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Age-related macular degeneration (AMD) is a leading cause of severe visual loss and irreversible blindness in the elderly population
worldwide. Retinal pigment epithelial (RPE) cells are the major site of pathological alterations in AMD. They are responsible for
the phagocytosis of shed photoreceptor outer segments (POSs) and clearance of cellular waste under physiological conditions.
Age-related, cumulative oxidative stimuli contribute to the pathogenesis of AMD. Excessive oxidative stress induces RPE cell
degeneration and incomplete digestion of POSs, leading to the continuous accumulation of cellular waste (such as lipofuscin).
Autophagy is a major system of degradation of damaged or unnecessary proteins. However, degenerative RPE cells in AMD
patients cannot perform autophagy sufficiently to resist oxidative damage. Increasing evidence supports the idea that enhancing
the autophagic process can properly alleviate oxidative injury in AMD and protect RPE and photoreceptor cells from
degeneration and death, although overactivated autophagy may lead to cell death at early stages of retinal degenerative diseases.
The crosstalk among the NFE2L2, PGC-1, p62, AMPK, and PI3K/Akt/mTOR pathways may play a crucial role in improving
disturbed autophagy and mitigating the progression of AMD. In this review, we discuss how autophagy prevents oxidative
damage in AMD, summarize potential neuroprotective strategies for therapeutic interventions, and provide an overview of these
neuroprotective mechanisms.

1. Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is a leading cause
of irreversible blindness in the elderly population [1] and is
becoming a global crisis, with the number of affected people
expected to reach 288 million by 2040 worldwide [2]. AMD
is classified into two typical forms in the clinic, i.e., dry and
wet, both of which can result in visual loss [3]. The wet form,
also called exudative or neovascular AMD, is characterized
by choroidal neovascularization (CNV) [4] with an abnor-
mally increased expression of vascular endothelial growth
factor (VEGF) [5]. The CNVs can leak fluid or blood into
the subretinal space (SRS) and lead to sudden vision loss. In
contrast, visual loss is usually gradual in the dry form [6].
Yellow subretinal deposits called drusen, or extracellular pro-
tein aggregates of retinal pigment epithelial (RPE) cells [7], as
well as the accumulation of intracellular lipofuscin [8], can be
found under an ophthalmoscope. Larger drusen may become
confluent and evolve into drusenoid RPE detachments [9],

which often progress to geographic atrophy and less fre-
quently to neovascular AMD. Geographic atrophy is the
main pathological feature of dry AMD and can lead to severe
visual loss when involving the center of the macula [10].

Many factors determine the risk of developing AMD,
including both genetic and environmental factors [11, 12].
Among them, oxidative stress [13–15] and senescence [16]
are two major risk factors for AMD, and a growing body of
evidence suggests that inflammation also plays an important
role in the pathophysiology of AMD [17–19]. Senescence
induced by chronic oxidative stress can inhibit cell growth
and lead to the release of growth factors, cytokines, chemo-
kines, proteases, and other molecules, inducing inflammation
[20]. Additionally, a number of lifestyle factors, including
smoking [21], improper dietary intake [22, 23], obesity
[24], and lack of exercise [25], are associated with a higher
prevalence of AMD. Cigarette smoke can cause accumulation
of cadmium (Cd) [26] and further increase the oxidant load
in retinal tissues [27]. Dietary zinc deficiency can sensitize
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RPE cells to oxidative damage [28]. A high-fat diet with exces-
sive cholesterol may contribute to AMD, as the oxidized form
of cholesterol, 7-ketocholesterol, is found at high levels in dru-
sen [29]. The interactions among these factors remain elusive.

RPE cells play a critical role in the pathogenesis of AMD
[30]. They are highly specialized pigmented cells located
between the neuroretina and the choroid [31]. The physio-
logical functions of RPE cells are essential to maintain the
normal health of the retina [32]. These functions include
phagocytosis of shed photoreceptor outer segments (POSs)
[33], metabolism in the SRS [34], the formation of the outer
blood-retinal barrier [35], the exchange of 11-cis retinol and
all-trans-retinol during the retinoid cycle [36], and the regu-
lation of ion and metabolite transport [37]. Alterations to ret-
inal metabolism have been reported to be an early feature of
AMD [2]. In the pathogenesis of AMD, age-related, cumulative
oxidative stress can cause functional abnormalities of RPE cells
and induce incomplete digestion of POSs, leading to the con-
tinuous accumulation of cellular waste [38]. The major cellular
waste is drusen and lipofuscin (ametabolite in lysosomes), con-
taining unfolded and damaged proteins [39] or DNA [40].
Under physiological conditions, these unnecessary proteins
are cleared and recycled in RPE cells by two main systems of
protein degradation: the ubiquitin-proteasome system (UPS)
and autophagy [41]. However, overloaded cellular waste can-
not be degraded completely by autophagy or UPS due to the
progressive dysfunction of RPE cells in AMD. This will finally
lead to cellular degeneration and subsequent death of photore-
ceptors because RPE cells lose the ability to provide them with
oxygen and nutrients and remove waste materials [42].

2. The Role of Oxidative Stress in AMD

Oxidative stress is a major cause of AMD [43]. An imbalance
between oxidation and antioxidation is induced when organ-
isms are exposed to biotic and abiotic stress factors such as
hypoxia [44]. The main characteristic of oxidative stress is
the increased levels of reactive oxygen species (ROS), leading
to morphological damage and functional weakness of cellular
proteins, lipids, and DNA [45]. ROS include a variety of
chemical substances, such as singlet oxygen, superoxide
anion radicals, hydroxyl radicals, hydrogen peroxide
(H2O2), and hydroxyl peroxide radicals [46]. ROS are gener-
ated during metabolic processes related to life-sustaining or
enzyme-catalyzed reactions [46]. The retina is metabolically
very active, maintaining normal physiological function, and
thus, it consumes high amounts of oxygen and produces
many ROS [47]. These ROS under physiologic conditions
are conducive to signal transduction in the retina [48].

RPE cells are responsible for the phagocytosis of POSs as
discussed before. POSs contain a lot of unsaturated fatty
acids. In the process of POS phagocytosis, nicotinamide
adenine dinucleotide phosphate oxidase or peroxidase in
the phagocytic bodies will oxidize these fatty acids in POSs
and generate large amounts of ROS [49]. Under stress condi-
tions, photoreceptor cells have to metabolize constantly to
renew their outer segments, which contribute to a unique
source of ROS for RPE cells [50]. Moreover, RPE and photo-
receptor cells contain higher levels of mitochondria, which

are likely to produce more ROS than other cells [48]. How-
ever, unfavorable oxidative stress is triggered when ROS
overaccumulate, causing disorders of the cell structure and
function, which in turn aggravates ROS production [12].
Photooxidative stress is induced by light and is one of the
forms of oxidative stress [51]. Studies have found that photo-
oxidative stress can induce accumulation of deposits in RPE
cells and eventually lead to the degeneration of RPE and
photoreceptor cells [52]. Additionally, photosensitive mole-
cules (rhodopsin and lipofuscin) interact with light; they
are related to oxidative stress induction and the death of
photoreceptor cells. Taken together, high oxygen
metabolism, continuous light exposure, high concentrations
of polyunsaturated fatty acids, and the existence of photosen-
sitizers make the retina prone to be affected by oxidative
stress [53].

Aging is related to progressive oxidative stress in the pathol-
ogy of AMD [54]. With advancing age, the deposition of lipids
and proteins in Bruch’s membrane and RPE cells has a negative
impact on physiological cell functions [55], resulting in reduced
cell adhesion, proliferation, and migration and impaired POS
phagocytosis. Lipofuscin is a kind of residue from poor lyso-
somal POS degradation [56]. In AMD, lipofuscin accumulation
is induced due to dysfunction of degenerative RPE cells. The
lipofuscin promotes oxidative stress by producing free radicals
and inhibiting degradation of damaged organelles and proteins
[57]. The relationship between lipofuscin and protein degrada-
tion systems will be discussed below. The overview of the role of
oxidative stress in AMD is presented in Figure 1.

The main methods of inducing oxidative stress in AMD
are increasing oxidative stimuli or dysregulating the antioxi-
dant mechanisms [43]. Here, we introduce several common
models of establishing AMDmediated by increased oxidative
stress. Photooxidative stress models, also called light injury
models, are widely used in the investigation of AMD [58].
One of the mechanisms of retinal injury is the interaction
between light and photosensitive molecules. The excessive
activation of rhodopsin and light conduction can induce pho-
toreceptor cell degeneration [53]. H2O2, a component of ROS,
is also widely used to stimulate oxidative stress in both in vivo
animal models and in vitro RPE cell culture models [59].
Additionally, cigarette smoke, containing powerful chemical
oxidants such as hydroquinone (HQ), Cd, and nicotine, can
induce oxidative stress and disturb the proteasome pathway
in cultured human RPE cells [60]. Furthermore, an autophagy
deficiency model is considered to be a potential AMD model.
Insufficient autophagy leads to the accumulation of lipofuscin
and ROS. Interestingly, ROS and oxidized lipoproteins are also
major causes of disturbed autophagy clearance [61]. Liu
and colleagues showed that intravitreal injection of wort-
mannin, an autophagy inhibitor that can irreversibly block
phosphatidylinositol 3-kinase (PI3K), transiently suppressed
autophagy in C57BL/6J mice within a week, leading to RPE
and photoreceptor cell degeneration and death [62].

