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Abstract: The seminal role of autophagy during retinal degeneration grounds on the clearance of a
number of oxidative chemical species, which alter proteins and lipids structure and generate dys-
functional mitochondria. In fact, reactive oxidative species (ROS) in the retina generate misfolded
proteins, alter lipids and sugars composition, disrupt DNA integrity, damage cell organelles, and
produce retinal inclusions, while causing retinal degeneration. This explains why autophagy in the
retinal pigment epithelium (RPE), mostly at macular level, is very active, even in baseline condi-
tions, to provide a powerful and fast replacement of oxidized molecules and ROS-damaged mito-
chondria.

When autophagy is impaired within RPE, the deleterious effects of ROS, which derives also from
baseline conditions, are no longer counteracted and retinal degeneration may occur. Within RPE
autophagy can be induced by various stimuli, such as light and naturally occurring phytochemicals.
Light and phytochemicals in turn, may synergize to enhance autophagy since phytochemicals are
activated by light exposure. This may explain the beneficial effects of light pulses combined with
light-sensitive phytochemicals, for retinal structure, visual acuity preventing oxidative damage dur-
ing retinal degeneration. In this way, photo-sensitive natural compounds may produce light-de-
pendent beneficial antioxidant effects.

Keywords: autophagolysosomes; drusen; visual acuity; curcumin; lutein; resveratrol; bilberry; am-
ber light; red light; blue light.
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1. Introduction

1.1. The retinal pigment epithelium as a primary target of reactive oxygen species (ROS) in the
course of retinal degeneration

Age-related macular degeneration (AMD) is the most prevalent retinal degenerative
disorder leading to blindness, which typically involves the macular region of the retina.
The disorder is clinically evident as a loss of visual acuity [1] and the presence of visual
distortion (metamorphopsia) [1-3]. At early stages, visual impairment is restricted to spe-
cific skills such as reading and facial recognition [4]. In fact, the disease mostly impairs
those photoreceptors placed in the macula, which provide visual discrimination and feed
cortical integration [2,4]. In fact, at early stages, AMD involves those photoreceptors pro-
jecting to the primary visual cortex, carrying information to be delivered within the ven-
tral stream [5], thus providing the inputs which allow facial recognition. Thus, it may be
inferred that, in AMD the most vulnerable photoreceptors are those implicated in the
highest level of visual information and integration within supra-modal cortical areas [6].
This is not surprising since AMD mostly affects small cones in the macular region, which
are activated by light stimuli owing blue wavelengths, which produce the highest amount
of oxidative damage [7-10]. This mostly occurs in the outer segment of cones placed in the
external retina, which are included between cell processes of the retinal pigment epithe-
lium (RPE). In fact, RPE is primarily affected in the course of AMD [3,4,11,12]. This is
mainly due to the physiological role of RPE, which is constantly engaged by high amount
of reactive oxygen species (ROS) produced during direct exposure to natural light. In fact,
within RPE, direct light stimulation impacts on structures owing a high rate of oxidative
metabolism [12]. The high oxidative metabolic activity of RPE is fundamental to recycle
the outer segment of the photoreceptors, buffering glutamate and reducing retinoic acid
into 11-cis-retinal [3,14,15]. Therefore, RPE integrity strongly depends on intense autoph-
agy activity even in baseline conditions, in healthy subjects [16-20] (Figure 1).
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Figure 1. Diagram showing the main autophagy steps. During baseline conditions and mostly upon
oxidative stress RPE features high amount of autophagy-related proteins such as LC3, Atg5, Atg7,
Beclinl. These are produced to commit vesicles from the trans-Golgi network to initiate and elongate
the early autophagy structure named phagophore. At this level, specific substrates including poly-
ubiquitinated proteins, mitochondria, lipid droplets, melanosomes, lipofuscin and sugars, start to
accumulate within RPE, where they are expected to be degraded. Substrate accumulation increases
when the vesicle ceils to form an autophagosome, which further merges with lysosome to constitute
an autophagolysosome, where the clearance of oxidized aged components is completed to produce
a number of degradation products.

This explains why, even in healthy subjects, the autophagy flux within RPE is con-
sistently higher compared with other retinal layers [12,21]. This allows autophagy within
RPE cells to maintain homeostasis by counteracting oxidative stress. A number of mech-
anisms and stimuli are powerful autophagy inducers, the intense research in this field of
retinal metabolism provides increasing evidence of multiple facets of retinal autophagy
to counteract retinal oxidation. For instance, in a recent study, Wang et al. [4] demon-
strated that RPE cells produce nucleotide-binding oligomerization domain (NOD)-like re-
ceptor X1 (NLRX1), an autophagy inducer, which counteracts retinal oxidative damage
and inflammation. In fact, ROS trigger the formation of pro-inflammatory compounds in
the retina such as Interleukin 1beta (IL-1[3), Tumor necrosis Factor-alfa (TNF-a), IL-6, and
Macrophage proteine-1 (MCP-1) [4] (Figure 2). These chemical species are detrimental for
the autophagy pathway as shown by increased p62 levels and decreased microtubule-
associated protein 1A/1B Light Chain 3 (LC3)II/LC3I ratio. Overexpression of NLRX1
within RPE cells reverts autophagy inhibition and suppresses the levels of ROS and in-
flammasome [4].
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Figure 2. The pro-autophagy effects of retinal NLXR1. Within RPE cells, when ROS increase, a spe- 102
cific compound named nucleotide-binding oligomerization domain (NOD)-like receptor X1 103
(NLRX1) is produced. This is a powerful autophagy inducer, which counteracts retinal oxidative 104
damage and inflammation. In fact, NLRX1 counteracts ROS formation and ROS-mediated pro-in- 105
flammatory compounds such as IL-13, TNF-a, IL-6, and MCP-1. These occur along with NLRX1 106
autophagy activation, which fuels the autophagosomes and accelerates autophagy progression into 107
effective lysosomes. Overexpression of NLRX1 reverts inflammasome activation. 108

109

In contrast, knocking down NLXR1 inhibits autophagy and activates inflam- 110
masome, which sustains AMD [4]. The newly discovered activity of NLRX1 as an autoph- 111
agy inducer in RPE cells adds on a number of pro-autophagy stimuli which provide a 112
powerful antioxidant machinery allowing RPE cells to serve a number of physiological 113
functions, which are required to sustain retinal integrity. In fact, RPE cells are key in 114
providing melanin synthesis [20,22] and handling free radicals produced by intense light 115
exposure [23-25]. Similarly, RPE cells are key in neutralizing ROS produced by signal 116
transduction [26,27]. RPE cells are needed to reduce retinoic acid into its active aldehyde 117
11-cis-retinal. RPE represents the cell compartment, which recycles damaged outer seg- 118
ments of photoreceptors, where the opsin-packed disks are deranged by the oxidizing 119
effects of light [28-30]. Moreover, the RPE cell activity is key in neutralizing ROS even 120
when these reach the retina from the choroid through the blood stream [26]. Inde- 121
pendently from their origin, within the retina or systemically, through the blood stream, 122
ROS promote both lipids and proteins oxidation leading to misfolded molecules which 123
need to be quickly removed [31,32]. Similarly, ROS alter mitochondrial activity and dis- 124
rupt fine mitochondrial structure, which in turn may generate additional amount of ROS 125
[33]. Thus, the quick removal of altered mitochondria and the genesis of novel healthy 126
mitochondria is key to promote the survival of RPE cells in oxidizing conditions. The au- 127
tophagy machinery is able to sub-serve all these functions since it degrades misfolded 128
proteins and oxidized lipids (lipophagy) [34-36], while removing altered mitochondria 129
(mitophagy) and promoting mitochondriogenesis [37,38]. 130
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131
1.2. The protective role of RPE from melanin accumulation to oxygen-dependent inclusions for- 132
mation (Figure 3) 133

