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A B S T R A C T   

Oxidative stress-induced damage to the retinal pigment epithelium (RPE) is considered to be a key factor in age- 
related macular degeneration (AMD) pathology. RPE cells are constantly exposed to oxidative stress that may 
lead to the accumulation of damaged cellular proteins, lipids, nucleic acids, and cellular organelles, including 
mitochondria. The ubiquitin-proteasome and the lysosomal/autophagy pathways are the two major proteolytic 
systems to remove damaged proteins and organelles. There is increasing evidence that proteostasis is disturbed 
in RPE as evidenced by lysosomal lipofuscin and extracellular drusen accumulation in AMD. Nuclear factor- 
erythroid 2-related factor-2 (NFE2L2) and peroxisome proliferator-activated receptor gamma coactivator-1 
alpha (PGC-1α) are master transcription factors in the regulation of antioxidant enzymes, clearance systems, and 
biogenesis of mitochondria. The precise cause of RPE degeneration and the onset and progression of AMD are not 
fully understood. However, mitochondria dysfunction, increased reactive oxygen species (ROS) production, and 
mitochondrial DNA (mtDNA) damage are observed together with increased protein aggregation and in
flammation in AMD. In contrast, functional mitochondria prevent RPE cells damage and suppress inflammation. 
Here, we will discuss the role of mitochondria in RPE degeneration and AMD pathology focused on mtDNA 
damage and repair, autophagy/mitophagy signaling, and regulation of inflammation. Mitochondria are putative 
therapeutic targets to prevent or treat AMD.   

1. Introduction to RPE degeneration and development of AMD 

AMD is associated with several environmental and genetic risk 
factors that are linked to increased oxidative stress (Fig. 1; Handa, 
2012; Jarrett and Boulton, 2012; Fritsche et al., 2013; Kaarniranta 
et al., 2018a,b; Wang et al., 2018). Per definition, age is the main risk 
factor for AMD. The accumulation of oxidized proteins, lipids, and DNA 
in aged tissues provides evidence for an overall increase in oxidative 
stress with aging (Ames and Shigenaga, 1992; Moldogazieva et al., 
2019). The main genetic factors in AMD are mutations in the genes of 

the complement factors H, B and I (CFH, CFB, CFI), complement 
components 3 and 2 (C3, C2), as well as Age-Related Maculopathy 
Susceptibility 2/High-Temperature Requirement protein A1 (ARMS2/ 
HTRA1) gene regions (Fritsche et al., 2013). Evidence linking genetic 
backgrounds with elevated oxidative stress included the significantly 
higher RPE mtDNA damage reported in donors harboring the CFH high 
risk alleles (Ferrington et al., 2016a). Dysfunctional CFH reduces anti
oxidant capacity and energy metabolism of human RPE cells (Armento 
et al., 2020). Additionally, the presence of the ARMS2/HTRA1 risk al
leles in induced pluripotent stem-RPE cells (iPSC-RPE) resulted in 
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decreased antioxidant defenses, thereby making the RPE more suscep
tible to oxidative damage (Yang et al., 2014). Smoking, obesity, arter
iosclerosis, hypertension, hypercholesterolemia, an unhealthy diet, and 
excessive light exposure are centralenvironmental or systemic risk 
factors in AMD (Fig. 1; Blasiak et al., 2019). Each of these environ
mental risk factors are known to increase oxidative stress and/or in
flammation, characteristics that can precipitate retinal pathology (Datta 
et al., 2017; Rozing et al., 2019). 

The devastating effects of AMD are most apparent in the macula, a 
small, cone-rich area of the retina responsible for high acuity and color 
vision (Fig. 2A). The macula is under considerable oxidative stress due 
to its high metabolic rate, high oxygen tension, and the continuous 
production of reactive oxygen species (ROS) in the area (Stefánsson 
et al., 2011; Eells, 2019; Stefánsson et al., 2019). In AMD, pathological 
changes can be observed in the choriocapillaris, Bruch's membrane, 
RPE, and photoreceptors (Fig. 2B). However, it has been hypothesized 
that the RPE play a key role in the pathogenesis of AMD due to their 
central location between Bruch's membrane and photoreceptors where 
they serve as a conduit for oxygen, nutrients, and waste products be
tween the outer retina and the choriocapillaris (Strauss, 2005;  
Kaarniranta et al., 2009). In clinical settings, a primary hallmark of 
AMD is the presence of drusen between the RPE and Bruch's membrane, 
with RPE degeneration occurring as the disease progresses (Fig. 2A and 
B). Since one of the main functions of the RPE is to maintain the health 
of the photoreceptors, RPE degeneration secondarily leads to dysfunc
tion of the photoreceptors and visual disturbances associated with AMD 
(Fig. 2C). 

