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Autophagy is a catabolic process that ensures homeostasis in the cells of our organism. It plays a crucial role in protecting
eye cells against oxidative damage and external stress factors. Ocular pathologies of high incidence, such as age-related
macular degeneration, cataracts, glaucoma, and diabetic retinopathy are of multifactorial origin and are associated with
genetic, environmental factors, age, and oxidative stress, among others; the latter factor is one of the most influential in
ocular diseases, directly affecting the processes of autophagy activity.
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| 1. Introduction

Autophagy, a catabolic process that is conserved in the evolutionary process, involves the degradation and recycling of
cellular components to maintain the cells’ interior under appropriate conditions for their survival . The process of
autophagy is a double-edged sword, as it is involved in both cell death and cell survival W&, Through digestion,
autophagy can eliminate debris that may be toxic, causing cell death. It can also digest cellular organelles, which are
altered for subsequent recycling [Bl. Autophagy also removes defective or aggregated proteins and lipid droplets from the
cytoplasm via double membrane vesicles that are transported to and fused with lysosomes for enzymatic degradation 1.
After the digestion process, metabolites that can serve as the basis for the synthesis of new organelles or essential
molecules for the cell are generated.

Various stress conditions, such as infections, ionizing radiation, hypoxia, and even chemotherapeutics, can cause the
induction of autophagy 2. Yoshinori Oshumi won the Nobel Prize in 2016 for his research work on autophagy processes.
In the early 1990s, he identified genes related to autophagy processes in yeast (Saccharomyces cerevisiae) [,
subsequently characterizing the proteins encoded by these genes. He later conducted similar research in mammals .
Since the beginning of the 21st century, this catabolic process has been one of the main targets in cellular research in
order to study some types of cancer, metabolic, inflammatory, and neurodegenerative diseases as well as cellular aging
[, |n addition, it is known that alterations in autophagy processes are involved in the development of certain ocular
pathologies; therefore, treatments focused on the regulation of autophagy processes could offer a therapeutic alternative
for the treatment of ophthalmologic pathologies [&!.

| 2. Autophagy in Ocular Diseases

Under normal conditions, autophagy plays an important role in the maintenance of cellular homeostasis through the
recycling of cytoplasmic proteins and cellular organelles [&. However, disruption of normal autophagy processes is
implicated in the pathophysiology of major ocular diseases [QI1ALL[12]

2.1. Glaucoma

Oxidative stress plays a crucial role in the development of glaucoma by damaging the cells of the trabecular meshwork
(TM), which are responsible for regulating the outflow of aqueous humor and maintaining intraocular pressure (I0P) 31,
Therefore, as an individual ages, oxidative damage accumulates, contributing to cell death by apoptosis and the
development of glaucoma 4. To protect themselves from constant oxidative stress and maintain intracellular
homeostasis, TM cells activate autophagy to eliminate damaged proteins and organelles. Autophagic activity begins to
saturate during the lifetime of an individual, since non-degradable materials accumulate in the lysosome compartment,
which consequently causes a decrease in lysosomal activity. This decrease in autophagy leads to progressive dysfunction
of TM cells and may contribute to the development of a glaucomatous pathology R2I28IIL7I18] Elevated IOP can induce
autophagy independently of mTOR to maintain cellular homeostasis in TM cells and cope with the mechanical forces by
which they are affected. Porter et al. (2014) 18! conducted an in vitro experiment with pig eyes in which they applied a
normal physiological pressure (8 mmHg) to some eyes (control eyes) and a high pressure to others (30 mmHg).



Compared with controls, eyes subjected to high pressure showed increased levels of LC3-Il (Microtubule-associated
protein-1 light chain 3-Type Il), a membrane component that is converted from LC3-I (Type ) to initiate autophagosome
formation and elongation. In addition, ultrastructural analysis showed the presence of autophagosomes and
autolysosomes in TM cells in those eyes subjected to high pressure, a result that was not observed in control eyes.

