a statistically
significant way for the majority of studies [143]. Some authors have found a contradictory
impact of MUFA depending on the stage of AMD [204,205]. Medium-chain SFA would not
have a negative impact [206]. Table 2 lists the main findings of clinical trials evaluating the
impact of fatty acids on AMD.

Thanks to the results of all these clinical trials, it is now accepted that omega-3 LC-
PUFA has a positive impact on visual function. Further studies need to be carried out on
omega-6, such as linoleic acid or MUFA, due to opposing research results.
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Table 2. Clinical trials evaluating the impact of fatty acids on AMD.

Study Objective Stage of AMD
Number of
Participants

Conclusion References

Blue Mountain
Eye Study

To assess the
relationship between
baseline dietary fatty

acids and 10-year
incident AMD.

Early 2454

Protective effect against
early AMD with regular
fish consumption, high

consumption of omega-3
PUFA and low intake of

foods rich in linoleic acid.

[194]

Polanut study
To assess the

associations of dietary
fat with the risk of ARM.

Early 832

Increased risk of ARM
with high total, saturated
and monounsaturated fat
intake. Reduced risk (60%)

of ARM with fatty fish
intake (more than once

a month).

[205]

Alienor study

To report the
associations of ARM

with past dietary
intake in elderly
French subjects.

Early 1289
Decreased risk of ARM in
subjects with high intake

of omega-3 LC-PUFA.
[207]

Melbourne
Collaborative
Cohort Study

To evaluate the
association between fat
intake and prevalence

of AMD.

Early and late 6734

Decreased risk of AMD
with a diet low in

trans-unsaturated fat and
rich in omega-3 fatty acids

and olive oil.

[193]

Nurses’ health
study and the

health professional
follow-up study

To evaluate the
association between

intake of EPA and DHA
and the intermediate
and advanced stages

of AMD.

Intermediate
and late

114,850

Prevention or delay of
visually significant

intermediate AMD with
higher intake of EPA. No

association with
advanced AMD.

[188]

US twin study of
AMD

To evaluate modifiable
risk and protective

factors for AMD among
elderly twins.

Intermediate
and late

681

Increased risk of AMD
with cigarette smoking.
Reduced risk of AMD

with fish consumption and
omega-3 fatty acid intake.

[200]

NAT2 study

To evaluate the efficacy
of DHA-enriched oral

supplementation in
preventing

exudative AMD.

Late 263
Reduction of CNV

incidence with high EPA
plus DHA index.

[208]

Eye-risk
consortium

To investigate
association of adherence

to the Mediterranean
diet with incidence of

advanced AMD.

Late 4996

Risk reduction (41%) of
incidence of advanced

AMD with higher
adherence to the

Mediterranean diet.

[209]

European Eye
study

To examine association
between adherence to a
Mediterranean diet and
prevalence of AMD in

countries ranging
from Southern to
Northern Europe.

Late 5060

Protective effect of
adherence to a

Mediterranean diet in late
AMD patients.

[196]



Int. J. Mol. Sci. 2024, 25, 4099 17 of 28

Table 2. Cont.

Study Objective Stage of AMD
Number of
Participants

Conclusion References

AREDS

To investigate whether
omega-3 LC-PUFA

intake was associated
with a reduced

likelihood of developing
central GA and

neovascular AMD.

Late 1837

Lower 12-y incidence of
central GA and

neovascular AMD in
participants at

moderate-to-high risk for
those reporting the

highest consumption of
omega-3 LC-PUFA.

[197]

AREDS 2

To determine whether
adding lutein +

zeaxanthin, DHA + EPA
or both to the AREDS
formulation decreases
the risk of developing
advanced AMD and to
evaluate the effect of

eliminating beta
carotene, lowering zinc

doses or both in the
AREDS formulation.

Late 4203

No risk reduction of
advanced AMD with
addition of lutein +

zeaxanthin, DHA + EPA
or both to the AREDS

formulation.

[198]

There are current recommendations for PUFA intake with the objective of maintaining
good visual acuity: consumption of fatty fish at least twice a week is recommended. Even
if detection at the retinal level is difficult, the use of biomarkers with high predictive
performance for retinal content [210] and numerous clinical trials have led European
authorities to recommend a daily oral dose of 250 mg of DHA. Many food supplements on
the market contain a mixture of DHA and EPA in different ratios [211]. Benefits still occur
for omega-3 PUFA concentrations between 240 and 350 mg/day in other studies [6]. The
most recent dietary supplements contain, in addition to omega-3 fatty acids, vitamins (C,
E), minerals (zinc), lutein, zeaxanthin and resveratrol, having also demonstrated a positive
impact on the pathology [212].

8. Conclusions

AMD being a complex pathology, the exact initial mechanisms remain the subject of
debate. Indeed, under the effect of environmental factors (smoking), internal factors (age,
genetics) and various stresses (oxidative stress, inflammation), retinal cells are confronted
with a harmful environment. Physiological ocular aging can then switch to pathological
degradation and lead to dry or wet AMD. Moreover, with the world’s aging population, an
increase in the incidence of AMD could occur in the coming years.

Fatty acids, a main component of photoreceptors, are significantly reduced in both
types of AMD. Unfortunately, it is still not clear which mechanism—photoreceptor degener-
ation or fatty acid deficiency—appears first. In any case, despite the apparent contradictions
between the known mechanisms of AMD (accumulation of lipid deposits at the RPE de-
stroying the RPE cells and photoreceptors) and the additional intake of lipids in the retina,
an efficiency has been demonstrated in the pathology when supplementing with omega-3
LC-PUFA and VLC-PUFA. Indeed, thanks to their role in the composition of photoreceptors
as well as their antioxidant, anti-proliferative but also anti-angiogenic properties, omega-
3 fatty acids can limit the degeneration of the retina. This supplementation would be
even more interesting during the early stages or for prevention in the presence of known
risk factors.
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9. Future Directions and Challenges

Current treatments concern mainly wet AMD, with the administration of anti-VEGF
by intravitreal injections. Extremely effective but very invasive, intravitreal injections can
lead to serious side effects. Still, it is important to only administer these anti-VEGF drugs
locally and not orally or systemically because the inhibition of VEGF in other areas of the
body could lead to poor development of vessels essential for proper organ function. For dry
AMD, mostly food supplements containing several minerals, vitamins and omega-3 fatty
acids are recommended and used in Europe. The drawback is that, with oral administration,
the bioavailability of lipophilic molecules such as fatty acids is extremely low [213–215],
considerably reducing the therapeutic effectiveness in the eye.

LC-PUFA and VLC-PUFA are an important therapeutic approach for the treatment
of both types of AMD, and it would be interesting to develop new galenic forms with
these active ingredients. As the intravitreal route is resented by patients and the oral
route displays limited bioavailability, it could be interesting to develop an ocular form for
topical application. This outpatient treatment has numerous advantages, such as ease of
administration, easy adaptation of the dosage, adaptation to the patient’s lifestyle and better
compliance. The topical route would, therefore, counteract the causes of non-adherence to
intravitreal injection treatments.

Physiologically, reaching the posterior segment of the eye topically is indeed chal-
lenging due to the presence of numerous ocular barriers (corneal barrier, blood–retinal
barrier, blood–aqueous barrier) and the eye’s defense mechanisms (palpebral blinking,
rapid renewal of the tear film, aqueous humor, vitreous humor). There is then a need to
develop an ophthalmic form that considers all of these parameters and allows for a pro-
longed residence time in the ocular zones of interest. With this objective, nanotechnologies,
hydrogels or modified release forms can be developed. Among these galenic forms, many
allow the simultaneous encapsulation of lipophilic and hydrophilic molecules. Numerous
possibilities in the choice of raw materials or combinations are then offered: an association
of fatty acids and anti-VEGF for the wet form, a combination of fatty acids, minerals and
vitamins for the dry form or a combination of fatty acids and all relevant molecules in both
forms of AMD.

Various authors have been interested in the development of nanotechnological oph-
thalmic forms for topical application to target diseases in the posterior segment of the eye,
but few articles specifically target AMD with adapted active ingredients and retinal cell
reaching. Further research on this specific topic of treating AMD with fatty acids for a
topical ocular administration could make it possible to develop an effective treatment for
patients with the objective of permanently treating AMD.

Author Contributions: M.B.: conceptualization, methodology, investigation, writing—original
draft, C.S.: supervision, writing—review and editing, N.M.: writing—review and editing, V.B.:
writing—review and editing, G.B.: writing—review and editing, G.V.: conceptualization, methodol-
ogy, supervision, writing—review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: Part of this research was within the scope of a Ph.D. thesis funded by the Association
Nationale de la Recherche et de la Technologie (ANRT), CIFRE grant No. 2022/0219. The APC was
funded by the University of Geneva.

Acknowledgments: The authors would like to thank Tatyana Auvermann and Marc Maury for their
investment in the final proofreading of the manuscript.

Conflicts of Interest: M. Brito and C. Sorbier are employees of Unither Développement Bordeaux.
N. Mignet, V. Boudy, G. Borchard and G. Vacher report no proprietary or commercial interest in any
product mentioned or concept discussed in this article.



Int. J. Mol. Sci. 2024, 25, 4099 19 of 28

Abbreviations

AA, arachidonic acid; AAV, adeno-associated virus; ALA, α-linolenic acid; AMD, Age-related
Macular Degeneration; ApoE, apolipoprotein E; ARM, age-related maculopathy; CFH, complement
factor H; CNV, choroidal neovascularization; COX, cyclooxygenase; DHA, docosahexaenoic acid;
EMA, European Medicines Agency; EPA, eicosapentaenoic acid; GA, geographic atrophy; HDL, high-
density lipoprotein; HUVEC, human umbilical vascular endothelial cells; iPSC, induced pluripotent
stem cell; LA, linoleic acid; LC-FA, long-chain fatty acids; LC-PUFA, long-chain polyunsaturated
fatty acids; LOX, lipoxygenase; LT, leukotriene; MUFA, monounsaturated fatty acids; NADPH,
nicotinamide adenine dinucleotide phosphate; PG, prostaglandin; PLA2, phospholipase A2; PUFA,
polyunsaturated fatty acids; ROS, reactive oxygen species; RPE, retinal pigment epithelium; SFA,
saturated fatty acids; TLR, toll-like receptor; VLC-FA, very long-chain fatty acids; VLC-PUFA, very
long-chain polyunsaturated fatty acids; TX, thromboxane; VEGF, vascular endothelial growth factor.

References

1. Fernández-Robredo, P.; Sancho, A.; Johnen, S.; Recalde, S.; Gama, N.; Thumann, G.; Groll, J.; García-Layana, A. Current Treatment
Limitations in Age-Related Macular Degeneration and Future Approaches Based on Cell Therapy and Tissue Engineering.
J. Ophthalmol. 2014, 2014, 510285. [CrossRef]

2. Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.G.; Klein, R.; Cheng, C.-Y.; Wong, T.Y. Global Prevalence of Age-Related Macular
Degeneration and Disease Burden Projection for 2020 and 2040: A Systematic Review and Meta-Analysis. Lancet Glob. Health

2014, 2, e106–e116. [CrossRef] [PubMed]
3. Liu, A.; Chang, J.; Lin, Y.; Shen, Z.; Bernstein, P. Long-Chain and Very Long-Chain Polyunsaturated Fatty Acids in Ocular Aging

and Age-Related Macular Degeneration. J. Lipid Res. 2010, 51, 3217–3229. [CrossRef] [PubMed]
4. Watson, S.; Lowe, G. Ocular Anatomy and Physiology Relevant to Anaesthesia. Anaesth. Intensive Care Med. 2019, 20, 710–715.

[CrossRef]
5. Behar-Cohen, F.; Gelizé, E.; Jonet, L.; Lassiaz, P. Anatomy of the retina. Med. Sci. 2020, 36, 594–599.
6. Lecerf, J.-M. Micronutriments: L’exemple de la dégénérescence maculaire liée à l’âge (DMLA): Micronutrients and Age-Related

Macular Degeneration. Méd. Mal. Métab. 2009, 3, 496–501.
7. Jacobs, G.H. Photopigments and the Dimensionality of Animal Color Vision. Neurosci. Biobehav. Rev. 2018, 86, 108–130. [CrossRef]

[PubMed]
8. Jeffrey, B.G.; Weisinger, H.S.; Neuringer, M.; Mitchell, D.C. The Role of Docosahexaenoic Acid in Retinal Function. Lipids 2001, 36,

859–871. [CrossRef] [PubMed]
9. Gregg, R.; McCall, M.; Massey, S. Function and Anatomy of the Mammalian Retina. Retina 2012, 1, 360–400.
10. Ratnayake, K.; Payton, J.L.; Lakmal, O.H.; Karunarathne, A. Blue Light Excited Retinal Intercepts Cellular Signaling. Sci. Rep.

2018, 8, 10207. [CrossRef] [PubMed]
11. Zhao, Z.-C.; Zhou, Y.; Tan, G.; Li, J. Research Progress about the Effect and Prevention of Blue Light on Eyes. Int. J. Ophthalmol.

