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Abstract: The retina is an oxidative stress-prone tissue due to high content of polyunsaturated lipids,
exposure to visible light stimuli in the 400-480 nm range, and high oxygen availability provided
by choroidal capillaries to support oxidative metabolism. Indeed, lipids” peroxidation and their
conversion into reactive species promoting inflammation have been reported and connected to retinal
degenerations. Here, we review recent evidence showing how retinal polyunsaturated lipids, in
addition to oxidative stress and damage, may counteract the inflammatory response triggered by
blue light-activated carotenoid derivatives, enabling long-term retina operation despite its prooxidant
environment. These two aspects of retinal polyunsaturated lipids require tight control over their
synthesis to avoid overcoming their protective actions by an increase in lipid peroxidation due to
oxidative stress. We review emerging evidence on different transcriptional control mechanisms
operating in retinal cells to modulate polyunsaturated lipid synthesis over the life span, from the
immature to the ageing retina. Finally, we discuss the antioxidant role of food nutrients such as
xanthophylls and carotenoids that have been shown to empower retinal cells” antioxidant responses
and counteract the adverse impact of prooxidant stimuli on sight.

Keywords: oxidative metabolism; w3 polyunsaturated fatty acid; elovanoids; xanthophylls; saffron;
photoreceptors; retinal pigment epithelial cells; blue light; age-related macular degeneration (AMD)

1. Introduction

Lipids amount to 60% of brain dry weight [1,2] (recently reviewed by [3]) and are
enriched in polyunsaturated w3 docosahexaenoic acid (DHA) (reviewed in [4,5]). In
addition, the brain has a high oxidative metabolism: despite representing 2% of body
weight [6], its function requires about 20% of the body’s resting metabolic rate, indicating a
higher metabolic cost per unit weight than other body tissues.

The metabolic costs required to restore electrochemical gradients dissipated by spon-
taneous nerve cell firing and transmitter release show remarkably similar values between
different brain areas (discussed in [7]). However, an increase in nerve cell activity above
basal level causes the oxygen partial pressure (pO;) to increase in the stimulated areas
due to enhanced blood flow, with O, influx overcoming consumption. Not surprisingly,
given the high lipid content and increased pO; levels in active brain areas, the brain is
highly susceptible to oxidative stress damage (recently reviewed by [8,9]). It is important to
note that although the increase in pO, associated with increased metabolism occurs in all
brain areas, the susceptivity to oxidative stress differs between different brain areas, being
higher in the hippocampal, amygdala, and prefrontal cortical neurons (reviewed in [8]).
Considering that oxidative stress results from the imbalance between the rates of oxidants
and antioxidants generation, differences between different brain areas in their susceptivity
to oxidative stress may stem from differences in their regulation of antioxidant levels that
relate to the specific functions of oxidants in a given brain area, a notion consistent with a
functional role for oxidative stress in the brain, as recently discussed by [10].
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In the following, we focus on strategies to counteract oxidative stress, including
regulating lipid-derived antioxidants in the retina, a brain-derived area in the eye. The
retina has the highest metabolic rates and DHA content in the brain, and oxidant generation
is favoured by high pO; levels and light exposure in vivo [11,12] and in vitro [13]. In
this oxidative stress-prone brain structure, we discuss the emerging roles of antioxidant
systems, including derivatives of very long polyunsaturated fatty acids, xanthophylls and
other carotenoids.

Several recent reviews have covered retinal lipids focusing on their synthesis and an-
tioxidant properties. This review aimed to provide a different perspective on retinal lipids,
i.e., their role and antioxidant properties in the anatomical and functional context of rod
and cones photoreceptors organisation with pigment epithelial cells and choroidal vessels
in a metabolic ecosystem [14]. To this end, we retrieved 28 papers from a PubMed search
using the terms DHA and retinal photoreceptors and oxidative stress published between
5 December 2022 and 2000. The selected papers were read, and their relevant references
were searched and incorporated in an EndNote X9.3.3 library (Clarivate, Philadelphia, PA,
USA) along with additional references from libraries we recently generated for writing re-
views and research papers in the area of retinal physiology [15], cell biology [16] and retinal
degenerations [15,17]. For Section 6, PubMed searches led to 52 papers on xanthophylls and
photoreceptors, three on saffron and photoreceptors and AMD, 29 on vitamin E and AMD
and clinical trials as a starting point to discuss roles and mechanisms of action of staple food
antioxidants. Overall, we read, evaluated, and discussed the content of over 280 papers,
quoting over 200 to provide a critical perspective on retinal lipids in photoreceptors and
pigment epithelial cells, considering their anatomy and physiology.

2. The Organisation of Photoreceptors, Pigment Epithelial Cells, and Choroidal
Vessels in a Metabolic Ecosystem

The retina, a multi-layered nervous structure in the back of the eye, detects light stimuli
via specialised primary sensory neurons, named after their morphologies as retinal rods
and cones (see https:/ /webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-
of-the-retina/photoreceptors/ (accessed on 24 January 2022)). As shown in Figure 1a,
both rods and cones display a spherical cell body (CB) where their nuclei are localised,
with an adjacent slender compartment, the inner segment (IS), containing mitochondria
highly organised in a non-random position with those of adjacent photoreceptors [18],
and the rough endoplasmic reticulum. The IS, in turn, connects to a cilium that provides
the pathway for dynamic exchanges between the IS and the outer segment (OS). The OS
represents the compartment where light absorption and conversion into an electrical signal
occurs via proteins organised in a signal transduction cascade called phototransduction
(reviewed in [19]). These compartments are common to rods and cones, although they
may differ at the anatomical and functional levels. For instance, the rod OS has a straight
appearance and is filled with a stack of membranous disks crowded with proteins of the
phototransduction cascade. On the other hand, the cone OS is usually shorter and lacks
internal stacked disks.

Upon isolation from the eye, rods and cones in vitro may retain their ability to respond
to light for several hours by generating an electrical response. However, their viability
and long-term operation require the functional interaction with retinal pigment epithelial
(RPE) cells (reviewed by [20]) and a vascular system with peculiar features, the choroidal
capillaries (ChC) (reviewed by [21]), whose specific form and shape support its function [22].
The ChC are fenestrated vessels (Figure 1b) of relatively large diameters organised in
a dense vascular network, whose high blood flux not only supports the high oxygen
consumption by RPE and photoreceptor cells [23,24] but may also prove to be critical for
preventing a rise in OS temperature in response to infrared light focusing by the lens [25,26].
The importance of ChC becomes apparent in response to retinal detachment, which may
lead to the irreversible loss of photoreceptors [27], or upon faulty ChC development in
response to breathing air with increased oxygen partial pressure (pO,) by an immature
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child, as in the retinopathy of prematurity [28]. Last but not least, the RPE also provides
the outer retinal blood barrier (RBR), which may restrict access to the retina. Furthermore,
ChC and RPE cells also provide the high nutrient fluxes required by the high metabolic
rate of photoreceptors [23,24,29,30]. The RPE cells have been conventionally considered
supportive in photoreceptors operation, but recent evidence indicates photoreceptors and
RPE cells partake in a metabolic ecosystem [14,29-31].
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Figure 1. (a) Schematic representation of a cone (green) and a rod (cyan) photoreceptor, with outer
segment (OS), inner segment (IS), cell body (CB); (b) Choroidal capillaries (red) (ChC) provide
O; flux (downward pointing arrows) to retinal pigment epithelial (RPE) cells (grey) and cone and
rod photoreceptors.

Although photoreceptors do not generate action potentials and lack the metabolic bur-
den associated with spiking, their oxygen consumption still exceeds that of most stimulated
brain areas. The active extrusion of sodium and calcium ions that prevent the dissipation of
their electrochemical gradients due to their permeation in darkness [32] (recently reviewed
by [33]) accounts for the spiking-independent metabolic cost by oxidative metabolism [29].
Oxygen reaches photoreceptors by diffusion from the ChC: the analysis by O;-sensitive
microelectrodes indicates pO, decreases to a minimum at about 50 um from choriocapillaris
(see Figure 2), and in vivo measurement of photoreceptor by optical coherence tomography
(OCT) [34] indicates that the minimum pO; corresponds to the IS/cell body domains
(recently reviewed in p. 19-23 by [16]). Reducing calcium and sodium influx induced by
light will reduce oxygen consumption and modifies the pO, spatial profile (Figure 2b).

In nerve cells, glucose consumption increases more than oxygen consumption [35]
(discussed in [7]). The mismatch between glucose and oxygen consumption in response
to brain stimulation has been attributed to the glycolytic metabolism required to support
glutamate recycling between astrocytes and neurons [35] (recently reviewed by [36]).

Like the brain, glucose consumption by the retina exceeds that of O,. Indeed, despite
oxygen availability, retinal glucose metabolism mainly occurs via aerobic glycolysis, as
initially reported by Warburg [37]. The use of the less efficient glycolytic metabolism despite
oxygen availability appears dictated by the high lipid turnover in retinal photoreceptor
cells [38]. Indeed, aerobic glycolysis may contribute a minor fraction of ATP used by
rods [39]. Still, photoreceptor cells require a high glucose flux to fuel aerobic glycolysis,
which produces metabolic intermediates required for lipid synthesis [14,39,40], matching
the high OS turnover in both rods [34] and cones [41]. The high glucose flux required by
photoreceptors diffuses from choroidal capillaries (ChC). It must permeate through the
glucose transporter GLUT1 across the blood-retinal barrier (BrB) assembled from retinal
pigment epithelial cells and their connecting tight junctions [40]. Consequently, mice
with reduced Glutl expression have reduced OS length and a progressively more severe
phenotype depending on the extent of Glutl expression reduction [40].
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Figure 2. (a) Schematic representation of the anatomical relationship between ChC (as red color),
RPE cells (as black color) and photoreceptors; (b) The black line plots the computed pO2 extracellular
profile going from ChC to the cell body of photoreceptors.

According to the notion of a metabolic ecosystem, RPE cells spare glucose for pho-
toreceptors, which provide RPE cells with lactate to fuel their oxidative metabolism, in-
dicating a symbiotic relationship between photoreceptors and RPE cells rather than an
RPE-supporting role [14,39]. Although rod and cone photoreceptors depend on RPE cells
to meet their energy requirements, cones require more energy than rods, possibly due
to their faster cGMP turnover that accelerates their response to light. Rods support cone
metabolism by promoting glucose uptake [42] via the secretion of modified thioredoxin,
the rod-derived cone viability factor (RACVF), which also protects cones from oxidative
stress [43]. The mechanism underlying cone cell protection by RACVF has been attributed
to its interaction with the transmembrane protein Basigin-1, which binds GLUT1 and
promotes glucose uptake and metabolism by aerobic glycolysis [42].

Interestingly, the glucose that supports lipid synthesis for OS turnover by photorecep-
tors eventually reaches back to RPE cells in the form of membrane lipids. Photoreceptor
OS are dynamic structures whose continuous growth must balance the rhythmic shedding
of their tips, and RPE cells phagocyte shed OS [44].

In addition to the mutual support between photoreceptors and RPE cells and be-
tween rods and cones described above, photoreceptors also provide signals supporting
choroidal vessel stability. For example, exposure to increased pO; triggers the retinopathy
of prematurity due to impaired choroidal vessel development in premature newborn mice.
However, stabilisation of retinal hypoxia-inducible factor (HIF) by the propyl isomerase
inhibitor Roxadustat promotes aerobic glycolysis and prevents choroidal vessel loss and
retinal damage [28].

The overall picture indicates that choroidal capillaries, RPE cells, rods, and cones
mutually depend on each other, consistent with the notion of a metabolic ecosystem.
However, intrinsic to the ecosystem notion, factors impairing the viability of a member
may lead to the functional impairment of the whole system.
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3. DHA and Oxidative Stress in Photoreceptors and RPE Cells

Most retinal neurons, including photoreceptor cells, do not generate action potentials,
and their short axons do not require myelin to improve their cable properties. Analy-
sis of retinal lipid composition indicated phosphatidylcholine (about 40-50%) represents
the primary phospholipid, followed by phosphatidylethanolamine (30-35%) and phos-
phatidylinositol (3-6%) [45]. Overall, membrane phospholipids represent 85% of total
lipids in the rat [45] and human retina [46]. Although four main phosphatidylcholines have
been found in the mouse retina, they do not show a preferred distribution within the retinal
layers [47]. Analysis of retinal Muller glia and ganglion cells indicates their lipidomic
profile is consistent with the average retinal lipid content. However, some differences in
the relative content of phosphatidylcholine and phosphatidylethanolamine exist between
ganglion cells and Muller glial cells [48]. Of note, RPE cells’ lipid content differs from the
retina, with a reduced phospholipid content (<60% RPE vs. >85% retina) and an increased
content of cholesteryl esters (19% RPE vs. 1.7% retina) [46].

Photoreceptors OS have the highest DHA concentration in the body [49], exceeding
the 30% of total lipid in the OS domain of rod photoreceptors [49,50], with rods having
higher DHA and very long chain fatty acids (VLCFA) content than cones [51]. The in-
teresting point is that the w3/ w6 ratio of very long unsaturated fatty acids (>28 C) and
the level of polyunsaturated w3 and w6 eicosapentaenoic and arachidonic acids show a
significant correlation with plasma and red blood cells ratio, an index of dietary lipids. In
contrast, a less strong correlation was observed between retinal and plasma levels of the
polyunsaturated w3 docosahexaenoic acid (DHA) [52].

The difference in DHA content between rods and cones may have a functional sig-
nificance. The rods’ high sensitivity to light allows them to signal the absorption of a
single photon and relies on two amplification steps in phototransduction [19]. The first
step, the sequential activation of multiple transducin molecules (Figure 3) by one excited
rhodopsin, has been estimated to be close to 400 transducins s~ ! in mammalian rods [53].
Although lower rates have recently been proposed [54] (see however [55]), transducin acti-
vation by rhodopsin appears to occur at a substantially higher rate than other GTP-binding
protein-coupled receptors. Given the tight packaging of rhodopsin molecules (25,000 um~2)
required to attain mammalian rods” high photon-catching ability, rhodopsin’s high rate of
transducing activation must depend on a high diffusion rate in the disk membrane [56].
The diffusion coefficient inversely relates to membrane viscosity, and an increase in mem-
brane fluidity is expected to improve the light sensitivity of rods by increasing the first
amplification step in phototransduction.

-

Figure 3. (a) Schematic representation of membrane phospholipid bilayer with hydrophilic heads
(dark blue) screening hydrophobic lipid tails (yellow) from water. Integral membrane protein
rhodopsin (blue) and membrane-associated transducin (dark red). Upon light stimulation (green),
rhodopsin became active (cyan) and turned on transducin (light red); (b—d) Upon activation by
light (b), one rhodopsin activates several transducins (b,c) while diffusing (yellow arrows) in
the membrane.

Rods have upregulated DHA and VLCFA synthesis to increase disk membrane fluidity
and the rhodopsin diffusion coefficient. The reduced DHA and VLCFA content of cone
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OS are coherent with their reduced transducin activation rate and phototransduction
amplification step [19,56].

The functional benefits of high DHA and VLCFA content come at the expense of an
increased risk of oxidative stress in photoreceptors that may trigger retinal degeneration.
For example, recent in vivo measurements indicate increased paramagnetic free radicals
production in an animal retinopathy model [11], and evidence indicates lipid peroxidation
role in light-induced degeneration of retinal photoreceptors [57]. In addition, oxidative
stress in RPE cells associated with ageing and environmental factors eventually leads to
RPE cells” demise (reviewed in [58]). This event may also adversely affect photoreceptor
cells whose viability requires healthy RPE cells.

The oxygen gradient along rod OS (see Figure 2 above) and the high DHA content,
both have implications for oxidative stress (recently reviewed in [59]) affecting OS lipids
and photoreceptor damage [60]. An element to consider in oxidative stress involving pho-
toreceptors and RPE cells is that these cells are exposed to blue light (range 400480 nm),
which may induce oxidative stress [61,62] (reviewed in [63]) via multiple mechanisms
(reviewed by [64,65]). Studies using in vitro models have found that blue light-induced
oxidative stress in photoreceptors may involve the electron transport chain [66] at the
IS mitochondria or specialised OS proteins (opsins) critical for light sensing by photore-
ceptors [67]. Intriguingly, light-induced oxidative stress and damage that follows OS
rhodopsin activation may occur independently of rhodopsin-induced activation of the
phototransduction cascade [68].

4. Vitamin A Derivative All-Trans-Retinal and Blue Light may Adversely Affect
Photoreceptors and RPE Cells via a DHA-Independent Mechanism

The photoreceptors’ ability to respond to light relies on opsins, specialised proteins
that activate in response to photon absorption. Although the peak sensitivity to light of
different opsins occurs at different wavelengths of the visible spectrum, all opsins bind
the vitamin A derivative 11-cis retinal via a Schiff’s base with an amino group. In the
retinal-opsin complex, opsin residues help delocalise the electrons of alternating double
bonds (conjugated double bonds) of 11-cis retinal, shifting its absorption maximum from
the UV to the visible spectral region. Upon the absorption of a photon, 11-cis retinal
isomerises to all-frans-retinal (at-RAL), and the activated opsin starts interacting with
transducins. Eventually, the at-RAL detaches from the opsin, which deactivates. Once
released from opsins, the at-RAL may react with the membrane phospholipid phosphatidyl
ethanolamine (PE), forming N-retinylidene PE (NRPE). The reaction of an additional at-
RAL molecule to NRPE leads to the formation of the phosphatidylethanolamine-bisretinoid
(A2-PE), which is then hydrolysed to the photosensitising agent pyridinium bisretinoid
N-retinylidene-N-retinylethanolamine (A2E) [69].

The photoreceptors’ strategy to reduce A2E synthesis is to remove NRPE from the
cell via a transporter coded by the photoreceptor-specific genes ABCA4, which actively
transports at-NRPE from the disc lumen to the cytoplasm of rod photoreceptors [70]. In
the cytoplasm, phospholipase D hydrolyses NRPE to at-RAL [69], which is then reduced
to at-ROL (vitamin A) by retinol dehydrogenases RDH8 and RDH12 [71,72]. The strategy
to prevent A2E formation by reducing at-RAL generated in response to light stimuli also
prevents A2E generation in response to the 11-cis-RAL that fails to bind opsins and reacts
with PE [73]. Although both rod and cone photoreceptors of humans, rodents, and porcine
retinas express Abca4, cones appear to attain higher expression levels than rods, and the
expression of ABCA4 protein is also higher in cones than in rods [51,74]. Moreover, cones
also have reduced PE levels than cones, and not surprisingly, they also have lower A2-PE
levels than rods [51]. Patients with autosomal recessive Stargardt disease type 1 (STGD1)
due to pathogenic ABCA4 variants [74,75] present with macular disease (maculopathy),
a clinical finding consistent with the higher turnover rate of cone opsins compared to
rhodopsin in rods.
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The control over A2E generation and the adverse impact of defects in genes reducing
its synthesis is linked to the toxicity of compounds generated from A2E upon exposure
to blue light (430 nm) in the presence of O,. The A2E has been shown to generate several
oxygenated derivatives, such as the nine reactive epoxide rings compound nonaoxirane [76]
and superoxide and peroxyl radicals upon irradiation with UV light [77]. From a physiolog-
ical standpoint, it must be pointed out that eye optics strongly attenuate the UV component
of solar light. Therefore, visible blue light should be regarded as the A2E photosensitiser.
The A2E-derived products may diffuse from the OS to the IS and then to the cell body
where the nucleus is localised, i.e., an anatomical path spanning a distance ranging from 30
to over 150 um. Assuming for A2E a diffusion coefficient of 1 x 107¢ cm? s~! in the viscous
cell cytoplasm, its travel time may range from 4.5 to 113 s, indicating that in the absence
of scavenging molecules, A2E may affect photoreceptors DNA. However, most damage
to photoreceptors likely results from the secondary effects of A2E on RPE cells, where
rhodopsin degradation upon phagocytosis of shed OS by RPE cells generates A2E [78].
The RPE cells express ABCA4, although at about 1% of photoreceptors level, at the level of
the endolysosomal compartment, where it may remove NRPE generated from 11-cis-RAL
released in response to the digestion of rhodopsin contained in shed OS phagocyted by
RPE cells [79]. In transgenic mice expressing ABCA4 in RPE cells but lacking its expression
in photoreceptors, the accumulation of fluorescent A2E was decreased compared to mice
lacking ABCA4 in both RPE cells and photoreceptors [79], indicating that a fraction of A2E
is indeed generated in RPE cells as a result of rhodopsin digestion.