Oxidative stress and damage have been suggested as key factors for 
triggering RPE degeneration. Oxidative stress ultimately involves an 
excess of ROS that are produced mainly in mitochondria (Handa, 2012;  
Blasiak et al., 2013). ROS oxidize many biological macromolecules, 
including proteins, lipids, and nucleic acids, and may evoke structural 
and functional changes in these molecules. In AMD pathology, ex
cessive ROS and oxidized lipoproteins lead to protein misfolding, ag
gregation, and chronic activation of the innate immunity response 
(Ferrington et al., 2016b; Kauppinen et al., 2016; Kaarniranta et al., 
2019). Various products of lipid peroxidation, such as advanced gly
cation-end products, carboxyethylpyrrole, malondialdehyde, and 4- 
hydroxynonenal, which are indicators of increased oxidative stress, 
have been detected in macula of AMD patients (Hyttinen et al., 2018). 
In addition to these products of oxidation, there is an accumulation of 
autofluorescent lipofuscin, cytoplasmic aggregates, and drusen in AMD 
that are indicators of disturbed proteostasis, which involves the co
ordinate regulation of protein synthesis, folding, and degradation. 
Evidence for defects in protein degradation in the RPE of donors with 
AMD includes the increased content of both ubiquitin (Ub) and se
questosome-1 (p62/SQSTM1), suggesting failure in the Ub-proteasome 
and lysosome/autophagy pathways, respectively (Fig. 2D and E). A 
deficiency in cellular proteostasis has been associated with multiple 
age-related degenerative disorders and has particularly devastating 
consequences in post-mitotic or quiescent cells, such as neurons and the 
RPE (Ferrington et al., 2016b). 

Activation of protective pathways and upregulation of endogenous 
antioxidants are cellular responses against excessive oxidative stress. 

Fig. 1. Mitochondrial DNA (mtDNA) in the neural 
retina and retinal pigment epithelial (RPE) cells can 
be damaged by many endogenous and exogenous 
factors, including some risk factors of age-related 
macular degeneration (AMD). Aging, the primary 
AMD risk factor, is also associated with induction of 
mtDNA damage. It is likely that mtDNA damage af
fects genes encoding the mitochondrial electron 
transport chain resulting in reactive oxygen species 
(ROS) overproduction, leading to more damage to 
mtDNA. These changes can be counterbalanced by 
efficient (+) antioxidant enzymes or DNA repair, but 
when these systems fail, accumulated damage to 
mtDNA can result in mitochondrial dysfunctions, 
energy crisis, cell degeneration and death observed 
in AMD. 
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Antioxidative defense mechanisms can also improve autophagy, 
thereby increasing survival of RPE cells (Kaarniranta et al., 2017,  
2018a). Among the protective pathways are the NFE2L2 and PGC-1α, 
which upregulate expression of antioxidants that protect against ROS- 
induced mitochondrial damage and cell death (Strom et al., 2016 
https://onlinelibrary.wiley.com/doi/full/10.1111/acel.12650). PGC- 
1α also regulates the expression of many genes important for energy 
production and mitochondrial biogenesis (Kaarniranta et al., 2018a, b). 
Understanding how these pathways are involved in AMD and how they 
could be manipulated to protect RPE in vivo is critical to study. 

We summarize data supporting the hypothesis that mitochondrial 
dysfunction in the RPE is a key event in AMD pathology. A significant 
increase in mtDNA damage is associated with normal aging, but it is 
more extensive with AMD. There is evidence that mitochondrial DNA 
damage repair and haplogroups are involved in the pathology of AMD. 
NFE2L2 and PGC-1α have a key role in mitochondrial quality control 
and in the regulation of protein aggregation and inflammation in AMD. 
We also discuss mitochondria as a putative therapy target to prevent or 
treat AMD. 