2018, 11, 1999–2003. [PubMed]
12. Bonnel, S.; Mohand-Said, S.; Sahel, J.-A. The Aging of the Retina. Exp. Gerontol. 2003, 38, 825–831. [CrossRef] [PubMed]
13. Ao, J.; Wood, J.P.; Chidlow, G.; Gillies, M.C.; Casson, R.J. Retinal Pigment Epithelium in the Pathogenesis of Age-Related Macular

Degeneration and Photobiomodulation as a Potential Therapy? Clin. Experiment. Ophthalmol. 2018, 46, 670–686. [CrossRef]
[PubMed]

14. Huang, J.-D.; Presley, J.B.; Chimento, M.F.; Curcio, C.A.; Johnson, M. Age-Related Changes in Human Macular Bruch’s Membrane
as Seen by Quick-Freeze/Deep-Etch. Exp. Eye Res. 2007, 85, 202–218. [CrossRef] [PubMed]

15. Nickla, D.L.; Wallman, J. The Multifunctional Choroid. Prog. Retin. Eye Res. 2010, 29, 144–168. [CrossRef] [PubMed]
16. Lejoyeux, R.; Benillouche, J.; Ong, J.; Errera, M.-H.; Rossi, E.A.; Singh, S.R.; Dansingani, K.K.; da Silva, S.; Sinha, D.; Sahel, J.-A.;

et al. Choriocapillaris: Fundamentals and Advancements. Prog. Retin. Eye Res. 2022, 87, 100997. [CrossRef] [PubMed]
17. Chen, M.; Luo, C.; Zhao, J.; Devarajan, G.; Xu, H. Immune Regulation in the Aging Retina. Prog. Retin. Eye Res. 2019, 69, 159–172.

[CrossRef] [PubMed]
18. Campello, L.; Singh, N.; Advani, J.; Mondal, A.K.; Corso-Díaz, X.; Swaroop, A. Aging of the Retina: Molecular and Metabolic

Turbulences and Potential Interventions. Annu. Rev. Vis. Sci. 2021, 7, 633–664. [CrossRef] [PubMed]
19. Tong, Y.; Ami, T.B.; Hong, S.; Heintzmann, R.; Gerig, G.; Ablonczy, Z.; Curcio, C.A.; Ach, T.; Smith, R.T. Hyperspectral

Autofluorescence Imaging of Drusen and Retinal Pigment Epithelium in Donor Eyes with Age-Related Macular Degeneration.
Retina 2016, 36, S127–S136. [CrossRef] [PubMed]

20. Anderson, D.H.; Talaga, K.C.; Rivest, A.J.; Barron, E.; Hageman, G.S.; Johnson, L.V. Characterization of Beta Amyloid Assemblies
in Drusen: The Deposits Associated with Aging and Age-Related Macular Degeneration. Exp. Eye Res. 2004, 78, 243–256.
[CrossRef] [PubMed]

https://doi.org/10.1155/2014/510285
https://doi.org/10.1016/S2214-109X(13)70145-1
https://www.ncbi.nlm.nih.gov/pubmed/25104651
https://doi.org/10.1194/jlr.M007518
https://www.ncbi.nlm.nih.gov/pubmed/20688753
https://doi.org/10.1016/j.mpaic.2019.10.004
https://doi.org/10.1016/j.neubiorev.2017.12.006
https://www.ncbi.nlm.nih.gov/pubmed/29224775
https://doi.org/10.1007/s11745-001-0796-3
https://www.ncbi.nlm.nih.gov/pubmed/11724458
https://doi.org/10.1038/s41598-018-28254-8
https://www.ncbi.nlm.nih.gov/pubmed/29976989
https://www.ncbi.nlm.nih.gov/pubmed/30588436
https://doi.org/10.1016/S0531-5565(03)00093-7
https://www.ncbi.nlm.nih.gov/pubmed/12915204
https://doi.org/10.1111/ceo.13121
https://www.ncbi.nlm.nih.gov/pubmed/29205705
https://doi.org/10.1016/j.exer.2007.03.011
https://www.ncbi.nlm.nih.gov/pubmed/17586493
https://doi.org/10.1016/j.preteyeres.2009.12.002
https://www.ncbi.nlm.nih.gov/pubmed/20044062
https://doi.org/10.1016/j.preteyeres.2021.100997
https://www.ncbi.nlm.nih.gov/pubmed/34293477
https://doi.org/10.1016/j.preteyeres.2018.10.003
https://www.ncbi.nlm.nih.gov/pubmed/30352305
https://doi.org/10.1146/annurev-vision-100419-114940
https://www.ncbi.nlm.nih.gov/pubmed/34061570
https://doi.org/10.1097/IAE.0000000000001325
https://www.ncbi.nlm.nih.gov/pubmed/28005671
https://doi.org/10.1016/j.exer.2003.10.011
https://www.ncbi.nlm.nih.gov/pubmed/14729357


Int. J. Mol. Sci. 2024, 25, 4099 20 of 28

21. Hu, M.L.; Quinn, J.; Xue, K. Interactions between Apolipoprotein E Metabolism and Retinal Inflammation in Age-Related Macular
Degeneration. Life 2021, 11, 635. [CrossRef]

22. Russell, S.R.; Mullins, R.F.; Schneider, B.L.; Hageman, G.S. Location, Substructure, and Composition of Basal Laminar Drusen
Compared with Drusen Associated with Aging and Age-Related Macular Degeneration. Am. J. Ophthalmol. 2000, 129, 205–214.
[CrossRef] [PubMed]

23. Ferris, F.L.; Wilkinson, C.P.; Bird, A.; Chakravarthy, U.; Chew, E.; Csaky, K.; Sadda, S.R. Clinical Classification of Age-Related
Macular Degeneration. Ophthalmology 2013, 120, 844–851. [CrossRef] [PubMed]

24. Jabbehdari, S.; Handa, J.T. Oxidative Stress as a Therapeutic Target for the Prevention and Treatment of Early Age-Related
Macular Degeneration. Surv. Ophthalmol. 2021, 66, 423–440. [CrossRef]

25. Crouch, R.K.; Koutalos, Y.; Kono, M.; Schey, K.; Ablonczy, Z. A2E and Lipofuscin. Prog. Mol. Biol. Transl. Sci. 2015, 134, 449–463.
[PubMed]

26. Ardeljan, D.; Chan, C.-C. Aging Is Not a Disease: Distinguishing Age-Related Macular Degeneration from Aging. Prog. Retin. Eye

Res. 2013, 37, 68–89. [CrossRef] [PubMed]
27. Rozing, M.P.; Durhuus, J.A.; Krogh Nielsen, M.; Subhi, Y.; Kirkwood, T.B.; Westendorp, R.G.; Sørensen, T.L. Age-Related Macular

Degeneration: A Two-Level Model Hypothesis. Prog. Retin. Eye Res. 2020, 76, 100825. [CrossRef] [PubMed]
28. Chauvaud, D. La dégénérescence maculaire liée à l’âge en 2020. Bull. Acad. Natl. Méd. 2021, 205, 161–165. [CrossRef]
29. Tzoumas, N.; Hallam, D.; Harris, C.L.; Lako, M.; Kavanagh, D.; Steel, D.H.W. Revisiting the Role of Factor H in Age-Related

Macular Degeneration: Insights from Complement-Mediated Renal Disease and Rare Genetic Variants. Surv. Ophthalmol. 2021,
66, 378–401. [CrossRef] [PubMed]

30. Lu, F.; Liu, S.; Hao, Q.; Liu, L.; Zhang, J.; Chen, X.; Hu, W.; Huang, P. Association Between Complement Factor C2/C3/CFB/CFH
Polymorphisms and Age-Related Macular Degeneration: A Meta-Analysis. Genet. Test. Mol. Biomark. 2018, 22, 526–540. [CrossRef]
[PubMed]

31. Armento, A.; Ueffing, M.; Clark, S.J. The Complement System in Age-Related Macular Degeneration. Cell. Mol. Life Sci. 2021, 78,
4487–4505. [CrossRef] [PubMed]

32. Lu, Z.-G.; May, A.; Dinh, B.; Lin, V.; Su, F.; Tran, C.; Adivikolanu, H.; Ehlen, R.; Che, B.; Wang, Z.-H.; et al. The Interplay of
Oxidative Stress and ARMS2-HTRA1 Genetic Risk in Neovascular AMD. Vessel. Plus 2021, 5, 4. [CrossRef]

33. Marais, A.D. Apolipoprotein E in Lipoprotein Metabolism, Health and Cardiovascular Disease. Pathology 2019, 51, 165–176.
[CrossRef] [PubMed]

34. Sun, Y.; Song, R.; Ai, Y.; Zhu, J.; He, J.; Dang, M.; Li, H. APOE2 Promotes the Development and Progression of Subretinal
Neovascularization in Age-Related Macular Degeneration via MAPKs Signaling Pathway. Saudi J. Biol. Sci. 2020, 27, 2770–2777.
[CrossRef] [PubMed]

35. McKay, G.J.; Patterson, C.C.; Chakravarthy, U.; Dasari, S.; Klaver, C.C.; Vingerling, J.R.; Ho, L.; de Jong, P.T.; Fletcher, A.E.; Young,
I.S.; et al. Evidence of Association of APOE with Age-Related Macular Degeneration—A Pooled Analysis of 15 Studies. Hum.

Mutat. 2011, 32, 1407–1416. [CrossRef] [PubMed]
36. Liutkeviciene, R.; Vilkeviciute, A.; Smalinskiene, A.; Tamosiunas, A.; Petkeviciene, J.; Zaliuniene, D.; Lesauskaite, V. The Role of

Apolipoprotein E (Rs7412 and Rs429358) in Age-Related Macular Degeneration. Ophthalmic Genet. 2018, 39, 457–462. [CrossRef]
37. Viturino, M.G.; Neto, J.M.; Bajano, F.F.; Costa, S.M.; Roque, A.B.; Borges, G.F.; Ananina, G.; Rim, P.H.; Medina, F.M.; Costa,

F.F.; et al. Evaluation of APOE Polymorphisms and the Risk for Age-Related Macular Degeneration in a Southeastern Brazilian
Population. Exp. Biol. Med. 2021, 246, 1148–1155. [CrossRef] [PubMed]

38. Fernández-Vega, B.; García, M.; Olivares, L.; Álvarez, L.; González-Fernández, A.; Artime, E.; Fernández-Vega Cueto, A.; Cobo,
T.; Coca-Prados, M.; Vega, J.A.; et al. The Association Study of Lipid Metabolism Gene Polymorphisms with AMD Identifies a
Protective Role for APOE-E2 Allele in the Wet Form in a Northern Spanish Population. Acta Ophthalmol. 2020, 98, e282–e291.
[CrossRef]

39. Velilla, S.; García-Medina, J.J.; García-Layana, A.; Dolz-Marco, R.; Pons-Vázquez, S.; Pinazo-Durán, M.D.; Gómez-Ulla, F.; Arévalo,
J.F.; Díaz-Llopis, M.; Gallego-Pinazo, R. Smoking and Age-Related Macular Degeneration: Review and Update. J. Ophthalmol.

2013, 2013, 895147. [CrossRef]
40. Saunier, V.; Merle, B.M.J.; Delyfer, M.-N.; Cougnard-Grégoire, A.; Rougier, M.-B.; Amouyel, P.; Lambert, J.-C.; Dartigues, J.-

F.; Korobelnik, J.-F.; Delcourt, C. Incidence of and Risk Factors Associated with Age-Related Macular Degeneration. JAMA

Ophthalmol. 2018, 136, 473–481. [CrossRef] [PubMed]
41. Keenan, T.D.; Agrón, E.; Mares, J.; Clemons, T.E.; van Asten, F.; Swaroop, A.; Chew, E.Y. Adherence to the Mediterranean Diet

and Progression to Late Age-Related Macular Degeneration in the Age-Related Eye Disease Studies 1 and 2. Ophthalmology 2020,
127, 1515–1528. [CrossRef] [PubMed]

42. Merle, B.M.J.; 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]

43. Abdouh, M.; Lu, M.; Chen, Y.; Goyeneche, A.; Burnier, J.V.; Burnier, M.N. Filtering Blue Light Mitigates the Deleterious Effects
Induced by the Oxidative Stress in Human Retinal Pigment Epithelial Cells. Exp. Eye Res. 2022, 217, 108978. [CrossRef] [PubMed]