Recent data indicate that A2E-derived compounds may adversely affect critical RPE-
cell components, such as nucleic acids of mitochondria and cell nuclei. Photosensitisation
of A2E with 470 nm blue light increases mitochondrial DNA variants, affecting DNA
coding regions, including all the oxidative phosphorylation complexes [80], and poten-
tially affecting ATP synthesis. The A2E effects are not limited to mitochondrial DNA, as
transcriptome profiling by RNAseq indicates an increase in differentially-expressed genes
in pathways involved in angiogenesis, autophagy, extracellular matrix, and cell death
in A2E-loaded RPE cells exposed to blue light compared to not exposed RPE cells [81].
Telomere dysfunction with accelerated RPE cell senescence represents an additional impact
of photosensitised A2E on the DNA [82].

The compound A2E accumulates with time in RPE cells and is a constituent of lipo-
fuscins, fluorescent compounds that accumulate in the back of the eye with ageing. It has
been suggested that the accumulation of lipofuscins plays a role in developing age-related
macular degeneration (AMD), a disease whose prevalence increases with age. Genome-
wide association studies have shown an association of AMD risk with some gene variants,
and in particular, the strongest association has been found with genes involved in the
complement pathway [83] (discussed in [84]). In vitro experiments indicate an increased
conversion of the C3 complement fraction of human serum in inhibited C3b and C3a
following the incubation with irradiated ARPE-19 cells, a human RPE cell line [85]. Further-
more, complement activation occurred in an acellular system containing human serum plus
AZ2E oxidised [85], providing support to the notion that lipofuscin component A2E may
contribute to low-grade inflammation by activating the complement system and explaining
the increased AMD risk associated with gene variants affecting the control of alternative
complement pathway (discussed in [86]). A recent study investigated the relevance of
complement alternative pathway activation in patients with Stargardt disease caused by
ABCA4 mutations (STGD1) but did not find a difference between patients and matched
controls [87]. The adverse finding may indicate that in STGD1 patients, RPE cell demise
may occur either without complement activation or complement activation may occur
locally and could not be assessed at the systemic level in patients. Independent evidence
on A2E-induced inflammatory response in RPE cell has been provided in human RPE
cells derived from induced pluripotent stem cells (hiPSCs), showing the production of
inflammatory cytokines in response to either A2E or oxidative stress with H,O, [88].
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The impact of A2E-derived compounds upon blue light exposure on the alternative
complement pathway may interfere with RPE cells” role in setting the eye immune privilege
via the release of several factors that reduce the reactivity of retina immune cells (recently
revised by [89,90]). Furthermore, A2E may affect retinal cell viability via its impact on
microglial cells, the primary resident immune cells of the nervous system and the retina
(recently reviewed by [91]) that play a role in retinal degenerations caused by genetic defects,
as in the case of retinal degeneration 10 mice (Rd10) [92]. Indeed, A2E has been reported
to affect microglial cells, promoting their activation, and decreasing complement factor
H expression, thus promoting complement activation. Although these effects of A2E on
microglial cell activation suggest they may play a synergic role with its direct complement
activation [85], it remains unclear how A2E may come in contact with microglial cells in
the healthy retina, where microglial cells remain out of the subretinal space. It is possible
that A2E uptake by microglial cells does not represent an early event in retinal damage but
may instead add up to boost an already ongoing damaging process.

5. Lipid-Based Antioxidant Systems in Photoreceptors and RPE Cells

To protect their metabolic ecosystems from oxidative damage, photoreceptors and
RPE cells have adopted multiple strategies to manage oxidative stress-induced damage,
from developing specialised morphologies to scavenging systems based on specific molec-
ular pathways.

5.1. Photoreceptors” Anatomy and Eye Structure Afford Protection from Oxidative Damage

In photoreceptors, the sustained oxidative metabolism in darkness may lead to the gen-
eration of reactive oxygen species (ROS), such as the hydroxyl * OH™ or superoxide O,°*~
radicals [93], and direct measurements in vivo with either newly-developed probes [12] or
MRI [11] indicate the IS or the outer retina as the most active retinal site for ROS generation.
The ROS may damage sensitive photoreceptor cell components, such as nucleic acids and
OS lipids, threatening photoreceptors and RPE cells’ viability.

The localisation of mitochondria at the IS, a cellular compartment distinct from the
nuclear region, and the non-random distribution of mitochondria within the IS [18] may
help attenuate the damage expected from highly reactive oxygen radicals, whose travel
distance may fall short of the inner segment-nuclear distance. Indeed, the travelling
distance of *OH™ has been estimated as few Angstroms, while O,*~ may travel several
tenths of microns [94,95], although their charge may prevent these ROS from crossing both
plasma and nuclear membranes. This analysis is consistent with the observation that high
energy heavy ions (Z > 6) interaction with water may generate *OH ™, which may interact
with lipids to generate peroxyl radicals. The annihilation of two peroxyl radicals leads to
the emission of a visible photon (revised in [13]). Astronauts travelling in deep space report
the perception of light flashes [96], indicating rhodopsin activation by photons triggered in
response to *OH™ generation by high energy heavy ions [97]. Consistent with the limited
diffusion space of *OH~, people on the Earth do not usually report light flashes in darkness,
suggesting *OH™ generated by oxidative metabolism may not diffuse up to OS, consistent
with its limited diffusion space.

Despite the protection afforded by photoreceptor morphology toward genetic material
and OS components, photoreceptors need additional factors to protect these sensitive
molecular components from the blue light-triggered mitochondrial generation of O,°~,
and lipid peroxidation of DHA and VLCFA, whose travelling distance may extend over IS,
OS and nuclear regions. The cornea has high transmittance (around 90%) at wavelengths
ranging from 400 to 480 nm, and the energy of sunlight in this spectral region at midday
is slightly lower than in the green region of the spectra. Despite the variability linked to
daytime, latitude, season, and humidity, the blue/green light ratio stays close to 0.9 at
midday [98]. The anatomical organisation of the eye and its optics provide additional
protection against blue light-induced oxidant generation. Due to the chromatic aberration
of eye optics, blue light is expected to focus at a different axial position from green-red light
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stimuli. Human eye chromatic aberration analysis indicates an axial focus shift of about
one diopter (1D) between 450 and 550 nm light [99]. Considering a 60 D refracting power
for the not accommodated emmetropic eye, the —1D axial chromatic aberration will cause
blue light to focus about 280 um in advance of green/red light (550 nm) focus (Figure 4).

d

Figure 4. (a) Stray yellow lines represent green-yellow light being refracted by the eye optics
represented by the cyan lens, with the image formed at the level of photoreceptors OS in the subretinal
space; (b) blue lines represent blue light being refracted by the cyan lens, with the image formed
at the level of photoreceptors OS in the subretinal space. The different focus positions for blue
and green-yellow light indicate the chromatic aberration of the eye optics. As a result of chromatic
aberration, the blue light will spread over a wider area of RPE than the green-yellow light.

As a result, blue light in the range 415-455 nm, the most effective in generating
hydrogen peroxide and the O,°*~ radical in RPE cells [100] and photosensitising A2E in
photoreceptors and RPE cells, may still reach these sensitive structures, but its energy will
spread over a wider area than longer wavelengths (Figure 4), due to chromatic aberration.

5.2. Protection against Oxidative Damage Requires Tight Control over DHA Synthesis

The DHA and DHA-derived molecules provide a second protective mechanism against
oxidative damage. Although OS PUFA may undergo peroxidation in response to blue light,
emerging evidence indicates that DHA in the retina appears to operate as a double-edged
sword, with damaging effects resulting from its oxidation and a protective role due to its
metabolism in photoreceptors (reviewed in [101]) and RPE cells ([102,103]).

The balance between these opposing effects may depend on DHA levels. In the
transgenic fat-1 mice expressing a Caenorhabditis elegans desaturase able to convert w6
PUFA into w3 ([104]) by introducing a double bond, retinal DHA levels increased two to
five times in all phospholipid classes compared to WT mice, whereas w6 fatty acid levels
decrease [105]. The increase in DHA also associates with C32 and C34 w-3 pentaenoic
and hexaenoic VLCFA in phosphatidylcholine and depletion of n-6 VLCFAs. From a
functional perspective, fat-1 mice have scotopic and photopic ERGs a- (photoreceptor
response) and b-wave (bipolar cell response) responses of unusually high amplitudes and
lower thresholds, suggesting an increase in OS length [105] and an increased sensitivity to
light. The latter effect may reflect an increased membrane fluidity and rhodopsin diffusion
coefficient (see Section 3 above). The OS elongation may, however, increase the metabolic
burden on photoreceptors due to increased Na* and Ca?* influx leading to increased O,
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consumption and the development of hypoxic conditions at the IS, causing glial fibrillary
acidic protein (GFAP) expression in Miiller cells and increased carboxyethylpyrrole (CEP,
protein adducts produced from DHA oxidation) in photoreceptors [105]. In mice exposed
to intense light, photoreceptors degeneration associated with enhanced lipid peroxidation
increased with DHA levels [106], indicating a causal role for DHA in light-induced damage
in photoreceptors. The observation of Miiller glial cells activation, common during retinal
degeneration, suggests that the increase in DHA leading to OS elongation may cause
hypoxia and damage in photoreceptors and indicates the need for fine control over DHA
levels in photoreceptors to prevent its adverse effects on retinal viability.

Photoreceptors may generate DHA from EPA [107] using the very long fatty acid elon-
gase 2 (ELOVL2) (Figure 5a), which catalyses the conversion of EPA into docosapentaenoic
acid (DPA) and then DPA conversion into tetracosapentaenoic acid, which is then converted
into the DHA precursor tetracosahexaenoic acid by photoreceptor A6 desaturase [107] (re-
viewed in [4]).

In mice, controlling DHA synthesis from EPA via the modulation of Elovl2 expression
starts in rod precursors. The ElovI2 expression is already present two days after birth, i.e.,
before OS generation, but its levels decrease after postnatal days six, i.e., just before rods
start developing an OS. As shown in Figure 5b, the reduction in Elovl2 expression may
depend on the rod-specific transcription factor neural retina leucine zipper (Nrl), as Nrl-KO
mice have an increased Elovl2 expression [108] (see also the RetSeq database at https://
retseq.nei.nih.gov/ (accessed on 29 January 2023)). Vitamin A (all-frans-retinol) derivatives
all-trans and 9-cis retinoic acid (RA) promote Nrl expression [109] in photoreceptors. There
is evidence that during the early phase of mouse retinal development, both RPE cells
and rod precursor express Aldhlal, a gene coding for aldehyde dehydrogenase family
1 subfamily al (Figure 5c) to generate at-RA from at-RAL [108] (see also the RetSeq database
at https:/ /retseq.nei.nih.gov/ (accessed on 29 January 2023)).

The orphan receptor transcription factor Nuclear receptor subfamily group E member
3, coded by Nr2e3 and whose expression is promoted by Nrl, may also contribute to Elovi2
downregulation [110]. These data may indicate that during the earlier retinal maturation,
rods keep Elovl2 expression high to promote DHA synthesis and boost OS formation. How-
ever, rods reduce Elovl2 expression when OS appears, possibly to avoid their overgrowth
that would translate into an increased at-RAL load for RPE cells. It is important to note that
also Aldhlal expression drops at about the same time, which would translate into a reduced
Nrl activation by at-RA. Reduced Nrl activation by RA would upregulate Elovl2 expression
and DHA synthesis, thus promoting OS growth, and reduced Aldhlal expression may also
prevent at-RAL detoxification in at-RA [111]. Recent evidence indicates that in the adult
retina, at-RAL detoxification via its conversion into at-RA is carried out by two different
enzymes, coded by Cyp26al expressed in Miiller glial cells and by Cyp26b1 expressed in
RPE cells [111]. It is relevant that Cyp26al expression in Miiller cells starts after postnatal
day 4 [112], i.e., when Aldhal expression declines in rod precursors, indicating that the two
enzymes operate over different temporal windows.

The finding that rods have lower Elovl2 expression than cone-like cells of Nrl KO
mice [113], while DHA levels are higher in rods than in cones, indicates a mismatch
between the expression levels of the gene coding for a critical enzyme in DHA biosynthesis
and DHA concentration in rods and cones OS. Although the mismatch cause is unclear, the
different DHA turnover between rods and cones may be a possible reason. In rods, DHA
is mainly used in phospholipids to increase disk membrane fluidity, increase rhodopsin
diffusion coefficient, and amplify the first step in phototransduction (see Section 3 and
Figure 3), and its turnover is low. On the other hand, cones may have lower requirements
for amplification in their phototransduction. They may instead mainly use DHA as a
substrate for generating antioxidant molecules, whose increased turnover requires the
higher synthetic rate provided by higher Elovl2 expression. Although this explanation
sounds reasonable, it is important to stress that direct experimental support is lacking.
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Figure 5. (a) Enzymatic pathway converting essential fatty acid alpha-linolenic acid to EPA and
DHA. Elongases are enclosed in blue squares, and desaturases are in red squares. Note that ELOVL2
converts EPA into DPA. The yellow boxes indicate the peroxisomal compartment, where tetracosahex-
aenoic acid conversion into DHA by ACOX1 occurs; (b—d) Circles plot expression in rod precursors
as fragments per kilobase exon per million fragments (FPKM) at different times from birth of wt
(black circles) and Nrl-KO (orange circles) mice for (b) Elovl2; (c) Aldhlal; (d) Adiporl; (e) Circles
plot Nrl expression in rod precursors in FPKM at different times from birth of wt mice; (f) Scheme
summarising the control over Elovi2 transcript (yellow line crossing the nuclear membrane) and
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protein (green) by nuclear transcription factors Nrl and Nr2e3, by the transmembrane protein Adiporl
(cyan transmembrane cylinder) via sphingosine-1 phosphate (5-1P) and the sterol regulatory element
binding proteinl SREBP1, and by DNA methylation (purple circles). Panel data (b-e) have been
redrawn using values downloaded from the RetSeq database at https://retseq.nei.nih.gov/ (accessed
on 29 January 2023).

In keeping with the relevance of control over retinal DHA synthesis, recent evidence
indicates additional mechanisms controlling Elovl2 expression. Adiponectin, a hormone
produced by the adipose tissue, regulates insulin sensitivity and glucose levels and has
been reported to have antioxidants and anti-inflammatory actions [114]. A reduced ElovI2
expression in mice lacking both alleles coding for the adiponectin receptor 1 (Adiporl) was
associated with reduced DHA retinal levels and photoreceptor degeneration by three weeks
of age [115,116], indicating the relevance of Adipor] in photoreceptors viability. Evidence
shows that loss of Adipor1 in RPE also associates with photoreceptor degeneration [117].
As shown in Figure 5d, N1l is required to promote Adipor1, and the increase in Adiporl
follows the upregulation of Nrl expression (Figure 5e). Therefore, N1l appears to reduce
Elovl2 expression while promoting Adiporl expression, which increases Elovl2 expression.
The Nrl may fine-tune Elovl2 expression acting via two separate, unknown pathways,
although recent evidence points to sphingosine 1-phosphate involvement in signalling
via Adiponectin receptors [118]. Adiponectin receptors may not sense adiponectin [119]
and instead operate as sensors of membrane fluidity (discussed in [120]), underscoring
the importance of controlling membrane fluidity in photoreceptors (see Section 3 and
Figure 3 above).

An additional level of control over DHA synthesis has recently been reported via
the increased methylation of the Elovl2 promoter, which leads to its decreased expression
during ageing [121]. In mice, the decreased Elovl2 expression with ageing may be reversed
by intravitreal treatment with 5-Aza-2'-deoxycytidine, which increases Elovl2 expression
and reverses visual function decline [121]. Intriguingly, the ElovI2 variant C23W disrupting
ELOVL2 activity is associated with an early increase in lipofuscin deposition in the mouse
retina [121], a sign of early ageing and an indication of DHA in controlling A2E formation.

Figure 5f summarises the multiple control operating on Elovl2 expression in rod pho-
toreceptors, based on the above evidence, which supports the control of DHA synthesis in
photoreceptors at the level of Elovl2 transcription. However, as shown in Figure 5a, the last
step in DHA synthesis requires the translocation of its precursor, tetracosahexahenoic acid,
from the smooth endoplasmic reticulum to the peroxisome. Recent data indicate that the
selective disruption of the central peroxisomal (3-oxidation enzyme in photoreceptors and
bipolar cells does not affect photoreceptors’ length and number up to one year of age [122].
As mice lacking this enzyme in all body cells undergo an early loss of photoreceptors,
photoreceptors may receive DHA from RPE cells [123], in general agreement with the
metabolic ecosystem notion. However, the mechanisms controlling Elovl2 expression in
RPE cells remain unknown (reviewed in [124]).

5.3. DHA and DHA-Derived VLCFA Exert Protective Effects toward Oxidative Stress by Turning
on Specific Transduction Pathways

In response to oxidative stress generated by either H,O; or the herbicide paraquat,
able to generate lipid peroxides and other ROS, DHA may activate the ERK/MAPK
pathway [125] to prevent caspases activation via the regulation of Bcl-2 and Bax. The
ERK/MAPK activation requires the retinoid X receptor (RXR), as shown by the inhibition
of DHA protection in the presence of RXR antagonists [126]. The pathway activated by
RXR appears specific, as tyrosine receptor kinase (Trk) antagonists do not suppress DHA
protection. Moreover, RXR nuclear localisation in rods and the finding that phospholipase
A2 inhibition prevents DHA protection suggest that DHA must be released from membrane
phospholipids to activate the transcription of specific genes via RXR.

Upon release from membrane phospholipids by phospholipase A2, DHA could be
processed by the enzyme 15-lipoxygenase (15-LOX)-1 to generate the protectin 10,17 do-
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cosatriene or neuroprotectin D1 (NPD1). This is the stable di-hydroxylated derivative of the
short-lived hydroperoxy DHA. The presence of NPD1 has been shown to protect against ox-
idative stress, inflammation, and apoptosis following stroke by inhibiting cyclooxygenase-2
and the NFkB pathway [127].