3. The Role of Autophagy in AMD

Autophagy, which literally means “self-eating,” is a
lysosome-dependent multistep process that is widely existent
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in eukaryotic cells. It can be divided into macroautophagy,
microautophagy and chaperone-mediated autophagy. Macro-
autophagy, which can be either selective or nonselective, is the
most studied and is considered to be the major autophagy
pathway [63, 64]. In the process of macroautophagy, damaged
organelles and protein aggregates are engulfed in a double-
membrane vacuole to form autophagosomes, which are then
transported to lysosomes to form autolysosomes for final
degradation [65]. Recent studies have found that RPE cells
are the major site of pathological alterations in AMD, and
autophagy dysfunction in RPE cells plays a key role in the
development of AMD [66]. The levels of autophagic flux in
RPE cells from AMD donors have been found to be decreased
compared with RPE cells from healthy controls [67]. These
facts illustrate that autophagy is highly correlated with
AMD. In this part, we mainly focus on the role of autophagy
in the pathogenesis of AMD.

3.1. Autophagy and Lipofuscin. Lipofuscin, which is com-
posed of covalently crosslinked proteins, lipids, and saccha-
rides, is formed in RPE cells when lipoproteins accumulate
due to the disturbed degradation of POSs and extracellular
materials [41]. Autophagy is widely considered as a major
protein degradation system. With increasing age, lipofuscin
accumulates in RPE cells together with its primary spontane-
ous fluorophore, A2E, and contributes to the pathogenesis of
AMD [8, 38]. Once formed, lipofuscin is hard to degrade; it
exerts a toxic effect on RPE cells, for example, causing
increased DNA damage, inhibiting proteolysis, and reducing
cell viability in a time- and concentration-dependent manner
[68]. Zhang and colleagues coincubated RPE cells with A2E
and found that A2E could induce autophagy in RPE cells at
an early stage [69]. It has also been shown that inhibiting
autophagy could increase the levels of lipofuscin-like
autofluorescence (LLAF), whereas enhancing autophagy by
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Figure 1: The role of oxidative stress in AMD. Light injury, growing age, and oxidants from cigarette smoke (such as HQ) are the risk factors
for AMD. Overactive energy metabolism and excessive signal transduction in RPE and photoreceptor cells produce many ROS. Daily
phagocytosis of POSs in RPE cells is also an important source of ROS. RPE cells lose the ability of phagocytizing POSs with increasing
age, leading to the accumulation of lipid substances, such as lysosomal deposits (also known as lipofuscin). Taken together, ROS are
elevated upon exposure to risk factors, and thus, cellular oxidative stress is triggered, causing injuries to proteins, lipids, and DNA and
finally the death of RPE and photoreceptor cells. AMD: age-related macular degeneration; HQ: hydroquinone; RPE: retinal pigment
epithelial; POSs: photoreceptor outer segments; ROS: reactive oxygen species.
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glucosamine targeting the 5′-adenosine monophosphate-
activated protein kinase (AMPK)/mammalian target of rapa-
mycin (mTOR) pathway could at least partially attenuate
LLAF in RPE cells [38, 70]. These findings suggest that ele-
vated levels of autophagy in RPE cells can abate the accumu-
lation of lipofuscin, thereby preventing the adverse effects of
A2E in RPE cells and potentially delaying AMD progression.

3.2. The Protective Role of Autophagy in AMD. In addition to
age-related oxidative stress, high levels of oxygen consump-
tion, exposure to lipid peroxidation products, and oxidative
damage all make RPE cells susceptible to chronic oxidative
stress [71]. RPE cells from AMD patients produce more
ROS than normal RPE cells and lose the ability to increase
superoxide dismutase (SOD) expression when exposed to
continuous oxidative stress [72, 73]. Beclin-1 can regulate
and induce autophagy [74]. Microtubule-associated protein
1 light chain 3 (LC3) has been considered to be a primary
biochemical marker for autophagy activation. The conver-
sion of the soluble form of LC3 (LC3-I) to the autophagic
vesicle-associated form (LC3-II) is indicative of autophagic
flux [75]. These are regarded as reliable autophagy markers.
Several studies have shown that promoting autophagy
through various signaling pathways, such as the PI3K/pro-
tein kinase B (Akt)/mTOR pathway [76, 77], the AMPK/m-
TOR pathway [38], the p62/Kelch-like-ECH-associated
protein 1 (Keap1)/nuclear factor erythroid 2-related factor
2 (NFE2L2) pathway, and the peroxisome proliferator-
activated receptor gamma coactivator 1 (PGC-1) pathway
[78, 79], could reduce the occurrence of AMD. The levels of
Beclin-1 and the ratio of LC3-II to LC3-I (LC3-II/LC-I) were
found to be increased in these studies. Moreover, the NFE2L2
and PGC-1 pathways are also antioxidant pathways, suggest-
ing that autophagy may perform important functions in the
regulation of oxidative stress, which will be discussed below.

3.3. The Role of Mitophagy in AMD. Recently, the role of
selective autophagy in AMD has been revealed. Double-
membrane structures carrying specific cellular components
interact with phagophores with the help of selective
autophagy receptors and trigger selective autophagy [63].
These components include cytoplasmic aggregates (trigger-
ing aggrephagy), lipid droplets (triggering lipophagy), exoge-
nous pathogens (triggering xenophagy), and organelles such
as mitochondria (triggering mitophagy) [80]. Mitophagy is
essential for maintaining proper cellular functions, since it
participates in mitochondrial quality control and clears mito-
chondria with mutated mitochondrial DNA (mtDNA) [81].
It has been reported that aged RPE cells are more susceptible
to oxidative stress, in which the efficacy of mitophagy
decreases and mtDNA damage accumulates [82–84]. Hytti-
nen and colleagues showed that the number of mitochondria
in RPE cells from AMD donors was lower than in those from
healthy donors, and eight times more mtDNA damage than
nuclear DNA damage was observed, indicating that mito-
phagy has a significant impact on the development of AMD
[71]. Interestingly, NAD+, a critical component that can
accelerate the metabolic shift towards glycolysis can also
induce mitophagy, restoring homeostasis in RPE cells in

AMD patients, and may therefore serve in novel AMD treat-
ment strategies [2].

3.4. The Dual Role of Autophagy in AMD. Improving autoph-
agy can mitigate the degeneration of RPE cells; however, an
increasing number of studies have illustrated that excessive
autophagy may also lead to retinal cell death [85], particu-
larly overactivated autophagy at early stages of retinal dis-
eases [86]. Zhang and colleagues showed that blocking
autophagy directly or inhibiting autophagy by suppressing
the mitogen-activated protein kinase (MAPK)/extracellular
signal-related kinase (ERK) pathway could protect photore-
ceptor cells against light-induced damage [87]. Li and col-
leagues found similar results. They investigated the protective
role of epigallocatechin-3-gallate (EGCG), a polyphenolic com-
pound from green tea that protects against ultraviolet light-
induced oxidative stress [88]. Surprisingly, although EGCG
lowered ultraviolet light damage in an autophagy-dependent
manner, it decreased the levels of LC3-II and the formation
of autophagosomes instead of increasing them. This notable
finding reminds us that autophagy may play a dual role in
the protection against retinal degenerative diseases. Appropri-
ate enhancement of autophagy can be beneficial, but excessive
autophagy can be harmful and inhibit protective effects.

4. Autophagy Can Regulate Oxidative
Stress in AMD

Recently, autophagy has been observed as a crucial regulatory
mechanism of oxidative stress in AMD. As mentioned above,
autophagy is one of the two major protein degradation sys-
tems and is essential to maintain homeostasis in RPE and
photoreceptor cells. In AMD, the endocytic/phagosome and
autophagy pathways are disturbed in degenerative RPE cells
due to impaired cargo handling and processing. Keeling and
colleagues proposed that this may contribute to increased pro-
teolytic and oxidative stress, which results in irreversible injury
to postmitotic RPE cells [89]. Moreover, autophagy has been
found to be enhanced in response to oxidative stress, in order
to remove oxidatively damaged proteins and organelles, since
RPE cells are exposed to constant oxidative stress during the
development of AMD [90].

Mitter and colleagues studied the role of autophagy
under oxidative stress by culturing human ARPE-19 cells
and exposing them to H2O2. They established models of both
acute and chronic AMD, exposing cells to H2O2 for 6 hours
and 14 days, respectively. Interestingly, they found that there
was a dynamic alteration of autophagic flux in RPE cells
exposed to oxidative stress: acute oxidative stress stimulated
autophagic activity, whereas chronic oxidative stress resulted
in a reduction of autophagic activity. Inhibition of autophagy
by 3-methyladenine or by knockdown of ATG7 or BECN1
could increase lipofuscin accumulation and ROS generation.
Lipofuscin is believed to inhibit autophagy by blocking the
function of lysosomal enzymes and causing excess perme-
abilization of lysosomal membranes, which can lead to the
release of lysosomal content and the subsequent production
of more toxic radicals [91]. In contrast, oxidative stress-
induced ROS production decreased after treatment with
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rapamycin to upregulate autophagy. Their findings demon-
strate that autophagy is crucial to the resistance to oxidative
stress in RPE cells, and defective autophagy is likely to exac-
erbate oxidative stress in AMD [92].

Chen and colleagues further confirmed the regulatory
role of autophagy in photooxidative stress by using an
Abca4–/– Rdh8–/– mouse model. Photoisomerization of the
visual chromophore 11-cis retinol and all-trans-retinol is an
essential step of retinal photoelectric conversion to maintain
normal vision. However, excessive production of all-trans-
retinol may cause retinal cell death. Abca4–/– Rdh8–/– mice
are deficient in ATP binding cassette transporter 4 (ABCA4)
and retinol dehydrogenase 8 (RDH8). These are crucial
enzymes for all-trans-retinol clearance from photoreceptors.
Thus, Abca4–/– Rdh8–/– mice can develop light-dependent
retinal degeneration due to delayed clearance of all-trans-
retinol. The team showed that the protein levels of the autop-
hagosome marker LC3-II and the mitophagy regulator Park2
were increased inAbca4–/– Rdh8–/–mice upon light exposure.
They also employed a Beclin-1-deficient mouse model and a
rod photoreceptor-specific Atg7-deficient mouse model to
inhibit autophagy, and they used Park2–/– mice to block
mitophagy. These mice all exhibited severe retinal degenera-
tion due to inadequate autophagy or mitophagy. Taken
together, both autophagy and mitophagy perform critical
functions in regulating photooxidative stress [93].