44. Delcourt, C.; Cougnard-Grégoire, A.; Boniol, M.; Carrière, I.; Doré, J.-F.; Delyfer, M.-N.; Rougier, M.-B.; Le Goff, M.; Dartigues,
J.-F.; Barberger-Gateau, P.; et al. Lifetime Exposure to Ambient Ultraviolet Radiation and the Risk for Cataract Extraction and
Age-Related Macular Degeneration: The Alienor Study. Investig. Ophthalmol. Vis. Sci. 2014, 55, 7619–7627. [CrossRef] [PubMed]

https://doi.org/10.3390/life11070635
https://doi.org/10.1016/S0002-9394(99)00345-1
https://www.ncbi.nlm.nih.gov/pubmed/10682974
https://doi.org/10.1016/j.ophtha.2012.10.036
https://www.ncbi.nlm.nih.gov/pubmed/23332590
https://doi.org/10.1016/j.survophthal.2020.09.002
https://www.ncbi.nlm.nih.gov/pubmed/26310170
https://doi.org/10.1016/j.preteyeres.2013.07.003
https://www.ncbi.nlm.nih.gov/pubmed/23933169
https://doi.org/10.1016/j.preteyeres.2019.100825
https://www.ncbi.nlm.nih.gov/pubmed/31899290
https://doi.org/10.1016/j.banm.2020.05.111
https://doi.org/10.1016/j.survophthal.2020.10.008
https://www.ncbi.nlm.nih.gov/pubmed/33157112
https://doi.org/10.1089/gtmb.2018.0110
https://www.ncbi.nlm.nih.gov/pubmed/30179527
https://doi.org/10.1007/s00018-021-03796-9
https://www.ncbi.nlm.nih.gov/pubmed/33751148
https://doi.org/10.20517/2574-1209.2020.48
https://doi.org/10.1016/j.pathol.2018.11.002
https://www.ncbi.nlm.nih.gov/pubmed/30598326
https://doi.org/10.1016/j.sjbs.2020.06.037
https://www.ncbi.nlm.nih.gov/pubmed/32994736
https://doi.org/10.1002/humu.21577
https://www.ncbi.nlm.nih.gov/pubmed/21882290
https://doi.org/10.1080/13816810.2018.1479429
https://doi.org/10.1177/1535370220985466
https://www.ncbi.nlm.nih.gov/pubmed/33467888
https://doi.org/10.1111/aos.14280
https://doi.org/10.1155/2013/895147
https://doi.org/10.1001/jamaophthalmol.2018.0504
https://www.ncbi.nlm.nih.gov/pubmed/29596588
https://doi.org/10.1016/j.ophtha.2020.04.030
https://www.ncbi.nlm.nih.gov/pubmed/32348832
https://doi.org/10.3945/ajcn.115.111047
https://www.ncbi.nlm.nih.gov/pubmed/26490493
https://doi.org/10.1016/j.exer.2022.108978
https://www.ncbi.nlm.nih.gov/pubmed/35134392
https://doi.org/10.1167/iovs.14-14471
https://www.ncbi.nlm.nih.gov/pubmed/25335979


Int. J. Mol. Sci. 2024, 25, 4099 21 of 28

45. Mainster, M.A.; Findl, O.; Dick, H.B.; Desmettre, T.; Ledesma-Gil, G.; Curcio, C.A.; Turner, P.L. The Blue-Light-Hazard vs.
Blue-Light-Hype. Am. J. Ophthalmol. 2022, 240, 51–57. [CrossRef] [PubMed]

46. Margrain, T.H.; Boulton, M.; Marshall, J.; Sliney, D.H. Do Blue Light Filters Confer Protection against Age-Related Macular
Degeneration? Prog. Retin. Eye Res. 2004, 23, 523–531. [CrossRef] [PubMed]

47. Desmettre, T. Épigénétique et dégénérescence maculaire liée à l’âge (DMLA). J. Fr. Ophtalmol. 2018, 41, 981–990. [CrossRef]
[PubMed]

48. Van Lookeren Campagne, M.; LeCouter, J.; Yaspan, B.L.; Ye, W. Mechanisms of Age-Related Macular Degeneration and
Therapeutic Opportunities. J. Pathol. 2014, 232, 151–164. [CrossRef] [PubMed]

49. Schultz, N.M.; Bhardwaj, S.; Barclay, C.; Gaspar, L.; Schwartz, J. Global Burden of Dry Age-Related Macular Degeneration: A
Targeted Literature Review. Clin. Ther. 2021, 43, 1792–1818. [CrossRef] [PubMed]

50. Hernández-Zimbrón, L.F.; Zamora-Alvarado, R.; Ochoa-De la Paz, L.; Velez-Montoya, R.; Zenteno, E.; Gulias-Cañizo, R.; Quiroz-
Mercado, H.; Gonzalez-Salinas, R. Age-Related Macular Degeneration: New Paradigms for Treatment and Management of AMD.
Oxid. Med. Cell. Longev. 2018, 2018, 8374647. [CrossRef] [PubMed]

51. Weber, M.; Sennlaub, F.; Souied, E.; Cohen, S.-Y.; Béhar-Cohen, F.; Milano, G.; Tadayoni, R. Expertises croisées dans la
dégénérescence maculaire liée à l’âge. Focus sur la physiopathologie, l’angiogenèse, les données pharmacologiques et cliniques.
J. Fr. Ophtalmol. 2014, 37, 566–579. [CrossRef] [PubMed]

52. Ajana, S. Prédiction Du Risque de DMLA: Identification de Nouveaux Biomarqueurs et Modélisation Du Risque. Ph.D. Thesis,
Université de Bordeaux, Bordeaux, France, 2019.

53. Khanani, A.M.; Skelly, A.; Bezlyak, V.; Griner, R.; Torres, L.R.; Sagkriotis, A. SIERRA-AMD: A Retrospective, Real-World Evidence
Study of Patients with Neovascular Age-Related Macular Degeneration in the United States. Ophthalmol. Retina 2020, 4, 122–133.
[CrossRef] [PubMed]

54. Ishikawa, K.; Kannan, R.; Hinton, D.R. Molecular Mechanisms of Subretinal Fibrosis in Age-Related Macular Degeneration. Exp.

Eye Res. 2016, 142, 19–25. [CrossRef] [PubMed]
55. Chen, M.; Xu, H. Parainflammation, Chronic Inflammation, and Age-Related Macular Degeneration. J. Leukoc. Biol. 2015, 98,

713–725. [CrossRef] [PubMed]
56. Datta, S.; Cano, M.; Ebrahimi, K.; Wang, L.; Handa, J.T. The Impact of Oxidative Stress and Inflammation on RPE Degeneration in

Non-Neovascular AMD. Prog. Retin. Eye Res. 2017, 60, 201–218. [CrossRef] [PubMed]
57. Fujihara, M.; Nagai, N.; Sussan, T.E.; Biswal, S.; Handa, J.T. Chronic Cigarette Smoke Causes Oxidative Damage and Apoptosis to

Retinal Pigmented Epithelial Cells in Mice. PLoS ONE 2008, 3, e3119. [CrossRef] [PubMed]
58. Upadhyay, M.; Milliner, C.; Bell, B.A.; Bonilha, V.L. Oxidative Stress in the Retina and Retinal Pigment Epithelium (RPE): Role of

Aging, and DJ-1. Redox Biol. 2020, 37, 101623. [CrossRef] [PubMed]
59. Nowak, J.Z. Age-Related Macular Degeneration (AMD): Pathogenesis and Therapy. Pharmacol. Rep. 2006, 58, 353–363. [PubMed]
60. Barker, F.M., II; Snodderly, D.M.; Johnson, E.J.; Schalch, W.; Koepcke, W.; Gerss, J.; Neuringer, M. Nutritional Manipulation of

Primate Retinas, V: Effects of Lutein, Zeaxanthin, and n–3 Fatty Acids on Retinal Sensitivity to Blue-Light–Induced Damage.
Investig. Ophthalmol. Vis. Sci. 2011, 52, 3934–3942. [CrossRef] [PubMed]

61. Sparrow, J.R.; Nakanishi, K.; Parish, C.A. The Lipofuscin Fluorophore A2E Mediates Blue Light-Induced Damage to Retinal
Pigmented Epithelial Cells. Investig. Ophthalmol. Vis. Sci. 2000, 41, 1981–1989.

62. Wakx, A.; Dutot, M.; Massicot, F.; Mascarelli, F.; Limb, G.; Rat, P. Amyloid β Peptide Induces Apoptosis Through P2X7 Cell Death
Receptor in Retinal Cells: Modulation by Marine Omega-3 Fatty Acid DHA and EPA. Appl. Biochem. Biotechnol. 2016, 178, 368–381.
[CrossRef] [PubMed]

63. Mathis, T.; Housset, M.; Eandi, C.; Beguier, F.; Touhami, S.; Reichman, S.; Augustin, S.; Gondouin, P.; Sahel, J.-A.; Kodjikian, L.;
et al. Activated Monocytes Resist Elimination by Retinal Pigment Epithelium and Downregulate Their OTX2 Expression via
TNF-α. Aging Cell 2017, 16, 173–182. [CrossRef] [PubMed]

64. 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]

65. Mankan, A.K.; Dau, T.; Jenne, D.; Hornung, V. The NLRP3/ASC/Caspase-1 Axis Regulates IL-1β Processing in Neutrophils. Eur.

J. Immunol. 2012, 42, 710–715. [CrossRef] [PubMed]
66. Hsu, L.-C.; Ali, S.R.; McGillivray, S.; Tseng, P.-H.; Mariathasan, S.; Humke, E.W.; Eckmann, L.; Powell, J.J.; Nizet, V.; Dixit, V.M.;

et al. A NOD2-NALP1 Complex Mediates Caspase-1-Dependent IL-1beta Secretion in Response to Bacillus Anthracis Infection
and Muramyl Dipeptide. Proc. Natl. Acad. Sci. USA 2008, 105, 7803–7808. [CrossRef] [PubMed]

67. He, X.; Cheng, R.; Benyajati, S.; Ma, J. PEDF and Its Roles in Physiological and Pathological Conditions: Implication in Diabetic
and Hypoxia-Induced Angiogenic Diseases. Clin. Sci. 2015, 128, 805–823. [CrossRef]

68. Witmer, A.N.; Vrensen, G.F.J.M.; Van Noorden, C.J.F.; Schlingemann, R.O. Vascular Endothelial Growth Factors and Angiogenesis
in Eye Disease. Prog. Retin. Eye Res. 2003, 22, 1–29. [CrossRef] [PubMed]

69. Das, A.; McGuire, P.G. Retinal and Choroidal Angiogenesis: Pathophysiology and Strategies for Inhibition. Prog. Retin. Eye Res.

2003, 22, 721–748. [CrossRef] [PubMed]
70. Tan, W.; Zou, J.; Yoshida, S.; Jiang, B.; Zhou, Y. The Role of Inflammation in Age-Related Macular Degeneration. Int. J. Biol. Sci.

2020, 16, 2989–3001. [CrossRef]

https://doi.org/10.1016/j.ajo.2022.02.016
https://www.ncbi.nlm.nih.gov/pubmed/35227699
https://doi.org/10.1016/j.preteyeres.2004.05.001
https://www.ncbi.nlm.nih.gov/pubmed/15302349
https://doi.org/10.1016/j.jfo.2018.06.004
https://www.ncbi.nlm.nih.gov/pubmed/30454959
https://doi.org/10.1002/path.4266
https://www.ncbi.nlm.nih.gov/pubmed/24105633
https://doi.org/10.1016/j.clinthera.2021.08.011
https://www.ncbi.nlm.nih.gov/pubmed/34548176
https://doi.org/10.1155/2018/8374647
https://www.ncbi.nlm.nih.gov/pubmed/29484106
https://doi.org/10.1016/j.jfo.2014.06.001
https://www.ncbi.nlm.nih.gov/pubmed/25190312
https://doi.org/10.1016/j.oret.2019.09.009
https://www.ncbi.nlm.nih.gov/pubmed/31812631
https://doi.org/10.1016/j.exer.2015.03.009
https://www.ncbi.nlm.nih.gov/pubmed/25773985
https://doi.org/10.1189/jlb.3RI0615-239R
https://www.ncbi.nlm.nih.gov/pubmed/26292978
https://doi.org/10.1016/j.preteyeres.2017.03.002
https://www.ncbi.nlm.nih.gov/pubmed/28336424
https://doi.org/10.1371/journal.pone.0003119
https://www.ncbi.nlm.nih.gov/pubmed/18769672
https://doi.org/10.1016/j.redox.2020.101623
https://www.ncbi.nlm.nih.gov/pubmed/32826201
https://www.ncbi.nlm.nih.gov/pubmed/16845209
https://doi.org/10.1167/iovs.10-5898
https://www.ncbi.nlm.nih.gov/pubmed/21245404
https://doi.org/10.1007/s12010-015-1878-6
https://www.ncbi.nlm.nih.gov/pubmed/26467741
https://doi.org/10.1111/acel.12540
https://www.ncbi.nlm.nih.gov/pubmed/27660103
https://doi.org/10.1007/s00018-016-2147-8
https://www.ncbi.nlm.nih.gov/pubmed/26852158
https://doi.org/10.1002/eji.201141921
https://www.ncbi.nlm.nih.gov/pubmed/22213227
https://doi.org/10.1073/pnas.0802726105
https://www.ncbi.nlm.nih.gov/pubmed/18511561
https://doi.org/10.1042/CS20130463
https://doi.org/10.1016/S1350-9462(02)00043-5
https://www.ncbi.nlm.nih.gov/pubmed/12597922
https://doi.org/10.1016/j.preteyeres.2003.08.001
https://www.ncbi.nlm.nih.gov/pubmed/14575722
https://doi.org/10.7150/ijbs.49890


Int. J. Mol. Sci. 2024, 25, 4099 22 of 28

71. Murali, A.; Krishnakumar, S.; Subramanian, A.; Parameswaran, S. Bruch’s Membrane Pathology: A Mechanistic Perspective. Eur.