Neuroprotectin D1 has been shown to suppress the generation of inflammatory cy-
tokines in response to oxidative stress and the activation of apoptotic mechanisms, indicat-
ing a role in counteracting inflammation and apoptosis in photoreceptors and RPE cells
(reviewed in [128]). In RPE cells, NPD1 reduces apoptosis triggered by A2E by promoting
the expression of members of the Bcl-2 family of antiapoptotic factors and reducing caspase-
3 activity in response to oxidative stress [102]. Intriguingly, the neurotrophin Pigment
Epithelium Derived Factor (PEDF) promotes NPD1 synthesis and release at the apical mem-
brane of RPE cells facing photoreceptors [102], suggesting NPD1 has both autocrine (to RPE
cells) and paracrine (to photoreceptors) actions. The PEDF acts synergistically with DHA
to promote NPD1 synthesis and release to protect RPE cells from A2E-induced oxidative
stress and damage. In keeping with the notion that photoreceptor and RPE cells organise in
a metabolic ecosystem providing mutual benefits, photoreceptor OS phagocytosis by RPE
cells has been known to increase their viability, although the underlying mechanisms re-
mained undefined. Both free DHA, i.e., released from membrane phospholipids, and NPD1
increased during OS phagocytosis, suggesting their increase may afford protection against
oxidative stress [103]. The notion agrees with the observation of polystyrene microspheres
phagocytosis failing to afford neuroprotection against oxidative stress-induced apoptosis
and to increase DHA and NPD1. These data suggest that phagocyted OS phospholipids
represent the source of DHA required to promote NPD1 synthesis and protect RPE cells
and photoreceptors from oxidative damage [103] (reviewed in [101]).

A new class of homeostatic lipid mediators has been identified in the brain as the
product of a reaction catalysed by the enzyme elongation of very long-chain fatty acids
4 (ELOVL4) using EPA and DHA as substrates [129], although EPA appears as the preferred
substrate [130] (reviewed in [131]); these very long fatty acids (N > 28) are indicated as elo-
vanoids (ELVs) [132]. The first ELVs characterised so far against uncompensated oxidative
stress and oxygen/glucose deprivation are ELV-32 and ELV-34 [132]. A difference between
DHA and ELVs is their different positions in membrane phospholipids. While DHA forms
an ester bond with the alcoholic group in position 2 of membrane phospholipids, such as
phosphatidylcholine, the ELV bond occurs at position 1 [132].

In a mouse model of Stargardt disease 3 (STGD3) with conditional KO of Elovl4 in
rods and cones [133], the near complete absence of very long chain fatty acids with nearly
normal DHA levels did not lead to photoreceptor loss. On the other hand, transgenic mice
expressing the mutation causing STGD3 in patients had reduced DHA and very long-chain
fatty acid and retinal degeneration. This finding may indicate that the loss of ELOVL4 in
photoreceptors does not reduce their viability. Indeed, the adverse effect of the ELOVL4
mutation associated with STGD3 in patients may result from protein misrouting due to
the loss of the dilysine endoplasmic reticulum retention motif [134]. However, human RPE
cells (ARPE-19) also express ELOVL4 and generate Elovs, suggesting they may provide
ELV-32 and ELV-34 to photoreceptors lacking ELOVL4 [135]. Application of ELV-32 and
ELV-34 to RPE cells exposed to uncompensated oxidative stress (H»O,) and inflammatory
stimuli (TNF-«) protect the cells from apoptotic death by promoting the expression of
pro-survival proteins Bcl2 and Bcl-xL, while suppressing pro-apoptotic Bax [135]. The
protective action of ELVs appears independent from the increase in NPD1 due to 15-LOX-1
activation by oxidative stress, as ELVs still exert their protection against oxidative stress in
the presence of an inhibitor of 15-LOX-1 [135]. The role of ELOVL4-derived elovanoids in
photoreceptors and RPE cells has recently been reviewed [136].

6. Lipids Endowed with Antioxidant Actions in Staple Foods

Patients with visual loss due to retinal degeneration have few therapeutic options,
except for the recently introduced gene therapy for the biallelic pathogenic mutations of
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RPE65 [137]. Considering the evidence of the role of oxidative stress in triggering photore-
ceptors and RPE cells’ demise, several nutritional supplements have been investigated in
the past to assess their ability to slow down the degeneration and delay the progressive
disability. Considering the prevalence of AMD in Caucasians and the ageing population in
the western world, most studies have focused on the impact of nutritional supplements
on AMD. A 2012 review found that most recent studies at that time focused on DHA,
xanthophylls, vitamins B12 and B9, and the active principles of the Age-related Eye Dis-
ease Study (AREDS) formulation, i.e., vitamin C, E, beta carotene, and zinc with copper.
However, the assessment of specific components of the AREDs formulation by several
Cochrane systematic reviews could not find DHA, vitamin E and beta-carotene as beneficial
for slowing AMD progression [138-142]. In addition, it was found that beta-carotene in the
original formulation increased the risk of lung cancer in smokers and former smokers.

For this reason, the AREDS2 formulation included the xanthophylls lutein and zeax-
anthin in place of beta-carotene [143]. A long-term follow-up of the AREDS2 study
indicates that 10 mg lutein and 2 mg zeaxanthin were adequate replacements for beta
carotene [144]. The evidence for lipidic and non-lipidic antioxidants in AMD has recently
been reviewed [145,146].

Sections 3 and 4 have detailed the physiological roles DHA, VLCFA, and aldehydes
derived from vitamin A have in vision. Beyond their functional roles in vision, DHA,
VLCFA, and vitamin A-derived aldehydes may undergo oxidation, and their oxidized
product may have either antioxidant properties or generate oxidants. However, in front
of the evidence from in vitro studies and in vivo analysis using animal models, the lack
of efficacy for these molecules found in several systematic Cochrane reviews [138-142] is
somewhat puzzling.

In Section 5, we have discussed antioxidant defences, including mechanisms control-
ling DHA synthesis in photoreceptors, from the early to the late life stages. Such careful
control suggests an optimal DHA level so that either lower or higher levels may result
in decreased efficacy compared to the optimal level. The notion of optimal DHA level is
relevant when considering that data on DHA antioxidant role from in vitro studies and
preclinical models do not consider the variable intakes occurring in humans. The point
relevance extends beyond DHA and may apply to several lipidic antioxidants in staple
foods, such as vitamin E, the stilbene resveratrol, and carotenoids, which have shown an-
tioxidant properties and have been found to protect the retina from degenerating (recently
reviewed in [146,147]). In reviewing data from clinical trials on the protection afforded by
lipid molecules toward retinal degenerative disease, it is therefore essential to compare
the doses tested with their nutritional intakes from staple foods. Accordingly, the analysis
must be restricted to those lipid molecules with significant nutritional intakes. In the case
of resveratrol, analysis of its plasma levels following intakes consistent with red wine
consumption suggests it is only present in trace amounts 30 min from ingestion and is
then rapidly metabolized [148]. The average amount of resveratrol contained in red wine
(1.9 mg/L) is quite variable (SD = 1.7 mg/L), and the average intake of resveratrol and
its glycosides in a Spanish cohort of over 40,000 subjects is less than 1 mg/day (recently
reviewed by [149]). For these reasons, we will not analyse in detail the protective role
against retinal degeneration afforded by resveratrol as a component of staple food.

In the following, we will recapitulate the evidence for DHA, xanthophylls, saffron,
and vitamin E, focusing on nutritional intakes to address in Section 7 (Discussion) their
role as confounding factors that may contribute to the controversial results of clinical trials
on their protective role.

6.1. DHA

A 2015 systematic Cochrane review based on two randomized controlled trials (RCT)
carried out in France (NAT2), and the USA (AREDS2) compared w-3 fatty acids to a placebo
or no intervention [150]. The review failed to find significant evidence that the treatment
either slows AMD progression or reduces the risk of developing moderate to severe visual
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loss. In the AREDS?2 study, patients had either the accumulation of large deposits of lipid
material between RPE cells and choroidal capillaries (drusen) in both eyes or large drusen
in one eye and advanced AMD in the other eye. In the NAT2 study, patients had early AMD
in the study eye and choroidal neovascularization (CNV) in the other eye. The intervention
differed slightly. The AREDS2 patients took either 650 mg EPA and 350 mg DHA or the
placebo in addition to the AREDS2 formulation with vitamins and zinc. The NAT2 patients
received either 840 mg DHA and 270 mg EPA or a placebo. According to the European Food
Safety Authority (EFSA), uptake up to 1 g/day does not appear to pose health threats [151]
and is about three times the EFSA nutritional recommendation of cumulative EPA + DHA
intake (250 mg/day) for the maintenance of normal vision in the general population [152].
The Dietary Reference Intakes (DRI) developed for the USA and Canada recommend w3
LCPUEFA up to 10% of the total energy provided by w3 PUFA Acceptable Macronutrient
Data Range (AMDR) of 0.6-1.2% of daily energy intake. Considering an elderly patient’s
average energy intake of roughly 1800 Kcal/day, 1.2% of 2000 Kcal corresponds to 21.6 Kcal,
ie., to 2.4 g of total w3 PUFA. According to DRI, this patient’s intake would be 10% of 2.4 g,
i.e., 240 mg, close to the 250 mg recommended by the EFSA.

The results from these systematic Cochrane reviews are puzzling, as previous observa-
tional studies in 75,889 women of the Nurses” Health Study (NHS) and 38,961 men of the
Health Professionals Follow-up Study (HPFS) older than 50 years found higher intakes of
EPA and DHA inversely relate to the risk of developing AMD [153]. Notably, the study
assessed EPA and DHA plasma levels to monitor the correspondence between intakes and
plasma levels in subjects whose EPA and DHA intakes only come from food to evaluate
the impact of long-term nutritional habits. The higher and lower DHA + EPA quintile
intakes in the two cohorts were either 416 and 67 for NHS or 697 and 93 mg/day for HPFS,
i.e., the intake in the highest quintile was over twice the recommended intake, also due to
fish oil supplements taken by 12% of the NHS and 16% of the HPFS group in the upper
quintiles. Compared to the lowest quintile of intake, the highest DHA intake reduced the
risk of developing intermediate AMD but did not reduce the risk of developing advanced
AMD. An interesting finding is that 96% of advanced forms are due to the neovascular
form, which is so prevalent over geographical atrophy (GA), the advanced form of dry
AMD, suggesting EPA + DHA may prevent more effectively the evolution of dry form
to GA.

The efficacy of DHA + EPA in AMD toward the incidence of early AMD was also
found in other observational studies, such as the Blue Mountains Eye Study [154]. In the
AREDS study, the protection afforded by the highest intakes in w3 LCPUFA was found
to last up to 12 years, as patients with the highest median cumulative intakes of EPA and
DHA (160 mg/day) were nearly 30% less likely to progress to advanced AMD [155].

These observational studies indicate that DHA and EPA, as part of a healthy lifestyle,
are associated with a reduced risk of developing AMD and progressing from early to
intermediate AMD. However, RCT trials could not find a significant reduction in the risk
of progressing from intermediate to advanced AMD.

6.2. Xanthophylls

The xanthophyll lutein is a molecule endowed with antioxidant and anti-inflammatory
properties that attenuate light-induced oxidative stress, DNA strand breaks, and photore-
ceptor loss in mice [156] (reviewed in [157]). Lutein is present in the macula, the retinal
region with the highest cone photoreceptor density in humans. Chemical investigation
of carotenoid derivatives in the macula indicates the presence of zeaxanthin at a higher
concentration than lutein [158]; moreover, the macula also contains the stereoisomer meso-
zeaxanthin [159]. Interestingly, plasma analysis only found lutein and zeaxanthin, sug-
gesting macular meso-zeaxanthin results from the local conversion of lutein, which has a
higher level in plasma than zeaxanthin but lower levels than the two zeaxanthin isomers
in the macula [159]. The accumulation of lutein and zeaxanthin in the eye occurs via an
uptake mechanism distinct from other carotenoids, such as vitamin A (recently reviewed
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in [160]). The distribution of xanthophylls in the macula relates to the selective binding of
zeaxanthin and meso-zeaxanthin with the Pi isoform of human glutathione S-transferase
(GSTP1) [161], while lutein binds to the isoform 3 of the steroidogenic acute regulatory
domain (StARD3) [162] (recently reviewed in [163,164]).

Lutein and zeaxanthin accumulate in the macula due to their nutritional intake. Table 1
reports lutein, zeaxanthin, and their cumulated contents for several staple foods from
the USDA nutritional database (https://fdc.nal.usda.gov/ (accessed on 15 March 2022)).
According to Table 1, spinach, turnip greens, Swiss chard, and collards provide the highest
cumulative lutein and zeaxanthin content. Note that one serving size of spinach may
provide a cumulative intake of lutein and zeaxanthin nearly equivalent to the supplement
provided in three days during the AREDS2 clinical trial (12 mg/day).

Table 1. Lutein and zeaxanthin content of staple food from the USDA database.

FOOD Serving Weight (g) Serving Size Lutein (ug)  Zeaxanthin (ug) Zea;e:lrltteli?n-'-( ug)
Grade A egg 50.3 1Egg 116 115
Tomatoes, grapes, raw 49.7 5 Tomatoes 47.2 447
Butter stick, salted 100 100 g 12 4
Milk, whole, 3,25% fat 249 1 Cup 124 2.49
Milk, non-fat 246 1 Cup 2.46 0
Spinach, frozen, cooked, 215 1Cup L o 33,600
no fat
Spice, paprika 2.3 1 TSP — — 436
Cress, raw 50 1 Cup — — 6250
Turnip greens, frozen,
cooked, drained 220 1 Package — — 26,200
Swiss chard, frozen,
cooked, drained 175 1 Cup, chopped — — 19,300
Collards, frozen, cooked, 175 1Cup . . 18,500
no fat
Radicchio, raw 40 1 Cup — — 3530
Kale, fresh, cooked, no fat 130 1 Cup — — 8290
Peas, green, cooked, 160 1Cup L o 4150

boiled, drained

It should also be considered that intestinal absorption may affect plasma levels besides
food content. Indeed, the bioavailability of carotenoids in vegetables is low (14%), but a
substantially higher value has been reported for lutein (67%) [165,166], with several factors,
including fat composition and food matrix affecting the intestinal uptake [167].

The relevance of nutritional intakes of lutein and zeaxanthin emerged from observing
an inverse relation between vegetable intake and the risk for AMD [168], which prompted
the large-scale study Age-Related Eye Disease Study (AREDS2). This study found an
inverse relationship between lutein and zeaxanthin intakes and the risk of developing
AMD [143]. In a subset of the Rotterdam study population, homozygotes for the CFH Y402H
allele conferring a high risk of developing AMD had a risk reduction from 2.63 to 1.72, with
the lowest risk being associated with the highest tertile intakes (3.23 & 0.66 mg/day) of
lutein/zeaxanthin, while the lowest tertile (1.50 = 0.25 mg/day) had the highest risk [169].
These findings indicate a significant protective role against early AMD in subjects at
higher risk for AMD. Furthermore, analysis of the risk of developing advanced AMD,
either wet or non-exudative, in Nurses” Health Study and Health Professionals Follow-up
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Study participants indicates that the lutein/zeaxanthin highest quintiles intake (4.78 and
5.47 mg/day, respectively) had an AMD Relative Risk of 0.59 when compared to the lowest
quintiles (1.66 and 1.85 mg/day, respectively) [170].

Furthermore, the study indicates an inverse linear relationship between cumula-
tive lutein/zeaxanthin intakes and Relative Risk [170], suggesting that more than 5 and
6 mg/day for women and men could afford higher protection against the risk of developing
AMD. Indeed, a linear increase in plasma lutein has been reported in response to lutein
intakes up to 20 mg/day [171].

Despite the evidence that lutein intakes up to 20 mg/day could be safe, no upper
nutritional limits are available for lutein and zeaxanthin [172], and care should be exerted
in taking supplements with high dosages that add up with food intake. It should also be
considered that plasma levels reach a plateau after about three weeks at this high intake
level, suggesting a control over lutein absorption and the lack of benefit for long-term
intakes at 20 mg/day or higher.

An intriguing consideration is that lutein may have protective effects against blue
light-induced photoactivation of A2E, a carotenoid derivative, via lutein conversion into
meso-zeaxanthin by the isomer hydrolase activity of RPE-65 [173], the critical enzyme in
the biosynthesis of 11-cis retinal [174], the A2E precursor. Furthermore, the convergence of
retinol palmitate and lutein on the same enzyme suggests that RPE65 upregulation may
increase both 11-cis retinal and meso-zeaxanthin, helping to counteract the adverse effect of
11-cis retinal by-product A2E.

Lutein and Zeaxanthin Roles as Blue Light Filters

Section 4 reviewed the evidence indicating that blue light (400480 nm) affects RPE
cells via A2E activation. However, eye anatomy and its optics causing blue light to focus
nearly 300 mm from green/yellow light may significantly attenuate its impact in vivo
compared to the exposure of cultured cells. Nevertheless, blue light reaches RPE cells,
and attenuation may help reduce A2E photoconversion in reactive compounds. Blue light
absorption by xanthophylls lutein and zeaxanthin may still help attenuate light reaching
RPE cells and prevent oxidative damage in the long term. Both lutein and zeaxanthin
absorb blue light with a peak close to 450 when incorporated in liposomes [175]. A
randomized, double-blind, placebo-controlled clinical trial in 59 male and female subjects
aged 20-69 years found evidence that 16 weeks of diet supplemented with 12 mg/d
lutein improved macular pigment density and prevented the loss of resolution due to
optical glare [176], an effect related to blue light absorption by xanthophylls rather than
by their antioxidant properties. Recently, xanthophylls have been proposed to operate
as light-modulated sunscreen with light absorption, causing trans-cis photoisomerization,
promoting their reorientation in the membrane plane and increasing their ability to absorb
incident blue light in model membranes as well as in the human retina [177]. Notably, the
reorientation occurs on a millisecond time scale, indicating that xanthophylls may operate
as fast photodynamic switches.

The notion of xanthophylls as blue light filters is consistent with their distribution
in the primate retina. The analysis indicates that most pigment accumulates in the foveal
region but in the outer plexiform layer (OPL) rather than in the IS, where mitochondria
operation generates reactive oxygen species or in the OS, where blue light triggers A2E
conversion in oxidants [178].

The screening of blue light by lutein and zeaxanthin adds up to the protection pro-
vided by chromatic aberration to photoreceptors and RPE cells, but the available evi-
dence indicates that they are not just blue light filters. Indeed, lutein has been reported
to reduce ocular inflammation in conditions ranging from endotoxin-induced uveitis to
streptozotocin-induced diabetes and retinal ischemia/reperfusion, and in vitro tests have
shown its ability to inhibit NFkB activation [157] (reviewed in [179,180]). Moreover, lutein’s
anti-inflammatory effects may extend beyond the retina, with reduced activation and
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decreased secretion of inflammatory cytokines by the BV-2 microglia cell line [181] and
reduced inflammatory biomarkers in adults with central obesity [182].