In summary, accumulating researches support that
enhancing autophagic activity can alleviate oxidative stress
in AMD and protect RPE and photoreceptor cells from pro-
gressive degenerations. However, it is still unknown whether
autophagy plays a dual role in regulating oxidative stress.
Below, we will illustrate some underlying mechanisms of
autophagy regulating oxidative stress.

5. The Mechanisms of Autophagy Regulating
Oxidative Stress in AMD

Oxidative stress and autophagy can be therapeutic targets for
AMD treatment. Recent studies have investigated the elusive
link between autophagy and oxidative stress. Results indicate
that autophagy plays an important role in alleviating
oxidative stress and reducing retinal cell death. However, the
specific mechanisms and signal pathways by which autophagy
regulates oxidative stress remain to be studied. We have found
that several mechanisms and pathways enhance autophagic
activity to protect RPE and photoreceptor cells from oxidative
stress. Here, we discuss the interactions among these pathways
to explore how autophagy regulates oxidative stress in AMD.
The overview of the interactions among these pathways is
presented in Figure 2.

5.1. Interactions among NFE2L2, p62/SQSTM1, and mTOR
Pathways. NFE2L2 signaling has been found to be a critical
pathway that mediates autophagy and oxidative stress [66].
NFE2L2, also known as Nrf2, is a transcription factor that
has protective effects against ROS-induced retinal cell death.
NFE2L2 can bind to antioxidant response elements (AREs),
activate the expression of nuclear and metabolic genes, and
regulate DNA replication, transcription, mitochondrial func-

tion, and cell growth [94], protecting cells from oxidative
damage. Inactive NFE2L2 can bind to the cytoskeletal protein
Keap1 and then stays in the cytosol [95]. Upon oxidative stress,
cytosolic NFE2L2 is phosphorylated and translocated to the
nucleus in response to protein kinase C activation and MAPK
pathways. In the nucleus, NFE2L2 activates proteasomal sub-
units and the expression of autophagy-related genes through
AREs [96] by interacting with transcription factors in the bZip
family, including CREB, ATF4, and FOS or JUN. Gene activa-
tion through NFE2L2 can be blocked by small Maf proteins,
such as MafG and MafK, to balance NFE2L2 action and regu-
late the intracellular oxidation levels [97].

The scaffolding adaptor protein p62, also known as seques-
tosome 1 (SQSTM1), can be selectively cleared by autophagy
[98]. Phosphorylated p62/SQSTM1 can bind to LC3 or ubiqui-
tin, promoting the degradation of unnecessary protein aggre-
gates and malfunctioning mitochondria by autophagy [99].
Thus, the amount of p62/SQSTM1 is inversely proportional
to the autophagic flux. In addition to autophagy regulation,
p62/SQSTM1 can also stabilize NFE2L2 and activate the
expression of ARE genes by binding with Keap1 to block the
Keap1 NFE2L2 interaction. Moreover, p62/SQSTM1 may reg-
ulate NFE2L2 in a positive feedback manner, as suggested by
the fact that p62/SQSTM1 activates NFE2L expression by
promoting autophagic degradation of Keap1 and NFE2L2
positively regulates p62/SQSTM1 expression [100]. Taken
together, these findings imply that the NFE2L2 pathway may
be activated in response to oxidative stress via the autophagy-
related p62/SQSTM1 pathway.

More importantly, an interaction between the p62 and
mTOR pathways has been reported. In recent years, mTOR
signaling has been proven to play a significant role in cell
growth and metabolism [101], and it is regarded as a classical
pathway to regulate autophagy [102]. mTORC1, one of the
two major protein complexes of mTOR, can inhibit autoph-
agy [102]. Raptor, which binds to mTOR in the mTORC1
complex through multiple binding regions [103], is a scaffold
that binds and presents substrates to mTORC1 [104]. Dele-
tion or knockdown of raptor can abolish mTORC1 activity.
Interestingly, upregulation of p62 can activate mTORC1 by
directly acting on raptor, a regulatory protein of mTOR,
thereby suppressing autophagy [105].

Saito and colleagues showed that the NFE2L2 activator RS9
can accelerate autophagy and protect ARPE-19 cells against
NaIO3-induced oxidative damage. ARPE-19 cells exposed to
NaIO3 exhibited an increased LC3-II/LC-I. Notably, levels of
the autophagy substrate p62/SQSTM1 were transiently ele-
vated in the NaIO3 treatment group at 6h after treatment,
and the levels of LC3-I were upregulated at 24h after NaIO3
treatment, implying that RS9 accelerated autophagy via tran-
sient induction of SQSTM1 expression. They also employed
an intense light injury model in zebrafish to mimic in vivo
AMD, and the results were in line with the in vitro experiments
using ARPE-19 cells [106]. This study supports the idea that
the NFE2L2 pathway plays an important role in regulating
autophagy and hence preventing oxidative stress in AMD.

5.2. Interaction between the PGC-1 and NFE2L2 Pathways.
The PGC-1 pathway, consisting of PGC-1α, PGC-1β, and
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PGC-1-related coactivator, serves as an antioxidant defense
system targeting mitochondrial biogenesis and oxidative
metabolism. AMPK and the NAD+-dependent deacetylase
SIRT1 can activate PGC-1α, enhancing autophagy and mito-
phagy [20]. Increasing evidence supports the notion that
suppression of PGC-1α activity contributes to the develop-
ment of AMD, because loss of PGC-1α induces ROS
generation and mitochondrial damage. In contrast, elevated
expression of PGC-1α promotes the mitochondrial antioxi-
dantdefenseby increasing the expressionof antioxidant genes,
such as SOD2 and thioredoxin 1 (TRX1) [107]. Thioredoxin-
interacting protein can inhibit TRX activity and increase
oxidative stress and destructive inflammation [108].

Zhang and colleagues generated a PGC-1α+/− mouse
model to study the pathogenesis of AMD. PGC-1α+/− mice
expressed lower levels of PGC-1α and were fed a high-fat diet
for 4 months. The mice displayed drusen and lipofuscin
accumulation, elevated ROS levels, decreased autophagy flux,
and increased inflammation, along with obvious RPE and
photoreceptor cell degeneration [109]. This research demon-
strated that the presence of PGC-1α is necessary for the reg-
ulation of autophagy to prevent oxidative damage.

Felszeghy and colleagues further explored the autophagy-
regulated function of both NFE2L2 and PGC-1α pathways in
the development of dry AMD. They established and charac-
terized a NFE2L2/PGC-1α double KO (dKO) mouse model
to investigate the role of autophagy clearance in regulating
the antioxidant response. NFE2L2/PGC-1α dKO mice devel-
oped severe AMD with accumulation of oxidative stress
markers and damaged mitochondria. The levels of oxidative

stress markers were higher than those in NFE2L2 KO mice
and PGC-1α KO mice, implying that NFE2L2/PGC-1α dKO
mice exhibited the highest degree of oxidative stress. The
levels of the autophagy marker p62/SQSTM1, as well as the
protein aggregate-conjugated marker ubiquitin, were
increased, suggesting that the UPS and autophagy clearance
were impaired in NFE2L2/PGC-1α dKO mice. In line with
the observed p62/SQSTM1 accumulation, RPE cells from
dKO mice exhibited larger autolysosomes and a higher ratio
of damaged mitochondria than RPE cells from WT mice, as
indicated by transmission electron microscopy [40]. The
study not only highlighted the significant role of intracellular
degradation systems, including autophagy and the UPS, in
reducing oxidative stress, but also revealed a potential cross-
talk between the NFE2L2 and PGC-1α pathways. PGC-1α
deficiency induces the generation of mitochondrial ROS,
while the loss of NFE2L2 leads to impairment of the autoph-
agic degradation system and the accumulation of damaged
mitochondria.

5.3. Interaction between Autophagy and Inflammation.
Autophagy may also interact with inflammation to regulate
oxidative stress [110]. It is widely accepted that inflammation
plays a role in the pathogenesis of AMD. Szatmari and col-
leagues established an in vitro AMD model by exposing
human embryonic stem cell-derived RPE (hESC-RPE) cells
to H2O2. Upon oxidative stress, hESC-RPE cells underwent
autophagy-associated cell death. They showed that mature
macrophages took up these dying cells and triggered a
release of numerous proinflammatory cytokines, including

Autophagy
Mitophagy

Oxidative
stress

NFE2L2 PGC-1

AMPK

mTORC1

Autophagic
related genes

AREs p62

?

Figure 2: The interactions among the pathways involved in reducing oxidative stress by enhancing autophagy. NFE2L2 seems to be a positive
regulator of PGC-1, but the specific functional mechanisms remain to be studied. NFE2L2: nuclear factor erythroid 2-related factor 2; AREs:
antioxidant response elements; PGC-1: peroxisome proliferator-activated receptor gamma coactivator 1; AMPK: 5′-adenosine
monophosphate-activated protein kinase; mTORC1: mammalian target of rapamycin complex 1.
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interleukin- (IL-) 6, IL-8, and tumor necrosis factor-α,
resulting in the activation of inflammatory processes. This
study demonstrated that autophagy regulation may be a
treatment goal to adjust inflammation and protect RPE cells
from oxidative damage [14].