J. Ophthalmol. 2020, 30, 1195–1206. [CrossRef]
72. Murphy, R.P. Age-Related Macular Degeneration. Ophthalmology 1986, 93, 969–971. [CrossRef] [PubMed]
73. Avery, R.L.; Castellarin, A.A.; Steinle, N.C.; Dhoot, D.S.; Pieramici, D.J.; See, R.; Couvillion, S.; Nasir, M.A.; Rabena, M.D.; Maia,

M.; et al. Systemic Pharmacokinetics and Pharmacodynamics of Intravitreal Aflibercept, Bevacizumab, and Ranibizumab. Retina

2017, 37, 1847–1858. [CrossRef] [PubMed]
74. Nguyen, Q.D.; Das, A.; Do, D.V.; Dugel, P.U.; Gomes, A.; Holz, F.G.; Koh, A.; Pan, C.K.; Sepah, Y.J.; Patel, N.; et al. Brolucizumab:

Evolution through Preclinical and Clinical Studies and the Implications for the Management of Neovascular Age-Related Macular
Degeneration. Ophthalmology 2020, 127, 963–976. [CrossRef] [PubMed]

75. Muñoz-Ramón, P.V.; Hernández Martínez, P.; Muñoz-Negrete, F.J. New Therapeutic Targets in the Treatment of Age-Related
Macular Degeneration. Arch. Soc. Esp. Oftalmol. 2020, 95, 75–83. [CrossRef] [PubMed]

76. Nicolò, M.; Ferro Desideri, L.; Vagge, A.; Traverso, C.E. Faricimab: An Investigational Agent Targeting the Tie-2/Angiopoietin
Pathway and VEGF-A for the Treatment of Retinal Diseases. Expert Opin. Investig. Drugs 2021, 30, 193–200. [CrossRef] [PubMed]

77. Chandrasekaran, P.R.; Madanagopalan, V.G. KSI-301: Antibody Biopolymer Conjugate in Retinal Disorders. Ther. Adv. Ophthalmol.

2021, 13, 25158414211027708. [CrossRef] [PubMed]
78. Kodiak Sciences Inc. A Prospective, Randomized, Double-Masked, Active Comparator-Controlled, Multi-Center, Two-Arm, Phase

3 Study to Evaluate the Efficacy and Safety of Intravitreal KSI-301 Compared with Intravitreal Aflibercept in Participants with
Neovascular (Wet) Age-Related Macular Degeneration (wAMD). Available online: https://clinicaltrials.gov/study/NCT04964089
(accessed on 19 February 2024).

79. EyePoint Pharmaceuticals, Inc. A Phase 2, Multicenter, Prospective, Randomized, Double-Masked, Parallel Study of EYP-1901, a
Tyrosine Kinase Inhibitor (TKI), Compared to Aflibercept in Subjects with Wet AMD. Available online: https://clinicaltrials.gov/
study/NCT05381948 (accessed on 19 February 2024).

80. Clearside Biomedical, Inc. ODYSSEY: A Phase 2b Study of Suprachoroidally Administered CLS-AX in Participants with
Neovascular Age-Related Macular Degeneration. Available online: https://clinicaltrials.gov/study/NCT05891548 (accessed on
19 February 2024).

81. Ocular Therapeutix, Inc. A Phase 3, Multicenter, Double-Masked, Randomized, Parallel-Group Study to Evaluate the Efficacy
and Safety of Intravitreal OTX-TKI (Axitinib Implant) in Subjects with Neovascular Age-Related Macular Degeneration (nAMD).
Available online: https://clinicaltrials.gov/study/NCT06223958 (accessed on 19 February 2024).

82. Novartis Pharmaceuticals. A Randomized, Participant and Investigator Masked, Placebo-Controlled, Multicenter, Proof-of-
Concept Study to Assess the Safety and Efficacy of LNP023 (Iptacopan) in Patients With Early and Intermediate Age-Related
Macular Degeneration. Available online: https://clinicaltrials.gov/study/NCT05230537 (accessed on 20 February 2024).

83. Innovent Biologics (Suzhou) Co., Ltd. A Multi-Center, Randomized, Double-Blind, Active-Controlled Phase II Study to Evaluate
the Efficacy and Safety of IBI302 in Subjects with Neovascular Age-Related Macular Degeneration. Available online: https:
//clinicaltrials.gov/study/NCT04820452 (accessed on 21 February 2024).

84. AbbVie. A Phase 2, Open-Label Study to Explore the Pharmacodynamics of Two Doses in Two Formulations of RGX-314 Gene
Therapy Administered Via Subretinal Delivery in Participants with Neovascular Age-Related Macular Degeneration. Available
online: https://clinicaltrials.gov/study/NCT04832724 (accessed on 21 February 2024).

85. Adverum Biotechnologies, Inc. A Multi-Center, Randomized, Double-Masked Phase 2 Study to Assess Safety and Efficacy of
ADVM-022 (AAV.7m8-Aflibercept) in Anti-VEGF Treatment-Experienced Patients with Neovascular (Wet) Age-Related Macular
Degeneration (nAMD) [LUNA]. Available online: https://clinicaltrials.gov/study/NCT05536973 (accessed on 20 February 2024).

86. Oxford BioMedica. A Long Term Follow-up Study to Evaluate the Safety of RetinoStat®in Patients With Age-Related Macular
Degeneration. Available online: https://clinicaltrials.gov/study/NCT01678872 (accessed on 20 February 2024).

87. Age-Related Eye Disease Study Research Group. A Randomized, Placebo-Controlled, Clinical Trial of High-Dose Supplementation
with Vitamins C and E, Beta Carotene, and Zinc for Age-Related Macular Degeneration and Vision Loss: AREDS Report No. 8.
Arch Ophthalmol. 2001, 119, 1417–1436. [CrossRef] [PubMed]

88. Sun, X. Effect of Omega-3 Fatty Acid (Krill Oil, 500 Mg, Including EPA 60 Mg and DHA 27.5 Mg, Total Phospholipid 200 Mg,
Astaxanthin 50 Mg) Supplementation on Dry-AMD Progression. Available online: https://clinicaltrials.gov/ct2/show/NCT054
65252 (accessed on 20 February 2024).

89. Syfovre. European Medicines Agency. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/syfovre
(accessed on 19 February 2024).

90. Kang, C. Avacincaptad Pegol: First Approval. Drugs 2023, 83, 1447–1453. [CrossRef] [PubMed]
91. Alkeus Pharmaceuticals, Inc. A Phase 2/3 Multicenter, Randomized, Double-Masked, Parallel-Group, Placebo-Controlled Study

to Investigate the Safety, Pharmacokinetics, Tolerability, and Efficacy of ALK-001 in Geographic Atrophy Secondary to Age-Related
Macular Degeneration. Available online: https://clinicaltrials.gov/study/NCT03845582 (accessed on 19 February 2024).

92. ONL Therapeutics. A Phase 1b Multicenter, Randomized, Controlled, Single-Dose Study of the Safety and Tolerability of
ONL1204 Ophthalmic Solution in Patients with Geographic Atrophy (GA) Associated with Age-Related Macular Degeneration
(AMD). Available online: https://clinicaltrials.gov/study/NCT04744662 (accessed on 19 February 2024).

https://doi.org/10.1177/1120672120919337
https://doi.org/10.1016/S0161-6420(86)33655-8
https://www.ncbi.nlm.nih.gov/pubmed/2429244
https://doi.org/10.1097/IAE.0000000000001493
https://www.ncbi.nlm.nih.gov/pubmed/28106709
https://doi.org/10.1016/j.ophtha.2019.12.031
https://www.ncbi.nlm.nih.gov/pubmed/32107066
https://doi.org/10.1016/j.oftal.2019.09.011
https://www.ncbi.nlm.nih.gov/pubmed/31787390
https://doi.org/10.1080/13543784.2021.1879791
https://www.ncbi.nlm.nih.gov/pubmed/33471572
https://doi.org/10.1177/25158414211027708
https://www.ncbi.nlm.nih.gov/pubmed/34291186
https://clinicaltrials.gov/study/NCT04964089
https://clinicaltrials.gov/study/NCT05381948
https://clinicaltrials.gov/study/NCT05381948
https://clinicaltrials.gov/study/NCT05891548
https://clinicaltrials.gov/study/NCT06223958
https://clinicaltrials.gov/study/NCT05230537
https://clinicaltrials.gov/study/NCT04820452
https://clinicaltrials.gov/study/NCT04820452
https://clinicaltrials.gov/study/NCT04832724
https://clinicaltrials.gov/study/NCT05536973
https://clinicaltrials.gov/study/NCT01678872
https://doi.org/10.1001/archopht.119.10.1417
https://www.ncbi.nlm.nih.gov/pubmed/11594942
https://clinicaltrials.gov/ct2/show/NCT05465252
https://clinicaltrials.gov/ct2/show/NCT05465252
https://www.ema.europa.eu/en/medicines/human/EPAR/syfovre
https://doi.org/10.1007/s40265-023-01948-8
https://www.ncbi.nlm.nih.gov/pubmed/37814173
https://clinicaltrials.gov/study/NCT03845582
https://clinicaltrials.gov/study/NCT04744662


Int. J. Mol. Sci. 2024, 25, 4099 23 of 28

93. Ionis Pharmaceuticals, Inc. A Phase 2, Randomized Placebo-Controlled, Double-Masked Study to Assess Safety and Efficacy
of Multiple Doses of IONIS-FB-LRx, an Antisense Inhibitor of Complement Factor B, in Patients with Geographic Atrophy
Secondary to Age-Related Macular Degeneration (AMD). Available online: https://clinicaltrials.gov/study/NCT03815825
(accessed on 20 February 2024).

94. Alexion Pharmaceuticals, Inc. A Phase 2, Double-Masked, Placebo-Controlled, Dose Range Finding Study of Danicopan
(ALXN2040) in Patients with Geographic Atrophy (GA) Secondary to Age-Related Macular Degeneration (AMD). Available
online: https://clinicaltrials.gov/study/NCT05019521 (accessed on 19 February 2024).

95. Gyroscope Therapeutics Limited. HORIZON: A Phase II, Open-Label, Outcomes-Assessor Masked, Multicentre, Randomised,
Controlled Study to Evaluate the Safety and Efficacy of Two Doses of GT005 Administered as a Single Subretinal Injection in
Subjects with Geographic Atrophy Secondary to Dry Age-Related Macular Degeneration. Available online: https://clinicaltrials.
gov/study/NCT04566445 (accessed on 21 February 2024).

96. Hoffmann-La Roche. Phase I/IIa Dose Escalation Safety and Efficacy Study of Human Embryonic Stem Cell-Derived Retinal
Pigment Epithelium Cells Transplanted Subretinally in Patients with Advanced Dry-Form Age-Related Macular Degeneration
(Geographic Atrophy). Available online: https://clinicaltrials.gov/study/NCT02286089 (accessed on 21 February 2024).

97. Pixium Vision SA. Feasibility Study of Compensation for Blindness with the PRIMA System in Patients with Dry Age Related
Macular Degeneration. Available online: https://clinicaltrials.gov/study/NCT03333954 (accessed on 19 February 2024).

98. Pixium Vision SA. Feasibility Study of Compensation for Blindness with the PRIMA System in Patients with Atrophic Dry Age
Related Macular Degeneration. Available online: https://clinicaltrials.gov/study/NCT03392324 (accessed on 21 February 2024).

99. Pixium Vision SA. Restoration of Central Vision with the PRIMA System in Patients with Atrophic Age-Related Macular
Degeneration. Available online: https://clinicaltrials.gov/ct2/show/NCT04676854 (accessed on 21 February 2024).

100. Chen, D.; Chao, D.L.; Rocha, L.; Kolar, M.; Nguyen Huu, V.A.; Krawczyk, M.; Dasyani, M.; Wang, T.; Jafari, M.; Jabari, M.; et al.
The Lipid Elongation Enzyme ELOVL2 Is a Molecular Regulator of Aging in the Retina. Aging Cell 2020, 19, e13100. [CrossRef]
[PubMed]

101. Wei, X.; Zhang, T.; Yao, Y.; Zeng, S.; Li, M.; Xiang, H.; Zhao, C.; Cao, G.; Li, M.; Wan, R.; et al. Efficacy of Lenvatinib, a
Multitargeted Tyrosine Kinase Inhibitor, on Laser-Induced CNV Mouse Model of Neovascular AMD. Exp. Eye Res. 2018, 168,
2–11. [CrossRef] [PubMed]

102. Voisin, A.; Plancheron, A.; Monville, C.; Balbous, A.; Gaillard, A.; Leveziel, N. iPSC-RPE Cells Derived from Atrophic Age-Related
Macular Degeneration Patients Have a Typical Disease Phenotype. Investig. Ophthalmol. Vis. Sci. 2019, 60, 1224.