6.3. Saffron

Saffron is a spice that has attracted interest in retinal degeneration since the report of
the preservation of both anatomy and function in rats prefed with saffron and exposed to
bright continuous light [183]. On the other hand, (3-carotene prefed rats had anatomical
preservation of photoreceptors whose functionality was almost lost [183]. Although this
initial observation was intriguing, defining the underlying molecular steps involved in
the mechanisms of food requires the definition of its chemical constituents as well as the
possible role of cultivars, soil characteristics and climatic properties on active components.
In the case of saffron, more than 150 different chemicals have been extracted, but only a
third have been identified. Chemical analysis indicates that saffron protective effects on
retinal degeneration may relate to its crocin content [184,185], a group of esters between
crocetin (a diterpenoid and natural carotenoid dicarboxylic acid) and disaccharides, such
as gentobiose. Although crocin and crocetin have antioxidant properties, the protection
against light damage in rats suggests they may act via specific pathways. Continuous
light upregulates the expression of cannabinoid receptors type 1 and 2 (Cbr1 and Cbr2)
transcripts and their protein products [186] with a more substantial effect on CBR2. The
protein CBR2 has been linked to immune system modulation (reviewed in [187]) and
reported to be upregulated in cultured human Miiller glial cells isolated from cadaveric
donors in response to bacterial lipopolysaccharide (LPS) [188]. The LPS also promoted the
transcription of several inflammatory cytokines, such as TNF-« and IL-6, and the endo-
cannabinoid 2-arachidonoylglicerol (2-AG) inhibited their transcription and release in the
medium acting through the mitogen-activated protein kinases (MAPK) [188] suggesting
that activation of cannabinoid receptors may reduce LPS-triggered inflammation. The ob-
servations that saffron blocks CB1R and CB2R upregulation in response to continuous light
and the protection from retinal damage in response to continuous light by the intravitreal
injection of either a selective CBR1 antagonist (rimonabant) or a CBR2 inverse agonist
(SR144528) [186], suggest that saffron may act on retinal target distinct from Miiller glial
cells. Analysis of ERG’s response to light stimuli found an increase in the a-wave response
at the highest intensities tested, indicating an increase in the response of photoreceptors in
Cbr2 KO mice compared to wt [189]. Although these findings suggest that blocking CBR2
may protect photoreceptors, the acute application of the inverse agonist AM-630 did fail
to increase ERG a-wave, while a seven-day application mimicked the increased responses
observed in Cbr2 KO mice [189]. The authors concluded that the effects of Cbr2 KO may
represent an effect not directly linked to the block of signal transduction via the CB2R, as
shown by the inverse agonist AM-630 failing to affect the ERG response.

Another critical point with food is assessing whether the effects observed in vitro or an-
imal models could be replicated in patients. A comparison of saffron and lutein/zeaxanthin
supplements in AMD patients indicated that sight remained stable in saffron-treated
(20 mg/day—nhttps://clinicaltrials.gov/ct2 /show /record /NCT00951288 (accessed on
14 January 2023)) and declined in lutein/zeaxanthin-treated patients over 29 &+ 5 months [190].
In a randomized and controlled clinical trial, Stargardt patients with defects in ABCA4
(see Section 4 above) were treated for six months with saffron supplements (20 mg/ die)
or a placebo and assessed at baseline and after six months. Vision did not decline in
patients treated with saffron, while a tendency toward a decrease was observed in patients
treated with a placebo [191]. Two reviews of different studies in patients treated with
saffron concluded that saffron has a promising potential as an effective and safe adjunct
therapy [192,193] in AMD [194-198], glaucoma [199] and diabetic retinopathy [200]. These
data suggest that 20 mg/day of saffron may slow down the time course of visual loss in
AMD patients, and it is, therefore, relevant to compare saffron nutritional intakes. A list of
over 30 recipes using saffron (https://www.bbcgoodfood.com/recipes/collection/saffron-
recipes (accessed on 26 February 2023)) indicates this spice is common to Spain, Italy, India
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and several other countries in South Europe and Middle-East. The saffron amount for rice
and saffron recipe provides about 50 mg/serving indicating the daily doses administered to
patients fall in the range provided by three serving/week. A point that deserves attention
is that the study in patients [190,191] used a patented saffron formulation (Saffron Repron),
and its match with saffron produced from different cultivars raised in areas with soil and
climate differences is presently unclear.

6.4. Vitamin E

Tocopherols are a class of lipid-soluble molecules with varying degrees of antioxidant
activity. Among tocopherols, x-tocopherol is considered the most active form and repre-
sentative of vitamin E activity. Vitamin E is a potent antioxidant with anti-inflammatory
activity, reducing lipid peroxidation and superoxide ion O,°*~ production as well as inflam-
matory cytokines production and the inflammatory marker reactive C protein (reviewed
in [201]).

Considering the high content of w3 LCPUFA in photoreceptors OS and the elevated
pOs in the subretinal space where OS sit (see Sections 2 and 3), it is reasonable to expect
a-tocopherol would protect photoreceptors and RPE from oxidative stress and inflamma-
tion associated with retinal degenerative diseases. The AREDS and the AREDS2 studies
included 400 IU of vitamin E and 500 mg of vitamin C in their formula. One IU vitamin
E corresponds to 0.67 mg of x-tocopherol (https://dsid.od.nih.gov/Conversions.php (ac-
cessed on 27 February 2023)), indicating AREDS and AREDS2 provide a daily intake of
268 mg of vitamin E equivalent to 268 mg of a-tocopherol. This amount should be com-
pared to a-tocopherol RDA for adults provided by DRI (https:/ /nap.nationalacademies.
org/read/9810/chapter/1 (accessed on 27 February 2023)) (15 mg/day for both genders)
and Al provided by EFSA (13 and 11 mg/day for men and women, respectively) [202]. Al-
though the chronic vitamin E intake of patients enrolled in AREDS and AREDS2 studies is
over 15 times the RDA, the DRI also reports the tolerable upper level (UL) for x-tocopherols
at 1000 mg/day, indicating that the high intake provided by the treatment may not pose a
health threat to enrolled patients.

Although both AREDS studies found that including the high dose of vitamin E reduced
the progression from intermediate to advanced AMD, studies analysing the impact of
vitamin E alone did not provide compelling evidence for its efficacy. In a prospective
randomised, placebo-controlled clinical trial in 1193 healthy volunteers aged between
55 and 80 years, 500 IU vitamin E daily for four years reduced neither the incidence of early
AMD compared to placebo (8.6% vs. 8.1%) nor the development of late AMD (0.8% vs.
0.6%) [203]. In a randomized, double-masked, placebo-controlled trial, 14,236 healthy male
physicians aged > 50 received 400 IU vitamin E or placebo on alternate days and 500 mg
vitamin C or placebo daily for eight years. The results indicate no significant differences
associated with treatment, with 96 and 97 AMD cases in the vitamin E and placebo groups,
respectively [204]. A Cochrane systematic review of eight randomized trials compared
vitamins (vitamin A or beta-carotene) or mineral supplements to assess their efficacy in
preventing AMD or slowing its progression over a treatment time of 4-12 years. The
results indicated no evidence for vitamin E or beta-carotene in preventing AMD. However,
combining vitamins and minerals slowed AMD progression to advanced AMD and visual
acuity loss, suggesting that antioxidant vitamin supplements do not prevent AMD [138,205].
Two additional Cochrane systematic reviews have analysed the impact of vitamin E on
the development [141] or the progression [142] of AMD using a more extensive database.
The conclusion was that vitamin E did not prevent AMD or slow its onset and that people
taking antioxidant vitamins were less likely to progress to late AMD, although the overall
effect was modest.

7. Discussion

High oxygen availability provided by choroidal capillaries to support oxidative
metabolism [33], exposure to visible light stimuli in the range of 400—480 nm, and high
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polyunsaturated lipids content [49,50] make the retina an oxidative stress-prone tissue [13].
Indeed, lipid peroxidation and their conversion in reactive species promoting inflammation
have been reported and connected to retinal degenerations [11,12,57,58]. However, despite
these adverse conditions, the retina provides us with visual insights over several tens of
years, resulting from a strategy based on multiple layers of protection. Besides the first level,
based on the anatomical organization of the retina to avoid reactive species generation close
to sensitive cell structures, the organization in a metabolic ecosystem with the release of
neurotrophin such as RACVF [42,43] affords a second level of protection. Finally, multiple
and independent evidence indicate a third level of protection afforded by retinal lipids
oxidation that generates lipid mediators [128], such as NPD1 [101-103], counteracting the
inflammation and death pathways triggered by specific signalling pathways in response to
signals from the prooxidant retinal environment.

More recently, novel very-long fatty acids, longer than 28 carbon atoms, have been
identified [132] and chemically characterized as products of elongase Elovl4, coded by
a gene whose defects have been found cause retinal degeneration in patients. These
elovanoids appear to have protective actions independent from NPD1 [5,135,136].

The fourth level of protection is afforded by lifestyle, with nutrients found in staple
foods as increased levels of their intake having proved protective against some forms of
retinal degeneration. It is important to note that for the AREDS2 formulation, including the
xanthophylls lutein and zeaxanthin, the National Eye Institute has clarified that the formula
does not prevent early AMD from developing into intermediate AMD but may prevent inter-
mediate AMD from developing into late AMD (see https://www.nei.nih.gov/learn-about-
eye-health/eye-conditions-and-diseases/age-related-macular-degeneration/nutritional-
supplements-age-related-macular-degeneration (accessed on 19 January 2023)).

This clinical observation may indicate that multiple mechanisms operate in retinal
degeneration and that the efficacy of a given formula may only prove effective over mecha-
nisms operating in a specific stage of the clinical course. A related concept is that different
chemicals may operate on different mechanisms over different stages of the disease, possibly
explaining why saffron has been reported to be more effective than lutein and zeaxanthin
in delaying AMD progression over a relatively short assessment time [190].

In discussing the pleiotropic actions on retinal cells viability and function of several
lipids, such as w3 LCPUFA and carotenoids, their antioxidant properties provide the
starting point. Two recent reviews have analysed the discrepancies between the antioxidant
properties measured in vitro and the results from clinical trials [206,207]. A relevant case is
that of (3-carotene, whose potent antioxidant actions and scavenging of singlet oxygen may
predict a protective role against cancer, while clinical trials found an increased risk of cancer
in smokers [208,209]. As discussed in [206], 3-carotene antioxidant properties may depend
on the interaction with other food components, and it may exhibit good radical trapping
properties for pO, tension lower than those in normal air (150 Torr or about 0.2 Atm) [210].
Indeed, at pO; levels close to normal air, 3-carotene may lose its antioxidant properties and,
especially at higher concentrations, may display autocatalytic prooxidant behaviour [210].

The context-dependent switch from anti- to prooxidant behaviour may also hold for
other carotenoids with conjugated double bonds, a notion relevant as we have reviewed in
Section 2 the evidence of elevated pO; levels in RPE cells. Indeed, analysis in the human
retina found that xanthophylls effectively quench singlet oxygen generated in response to
white light stimuli [211]. However, the study was conducted in the macula of cadaveric
donors, and the pO; was likely lower than in vivo. In fact, in a heterogeneous lipid /water
environment, the efficacy of 3-carotene and zeaxanthin in preventing unsaturated fatty
acid methyl esters peroxidation increased with concentration and was inversely related
to pO; and did not show a clear dependence on carotenoids structural properties [212].
Zeaxanthin’s antioxidant properties toward egg yolk phosphatidylcholine appear enhanced
by its interaction with the binding protein GSTP1 [213]. Considering accumulation of
zeaxanthin in the OPL, it seems unlikely that it may exert significant antioxidant actions in
the OS and RPE cells.
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Furthermore, the similar antioxidant properties of 3-carotene and xanthophylls may
not match the protection afforded by xanthophylls over 3-carotene toward AMD progres-
sion from intermediate to advanced AMD [214]. Furthermore, crocin, the aglycone of
the saffron pigment and active principle crocetin, has been reported to lack scavenging
activity against the superoxide anion displayed by xanthophylls [215]. However, saffron
appears more effective in AMD patients than xanthophylls [190]. Last, the lack of evidence
from clinical trials that the chain-breaking antioxidant vitamin E does not afford protection
against AMD or its progression from early to advanced AMD suggests that the antioxidant
properties of several lipid molecules may not fully account for their protection toward the
progression from intermediate to late AMD.

As recently suggested for carotenoid-mediated health benefits [207], carotenoids and
w3-LCPUFA may have pleiotropic actions via cellular signalling pathways controlling the
expression of genes coding for enzymes involved in the cellular responses to antioxidants.
In some cases, they may synergize [216], possibly by converging on retinoid receptors [126].
Lutein has recently been proposed to act in mice via multiple antioxidant pathways in
response to light-induced oxidative stress [217], reducing oxidant generation and, in par-
allel, promoting the expression of superoxide dismutase coding genes Sod1 and Sod2
and reducing markers of macrophages recruitment to the RPE-choroid. A recent review
covers antioxidant enzymatic pathways that protect photoreceptors and RPE cells from
degeneration [218].

The notion of retinal degeneration as a multiple-stage process involving stage-specific
mechanisms, ranging from oxidative stress through inflammatory responses, may help
explain the puzzling findings provided by data from clinical trials assessing the protec-
tion by lipid molecules in staple foods toward AMD. Most observational clinical trials
enrolling many patients, conducted over 612 years, and monitoring long-term nutritional
intakes of w3 LCPUFA and xanthophylls provided evidence for protection against incident
AMD [153-155]. On the other hand, systematic Cochrane reviews generated negative re-
sults for w3 LCPUFA preventing the progression from intermediate to advanced AMD [150].
Although randomized double-blind and placebo-controlled clinical trials represent the
gold standard in clinical research, and the evidence they provide is considered superior to
observational trials, it is also apparent that in this case, they have been looking for different
outcomes, i.e., the prevention of incident AMD or the progression from intermediate to
advanced forms. These different outcomes may result from different mechanisms operating
in the initial stages, where DHA and other LCPUFA may play a protective role, and in the
progression from intermediate to advanced forms, where the w3 LCPUFA are not effective.
The DHA accumulates in photoreceptors, and substantially lower levels are found in RPE
cells. Daily intakes of 250 mg EPA + DHA may afford protection against blue light induced
AZE conversion to epoxides, sparing an oxidative burden on RPE cells phagocyting shed
OS, thus protecting RPE cells from blue light photosensitization. However, once lipofuscin
accumulates in RPE cells, w3 LCPUFA in photoreceptors may not prevent the progression
from intermediate to advanced AMD that involves the RPE cells. Similar consideration may
apply to xanthophylls, which have low levels in RPE cells and accumulate in the OPL layer.

An important concept emerging from discovering multiple protective mechanisms is
the need for their coordination. We have reported and discussed the emerging evidence for
multiple control levels setting the expression of Elovl2, which codes for a critical enzyme
in the conversion of EPA into DPA and in the further processing of DPA in the pathway
to DHA. Furthermore, multiple transcription factors control Elovl2 expression during
development, adult life, and ageing, but the mechanisms controlling these transitions
and the consequence of their faulty operation remains unassessed. An area that will
require additional investigation is the definition of pathways affecting gene coding for the
generation of protective lipid derivatives and the response to oxidants, as they may provide
insights into strategies for improving retinal cell viability.

The methodological advances in single-cell transcriptomics may provide novel insights
into the molecular organization of cell ecosystems, such as that describing the interactions
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between rods, cone and RPE cells, with significant advances in the understanding at the
molecular level of their advantages in terms of resilience and the role lipid derivatives play
in a complex organization of multiple cell types.

8. Conclusions

An important concept emerging from discovering multiple protective mechanisms is
the need for their coordination. We have reported and discussed the evidence for multiple
control levels ranging from the anatomical organization of photoreceptors and RPE cells,
the distribution of macular xanthophylls, and DHA synthesis in photoreceptors. The
different distributions of these molecules in photoreceptors and RPE cells may explain their
protection in different stages of retinal degenerative diseases.

Author Contributions: G.C.D.: writing—original draft preparation, review and editing; B.L.:
writing—review and editing. All authors have read and agreed to the published version of the
manuscript. Authorship is limited to those who have contributed substantially to the work reported.

Funding: This research received no external funding.

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

References

1.  O’Brien, ].S.; Sampson, E.L. Lipid composition of the normal human brain: Gray matter, white matter, and myelin. . Lipid Res.
1965, 6, 537-544. [CrossRef] [PubMed]

2. Chang, C.Y,; Ke, D.S,; Chen, ].Y. Essential fatty acids and human brain. Acta. Neurol. Taiwan 2009, 18, 231-241.

3. Proces, A.; Luciano, M.; Kalukula, Y.; Ris, L.; Gabriele, S. Multiscale Mechanobiology in Brain Physiology and Diseases. Front.
Cell Dev. Biol. 2022, 10, 823857. [CrossRef] [PubMed]

4. Dyall, S.C. Long-chain omega-3 fatty acids and the brain: A review of the independent and shared effects of EPA, DPA and DHA.
Front. Aging Neurosci. 2015, 7, 52. [CrossRef] [PubMed]

5. Dyall, S.C;; Balas, L.; Bazan, N.G.; Brenna, ].T.; Chiang, N.; da Costa Souza, F,; Dalli, J.; Durand, T.; Galano, ].M.; Lein, PJ.; et al.
Polyunsaturated fatty acids and fatty acid-derived lipid mediators: Recent advances in the understanding of their biosynthesis,
structures, and functions. Prog. Lipid Res. 2022, 86, 101165. [CrossRef]

6.  Shokri-Kojori, E.; Tomasi, D.; Alipanahi, B.; Wiers, C.E.; Wang, G.]J.; Volkow, N.D. Correspondence between cerebral glucose
metabolism and BOLD reveals relative power and cost in human brain. Nat. Commun. 2019, 10, 690. [CrossRef] [PubMed]

7. Raichle, M.E.; Gusnard, D.A. Appraising the brain’s energy budget. Proc. Natl. Acad. Sci. USA 2002, 99, 10237-10239. [CrossRef]
[PubMed]

8. Salim, S. Oxidative Stress and the Central Nervous System. J. Pharmacol. Exp. Ther. 2017, 360, 201-205. [CrossRef]

9.  Jelinek, M,; Jurajda, M.; Duris, K. Oxidative Stress in the Brain: Basic Concepts and Treatment Strategies in Stroke. Antioxidants
2021, 10, 1886. [CrossRef]

10. Cobley, J.N.; Fiorello, M.L.; Bailey, D.M. 13 reasons why the brain is susceptible to oxidative stress. Redox Biol. 2018, 15, 490-503.
[CrossRef]

11. Berkowitz, B.A.; Bredell, B.X.; Davis, C.; Samardzija, M.; Grimm, C.; Roberts, R. Measuring In Vivo Free Radical Production by
the Outer Retina. Investig. Ophthalmol. Vis. Sci. 2015, 56, 7931-7938. [CrossRef]

12.  Prunty, M.C.; Aung, M.H.; Hanif, A.M.; Allen, R.S.; Chrenek, M.A.; Boatright, ].H.; Thule, PM.; Kundu, K.; Murthy, N.; Pardue,
M.T. In Vivo Imaging of Retinal Oxidative Stress Using a Reactive Oxygen Species-Activated Fluorescent Probe. Investig.
Ophthalmol. Vis. Sci. 2015, 56, 5862-5870. [CrossRef] [PubMed]

13. Catala, A. An overview of lipid peroxidation with emphasis in outer segments of photoreceptors and the chemiluminescence
assay. Int. ]. Biochem. Cell Biol. 2006, 38, 1482-1495. [CrossRef] [PubMed]

14. Kanow, M.A,; Giarmarco, M.M.; Jankowski, C.S.; Tsantilas, K.; Engel, A.L.; Du, ].; Linton, J.D.; Farnsworth, C.C.; Sloat, S.R.;
Rountree, A.; et al. Biochemical adaptations of the retina and retinal pigment epithelium support a metabolic ecosystem in the
vertebrate eye. Elife 2017, 6, €28899. [CrossRef] [PubMed]

15.  Vellani, V.; Mauro, G.; Demontis, G.C. Depleted Calcium Stores and Increased Calcium Entry in Rod Photoreceptors of the
Cacna2d4 Mouse Model of Cone-Rod Dystrophy RCDA4. Int. J. Mol. Sci. 2022, 23, 13080. [CrossRef] [PubMed]

16. Andreazzoli, M.; Barravecchia, I.; De Cesari, C.; Angeloni, D.; Demontis, G.C. Inducible Pluripotent Stem Cells to Model and
Treat Inherited Degenerative Diseases of the Outer Retina: 3D-Organoids Limitations and Bioengineering Solutions. Cells 2021,
10, 2489. [CrossRef]

17.  Poli, G.; Barravecchia, I.; Demontis, G.C.; Sodi, A.; Saba, A ; Rizzo, S.; Macchia, M.; Tuccinardi, T. Predicting potentially pathogenic

effects of hRPE65 missense mutations: A computational strategy based on molecular dynamics simulations. J. Enzyme Inhib. Med.
Chem. 2022, 37, 1765-1772. [CrossRef]


http://doi.org/10.1016/S0022-2275(20)39619-X
http://www.ncbi.nlm.nih.gov/pubmed/5865382
http://doi.org/10.3389/fcell.2022.823857
http://www.ncbi.nlm.nih.gov/pubmed/35419366
http://doi.org/10.3389/fnagi.2015.00052
http://www.ncbi.nlm.nih.gov/pubmed/25954194
http://doi.org/10.1016/j.plipres.2022.101165
http://doi.org/10.1038/s41467-019-08546-x
http://www.ncbi.nlm.nih.gov/pubmed/30741935
http://doi.org/10.1073/pnas.172399499
http://www.ncbi.nlm.nih.gov/pubmed/12149485
http://doi.org/10.1124/jpet.116.237503
http://doi.org/10.3390/antiox10121886
http://doi.org/10.1016/j.redox.2018.01.008
http://doi.org/10.1167/iovs.15-18420
http://doi.org/10.1167/iovs.15-16810
http://www.ncbi.nlm.nih.gov/pubmed/26348635
http://doi.org/10.1016/j.biocel.2006.02.010
http://www.ncbi.nlm.nih.gov/pubmed/16621670
http://doi.org/10.7554/eLife.28899
http://www.ncbi.nlm.nih.gov/pubmed/28901286
http://doi.org/10.3390/ijms232113080
http://www.ncbi.nlm.nih.gov/pubmed/36361866
http://doi.org/10.3390/cells10092489
http://doi.org/10.1080/14756366.2022.2090547

Antioxidants 2023, 12, 617 23 of 30

18.

