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Zinc supplementation is reported to slow down the progression of age-related macular degeneration (AMD), but there is
no general consensus on the beneficiary effect on zinc in AMD. As zinc can stimulate autophagy that is declined in AMD, it
is rational to assume that it can slow down its progression. As melanosomes are the main reservoir of zinc in the retina,
zinc may decrease the number of lipofuscin granules that are substrates for autophagy. The triad zinc—autophagy—AMD
could explain some controversies associated with population studies on zinc supplementation in AMD as the effect of zinc
on AMD may be modulated by genetic background. This aspect was not determined in many studies regarding zinc in
AMD. Zinc deficiency induces several events associated with AMD pathogenesis, including increased oxidative stress,
lipid peroxidation and the resulting lipofuscinogenesis. The latter requires autophagy, which is impaired. This is a vicious
cycle-like reaction that may contribute to AMD progression. Promising results with zinc deficiency and supplementation in
AMD patients and animal models, as well as emerging evidence of the importance of autophagy in AMD, are the rationale
for future research on the role of autophagy in the role of zinc supplementation in AMD.
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| 1. Introduction

Age-related macular degeneration (AMD) is the main cause of legal blindness in the elderly in the Western World, and
zinc supplementation is reported in several studies to have a beneficial effect for AMD patients. However, some studies
report no effect and others, rare—even an adverse influence. It is not completely clear how zinc deficiency may influence
AMD pathogenesis. It is important to address this problem as the European Food Safety Authority Panel reported that a
cause and effect relationship between the dietary intake of zinc and the maintenance of normal vision had been
satisfactorily established (cited in &),

Autophagy, an evolutionary conserved process that serves the cell by removing and recycling damaged or no longer used
cellular components, declines with age and its impairment is associated with several human age-related diseases,
including AMD (reviewed in [&). However, the role of autophagy in AMD pathogenesis, similar to its general role, raises
many unanswered questions (reviewed in ),

Zinc may modulate, in many cases stimulate, autophagy, although not all details of this modulation are certain (reviewed
in &)). On the other hand, impaired autophagy may change cellular zinc homeostasis.

In summary, we can consider mutual relationships between AMD pathogenesis and zinc deficiency, impaired autophagy
and zinc deficiency, as well as AMD pathogenesis and impaired autophagy. Therefore, the ternary relationship between
zinc, autophagy, and AMD is logical, but it has not been shown so far. In this review, we present and update information
on mutual relationships within the triad zinc—autophagy—AMD and provide arguments that at least a part of the protective
effect of zinc against AMD can be attributed to the modulation of autophagy by zinc.

| 2. Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is a complex eye disease that is the main cause of legal blindness in the elderly
in industrialized countries. Usually, two phases of the disease are distinguished: early and late (advanced), although this
categorization fails in some cases. AMD is strongly correlated with age as the prevalence of its early form in Europe
increased from 3.5% in subjects aged 55-59 years to 17.6% in individuals aged greater or equal to 85 years; for late
AMD, these ratios were 0.1% and 9.8%, respectively 3. The occurrence of AMD in the United States (US) is projected to
increase to 22 million by the year 2050, while the global prevalence is anticipated to increase to 288 million by the year
2040 Bl The dependence on age was strengthened by the discovery of an increased level of amyloid-beta in the aging
retina and AMD retinas . Due to this fact, AMD is sometimes described as “dementia of the eye” or “Alzheimer’s disease
in the eye” [8],



AMD affects the macula—a small structure in the center of the retina that is responsible for sharp central and color vision.
AMD causes vision loss due to non-functional or dead photoreceptors and underlying retinal pigment epithelium (RPE)
cells 4 (Figure 1). The RPE contains polarized epithelial cells contacting photoreceptor outer segments (POSs), while
their other part contacts Bruch’s membrane (BM) between the RPE and choriocapillaris. Phenotypically, advanced AMD
can be divided into two basic forms: dry (atropic, non-exudative) and wet (exudative). In its dry form, the disease is
initiated by the formation of drusen and pigment mottling associated with dysfunctions in RPE cells. Dry AMD may
progress to geographic atrophy (GA) associated with the loss of RPE and photoreceptors. In wet AMD, RPE remains
integral but initiates the production of angiogenic agents, including vascular endothelial growth factor (VEGF) that
stimulate the formation of new blood vessels from underlying choriocapillaris. This process is termed choroidal
neovascularization (CNV) and may lead to photoreceptors’ death. Dysfunction of choriocapillaris is often observed in both
AMD types.