103. Johnson, L.V.; Forest, D.L.; Banna, C.D.; Radeke, C.M.; Maloney, M.A.; Hu, J.; Spencer, C.N.; Walker, A.M.; Tsie, M.S.; Bok, D.;
et al. Cell Culture Model That Mimics Drusen Formation and Triggers Complement Activation Associated with Age-Related
Macular Degeneration. Proc. Natl. Acad. Sci. USA 2011, 108, 18277–18282. [CrossRef] [PubMed]

104. Gorham, R.D.; Forest, D.L.; Tamamis, P.; López de Victoria, A.; Kraszni, M.; Kieslich, C.A.; Banna, C.D.; Bellows-Peterson, M.L.;
Larive, C.K.; Floudas, C.A.; et al. Novel Compstatin Family Peptides Inhibit Complement Activation by Drusen-like Deposits in
Human Retinal Pigmented Epithelial Cell Cultures. Exp. Eye Res. 2013, 116, 96–108. [CrossRef] [PubMed]

105. De Cillà, S.; Farruggio, S.; Cocomazzi, G.; Mary, D.; Alkabes, M.; Rossetti, L.; Vujosevic, S.; Grossini, E. Aflibercept and
Ranibizumab Modulate Retinal Pigment Epithelial Cells Function by Acting on Their Cross Talk with Vascular Endothelial Cells.
Cell. Physiol. Biochem. 2020, 54, 161–179. [PubMed]

106. Palanisamy, K.; Karunakaran, C.; Raman, R.; Chidambaram, S. Optimization of an in Vitro Bilayer Model for Studying the
Functional Interplay between Human Primary Retinal Pigment Epithelial and Choroidal Endothelial Cells Isolated from Donor
Eyes. BMC Res. Notes 2019, 12, 307. [CrossRef] [PubMed]

107. Arık, Y.B.; Buijsman, W.; Loessberg-Zahl, J.; Cuartas-Vélez, C.; Veenstra, C.; Logtenberg, S.; Grobbink, A.M.; Bergveld, P.;
Gagliardi, G.; den Hollander, A.I.; et al. Microfluidic Organ-on-a-Chip Model of the Outer Blood-Retinal Barrier with Clinically
Relevant Read-Outs for Tissue Permeability and Vascular Structure. Lab A Chip 2021, 21, 272–283. [CrossRef] [PubMed]

108. Chung, M.; Lee, S.; Lee, B.J.; Son, K.; Jeon, N.L.; Kim, J.H. Wet-AMD on a Chip: Modeling Outer Blood-Retinal Barrier In Vitro.
Adv. Healthc. Mater. 2018, 7, 1700028. [CrossRef] [PubMed]

109. Yeste Lozano, J.; Garcia-Ramirez, M.; Brunet, A.; Hernández, C.; Illa, X.; Canonge, R.; Villa, R. A Compartmentalized Microfluidic
Chip with Crisscross Microgrooves and Electrophysiological Electrodes for Modeling the Blood-Retinal Barrier. Lab A Chip 2017,
18, 95–105. [CrossRef] [PubMed]

110. Chen, L.-J.; Ito, S.; Kai, H.; Nagamine, K.; Nagai, N.; Nishizawa, M.; Abe, T.; Kaji, H. Microfluidic Co-Cultures of Retinal
Pigment Epithelial Cells and Vascular Endothelial Cells to Investigate Choroidal Angiogenesis. Sci. Rep. 2017, 7, 3538. [CrossRef]
[PubMed]

111. Buskin, A.; Zhu, L.; Chichagova, V.; Basu, B.; Mozaffari-Jovin, S.; Dolan, D.; Droop, A.; Collin, J.; Bronstein, R.; Mehrotra, S.;
et al. Disrupted Alternative Splicing for Genes Implicated in Splicing and Ciliogenesis Causes PRPF31 Retinitis Pigmentosa. Nat.

Commun. 2018, 9, 4234. [CrossRef]
112. Chichagova, V.; Hilgen, G.; Ghareeb, A.; Georgiou, M.; Carter, M.; Sernagor, E.; Lako, M.; Armstrong, L. Human iPSC Differentia-

tion to Retinal Organoids in Response to IGF1 and BMP4 Activation Is Line- and Method-dependent. Stem Cells 2020, 38, 195–201.
[CrossRef] [PubMed]

https://clinicaltrials.gov/study/NCT03815825
https://clinicaltrials.gov/study/NCT05019521
https://clinicaltrials.gov/study/NCT04566445
https://clinicaltrials.gov/study/NCT04566445
https://clinicaltrials.gov/study/NCT02286089
https://clinicaltrials.gov/study/NCT03333954
https://clinicaltrials.gov/study/NCT03392324
https://clinicaltrials.gov/ct2/show/NCT04676854
https://doi.org/10.1111/acel.13100
https://www.ncbi.nlm.nih.gov/pubmed/31943697
https://doi.org/10.1016/j.exer.2017.12.009
https://www.ncbi.nlm.nih.gov/pubmed/29284110
https://doi.org/10.1073/pnas.1109703108
https://www.ncbi.nlm.nih.gov/pubmed/21969589
https://doi.org/10.1016/j.exer.2013.07.023
https://www.ncbi.nlm.nih.gov/pubmed/23954241
https://www.ncbi.nlm.nih.gov/pubmed/32045141
https://doi.org/10.1186/s13104-019-4333-x
https://www.ncbi.nlm.nih.gov/pubmed/31146784
https://doi.org/10.1039/D0LC00639D
https://www.ncbi.nlm.nih.gov/pubmed/33346294
https://doi.org/10.1002/adhm.201700028
https://www.ncbi.nlm.nih.gov/pubmed/28557377
https://doi.org/10.1039/C7LC00795G
https://www.ncbi.nlm.nih.gov/pubmed/29168876
https://doi.org/10.1038/s41598-017-03788-5
https://www.ncbi.nlm.nih.gov/pubmed/28615726
https://doi.org/10.1038/s41467-018-06448-y
https://doi.org/10.1002/stem.3116
https://www.ncbi.nlm.nih.gov/pubmed/31721366


Int. J. Mol. Sci. 2024, 25, 4099 24 of 28

113. Achberger, K.; Probst, C.; Haderspeck, J.; Bolz, S.; Rogal, J.; Chuchuy, J.; Nikolova, M.; Cora, V.; Antkowiak, L.; Haq, W.;
et al. Merging Organoid and Organ-on-a-Chip Technology to Generate Complex Multi-Layer Tissue Models in a Human
Retina-on-a-Chip Platform. eLife 2019, 8, e46188. [CrossRef] [PubMed]

114. Fietz, A.; Schnichels, S.; Hurst, J. Co-Cultivation of Primary Porcine RPE Cells and Neuroretina Induces Inflammation: A Potential
Inflammatory AMD-Model. Sci. Rep. 2023, 13, 19345. [CrossRef] [PubMed]

115. Labrador-Velandia, S.; Alonso-Alonso, M.L.; Di Lauro, S.; García-Gutierrez, M.T.; Srivastava, G.K.; Pastor, J.C.; Fernandez-Bueno,
I. Mesenchymal Stem Cells Provide Paracrine Neuroprotective Resources That Delay Degeneration of Co-Cultured Organotypic
Neuroretinal Cultures. Exp. Eye Res. 2019, 185, 107671. [CrossRef] [PubMed]

116. Rodrigues, G.A.; Lutz, D.; Shen, J.; Yuan, X.; Shen, H.; Cunningham, J.; Rivers, H.M. Topical Drug Delivery to the Posterior
Segment of the Eye: Addressing the Challenge of Preclinical to Clinical Translation. Pharm. Res. 2018, 35, 245. [CrossRef]
[PubMed]

117. Wang, X.; Wu, Q. Normal Corneal Thickness Measurements in Pigmented Rabbits Using Spectral-Domain Anterior Segment
Optical Coherence Tomography. Vet. Ophthalmol. 2013, 16, 130–134. [CrossRef] [PubMed]

118. Doughty, M.J.; Zaman, M.L. Human Corneal Thickness and Its Impact on Intraocular Pressure Measures: A Review and
Meta-Analysis Approach. Surv. Ophthalmol. 2000, 44, 367–408. [CrossRef] [PubMed]

119. Thomasy, S.M.; Eaton, J.S.; Timberlake, M.J.; Miller, P.E.; Matsumoto, S.; Murphy, C.J. Species Differences in the Geometry of the
Anterior Segment Differentially Affect Anterior Chamber Cell Scoring Systems in Laboratory Animals. J. Ocul. Pharmacol. Ther.

2016, 32, 28–37. [CrossRef] [PubMed]
120. Wang, D.; Qi, M.; He, M.; Wu, L.; Lin, S. Ethnic Difference of the Anterior Chamber Area and Volume and Its Association with

Angle Width. Investig. Ophthalmol. Vis. Sci. 2012, 53, 3139–3144. [CrossRef] [PubMed]
121. Moon, S.W.; Sun, Y.; Warther, D.; Huffman, K.; Freeman, W.R.; Sailor, M.J.; Cheng, L. New Model of Proliferative Vitreoretinopathy

in Rabbit for Drug Delivery and Pharmacodynamic Studies. Drug Deliv. 2018, 25, 600–610. [CrossRef] [PubMed]
122. Azhdam, A.M.; Goldberg, R.A.; Ugradar, S. In Vivo Measurement of the Human Vitreous Chamber Volume Using Computed

Tomography Imaging of 100 Eyes. Transl. Vis. Sci. Technol. 2020, 9, 2. [CrossRef] [PubMed]
123. Penn, J.; Mihai, D.M.; Washington, I. Morphological and Physiological Retinal Degeneration Induced by Intravenous Delivery of

Vitamin A Dimers in Rabbits. Dis. Model. Mech. 2015, 8, 131–138. [PubMed]
124. Wang, Q.; Wei, W.B.; Wang, Y.X.; Yan, Y.N.; Yang, J.Y.; Zhou, W.J.; Chan, S.Y.; Xu, L.; Jonas, J.B. Thickness of Individual Layers at

the Macula and Associated Factors: The Beijing Eye Study 2011. BMC Ophthalmol. 2020, 20, 49. [CrossRef] [PubMed]
125. Zernii, E.Y.; Baksheeva, V.E.; Iomdina, E.N.; Averina, O.A.; Permyakov, S.E.; Philippov, P.P.; Zamyatnin, A.A.; Senin, I.I. Rabbit

Models of Ocular Diseases: New Relevance for Classical Approaches. CNS Neurol. Disord. Drug Targets 2016, 15, 267–291.
[CrossRef] [PubMed]

126. Coffey, P.J.; Gias, C.; McDermott, C.J.; Lundh, P.; Pickering, M.C.; Sethi, C.; Bird, A.; Fitzke, F.W.; Maass, A.; Chen, L.L.; et al.
Complement Factor H Deficiency in Aged Mice Causes Retinal Abnormalities and Visual Dysfunction. Proc. Natl. Acad. Sci. USA

2007, 104, 16651–16656. [CrossRef] [PubMed]
127. Cashman, S.M.; Desai, A.; Ramo, K.; Kumar-Singh, R. Expression of Complement Component 3 (C3) from an Adenovirus Leads

to Pathology in the Murine Retina. Investig. Ophthalmol. Vis. Sci. 2011, 52, 3436–3445. [CrossRef] [PubMed]
128. Ufret-Vincenty, R.L.; Aredo, B.; Liu, X.; McMahon, A.; Chen, P.W.; Sun, H.; Niederkorn, J.Y.; Kedzierski, W. Transgenic Mice

Expressing Variants of Complement Factor H Develop AMD-like Retinal Findings. Investig. Ophthalmol. Vis. Sci. 2010, 51,
5878–5887. [CrossRef] [PubMed]

129. Tobalem, S.J.; Kecik, M.M.; Midroit, M.; Scaldino, D.; Tardy, S.; Bascuas Castillo, T.; Harmening, N.; Scapozza, L.; Thumann, G.;
Kropp, M. Functional and Anatomical Characterization of Atrophic Age-Related Macular Degeneration in an Aged Mouse Model.
J. Ophthalmol. Res. 2021, 4, 128. [CrossRef]

130. Zhao, Z.; Chen, Y.; Wang, J.; Sternberg, P.; Freeman, M.L.; Grossniklaus, H.E.; Cai, J. Age-Related Retinopathy in NRF2-Deficient
Mice. PLoS ONE 2011, 6, e19456. [CrossRef] [PubMed]

131. Malek, G.; Johnson, L.V.; Mace, B.E.; Saloupis, P.; Schmechel, D.E.; Rickman, D.W.; Toth, C.A.; Sullivan, P.M.; Rickman, C.B.
Apolipoprotein E Allele-Dependent Pathogenesis: A Model for Age-Related Retinal Degeneration. Proc. Natl. Acad. Sci. USA

2005, 102, 11900–11905. [CrossRef]
132. Dasari, B.; Prasanthi, J.R.; Marwarha, G.; Singh, B.B.; Ghribi, O. Cholesterol-Enriched Diet Causes Age-Related Macular

Degeneration-like Pathology in Rabbit Retina. BMC Ophthalmol. 2011, 11, 22. [CrossRef] [PubMed]
133. Chan, C.-C.; Ross, R.J.; Shen, D.; Ding, X.; Majumdar, Z.; Bojanowski, C.M.; Zhou, M.; Salem, N.; Bonner, R.; Tuo, J. Ccl2/Cx3cr1-

Deficient Mice: An Animal Model for Age-Related Macular Degeneration. Ophthalmic Res. 2008, 40, 124–128. [CrossRef]
[PubMed]

134. Ambati, J.; Anand, A.; Fernandez, S.; Sakurai, E.; Lynn, B.C.; Kuziel, W.A.; Rollins, B.J.; Ambati, B.K. An Animal Model of
Age-Related Macular Degeneration in Senescent Ccl-2- or Ccr-2-Deficient Mice. Nat. Med. 2003, 9, 1390–1397. [CrossRef]
[PubMed]