In conclusion, the NFE2L2 and PGC-1α pathways play a
key role in enhancing autophagy to prevent oxidative injury.
NFE2L2 upregulates autophagy by binding to AREs. AMPK
activates PGC-1 and thereby promotes autophagy and mito-
phagy. Additionally, NFE2L2 seems to be a positive regulator
of PGC-1, but the specific functional mechanisms remain
unclear. Clarifying the interactions among the NFE2L2,
PGC-1, AMPK, andmTOR pathways is significant to improve
our understanding of the regulatory mechanisms in autoph-
agy that alleviate oxidative stress and mitigate the develop-
ment of AMD.

6. Potential Neuroprotective Strategies
Targeting Autophagy to Alleviate Oxidative
Stress in AMD

Wet, or neovascular, AMD is considered to be associated
with progressive CNVs and the upregulation of VEGF
[111]. Improvements in our understanding of wet AMD
pathogenesis could identify and characterize therapeutic
targets; for example, anti-VEGF drugs target CNV develop-
ment. Unfortunately, this is the only effective AMD treatment
at present, which means little advances have been made in
therapies for dry AMD [17, 112]. As argued above, enhanced
autophagy can mitigate oxidative stress in the pathogenesis
of AMD, suggesting that stimulating autophagy may be a
promising strategy for AMD therapy. Here, we summarize
some neuroprotective strategies targeting autophagy to
prevent oxidative damage in AMD. The overview of these
neuroprotective strategies is presented in Figure 3.

6.1. Inhibitors for mTOR. Compelling evidence has shown
that mTOR is a negative regulator of autophagy. AMPK,
PI3K, and Akt perform physiological functions upstream of
mTOR. The AMPK pathway inhibits mTOR activation
[113], while the PI3K/Akt pathway stimulates the activation
of mTOR [114]. Rapamycin is a well-known inhibitor of
mTOR that has been found to increase the number of
autophagic vacuoles and improve RPE and photoreceptor
cell survival upon photooxidative stress [115]. Tang and
colleagues also found that low doses of proteasome inhibitors,
such as clasto-lactacystin-beta-lactone and epoxomicin, could
increase the levels of LC3-II/LC-I and decrease the phosphor-
ylation levels of PI3K, Akt, and mTOR in ARPE-19 cells
exposed to menadione or 4-hydroxynonenal, suggesting
that proteasome inhibitors can activate autophagy through
blocking PI3K/Akt/mTOR signaling and prevent oxidative
damage [116].

6.2. MicroRNAs. MicroRNAs are small endogenous RNAs
that regulate the expression of genes posterior to transcrip-
tion [117]. MicroRNAs have become novel therapeutic tar-
gets for various diseases due to their significant functions in
response to outside influences and internal feedback [118].

Cai and Zhang discovered that overexpression of micro-
RNA-29 (miR-29) in RPE cells could rescue degenerative cells
by enhancing autophagy through the inhibition of mTORC1
activity. They showed that the levels of p62 declined and LC3-II
and autophagy flux increased after transfecting miR-29mimics
into ARPE-19 cells. Moreover, protein aggregation was also
repressed by knockdown of LAMTOR1/p18, a miR-29 target
located in the lysosomemembrane [119]. Zhang and colleagues
examined whether miR-204 plays a role in regulating autoph-
agy in RPE cells and found that knockdown of miR-204 in
both C57BL/6N mice and human RPE cells led to abnormal
POS clearance and altered expression of autophagy-related
proteins, indicating that high levels of miR-204 could protect
RPE cells from oxidative stress by facilitating autophagy
[25]. In summary, microRNAs have proven to be effective in
treating AMD, though the therapeutic mechanisms remain
to be explored.

6.3. Hormones such as 17β-Estradiol and Melatonin.Wei and
colleagues found that 17β-estradiol (βE-2) could enhance
autophagy and protect RPE cells from blue light-emitting
diode- (LED-) induced oxidative stress. After LED exposure,
female ovariectomized rats, which were intravitreally injected
with βE-2 in advance, exhibited decreased ROS levels,
increased number of autophagosomes, and upregulation of
p-Akt, Beclin-1, and LC3-II/LC3-I, implying that the protec-
tive mechanism of βE-2 is correlated with autophagy [120].
Melatonin (N-acetyl-5-methoxytryptamine) is a tryptophan-
derived neurohormone that plays crucial physiological effects
in many systems, for instance, the circadian rhythm, the
immune system, the cardiovascular system, and the aging pro-
cess [121]. Melatonin is a strong antioxidant that scavenges
ROS and improves the synthesis of antioxidant enzymes
[122]. It has been shown that melatonin also upregulates
autophagy, protecting human RPE cells against H2O2-induced
oxidative damage. Upregulation of LC3-II and Beclin-1 and
downregulation of p62 have been observed after treating
H2O2-exposed RPE cells with melatonin [123]. Moreover,
phagocytosis of POS in higher vertebrates is synchronized
with the circadian rhythms and usually occurs after dawn, sug-
gesting that melatonin has the potential to modulate POS
phagocytosis. As mentioned above, RPE cells have the ability
to balance POS phagocytosis and cellular waste clearance,
and increasing age can lead to dysfunction of POS phagocyto-
sis in RPE cells. Interestingly, senescence has been reported to
be associated with changes in the circadian rhythmicity of
melatonin production [124]. Lysosomes, which are among
the key organelles involved in autophagy, have also been
found to act in a circadian rhythm-controlled manner [125].
These facts illustrate that melatonin can exert antioxidative
effects by regulating autophagy.

6.4. Antioxidants in Diet. Several studies have revealed that
some food compositions can prevent oxidative injury in
AMD through regulating autophagy. Intake of dietary fish
and nuts can provide marine n-3 polyunsaturated fatty acids
(PUFAs) for humans [126]. Johansson and colleagues
showed that physiological doses of n-3 PUFA docosahexaenoic
acid (DHA), a type of PUFA, could reduce misfolded proteins
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and inhibit oxidative stress by enhancing autophagy through
activating the NFE2L2 pathway [8]. Dietary polyphenols
(DPs), which are rich in fruits, vegetables, legumes, and
plant-derived beverages such as tea [127], were also found
to promote autophagy by reducing impairment of the cellu-
lar waste clearance and ameliorate oxidative damage through
activating the NFE2L2 pathway, thereby preventing the
development of AMD [128].

6.5. Complement Depletion. The complement system is
widely believed to be responsible for regulating the immune
system and inflammation [129]. Complement depletion has
been found to improve autophagic activity, reduce cellular
oxidative stress, and mitigate age-related retinal degenera-
tion. McHarg and colleagues investigated the role of the third
complement component (C3) in AMD and found that C3
transcription is upregulated in aged retinas [130]. They also
evaluated the thickness of retinas in C3-deficient mice
through spectral domain optical coherence tomography and
showed that the retinas of C3-deficient mice aged 12 months
were thinner than those of WT mice aged 3 months,
implying that complement activation plays a role in the
natural process of retinal aging. Additionally, LC3-II/LC-I
in C3-deficient mice was higher than that in WT mice
[131]. These findings indicated that C3 is associated with

autophagy regulation and may be a promising therapeutic
target for AMD.

7. Conclusions

Many risk factors contribute to the development of AMD,
including light injury, growing age, and cigarette smoke (as
shown in Figure 1). They can aggravate ROS production
and thus trigger excessive cellular oxidative stress, causing
disorders of the cell structure and function. Enhanced
autophagy can alleviate oxidative damage in AMD and pro-
tect RPE and photoreceptor cells from degeneration and
death. Remarkably, overactivated autophagy may also lead
to cell death at the early stages of retinal degenerative dis-
eases. Thus, defining the precise dynamic role of autophagy
in the pathogenesis of AMD is essential to choose optimal
time points for neuroprotection. As illustrated in Figure 2,
the crosstalk among the NFE2L2, PGC-1, p62, AMPK, and
PI3K/Akt/mTOR pathwaysmay play a crucial role in enhanc-
ing autophagy to prevent oxidative injury. Recently, some
novel neuroprotective strategies (as shown in Figure 3)
targeting these signaling pathways to activate autophagy
and improve RPE and photoreceptor cell survival have
been described. However, further studies are still needed
to elucidate the precise interaction among these pathways
in order to provide more therapeutic interventions,

POS phagocytosis

Senescence

Autophagy

Autophagic
vacuoleLysosomes

NFE2L2 mTORC1

Oxidative stress

Melatonin

DPs DHA Rapamycin

C3

miR-29

𝛽E-2

Photoreceptors

RPE cells

AMD prevalence

Figure 3: Potential neuroprotective strategies targeting autophagy to prevent oxidative damage in AMD. AMD: age-related macular
degeneration; RPE: retinal pigment epithelial; POS: photoreceptor outer segments; NFE2L2: nuclear factor erythroid 2-related factor 2;
mTORC1: mammalian target of rapamycin complex 1; DPs: dietary polyphenols; DHA: n-3 PUFA docosahexaenoic acid (PUFA:
polyunsaturated fatty acid); miR-29: microRNA-29; C3: the third complement component; βE-2: 17 β-estradiol.
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considering that currently there are no effective treatments
for dry AMD.

Disclosure

The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

We thank LetPub (http://www.letpub.com) for its linguistic
assistance during the preparation of this manuscript. This
work was supported by grants from the Natural Science
Foundation of Jilin Province (Nos. 20200801043GH,
20200201379JC, and 20190201083JC) and the Science and
Technology Project of Education Department of Jilin Prov-
ince (Nos. JJKH20190046KJ and JJKH20190049KJ).

References

[1] O. S. Kozhevnikova, D. V. Telegina, V. A. Devyatkin, and
N. G. Kolosova, “Involvement of the autophagic pathway in
the progression of AMD-like retinopathy in senescence-
accelerated OXYS rats,” Biogerontology, vol. 19, no. 3-4,
pp. 223–235, 2018.