RPE cells develop from the outer membrane of the optic calyx, which expands from 134
the diencephalic vesicle [39]. These cells stay steady during development as a mono-layer 135
of melanin-containing neural cells [40,41]. The synthesis of melanin is key for the activity 136
of RPE cells since it allows to absorb the light, which otherwise would spread between 137
photoreceptors dispersing visual discrimination and causing an excess of oxidation. At 138
the same time, melanin-rich inclusions, named melanosomes, which are widespread 139
within RPE cell processes, suppress the effects of ROS produced by photo-transduction 140
and absorb these compounds, thus inhibiting their oxidative damage [24,42]. The 141
production of melanin is strongly regulated by norepinephrine (NE)-containing, tyrosine- 142
hydroxylase (TH)-positive axons [20,22,43]. The presence of melanin within RPE cellsisa 143
powerful regulator of cell shape and phenotype [44]. In fact, when comparing albino and 144
pigmented retinas in rodents, there is a marked difference concerning RPE cell size, shape 145
and structure [20,44]. In fact, in the absence of melanin, RPE cells are flat, small and they 146
lack distal processes, as it occurs in albino eyes, where RPE cell processes do not 147
intermingle between photoreceptors [44]. The thickness of pigmented RPE is related to 148
melanin bodies, which fill the cells and push the pigment to fill the cell processes placed 149
between the outer segments of photoreceptors [20]. Thus, TH-positive sympathetic 150
innervation of RPE, by increasing melanin content, modulates cell volume and phenotype 151
including cell biochemistry [45]. The presence of melanin within RPE avoids the 152
detrimental effects due to an excess of light stimulation, which otherwise would produce 153
an excess of toxic ROS and free radicals [24,42]. Thus, melanin protects from short 154
wavelength light and chemical toxic species, since the chemical properties of melanin 155
allows this molecule to buffer both ROS and misfolded proteins, which may trigger retinal 156

degeneration [24]. 157
158
159
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Figure 3. Retinal degeneration following a severe oxidative stress. Upon light exposure, and follow- 162
ing the diffusion through the choroid, a number of oxidant effects occurs within RPE. This is enabled 163
by a high amount of oxidative metabolism, which is needed in baseline conditions by RPE cells in 164
order to carry out a number of functions. When ROS increase above a critical level, a number of 165
proteins, lipids and sugars as well as mitochondria are structurally altered and may produce toxicity =~ 166
and become difficult to be digested. In this way, an engulfment of autophagosomes and autophag- 167
olysosomes takes place. The latter are recognized since they contain lysosome-associated membrane 168
glycoprotein 1 (LAMP1). This may lead to the occurrence of giant dysfunctional LAMP1 positive 169
autophagolysosomes within RPE cells as an early pathological finding in the course of AMD. Con- 170
comitantly, these non-digested structures and non-cleared organelles may take alternative routes to 171
be extruded from RPE cells. These unconventional secretions may lead to extracellular aggregates 172
named drusen between RPE cells and Bruch’s membrane or sometimes extracellular aggregates may 173
be transferred toward the opposite domain of RPE approaching the outer segment of photoreceptors 174
as drusenoid deposits. 175

176

177

In addition, melanin binds to lipids and sugars thus trapping advanced glycation 178

end products (AGEs), which occur in high amount during AMD, within intra- and extra- 179
cellular inclusions [46-48]. In this way, melanin may work as a sort of buffer trapping 180
various toxic chemical species and forming inclusions which provide a neutralizing effects 181
against cell damage. In fact melanin participates in the inclusions, which are produced 182
during oxidative stress, being observed within drusen or other retinal aggregates, which 183
accumulate in the space between RPE and Bruch’s membrane (Figure 3). The significance 184
of these inclusions remain debatable, although evidence is provided for a protective effect. 185
This was already postulated within central nervous system (CNS) degenerative disorders 186
[49,50]. In line with this, Herrera et al. [51] claim for the inert or even a protective nature 187
of inclusions in the course of retinal degeneration. These Authors, analogously to CNS 188
degenerative disorders [50,52], indicate that melanin is beneficial to counteract cell 189
damage in the course of retinal degeneration [51]. This would depend on the property of 190
melanin to trap toxic species in the form of inert aggregates, thus occluding their toxic 191
effects. The beneficial or detrimental nature of retinal inclusions remains a matter of 192
debate as we shall see in the next paragraph. 193

2. The specific role of autophagy activity in AMD as a powerful anti-oxidant clearing 194
pathway in the RPE 195

The presence of RPE is key to produce trophic effects providing nutrients coming 196
from the inner choroid towards photoreceptors [53]. The activity of RPE, apart from being 197
fundamental in recycling the outer segment and opsins from photoreceptors, is important 198
for removing iron accumulation, which is associated with oxidative damage in AMD. 199
Exogenous oxidative stress also leads to ferroptosis, which consists in Fe2+ accumulation 200
and lipid peroxidation in RPE cells [54-56]. RPE cells own a specific gamma- 201
glutamylcyclotransferase-1, an enzyme belonging to the unfolded protein response 202
(UPR), which counteracts oxidative-stress-induced cell ferroptosis [56]. 203

The proper physiology of RPE cells allows the degradation of a number of oxidized 204
substrates. When this activity is impaired, degeneration may occur. This seems to be the 205
case of AMD. In fact, when studying AMD patient-specific RPE cells, the lack of 206
appropriate degradation leads to substrates accumulation and abnormal exocytosis 207
[20,57]. In detail, AMD-RPE possesses enhanced polarised endovesicles (EV) secretion. 208
These EV carry RNA strands, proteins and lipids, which mediate key AMD features 209
including oxidative stress, cytoskeletal dysfunction, angiogenesis and may transmit 210
between neighboring cells or being deposited between RPE and Bruch’s membrane and 211
may represent an early step in fostering drusen formation. The dynamics of EV may also 212
reach the opposite domain of RPE cells to place these vesicles between RPE and 213
photoreceptors. It is remarkable that EVs derived from AMD-RPE may induce 214
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aggregation of amyloid fibrils and drusen formation. In fact, as reported by Kurzawa- 215
Akanbi et al. [58] when control RPE are exposed to AMD-RPE, apical EVs may shift the 216
phenotype of control RPE towards AMD-RPE. In fact, control RPE exposed to AMD- 217
derived EVs develop stress vacuoles, cytoskeletal destabilization and morphological 218
abnormalities. 219

All these effects strongly rely on the presence of an effective metabolic activity 220
within RPE cells to sustain retinal integrity and counteracting retinal degeneration, which 221
mostly depends on neutralizing the effects of oxidative stress [59,60] through an effective 222
autophagy machinery [60]. 223