135. Luhmann, U.F.O.; Robbie, S.; Munro, P.M.G.; Barker, S.E.; Duran, Y.; Luong, V.; Fitzke, F.W.; Bainbridge, J.W.B.; Ali, R.R.;
MacLaren, R.E. The Drusenlike Phenotype in Aging Ccl2-Knockout Mice Is Caused by an Accelerated Accumulation of Swollen
Autofluorescent Subretinal Macrophages. Investig. Ophthalmol. Vis. Sci. 2009, 50, 5934–5943. [CrossRef] [PubMed]

https://doi.org/10.7554/eLife.46188
https://www.ncbi.nlm.nih.gov/pubmed/31451149
https://doi.org/10.1038/s41598-023-46029-8
https://www.ncbi.nlm.nih.gov/pubmed/37935821
https://doi.org/10.1016/j.exer.2019.05.011
https://www.ncbi.nlm.nih.gov/pubmed/31108056
https://doi.org/10.1007/s11095-018-2519-x
https://www.ncbi.nlm.nih.gov/pubmed/30374744
https://doi.org/10.1111/j.1463-5224.2012.01041.x
https://www.ncbi.nlm.nih.gov/pubmed/22672083
https://doi.org/10.1016/S0039-6257(00)00110-7
https://www.ncbi.nlm.nih.gov/pubmed/10734239
https://doi.org/10.1089/jop.2015.0071
https://www.ncbi.nlm.nih.gov/pubmed/26539819
https://doi.org/10.1167/iovs.12-9776
https://www.ncbi.nlm.nih.gov/pubmed/22531702
https://doi.org/10.1080/10717544.2018.1440664
https://www.ncbi.nlm.nih.gov/pubmed/29461171
https://doi.org/10.1167/tvst.9.1.2
https://www.ncbi.nlm.nih.gov/pubmed/32509437
https://www.ncbi.nlm.nih.gov/pubmed/25504631
https://doi.org/10.1186/s12886-019-1296-6
https://www.ncbi.nlm.nih.gov/pubmed/32050936
https://doi.org/10.2174/1871527315666151110124957
https://www.ncbi.nlm.nih.gov/pubmed/26553163
https://doi.org/10.1073/pnas.0705079104
https://www.ncbi.nlm.nih.gov/pubmed/17921253
https://doi.org/10.1167/iovs.10-6002
https://www.ncbi.nlm.nih.gov/pubmed/21357400
https://doi.org/10.1167/iovs.09-4457
https://www.ncbi.nlm.nih.gov/pubmed/20538999
https://doi.org/10.26502/fjor.2644-00240032
https://doi.org/10.1371/journal.pone.0019456
https://www.ncbi.nlm.nih.gov/pubmed/21559389
https://doi.org/10.1073/pnas.0503015102
https://doi.org/10.1186/1471-2415-11-22
https://www.ncbi.nlm.nih.gov/pubmed/21851605
https://doi.org/10.1159/000119862
https://www.ncbi.nlm.nih.gov/pubmed/18421225
https://doi.org/10.1038/nm950
https://www.ncbi.nlm.nih.gov/pubmed/14566334
https://doi.org/10.1167/iovs.09-3462
https://www.ncbi.nlm.nih.gov/pubmed/19578022


Int. J. Mol. Sci. 2024, 25, 4099 25 of 28

136. Yasukawa, T.; Wiedemann, P.; Hoffmann, S.; Kacza, J.; Eichler, W.; Wang, Y.-S.; Nishiwaki, A.; Seeger, J.; Ogura, Y. Glycoxidized
Particles Mimic Lipofuscin Accumulation in Aging Eyes: A New Age-Related Macular Degeneration Model in Rabbits. Graefes

Arch. Clin. Exp. Ophthalmol. 2007, 245, 1475–1485. [CrossRef] [PubMed]
137. Pennesi, M.E.; Neuringer, M.; Courtney, R.J. Animal Models of Age Related Macular Degeneration. Mol. Aspects Med. 2012, 33,

487–509. [CrossRef] [PubMed]
138. Doukas, J.; Mahesh, S.; Umeda, N.; Kachi, S.; Akiyama, H.; Yokoi, K.; Cao, J.; Chen, Z.; Dellamary, L.; Tam, B.; et al. Topical

Administration of a Multi-Targeted Kinase Inhibitor Suppresses Choroidal Neovascularization and Retinal Edema. J. Cell. Physiol.

2008, 216, 29–37. [CrossRef] [PubMed]
139. Yafai, Y.; Yang, X.M.; Niemeyer, M.; Nishiwaki, A.; Lange, J.; Wiedemann, P.; King, A.G.; Yasukawa, T.; Eichler, W. Anti-Angiogenic

Effects of the Receptor Tyrosine Kinase Inhibitor, Pazopanib, on Choroidal Neovascularization in Rats. Eur. J. Pharmacol. 2011,
666, 12–18. [CrossRef] [PubMed]

140. Zhao, M.; Xie, W.; Hein, T.W.; Kuo, L.; Rosa, R.H. Laser-Induced Choroidal Neovascularization in Rats. Methods Mol. Biol. 2021,
2319, 77–85. [PubMed]

141. Nguyen, V.P.; Henry, J.; Zhe, J.; Hu, J.; Wang, X.; Paulus, Y.M. Multimodal Imaging of Laser-Induced Choroidal Neovascularization
in Pigmented Rabbits. Sci. Rep. 2023, 13, 8396. [CrossRef] [PubMed]

142. Rotov, A.Y.; Astakhova, L.A.; Sitnikova, V.S.; Evdokimov, A.A.; Boitsov, V.M.; Dubina, M.V.; Ryazantsev, M.N.; Firsov, M.L. New
Experimental Models of Retinal Degeneration for Screening Molecular Photochromic Ion Channel Blockers. Acta Naturae 2018, 10,
75–84. [CrossRef] [PubMed]

143. Van Leeuwen, E.M.; Emri, E.; Merle, B.M.J.; Colijn, J.M.; Kersten, E.; Cougnard-Gregoire, A.; Dammeier, S.; Meester-Smoor, M.;
Pool, F.M.; de Jong, E.K.; et al. A New Perspective on Lipid Research in Age-Related Macular Degeneration. Prog. Retin. Eye Res.

2018, 67, 56–86. [CrossRef] [PubMed]
144. Fattahi, N.; Shahbazi, M.-A.; Maleki, A.; Hamidi, M.; Ramazani, A.; Santos, H.A. Emerging Insights on Drug Delivery by Fatty

Acid Mediated Synthesis of Lipophilic Prodrugs as Novel Nanomedicines. J. Control. Release 2020, 326, 556–598. [CrossRef]
[PubMed]

145. Schuchardt, J.P.; Hahn, A. Bioavailability of Long-Chain Omega-3 Fatty Acids. Prostaglandins Leukot. Essent. Fat. Acids 2013, 89,
1–8. [CrossRef] [PubMed]

146. Glick, N.R.; Fischer, M.H. The Role of Essential Fatty Acids in Human Health. J. Evid.-Based Complement. Altern. Med. 2013, 18,
268–289. [CrossRef]

147. Whelan, J.; Fritsche, K. Linoleic Acid. Adv. Nutr. 2013, 4, 311–312. [CrossRef] [PubMed]
148. Saini, R.K.; Keum, Y.-S. Omega-3 and Omega-6 Polyunsaturated Fatty Acids: Dietary Sources, Metabolism, and Significance—A

Review. Life Sci. 2018, 203, 255–267. [CrossRef] [PubMed]
149. Burns-Whitmore, B.; Froyen, E.; Heskey, C.; Parker, T.; San Pablo, G. Alpha-Linolenic and Linoleic Fatty Acids in the Vegan

Diet: Do They Require Dietary Reference Intake/Adequate Intake Special Consideration? Nutrients 2019, 11, 2365. [CrossRef]
[PubMed]

150. Kishan, A.U.; Modjtahedi, B.S.; Martins, E.N.; Modjtahedi, S.P.; Morse, L.S. Lipids and Age-Related Macular Degeneration. Surv.

Ophthalmol. 2011, 56, 195–213. [CrossRef] [PubMed]
151. Hopiavuori, B.R.; Bennett, L.D.; Brush, R.S.; Hook, M.J.V.; Thoreson, W.B.; Anderson, R.E. Very Long-Chain Fatty Acids Support

Synaptic Structure and Function in the Mammalian Retina. OCL 2016, 23, D113. [CrossRef]
152. SanGiovanni, J.P.; Chew, E.Y. The Role of Omega-3 Long-Chain Polyunsaturated Fatty Acids in Health and Disease of the Retina.

Prog. Retin. Eye Res. 2005, 24, 87–138. [CrossRef] [PubMed]
153. Wetzel, M.G.; Li, J.; Alvarez, R.A.; Anderson, R.E.; O’Brien, P.J. Metabolism of Linolenic Acid and Docosahexaenoic Acid in Rat

Retinas and Rod Outer Segments. Exp. Eye Res. 1991, 53, 437–446. [CrossRef] [PubMed]
154. Agbaga, M.-P.; Mandal, M.N.A.; Anderson, R.E. Retinal Very Long-Chain PUFAs: New Insights from Studies on ELOVL4 Protein.

J. Lipid Res. 2010, 51, 1624–1642. [CrossRef]
155. Hopiavuori, B.R.; Anderson, R.E.; Agbaga, M.-P. ELOVL4: Very Long-Chain Fatty Acids Serve an Eclectic Role in Mammalian

Health and Function. Prog. Retin. Eye Res. 2019, 69, 137–158. [CrossRef] [PubMed]
156. Sassa, T.; Kihara, A. Metabolism of Very Long-Chain Fatty Acids: Genes and Pathophysiology. Biomol. Ther. 2014, 22, 83–92.

[CrossRef] [PubMed]
157. Yu, M.; Benham, A.; Logan, S.; Brush, R.S.; Mandal, M.N.A.; Anderson, R.E.; Agbaga, M.-P. ELOVL4 Protein Preferentially

Elongates 20:5n3 to Very Long Chain PUFAs over 20:4n6 and 22:6n3. J. Lipid Res. 2012, 53, 494–504. [CrossRef] [PubMed]
158. Garagnani, P.; Bacalini, M.G.; Pirazzini, C.; Gori, D.; Giuliani, C.; Mari, D.; Di Blasio, A.M.; Gentilini, D.; Vitale, G.; Collino, S.;

et al. Methylation of ELOVL2 Gene as a New Epigenetic Marker of Age. Aging Cell 2012, 11, 1132–1134. [CrossRef] [PubMed]
159. Moon, Y.-A.; Hammer, R.E.; Horton, J.D. Deletion of ELOVL5 Leads to Fatty Liver through Activation of SREBP-1c in Mice.

J. Lipid Res. 2009, 50, 412–423. [CrossRef] [PubMed]
160. Logan, S.; Anderson, R.E. Dominant Stargardt Macular Dystrophy (STGD3) and ELOVL4. Adv. Exp. Med. Biol. 2014, 801, 447–453.

[PubMed]
161. Deák, F.; Anderson, R.E.; Fessler, J.L.; Sherry, D.M. Novel Cellular Functions of Very Long Chain-Fatty Acids: Insight From

ELOVL4 Mutations. Front. Cell. Neurosci. 2019, 13, 428. [CrossRef] [PubMed]

https://doi.org/10.1007/s00417-007-0571-z
https://www.ncbi.nlm.nih.gov/pubmed/17406884
https://doi.org/10.1016/j.mam.2012.06.003
https://www.ncbi.nlm.nih.gov/pubmed/22705444
https://doi.org/10.1002/jcp.21426
https://www.ncbi.nlm.nih.gov/pubmed/18330892
https://doi.org/10.1016/j.ejphar.2011.05.016
https://www.ncbi.nlm.nih.gov/pubmed/21620822
https://www.ncbi.nlm.nih.gov/pubmed/34331245
https://doi.org/10.1038/s41598-023-35394-z
https://www.ncbi.nlm.nih.gov/pubmed/37225775
https://doi.org/10.32607/20758251-2018-10-1-75-84
https://www.ncbi.nlm.nih.gov/pubmed/29713521
https://doi.org/10.1016/j.preteyeres.2018.04.006
https://www.ncbi.nlm.nih.gov/pubmed/29729972
https://doi.org/10.1016/j.jconrel.2020.07.012
https://www.ncbi.nlm.nih.gov/pubmed/32726650
https://doi.org/10.1016/j.plefa.2013.03.010
https://www.ncbi.nlm.nih.gov/pubmed/23676322
https://doi.org/10.1177/2156587213488788
https://doi.org/10.3945/an.113.003772
https://www.ncbi.nlm.nih.gov/pubmed/23674797
https://doi.org/10.1016/j.lfs.2018.04.049
https://www.ncbi.nlm.nih.gov/pubmed/29715470
https://doi.org/10.3390/nu11102365
https://www.ncbi.nlm.nih.gov/pubmed/31590264
https://doi.org/10.1016/j.survophthal.2010.08.008
https://www.ncbi.nlm.nih.gov/pubmed/21439604
https://doi.org/10.1051/ocl/2015056
https://doi.org/10.1016/j.preteyeres.2004.06.002
https://www.ncbi.nlm.nih.gov/pubmed/15555528
https://doi.org/10.1016/0014-4835(91)90161-7
https://www.ncbi.nlm.nih.gov/pubmed/1834476
https://doi.org/10.1194/jlr.R005025
https://doi.org/10.1016/j.preteyeres.2018.10.004
https://www.ncbi.nlm.nih.gov/pubmed/30982505
https://doi.org/10.4062/biomolther.2014.017
https://www.ncbi.nlm.nih.gov/pubmed/24753812
https://doi.org/10.1194/jlr.M021386
https://www.ncbi.nlm.nih.gov/pubmed/22158834
https://doi.org/10.1111/acel.12005
https://www.ncbi.nlm.nih.gov/pubmed/23061750
https://doi.org/10.1194/jlr.M800383-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/18838740
https://www.ncbi.nlm.nih.gov/pubmed/24664730
https://doi.org/10.3389/fncel.2019.00428
https://www.ncbi.nlm.nih.gov/pubmed/31616255


Int. J. Mol. Sci. 2024, 25, 4099 26 of 28

162. Swinkels, D.; Baes, M. The Essential Role of Docosahexaenoic Acid and Its Derivatives for Retinal Integrity. Pharmacol. Ther. 2023,
247, 108440. [CrossRef] [PubMed]

163. Fan, H.; Song, J.-T. Potential Mechanisms of Macular Degeneration Protection by Fatty Fish Consumption. Curr. Opin. Pharmacol.