[2] Q. Wei, W. Hu, Q. Lou, and J. Yu, “NAD+ inhibits the
metabolic reprogramming of RPE cells in early AMD by
upregulating mitophagy,” Discovery Medicine, vol. 27,
no. 149, pp. 189–196, 2019.

[3] L. F. Hernández-Zimbrón, R. Zamora-Alvarado, L. Ochoa-de
la Paz et al., “Age-related macular degeneration: new para-
digms for treatment and management of AMD,” Oxidative
Medicine and Cellular Longevity, vol. 2018, Article ID
8374647, 14 pages, 2018.

[4] X. Wang, H. Yang, D. Yanagisawa et al., “Mitochondrial
ferritin affects mitochondria by stabilizing HIF-1α in retinal
pigment epithelium: implications for the pathophysiology of
age-related macular degeneration,” Neurobiology of Aging,
vol. 47, pp. 168–179, 2016.

[5] K. Kinnunen, G. Petrovski, M. C. Moe, A. Berta, and
K. Kaarniranta, “Molecular mechanisms of retinal pigment
epithelium damage and development of age-related macular
degeneration,” Acta Ophthalmologica, vol. 90, no. 4,
pp. 299–309, 2012.

[6] S. Li, S. C. Chaudhary, X. Zhao et al., “Artemisinin protects
human retinal pigmented epithelial cells against hydrogen
peroxide-induced oxidative damage by enhancing the activa-
tion of AMP-active protein kinase,” International Journal of
Biological Sciences, vol. 15, no. 9, pp. 2016–2028, 2019.

[7] J. Viiri, M. Amadio, N. Marchesi et al., “Autophagy activation
clears ELAVL1/HuR-mediated accumulation of SQSTM1/p62
during proteasomal inhibition in human retinal pigment
epithelial cells,” PLoS One, vol. 8, no. 7, article e69563, 2013.

[8] I. Johansson, V. T. Monsen, K. Pettersen et al., “The marine
n-3 PUFA DHA evokes cytoprotection against oxidative

stress and protein misfolding by inducing autophagy and
NFE2L2 in human retinal pigment epithelial cells,” Autoph-
agy, vol. 11, no. 9, pp. 1636–1651, 2015.

[9] R. Dolz-Marco, C. Balaratnasingam, S. Gattoussi, S. Ahn,
L. A. Yannuzzi, and K. B. Freund, “Long-term choroidal
thickness changes in eyes with drusenoid pigment epithelium
detachment,” American Journal of Ophthalmology, vol. 191,
pp. 23–33, 2018.

[10] M. Fleckenstein, S. Schmitz-Valckenberg, C. Adrion et al.,
“Tracking progression with spectral-domain optical coher-
ence tomography in geographic atrophy caused by age-
related macular degeneration,” Investigative Ophthalmology
& Visual Science, vol. 51, no. 8, pp. 3846–3852, 2010.

[11] A. Klettner, A. Kauppinen, J. Blasiak, J. Roider, A. Salminen,
and K. Kaarniranta, “Cellular and molecular mechanisms of
age-related macular degeneration: from impaired autophagy
to neovascularization,” International Journal of Biochemistry
& Cell Biology, vol. 45, no. 7, pp. 1457–1467, 2013.

[12] J. Blasiak, G. Petrovski, Z. Vereb, A. Facsko, and
K. Kaarniranta, “Oxidative stress, hypoxia, and autophagy
in the neovascular processes of age-related macular degener-
ation,” BioMed Research International, vol. 2014, Article ID
768026, 7 pages, 2014.

[13] A. Kauppinen, J. J. Paterno, J. Blasiak, A. Salminen, and
K. Kaarniranta, “Inflammation and its role in age-related
macular degeneration,” Cellular and Molecular Life Sciences,
vol. 73, no. 9, pp. 1765–1786, 2016.

[14] M. Szatmári-Tóth, T. Ilmarinen, A. Mikhailova et al.,
“Human embryonic stem cell-derived retinal pigment
epithelium-role in dead cell clearance and inflammation,”
International Journal of Molecular Sciences, vol. 20, no. 4,
p. 926, 2019.

[15] C. M. Chan, D. Y. Huang, P. Sekar, S. H. Hsu, andW.W. Lin,
“Reactive oxygen species-dependent mitochondrial dynamics
and autophagy confer protective effects in retinal pigment
epithelial cells against sodium iodate-induced cell death,”
Journal of Biomedical Science, vol. 26, no. 1, p. 40, 2019.

[16] Y. Sun, Y. Zheng, C. Wang, and Y. Liu, “Glutathione deple-
tion induces ferroptosis, autophagy, and premature cell
senescence in retinal pigment epithelial cells,” Cell Death &
Disease, vol. 9, no. 7, p. 753, 2018.

[17] L. Celkova, S. L. Doyle, andM. Campbell, “NLRP3 inflamma-
some and pathobiology in AMD,” Journal of Clinical Medi-
cine, vol. 4, no. 1, pp. 172–192, 2015.

[18] N. Piippo, A. Korkmaz, M. Hytti et al., “Decline in cellular
clearance systems induces inflammasome signaling in human
ARPE-19 cells,” Biochimica et Biophysica Acta (BBA) -Molec-
ular Cell ResearchBiochimica et Biophysica Acta-Molecular
Cell Research, vol. 1843, no. 12, pp. 3038–3046, 2014.

[19] Y. Wang, J. W. Hanus, M. S. Abu-Asab et al., “NLRP3 upreg-
ulation in retinal pigment epithelium in age-related macular
degeneration,” International Journal of Molecular Sciences,
vol. 17, no. 1, p. 73, 2016.

[20] K. Kaarniranta, H. Uusitalo, J. Blasiak et al., “Mechanisms of
mitochondrial dysfunction and their impact on age-related
macular degeneration,” Progress in Retinal and Eye Research,
pp. 100858–100858, 2020.

[21] F. M. Pool, C. Kiel, L. Serrano, and P. J. Luthert, “Repository
of proposed pathways and protein-protein interaction net-
works in age-related macular degeneration,” npj Aging and
Mechanisms of Disease, vol. 6, no. 1, p. 2, 2020.

9Oxidative Medicine and Cellular Longevity

http://www.letpub.com


[22] F. M. Amirul Islam, E. W. Chong, A. M. Hodge et al.,
“Dietary Patterns and Their Associations with Age-Related
Macular Degeneration: The Melbourne Collaborative Cohort
Study,” Ophthalmology, vol. 121, no. 7, pp. 1428–1434.e2,
2014.

[23] T. Uchiki, K. A. Weikel, W. Jiao et al., “Glycation-altered
proteolysis as a pathobiologic mechanism that links dietary
glycemic index, aging, and age-related disease (in nondia-
betics),” Aging Cell, vol. 11, no. 1, pp. 1–13, 2012.

[24] K. Kaarniranta, A. Salminen, A. Haapasalo, H. Soininen, and
M. Hiltunen, “Age-related macular degeneration (AMD):
Alzheimer's disease in the eye?,” Journal of Alzheimer's
Disease, vol. 24, no. 4, pp. 615–631, 2011.

[25] C. Zhang, K. J. Miyagishima, L. Dong et al., “Regulation of
phagolysosomal activity by miR-204 critically influences
structure and function of retinal pigment epithelium/retina,”
Human Molecular Genetics, vol. 28, no. 20, pp. 3355–3368,
2019.

[26] L. Zhang, Q. Xia, Y. Zhou, and J. Li, “Endoplasmic reticulum
stress and autophagy contribute to cadmium-induced cyto-
toxicity in retinal pigment epithelial cells,” Toxicology Letters,
vol. 311, pp. 105–113, 2019.

[27] N. Bhattarai, E. Korhonen, M. Toppila et al., “Resvega
alleviates hydroquinone-induced oxidative stress in ARPE-19
cells,” International Journal of Molecular Sciences, vol. 21,
no. 6, p. 2066, 2020.

[28] D. Rajapakse, T. Curtis, M. Chen, and H. Xu, “Zinc protects
oxidative stress-induced RPE death by reducing mitochon-
drial damage and preventing lysosome rupture,” Oxidative
Medicine and Cellular Longevity, vol. 2017, 12 pages, 2017.

[29] C. Yang, L. Xie, Q. Gu, Q. Qiu, X. Wu, and L. Yin, “7-Keto-
cholesterol disturbs RPE cells phagocytosis of the outer seg-
ment of photoreceptor and induces inflammation through
ERK signaling pathway,” Experimental Eye Research,
vol. 189, p. 107849, 2019.

[30] R. Kannan, P. G. Sreekumar, and D. R. Hinton, “Alpha
crystallins in the retinal pigment epithelium and implications
for the pathogenesis and treatment of age-related macular
degeneration,” Biochimica et Biophysica Acta - General Sub-
jects, vol. 1860, no. 1, pp. 258–268, 2016.

[31] J. Ao, J. P.M.Wood, G. Chidlow,M. C. Gillies, and R. J. Casson,
“Retinal pigment epithelium in the pathogenesis of age-related
macular degeneration and photobiomodulation as a potential
therapy?,” Clinical and Experimental Ophthalmology, vol. 46,
no. 6, pp. 670–686, 2018.

[32] D. Sinha, M. Valapala, P. Shang et al., “Lysosomes: regulators
of autophagy in the retinal pigmented epithelium,” Experi-
mental Eye Research, vol. 144, pp. 46–53, 2016.

[33] F. Naso, D. Intartaglia, D. Falanga et al., “Light-responsive
microRNAmiR-211 targets Ezrin to modulate lysosomal bio-
genesis and retinal cell clearance,” EMBO Journal, vol. 39,
no. 8, p. e102468, 2020.