As reported, an excess of oxidative species may alter protein structure and 224
mitochondrial integrity. This constantly occurs in the course of AMD, along with 225
alterations of other chemical species such as lipids and sugars. In fact, during AMD 226
oxidative stress is considered to be a major contributing factor [59]. In detail, oxidative 227
stress in the RPE is mainly attributed to an excess of H202, which inhibits mitochondrial 228
turnover and mitochondrial function by suppressing mitochondrial fission and the 229
biogenesis of mitochondria [59]. In fact, at mitochondrial level H20O: alters mitochondrial 230
membrane potential and promotes a vicious circle leading stagnant altered mitochondria 231
to generate additional amount of ROS. 232

The retinal tissue as an actual part of the CNS is characterized by a high rate of ox- 233
ygen consumption [60]. This increases during the cycle of light stimulation, which gener- 234
ate a strong amount of energy, which is spent to depolarize photoreceptors and converting 235
light-sensitive molecular species. These phenomena add on the neural properties of the 236
retina and magnifies the oxygen demand mostly in the outer retina at the level of RPE. 237
This generates a site-specific pro-oxidant environment, which partly explains why RPEis 238
so prone to early degeneration in AMD. The RPE-derived ROS are toxic to a number of 239
molecules such as proteins and lipids by generating abnormal chemical species, which 240
mediate cell damage. In fact, oxidative injury leads to DNA damage and chronic inflam- 241
mation [13,16,61,62]. Such an accumulation of altered sugars, lipids, proteins and orga- 242
nelles requires powerful systems to degrade and clear these compounds from the retina. 243
In this way, clearing systems may impede the aggregation of proteinaceous material and 244
lipofuscins, thus preventing their accumulation into extracellular polymorphic debris in =~ 245
the form of drusen [63-65]. In fact, in the presence of altered lipid aggregates, protein mis- 246
folding is increased, which leads to enhanced drusen formation. This requires the occur- 247
rence of powerful clearing systems within RPE cells, to counteract the innumerous detri- 248
mental effects sorted by oxidative species. These pathways include the chaperon systems, 249
the proteasome system, anti-oxidant compounds, and mostly the autophagy pathway. 250
Among these, autophagy prevails at large within RPE cells where it removes oxidized 251
proteins and lipids to counteract AMD [3,16,60]. The proof of principle for such an as- 252
sumption is provided by the fact that, when autophagy is defective, accumulation of mis- 253
folded proteins lipids and even specific organelles, mostly mitochondria, takes place lead- 254
ing to experimental AMD [16-19]. In these conditions, when autophagy cannot be 255
properly activated or its progression is impeded, misfolded proteins aggregate with sug- 256
ars within stagnant lysosomes, where they form AGEs. In these aggregates the occurrence = 257
of lipids is abundant to constitute lipofuscins. The effects of non-effective autophagy can 258
be detected both dispersed in the intercellular space and within RPE cells, where the very = 259
same molecules, being otherwise autophagy substrates may be found as cellular debris 260
within lysosomes. In fact, the extracellular placement, is thought to depend largely on 261
their release from the cells, to provide the building blocks for the formation of drusenin 262
AMD [66]. Among these cell debris a number of damaged mitochondria are present. Con- 263
sistently, when autophagy is suppressed cell debris are produced in excess within stag- 264
nant lysosomes featuring altered organelles, misfolded proteins and outer segments of 265
photoreceptors, which are no longer cleared by defective autophagy [67]. All these com- 266
ponents are progressively accumulated within inclusions. 267
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The nature of inclusions represents a hot topic in the whole field of neuropathology. 268
Current vistas about the nature of neuronal inclusions within neurodegenerative disor- 269
ders are now moving from a scenario where a highly specific single protein is accumu- 270
lated towards the occurrence of mixed aggregates, where proteins lipids and sugars par- 271
ticipate in variable amount along with membranous organelles. In fact, within inclusions 272
the mass generated by organelles membranes prevails. Most of these organelles belong to 273
autophagy-endo-lysosomal pathways [68]. Such a revision about the structure of inclu- 274
sions is now extending to the retina and specifically to inclusions occurring within or close 275
to RPE cells during AMD. This confirms the relevance of an autophagy defect, which pro- 276
duces accumulation of various oxidized chemical species along with dysfunctional orga- 277
nelles, which otherwise are removed by the autophagy machinery. In line with this, Hyt- 278
tinen et al. [60] already reported the occurrence of various composition in the drusen, 279
which characterize AMD. In these drusen lipofuscin and melanosomes may overlap 280
within single structures (lipomelanofuscin) [69], along with a number of autophagy sub- 281
strates and photo-pigment residues. It should be emphasized that, during AMD, when 282
extracellular drusen are not clearly evident, their components can be detected as aggre- 283
gates and inclusions within RPE cells, mostly being placed within inert lysosomes 284
[63,70,71] (Figure 3). These findings strengthen the relevance of the autophagy in AMD in 285
keeping the homeostasis of RPE cells to counteract the various deleterious effects pro- 286
duced by toxic chemical species. In fact, when an autophagy defect occurs, this is quickly 287
sensed by RPE cells which sudden develop high amount of these oxidized autophagy 288
substrates engulfing the cell. It is likely that, the relevance of these pathological inclusions 289
apply mostly to the natural history of the disease, rather than being an actual etiological 290
factors. In fact, the mass effect produced by these aggregates is likely not to play arelevant 291
role in AMD, compared with the toxicity exerted by cytosolic free, oxidized molecules or 292
damaged mitochondria when they are not yet agglomerated within inclusions. Thus, as 293
reported in the previous paragraph, inclusions would represent a strategy to trap toxic 294
species to convert them into inert aggregates. Nonetheless, the presence of many inclu- 295
sions witnesses for an ongoing production of ROS-dependent toxic products. In line with 296
this, in AMD symptoms seem to be the consequence of altered metabolism produced by 297
oxidized misfolded molecules and dysfunctional mitochondria rather than the mechanical 298
impairment induced by extra- or intra-cellular inclusions or aggregates. This is consistent 299
with the hypothesis that, a biochemical defect, which derives from a defective autophagy 300
is more relevant to impair the visual processing rather than causing massive inclusions of 301
oxidized autophagy substrates. 302

In this way, the role of impaired autophagy becomes relevant compared with the 303
role of an accumulation of autophagy substrates. According to this hypothesis, the loss of 304
visual acuity may be driven by an upstream biochemical dysfunction of cell clearance. 305
Thus, measuring the loss of the autophagy status would predict the severity of AMD to 306
produce visual symptoms more than the amount of the drusenoid area. [2]. In fact, a bio- 307
chemical alteration, which decreases the clearance of oxidizing species would be directly 308
responsible for the loss of visual acuity, while being secondarily related to morphological 309
alterations such as aggregates represented by drusen and loss of planar retinal arrange- 310
ment. This hypothesis is confirmed by a recent study [21] showing that RPE cells produce 311
autophagy-dependent genes, which need to be activated according to a specific timing 312
and spacing. These genes are responsible for key function of RPE cells such as the diges- 313
tion and recycling of intracellular and photoreceptor-derived components. 314