2022, 63, 102186. [CrossRef] [PubMed]
164. Agbaga, M.-P.; Merriman, D.K.; Brush, R.S.; Lydic, T.A.; Conley, S.M.; Naash, M.I.; Jackson, S.; Woods, A.S.; Reid, G.E.; Busik, J.V.;

et al. Differential Composition of DHA and Very-Long-Chain PUFAs in Rod and Cone Photoreceptors. J. Lipid Res. 2018, 59,
1586–1596. [CrossRef] [PubMed]

165. Rotstein, N.P.; Politi, L.E.; German, O.L.; Girotti, R. Protective Effect of Docosahexaenoic Acid on Oxidative Stress-Induced
Apoptosis of Retina Photoreceptors. Investig. Ophthalmol. Vis. Sci. 2003, 44, 2252–2259. [CrossRef] [PubMed]

166. Van Kuijk, F.J.; Buck, P. Fatty Acid Composition of the Human Macula and Peripheral Retina. Investig. Ophthalmol. Vis. Sci. 1992,
33, 3493–3496.

167. Liu, A.; Lin, Y.; Terry, R.; Nelson, K.; Bernstein, P.S. Role of Long-Chain and Very-Long-Chain Polyunsaturated Fatty Acids in
Macular Degenerations and Dystrophies. Clin. Lipidol. 2011, 6, 593–613. [CrossRef] [PubMed]

168. Shindou, H.; Koso, H.; Sasaki, J.; Nakanishi, H.; Sagara, H.; Nakagawa, K.M.; Takahashi, Y.; Hishikawa, D.; Iizuka-Hishikawa,
Y.; Tokumasu, F.; et al. Docosahexaenoic Acid Preserves Visual Function by Maintaining Correct Disc Morphology in Retinal
Photoreceptor Cells. J. Biol. Chem. 2017, 292, 12054–12064. [CrossRef] [PubMed]

169. Mukherjee, P.K.; Marcheselli, V.L.; Serhan, C.N.; Bazan, N.G. Neuroprotectin D1: A Docosahexaenoic Acid-Derived Docosatriene
Protects Human Retinal Pigment Epithelial Cells from Oxidative Stress. Proc. Natl. Acad. Sci. USA 2004, 101, 8491–8496.
[CrossRef] [PubMed]

170. Connor, K.M.; SanGiovanni, J.P.; Lofqvist, C.; Aderman, C.M.; Chen, J.; Higuchi, A.; Hong, S.; Pravda, E.A.; Majchrzak, S.; Carper,
D.; et al. Increased Dietary Intake of Omega-3-Polyunsaturated Fatty Acids Reduces Pathological Retinal Angiogenesis. Nat. Med.

2007, 13, 868–873. [CrossRef] [PubMed]
171. Roy, J.; Oliveira, L.T.; Oger, C.; Galano, J.-M.; Bultel-Poncé, V.; Richard, S.; Guimaraes, A.G.; Vilela, J.M.C.; Andrade, M.S.;

Durand, T.; et al. Polymeric Nanocapsules Prevent Oxidation of Core-Loaded Molecules: Evidence Based on the Effects of
Docosahexaenoic Acid and Neuroprostane on Breast Cancer Cells Proliferation. J. Exp. Clin. Cancer Res. 2015, 34, 155. [CrossRef]
[PubMed]

172. Merle, B.; Buaud, B.; Korobelnik, J.-F.; Bron, A.; Delyfer, M.-N.; Rougier, M.-B.; Savel, H.; Vaysse, C.; Creuzot-Garcher, C.;
Delcourt, C. Plasma Long-Chain Omega-3 Polyunsaturated Fatty Acids and Macular Pigment in Subjects with Family History of
Age-Related Macular Degeneration: The Limpia Study. Acta Ophthalmol. 2017, 95, e763–e769. [CrossRef] [PubMed]

173. Bennett, L.D.; Hopiavuori, B.R.; Brush, R.S.; Chan, M.; Van Hook, M.J.; Thoreson, W.B.; Anderson, R.E. Examination of VLC-
PUFA-Deficient Photoreceptor Terminals. Investig. Ophthalmol. Vis. Sci. 2014, 55, 4063–4072. [CrossRef] [PubMed]

174. Catalá, A. An Overview of Lipid Peroxidation with Emphasis in Outer Segments of Photoreceptors and the Chemiluminescence
Assay. Int. J. Biochem. Cell Biol. 2006, 38, 1482–1495. [CrossRef] [PubMed]

175. Yakubenko, V.P.; Byzova, T.V. Biological and Pathophysiological Roles of End-Products of DHA Oxidation. Biochim. Biophys. Acta

Mol. Cell Biol. Lipids 2017, 1862, 407–415. [CrossRef] [PubMed]
176. Romero-Vazquez, S.; Llorens, V.; Soler-Boronat, A.; Figueras-Roca, M.; Adan, A.; Molins, B. Interlink between Inflammation and

Oxidative Stress in Age-Related Macular Degeneration: Role of Complement Factor H. Biomedicines 2021, 9, 763. [CrossRef]
177. 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] [PubMed]

178. Calder, P.C. Eicosanoids. Essays Biochem. 2020, 64, 423–441. [PubMed]
179. Thierry, M. Rôle des AGPI Alimentaires dans L’homéostasie Lipidique de la Rétine en Conditions Physiologiques et Pathologiques

Liées au Vieillissement. Ph.D. Thesis, Université de Bourgogne, Dijon, France, 2014.
180. Skowronska-Krawczyk, D.; Chao, D.L. Long-Chain Polyunsaturated Fatty Acids and Age-Related Macular Degeneration. Adv.

Exp. Med. Biol. 2019, 1185, 39–43. [PubMed]
181. Phillis, J.W.; Horrocks, L.A.; Farooqui, A.A. Cyclooxygenases, Lipoxygenases, and Epoxygenases in CNS: Their Role and

Involvement in Neurological Disorders. Brain Res. Rev. 2006, 52, 201–243. [CrossRef] [PubMed]
182. Koto, T.; Nagai, N.; Kurihara, T.; Izumi-Nagai, K.; Satofuka, S.; Shinoda, H.; Noda, K.; Ozawa, Y.; Inoue, M.; Tsubota, K.; et al.

Eicosapentaenoic Acid Is Anti-Inflammatory in Preventing Choroidal Neovascularization in Mice. Investig. Ophthalmol. Vis. Sci.

2007, 48, 4328–4334. [CrossRef]
183. Seregina, M.; Lydic, T.; Opreanu, M.; Li Calzi, S.; Bozack, S.; McSorley, K.; Sochacki, A.; Faber, M.; Hazra, S.; Duclos, S.; et al. N-3

Polyunsaturated Fatty Acids Prevent Diabetic Retinopathy by Inhibition of Retinal Vascular Damage and Enhanced Endothelial
Progenitor Cell Reparative Function. PLoS ONE 2013, 8, e55177.

184. So, J.; Wu, D.; Lichtenstein, A.H.; Tai, A.K.; Matthan, N.R.; Maddipati, K.R.; Lamon-Fava, S. EPA and DHA Differentially
Modulate Monocyte Inflammatory Response in Subjects with Chronic Inflammation in Part via Plasma Specialized Pro-Resolving
Lipid Mediators: A Randomized, Double-Blind, Crossover Study. Atherosclerosis 2021, 316, 90–98. [CrossRef] [PubMed]

185. Jun, B.; Mukherjee, P.K.; Asatryan, A.; Kautzmann, M.-A.; Heap, J.; Gordon, W.C.; Bhattacharjee, S.; Yang, R.; Petasis, N.A.;
Bazan, N.G. Elovanoids Are Novel Cell-Specific Lipid Mediators Necessary for Neuroprotective Signaling for Photoreceptor Cell
Integrity. Sci. Rep. 2017, 7, 5279. [CrossRef] [PubMed]

https://doi.org/10.1016/j.pharmthera.2023.108440
https://www.ncbi.nlm.nih.gov/pubmed/37201739
https://doi.org/10.1016/j.coph.2022.102186
https://www.ncbi.nlm.nih.gov/pubmed/35217394
https://doi.org/10.1194/jlr.M082495
https://www.ncbi.nlm.nih.gov/pubmed/29986998
https://doi.org/10.1167/iovs.02-0901
https://www.ncbi.nlm.nih.gov/pubmed/12714668
https://doi.org/10.2217/clp.11.41
https://www.ncbi.nlm.nih.gov/pubmed/25324899
https://doi.org/10.1074/jbc.M117.790568
https://www.ncbi.nlm.nih.gov/pubmed/28578316
https://doi.org/10.1073/pnas.0402531101
https://www.ncbi.nlm.nih.gov/pubmed/15152078
https://doi.org/10.1038/nm1591
https://www.ncbi.nlm.nih.gov/pubmed/17589522
https://doi.org/10.1186/s13046-015-0273-z
https://www.ncbi.nlm.nih.gov/pubmed/26689718
https://doi.org/10.1111/aos.13408
https://www.ncbi.nlm.nih.gov/pubmed/28271618
https://doi.org/10.1167/iovs.14-13997
https://www.ncbi.nlm.nih.gov/pubmed/24764063
https://doi.org/10.1016/j.biocel.2006.02.010
https://www.ncbi.nlm.nih.gov/pubmed/16621670
https://doi.org/10.1016/j.bbalip.2016.09.022
https://www.ncbi.nlm.nih.gov/pubmed/27713004
https://doi.org/10.3390/biomedicines9070763
https://doi.org/10.1016/j.preteyeres.2020.100858
https://www.ncbi.nlm.nih.gov/pubmed/32298788
https://www.ncbi.nlm.nih.gov/pubmed/32808658
https://www.ncbi.nlm.nih.gov/pubmed/31884586
https://doi.org/10.1016/j.brainresrev.2006.02.002
https://www.ncbi.nlm.nih.gov/pubmed/16647138
https://doi.org/10.1167/iovs.06-1148
https://doi.org/10.1016/j.atherosclerosis.2020.11.018
https://www.ncbi.nlm.nih.gov/pubmed/33303222
https://doi.org/10.1038/s41598-017-05433-7
https://www.ncbi.nlm.nih.gov/pubmed/28706274


Int. J. Mol. Sci. 2024, 25, 4099 27 of 28

186. Leung, H.H.; Ng, A.L.; Durand, T.; Kawasaki, R.; Oger, C.; Balas, L.; Galano, J.-M.; Wong, I.Y.; Chung-Yung Lee, J. Increase in
Omega-6 and Decrease in Omega-3 Polyunsaturated Fatty Acid Oxidation Elevates the Risk of Exudative AMD Development in
Adults with Chinese Diet. Free Radic. Biol. Med. 2019, 145, 349–356. [CrossRef] [PubMed]

187. Punia, S.; Sandhu, K.S.; Siroha, A.K.; Dhull, S.B. Omega 3-Metabolism, Absorption, Bioavailability and Health Benefits–A Review.
PharmaNutrition 2019, 10, 100162. [CrossRef]

188. Wu, J.; Cho, E.; Giovannucci, E.; Rosner, B.; Sastry, S.; Willett, W.; Schaumberg, D. Dietary Intakes of Eicosapentaenoic Acid and
Docosahexaenoic Acid and Risk of Age-Related Macular Degeneration. Ophthalmology 2017, 124, 634–643. [CrossRef] [PubMed]

189. Ren, J.; Ren, A.; Deng, X.; Huang, Z.; Jiang, Z.; Li, Z.; Gong, Y. Long-Chain Polyunsaturated Fatty Acids and Their Metabolites
Regulate Inflammation in Age-Related Macular Degeneration. J. Inflamm. Res. 2022, 15, 865–880. [CrossRef] [PubMed]