Figure 1. Age-related macular degeneration (AMD). The normal retina contains photoreceptors, not shown here, that
interact with the retinal pigment epithelium (RPE)/Bruch’s membrane/choriocapillaris (CC) complex, which is supported by
the large choroidal blood vessels (not presented). In dry AMD, some RPE cells are damaged, and some are lost when the
disease progresses. Some CCs are also lost (broken lines) in dry AMD, but in the wet form of the disease, they are lost
almost completely. In wet AMD, RPE cells release several factors (multicolor small objects) that support angiogenesis,
including vascular endothelial growth factor, which leads to choroidal neovascularization. Fundus color images of dry and
wet AMD. Light orange spots in the retina termed drusen can be observed in both dry and wet AMD, whereas wet AMD is
featured by hemorrhages and edema. AMD can ruin the central vision of affected individuals.

Aging is the most serious risk factors associated with AMD. Familial history and genetic variability in several loci, mostly
associated with the complement system, are reported to increase AMD risk [&. Many environmental and lifestyle
influences are presented as AMD risk factors, including smoking, fat-rich diet and obesity, UV and blue light exposure,
female sex, light color of the iris, associated cardiovascular disease, high blood pressure, but the causality of these
factors is problematic. Oxidative stress is frequently mentioned as an AMD risk factor, but it is associated with almost all
the previously mentioned factors, including aging. Moreover, the retina has the highest metabolic rate among all tissues of
the human body, and it produces reactive oxygen species (ROS) even in its normal functioning, and this production
increases with AMD-associated changes. It was shown that RPE obtained from AMD donors displayed increased levels of
ROS and a higher susceptibility to oxidative stress than RPE of non-AMD donors 9. Therefore, it can be concluded that
oxidative stress is associated with AMD, but its role in the pathogenesis of this disease requires further research to show
its source and consequences.

| 3. Autophagy in Age-Related Macular Degeneration

Autophagy is an essential cellular process in which cellular components that are damaged, dysfunctional, or no longer
needed (autophagic cargo) are degraded in the lysosome and recycled. This process can be categorized into macro
autophagy (hereafter termed autophagy), micro autophagy, and chaperone-mediated autophagy.

Autophagy has several clearly distinguished steps (Figure 2). In the first stage, autophagy is initiated, then nucleation of
the double membrane and its elongation (phagophore formation) occur, followed by the encapsulation of the cargo and
fusion with completely enclosed phagophore (autophagosome) takes place. Autophagosome then fuses with lysosome to
form autolysosome, in which the cargo is degraded (reviewed in 1), Many autophagy-related proteins (ATGs) are
involved in autophagy; some of them are evolutionary conserved. Mechanistic target of rapamycin (mTOR), a nutrient
sensor, is a major upstream regulator of autophagy along with AMP-activated kinase that phosphorylates Unc-51-like
kinase 1 (ULK1). Microtubule-associated protein light chain 3 (LC3) and y-aminobutyric acid receptor-associated proteins
(GABARAPSs) form a protein family of a key significance in autophagy. The LC3/GABARAP family proteins attach to the
auto lysosomal membrane and interact with various autophagy receptors, including p62/SQSTM1 (sequestesome 1).

Figure 2. A simplified scheme of macro autophagy (further: autophagy). Mechanistic targets of rapamycin (mTOR) and
AMP-activated kinase (AMPK) are the primary autophagy inhibitor and inducer, respectively. On autophagy initiation, the
cytoplasmic material to be degraded (cargo) is gradually encapsulated by double membranes: phagophores to
encapsulated vesicles (autophagosomes), which then fuse with lysosomes to form autolysosomes, where cargo is
degraded and then released into cytoplasm to be used again (recycling). Autophagy is regulated by many proteins, the
autophagy-related proteins (ATGs), and their complexes. The initiation process is led by the Unc — 51-like kinase 1
(ULK1) complex, the formation of the double membrane, provided by ATG — 9-containing vesicles, and autophagosome—
by the class Il PI3K (phosphatidylinositol 3-kinase) nucleation complex and the phosphatidylinositol 3-phosphate (PI3P)-



binding complex, which includes ATG12, Beclin 1, and the microtubule-associated protein light chain 3/y-aminobutyric
acid receptor-associated proteins (LC3/GABARAPS), represented here only by LC3. ATG12 attaches to ATG5, which is
then associated with ATG16L1. This complex stimulates the cleavage of LC3 by ATG4 to form LC3-l, which is then
conjugated with phosphatidylethanolamine (PE) to form LC3-1l. On the incorporation into autophagosomal membranes,
LC3 interacts with cargo receptors, which have LC3-interacting motifs (LIRS).