In cultures of human TM cells derived from glaucomatous eyes in which IOP had been elevated for a long time, when cells
were exposed to high oxygen concentrations (40% O,), autophagy processes were not activated 18. Control TM cells
from the healthy eye showed an autophagic response to hyperoxia, as there was an upregulation of LC3-Il levels, but
cells from glaucomatous eyes did not show a variation in this structural protein. Increased LC3 immunoreactivity in the
RGC layer as well as LC3-1l accumulation was also observed between 6 and 24 h after the transient increase in IOP in an
experimental model developed in rats 1929 |mpairment of the autophagy process by calpain-mediated cleavage of
beclin-1 was also demonstrated in this same experimental model L. In a transgenic mouse model with altered basal
autophagic flux by ablation of the Beclin-1-regulated autophagy-activated molecule (AMBRA-1), increased RGC loss in
response to ischemia was observed after a transient increase in I0P 22, Furthermore, in a transgenic mouse model with
impaired autophagic flux and chronic hypertension DBA/2J::GFP-LC3, which express the autophagosome LC3, higher
IOP values, further RGC loss, and aggravated axonal impairment were observed compared with the spontaneous ocular
hypertensive DBA/2J mouse model (23], All of these studies demonstrate that autophagy is rapidly activated at the onset of
the disease in response to elevated IOP, but if these conditions were chronic autophagic activity would become saturated
and cease to function properly. Therefore, the disruption of autophagic flux could be involved in the pathogenesis and
progression of glaucoma 24! (Figure 1).
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Figure 1. Scheme of the main autophagy changes related to glaucoma. IOP: intraocular pressure; TM cells: trabecular
meshwork cells; RGCs: retinal ganglion cells. (Created in part with smart.servier.com, accessed date 20 February 2021).

2.2. Cataract

Autophagic vesicles containing mitochondria or fragments of mitochondria have been observed in human lens fibers.
Costello et al. [ performed a study to confirm the presence of autophagic activity in the lens and demonstrated its
presence. Therefore, autophagy helps to maintain the integrity of the cells by contributing to the maintenance of the

physical properties of the lens 22 (Figure 4). Disturbances in the elimination of organelles in the cytoplasm of lens fibers
increase ROS, altering the homeostasis of the lens, decreasing its transparency and leading to the development of
cataracts 28 (Eigure 2).
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Figure 2. Scheme of the main autophagy changes related to cataract. (Created in part with smart.servier.com, accessed
date 20 February 2021).

TBC1D20 (TBC1 domain family member 20) is a key regulator of autophagosome maturation. There is evidence that
regulation by TBC1D20 maintains lens transparency. A study conducted on mice tested what would happen if TBC1D20-
mediated autophagic flux was altered 24 and found that the animals presented cataracts in the lens nucleus, but the
cortex remained transparent. Over time, the pathology progressed, and cataracts completely occupied the lens. In
addition, it was observed that the lens fibers were highly degenerated and disorganized, and there was an accumulation
of ubiquitin aggregates. Therefore, alteration of the autophagic flux mediated by TBC1D20 resulted in the accumulation of
autophagic material in the lens fibers and the formation of cataracts [24. In another study, Atg5 (autophagy-related protein)
knock-out mice showed opacity in the cortical region of the lens after 6-9 months, and by 21 months they had cataracts
(28] The lenses of these mice showed age-dependent cellular disorganization and accumulation of abnormal materials.
Accumulation of insoluble p62, ubiquitin aggregates and oxidized proteins was also observed in the lens fibers [28, These
results suggest that autophagy is critical for maintaining intracellular homeostasis in the lens.

2.3. Diabetic Retinopathy

In diabetic patients, at the cellular level, hyperglycemia causes the activation of metabolic pathways, resulting in an
increase in reactive oxygen species, the appearance of advanced glycation end products, and the release of
proinflammatory cytokines, all of which lead to cell death mediated by apoptosis, necroptosis, and autophagy 22,
Therefore, the retinal damage suffered by diabetic patients is related to autophagic events B9,

Autophagy is responsible for removing damaged proteins, providing a defense mechanism against RPE damage, but
under conditions of excess metabolic stress autophagic activity is impaired 22 (Figure 3). High glucose levels also affect
Miller cells, which are the major source of VEGF (Vascular Endothelial Growth Factor) in DR. In a study on the effect of

hyperglycemia on the retina, rat retinal Muller cells were treated with normal or high glucose levels with/without inhibitors
and activators for p62 for 24 hours B, Cells in contact with high glucose levels responded with increased autophagic
activity and endoplasmic reticulum stress associated with increased apoptosis. By inhibiting autophagy in cells treated
with high glucose levels, there was an increased number of Miiller cells in apoptosis 21, In a diabetic mouse model, the
physiological autophagic flux was observed to be altered, with increased LC3 at the level of the outer plexiform layer and
up-regulation of the autophagic proteins Beclin-1 and Atg5 32
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Figure 3. Scheme of the main autophagy changes related to diabetic retinopathy (DR). RPE: retinal pigment epithelium.
(Created in part with smart.servier.com, accessed date 20 February 2021).