2. RPE mitochondria damage and dysfunction during normal 
aging 

Mitochondria are crucial organelles that produce adenosine tri
phosphate (ATP) via oxidative phosphorylation, which involves the 
transfer of electrons between multi-subunit complexes (I to IV) of the 
Electron Transport Chain (ETC) coupled with the reduction of mole
cular oxygen. Under normal circumstances, ~2–5% of the oxygen is 
incompletely reduced, leading to elevated ROS and superoxide pro
duction (Chen et al., 2003). Even the act of phagocytosis, one of the 
daily functions of the RPE, predisposes these cells to altered mi
tochondrial redox states and increased mtDNA damage (Jin et al., 2001;  
Liang and Godley, 2003). Several studies show a dual role for ROS in 
cell physiology: (i) Moderate amounts of ROS are essential for the 
maintenance of beneficial cellular processes, such as production of 
cellular energy and the regulation of mitochondria protective signaling 
pathways. Upregulation of these positive effect are capable of in
creasing lifespan in lower organisms (Giorgi et al., 2018), (ii) In con
trast, excess ROS are pathogenic and may evoke accelerated cell de
generation or even cell death. 

Fig. 2. Dry age-related macular degeneration: 
symptoms and signs. (A) Color fundus photograph 
from normal and dry AMD patient maculas. The 
central macula controls sharp and color vision 
(white ring). Drusen are the clinical hallmarks of 
AMD (dark ring). (B) Optical coherent tomography 
(OCT) from the healthy and AMD retinas. Arrows 
indicate different layers of the retina: 1) external 
limiting membrane, 2) ellipsoid layer, 3) RPE layer, 
4) retinal nerve fiber layer (RNFL), 5) ganglion cell 
layer, 6) inner plexiform layer, 7) inner nuclear 
layer, 8) outer plexiform layer 9) outer nuclear 
layer. (C) Representative vision disturbances during 
the progression of AMD. (D) Light microscopic 
image of hematoxylin-eosin (HE) stained human 
retina from (D, left panel) healthy and (E, left panel) 
AMD donors. High power confocal images indicate 
extracellular ubiquitin (Ubq, middle panels) and 
intracellular p62 (right panels) stainings. 
Arrowheads show drusen accumulation. (For inter
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.) 
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Mitochondrial ROS and oxidative damage are significantly in
creased with aging and aging-related diseases. For example, opening of 
the mitochondrial permeability transition pore, which is triggered by 
ROS and mitochondrial calcium overload, leads to apoptosis 
(Rottenberg and Hoek, 2017). The increased ROS levels promote oxi
dative damage to mitochondrial DNA, lipids, and proteins (Jarrett et al., 
2008). During normal aging, a disruption of mitochondrial structure 
and an accumulation of mtDNA mutations have also been reported 
(Blasiak et al., 2013). These results are in line with earlier studies of 
Wang et al. who showed an accumulation of mtDNA damage with age 
in RPE and choroid of mice and rats (Wang et al., 2008). This effect was 
likely the result of the decrease in DNA repair capacity with age, which 
was supported by a decreased expression of genes encoding 8-ox
oguanine-DNA glycosylase 1 (OGG1), MutY DNA glycosylase, and 
thymine DNA glycosylase – enzymes critical for repairing oxidative 
damage to DNA. However, DNA repair is not the only way the cell may 
act against mtDNA damage as it can be prevented by antioxidant en
zymes and small molecular weight antioxidants (Fig. 1; Tokarz et al., 
2013). Furthermore, it seems that these studies suffer from the lack of 
evaluation of the DNA repair capacity in cells challenged by an en
dogenous DNA-damaging factor, which is important in the context of 
AMD pathogenesis, as aging is its main but not the only risk factor. In 
their subsequent work, Wang et al. showed that photoreceptors and 
retinal ganglion cells in rodents also displayed increased levels of 
mtDNA damage and again this effect was attributed to decreased DNA 
repair capacity (Wang et al., 2010). 