The regulation of these genes requires quick changes in response to daily light and 315
stress conditions. This is key for autophagy to finely tune protein expression and main- 316
taining visual processing. This is essential to counteract visual impairment in patients af- 317
fected by AMD [21]. Thus, the requirement of an effective autophagy within RPE needs 318
to match with ROS derived from light exposure as well as focal and systemic light-inde- 319
pendent excess of oxidative species. An alteration of such a delicate orchestration impairs 320
vision in real time, while progressively producing delayed extracellular deposits, which 321
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may be not directly involved in producing visual deterioration. This explains why au-
tophagy stimulation may suddenly improve visual acuity due to a direct effect on retinal
metabolism [72]. Among key proteins sustaining vision and depending on autophagy ac-
tivity, RPE produces the so-called retinal pigment epithelium derived factor (RPEDF),
which restores the visual cycle leaving intact retinal aggregates. In order to keep steady
visual acuity, fast metabolic changes need to be produced, which are compatible with
sudden biochemical effects sustained by autophagy activation within RPE cells. These re-
quirements correspond to the activity of autophagy-dependent steps within RPE as indi-
cated by Datta et al., [73]. These include: the fast phagocytosis of the outer segment of
photoreceptors and counteracting the uniquely high photo-oxidative stress. In line with
this, the photo-sensitive recycling of visual pigment depends on the autophagy status as
well as the fast autophagy-dependent receptor turn-over in photosensitive neurons. The
efficacy of these steps governed by ongoing autophagy within the RPE cells is quick to
sustain vision at retinal level. The pathology of retinal degeneration is still autophagy-
dependent and witnesses for non-effective antioxidant response, but this pathology de-
velops slowly and accumulates over time. In line with this, we recently published that an
impairment of vision during AMD does not necessarily depend on the amount of drusen.
In fact as reported in Pinelli et al., 2020 [2] and in Table 1, which adds additional 18 AMD
patients, a discrepancy can be often detected in AMD patients between the amount of the
drusenoid area and the loss of visual acuity. The fast timing of autophagy acting within
RPE to sustain vision is further proven by data showing the effects of pulsatile light expo-
sure [12]. In these conditions the stimulating effects of light on autophagy structures are
quickly produced. In fact, autophagy is diurnally regulated in rods, with more autophagy
structures generated during periods of light. This ultra-circadian cycle of autophagy de-
pends upon direct light stimulation [74]. In fact, autophagy is induced by the process of
photo-transduction when a number (at least 23) autophagy-related genes are activated
[75]. Some of these genes provide a fast progression of autophagosomes to merge with
lysosomes, which is a key step in sustaining vision [76]. When lysosome progression is
impaired the visual homeostasis is lost. This is why the quick stimulation of autophagy
should be combined with chronic administration of autophagy inducers in order to pro-
duce a sudden visual improvement, being effective as antioxidant and restoring retinal
integrity in AMD.

Table 1. Visual symptoms and amount of drusen in patients affected by AMD

Patient BCVA* Metamorphopsia Contrast Central Drusenoid
Sensitivity Thickness (ium) Area (mm?)
1:F, 83 20/63 0.4° 2.0 185 7.00
yrs
2: M, 74 20/80 0.3° 1.7/1.8 182 7.54
yrs
3:F, 61 20/25 0.3° 1.9 206 2.00
yrs
4:F, 85 20/25 0.4° 1.9 205 4.52

yrs

322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
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5; F, 57 20/32 0.3° 1.9 183 18.80
yrs
6:F, 81 20/32 0.4° 1.8/1.9 225 3.14
yrs
7:F, 75 20/25 0.4° 2.0 200 1.32
yrs
8:F, 68 20/32 0.5° 1.8 222 11.30
yrs
9:F, 81 20/32 0.5° 1.9 235 1.32
y1s
10: F, 59 20/25 0.5° 1.9 238 1.53
y1s
11: M, 78 20/80 0.3° 1.8 208 13.10
y1s
12: F, 72 20/25 0.5° 1.9 195 1.76
y1s
13: M, 70 20/50 0.4° 1.8 212 7.00
yrs
14: F, 62 20/25 0.5° 1.8 215 415
yrs
15: F, 78 20/25 0.4° 1.8 218 12.50
y1s
16:F, 72 20/25 0.5° 1.9/1.0 261 3.46
y1s
17:F, 72 20/32 0.5° 1.8 222 1.13
yIs
18:F, 70 20/40 0.4° 1.9 211 0.78
yIs

* BCVA= Best Corrected Visual Acuity.

356
357

358
359
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360

Table 1 reports original data concerning visual symptoms, retinal thickness and 361
drusenoid area obtained from 18 patients. Visual symptoms are reported as best corrected 362
visual acuity (BCVA) and contrast sensitivity. In particular, BCVA was measured by the 363
Jaeger Chart test (near BCVA) and the Snellen Chart test (far BCVA), while contrast sen- 364
sitivity was assessed by the Pelli-Robson Chart test. The central retinal thickness was 365
measured by retinal topography. Metamorphopsia (detected at Amsler test) represents 366
the distortion in the perception of linear images; it was measured as the degree of loss of 367
linear alignment within horizontal and/or vertical axis. Finally, the drusenoid area repre- 368
sents the quantitative assessment of macular area filled with drusen; it was calculated by 369
multiplying the drusen number and each drusen size (mean diameter of drusen in each 370
retina). As demonstrated in a previous paper [2], the drusenoid area is more accurate than 371
drusen number or drusen size to express quantitatively the amount of the macular region 372
filled with drusen. The central thickness obtained at retinal topography provides an indi- 373
rect measurement of the loss of planar arrangement of the retina. For each of these 18 374
patients a representative optical coherence tomography (OCT) is reported in Supplemen- 375

tary Figure S1. 376
377
3. Natural light stimulation and photo-bio-modulation (Figure 4) 378

In line with these findings Intartaglia et al. [12] postulate that pulsatile induction of 379
autophagy improves therapeutic strategies to treat devastating retinal disorders. The 380
needs of an effective autophagy in the process of vision are in line with the stimulating 381
effects of light on autophagy structures. These concepts assume a practical relevance in 382
the process termed photo-bio-modulation (PBM), which refers to the natural light stimu- 383
lation of biological targets. Photo-bio-modulation may be carried out by delivering short 384
pulses of light owing various wavelengths. The time duration which is based on short 385
periods exerts a stimulatory effect on the autophagy machinery. In fact, various ranges of 386
wavelengths stimulate a number of cellular functions via activation of photo-acceptors 387
[77-79]. 388
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Figure 4. The effects of various wavelengths on autophagy and ROS within RPE cells. Amber light 391
and red light possess a direct anti-oxidant effect. This is magnified by counteracting the deleterious 392
effects of ROS via activation of the autophagy machinery. In fact these wavelengths activate multi- 393
ple autophagy steps, including lipidation of LC3I, increasing the expression of Atg5. The increase 394
in ATGS is paralleled by the increase in Atg5 protein. These effects extend downstream along pro- 395
moting the autophagy flux by merging autophagosomes with lysosomes and later on by promoting 396
lysosomal degradation. Such a physical-chemical interaction is also achieved through the interac- 397
tion of light with the complex leupeptin/NH4Cl, which inhibits lysosomal activity; red and amber 398
light remove the complex from lysosomes thus allowing quick autophagy activation. In this way, 399
long wavelengths produce sudden effects fostering autophagy-dependent improvement of visual ~ 400
acuity. Later on, this is effective in clearing those substrates, which accumulate in the course of ret- 401
inal degeneration. In contrast, prolonged exposure to blue light produces a direct increase in ROS 402
within RPE cells and inhibits autophagy. However, when short-lasting pulses of blue light are de- 403
livered, a compensatory increase in autophagy proteins may take place with the aim to mitigate the =~ 404
damage induced by ROS production (light-induced retinal pre-conditioning, see text). 405