The effect of hyperglycemia on autophagic activity has been demonstrated in cultured human RPE cells 28], Cultures
were incubated in media with a normal glucose concentration (5 mM) and media with a high glucose concentration (30
mM). Cells treated with high glucose levels showed an increased amount of double membrane vacuoles, typical of
autophagosomes, at 48 hours after incubation compared with the culture with a normal glucose concentration. In addition,
after exposure to hyperglycemic conditions, cells showed higher levels of LC3 in the cytoplasm, indicating an elevated
autophagic response. Autophagy induced by high glucose levels was found to be mTOR-dependent but mainly regulated
by ROS-mediated endoplasmic reticulum stress signals. Therefore, under a scenario of oxidative stress induced by high
glucose levels, autophagy is required to eliminate damaged proteins and provide a mechanism to prevent RPE induced
damage 23! (Figure 3). Compared to a control culture, cells that were treated with a high concentration of glucose and
were deficient in autophagic processes exhibited a strong reduction in cell viability, suggesting that autophagy plays a
protective role for RPE cells in the presence of a DR-common environment 31,

3.4. Age-Related Macular Degeneration

Mitochondria from human RPE cells exposed to blue light release ROS, resulting in increased damage to the
mitochondrial DNA of these cells B4, Endogenous ROS generation induces autophagy, and it has been observed that,
under conditions of oxidative stress, RPE cells in AMD patients generate elevated levels of ROS compared with healthy
RPE cells 23], When oxidative stress occurs continuously over time, mitophagy is activated as a mechanism to protect the
cell against this stress. RPE cell dysfunction in AMD donor samples has been linked to mitochondrial DNA injury, and as
the disease severity increases, there is greater damage and reduced ability to repair [28. Therefore, selective removal of
damaged mitochondria by autophagy (mitophagy) could be essential for cell survival (Eigure 4).
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Figure 4. Scheme of the main autophagy changes related to age related macular degeneration (AMD). RPE: retinal
pigment epithelium. (Created in part with smart.servier.com, accessed date 20 February 2021).

The retina is under intense oxidative stress due to high oxygen consumption, light exposure and high mitochondrial
activity leading to the release of ROS in the RPE. To defend themselves, these cells increase the production of anti-
oxidants, which decrease with aging, causing severe oxidative damage and progression of AMD. Oxidative stress can be
induced by H,0,. In vitro models have shown that autophagy-associated cell death occurs in ARPE-19 cells and primary
human RPE cells by serum deprivation, and H,O, (2 h, 1 mM) BZE8l The phenomenon means, firstly, an induction of a
high level of autophagy, which is the cause of cell death, thus autophagic death occurs. Furthermore, these RPE cells
undergoing autophagy-associated cell death participate in elimination mechanisms guided by professional and
nonprofessional phagocytes and are accompanied by the induction of inflammation. Therefore, this process may be
involved in the pathogenesis of AMD 428! (Figure 4).

Retinal neovascularization may be related to oxidative stress, pyroptosis (a highly inflammatory form of programmed cell
death), and impaired autophagy B9. Another pathological feature of AMD is the accumulation of lipofuscin in the
lysosomes of RPE cells 49, Lipofuscin is a heterogeneous mixture of lipoproteins that sensitize RPE cells to light
exposure and oxidative stress, leading to apoptosis 4131142l A2E (N-retinylidene-N-retinyl-ethanolamine) is a lipofuscin
fluorophore that is toxically deposited in the RPE cells of AMD patients. Zhang et al. found that A2E triggers autophagy in
RPE cells during the early stages of AMD. Inhibition of autophagy in RPE cells with A2E results in elevated levels of
proinflammatory and proangiogenic factors 43, Therefore, an increase in autophagic activity protects against the harmful
effects of A2E.