Damage to the mitochondrial genome also involves a 4977 base pair 
deletion, known as the “Common Deletion”, which occurs with high 
frequency in patients with mitochondrial diseases, and also in aged 
post-mitotic and quiescent cells including the RPE and neural retina 
(Fig. 1; Barreau et al., 1996; Karunadharma et al., 2010; Nie et al., 
2016; Huang et al., 2018). These results were confirmed in subsequent 
research, showing a biphasic increase in the ratio of this mutation in the 
retina. A slow increase occurred in donors between ages 14 and 60 
years, followed by a rapid increase in damage for donors between 60 
and 94 years of age (Barron et al., 2001). Preferentially, this mutation 
accumulated in the fovea and was linked with retinal dysfunctions 
observed in age-related maculopathies. Of note, while the Common 
Deletion increased in RPE with age for donors 34–88 years, it only in
creased in donors with advanced AMD, suggesting that this type of 
damage is not relevant to the early events in AMD pathogenesis 
(Karunadharma et al., 2010). 

As AMD is per definition an age-dependent disease, the question 
whether it is associated with accelerated aging is often asked. Given the 
role of oxidative DNA damage in aging, the question about the role of 
mtDNA damage in AMD pathogenesis and its relations with aging also 
seems to be justified (Hyttinen et al., 2017). While the results obtained 
by Karunadharma et al. support the hypothesis that mtDNA damage 
increases with age, this damage was limited to the “Common Deletion” 
(Karunadharma et al., 2010). In contrast, the AMD-related mtDNA 
damage was distributed throughout the mitochondrial genome. These 
results suggest that AMD cannot be attributed only to accelerated aging, 
but it involves disease-specific changes that are superimposed on a 
background of typical age-related changes. 

3. RPE mitochondria damage and dysfunction with AMD 

With AMD, extensive changes to the mitochondrial genome have 
been reported. Comparison of mtDNA damage as measured by long- 
extension polymerase chain reaction (LX-PCR) in the macula of human 
donor RPE showed AMD donors had more mtDNA damage compared to 
the age-matched controls (Karunadharma et al., 2010; Terluk et al., 
2015). Furthermore, the extent of RPE mtDNA damage correlated with 
AMD severity. Terluk and colleagues reported that the damage was 
localized in region of the mitochondrial genome that encode for the 
subunits of the ETC, thereby potentially leading to reduced ATP 

production (Terluk et al., 2015). Damage was also observed in the D- 
loop, the only non-coding region of the genome that is the site of in
itiation for mtDNA transcription and replication of one mtDNA strand. 
Of note, the background mutation rate in the D-loop is about an order 
higher than in the remaining, coding part of the mitochondrial genome 
(Allio et al., 2017). Damage to either the D-loop or region encoding the 
ETC proteins could lead to negative functional outcomes for the mi
tochondria. 

Other clinically relevant information from this study included the 
finding that mtDNA damage was not limited to the macula as RPE 
harvested from the peripheral region also exhibited an AMD-related 
increase in damage (Terluk et al., 2015). It is also important to note that 
the AMD-related increase in mtDNA damage was not observed in the 
photoreceptors. A potential explanation may be related to the cell- 
specific difference in the pathways utilized to generate energy. In 
contrast with the RPE, which rely on ROS-producing mitochondria, 
photoreceptors utilize aerobic glycolysis, a pathway that does not 
produce excessive ROS (Ames et al., 1992; Medrano and Fox, 1995; Yu 
and Cringle, 2005; Hurley et al., 2015; Fisher and Ferrington, 2018). 

Studies addressing the role of damage to mtDNA in AMD patho
genesis have also measured mtDNA damage in peripheral blood as a 
surrogate measure of the retina. However, there is evidence that 
mtDNA damage in peripheral blood shows different susceptibility to 
DNA-damaging factors than the retinal counterpart. This hypothesis is 
supported by results from Kenney et al., where they compared the ex
tent of mtDNA deletions and rearrangements in retina, choroid, and 
blood of individuals with AMD and control subjects (Kenney et al., 
2010). They noted higher levels of mtDNA rearrangements and dele
tions in the retina than blood for both normal and AMD samples. In 
addition, these observations reveal increased genetic variation in both 
the coding portion of mtDNA and the D-loop. The authors postulate that 
damage to these elements may lead to dysfunctional mitochondria and 
a reduced number of mtDNA copies (Udar et al., 2009). 