406

407

408

It is fascinating that the effects of these wavelengths converge on cellular targets, 409
which are a part of the autophagy machinery. For instance, amber light spanning around 410
a wave-length of 590 nm activates multiple autophagy steps and increases autophagy- 411
related proteins. In fact, amber light promotes the lipidation of LC3I into LC3II, which 412
represents a protein starting the autophagy flux. In keeping with early autophagy steps, 413
amber light increases the expression of Atg5, which is an early autophagy inducer. The 414
ATGS gene is part of the 23 autophagy genes, which are increased upon light exposure. 415
The increase in ATGS is paralleled by the increase in Atg5 protein. The effects of amber 416
light extends downstream along specific autophagy steps. In fact, amber light promotes 417
the autophagy flux by merging autophagosomes with lysosomes and later on by promot- 418
ing lysosomal degradation. Such a physical-chemical interaction is achieved through the 419
interaction of amber light with the complex leupeptin/NH4Cl. Such a complex exerts a 420
tonic inhibition on lysosomal activity, which is removed by the interaction with amber 421
light. This allows a fast autophagy activation as the consequence of pulses of amber light. 422
This sorts sudden effects promoted by autophagy and it allows to clear those substrates, 423
which accumulate in the course of retinal degeneration [80]. In keeping with long wave- 424
lengths, the exposure to pure red light exerts a powerful antioxidant effect, per se, and 425
through the activation of the inducible isoform of the chaperone protein heat shock pro- 426
tein 70 (HSP 70). In addition, red light activates autophagy and removes specific autoph- 427
agy substrates such as the misfolded isoform of tau protein. In fact, the autophagy pro- 428
teins LC3 and beclinl suddenly increase following red light exposure [81]. If one goes 429
back in the autophagy process, just like it was shown for amber light, pure red light in- 430
creases the primary transcript of early autophagy genes such as ATG5. Such a sudden 431
activation of autophagy, also produces a number of late morphological correlates at sub- 432
cellular level. In fact, the increase of autophagy-related proteins induced by red and amber 433
light and be visualized by transmission electron microscopy, where the increase in au- 434
tophagosomes and lysosomes is evident [82,83]. If red and amber light are powerful anti- 435
oxidant and autophagy inducers, what about the beneficial effects of pulses of blue light 436
exposure? The long exposure to blue light is known to produce detrimental effects to the 437
retina when applied continuously for considerable time intervals. These effects are based 438
on a high production of ROS and free radicals. However the exposure to blue light in 439
pulses may be beneficial. This puzzling evidence owns a potential explanation within the 440
scenario of pre-conditioning effects. In fact, it is known that the outcome of a critical brain 441
or hearth ischemia may be improved by ischemic pre-conditioning, which occurs through 442
compensatory activation of autophagy [84,85]. In this way, one may hypothesize that 443
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short exposure to blue/cyanide light when repeated in various cycles may activate antiox- 444
idant mechanisms by upregulating specific proteins as a compensatory attempt which 445
would provide a protective proteomic background to prevent the onset and the progres- 446
sion of AMD. In line with this hypothesis the light-induced increase of autophagy genes 447
following pulses of light may also work as a compensatory adaptation, which ends up to 448
elevate the retinal resilience to oxidative conditions. 449

In fact, prolonged exposure to blue light is detrimental for the retina and itis claimed 450
to act as the main promoter of macular degeneration. As recently reported by Wang et al.,, 451
[86], when blue light is delivered for prolonged time intervals, it produces an excess of 452
oxidative stress and it is deleterious in AMD. The toxicity of prolonged blue light exposure 453
affects all retinal layers. At the level of RPE this causes altered mitochondria and a severe 454
oxidative stress, which is produced by light per se and by altered mitochondrial metabo- 455
lism [86]. In fact, filtering blue light protects mitochondria and promotes the integrity of 456
RPE cells [87]. The deleterious effects of blue light were recently found to involve miR- 457
27a, a negative regulator of Forkhead Box O1 (FOXOL1). Following prolonged blue light 458
exposure an upregulation of miR-27a causing a reduction of FOXO1 is documented and 459
it induces ROS accumulation, oxidative stress and cell death in RPE cells [88]. 460

The blue-light pre-conditioning should be aimed at reducing the time of exposure 461
to intervals allowing a proteomic compensatory response without leading to retinal dam- 462
age. In fact, recent experimental evidence indicates that, when blue light is delivered in 463
pulses, a long term protective effect may occur. In these conditions photoreceptors upreg- 464
ulate stress response pathways while reducing the expression of photo-transduction com- 465
ponents, ion transporters, and calcium channels. Such a shift in gene expression promoted 466
by short-lasting blue light ameliorates the oxidative stress induced by long-lasting blue 467
light exposure [89]. Thus, a blue light anti-oxidant pre-conditioning seems to occur also 468
for the oxidizing effects induced in the retina. These neuroprotective gene pattern may 469
counteract oxidative stress. These effects were induced in flies by 3 h daily exposure to 470
blue light, which increased transiently ROS but not enough to induce cell degeneration. 471
After some cycle of this ROS pre-conditioning, flies can tolerate 8 h blue light exposure 472
without any degenerative change. In mammalian species the effects of blue light are sim- 473
ilar. In fact, although prolonged blue light exposure fosters retinal damage, a short time 474
of exposure may produce compensatory effects which counteracts oxidative stress in- 475
creasing the tolerance to blue light exposure for prolonged time intervals. This appearsto 476
occur mainly through the stimulation of lysosome synthesis. In fact short-lasting blue light ~ 477
promotes the nuclear transport of transcription factor EB, which in turn, increases lysoso- 478
mal-related gene expression [90]. The timing of short periods of blue light needs to be 479
finely tuned aimed at promoting a compensatory response, through which retinal pre- 480
conditioning may counteract the damage induced by prolonged blue light exposure. 481
These concepts are in line with recent studies showing the relevance of a stimulated au- 482
tophagy to sustain protection through post-ischemic conditioning in the ischemic retina 483
[91]. 484

4. The autophagy-inducing effects of phytochemicals 485

A number of naturally occurring compounds named phytochemical were intensely 486
investigated in recent years to counteract oxidative cell damage. In fact, most of these 487
compounds are powerful antioxidants and autophagy inducers [3,92,93] thus connecting 488
the main mechanisms being involved in AMD. Some of these compounds, apart from in- 489
ducing a sudden autophagy stimulation are able to exert an epigenetic control on autoph- 490
agy related genes [94-97]. 491