[34] V. Coffe, R. C. Carbajal, and R. Salceda, “Glucose metabolism
in rat retinal pigment epithelium,” Neurochemical Research,
vol. 31, no. 1, pp. 103–108, 2006.

[35] C. Kuo, C. R. Green, I. D. Rupenthal, and O. O. Mugisho,
“Connexin43 hemichannel block protects against retinal pig-
ment epithelial cell barrier breakdown,” Acta Diabetologica,
vol. 57, no. 1, pp. 13–22, 2020.

[36] W. Lin and G. Xu, “Over-expression of CNTF in bone mar-
row mesenchymal stem cells protects RPE cells from short-

wavelength, blue-light injury,” In Vitro Cellular & Develop-
mental Biology - Animal, vol. 54, no. 5, pp. 355–365, 2018.

[37] V. Khristov, Q. Wan, R. Sharma, M. Lotfi, A. Maminishkis,
and K. Bharti, “Polarized human retinal pigment epithelium
exhibits distinct surface proteome on apical and basal plasma
membranes,” in The Surfaceome, vol. 1722 of Methods in
molecular biology, pp. 223–247, Humana Press, New York,
NY, USA, 2018.

[38] C.-L. Chen, Y.-H. Chen, C.-M. Liang, M.-C. Tai, D.-W. Lu,
and J.-T. Chen, “Glucosamine-induced autophagy through
AMPK–mTOR pathway attenuates lipofuscin-like autofluo-
rescence in human retinal pigment epithelial cells in vitro,”
International Journal of Molecular Sciences, vol. 19, no. 5,
p. 1416, 2018.

[39] T. Kurz, M. Karlsson, U. T. Brunk, and S. E. Nilsson, “ARPE-19
retinal pigment epithelial cells are highly resistant to oxidative
stress and exercise strict control over their lysosomal redox-
active iron,” Autophagy, vol. 5, no. 4, pp. 494–501, 2009.

[40] S. Felszeghy, J. Viiri, J. J. Paterno et al., “Loss of NRF-2 and
PGC-1α genes leads to retinal pigment epithelium damage
resembling dry age-related macular degeneration,” Redox
Biology, vol. 20, pp. 1–12, 2019.

[41] J. Blasiak, E. Pawlowska, J. Szczepanska, and K. Kaarniranta,
“Interplay between autophagy and the ubiquitin-proteasome
system and its role in the pathogenesis of age-related macular
degeneration,” International Journal of Molecular Sciences,
vol. 20, no. 1, p. 210, 2019.

[42] P. Tokarz, A. W. Piastowska-Ciesielska, K. Kaarniranta, and
J. Blasiak, “All-trans retinoic acid modulates DNA damage
response and the expression of the VEGF-A and MKI67 genes
in ARPE-19 cells subjected to oxidative stress,” International
Journal of Molecular Sciences, vol. 17, no. 6, p. 898, 2016.

[43] Y. Liu, R. Li, J. Xie et al., “Protective effect of hydrogen on
sodium iodate-induced age-related macular degeneration in
mice,” Frontiers in Aging Neuroscience, vol. 10, p. 389, 2018.

[44] L. Zhu, J. Zang, B. Liu et al., “Oxidative stress-induced RAC
autophagy can improve the HUVEC functions by releasing
exosomes,” Journal of Cellular Physiology, 2020.

[45] C. Guo, L. Sun, X. Chen, and D. Zhang, “Oxidative stress,
mitochondrial damage and neurodegenerative diseases,”
Neural Regeneration Research, vol. 8, no. 21, pp. 2003–2014,
2013.

[46] M. L. Fanjul-Moles and G. O. Lopez-Riquelme, “Relationship
between oxidative stress, circadian rhythms, and AMD,” Oxi-
dative Medicine and Cellular Longevity, vol. 2016, Article ID
7420637, 18 pages, 2016.

[47] K. Kaarniranta, A. Salminen, E.-L. Eskelinen, and J. Kopitz,
“Heat shock proteins as gatekeepers of proteolytic pathways-
implications for age-related macular degeneration (AMD),”
Ageing Research Reviews, vol. 8, no. 2, pp. 128–139, 2009.

[48] S. Datta, M. Cano, K. Ebrahimi, L. Wang, and J. T. Handa,
“The impact of oxidative stress and inflammation on RPE
degeneration in non-neovascular AMD,” Progress in Retinal
and Eye Research, vol. 60, pp. 201–218, 2017.

[49] K. Kaarniranta, E. Pawlowska, J. Szczepanska, A. Jablkowska,
and J. Blasiak, “Role of mitochondrial DNA damage in ROS-
mediated pathogenesis of age-related macular degeneration
(AMD),” International Journal of Molecular Sciences,
vol. 20, no. 10, p. 2374, 2019.

[50] J. G. Meyer, T. Y. Garcia, B. Schilling, B.W. Gibson, and D. A.
Lamba, “Proteome and secretome dynamics of human retinal

10 Oxidative Medicine and Cellular Longevity



pigment epithelium in response to reactive oxygen species,”
Scientific Reports, vol. 9, no. 1, article 15440, 2019.

[51] E. E. Brown, A. J. DeWeerd, C. J. Ildefonso, A. S. Lewin, and
J. D. Ash, “Mitochondrial oxidative stress in the retinal pig-
ment epithelium (RPE) led to metabolic dysfunction in both
the RPE and retinal photoreceptors,” Redox Biology, vol. 24,
article 101201, 2019.

[52] J. Widomska, J. P. SanGiovanni, andW. K. Subczynski, “Why
is zeaxanthin the most concentrated xanthophyll in the
central fovea?,” Nutrients, vol. 12, no. 5, p. 1333, 2020.

[53] S. Abokyi, C. H. To, T. T. Lam, and D. Y. Tse, “Central role of
oxidative stress in age-related macular degeneration: evi-
dence from a review of the molecular mechanisms and
animal models,” Oxidative Medicine and Cellular Longevity,
vol. 2020, Article ID 7901270, 19 pages, 2020.

[54] M. P. Rozing, J. A. Durhuus, M. Krogh Nielsen et al., “Age-
related macular degeneration: a two-level model hypothesis,”
Progress in Retinal and Eye Research, vol. 76, article 100825,
2020.

[55] S. S. Eamegdool, E. I. Sitiwin, A. V. Cioanca, and M. C.
Madigan, “Extracellular matrix and oxidative stress regulate
human retinal pigment epithelium growth,” Free Radical
Biology & Medicine, vol. 146, pp. 357–371, 2020.

[56] J. Blasiak, “Senescence in the pathogenesis of age-related
macular degeneration,” Cellular and Molecular Life Sciences,
vol. 77, no. 5, pp. 789–805, 2020.

[57] J. Hanus, C. Anderson, and S. Wang, “RPE necroptosis in
response to oxidative stress and in AMD,” Ageing Research
Reviews, vol. 24, Part B, pp. 286–298, 2015.

[58] H. R. Lohr, K. Kuntchithapautham, A. K. Sharma, and
B. Rohrer, “Multiple, parallel cellular suicide mechanisms
participate in photoreceptor cell death,” Experimental Eye
Research, vol. 83, no. 2, pp. 380–389, 2006.

[59] K. Kunchithapautham and B. Rohrer, “Apoptosis and
autophagy in photoreceptors exposed to oxidative stress,”
Autophagy, vol. 3, no. 5, pp. 433–441, 2007.

[60] L. Wang, M. Cano, and J. T. Handa, “p62 provides dual cyto-
protection against oxidative stress in the retinal pigment epi-
thelium,” Biochimica et Biophysica Acta (BBA) - Molecular
Cell Research, vol. 1843, no. 7, pp. 1248–1258, 2014.

[61] K. Kaarniranta, A. Koskela, S. Felszeghy, N. Kivinen,
A. Salminen, and A. Kauppinen, “Fatty acids and oxidized
lipoproteins contribute to autophagy and innate immunity
responses upon the degeneration of retinal pigment epithe-
lium and development of age-related macular degeneration,”
Biochimie, vol. 159, pp. 49–54, 2019.

[62] J. Liu, D. A. Copland, S. Theodoropoulou et al., “Impairing
autophagy in retinal pigment epithelium leads to inflamma-
some activation and enhanced macrophage-mediated angio-
genesis,” Scientific Reports, vol. 6, no. 1, 2016.

[63] T. Lamark, S. Svenning, and T. Johansen, “Regulation of
selective autophagy: the p62/SQSTM1 paradigm,” Essays in
Biochemistry, vol. 61, no. 6, pp. 609–624, 2017.

[64] S. Wang, X. Wang, Y. Cheng et al., “Autophagy dysfunction,
cellular senescence, and abnormal immune-inflammatory
responses in AMD: from mechanisms to therapeutic poten-
tial,” Oxidative Medicine and Cellular Longevity, vol. 2019,
Article ID 3632169, 13 pages, 2019.

[65] J. Blasiak, M. Piechota, E. Pawlowska, M. Szatkowska,
E. Sikora, and K. Kaarniranta, “Cellular senescence in age-
related macular degeneration: can autophagy and DNA

damage response play a role?,”Oxidative Medicine and Cellu-
lar Longevity, vol. 2017, Article ID 5293258, 15 pages, 2017.

[66] K. Kaarniranta, P. Tokarz, A. Koskela, J. Paterno, and
J. Blasiak, “Autophagy regulates death of retinal pigment epi-
thelium cells in age-related macular degeneration,” Cell Biol-
ogy and Toxicology, vol. 33, no. 2, pp. 113–128, 2017.