190. Jiang, H.; Shi, X.; Fan, Y.; Wang, D.; Li, B.; Zhou, J.; Pei, C.; Ma, L. Dietary Omega-3 Polyunsaturated Fatty Acids and Fish Intake
and Risk of Age-Related Macular Degeneration. Clin. Nutr. 2021, 40, 5662–5673. [CrossRef]

191. Chong, E.; Kreis, A.; Wong, T.-Y.; Simpson, J.; Guymer, R. Dietary ω-3 Fatty Acid and Fish Intake in the Primary Prevention of
Age-Related Macular Degeneration: A Systematic Review and Meta-Analysis. Arch. Ophthalmol. 2008, 126, 826–833. [CrossRef]
[PubMed]

192. Csader, S.; Korhonen, S.; Kaarniranta, K.; Schwab, U. The Effect of Dietary Supplementations on Delaying the Progression of
Age-Related Macular Degeneration: A Systematic Review and Meta-Analysis. Nutrients 2022, 14, 4273. [CrossRef] [PubMed]

193. Chong, E.W.-T.; Robman, L.D.; Simpson, J.A.; Hodge, A.M.; Aung, K.Z.; Dolphin, T.K.; English, D.R.; Giles, G.G.; Guymer, R.H.
Fat Consumption and Its Association with Age-Related Macular Degeneration. Arch. Ophthalmol. 2009, 127, 674–680. [CrossRef]
[PubMed]

194. Tan, J.; Wang, J.; Flood, V.; Mitchell, P. Dietary Fatty Acids and the 10-Year Incidence of Age-Related Macular Degeneration the
Blue Mountains Eye Study. Arch. Ophthalmol. 2009, 127, 656–665. [CrossRef] [PubMed]

195. Agrón, E.; Mares, J.; Clemons, T.E.; Swaroop, A.; Chew, E.Y.; Keenan, T.D.L. Dietary Nutrient Intake and Progression to Late
Age-Related Macular Degeneration in the Age-Related Eye Disease Studies 1 and 2. Ophthalmology 2021, 128, 425–442. [CrossRef]
[PubMed]

196. Hogg, R.E.; Woodside, J.V.; McGrath, A.; Young, I.S.; Vioque, J.L.; Chakravarthy, U.; de Jong, P.T.; Rahu, M.; Seland, J.; Soubrane,
G.; et al. Mediterranean Diet Score and Its Association with Age-Related Macular Degeneration: The European Eye Study.
Ophthalmology 2017, 124, 82–89. [CrossRef] [PubMed]

197. SanGiovanni, J.P.; Agrón, E.; Meleth, A.; Reed, G.; Sperduto, R.; Clemons, T.; Chew, E. ω-3 Long-Chain Polyunsaturated Fatty
Acid Intake and 12-y Incidence of Neovascular Age-Related Macular Degeneration and Central Geographic Atrophy: AREDS
Report 30, a Prospective Cohort Study from the Age-Related Eye Disease Study. Am. J. Clin. Nutr. 2009, 90, 1601–1607. [CrossRef]
[PubMed]

198. Age-Related Eye Disease Study 2 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, 2005–2015. [CrossRef]
[PubMed]

199. Souied, E.H.; Aslam, T.; Garcia-Layana, A.; Holz, F.G.; Leys, A.; Silva, R.; Delcourt, C. Omega-3 Fatty Acids and Age-Related
Macular Degeneration. Ophthalmic Res. 2015, 55, 62–69. [CrossRef] [PubMed]

200. Seddon, J.M.; George, S.; Rosner, B. 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,
995–1001. [CrossRef] [PubMed]

201. Wu, J.; Cho, E.; Giovannucci, E.; Rosner, B.; Sastry, S.; Schaumberg, D.; Willett, W. Dietary Intake of α-Linolenic Acid and Risk of
Age-Related Macular Degeneration. Am. J. Clin. Nutr. 2017, 105, 1483–1492. [CrossRef] [PubMed]

202. Wang, K.; Zhong, Y.; Yang, F.; Hu, C.; Liu, X.; Zhu, Y.; Yao, K. Causal Effects of N-6 Polyunsaturated Fatty Acids on Age-Related
Macular Degeneration: A Mendelian Randomization Study. J. Clin. Endocrinol. Metab. 2021, 106, e3565–e3572. [CrossRef]
[PubMed]

203. Sasaki, M.; Harada, S.; Tsubota, K.; Yasukawa, T.; Takebayashi, T.; Nishiwaki, Y.; Kawasaki, R. Dietary Saturated Fatty Acid Intake
and Early Age-Related Macular Degeneration in a Japanese Population. Investig. Ophthalmol. Vis. Sci. 2020, 61, 23. [CrossRef]
[PubMed]

204. Cougnard-Grégoire, A.; Merle, B.M.J.; Korobelnik, J.-F.; Rougier, M.-B.; Delyfer, M.-N.; Le Goff, M.; Samieri, C.; Dartigues, J.-F.;
Delcourt, C. Olive Oil Consumption and Age-Related Macular Degeneration: The Alienor Study. PLoS ONE 2016, 11, e0160240.
[CrossRef] [PubMed]

205. Delcourt, C.; Carrière, I.; Cristol, J.-P.; Lacroux, A.; Gerber, M. Dietary Fat and the Risk of Age-Related Maculopathy: The
POLANUT Study. Eur. J. Clin. Nutr. 2007, 61, 1341–1344. [CrossRef] [PubMed]

206. ANSES. Actualisation des Apports Nutritionnels Conseillés pour les Acides Gras—Version Intégrant les Modifications Apportées par

L’erratum du 28 Juillet 2011; ANSES: Paris, France, 2011; p. 323.
207. Merle, B.; Delyfer, M.-N.; Korobelnik, J.-F.; Rougier, M.-B.; Colin, J.; Malet, F.; Féart, C.; Le Goff, M.; Dartigues, J.-F.; Barberger-

Gateau, P.; et al. Dietary Omega-3 Fatty Acids and the Risk for Age-Related Maculopathy: The Alienor Study. Investig. Ophthalmol.

Vis. Sci. 2011, 52, 6004–6011. [CrossRef] [PubMed]
208. Souied, E.; Delcourt, C.; Querques, G.; Merle, B.; Smith, T.; Benlian, P. NAT2 study group NAT2 study; omega-3 levels in red

blood cells membranes correlates the preventive effect. Investig. Ophthalmol. Vis. Sci. 2013, 54, 3277.

https://doi.org/10.1016/j.freeradbiomed.2019.10.007
https://www.ncbi.nlm.nih.gov/pubmed/31605749
https://doi.org/10.1016/j.phanu.2019.100162
https://doi.org/10.1016/j.ophtha.2016.12.033
https://www.ncbi.nlm.nih.gov/pubmed/28153441
https://doi.org/10.2147/JIR.S347231
https://www.ncbi.nlm.nih.gov/pubmed/35173457
https://doi.org/10.1016/j.clnu.2021.10.005
https://doi.org/10.1001/archopht.126.6.826
https://www.ncbi.nlm.nih.gov/pubmed/18541848
https://doi.org/10.3390/nu14204273
https://www.ncbi.nlm.nih.gov/pubmed/36296956
https://doi.org/10.1001/archophthalmol.2009.60
https://www.ncbi.nlm.nih.gov/pubmed/19433719
https://doi.org/10.1001/archophthalmol.2009.76
https://www.ncbi.nlm.nih.gov/pubmed/19433717
https://doi.org/10.1016/j.ophtha.2020.08.018
https://www.ncbi.nlm.nih.gov/pubmed/32858063
https://doi.org/10.1016/j.ophtha.2016.09.019
https://www.ncbi.nlm.nih.gov/pubmed/27825655
https://doi.org/10.3945/ajcn.2009.27594
https://www.ncbi.nlm.nih.gov/pubmed/19812176
https://doi.org/10.1001/jama.2013.4997
https://www.ncbi.nlm.nih.gov/pubmed/23644932
https://doi.org/10.1159/000441359
https://www.ncbi.nlm.nih.gov/pubmed/26610051
https://doi.org/10.1001/archopht.124.7.995
https://www.ncbi.nlm.nih.gov/pubmed/16832023
https://doi.org/10.3945/ajcn.116.143453
https://www.ncbi.nlm.nih.gov/pubmed/28468892
https://doi.org/10.1210/clinem/dgab338
https://www.ncbi.nlm.nih.gov/pubmed/33982092
https://doi.org/10.1167/iovs.61.3.23
https://www.ncbi.nlm.nih.gov/pubmed/32181798
https://doi.org/10.1371/journal.pone.0160240
https://www.ncbi.nlm.nih.gov/pubmed/27467382
https://doi.org/10.1038/sj.ejcn.1602685
https://www.ncbi.nlm.nih.gov/pubmed/17299457
https://doi.org/10.1167/iovs.11-7254
https://www.ncbi.nlm.nih.gov/pubmed/21705687


Int. J. Mol. Sci. 2024, 25, 4099 28 of 28

209. Merle, B.M.J.; Colijn, J.M.; Cougnard-Grégoire, A.; de Koning-Backus, A.P.M.; Delyfer, M.-N.; Kiefte-de Jong, J.C.; Meester-Smoor,
M.; Féart, C.; Verzijden, T.; Samieri, C.; et al. Mediterranean Diet and Incidence of Advanced Age-Related Macular Degeneration:
The EYE-RISK Consortium. Ophthalmology 2019, 126, 381–390. [CrossRef] [PubMed]

210. Acar, N.; Merle, B.M.J.; Ajana, S.; He, Z.; Grégoire, S.; Hejblum, B.P.; Martine, L.; Buaud, B.; Bron, A.M.; Creuzot-Garcher, C.P.;
et al. Predicting the Retinal Content in Omega-3 Fatty Acids for Age-related Macular-degeneration. Clin. Transl. Med. 2021,
11, e404. [CrossRef] [PubMed]

211. Abreu-González, R.; Díaz-Rodríguez, R.; Abreu-Reyes, J.A. Nutritional Supplements with Omega 3 in Retinal Disease: Rela-
tionship between Volume and Concentration in Commercial Products. Arch. Soc. Esp. Oftalmol. 2018, 93, 592–597. [CrossRef]
[PubMed]

212. Othman, K.; Cercy, C.; Mohamed, A.; Doly, M.; Ranchon-Cole, I. Dietary Supplement Enriched in Antioxidants and Omega-3
Protects from Progressive Light-Induced Retinal Degeneration. PLoS ONE 2015, 10, e0128395.

213. Dey, T.K.; Koley, H.; Ghosh, M.; Dey, S.; Dhar, P. Effects of Nano-Sizing on Lipid Bioaccessibility and Ex Vivo Bioavailability from
EPA-DHA Rich Oil in Water Nanoemulsion. Food Chem. 2019, 275, 135–142. [CrossRef] [PubMed]

214. Ghasemifard, S.; Turchini, G.M.; Sinclair, A.J. Omega-3 Long Chain Fatty Acid “Bioavailability”: A Review of Evidence and
Methodological Considerations. Prog. Lipid Res. 2014, 56, 92–108. [CrossRef] [PubMed]

215. Lapointe, J.-F.; Harvey, L.; Aziz, S.; Jordan, H.; Hegele, R.A.; Lemieux, P. A Single-Dose, Comparative Bioavailability Study of a
Formulation Containing OM3 as Phospholipid and Free Fatty Acid to an Ethyl Ester Formulation in the Fasting and Fed States.
Clin. Ther. 2019, 41, 426–444. [CrossRef] [PubMed]

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/10.1016/j.ophtha.2018.08.006
https://www.ncbi.nlm.nih.gov/pubmed/30114418
https://doi.org/10.1002/ctm2.404
https://www.ncbi.nlm.nih.gov/pubmed/34323423
https://doi.org/10.1016/j.oftal.2018.05.015
https://www.ncbi.nlm.nih.gov/pubmed/30025989
https://doi.org/10.1016/j.foodchem.2018.09.084
https://www.ncbi.nlm.nih.gov/pubmed/30724179
https://doi.org/10.1016/j.plipres.2014.09.001
https://www.ncbi.nlm.nih.gov/pubmed/25218856
https://doi.org/10.1016/j.clinthera.2019.01.017
https://www.ncbi.nlm.nih.gov/pubmed/30799231

	Introduction 
	Retina and Vision 
	Eye Anatomy and Principal Functionalities 
	Physiological Aging 

	AMD: Clinical Aspects 
	Risk Factors 
	Evolution of AMD 

	AMD: Pathophysiology 
	Oxidative Stress 
	Inflammation 
	Choroidal Neovascularization 
	RPE and Bruch’s Membrane Degradation 

	Dry and Wet AMD Treatments 
	Representative Models of AMD 
	In Vitro and Ex Vivo Models 
	In Vivo Models 

	The Specific Role of Fatty Acids in AMD 
	Fatty Acids in Humans 
	LC-PUFA and VLC-PUFA Metabolism 
	Retinal LC-PUFA and VLC-PUFA: Physiological Role 
	Retinal LC-PUFA and VLC-PUFA: Role in AMD 
	PUFA and Oxidative Stress 
	PUFA and Inflammation 

	Interest of Omega-3 LC-PUFA and VLC-PUFA in the Prevention and the Treatment of Dry and Wet AMD: Clinical Studies 

	Conclusions 
	Future Directions and Challenges 
	References