Phytochemicals were challenged at clinical and experimental level in a number of 492
retinal disorders, including systemic disease affecting retinal integrity such as diabetes 493
[98-100]. Due to a powerful antioxidant effect, phytochemicals were suggested to play a 494
role to treat AMD [92]. In fact, most treatments of AMD are focused on plain antioxidant 495
agents and compounds being able to suppress the genesis of new vessels. This is also the 496
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case of phytochemicals, which counteract oxidative stress and suppress vascular endothe- 497
lial growth. This is the case of a number of compounds reviewed by Bosch-Morell et al. 498
[101] such as saffron, ginkgo, bilberry and blueberry, curcuma, carotenoids, polyphenols, 499
and vitamins C and E. Some clinical study is available showing that, in AMD patients 500
combined administration of bilberry, lutein, and resveratrol administered daily for sev- 501
eral months produce a suppression of the drusenoid area [2,92]. In detail, this consists in 502
clearing extracellular aggregates, at the retinal choroid border just between the retina pig- 503
ment epithelium (RPE) and the Bruch’s membrane. This occurs along with a consistent 504
improvement in visual acuity. Since the pathogenesis of AMD features oxidative stress 505
and abnormal angiogenesis and both effects are strongly modulated by the autophagy 506
status a natural question is whether phytochemicals act as autophagy inducers. In fact, in 507
the early part of the manuscript evidence is provided that a defective autophagy is key in 508
sustaining multiple facets of AMD. In addition, the autophagy machinery besides being 509
responsible for most pathological alterations of AMD is critical to sustain quick biochem- 510
ical events involved in visual detection. Thus, the ability of phytochemicals to modulate 511
autophagy is relevant to consider potential disease-modifying effects in AMD. In keeping 512
with preliminary findings about a protective effects of some nutraceuticals (the combina- 513
tion of lutein, resveratrol and bilberry) in the course of AMD. 514

4.1. Lutein 515

It is remarkable that lutein does stimulate autophagy and it may counteract the 516
deleterious effects induced by autophagy inhibition [102]. The work by Chang et al. [103] 517
tested lutein as an autophagy inducer, as shown by a dose-dependent increase in the 518
intracellular amount of LC3. It is likely that, most of the antioxidant effects exerted by 519
lutein are obtained through autophagy activation since this compound elevates a number 520
of steps in the autophagy machinery which were extensively reported by Chang et al. 521
[103]: (i) lutein increases the levels of the autophagy inducers LC3 and Beclinl, while (ii) 522
increasing the primary transcript of early autophagy genes such as ATG4A, ATG5, ATG7, 523
ATGI12, and (iii) further on in the autophagy pathway lutein increases the amount of 524
autophagosomes; (iv) lutein promotes the progression of the autophagy flux; (vi) the 525
effects of lutein extend to activating the autophagy-related molecules AMP-activated pro- 526
tein kinase (AMPK), Jun N-terminal Kinase (JNK) and p-38. Among various steps affected 527
in the autophagy pathway, the increased expression of the primary transcript BECN1 and 528
the overexpression of its protein beclinl appear pivotal in inducing the autophagy 529
machinery, which cannot be stimulated anymore by lutein administration when BECN1 530
is knocked out [103]. The marked activity of lutein as antioxidant/autophagy inducer is 531
promising when considering the pathophysiology of AMD. Remarkably, when lutein is 532
administered systemically, the compound is concentrated in the retina mostly at macular 533
level [104-106], which is fascinating considering that such a small region is the target of 534
degeneration during AMD. In fact, a recent clinical evidence indicates that lutein and its 535
metabolite zeaxanthin when administered to AMD patients improve the disease status 536
[107]. 537

The lack of ability to synthesize lutein in the human body and the evidence for a 538
therapeutic efficacy of this compound, led to recommend a diet rich in lutein and 539
zeaxanthin during AMD [108]. The natural distribution of lutein in the macula joined 540
with the powerful effects of lutein as an antioxidant for the RPE make this phytochemical 541
a promising compound to be administered chronically in the course of AMD. However, 542
the poor solubility and bioavailability of lutein administered orally fostered the 543
development of soluble and diffusible analogs. In this way, lutein di-glutaric acid, which 544
is a soluble and diffusible lutein pro-drug was tested for its antioxidant effects within RPE 545
cells [109]. In this study, lutein di-glutaric acid was effective in preventing RPE damage 546
due to H202 and in producing the same activation of biochemical cascades including 547
autophagy proteins described for plain lutein. The powerful antioxidant effects of lutein =~ 548
and its soluble analog are achieved also independently from autophagy activation since 549
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lutein increases the levels of direct antioxidant molecules such as the enzymatic 550
antioxidants glutathione peroxidase (GPx) and catalase (CAT) and the non-enzymatic 551
antioxidant glutathione (GSH) [109]. Still, it is questionable whether an increase in 552
endogenous antioxidant species is really a direct effect, since the activation of 553
autophagy/mitophagy and the improvement of mitochondrial turnover induced by 554
lutein, apart from counteracting the consequence of oxidative stress, may induce an 555
increase of antioxidant compounds [110]. In fact, the improved mitochondrial structure 556
increases the level of a number of mitochondrial derived peptides such as humanin, which 557
increases the level of mitochondrial GSH, and inhibits ROS generation. Similarly, as we 558
reviewed recently, the very same pathway involving autophagy activation in the inner 559
choroid/outer retina, mostly within RPE cells, may produce a powerful anti-inflammatory 560
effect by inhibiting inflammasome and suppressing exudative phenomena and new 561
vessels proliferation as it occurs in wet AMD [3]. 562

Thus, the beneficial effects of lutein in counteracting oxidative damage in the course 563
of AMD can be placed at multiple steps in the pathophysiology of the disorder. In fact, 564
the efficacy of lutein is achieved in multiple ways, which can be roughly summarized 565
here: (i) promoting a direct antioxidant defense; (ii) activating the autophagy/mitophagy 566
pathway, which neutralize oxidative species; (iii) activating the clearance of oxidative by- 567
products once they are produced; (iv) removing damaged mitochondria, which becomea 568
source of oxidative stress; (v) promoting the synthesis of novel mitochondria; (vi) exerting 569
a powerful anti-inflammatory effect; (vii) inhibiting new vessels proliferation. In addition, 570
lutein as other phytochemicals, may act as an inducer of retinal stem cells, which are 571
stimulated by autophagy activation [2,3,111-115]. Most of these steps are shared by many 572
phytochemicals. In this context the detailed analysis of lutein is provided as a paradigm 573
to discuss the multimodal activity of phytochemicals to prevent and counteract AMD. 574
Some other compounds will be mentioned due to clinical and experimental evidence, 575
which indicate a beneficial effect in the RPE and AMD. 576

4.2. Resveratrol 577

Similarly to lutein, resveratrol exerts antioxidant effects on RPE. In fact, when ad- 578
ministered to RPE cells resveratrol inhibits the amount of the oxidative by-products such 579
as malondialdehyde and it increases the catalytic activity of the enzyme superoxide dis- 580
mutase (SOD) [116]. In keeping with its powerful effects as autophagy inducer, resveratrol ~ 581
markedly activates autophagy within RPE [102]. As expected, when stimulating autoph- 582
agy and mitophagy a concomitant increase in the biogenesis of mitochondria takes place. 583
This occurs through the molecule peroxisome-proliferator-activated receptor-y coactiva- 584
tor-1 (PGC1)-alpha which was shown to stimulate mitochondriogenesis upon autophagy 585
activation [117]. In fact, following resveratrol an increase in PGC1-alpha occurs [118]. As 586
a consequence of this mitochondrial quality control and function, resveratrol improves 587
mitochondrial activity in the retina [119]. 588