[67] N. Golestaneh, Y. Chu, Y. Y. Xiao, G. L. Stoleru, and A. C.
Theos, “Dysfunctional autophagy in RPE, a contributing
factor in age-related macular degeneration,” Cell Death &
Disease, vol. 8, no. 1, article e2537, 2017.

[68] L. Perusek, B. Sahu, T. Parmar et al., “Di-retinoid-pyridi-
nium-ethanolamine (A2E) accumulation and the mainte-
nance of the visual cycle are independent of Atg7-mediated
autophagy in the retinal pigmented epithelium,” Journal of
Biological Chemistry, vol. 290, no. 48, pp. 29035–29044, 2015.

[69] J. Zhang, Y. Bai, L. Huang et al., “Protective effect of autoph-
agy on human retinal pigment epithelial cells against lipofus-
cin fluorophore A2E: implications for age-related macular
degeneration,” Cell Death & Disease, vol. 6, no. 11, article
e1972, 2015.

[70] L. Lei, R. Tzekov, H. Li et al., “Inhibition or stimulation of
autophagy affects early formation of lipofuscin-like autofluo-
rescence in the retinal pigment epithelium cell,” International
Journal of Molecular Sciences, vol. 18, no. 4, p. 728, 2017.

[71] J. M. T. Hyttinen, J. Viiri, K. Kaarniranta, and J. Blasiak,
“Mitochondrial quality control in AMD: does mitophagy
play a pivotal role?,” Cellular and Molecular Life Sciences,
vol. 75, no. 16, pp. 2991–3008, 2018.

[72] N. Golestaneh, Y. Chu, S. K. Cheng, H. Cao, E. Poliakov, and
D. M. Berinstein, “Repressed SIRT1/PGC-1α pathway and
mitochondrial disintegration in iPSC-derived RPE disease
model of age-related macular degeneration,” Journal of
Translational Medicine, vol. 14, no. 1, p. 344, 2016.

[73] J. M. T. Hyttinen, J. Blasiak, M. Niittykoski et al., “DNA
damage response and autophagy in the degeneration of
retinal pigment epithelial cells-implications for age-related
macular degeneration (AMD),” Ageing Research Reviews,
vol. 36, pp. 64–77, 2017.

[74] R. Kang, H. J. Zeh, M. T. Lotze, and D. Tang, “The Beclin 1
network regulates autophagy and apoptosis,” Cell Death
and Differentiation, vol. 18, no. 4, pp. 571–580, 2011.

[75] M. B. E. Schaaf, T. G. Keulers, M. A. Vooijs, and K. M. A.
Rouschop, “LC3/GABARAP family proteins: autophagy-
(un) related functions,” The FASEB Journal, vol. 30, no. 12,
pp. 3961–3978, 2016.

[76] Y. Li, C. Wang, Y. Liu, J. You, and G. Su, “Autophagy,
lysosome dysfunction and mTOR inhibition in MNU-
induced photoreceptor cell damage,” Tissue & Cell, vol. 61,
pp. 98–108, 2019.

[77] C. Zhao, D. Yasumura, X. Li et al., “mTOR-mediated dedif-
ferentiation of the retinal pigment epithelium initiates photo-
receptor degeneration in mice,” Journal of Clinical
Investigation, vol. 121, no. 1, pp. 369–383, 2011.

[78] P. Czarny, E. Pawlowska, J. Bialkowska-Warzecha,
K. Kaarniranta, and J. Blasiak, “Autophagy in DNA damage
response,” International Journal of Molecular Sciences,
vol. 16, no. 2, pp. 2641–2662, 2015.

[79] G. Filomeni, D. De Zio, and F. Cecconi, “Oxidative stress and
autophagy: the clash between damage and metabolic needs,”
Cell Death and Differentiation, vol. 22, no. 3, pp. 377–388,
2015.

11Oxidative Medicine and Cellular Longevity



[80] P. Boya, L. Esteban-Martinez, A. Serrano-Puebla, R. Gomez-
Sintes, and B. Villarejo-Zori, “Autophagy in the eye: develop-
ment, degeneration, and aging,” Progress in Retinal and Eye
Research, vol. 55, pp. 206–245, 2016.

[81] P. A. Ney, “Mitochondrial autophagy: origins, significance,
and role of BNIP3 and NIX,” Biochimica et Biophysica Acta
- Molecular Cell Research, vol. 1853, no. 10, pp. 2775–2783,
2015.

[82] A. Diot, K. Morten, and J. Poulton, “Mitophagy plays a
central role in mitochondrial ageing,” Mammalian Genome,
vol. 27, no. 7-8, pp. 381–395, 2016.

[83] L. García-Prat, M. Martínez-Vicente, E. Perdiguero et al.,
“Autophagy maintains stemness by preventing senescence,”
Nature, vol. 529, no. 7584, pp. 37–42, 2016.

[84] P. Gouras, L. Ivert, M. Neuringer, and T. Nagasaki, “Mito-
chondrial elongation in the macular RPE of aging monkeys,
evidence of metabolic stress,” Graefes Archive for Clinical
and Experimental Ophthalmology, vol. 254, no. 6, pp. 1221–
1227, 2016.

[85] K. Zhu, M.-L. Zhang, S.-T. Liu et al., “Ghrelin attenuates
retinal neuronal autophagy and apoptosis in an experimental
rat glaucoma model,” Investigative Ophthalmology & Visual
Science, vol. 58, no. 14, pp. 6113–6122, 2017.

[86] X. L. Jiao, Y. Peng, and L. Yang, “Minocycline protects retinal
ganglion cells after optic nerve crush injury in mice by delay-
ing autophagy and upregulating nuclear factor-κB2,” Chinese
Medical Journal, vol. 127, no. 9, pp. 1749–1754, 2014.

[87] T. Z. Zhang, B. Fan, X. Chen et al., “Suppressing autophagy
protects photoreceptor cells from light-induced injury,”
Biochemical and Biophysical Research Communications,
vol. 450, no. 2, pp. 966–972, 2014.

[88] C.-P. Li, J. Yao, Z.-F. Tao, X.-M. Li, Q. Jiang, and B. Yan,
“Epigallocatechin-gallate (EGCG) regulates autophagy in
human retinal pigment epithelial cells: a potential role for
reducing UVB light-induced retinal damage,” Biochemical
and Biophysical Research Communications, vol. 438, no. 4,
pp. 739–745, 2013.

[89] E. Keeling, A. J. Lotery, D. A. Tumbarello, and J. A. Ratnayaka,
“Impaired cargo clearance in the retinal pigment epithelium
(RPE) underlies irreversible blinding diseases,” Cell, vol. 7,
no. 2, p. 16, 2018.

[90] J. Lee, S. Giordano, and J. H. Zhang, “Autophagy, mitochon-
dria and oxidative stress: cross-talk and redox signalling,”
The Biochemical Journal, vol. 441, no. 2, pp. 523–540, 2012.

[91] M. Karlsson, C. Frennesson, T. Gustafsson, U. T. Brunk, S. E.
G. Nilsson, and T. Kurz, “Autophagy of iron-binding
proteins may contribute to the oxidative stress resistance of
ARPE-19 cells,” Experimental Eye Research, vol. 116,
pp. 359–365, 2013.

[92] S. K. Mitter, C. Song, X. Qi et al., “Dysregulated autophagy in
the RPE is associated with increased susceptibility to
oxidative stress and AMD,” Autophagy, vol. 10, no. 11,
pp. 1989–2005, 2014.

[93] Y. Chen, O. Sawada, H. Kohno et al., “Autophagy protects the
retina from light-induced degeneration,” Journal of Biological
Chemistry, vol. 288, no. 11, pp. 7506–7518, 2013.

[94] S. Baldelli, K. Aquilano, and M. R. Ciriolo, “Punctum on two
different transcription factors regulated by PGC-1α: nuclear
factor erythroid-derived 2-like 2 and nuclear respiratory fac-
tor 2,” Biochimica et Biophysica Acta - General Subjects,
vol. 1830, no. 8, pp. 4137–4146, 2013.

[95] N. Wakabayashi, K. Itoh, J. Wakabayashi et al., “Keap1-null
mutation leads to postnatal lethality due to constitutive
Nrf2 activation,” Nature Genetics, vol. 35, no. 3, pp. 238–
245, 2003.

[96] E. Kansanen, S. M. Kuosmanen, H. Leinonen, and
A.-L. Levonen, “The Keap1-Nrf2 pathway: mechanisms of
activation and dysregulation in cancer,” Redox Biology,
vol. 1, no. 1, pp. 45–49, 2013.

[97] H. Motohashi, F. Katsuoka, J. D. Engel, and M. Yamamoto,
“Small Maf proteins serve as transcriptional cofactors for
keratinocyte differentiation in the Keap1-Nrf2 regulatory
pathway,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 101, no. 17, pp. 6379–
6384, 2004.

[98] L.Wang, K. B. Ebrahimi, M. Chyn, M. Cano, and J. T. Handa,
“Biology of p62/sequestosome-1 in age-related macular
degeneration (AMD),” Advances in Experimental Medicine
and Biology, vol. 854, pp. 17–22, 2016.

[99] N. Myeku and M. E. Figueiredo-Pereira, “Dynamics of the
degradation of ubiquitinated proteins by proteasomes and
autophagy association with sequestosome 1/p62,” The
Journal of Biological Chemistry, vol. 286, no. 25, pp. 22426–
22440, 2011.

[100] A. Jain, T. Lamark, E. Sjøttem et al., “p62/SQSTM1 is a target
gene for transcription factor NRF2 and creates a positive
feedback loop by inducing antioxidant response element-
driven gene transcription,” Journal of Biological Chemistry,
vol. 285, no. 29, pp. 22576–22591, 2010.