Aging is the main risk factor for developing AMD. In a study on mouse retinas, autophagy levels were compared at
different ages 44l After lysosomal blockade, aged retinas exhibited lipofuscin-laden lysosomes and ubiquitin aggregates
characteristic of autophagic impairment. It was shown that chaperone-mediated up-regulation of autophagy would lead to
increased lysosome-dependent proteolysis in aged retinas and that there was uncoordination between autophagic
pathways in cone-type photoreceptors. The study proposed that this lack of coordination between the different autophagic
pathways could be responsible for the specific pattern of visual loss that occurs in aging (Figure 4).

2.5. Autophagy as a Therapy in Ocular Pathologies

In recent years, the efficacy of certain drugs that utilize autophagy processes in the treatment of different ocular
pathological processes has been proven. These drugs include Rapamycin (RAP), AMPK activator, proteasome inhibitor
(MG-132), chloroquine, and hydroxychloroquine, among others 421,

In most ocular diseases, proteolytic and autophagic capacity is attenuated. Therefore, some pharmacological activators of
autophagy are being studied as potential therapies for ocular pathologies.



A drug that acts as a regulator of the autophagy process is Rapamycin, and it is thought to have a potential therapeutic
effect in AMD. It acts through the inhibition of mTOR, which leads to an increase in the autophagy process, protecting
RPE cells from A2E toxicity and increasing cell viability 3], In addition to increasing autophagic flux by inhibiting the
mTOR pathway, rapamycin treatment, in conjunction with caloric restriction, has been shown to exert a neuroprotective
effect on RGCs following transient IOP increase in experimental models of ischemia-reperfusion 2. This neuroprotective
effect of rapamycin has also been observed in animal models of optic nerve axotomy 48 and in models of chronic
glaucoma &4,

Resveratrol (natural phenol) and MG-132 (proteasome inhibitor) provide survival stimuli to RPE cells through autophagic
induction, so they could be used to prolong the lifetime of RPE cells in AMD 3. AMPK (AMP-activated protein kinase) is
an inhibitor of mMTOR, so AMPK-mTOR could be a good target for treating AMD &, Metformin regulates AMP kinase
activity, which stimulates the initiation of autophagy 2. Other substances, such as lithium and valproic acid, stimulate the
induction of autophagy 511,

The autophagy process could also be stimulated by using microRNAs. These are endogenous small RNAs that regulate
gene expression at the post-transcriptional level. Cai et al. showed that the overexpression of micro-RNA-29 (miR-29) in
RPE cells could rescue degenerating cells by enhancing autophagy through inhibiting the activity of mTORC1 52,

Hormones such as 17B-Estradiol and melatonin could promote the autophagy process. Wei et al. 2018 found that 17[3-
estradiol (BE-2) enhanced autophagy and protected RPE cells from oxidative stress induced by a blue light emitting diode
(LED) 81, Melatonin, a neurohormone derived from tryptophan, which has crucial effects on several systems (circadian
rhythm, aging, immune system, and cardiovascular system), as well as being a potent antioxidant, has been shown to
positively regulate the autophagy process B4, It has been shown that in RPE cells exposed to H,O, (potent inducer of
oxidative damage) and treated with melatonin, there was an increase in autophagy mediated by the up-regulation of LC3-
Il and Beclin-1 and down-regulation of P62 25,

Chloroquine and hydroxychloroquine suppress autophagy by blocking autophagosome fusion and degradation of
autophagic contents. Although some studies have shown that these drugs can be effective and even safe, other studies
have shown that these agents can bind to the melanin of the RPE increasing the toxic effects of these drugs. Therefore,
treatment with chloroquine and hydroxychloroquine may result in retinal toxicity 421,

Sodium trans-hinone IIA sulfonate (STS) has been shown to reduce the expression of the autophagic proteins Atg3, Atg7,
and Atg9 by inhibiting vacuole elongation and autophagosome formation. In RPE cells, under oxidative stress conditions,
STS activates the mTOR/AKT/PI3K pathway, decreasing autophagy-related cell death 28],

Although the effectiveness of drugs that act on autophagy processes is promising, these drugs nevertheless have some
associated problems. They may have undesirable side effects BZ58] a5 they may have more than one route of action,
and they may also have low specificity BZ. Therefore, there is still much to be investigated to eliminate these problems
and to obtain safe and effective drugs that can treat ocular pathologies by regulating autophagy processes.
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