The autophagy-inducing effects of phytochemicals are unlikely to rely on mechanis- 589
tic target of rapamycin (mTOR) inhibition. In fact, both lutein and resveratrol act as au- 590
tophagy activators without affecting mTOR activity. The stimulation of autophagy, which 591
occurs downstream to mTOR complex is visible in RPE cells as increased autophagy vac- 592
uoles, increased autophagy flux measured by a progressive augmentation in the 593
LC3II/LC3I ratio, which take places at various time intervals following resveratrol admin- 594
istration, concomitantly with decreased amount of p62 [120]. Moreover, the merging be- 595
tween autophagosomes and lysosomes is increased following resveratrol [121]. A power- 59
ful anti-inflammatory effect is induced by resveratrol either via Sirtuin 3 activation [122], 597
or independently, by a direct effect on RPE cells [123]. Such an effect joined with the inhi- 598
bition of angiogenesis due to a block of Vascular Endothelial Growth Factor (VEGF) [124], 599
suggest that resveratrol may be effective both in wet and dry AMD. Just like it was re- 600
ported for lutein, resveratrol may sort beneficial effects on retinal cells due to its properties 601
as a stimulator for stem cell niches as shown in the hippocampus. In detail, this effects 602



Antioxidants 2023, 12, x FOR PEER REVIEW 16 of 28

which is still mediated by Sirtuin consists in committing the stem cell to differentiate to- 603
wards specific neuronal phenotypes [125]. 604

Despite such an apparent equivalence between the effects described for lutein and 605
those we just reviewed concerning resveratrol, it is important to specify that in the case of 606
lutein all these effects are demonstrated in the retina and within RPE cells. On the other 607
hand, due to a lack of available data, resveratrol was not tested so much at retinal level 608
and only some of these effects are described within RPE, while others were found to occur 609
in other organs or cell types simply due to a lack of experiments carried out in the retina. 610
This makes resveratrol very similar to lutein as an antioxidant, although the evidence con- 611
cerning its potential site-specific efficacy within RPE is less documented. In fact, when 612
carrying on February 15%, 2023 a Pubmed Search for “resveratrol and retina” compared 613
with “lutein and retina” the difference is roughly four-fold. 614

4.3. Bilberry 615

This site-specificity of retinal effects further decreases when considering another 616
promising candidate among phytochemical to be used in protecting RPE, which is bilberry 617
[126]. This polyphenol phytochemical stimulates autophagy [106] and promotes the clear- 618
ance of misfolded proteins, which accumulate into the drusen, such as beta-amyloid [127] 619
along with lipids, which are similarly cleared by the exposure to bilberry [128]. 620

Most of the effects which are attributed to bilberry depend indeed on the activity of 621
its metabolite protocatechuic acid [106]. The activity of bilberry is mostly evidenced con- 622
cerning the protection against aggregation of misfolded proteins. In fact, apart from beta- 623
amyloid, bilberry clears the cells from misfolded opsins in the outer retina. In detail, bil- 624
berry clears and prevents the aggregation of S-opsin, it promotes the activation of Acti- 625
vating transcription factor 4 (ATF4), and it induces the expression of primary transcripts 626
of gene inducing proteins involved in the unfolded protein response [129]. 627

The powerful effects of bilberry in counteracting the detrimental effects of AMD for 628
visual response in the retina were challenged by using electro-retinogram by Osada et al. = 629
[130] both in photopic and scotopic conditions to recruit cones and rods, respectively 630
within mouse retina. Exposure to bilberry prevents the suppression of both photopic and 631
scotopic retinal responses following a toxic light exposure. This immediate improvement 632
in visual performance is likely to be induced by a protective effects of bilberry against the 633
oxidative stress produced by light exposure. 634

Bilberry is effective to protect against ROS-induced cell death, while producing a 635
decrease in the amount of ROS induced by intense toxic light stimuli. In these conditions 636
bilberry preserves the amount of tight junctions between RPE cells, which are lost early in 637
AMD [130]. Bilberrry exerts protection in the retina, which occurs along with pro-autoph- 638
agy, antioxidant and even anti-inflammatory [131] effects. The effects of bilberry are evi- 639
dent also at the level of retinal blood vessels, which preserve their integrity [132]. 640

4.4, Curcumin 641

Curcumin represents a very promising, potentially protective, phytochemical to be 642
administered in the course of AMD [133]. In fact this compound stimulates autophagy 643
both in baseline conditions and following toxic stimuli. The protective effects of curcumin 644
are demonstrated in various cell types, where curcumin acts as an autophagy inducer 645
[111,134-140]. When looking at retinal site-specific effects, curcumin counteracts apoptosis 646
and inhibits mitogen-activated protein kinase (MAPK)-dependent signaling in experi- 647
mental retinal degeneration [141,142]. The protective effects of curcumin are promising in 648
experimental AMD [143-145]. In fact, a remarkable tropism of curcumin towards patho- 649
logical structures formed during AMD is described [146], where curcumin fluorescence 650
and hyperspectral imaging indicate the accumulation of this compound within retinal am- 651
yloid 3 (AP) deposits, which suggests a specific tropism for drusen. A recent study indi- 652
cates that a metabolite of curcumin, hexa-hydro-curcumin (HHC) produces better retinal 653
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protection than curcumin itself [9]. Although each single mechanism responsible for neu- 654
roprotection remains to be established, the protective effects of curcumin and HHC in 655
light-induced experimental AMD are grounded on autophagy activation and a direct an- 656
tioxidant effects [9]. A recent study in searching for potential candidates to treat AMD, 657
carried out an “in silico” analysis to identify the off-label protective effects in AMD of a 658
number of chemicals and drugs approved by the Food and Drug Administration for other 659
indications [147]. In this search a number of compounds belonging to multiple drug clas- 660
ses were tested. Among these, curcumin emerged as the most effective compound in af- 661
fecting genes involved in AMD. Such an association was still evident when specific genes 662
associated with various isoforms of AMD were tested. In fact, curcumin is the most sig- 663
nificant compound for dry AMD including geographic atrophy and wet AMD, being such 664
an association more evident for the dry than the wet forms [147]. These results suggest a 665
very promising protective effect of curcumin in the course of AMD. In fact, the autophagy- 666
inducing properties of curcumin in various cell types are magnificent compared with 667
other phytochemicals [56,138,139,148-152] and they are similar to those reported for ra- 668
pamycin [137,153-158] with the important difference that curcumin does not carry the bur- 669
den of most side-effect induced by rapamycin. The protective effects of curcumin in re- 670
storing autophagy in the RPE are comparable to those described for lutein [102]. Again, a 671
major limitation when using curcumin, as well as other phytochemicals, is due to a low 672
bioavailability. For this reason Muangnoi et al. [159] tried with some success the effects of 673
curcumin esters as pro-drugs. These esters produce better effects when administered sys- 674
temically compared with simple curcumin. Still, it would be relevant to develop thera- 675
peutic strategies to treat retinal disorders by a full increase in curcumin bioavailability, 676
which may be achieved through appropriate pharmaceutical designs. In fact, according 677
to Chang et al. [160] curcumin represents an ideal drug that may effectively restore neu- 678
ronal functions in AMD patient-derived RPE cells, rendering this drug an effective thera- 679

peutic option to treat macular degeneration induced by oxidative stress. 680
5. The archaic nature of synergism between natural light and phytochemicals as dis- 681
ease-modifier in AMD (Figure 5) 682