[101] R. A. Saxton and D. M. Sabatini, “mTOR signaling in growth,
metabolism, and disease,” Cell, vol. 168, no. 6, pp. 960–976,
2017.

[102] Y. C. Kim and K. L. Guan, “mTOR: a pharmacologic target
for autophagy regulation,” The Journal of Clinical Investiga-
tion, vol. 125, no. 1, pp. 25–32, 2015.

[103] K. Hara, Y. Maruki, X. M. Long et al., “Raptor, a binding part-
ner of target of rapamycin (TOR), mediates TOR action,”
Cell, vol. 110, no. 2, pp. 177–189, 2002.

[104] L. Wang, T. E. Harris, R. A. Roth, and J. C. Lawrence Jr.,
“PRAS40 regulates mTORC1 kinase activity by functioning
as a direct inhibitor of substrate binding,” Journal of Biologi-
cal Chemistry, vol. 282, no. 27, pp. 20036–20044, 2007.

[105] X. Wang, L. Li, X. Niu et al., “mTOR enhances foam cell
formation by suppressing the autophagy pathway,” DNA
and Cell Biology, vol. 33, no. 4, pp. 198–204, 2014.

[106] Y. Saito, Y. Kuse, Y. Inoue, S. Nakamura, H. Hara, and
M. Shimazawa, “Transient acceleration of autophagic degra-
dation by pharmacological Nrf2 activation is important for
retinal pigment epithelium cell survival,” Redox Biology,
vol. 19, pp. 354–363, 2018.

[107] R. Kumar, P. S. Negi, B. Singh, G. Ilavazhagan, K. Bhargava,
and N. K. Sethy, “Cordyceps sinensis promotes exercise
endurance capacity of rats by activating skeletal muscle met-
abolic regulators,” Journal of Ethnopharmacology, vol. 136,
no. 1, pp. 260–266, 2011.

[108] M. J. Cho, S.-J. Yoon, W. Kim et al., “Oxidative stress-
mediated TXNIP loss causes RPE dysfunction,” Experimental
& Molecular Medicine, vol. 51, no. 10, pp. 1–13, 2019.

[109] M. Zhang, Y. Chu, J. Mowery et al., “Pgc-1αrepression and
high-fat diet induce age-related macular degeneration-like
phenotypes in mice,” Disease Models & Mechanisms,
vol. 11, no. 9, 2018.

12 Oxidative Medicine and Cellular Longevity



[110] Z. Zhao, Y. Chen, J. Wang et al., “Age-related retinopathy in
NRF2-deficient mice,” PLoS One, vol. 6, no. 4, article e19456,
2011.

[111] S. J. Sheu, J. L. Chen, Y. S. Bee, S. H. Lin, and C. W. Shu,
“ERBB2-modulated ATG4B and autophagic cell death in
human ARPE19 during oxidative stress,” PLoS One, vol. 14,
no. 3, article e0213932, 2019.

[112] D. Hallam, J. Collin, S. Bojic et al., “An induced pluripotent
stem cell patient specific model of complement factor H
(Y402H) polymorphism displays characteristic features of
age-related macular degeneration and indicates a beneficial
role for UV light exposure,” Stem Cells, vol. 35, no. 11,
pp. 2305–2320, 2017.

[113] S. Rigacci, C. Miceli, C. Nediani et al., “Oleuropein aglycone
induces autophagy via the AMPK/mTOR signalling pathway:
a mechanistic insight,” Oncotarget, vol. 6, no. 34, pp. 35344–
35357, 2015.

[114] A. K. Singh, M. P. Kashyap, V. K. Tripathi, S. Singh, G. Garg,
and S. I. Rizvi, “Neuroprotection through rapamycin-induced
activation of autophagy and PI3K/Akt1/mTOR/CREB signal-
ing against amyloid-β-induced oxidative stress, synaptic/neur-
otransmission dysfunction, and neurodegeneration in adult
rats,” Molecular Neurobiology, vol. 54, no. 8, pp. 5815–5828,
2017.

[115] J. M. T. Hyttinen, G. Petrovski, A. Salminen, and
K. Kaarniranta, “5′-Adenosine monophosphate-activated
protein kinase-mammalian target of rapamycin axis as
therapeutic target for age-related macular degeneration,”
Rejuvenation Research, vol. 14, no. 6, pp. 651–660, 2011.

[116] B. Tang, J. Cai, L. Sun et al., “Proteasome inhibitors activate
autophagy involving inhibition of PI3K-Akt-mTOR pathway
as an anti-oxidation defense in human RPE cells,” PLoS One,
vol. 9, no. 7, article e103364, 2014.

[117] T. X. Lu and M. E. Rothenberg, “MicroRNA,” Journal of
Allergy and Clinical Immunology, vol. 141, no. 4, pp. 1202–
1207, 2018.

[118] A. M. Mohr and J. L. Mott, “Overview of microRNA biology,”
Seminars in Liver Disease, vol. 35, no. 1, pp. 003–011, 2015.

[119] J. Cai, H. Zhang, Y.-f. Zhang, Z. Zhou, and S. Wu, “Micro-
RNA-29 enhances autophagy and cleanses exogenous mutant
αB-crystallin in retinal pigment epithelial cells,” Experimental
Cell Research, vol. 374, no. 1, pp. 231–248, 2019.

[120] Q. Wei, X. Liang, Y. Peng et al., “17&beta;-estradiol amelio-
rates oxidative stress and blue light-emitting diode-induced
retinal degeneration by decreasing apoptosis and enhancing
autophagy,” Drug Design Development and Therapy, vol. -
Volume 12, pp. 2715–2730, 2018.

[121] A. Crooke, F. Huete-Toral, B. Colligris, and J. Pintor, “The
role and therapeutic potential of melatonin in age-related
ocular diseases,” Journal of Pineal Research, vol. 63, no. 2,
2017.

[122] M. Argun, L. Tok, A. C. Uguz, O. Celik, O. Y. Tok, and
M. Naziroglu, “Melatonin and amfenac modulate calcium
entry, apoptosis, and oxidative stress in ARPE-19 cell culture
exposed to blue light irradiation (405 nm),” Eye, vol. 28, no. 6,
pp. 752–760, 2014.

[123] C.-C. Chang, T.-Y. Huang, H.-Y. Chen et al., “Protective
effect of melatonin against oxidative stress-induced apoptosis
and enhanced autophagy in human retinal pigment epithe-
lium cells,” Oxidative Medicine and Cellular Longevity,
vol. 2018, 12 pages, 2018.

[124] N. A. Stepicheva, J. Weiss, P. Shang et al., “Melatonin as the
possible link between age-related retinal degeneration and
the disrupted circadian rhythm in elderly,” Advances in
Experimental Medicine and Biology, vol. 1185, pp. 45–49,
2019.

[125] E. Bosch, J. Horwitz, and D. Bok, “Phagocytosis of outer seg-
ments by retinal pigment epithelium: phagosome-lysosome
interaction,” Journal of Histochemistry & Cytochemistry,
vol. 41, no. 2, pp. 253–263, 2017.

[126] M. A. Gammone, G. Riccioni, G. Parrinello, and N. D’Orazio,
“Omega-3 polyunsaturated fatty acids: benefits and end-
points in sport,” Nutrients, vol. 11, no. 1, p. 46, 2019.

[127] Y. Kim, J. B. Keogh, and P. M. Clifton, “Polyphenols and gly-
cemic control,” Nutrients, vol. 8, no. 1, p. 17, 2016.

[128] E. Pawlowska, J. Szczepanska, A. Koskela, K. Kaarniranta,
and J. Blasiak, “Dietary polyphenols in age-related macular
degeneration: protection against oxidative stress and beyond,”
Oxidative Medicine and Cellular Longevity, vol. 2019, Article
ID 9682318, 13 pages, 2019.

[129] M. V. Carroll and R. B. Sim, “Complement in health and
disease,” Advanced Drug Delivery Reviews, vol. 63, no. 12,
pp. 965–975, 2011.

[130] S. McHarg, S. J. Clark, A. J. Day, and P. N. Bishop, “Age-
related macular degeneration and the role of the complement
system,” Molecular Immunology, vol. 67, no. 1, pp. 43–50,
2015.

[131] D. Rogińska, M. P. Kawa, E. Pius-Sadowska et al., “Depletion
of the third complement component ameliorates age-
dependent oxidative stress and positively modulates autoph-
agic activity in aged retinas in a mouse model,” Oxidative
Medicine and Cellular Longevity, vol. 2017, Article ID
5306790, 17 pages, 2017.

13Oxidative Medicine and Cellular Longevity


	Autophagy in Age-Related Macular Degeneration: A Regulatory Mechanism of Oxidative Stress
	1. Age-Related Macular Degeneration
	2. The Role of Oxidative Stress in AMD
	3. The Role of Autophagy in AMD
	3.1. Autophagy and Lipofuscin
	3.2. The Protective Role of Autophagy in AMD
	3.3. The Role of Mitophagy in AMD
	3.4. The Dual Role of Autophagy in AMD

	4. Autophagy Can Regulate Oxidative Stress in AMD
	5. The Mechanisms of Autophagy Regulating Oxidative Stress in AMD
	5.1. Interactions among NFE2L2, p62/SQSTM1, and mTOR Pathways
	5.2. Interaction between the PGC-1 and NFE2L2 Pathways
	5.3. Interaction between Autophagy and Inflammation

	6. Potential Neuroprotective Strategies Targeting Autophagy to Alleviate Oxidative Stress in AMD
	6.1. Inhibitors for mTOR
	6.2. MicroRNAs
	6.3. Hormones such as 17β-Estradiol and Melatonin
	6.4. Antioxidants in Diet
	6.5. Complement Depletion

	7. Conclusions
	Disclosure
	Conflicts of Interest
	Acknowledgments