19.
20.
21.
22.
23.
24.
25.

26.
27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Meschede, L.P,; Ovenden, N.C.; Seabra, M.C.; Futter, C.E.; Votruba, M.; Cheetham, M.E.; Burgoyne, T. Symmetric arrangement of
mitochondria:plasma membrane contacts between adjacent photoreceptor cells regulated by Opal. Proc. Natl. Acad. Sci. USA
2020, 117, 15684-15693. [CrossRef]

Burns, M.E.; Arshavsky, V.Y. Beyond counting photons: Trials and trends in vertebrate visual transduction. Neuron 2005, 48,
387-401. [CrossRef]

Strauss, O. The retinal pigment epithelium in visual function. Physiol. Rev. 2005, 85, 845-881. [CrossRef]

Nickla, D.L.; Wallman, J. The multifunctional choroid. Prog. Retin. Eye Res. 2010, 29, 144-168. [CrossRef]

Zouache, M.A; Eames, L; Klettner, C.A.; Luthert, PJ. Form, shape and function: Segmented blood flow in the choriocapillaris. Sci.
Rep. 2016, 6, 35754. [CrossRef] [PubMed]

Demontis, G.C.; Longoni, B.; Gargini, C.; Cervetto, L. The energetic cost of photoreception in retinal rods of mammals. Arch. Ital.
Biol. 1997, 135, 95-109. [PubMed]

Okawa, H.; Sampath, A.P.; Laughlin, S.B.; Fain, G.L. ATP consumption by mammalian rod photoreceptors in darkness and in
light. Curr. Biol. 2008, 18, 1917-1921. [CrossRef] [PubMed]

Parver, L.M.; Auker, C.; Carpenter, D.O. Choroidal blood flow as a heat dissipating mechanism in the macula. Am. |. Ophthalmol.
1980, 89, 641-646. [CrossRef]

Parver, L.M. Temperature modulating action of choroidal blood flow. Eye 1991, 5 Pt 2, 181-185. [CrossRef]

Wubben, T.].; Pawar, M.; Smith, A.; Toolan, K.; Hager, H.; Besirli, C.G. Photoreceptor metabolic reprogramming provides survival
advantage in acute stress while causing chronic degeneration. Sci. Rep. 2017, 7, 17863. [CrossRef]

Hoppe, G.; Yoon, S.; Gopalan, B.; Savage, A.R.; Brown, R.; Case, K.; Vasanji, A.; Chan, E.R; Silver, R.B.; Sears, ].E. Comparative
systems pharmacology of HIF stabilization in the prevention of retinopathy of prematurity. Proc. Natl. Acad. Sci. USA 2016, 113,
E2516-E2525. [CrossRef]

Winkler, B.S. Glycolytic and oxidative metabolism in relation to retinal function. J. Gen. Physiol. 1981, 77, 667-692. [CrossRef]
Winkler, B.S.; Starnes, C.A.; Twardy, B.S.; Brault, D.; Taylor, R.C. Nuclear magnetic resonance and biochemical measurements of
glucose utilization in the cone-dominant ground squirrel retina. Investig. Ophthalmol. Vis. Sci. 2008, 49, 4613—-4619. [CrossRef]
Linsenmeier, R.A. Effects of light and darkness on oxygen distribution and consumption in the cat retina. J. Gen. Physiol. 1986, 88,
521-542. [CrossRef]

Demontis, G.C.; Ratto, G.M.; Bisti, S.; Cervetto, L. Effect of blocking the Na+/K+ ATPase on Ca2+ extrusion and light adaptation
in mammalian retinal rods. Biophys. ]. 1995, 69, 439-450. [CrossRef]

Linsenmeier, R.A.; Zhang, H.F. Retinal oxygen: From animals to humans. Prog. Retin. Eye Res. 2017, 58, 115-151. [CrossRef]
Zhang, P; Shibata, B.; Peinado, G.; Zawadzki, R.J.; FitzGerald, P.; Pugh, E.N., Jr. Measurement of Diurnal Variation in Rod Outer
Segment Length In Vivo in Mice With the OCT Optoretinogram. Investig. Ophthalmol. Vis. Sci. 2020, 61, 9. [CrossRef]

Fox, P.T.; Raichle, M.E.; Mintun, M.A.; Dence, C. Nonoxidative glucose consumption during focal physiologic neural activity.
Science 1988, 241, 462-464. [CrossRef] [PubMed]

Andersen, J.V.; Markussen, K.H.; Jakobsen, E.; Schousboe, A.; Waagepetersen, H.S.; Rosenberg, P.A.; Aldana, B.I. Glutamate
metabolism and recycling at the excitatory synapse in health and neurodegeneration. Neuropharmacology 2021, 196, 108719.
[CrossRef] [PubMed]

Warburg, O. On the origin of cancer cells. Science 1956, 123, 309-314. [CrossRef] [PubMed]

Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029-1033. [CrossRef] [PubMed]

Chinchore, Y.; Begaj, T.; Wu, D.; Drokhlyansky, E.; Cepko, C.L. Glycolytic reliance promotes anabolism in photoreceptors. Elife
2017, 6, €25946. [CrossRef]

Swarup, A.; Samuels, L.S.; Bell, B.A.; Han, J.Y.S,; Du, J.; Massenzio, E.; Abel, E.D.; Boesze-Battaglia, K.; Peachey, N.S.; Philp, N.J.
Modulating GLUT1 expression in retinal pigment epithelium decreases glucose levels in the retina: Impact on photoreceptors
and Muller glial cells. Am. J. Physiol. Cell Physiol. 2019, 316, C121-C133. [CrossRef]

Jonnal, R.S.; Besecker, J.R.; Derby, J.C.; Kocaoglu, O.P,; Cense, B.; Gao, W.; Wang, Q.; Miller, D.T. Imaging outer segment renewal
in living human cone photoreceptors. Opt. Express 2010, 18, 5257-5270. [CrossRef] [PubMed]

Ait-Ali, N.; Fridlich, R.; Millet-Puel, G.; Clerin, E.; Delalande, F,; Jaillard, C.; Blond, F.; Perrocheau, L.; Reichman, S.; Byrne,
L.C.; et al. Rod-derived cone viability factor promotes cone survival by stimulating aerobic glycolysis. Cell 2015, 161, 817-832.
[CrossRef] [PubMed]

Mei, X.; Chaffiol, A.; Kole, C.; Yang, Y.; Millet-Puel, G.; Clerin, E.; Ait-Ali, N.; Bennett, J.; Dalkara, D.; Sahel, J.A.; et al. The
Thioredoxin Encoded by the Rod-Derived Cone Viability Factor Gene Protects Cone Photoreceptors Against Oxidative Stress.
Antioxid. Redox Signal. 2016, 24, 909-923. [CrossRef] [PubMed]

Kevany, B.M.; Palczewski, K. Phagocytosis of retinal rod and cone photoreceptors. Physiology 2010, 25, 8-15. [CrossRef]

Stinson, A.M.; Wiegand, R.D.; Anderson, R.E. Fatty acid and molecular species compositions of phospholipids and diacylglycerols
from rat retinal membranes. Exp. Eye Res. 1991, 52, 213-218. [CrossRef]

Bretillon, L.; Thuret, G.; Gregoire, S.; Acar, N.; Joffre, C.; Bron, A.M.; Gain, P.; Creuzot-Garcher, C.P. Lipid and fatty acid profile of
the retina, retinal pigment epithelium/choroid, and the lacrimal gland, and associations with adipose tissue fatty acids in human
subjects. Exp. Eye Res. 2008, 87, 521-528. [CrossRef]


http://doi.org/10.1073/pnas.2000304117
http://doi.org/10.1016/j.neuron.2005.10.014
http://doi.org/10.1152/physrev.00021.2004
http://doi.org/10.1016/j.preteyeres.2009.12.002
http://doi.org/10.1038/srep35754
http://www.ncbi.nlm.nih.gov/pubmed/27779198
http://www.ncbi.nlm.nih.gov/pubmed/9101022
http://doi.org/10.1016/j.cub.2008.10.029
http://www.ncbi.nlm.nih.gov/pubmed/19084410
http://doi.org/10.1016/0002-9394(80)90280-9
http://doi.org/10.1038/eye.1991.32
http://doi.org/10.1038/s41598-017-18098-z
http://doi.org/10.1073/pnas.1523005113
http://doi.org/10.1085/jgp.77.6.667
http://doi.org/10.1167/iovs.08-2004
http://doi.org/10.1085/jgp.88.4.521
http://doi.org/10.1016/S0006-3495(95)79917-9
http://doi.org/10.1016/j.preteyeres.2017.01.003
http://doi.org/10.1167/iovs.61.3.9
http://doi.org/10.1126/science.3260686
http://www.ncbi.nlm.nih.gov/pubmed/3260686
http://doi.org/10.1016/j.neuropharm.2021.108719
http://www.ncbi.nlm.nih.gov/pubmed/34273389
http://doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://doi.org/10.7554/eLife.25946
http://doi.org/10.1152/ajpcell.00410.2018
http://doi.org/10.1364/OE.18.005257
http://www.ncbi.nlm.nih.gov/pubmed/20389538
http://doi.org/10.1016/j.cell.2015.03.023
http://www.ncbi.nlm.nih.gov/pubmed/25957687
http://doi.org/10.1089/ars.2015.6509
http://www.ncbi.nlm.nih.gov/pubmed/27025156
http://doi.org/10.1152/physiol.00038.2009
http://doi.org/10.1016/0014-4835(91)90261-C
http://doi.org/10.1016/j.exer.2008.08.010

Antioxidants 2023, 12, 617 24 of 30

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

Hayasaka, T.; Goto-Inoue, N.; Sugiura, Y.; Zaima, N.; Nakanishi, H.; Ohishi, K.; Nakanishi, S.; Naito, T.; Taguchi, R.; Setou,
M. Matrix-assisted laser desorption/ionization quadrupole ion trap time-of-flight (MALDI-QIT-TOF)-based imaging mass
spectrometry reveals a layered distribution of phospholipid molecular species in the mouse retina. Rapid Commun. Mass. Spectrom.
2008, 22, 3415-3426. [CrossRef]

Pereiro, X.; Fernandez, R.; Barreda-Gomez, G.; Ruzafa, N.; Acera, A.; Araiz, ]J.; Astigarraga, E.; Vecino, E. Comparative
lipidomic analysis of mammalian retinal ganglion cells and Muller glia in situ and in vitro using High-Resolution Imaging Mass
Spectrometry. Sci. Rep. 2020, 10, 20053. [CrossRef]

Agbaga, M.P,; Merriman, D.K.; Brush, R.S.; Lydic, T.A.; Conley, S.M.; Naash, M.L; 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]

Fliesler, S.J.; Anderson, R.E. Chemistry and metabolism of lipids in the vertebrate retina. Prog. Lipid Res. 1983, 22, 79-131.
[CrossRef]

Verra, D.M.; Spinnhirny, P.; Sandu, C.; Gregoire, S.; Acar, N.; Berdeaux, O.; Bretillon, L.; Sparrow, J.R.; Hicks, D. Intrinsic
differences in rod and cone membrane composition: Implications for cone degeneration. Graefes Arch. Clin. Exp. Ophthalmol. 2022,
260, 3131-3148. [CrossRef] [PubMed]

Gorusupudi, A,; Liu, A.; Hageman, G.S.; Bernstein, P.S. Associations of human retinal very long-chain polyunsaturated fatty
acids with dietary lipid biomarkers. J. Lipid Res. 2016, 57, 499-508. [CrossRef] [PubMed]

Lamb, T.D.; Pugh, E.N,, Jr. Phototransduction, dark adaptation, and rhodopsin regeneration the proctor lecture. Investig.
Ophthalmol. Vis. Sci. 2006, 47, 5137-5152. [CrossRef]

Yue, WW.S,; Silverman, D.; Ren, X.; Frederiksen, R.; Sakai, K.; Yamashita, T.; Shichida, Y.; Cornwall, M.C.; Chen, J.; Yau, K.W.
Elementary response triggered by transducin in retinal rods. Proc. Natl. Acad. Sci. USA 2019, 116, 5144-5153. [CrossRef] [PubMed]
Heck, M.; Hofmann, K.P; Kraft, TW.; Lamb, T.D. Phototransduction gain at the G-protein, transducin, and effector protein,
phosphodiesterase-6, stages in retinal rods. Proc. Natl. Acad. Sci. USA 2019, 116, 8653-8654. [CrossRef]

Arshavsky, V.Y,; Lamb, T.D.; Pugh, E.N., Jr. G proteins and phototransduction. Annu. Rev. Physiol. 2002, 64, 153-187. [CrossRef]
[PubMed]

Enoki, M.; Shinto, S.; Matsuoka, Y.; Otsuka, A.; Kaidzu, S.; Tanito, M.; Shibata, T.; Uchida, K.; Ohira, A.; Yamato, M.; et al. Lipid
radicals cause light-induced retinal degeneration. Chem. Commun. 2017, 53, 10922-10925. [CrossRef]

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]

Pinilla, I.; Maneu, V.; Campello, L.; Fernandez-Sanchez, L.; Martinez-Gil, N.; Kutsyr, O.; Sanchez-Saez, X.; Sanchez-Castillo, C.;
Lax, P.; Cuenca, N. Inherited Retinal Dystrophies: Role of Oxidative Stress and Inflammation in Their Physiopathology and
Therapeutic Implications. Antioxidants 2022, 11, 1086. [CrossRef]

Domenech, E.B.; Marfany, G. The Relevance of Oxidative Stress in the Pathogenesis and Therapy of Retinal Dystrophies.
Antioxidants 2020, 9, 347. [CrossRef]

Sun, M.; Finnemann, S.C.; Febbraio, M.; Shan, L.; Annangudi, S.P; Podrez, E.A.; Hoppe, G.; Darrow, R.; Organisciak, D.T.;
Salomon, R.G.; et al. Light-induced oxidation of photoreceptor outer segment phospholipids generates ligands for CD36-mediated
phagocytosis by retinal pigment epithelium: A potential mechanism for modulating outer segment phagocytosis under oxidant
stress conditions. J. Biol. Chem. 2006, 281, 4222-4230. [CrossRef] [PubMed]

Liu, Y;; Zhang, D.; Wu, Y.; Ji, B. Docosahexaenoic acid aggravates photooxidative damage in retinal pigment epithelial cells via
lipid peroxidation. J. Photochem. Photobiol. B 2014, 140, 85-93. [CrossRef] [PubMed]

Nag, T.C. Pathogenic mechanisms contributing to the vulnerability of aging human photoreceptor cells. Eye 2021, 35, 2917-2929.
[CrossRef]

van Norren, D.; Vos, ].J. Light damage to the retina: An historical approach. Eye 2016, 30, 169-172. [CrossRef]

Ouyang, X,; Yang, J.; Hong, Z.; Wu, Y;; Xie, Y.; Wang, G. Mechanisms of blue light-induced eye hazard and protective measures: A
review. Biomed. Pharmacother. 2020, 130, 110577. [CrossRef]

Yang, J.H.; Basinger, S.F,; Gross, R.L.; Wu, S.M. Blue light-induced generation of reactive oxygen species in photoreceptor
ellipsoids requires mitochondrial electron transport. Investig. Ophthalmol. Vis. Sci. 2003, 44, 1312-1319. [CrossRef]

Grimm, C.; Wenzel, A ; Hafezi, F; Yu, S.; Redmond, T.M.; Reme, C.E. Protection of Rpe65-deficient mice identifies rhodopsin as a
mediator of light-induced retinal degeneration. Nat. Genet. 2000, 25, 63-66. [CrossRef]

Demontis, G.C.; Longoni, B.; Marchiafava, P.L. Molecular steps involved in light-induced oxidative damage to retinal rods.
Investig. Ophthalmol. Vis. Sci. 2002, 43, 2421-2427.