Autophagy is not only a stress-related process but it occurs at the basal level in normal conditions to remove byproducts
of normal metabolism and is involved in many life processes. As Daniel Klionsky said, “Autophagy participates in, well,
just about everything” 121,

As mentioned, oxidative stress in the retina associates AMD. Reactive oxygen and nitrogen species damage cellular
biomolecules, including proteins that can be misfolded by oxidation and glutathione conjugation 3. This kind of protein
damage evokes the unfolded protein response (UPR) and can be repaired by molecular chaperones. However, if this
system is not efficient, soluble proteins are ubiquitinated and targeted to degradation in the proteasome (reviewed in14]).
Furthermore, proteasomal degradation may fail or dysfunction in aging and neurodegeneration, which may lead to the
accumulation of oxidized and ubiquitinated proteins (reviewed in [13). The ubiquitination attracts autophagy receptors,
such as p62/SQSTM1 and LC3, that link these cellular waste to autophagy. When autophagy fails in RPE cells, this may
lead to the accumulation of lipofuscin and activation of the NLRP3 (NLR family pyrin domain-containing 3) inflammasome,
eventually resulting in drusen formation and low-grade chronic inflammation in the retina, accelerating the aging process
(reviewed in 18), However, Kosmidou et al. pointed to the need for re-interpretation of published results reporting NLRP3
expression and upregulation in human and human-derived RPE cells and addressed the role that the inflammasome plays
in AMD pathogenesis 171,

Non-exudative (dry) AMD seems to be of special interest from the perspective of autophagy as this form of the disease is
associated with the accumulation of lipofuscin on the RPE. Lipofuscin contains lysosomal insoluble pigment granules that
remain after lysosomal digestion 8. Impaired autophagy favors lipofuscin formation, and it has been observed that
rapamycin, an autophagy inducer, decreased lipofuscin accumulation in RPE cells 22, Rapamycin also ameliorated
cellular damage in the RPE induced by A2E, a lipofuscin fluorophore 22,

As autophagy contributes to the maintenance of cellular homeostasis, its high level is observed in stress conditions [,
However, such an increase in autophagy is often observed along with cellular death, which led to the conclusion that
besides pro-life functions, autophagy may act as a cellular death executioner (pro-death functions, reviewed in 22, The
mechanism of the regulation of these two pathways of autophagy is not completely clear, and it is not easy to relate them
to AMD pathogenesis. As suggested by Mitter et al., autophagy might be dysregulated in two ways in AMD 2. They
observed that acute oxidative stress might increase autophagy in RPE cells, while chronic oxidative stress was associated
with reduced autophagy. Therefore, when oxidative stress was induced in RPE cells, it might induce autophagy that acted
in two phases—the initial increase followed by a decrease. In conclusion, Mitter et al. postulated that autophagy was
important for the protection of the RPE against oxidative stress, and lipofuscin accumulation and impaired autophagy
might aggravate oxidative stress and in this way play an important role in AMD pathogenesis.

| 4. Conclusions and Perspectives

Several studies on AMD patients and animal models, as well as cell cultures, suggest that zinc may play a positive role in

AMD pathogenesis. The exact mechanism of the role of zinc deficiency plays in AMD is not known. Due to mutual
relationship between zinc and AMD, zinc and autophagy as well as autophagy and AMD, we suggest that the effect of zinc
in AMD can be determined by autophagy and this may be the reason that some studies do not confirm beneficiary effects
of zinc in AMD, as was shown in AREDS/AREDS2, and other studies report a negative consequence of zinc
supplementation for AMD patients. However, these “negative” studies are rare, and their research design is questionable,
and that is why they were not considered in the context of autophagy in AMD in this manuscript [231[241[25](26]

As shown in the Rotterdam Eye Study, the effect on zinc on the vision might depend on individual genetic background 22,
In the post-genomic era, it is tempting to relate the reaction of zinc to an individual's complete genetic profile, but it has
little sense, if any. Who could elaborate the algorithm for the use of AREDS-like formulation to prevent AMD or slow down
its progression and decrease consequences? Instead, a dedicated microarray could be projected with genes that are
important for AMD pathogenesis and zinc metabolism. Of course, the main problem would be with the selection of AMD
pathogenesis genes. In the context of the research performed so far, AMD-susceptibility genes, genes for zinc
metabolism, and genes of autophagy could be included.



Altogether, the influence of zinc on AMD patients is a complex issue as many pathways can be involved, including
autophagy. Moreover, autophagy in AMD is also a complicated subject with no unequivocal determination of all
mechanisms lying beyond observed and expected effects. As mentioned, it seems that the transport of melanosomes and
lipofuscin accumulation may be an important connection in zinc deficiency, autophagy, and AMD. Recently, Xia et al.
showed that missense mutations in the UBE3D (Ubiquitin Protein Ligase E3D) gene, which was identified to be
associated with wet AMD, were linked with several adverse effects in the retina, including delayed retrograde
melanosome transport, increased deposition of pigment granules, and impaired autophagy in zebrafish 28, As shown by
Julien et al., the metal ion concentration of RPE melanosomes is regulated by zinc, and reduced metal-binding activity of
melanosomes is associated with degenerative processes in the retina (2. Therefore, melanosomes and their properties,
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