When looking at site-specificity of retinal autophagy activation induced by light ex- 683
posure it is not surprising that the most impressive effects are measured in the outer retina 684
at the level of the RPE within the macula. This is the area where light directly impact RPE 685
cells and distal photoreceptors. Considering that the macular region possesses the highest 686
concentration of the autophagy stimulator phytochemical lutein a natural question needs 687
to be discussed: are these effects of light on the autophagy machinery purely induced by 688
light exposure or are they produced by the activation of light-sensitive phytochemicals 689
working both as photo-acceptors and autophagy inducers? Moreover, considering both 690
stimuli as effective in stimulating retinal autophagy are light exposure and phytochemi- 691
cals synergizing? Specifically, since phytochemicals are often light-sensitive and light-ac- 692
tivated, is light exposure making phytochemicals more effective as autophagy inducers? 693

694
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Figure 5. Convergence and mutual enhancement of light and phytochemicals as autophagy induc- 697
ers within RPE. Specific phytochemicals, which are at present recommended in the diet of AMD 698
patients are strong autophagy inducers. These effects remarkably concern the very same steps which 699
are activated by long light wavelengths (see also Figure 4). In addition, the biochemical activity of 700
phytochemicals is enhanced upon light exposure since most of these molecules are photo-pigments 701
which naturally occur in plants to transduce the effects of light to sustain cell viability. 702

703

As a matter of fact, when phytochemicals are combined with pulses of amber and 704

red light according to specific timing, the beneficial effects on retinal anatomy and visual 705
acuity are improved [161,162]. In fact, in these manuscripts common targets are described 706
concerning the effects of amber and red light exposure with the effects produced by phy- 707
tochemicals. 708
It is remarkable that, in these cases light and phytochemicals induce both autophagy 709

and direct antioxidant molecules. Such a convergence is remarkable when looking at the 710
specific steps in the autophagy machinery. In fact, as reported for light and phytochemi- 711
cals both stimuli are strong inducers for early steps in the autophagy machinery by in- 712
creasing early autophagy genes and proteins such as LC3II, beclinl, Atg5. In both cases 713
the amount of autophagosomes is increased as well as the merging between autophago- 714
somes and lysosomes. In this way, even the doses of phytochemicals may be decreased 715
(which may allow efficacy with low bioavailability) and the potential pre-conditioning to 716
counteract oxidative stress in AMD may be carried out more safely. The site-specificity of 717
light/phytochemicals convergence is also remarkable since the retina is the recipient of 718
natural light and some phytochemicals are reported to accumulate in the retina following 719
systemic administration. It is remarkable that site-specificity may further increase when 720
considering specific retinal areas, since lutein is stored within the macula and the macula 721
is the site where natural light impact directly the RPE which is the final target to increase 722
autophagy in the course of AMD. At this level, light has direct access to the outer retinal 723
segment at the border with the inner choroid, which is supposed to be the site where phy- 724
tochemicals may synergize both concerning RPE and blood vessels of the choriocapillaris. 725
This inner choroid/outer retinal border corresponds to the area where drusen accumulate 726
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in the course of retinal degeneration, between RPE and Bruch’s membrane. This is ex- 727
pected to lead to a decrease in the amount of drusen, which is reported in a recent manu- 728
script [161] in a case reporting combined administration of photo-bio-modulation and 729
nutraceuticals. This is in line with the hypothesis reported in Figure 5. 730

A key question concerns a further step in the synergism between light and phyto- 731
chemicals relates to the specific structure of most phytochemicals, which are sensitive to 732
light. In other words how inert phytochemicals are to the effects of light? May light expo- 733
sure enhance the autophagy-inducing effects or the natural antioxidant activity of phyto- 734
chemicals? 735

As a process which was reported to derive from the evolution of living organelles, 736
since phytochemicals are occurring in nature mostly in the structure of plants, it is not 737
surprising that these compounds are modified in their structure and function upon expo- 738
sure to natural light. Similarly, the retina is an anatomical structure, which developed in 739
the human body under the plastic effects produced by light exposure. Similar to plants 740
surface, the retina possesses molecules, which need to be modified in their structure when 741
impacted by various wavelengths. These facts provide a rationale for convergence of en- 742
lightened retina and phytochemicals to trigger similar biochemical pathways. In fact pho- 743
toreceptors itself are modified by light exposure and melanin is the classic surface mole- 744
cule, which acts as a photo-acceptor in the retina as well as the whole surface of the human 745
body. Thus, it is not surprising that phytochemicals are properly active when exposed to 746
light, which augments the site-specificity of the beneficial effects of systemically adminis- 747
tered phytochemicals specifically for retinal structure and function. In this way, it is not 748
surprising that lutein is modified upon light exposure [163]. In fact, white light modifies 749
and may enhance the antioxidant properties of a number of phytochemicals [164]. As 750
shown by Morello et al. [165] different wavelengths produce different effects on phyto- 751
chemicals and specific wave-lengths determine a change in the structure and chemical 752
properties of lutein [166]. This happen also for resveratrol [163]. When a mixture of poly- 753
phenols is exposed to light various metabolites are generated [167]. 754

Therefore, the combination of light and phytochemicals in treating retinal oxidative 755
damage is just repurposing the natural interaction which occurs in nature between light 756
and light-sensitive natural compounds. We may indicate that the interaction between spe- 757
cific wavelengths and specific chemical moieties of phytochemicals represents an evolu- 758
tionary old interaction, which drove the structure and metabolism of those cells which are 759
exposed to light. It is not surprising that these effects mostly occur within the RPE, which 760
in the retina represents the cell type, which absorbs the highest amount of light. The con- 761
vergence of light and light-sensitive phytochemicals in activating the autophagy machin- 762
ery is a sort of proof of principle of the significance of such an interaction in the evolution 763
of living species. As shown by Yu et al. [168], in plants autophagy regulates ROS homeo- 764
stasis to increase salt tolerance. In plant just like in the retina, light is essential; however 765
in plant as well as in the retina an excess of light generates an excess of ROS which damage 766
plant cells, which is counteracted by increased autophagy within plant cells [169]. 767

Thus, the protective role of autophagy against light-induced oxygen-derived toxic 768
species in the retina recapitulates the same phenomenon which may lead autophagy to 769
protect cell death in the plants [169]. When autophagy is suppressed in plant cells, ROS- 770
induced damage is enhanced featuring intracellular alterations which are reminiscent of 771
human AMD such as engulfment of phagophores and big stagnant aggregates of peroxi- 772
somes within vacuoles [169]. In plants, phytochemicals are an essential part of the cell 773
structure which is partially lost in the human retina. In fact, plant cells are fully exposed 774
to light. The concept of delivering antioxidant, autophagy-inducers phytochemicals to the 775
RPE under autophagy-inducing light exposure sounds like a natural way to reproduce 776
the topography of a strong antioxidant defense. 777

The ancestral role of light in inducing cell growth in plant is likely to be conserved 778
in the human retina. In fact, specific wavelengths are able to stimulate the proliferation 779
and differentiation of retinal stem cells. 780
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