Liu, J.; Itagaki, Y.; Ben-Shabat, S.; Nakanishi, K.; Sparrow, ]J.R. The biosynthesis of A2E, a fluorophore of aging retina, involves
the formation of the precursor, A2-PE, in the photoreceptor outer segment membrane. J. Biol. Chem. 2000, 275, 29354-29360.
[CrossRef]

Quazi, E; Lenevich, S.; Molday, R.S. ABCA4 is an N-retinylidene-phosphatidylethanolamine and phosphatidylethanolamine
importer. Nat. Commun. 2012, 3, 925. [CrossRef] [PubMed]

Maeda, A.; Golczak, M.; Maeda, T.; Palczewski, K. Limited roles of Rdh8, Rdh12, and Abca4 in all-trans-retinal clearance in mouse
retina. Investig. Ophthalmol. Vis. Sci. 2009, 50, 5435-5443. [CrossRef] [PubMed]


http://doi.org/10.1002/rcm.3751
http://doi.org/10.1038/s41598-020-77087-x
http://doi.org/10.1194/jlr.M082495
http://doi.org/10.1016/0163-7827(83)90004-8
http://doi.org/10.1007/s00417-022-05684-9
http://www.ncbi.nlm.nih.gov/pubmed/35524799
http://doi.org/10.1194/jlr.P065540
http://www.ncbi.nlm.nih.gov/pubmed/26764040
http://doi.org/10.1167/iovs.06-0849
http://doi.org/10.1073/pnas.1817781116
http://www.ncbi.nlm.nih.gov/pubmed/30796193
http://doi.org/10.1073/pnas.1904017116
http://doi.org/10.1146/annurev.physiol.64.082701.102229
http://www.ncbi.nlm.nih.gov/pubmed/11826267
http://doi.org/10.1039/C7CC03387G
http://doi.org/10.1016/j.preteyeres.2017.03.002
http://doi.org/10.3390/antiox11061086
http://doi.org/10.3390/antiox9040347
http://doi.org/10.1074/jbc.M509769200
http://www.ncbi.nlm.nih.gov/pubmed/16354659
http://doi.org/10.1016/j.jphotobiol.2014.07.016
http://www.ncbi.nlm.nih.gov/pubmed/25108204
http://doi.org/10.1038/s41433-021-01602-1
http://doi.org/10.1038/eye.2015.218
http://doi.org/10.1016/j.biopha.2020.110577
http://doi.org/10.1167/iovs.02-0768
http://doi.org/10.1038/75614
http://doi.org/10.1074/jbc.M910191199
http://doi.org/10.1038/ncomms1927
http://www.ncbi.nlm.nih.gov/pubmed/22735453
http://doi.org/10.1167/iovs.09-3944
http://www.ncbi.nlm.nih.gov/pubmed/19553623

Antioxidants 2023, 12, 617 25 of 30

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Maeda, A.; Maeda, T.; Sun, W.; Zhang, H.; Baehr, W.; Palczewski, K. Redundant and unique roles of retinol dehydrogenases in the
mouse retina. Proc. Natl. Acad. Sci. USA 2007, 104, 19565-19570. [CrossRef] [PubMed]

Quazi, F; Molday, R.S. ATP-binding cassette transporter ABCA4 and chemical isomerization protect photoreceptor cells from the
toxic accumulation of excess 11-cis-retinal. Proc. Natl. Acad. Sci. USA 2014, 111, 5024-5029. [CrossRef]

Allikmets, R.; Singh, N.; Sun, H.; Shroyer, N.F.; Hutchinson, A.; Chidambaram, A.; Gerrard, B.; Baird, L.; Stauffer, D.; Peiffer, A ;
et al. A photoreceptor cell-specific ATP-binding transporter gene (ABCR) is mutated in recessive Stargardt macular dystrophy.
Nat. Genet. 1997, 15, 236-246. [CrossRef] [PubMed]

Allikmets, R.; Shroyer, N.F,; Singh, N.; Seddon, ] M.; Lewis, R.A.; Bernstein, P.S; Peiffer, A.; Zabriskie, N.A.; Li, Y.; Hutchinson, A;
et al. Mutation of the Stargardt disease gene (ABCR) in age-related macular degeneration. Science 1997, 277, 1805-1807. [CrossRef]
Ben-Shabat, S.; Itagaki, Y.; Jockusch, S.; Sparrow, J.R.; Turro, N.J.; Nakanishi, K. Formation of a nonaoxirane from AZ2E, a lipofuscin
fluorophore related to macular degeneration, and evidence of singlet oxygen involvement. Angew. Chem. Int. Ed. Engl. 2002, 41,
814-817. [CrossRef]

Reszka, K.; Eldred, G.E.; Wang, R.H.; Chignell, C.; Dillon, J. The photochemistry of human retinal lipofuscin as studied by EPR.
Photochem. Photobiol. 1995, 62, 1005-1008. [CrossRef]

Boyer, N.P.,; Higbee, D.; Currin, M.B.; Blakeley, L.R.; Chen, C.; Ablonczy, Z.; Crouch, R.K.; Koutalos, Y. Lipofuscin and N-
retinylidene-N-retinylethanolamine (A2E) accumulate in retinal pigment epithelium in absence of light exposure: Their origin is
11-cis-retinal. |. Biol. Chem. 2012, 287, 22276-22286. [CrossRef]

Lenis, TL.; Hu, J.; Ng, S.Y; Jiang, Z.; Sarfare, S.; Lloyd, M.B.; Esposito, N.J.; Samuel, W.; Jaworski, C.; Bok, D.; et al. Expression of
ABCAA4 in the retinal pigment epithelium and its implications for Stargardt macular degeneration. Proc. Natl. Acad. Sci. USA
2018, 115, E11120-E11127. [CrossRef]

Donato, L.; Scimone, C.; Alibrandi, S.; Pitruzzella, A.; Scalia, F.; D’Angelo, R.; Sidoti, A. Possible A2E Mutagenic Effects on RPE
Mitochondrial DNA from Innovative RN A-Seq Bioinformatics Pipeline. Antioxidants 2020, 9, 1158. [CrossRef]

Donato, L.; D’Angelo, R.; Alibrandi, S.; Rinaldi, C.; Sidoti, A.; Scimone, C. Effects of A2E-Induced Oxidative Stress on Retinal
Epithelial Cells: New Insights on Differential Gene Response and Retinal Dystrophies. Antioxidants 2020, 9, 307. [CrossRef]
[PubMed]

Wang, J.; Feng, Y.; Han, P; Wang, F.; Luo, X.; Liang, J.; Sun, X.; Ye, ].; Lu, Y.; Sun, X. Photosensitization of A2E triggers telomere
dysfunction and accelerates retinal pigment epithelium senescence. Cell Death Dis. 2018, 9, 178. [CrossRef] [PubMed]

Fritsche, L.G.; Igl, W.; Bailey, ].N.; Grassmann, F,; Sengupta, S.; Bragg-Gresham, ].L.; Burdon, K.P.; Hebbring, S.J.; Wen, C.; Gorski,
M.; et al. A large genome-wide association study of age-related macular degeneration highlights contributions of rare and
common variants. Nat. Genet. 2016, 48, 134-143. [CrossRef] [PubMed]

Black, J.R.; Clark, S.J. Age-related macular degeneration: Genome-wide association studies to translation. Genet. Med. 2016, 18,
283-289. [CrossRef] [PubMed]

Zhou, J.; Jang, Y.P; Kim, S.R.; Sparrow, ].R. Complement activation by photooxidation products of A2E, a lipofuscin constituent
of the retinal pigment epithelium. Proc. Natl. Acad. Sci. USA 2006, 103, 16182-16187. [CrossRef] [PubMed]

Sparrow, ].R. Bisretinoids of RPE lipofuscin: Trigger for complement activation in age-related macular degeneration. Adv. Exp.
Med. Biol. 2010, 703, 63-74. [CrossRef] [PubMed]

Dhooge, PP.A.; Runhart, E.H.; Li, CH.Z.; de Kat Angelino, C.M.; Hoyng, C.B.; van der Molen, R.G.; den Hollander, A.I. Systemic
complement activation levels in Stargardt disease. PLoS ONE 2021, 16, e0253716. [CrossRef]

Parmar, V.M.; Parmar, T.; Arai, E.; Perusek, L.; Maeda, A. A2E-associated cell death and inflammation in retinal pigmented
epithelial cells from human induced pluripotent stem cells. Stem Cell Res. 2018, 27, 95-104. [CrossRef]

Taylor, AW.; Hsu, S.; Ng, T.F. The Role of Retinal Pigment Epithelial Cells in Regulation of Macrophages/Microglial Cells in
Retinal Immunobiology. Front. Immunol. 2021, 12, 724601. [CrossRef]

Wong, ] H.C.; Ma, ].YW.; Jobling, A.L; Brandli, A.; Greferath, U.; Fletcher, E.L.; Vessey, K.A. Exploring the pathogenesis of
age-related macular degeneration: A review of the interplay between retinal pigment epithelium dysfunction and the innate
immune system. Front. Neurosci. 2022, 16, 1009599. [CrossRef]

Murenu, E.; Gerhardt, M.].; Biel, M.; Michalakis, S. More than meets the eye: The role of microglia in healthy and diseased retina.
Front. Immunol. 2022, 13, 1006897. [CrossRef]

Peng, B.; Xiao, J.; Wang, K.; So, K.E; Tipoe, G.L.; Lin, B. Suppression of microglial activation is neuroprotective in a mouse model
of human retinitis pigmentosa. J. Neurosci. 2014, 34, 8139-8150. [CrossRef]

Du, Y,; Veenstra, A.; Palczewski, K.; Kern, T.S. Photoreceptor cells are major contributors to diabetes-induced oxidative stress and
local inflammation in the retina. Proc. Natl. Acad. Sci. USA 2013, 110, 16586-16591. [CrossRef]

Pryor, W.A. Oxy-radicals and related species: Their formation, lifetimes, and reactions. Annu. Rev. Physiol. 1986, 48, 657-667.
[CrossRef] [PubMed]

Winterbourn, C.C. Reconciling the chemistry and biology of reactive oxygen species. Nat. Chem. Biol. 2008, 4, 278-286. [CrossRef]
[PubMed]

Casolino, M.; Bidoli, V.; Morselli, A.; Narici, L.; De Pascale, M.P; Picozza, P.; Reali, E.; Sparvoli, R.; Mazzenga, G.; Ricci, M,; et al.
Space travel: Dual origins of light flashes seen in space. Nature 2003, 422, 680. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.0707477104
http://www.ncbi.nlm.nih.gov/pubmed/18048336
http://doi.org/10.1073/pnas.1400780111
http://doi.org/10.1038/ng0397-236
http://www.ncbi.nlm.nih.gov/pubmed/9054934
http://doi.org/10.1126/science.277.5333.1805
http://doi.org/10.1002/1521-3773(20020301)41:5&lt;814::AID-ANIE814&gt;3.0.CO;2-2
http://doi.org/10.1111/j.1751-1097.1995.tb02400.x
http://doi.org/10.1074/jbc.M111.329235
http://doi.org/10.1073/pnas.1802519115
http://doi.org/10.3390/antiox9111158
http://doi.org/10.3390/antiox9040307
http://www.ncbi.nlm.nih.gov/pubmed/32290199
http://doi.org/10.1038/s41419-017-0200-7
http://www.ncbi.nlm.nih.gov/pubmed/29415988
http://doi.org/10.1038/ng.3448
http://www.ncbi.nlm.nih.gov/pubmed/26691988
http://doi.org/10.1038/gim.2015.70
http://www.ncbi.nlm.nih.gov/pubmed/26020418
http://doi.org/10.1073/pnas.0604255103
http://www.ncbi.nlm.nih.gov/pubmed/17060630
http://doi.org/10.1007/978-1-4419-5635-4_5
http://www.ncbi.nlm.nih.gov/pubmed/20711707
http://doi.org/10.1371/journal.pone.0253716
http://doi.org/10.1016/j.scr.2018.01.014
http://doi.org/10.3389/fimmu.2021.724601
http://doi.org/10.3389/fnins.2022.1009599
http://doi.org/10.3389/fimmu.2022.1006897
http://doi.org/10.1523/JNEUROSCI.5200-13.2014
http://doi.org/10.1073/pnas.1314575110
http://doi.org/10.1146/annurev.ph.48.030186.003301
http://www.ncbi.nlm.nih.gov/pubmed/3010829
http://doi.org/10.1038/nchembio.85
http://www.ncbi.nlm.nih.gov/pubmed/18421291
http://doi.org/10.1038/422680a
http://www.ncbi.nlm.nih.gov/pubmed/12700751

Antioxidants 2023, 12, 617 26 of 30

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Narici, L.; Paci, M.; Brunetti, V.; Rinaldi, A.; Sannita, W.G.; Carozzo, S.; Demartino, A. Bovine rod rhodopsin: 2. Bleaching in vitro
upon 12C ions irradiation as source of effects as light flash for patients and for humans in space. Int. J. Radiat. Biol. 2013, 89,
765-769. [CrossRef] [PubMed]

Spitschan, M.; Aguirre, G.K.; Brainard, D.H.; Sweeney, A.M. Variation of outdoor illumination as a function of solar elevation and
light pollution. Sci. Rep. 2016, 6, 26756. [CrossRef]

Vinas, M.; Dorronsoro, C.; Cortes, D.; Pascual, D.; Marcos, S. Longitudinal chromatic aberration of the human eye in the visible
and near infrared from wavefront sensing, double-pass and psychophysics. Biomed. Opt. Express 2015, 6, 948-962. [CrossRef]
Marie, M.; Bigot, K.; Angebault, C.; Barrau, C.; Gondouin, P; Pagan, D.; Fouquet, S.; Villette, T.; Sahel, J.A.; Lenaers, G.; et al.
Light action spectrum on oxidative stress and mitochondrial damage in A2E-loaded retinal pigment epithelium cells. Cell Death
Dis. 2018, 9, 287. [CrossRef]

Bazan, N.G.; Calandria, ].M.; Serhan, C.N. Rescue and repair during photoreceptor cell renewal mediated by docosahexaenoic
acid-derived neuroprotectin D1. J. Lipid Res. 2010, 51, 2018-2031. [CrossRef] [PubMed]

Mukherjee, PK.; Marcheselli, V.L.; Barreiro, S.; Hu, J.; Bok, D.; Bazan, N.G. Neurotrophins enhance retinal pigment epithelial cell
survival through neuroprotectin D1 signaling. Proc. Natl. Acad. Sci. USA 2007, 104, 13152-13157. [CrossRef] [PubMed]
Mukherjee, P.K.; Marcheselli, V.L.; de Rivero Vaccari, J.C.; Gordon, W.C.; Jackson, FE.; Bazan, N.G. Photoreceptor outer segment
phagocytosis attenuates oxidative stress-induced apoptosis with concomitant neuroprotectin D1 synthesis. Proc. Natl. Acad. Sci.
USA 2007, 104, 13158-13163. [CrossRef] [PubMed]

Kang, ].X.; Wang, ].; Wu, L.; Kang, Z.B. Transgenic mice: Fat-1 mice convert n-6 to n-3 fatty acids. Nature 2004, 427, 504. [CrossRef]
[PubMed]

Suh, M; Sauve, Y.; Merrells, K.J.; Kang, ] X.; Ma, D.W. Supranormal electroretinogram in fat-1 mice with retinas enriched in
docosahexaenoic acid and n-3 very long chain fatty acids (C24-C36). Investig. Ophthalmol. Vis. Sci. 2009, 50, 4394-4401. [CrossRef]
[PubMed]

Tanito, M.; Brush, R.S.; Elliott, M.H.; Wicker, L.D.; Henry, K.R.; Anderson, R.E. High levels of retinal membrane docosahexaenoic
acid increase susceptibility to stress-induced degeneration. J. Lipid Res. 2009, 50, 807-819. [CrossRef]

Simon, M.V.; Agnolazza, D.L.; German, O.L.; Garelli, A.; Politi, L.E.; Agbaga, M.P.; Anderson, R.E.; Rotstein, N.P. Synthesis of
docosahexaenoic acid from eicosapentaenoic acid in retina neurons protects photoreceptors from oxidative stress. J. Neurochem.
2016, 136, 931-946. [CrossRef] [PubMed]

Kim, ] W,; Yang, H.J.; Brooks, M.].; Zelinger, L.; Karakulah, G.; Gotoh, N.; Boleda, A.; Gieser, L.; Giuste, F.; Whitaker, D.T.; et al.
NRL-Regulated Transcriptome Dynamics of Developing Rod Photoreceptors. Cell Rep. 2016, 17, 2460-2473. [CrossRef] [PubMed]
Khanna, H.; Akimoto, M.; Siffroi-Fernandez, S.; Friedman, ].S.; Hicks, D.; Swaroop, A. Retinoic acid regulates the expression of
photoreceptor transcription factor NRL. J. Biol. Chem. 2006, 281, 27327-27334. [CrossRef]

Cheng, H.; Aleman, T.S.; Cideciyan, A.V.,; Khanna, R.; Jacobson, S.G.; Swaroop, A. In vivo function of the orphan nuclear receptor
NR2E3 in establishing photoreceptor identity during mammalian retinal development. Hum. Mol. Genet. 2006, 15, 2588-2602.
[CrossRef]

Xia, Q.Q.; Zhang, L.M.; Zhou, Y.Y.; Wu, Y.L.; Li, ]. All-trans-retinoic acid generation is an antidotal clearance pathway for
all-trans-retinal in the retina. J. Zhejiang Univ. Sci. B 2019, 20, 960-971. [CrossRef]

Ueno, K.; Iwagawa, T.; Ochiai, G.; Koso, H.; Nakauchi, H.; Nagasaki, M.; Suzuki, Y.; Watanabe, S. Analysis of Muller glia specific
genes and their histone modification using Hes1-promoter driven EGFP expressing mouse. Sci. Rep. 2017, 7, 3578. [CrossRef]
Nikonov, S.S.; Daniele, L.L.; Zhu, X.; Craft, C.M.; Swaroop, A.; Pugh, E.N., Jr. Photoreceptors of Nrl - /- mice coexpress functional
S- and M-cone opsins having distinct inactivation mechanisms. J. Gen. Physiol. 2005, 125, 287-304. [CrossRef]

Nguyen, T.M.D. Adiponectin: Role in Physiology and Pathophysiology. Int. J. Prev. Med. 2020, 11, 136. [CrossRef]

Osada, H.; Toda, E.; Homma, K.; Guzman, N.A.; Nagai, N.; Ogawa, M.; Negishi, K.; Arita, M.; Tsubota, K.; Ozawa, Y. ADIPOR1
deficiency-induced suppression of retinal ELOVL2 and docosahexaenoic acid levels during photoreceptor degeneration and
visual loss. Cell Death Dis. 2021, 12, 458. [CrossRef]

Rice, D.S.; Calandria, ].M.; Gordon, W.C.; Jun, B.; Zhou, Y.; Gelfman, C.M.; Li, S.; Jin, M.; Knott, E.J.; Chang, B.; et al. Adiponectin
receptor 1 conserves docosahexaenoic acid and promotes photoreceptor cell survival. Nat. Commun. 2015, 6, 6228. [CrossRef]
[PubMed]

Sluch, V.M.; Banks, A ; Li, H.; Crowley, M.A,; Davis, V.; Xiang, C.; Yang, J.; Demirs, ].T.; Vrouvlianis, J.; Leehy, B.; et al. ADIPOR1
is essential for vision and its RPE expression is lost in the Mfrp(rd6) mouse. Sci. Rep. 2018, 8, 14339. [CrossRef] [PubMed]

Ruiz, M.; Devkota, R.; Panagaki, D.; Bergh, P.O.; Kaper, D.; Henricsson, M.; Nik, A.; Petkevicius, K.; Hoog, J.L.; Bohlooly, Y.M.;
et al. Sphingosine 1-phosphate mediates adiponectin receptor signaling essential for lipid homeostasis and embryogenesis. Nat.
Commun. 2022, 13, 7162. [CrossRef] [PubMed]

Kita, S.; Fukuda, S.; Maeda, N.; Shimomura, I. Native adiponectin in serum binds to mammalian cells expressing T-cadherin, but
not AdipoRs or calreticulin. Elife 2019, 8, e48675. [CrossRef] [PubMed]

Pilon, M. Paradigm shift: The primary function of the "Adiponectin Receptors" is to regulate cell membrane composition. Lipids
Health Dis. 2021, 20, 43. [CrossRef]

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]


http://doi.org/10.3109/09553002.2013.800245
http://www.ncbi.nlm.nih.gov/pubmed/23638692
http://doi.org/10.1038/srep26756
http://doi.org/10.1364/BOE.6.000948
http://doi.org/10.1038/s41419-018-0331-5
http://doi.org/10.1194/jlr.R001131
http://www.ncbi.nlm.nih.gov/pubmed/20382842
http://doi.org/10.1073/pnas.0705949104
http://www.ncbi.nlm.nih.gov/pubmed/17670936
http://doi.org/10.1073/pnas.0705963104
http://www.ncbi.nlm.nih.gov/pubmed/17670935
http://doi.org/10.1038/427504a
http://www.ncbi.nlm.nih.gov/pubmed/14765186
http://doi.org/10.1167/iovs.08-2565
http://www.ncbi.nlm.nih.gov/pubmed/19264893
http://doi.org/10.1194/jlr.M800170-JLR200
http://doi.org/10.1111/jnc.13487
http://www.ncbi.nlm.nih.gov/pubmed/26662863
http://doi.org/10.1016/j.celrep.2016.10.074
http://www.ncbi.nlm.nih.gov/pubmed/27880916
http://doi.org/10.1074/jbc.M605500200
http://doi.org/10.1093/hmg/ddl185
http://doi.org/10.1631/jzus.B1900271
http://doi.org/10.1038/s41598-017-03874-8
http://doi.org/10.1085/jgp.200409208
http://doi.org/10.4103/ijpvm.IJPVM_193_20
http://doi.org/10.1038/s41419-021-03741-5
http://doi.org/10.1038/ncomms7228
http://www.ncbi.nlm.nih.gov/pubmed/25736573
http://doi.org/10.1038/s41598-018-32579-9
http://www.ncbi.nlm.nih.gov/pubmed/30254279
http://doi.org/10.1038/s41467-022-34931-0
http://www.ncbi.nlm.nih.gov/pubmed/36418331
http://doi.org/10.7554/eLife.48675
http://www.ncbi.nlm.nih.gov/pubmed/31647413
http://doi.org/10.1186/s12944-021-01468-y
http://doi.org/10.1111/acel.13100

Antioxidants 2023, 12, 617 27 of 30

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Swinkels, D.; Das, Y.; Kocherlakota, S.; Vinckier, S.; Wever, E.; van Kampen, A.H.C.; Vaz, EM.; Baes, M. Cell Type-Selective Loss
of Peroxisomal beta-Oxidation Impairs Bipolar Cell but Not Photoreceptor Survival in the Retina. Cells 2022, 11, 161. [CrossRef]
Das, Y.; Roose, N.; De Groef, L.; Fransen, M.; Moons, L.; Van Veldhoven, P.P.; Baes, M. Differential distribution of peroxisomal
proteins points to specific roles of peroxisomes in the murine retina. Mol. Cell Biochem. 2019, 456, 53—62. [CrossRef]
Lewandowski, D.; Sander, C.L.; Tworak, A.; Gao, F.; Xu, Q.; Skowronska-Krawczyk, D. Dynamic lipid turnover in photoreceptors
and retinal pigment epithelium throughout life. Prog. Retin. Eye Res. 2022, 89, 101037. [CrossRef] [PubMed]

German, O.L.; Insua, M.E; Gentili, C.; Rotstein, N.P.; Politi, L.E. Docosahexaenoic acid prevents apoptosis of retina photoreceptors
by activating the ERK/MAPK pathway. |. Neurochem. 2006, 98, 1507-1520. [CrossRef] [PubMed]

German, O.L.; Monaco, S.; Agnolazza, D.L.; Rotstein, N.P,; Politi, L.E. Retinoid X receptor activation is essential for docosahex-
aenoic acid protection of retina photoreceptors. J. Lipid Res. 2013, 54, 2236-2246. [CrossRef] [PubMed]

Marcheselli, V.L.; Hong, S.; Lukiw, W.J.; Tian, X.H.; Gronert, K.; Musto, A.; Hardy, M.; Gimenez, ].M.; Chiang, N.; Serhan,
C.N.; et al. Novel docosanoids inhibit brain ischemia-reperfusion-mediated leukocyte infiltration and pro-inflammatory gene
expression. J. Biol. Chem. 2003, 278, 43807-43817. [CrossRef] [PubMed]

Bazan, N.G. Cell survival matters: Docosahexaenoic acid signaling, neuroprotection and photoreceptors. Trends Neurosci. 2006,
29,263-271. [CrossRef]

Agbaga, M.P; Brush, R.S.; Mandal, M.N.; Henry, K.; Elliott, M.H.; Anderson, R.E. Role of Stargardt-3 macular dystrophy protein
(ELOVLA) in the biosynthesis of very long chain fatty acids. Proc. Natl. Acad. Sci. USA 2008, 105, 12843-12848. [CrossRef]

Yu, M,; Benham, A; Logan, S.; Brush, R.S.; Mandal, M.N.A.; Anderson, R.E.; Agbaga, M.P. ELOVLA4 protein preferentially
elongates 20:5n3 to very long chain PUFAs over 20:4n6 and 22:6n3. . Lipid Res. 2012, 53, 494-504. [CrossRef]

Yeboah, G.K.; Lobanova, E.S.; Brush, R.S.; Agbaga, M.P. Very long chain fatty acid-containing lipids: A decade of novel insights
from the study of ELOVLA. J. Lipid Res. 2021, 62, 100030. [CrossRef]

Bhattacharjee, S.; Jun, B.; Belayev, L.; Heap, ].; Kautzmann, M.A.; Obenaus, A.; Menghani, H.; Marcell, S.J.; Khoutorova, L.; Yang,
R.; et al. Elovanoids are a novel class of homeostatic lipid mediators that protect neural cell integrity upon injury. Sci. Adv. 2017,
3,e1700735. [CrossRef] [PubMed]

Barabas, P; Liu, A.; Xing, W.; Chen, C.K.; Tong, Z.; Watt, C.B.; Jones, B.W.; Bernstein, P.S.; Krizaj, D. Role of ELOVL4 and very
long-chain polyunsaturated fatty acids in mouse models of Stargardt type 3 retinal degeneration. Proc. Natl. Acad. Sci. USA 2013,
110, 5181-5186. [CrossRef]

Agbaga, M.P,; Tam, B.M.; Wong, ].S.; Yang, L.L.; Anderson, R.E.; Moritz, O.L. Mutant ELOVL4 that causes autosomal dominant
stargardt-3 macular dystrophy is misrouted to rod outer segment disks. Investig. Ophthalmol. Vis. Sci. 2014, 55, 3669-3680.
[CrossRef] [PubMed]

Jun, B.; Mukherjee, PK.; 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]

Bazan, N.G. Overview of how N32 and N34 elovanoids sustain sight by protecting retinal pigment epithelial cells and photore-
ceptors. J. Lipid Res. 2021, 62, 100058. [CrossRef] [PubMed]

Russell, S.; Bennett, J.; Wellman, J.A.; Chung, D.C.; Yu, Z.F,; Tillman, A.; Wittes, J.; Pappas, J.; Elci, O.; McCague, S.; et al.
Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-mediated inherited retinal dystrophy: A
randomised, controlled, open-label, phase 3 trial. Lancet 2017, 390, 849-860. [CrossRef] [PubMed]

Evans, J.R.; Henshaw, K. Antioxidant vitamin and mineral supplements for preventing age-related macular degeneration.
Cochrane Database Syst. Rev. 2008, 1, CD000253. [CrossRef]

Evans, ].R,; Lawrenson, ].G. Antioxidant vitamin and mineral supplements for preventing age-related macular degeneration.
Cochrane Database Syst. Rev. 2012, 6, CD000253. [CrossRef]

Evans, J.R.; Lawrenson, J.G. Antioxidant vitamin and mineral supplements for slowing the progression of age-related macular
degeneration. Cochrane Database Syst. Rev. 2012, 11, CD000254. [CrossRef]

Evans, ].R.; Lawrenson, ].G. Antioxidant vitamin and mineral supplements for preventing age-related macular degeneration.
Cochrane Database Syst. Rev. 2017, 7, CD000253. [CrossRef]

Evans, J.R.; Lawrenson, J.G. Antioxidant vitamin and mineral supplements for slowing the progression of age-related macular
degeneration. Cochrane Database Syst. Rev. 2017, 7, CD000254. [CrossRef] [PubMed]

Age-Related Eye Disease Study Research Group; SanGiovanni, J.P.; Chew, E.Y.; Clemons, T.E.; Ferris, FL., 3rd; Gensler, G.;
Lindblad, A.S.; Milton, R.C.; Seddon, ].M.; Sperduto, R.D. The relationship of dietary carotenoid and vitamin A, E, and C intake
with age-related macular degeneration in a case-control study: AREDS Report No. 22. Arch. Ophthalmol. 2007, 125, 1225-1232.
[CrossRef]

Chew, E.Y.; Clemons, T.E.; Agron, E.; Domalpally, A.; Keenan, T.D.L.; Vitale, S.; Weber, C.; Smith, D.C.; Christen, W.; Group,
AR. Long-term Outcomes of Adding Lutein/Zeaxanthin and omega-3 Fatty Acids to the AREDS Supplements on Age-Related
Macular Degeneration Progression: AREDS2 Report 28. JAMA Ophthalmol. 2022, 140, 692-698. [CrossRef] [PubMed]

Carneiro, A.; Andrade, J.P. Nutritional and Lifestyle Interventions for Age-Related Macular Degeneration: A Review. Oxid. Med.
Cell Longev. 2017, 2017, 6469138. [CrossRef] [PubMed]

Dziedziak, J.; Kasarello, K.; Cudnoch-Jedrzejewska, A. Dietary Antioxidants in Age-Related Macular Degeneration and Glaucoma.
Antioxidants 2021, 10, 1743. [CrossRef] [PubMed]


http://doi.org/10.3390/cells11010161
http://doi.org/10.1007/s11010-018-3489-3
http://doi.org/10.1016/j.preteyeres.2021.101037
http://www.ncbi.nlm.nih.gov/pubmed/34971765
http://doi.org/10.1111/j.1471-4159.2006.04061.x
http://www.ncbi.nlm.nih.gov/pubmed/16923163
http://doi.org/10.1194/jlr.M039040
http://www.ncbi.nlm.nih.gov/pubmed/23723389
http://doi.org/10.1074/jbc.M305841200
http://www.ncbi.nlm.nih.gov/pubmed/12923200
http://doi.org/10.1016/j.tins.2006.03.005
http://doi.org/10.1073/pnas.0802607105
http://doi.org/10.1194/jlr.M021386
http://doi.org/10.1016/j.jlr.2021.100030
http://doi.org/10.1126/sciadv.1700735
http://www.ncbi.nlm.nih.gov/pubmed/28959727
http://doi.org/10.1073/pnas.1214707110
http://doi.org/10.1167/iovs.13-13099
http://www.ncbi.nlm.nih.gov/pubmed/24833735
http://doi.org/10.1038/s41598-017-05433-7
http://www.ncbi.nlm.nih.gov/pubmed/28706274
http://doi.org/10.1194/jlr.TR120001137
http://www.ncbi.nlm.nih.gov/pubmed/33662383
http://doi.org/10.1016/S0140-6736(17)31868-8
http://www.ncbi.nlm.nih.gov/pubmed/28712537
http://doi.org/10.1002/14651858.CD000253.pub2
http://doi.org/10.1002/14651858.CD000253.pub3
http://doi.org/10.1002/14651858.CD000254.pub3
http://doi.org/10.1002/14651858.CD000253.pub4
http://doi.org/10.1002/14651858.CD000254.pub4
http://www.ncbi.nlm.nih.gov/pubmed/28756618
http://doi.org/10.1001/archopht.125.9.1225
http://doi.org/10.1001/jamaophthalmol.2022.1640
http://www.ncbi.nlm.nih.gov/pubmed/35653117
http://doi.org/10.1155/2017/6469138
http://www.ncbi.nlm.nih.gov/pubmed/28154734
http://doi.org/10.3390/antiox10111743
http://www.ncbi.nlm.nih.gov/pubmed/34829613

Antioxidants 2023, 12, 617 28 of 30

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Wang, P; Chin, EK.; Almeida, D. Antioxidants for the Treatment of Retinal Disease: Summary of Recent Evidence. Clin.
Ophthalmol. 2021, 15, 1621-1628. [CrossRef]

Vitaglione, P; Sforza, S.; Galaverna, G.; Ghidini, C.; Caporaso, N.; Vescovi, P.P; Fogliano, V.; Marchelli, R. Bioavailability of
trans-resveratrol from red wine in humans. Mol. Nutr. Food Res. 2005, 49, 495-504. [CrossRef]

Weiskirchen, S.; Weiskirchen, R. Resveratrol: How Much Wine Do You Have to Drink to Stay Healthy? Adv. Nutr. 2016, 7, 706-718.
[CrossRef]

Lawrenson, J.G.; Evans, ].R. Omega 3 fatty acids for preventing or slowing the progression of age-related macular degeneration.
Cochrane Database Syst. Rev. 2015, 2015, CD010015. [CrossRef]

EFSA Panel on Dietetic Products, Nutrition and Allergies. Scientific Opinion on the Tolerable Upper Intake Level of eicosapen-
taenoic acid (EPA), docosahexaenoic acid (DHA) and docosapentaenoic acid (DPA). EFSA J. 2012, 10, 2815. [CrossRef]

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on the substantiation of health claims related
to docosahexaenoic acid (DHA) and maintenance of normal (fasting) blood concentrations of triglycerides (ID 533, 691, 3150),
protection of blood lipids from oxidative damage (ID 630), contribution to the maintenance or achievement of a normal body
weight (ID 629), brain, eye and nerve development (ID 627, 689, 704, 742, 3148, 3151), maintenance of normal brain function (ID
565, 626, 631, 689, 690, 704, 742, 3148, 3151), maintenance of normal vision (ID 627, 632, 743, 3149) and maintenance of normal
spermatozoa motility (ID 628) pursuant to Article 13(1) of Regulation (EC) No 1924/2006. EFSA J. 2010, 8, 1734. [CrossRef]

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

Sangiovanni, ].P.; Agron, E.; Meleth, A.D.; Reed, G.E,; Sperduto, R.D.; Clemons, T.E.; Chew, E.Y.; Age-Related Eye Disease Study
Research Group. omega-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]

Sasaki, M.; Yuki, K.; Kurihara, T.; Miyake, S.; Noda, K.; Kobayashi, S.; Ishida, S.; Tsubota, K.; Ozawa, Y. Biological role of lutein in
the light-induced retinal degeneration. . Nutr. Biochem. 2012, 23, 423-429. [CrossRef]

Ozawa, Y.; Sasaki, M.; Takahashi, N.; Kamoshita, M.; Miyake, S.; Tsubota, K. Neuroprotective effects of lutein in the retina. Curr.
Pharm. Des. 2012, 18, 51-56. [CrossRef]

Li, B.; George, E.W.; Rognon, G.T.; Gorusupudi, A.; Ranganathan, A.; Chang, FY.; Shi, L.; Frederick, ].M.; Bernstein, P.S. Imaging
lutein and zeaxanthin in the human retina with confocal resonance Raman microscopy. Proc. Natl. Acad. Sci. USA 2020, 117,
12352-12358. [CrossRef]

Bone, R.A.; Landrum, J.T.; Hime, G.W,; Cains, A.; Zamor, J. Stereochemistry of the human macular carotenoids. Investig.
Ophthalmol. Vis. Sci. 1993, 34, 2033-2040.

Harrison, E.H. Mechanisms of Transport and Delivery of Vitamin A and Carotenoids to the Retinal Pigment Epithelium. Mol.
Nutr. Food Res. 2019, 63, €1801046. [CrossRef]

Bhosale, P.; Larson, A.].; Frederick, J.M.; Southwick, K.; Thulin, C.D.; Bernstein, P.S. Identification and characterization of a Pi
isoform of glutathione S-transferase (GSTP1) as a zeaxanthin-binding protein in the macula of the human eye. J. Biol. Chem. 2004,
279, 49447-49454. [CrossRef] [PubMed]

Li, B.; Vachali, P; Frederick, ].M.; Bernstein, P.S. Identification of StARD3 as a lutein-binding protein in the macula of the primate
retina. Biochemistry 2011, 50, 2541-2549. [CrossRef] [PubMed]

Bohm, V.; Lietz, G.; Olmedilla-Alonso, B.; Phelan, D.; Reboul, E.; Banati, D.; Borel, P.; Corte-Real, J.; de Lera, A.R.; Desmarchelier,
C.; et al. From carotenoid intake to carotenoid blood and tissue concentrations—Implications for dietary intake recommendations.
Nutr. Rev. 2021, 79, 544-573. [CrossRef] [PubMed]

Mrowicka, M.; Mrowicki, J.; Kucharska, E.; Majsterek, I. Lutein and Zeaxanthin and Their Roles in Age-Related Macular
Degeneration-Neurodegenerative Disease. Nutrients 2022, 14, 827. [CrossRef]

van Het Hof, K.H.; West, C.E.; Weststrate, ].A.; Hautvast, ].G. Dietary factors that affect the bioavailability of carotenoids. J. Nutr.
2000, 130, 503-506. [CrossRef]

Chitchumroonchokchai, C.; Schwartz, S.J.; Failla, M.L. Assessment of lutein bioavailability from meals and a supplement using
simulated digestion and caco-2 human intestinal cells. ]. Nutr. 2004, 134, 2280-2286. [CrossRef]

Mashurabad, P.C.; Palika, R.; Jyrwa, Y.W.; Bhaskarachary, K.; Pullakhandam, R. Dietary fat composition, food matrix and relative
polarity modulate the micellarization and intestinal uptake of carotenoids from vegetables and fruits. J. Food Sci. Technol. 2017, 54,
333-341. [CrossRef]

Seddon, ].M.; Ajani, U.A.; Sperduto, R.D.; Hiller, R.; Blair, N.; Burton, T.C.; Farber, M.D.; Gragoudas, E.S.; Haller, J.; Miller, D.T.;
et al. Dietary carotenoids, vitamins A, C, and E, and advanced age-related macular degeneration. Eye Disease Case-Control
Study Group. JAMA 1994, 272, 1413-1420. [CrossRef]

Ho, L.; van Leeuwen, R.; Witteman, J.C.; van Duijn, C.M.; Uitterlinden, A.G.; Hofman, A.; de Jong, P.T.; Vingerling, ].R.; Klaver,
C.C. Reducing the genetic risk of age-related macular degeneration with dietary antioxidants, zinc, and omega-3 fatty acids: The
Rotterdam study. Arch. Ophthalmol. 2011, 129, 758-766. [CrossRef]


http://doi.org/10.2147/OPTH.S307009
http://doi.org/10.1002/mnfr.200500002
http://doi.org/10.3945/an.115.011627
http://doi.org/10.1002/14651858.CD010015.pub3
http://doi.org/10.2903/j.efsa.2012.2815
http://doi.org/10.2903/j.efsa.2010.1734
http://doi.org/10.1016/j.ophtha.2016.12.033
http://doi.org/10.1001/archophthalmol.2009.76
http://www.ncbi.nlm.nih.gov/pubmed/19433717
http://doi.org/10.3945/ajcn.2009.27594
http://doi.org/10.1016/j.jnutbio.2011.01.006
http://doi.org/10.2174/138161212798919101
http://doi.org/10.1073/pnas.1922793117
http://doi.org/10.1002/mnfr.201801046
http://doi.org/10.1074/jbc.M405334200
http://www.ncbi.nlm.nih.gov/pubmed/15355982
http://doi.org/10.1021/bi101906y
http://www.ncbi.nlm.nih.gov/pubmed/21322544
http://doi.org/10.1093/nutrit/nuaa008
http://www.ncbi.nlm.nih.gov/pubmed/32766681
http://doi.org/10.3390/nu14040827
http://doi.org/10.1093/jn/130.3.503
http://doi.org/10.1093/jn/134.9.2280
http://doi.org/10.1007/s13197-016-2466-7
http://doi.org/10.1001/jama.1994.03520180037032
http://doi.org/10.1001/archophthalmol.2011.141

Antioxidants 2023, 12, 617 29 of 30

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Wu, J.; Cho, E.; Willett, W.C.; Sastry, S.M.; Schaumberg, D.A. Intakes of Lutein, Zeaxanthin, and Other Carotenoids and
Age-Related Macular Degeneration During 2 Decades of Prospective Follow-up. JAMA Ophthalmol. 2015, 133, 1415-1424.
[CrossRef]

Bone, R.A.; Landrum, ].T. Dose-dependent response of serum lutein and macular pigment optical density to supplementation
with lutein esters. Arch. Biochem. Biophys. 2010, 504, 50-55. [CrossRef] [PubMed]

Ranard, K.M.; Jeon, S.; Mohn, E.S.; Griffiths, ].C.; Johnson, E.J.; Erdman, ].W., Jr. Dietary guidance for lutein: Consideration for
intake recommendations is scientifically supported. Eur. J. Nutr. 2017, 56, 37-42. [CrossRef] [PubMed]

Shyam, R.; Gorusupudi, A.; Nelson, K.; Horvath, M.P,; Bernstein, P.S. RPE65 has an additional function as the lutein to
meso-zeaxanthin isomerase in the vertebrate eye. Proc. Natl. Acad. Sci. USA 2017, 114, 10882-10887. [CrossRef] [PubMed]
Moiseyev, G.; Chen, Y.; Takahashi, Y.; Wu, B.X.; Ma, ] X. RPE65 is the isomerohydrolase in the retinoid visual cycle. Proc. Natl.
Acad. Sci. USA 2005, 102, 12413-12418. [CrossRef] [PubMed]

Junghans, A.; Sies, H.; Stahl, W. Macular pigments lutein and zeaxanthin as blue light filters studied in liposomes. Arch. Biochem.
Biophys. 2001, 391, 160-164. [CrossRef] [PubMed]

Machida, N.; Kosehira, M.; Kitaichi, N. Clinical Effects of Dietary Supplementation of Lutein with High Bio-Accessibility on
Macular Pigment Optical Density and Contrast Sensitivity: A Randomized Double-Blind Placebo-Controlled Parallel-Group
Comparison Trial. Nutrients 2020, 12, 2966. [CrossRef] [PubMed]

Luchowski, R.; Grudzinski, W.; Welc, R.; Mendes Pinto, M.M.; Sek, A.; Ostrowski, J.; Nierzwicki, L.; Chodnicki, .; Wieczor, M.;
Sowinski, K.; et al. Light-Modulated Sunscreen Mechanism in the Retina of the Human Eye. J. Phys. Chem. B 2021, 125, 6090-6102.
[CrossRef] [PubMed]

Snodderly, D.M.; Auran, J.D.; Delori, F.C. The macular pigment. II. Spatial distribution in primate retinas. Investig. Ophthalmol.
Vis. Sci. 1984, 25, 674-685.

Kijlstra, A.; Tian, Y.; Kelly, E.R.; Berendschot, T.T. Lutein: More than just a filter for blue light. Prog. Retin. Eye Res. 2012, 31,
303-315. [CrossRef] [PubMed]

Ahn, YJ.; Kim, H. Lutein as a Modulator of Oxidative Stress-Mediated Inflammatory Diseases. Antioxidants 2021, 10, 1448.
[CrossRef]

Pap, R.; Pandur, E.; Janosa, G.; Sipos, K.; Agocs, A.; Deli, ]J. Lutein Exerts Antioxidant and Anti-Inflammatory Effects and
Influences Iron Utilization of BV-2 Microglia. Antioxidants 2021, 10, 363. [CrossRef] [PubMed]

Zhou, J.; Zhao, D.; Wang, N.; Zeng, Z.; Wang, C.; Hao, L.; Peng, X. Effects of lutein supplementation on inflammatory biomarkers
and metabolic risk factors in adults with central obesity: Study protocol for a randomised controlled study. Trials 2020, 21, 32.
[CrossRef]

Maccarone, R.; Di Marco, S.; Bisti, S. Saffron supplement maintains morphology and function after exposure to damaging light in
mammalian retina. Investig. Ophthalmol. Vis. Sci. 2008, 49, 1254-1261. [CrossRef] [PubMed]

Maggi, M.A; Bisti, S.; Picco, C. Saffron: Chemical Composition and Neuroprotective Activity. Molecules 2020, 25, 5618. [CrossRef]
[PubMed]

Maggi, M.A.; Consonni, R.; Cagliani, L.R.; Prestipino, G.; Bisti, S.; Picco, C. Saffron and retinal neurodegenerative diseases:
Relevance of chemical composition. J. Anat. 2022. [CrossRef]

Maccarone, R.; Rapino, C.; Zerti, D.; di Tommaso, M.; Battista, N.; Di Marco, S.; Bisti, S.; Maccarrone, M. Modulation of Type-1 and
Type-2 Cannabinoid Receptors by Saffron in a Rat Model of Retinal Neurodegeneration. PLoS ONE 2016, 11, e0166827. [CrossRef]
Turcotte, C.; Blanchet, M.R.; Laviolette, M.; Flamand, N. The CB(2) receptor and its role as a regulator of inflammation. Cell Mol.
Life Sci. 2016, 73, 4449-4470. [CrossRef]

Krishnan, G.; Chatterjee, N. Endocannabinoids alleviate proinflammatory conditions by modulating innate immune response in
muller glia during inflammation. Glia 2012, 60, 1629-1645. [CrossRef]

Borowska-Fielding, J.; Murataeva, N.; Smith, B.; Szczesniak, A.M.; Leishman, E.; Daily, L.; Toguri, J.T.; Hillard, C.J.; Romero, J.;
Bradshaw, H.; et al. Revisiting cannabinoid receptor 2 expression and function in murine retina. Neuropharmacology 2018, 141,
21-31. [CrossRef]

Di Marco, S.; Carnicelli, V.; Franceschini, N.; Di Paolo, M.; Piccardi, M.; Bisti, S.; Falsini, B. Saffron: A Multitask Neuroprotective
Agent for Retinal Degenerative Diseases. Antioxidants 2019, 8, 224. [CrossRef]

Piccardi, M.; Fadda, A.; Martelli, F.; Marangoni, D.; Magli, A.; Minnella, A.M.; Bertelli, M.; Di Marco, S.; Bisti, S.; Falsini, B.
Antioxidant Saffron and Central Retinal Function in ABCA4-Related Stargardt Macular Dystrophy. Nutrients 2019, 11, 2461.
[CrossRef]

Heitmar, R.; Brown, J.; Kyrou, I. Saffron (Crocus sativus L.) in Ocular Diseases: A Narrative Review of the Existing Evidence from
Clinical Studies. Nutrients 2019, 11, 649. [CrossRef]

Fernandez-Albarral, J.A.; de Hoz, R.; Ramirez, A .I; Lopez-Cuenca, I.; Salobrar-Garcia, E.; Pinazo-Duran, M.D.; Ramirez, ].M.;
Salazar, J.J. Beneficial effects of saffron (Crocus sativus L.) in ocular pathologies, particularly neurodegenerative retinal diseases.
Neural. Regen Res. 2020, 15, 1408-1416. [CrossRef]

Falsini, B.; Piccardi, M.; Minnella, A.; Savastano, C.; Capoluongo, E.; Fadda, A.; Balestrazzi, E.; Maccarone, R.; Bisti, S. Influence
of saffron supplementation on retinal flicker sensitivity in early age-related macular degeneration. Investig. Ophthalmol. Vis. Sci.
2010, 51, 6118-6124. [CrossRef] [PubMed]


http://doi.org/10.1001/jamaophthalmol.2015.3590
http://doi.org/10.1016/j.abb.2010.06.019
http://www.ncbi.nlm.nih.gov/pubmed/20599660
http://doi.org/10.1007/s00394-017-1580-2
http://www.ncbi.nlm.nih.gov/pubmed/29149368
http://doi.org/10.1073/pnas.1706332114
http://www.ncbi.nlm.nih.gov/pubmed/28874556
http://doi.org/10.1073/pnas.0503460102
http://www.ncbi.nlm.nih.gov/pubmed/16116091
http://doi.org/10.1006/abbi.2001.2411
http://www.ncbi.nlm.nih.gov/pubmed/11437346
http://doi.org/10.3390/nu12102966
http://www.ncbi.nlm.nih.gov/pubmed/32998324
http://doi.org/10.1021/acs.jpcb.1c01198
http://www.ncbi.nlm.nih.gov/pubmed/34038114
http://doi.org/10.1016/j.preteyeres.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22465791
http://doi.org/10.3390/antiox10091448
http://doi.org/10.3390/antiox10030363
http://www.ncbi.nlm.nih.gov/pubmed/33673707
http://doi.org/10.1186/s13063-019-3998-8
http://doi.org/10.1167/iovs.07-0438
http://www.ncbi.nlm.nih.gov/pubmed/18326756
http://doi.org/10.3390/molecules25235618
http://www.ncbi.nlm.nih.gov/pubmed/33260389
http://doi.org/10.1111/joa.13722
http://doi.org/10.1371/journal.pone.0166827
http://doi.org/10.1007/s00018-016-2300-4
http://doi.org/10.1002/glia.22380
http://doi.org/10.1016/j.neuropharm.2018.08.007
http://doi.org/10.3390/antiox8070224
http://doi.org/10.3390/nu11102461
http://doi.org/10.3390/nu11030649
http://doi.org/10.4103/1673-5374.274325
http://doi.org/10.1167/iovs.09-4995
http://www.ncbi.nlm.nih.gov/pubmed/20688744

Antioxidants 2023, 12, 617 30 of 30

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Piccardi, M.; Marangoni, D.; Minnella, A.M.; Savastano, M.C.; Valentini, P.; Ambrosio, L.; Capoluongo, E.; Maccarone, R.; Bisti,
S.; Falsini, B. A longitudinal follow-up study of saffron supplementation in early age-related macular degeneration: Sustained
benefits to central retinal function. Evid. Based Complement Alternat. Med. 2012, 2012, 429124. [CrossRef] [PubMed]

Marangoni, D.; Falsini, B.; Piccardi, M.; Ambrosio, L.; Minnella, A.M.; Savastano, M.C.; Bisti, S.; Maccarone, R.; Fadda, A;
Mello, E.; et al. Functional effect of Saffron supplementation and risk genotypes in early age-related macular degeneration: A
preliminary report. J. Transl. Med. 2013, 11, 228. [CrossRef] [PubMed]

Lashay, A.; Sadough, G.; Ashrafi, E.; Lashay, M.; Movassat, M.; Akhondzadeh, S. Short-term Outcomes of Saffron Supplementation
in Patients with Age-related Macular Degeneration: A Double-blind, Placebo-controlled, Randomized Trial. Med. Hypothesis
Discov. Innov. Ophthalmol. 2016, 5, 32-38. [PubMed]

Broadhead, G.K.; Grigg, J.R.; McCluskey, P; Hong, T.; Schlub, TE.; Chang, A.A. Saffron therapy for the treatment of
mild/moderate age-related macular degeneration: A randomised clinical trial. Graefes Arch. Clin. Exp. Ophthalmol. 2019, 257,
31-40. [CrossRef]

Jabbarpoor Bonyadi, M.H.; Yazdani, S.; Saadat, S. The ocular hypotensive effect of saffron extract in primary open angle glaucoma:
A pilot study. BMC Complement Altern Med. 2014, 14, 399. [CrossRef] [PubMed]

Sepahi, S.; Mohajeri, S.A.; Hosseini, S.M.; Khodaverdi, E.; Shoeibi, N.; Namdari, M.; Tabassi, S.A.S. Effects of Crocin on Diabetic
Maculopathy: A Placebo-Controlled Randomized Clinical Trial. Am. J. Ophthalmol. 2018, 190, 89-98. [CrossRef]

Singh, U.; Devaraj, S.; Jialal, I. Vitamin E, oxidative stress, and inflammation. Annu. Rev. Nutr. 2005, 25, 151-174. [CrossRef]
[PubMed]

EFSA Panel on Dietetic Products, Nutrition, and Allergies. Scientific Opinion on Dietary Reference Values for vitamin E as
a-tocopherol. EFSA |. 2015, 13, 4149. [CrossRef]

Taylor, H.R.; Tikellis, G.; Robman, L.D.; McCarty, C.A.; McNeil, J.J. Vitamin E supplementation and macular degeneration:
Randomised controlled trial. BMJ 2002, 325, 11. [CrossRef]

Christen, W.G.; Glynn, R.J.; Sesso, H.D.; Kurth, T.; Macfadyen, J.; Bubes, V.; Buring, ].E.; Manson, J.E.; Gaziano, ]. M. Vitamins E
and C and medical record-confirmed age-related macular degeneration in a randomized trial of male physicians. Ophthalmology
2012, 119, 1642-1649. [CrossRef] [PubMed]

Evans, J. Antioxidant supplements to prevent or slow down the progression of AMD: A systematic review and meta-analysis. Eye
2008, 22, 751-760. [CrossRef]

Black, H.S.; Boehm, F,; Edge, R.; Truscott, T.G. The Benefits and Risks of Certain Dietary Carotenoids that Exhibit both Anti- and
Pro-Oxidative Mechanisms-A Comprehensive Review. Antioxidants 2020, 9, 264. [CrossRef]

Bohn, T.; Bonet, M.L.; Borel, P.; Keijer, J.; Landrier, ].F.; Milisav, I.; Ribot, J.; Riso, P.; Winklhofer-Roob, B.; Sharoni, Y.; et al.
Mechanistic aspects of carotenoid health benefits—Where are we now? Nutr. Res. Rev. 2021, 34, 276-302. [CrossRef] [PubMed]
Alpha-Tocopherol, B.C.C.P.S.G. The effect of vitamin E and beta carotene on the incidence of lung cancer and other cancers in
male smokers. N. Engl. J. Med. 1994, 330, 1029-1035. [CrossRef]

Omenn, G.S.; Goodman, G.E.; Thornquist, M.D.; Balmes, J.; Cullen, M.R ; Glass, A.; Keogh, ].P.; Meyskens, E.L., Jr.; Valanis, B.;
Williams, J.H., Jr.; et al. Risk factors for lung cancer and for intervention effects in CARET, the Beta-Carotene and Retinol Efficacy
Trial. J. Natl. Cancer Inst. 1996, 88, 1550-1559. [CrossRef]

Burton, G.W,; Ingold, K.U. beta-Carotene: An unusual type of lipid antioxidant. Science 1984, 224, 569-573. [CrossRef] [PubMed]
Li, B.; Ahmed, F; Bernstein, P.S. Studies on the singlet oxygen scavenging mechanism of human macular pigment. Arch. Biochem.
Biophys. 2010, 504, 56—60. [CrossRef]

Jorgensen, K.; Skibsted, L.H. Carotenoid scavenging of radicals. Effect of carotenoid structure and oxygen partial pressure on
antioxidative activity. Z. Fur Lebensm. Unters. Forsch. 1993, 196, 423-429. [CrossRef]

Bhosale, P; Bernstein, P.S. Synergistic effects of zeaxanthin and its binding protein in the prevention of lipid membrane oxidation.
Biochim. Biophys. Acta 2005, 1740, 116-121. [CrossRef] [PubMed]

Age-Related Eye Disease Study 2 Research Group; Chew, E.Y.; Clemons, T.E.; Sangiovanni, ].P.; Danis, R.P;; Ferris, FL., 3rd;
Elman, M.].; Antoszyk, A.N.; Ruby, A.].; Orth, D.; et al. Secondary analyses of the effects of lutein/zeaxanthin on age-related
macular degeneration progression: AREDS2 report No. 3. JAMA Ophthalmol. 2014, 132, 142-149. [CrossRef]

Trevithick-Sutton, C.C.; Foote, C.S.; Collins, M.; Trevithick, J.R. The retinal carotenoids zeaxanthin and lutein scavenge superoxide
and hydroxyl radicals: A chemiluminescence and ESR study. Mol. Vis. 2006, 12, 1127-1135.

Chucair, A J; Rotstein, N.P,; Sangiovanni, J.P.; During, A.; Chew, E.Y.; Politi, L.E. Lutein and zeaxanthin protect photoreceptors
from apoptosis induced by oxidative stress: Relation with docosahexaenoic acid. Investig. Ophthalmol. Vis. Sci. 2007, 48, 5168-5177.
[CrossRef] [PubMed]

Kamoshita, M.; Toda, E.; Osada, H.; Narimatsu, T.; Kobayashi, S.; Tsubota, K.; Ozawa, Y. Lutein acts via multiple antioxidant
pathways in the photo-stressed retina. Sci. Rep. 2016, 6, 30226. [CrossRef] [PubMed]

Ren, X.; Leveillard, T. Modulating antioxidant systems as a therapeutic approach to retinal degeneration. Redox Biol. 2022,
57,102510. [CrossRef]

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


http://doi.org/10.1155/2012/429124
http://www.ncbi.nlm.nih.gov/pubmed/22852021
http://doi.org/10.1186/1479-5876-11-228
http://www.ncbi.nlm.nih.gov/pubmed/24067115
http://www.ncbi.nlm.nih.gov/pubmed/28289690
http://doi.org/10.1007/s00417-018-4163-x
http://doi.org/10.1186/1472-6882-14-399
http://www.ncbi.nlm.nih.gov/pubmed/25319729
http://doi.org/10.1016/j.ajo.2018.03.007
http://doi.org/10.1146/annurev.nutr.24.012003.132446
http://www.ncbi.nlm.nih.gov/pubmed/16011463
http://doi.org/10.2903/j.efsa.2015.4149
http://doi.org/10.1136/bmj.325.7354.11
http://doi.org/10.1016/j.ophtha.2012.01.053
http://www.ncbi.nlm.nih.gov/pubmed/22503302
http://doi.org/10.1038/eye.2008.100
http://doi.org/10.3390/antiox9030264
http://doi.org/10.1017/S0954422421000147
http://www.ncbi.nlm.nih.gov/pubmed/34057057
http://doi.org/10.1056/NEJM199404143301501
http://doi.org/10.1093/jnci/88.21.1550
http://doi.org/10.1126/science.6710156
http://www.ncbi.nlm.nih.gov/pubmed/6710156
http://doi.org/10.1016/j.abb.2010.07.024
http://doi.org/10.1007/BF01190806
http://doi.org/10.1016/j.bbadis.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15949677
http://doi.org/10.1001/jamaophthalmol.2013.7376
http://doi.org/10.1167/iovs.07-0037
http://www.ncbi.nlm.nih.gov/pubmed/17962470
http://doi.org/10.1038/srep30226
http://www.ncbi.nlm.nih.gov/pubmed/27444056
http://doi.org/10.1016/j.redox.2022.102510

	Introduction 
	The Organisation of Photoreceptors, Pigment Epithelial Cells, and Choroidal Vessels in a Metabolic Ecosystem 
	DHA and Oxidative Stress in Photoreceptors and RPE Cells 
	Vitamin A Derivative All-Trans-Retinal and Blue Light may Adversely Affect Photoreceptors and RPE Cells via a DHA-Independent Mechanism 
	Lipid-Based Antioxidant Systems in Photoreceptors and RPE Cells 
	Photoreceptors’ Anatomy and Eye Structure Afford Protection from Oxidative Damage 
	Protection against Oxidative Damage Requires Tight Control over DHA Synthesis 
	DHA and DHA-Derived VLCFA Exert Protective Effects toward Oxidative Stress by Turning on Specific Transduction Pathways 

	Lipids Endowed with Antioxidant Actions in Staple Foods 
	DHA 
	Xanthophylls 
	Saffron 
	Vitamin E 

	Discussion 
	Conclusions 
	References