There are several critical limitations that should be recognized 
when results from mtDNA damage analysis are interpreted. When the 
extent of mtDNA damage is evaluated with LX-PCR, the amount of PCR 
product depends on the amount of undamaged versus damaged tem
plate that is available for amplification. Damaged templates include 
DNA base modifications and single or double strand breaks that stop the 
DNA polymerase. However, the main oxidative modification to DNA 
bases is 8-oxo-guanine (8-oxo-G), which does not inhibit the DNA 
polymerase, so the LX-PCR assay would not recognize this modification. 
DNA fragmentation also limits or even eliminates the ability to quantify 
the amount of damage. Another limitation is that the type of mi
tochondrial damage cannot be determined. It is also important to note 
that there is great diversity in both the number of mitochondria per cell 
as well as the number of mtDNA copies per mitochondria. Since the 
assay is only measuring an average of many mitochondrial templates, 
the results cannot inform about the damage within a single cell or the 
distribution of damage among all the cells sampled. While acknowl
edging these limitations for LX-PCR, no other method for routine eva
luation of mtDNA damage is currently available. 

In addition to mtDNA damage, other mitochondrial alterations di
rectly related to AMD have been reported (Feher et al., 2006;  
Nordgaard et al., 2006; 2008). A transmission electron microscopy 
(TEM) analysis of human donor eyes affected by AMD showed a re
duction in the number of mitochondria compared with age-matched 
controls with no AMD (Feher et al., 2006). In a proteomic analysis of 
the RPE, AMD-related changes were observed in the ATP synthase 
subunit that participates in oxidative phosphorylation (Nordgaard 
et al., 2008). The decrease in total ATP synthase subunits that coincides 
with the progression of AMD could lead to a malfunction of the ATP 
synthase complex. Since the ATP synthase complexes exist as oligo
meric supercomplexes that maintain mitochondrial morphology and 
the mitochondrial membrane potential (Arselin et al., 2004; Bornhovd 
et al., 2006; Minauro-Sanmiguel et al., 2005), the decreased amount of 
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the ATP synthase subunits with AMD could lead to defects in these 
critical processes. Another change in the mitochondrial proteome in
cluded the decline in the level of the mitochondrial heat shock protein 
(mtHsp70) observed in AMD RPE (Nordgaard et al., 2008). It functions 
as a molecular chaperone that regulates the ATP-dependent import of 
nuclear-encoded proteins into the mitochondrial matrix (Nordgaard 
et al., 2006, 2008; Kaarniranta et al., 2009). Therefore, decreased 
mtHsp70 levels could be detrimental to overall mitochondrial function 
and limit energy production in AMD. 

Measurement of mitochondrial function in primary cultures of RPE 
provided direct evidence that energy production is significantly af
fected with AMD. Two different laboratories reported reduced mi
tochondrial function and ATP production in RPE cells isolated from 
human donors with AMD as compared with healthy subjects (Fig. 3,  
Ferrington et al., 2017; Golestaneh et al., 2017). Taken together, these 
results strengthen the hypothesis that mitochondrial damage and dys
function may be involved in AMD pathology. Damage to RPE mi
tochondria associated with AMD not only decreased retinal bioener
getics, but could also disrupt intracellular calcium homeostasis and 
mitochondria-nuclear signaling, thereby having a more global impact 
on cell health (Rottenberg and Hoek, 2017; Fisher and Ferrington, 
2018). 

This section summarized the studies to date showing a significant 
increase in mtDNA damage is associated with normal aging and is more 
extensive with AMD. The next section discusses how disturbed mtDNA 
damage repair (DDR) may play a central role in the regulation of mi
tochondria function in AMD (Chinnery et al., 2002; Blasiak et al., 
2013). 

4. Mitochondrial DNA damage and repair in AMD pathogenesis 

Human mtDNA contains 13 intron-less polypeptide-encoding genes 
and several shorter genes coding for functional RNAs, including 12S 
and 16S ribosomal RNA and 22 tRNA. Therefore, it is very likely that 
damage induced in mtDNA will be localized in a coding sequence 
corresponding with either the polypeptide-encoding genes or the RNA, 
thereby limiting the production of fully functional proteins. Since the 
genes encode for subunits of ETC, the main source of energy in the cell, 
their damage can result in serious consequences for cell energetics. 

As discussed previously, the mitochondria generate ROS as a by
product of respiration. Therefore, mtDNA must be protected against 
damage or if damaged, must be repaired. Protection from ROS is pro
vided by mitochondrial localized antioxidant enzymes, such as man
ganese superoxide dismutase (MnSOD), peroxiredoxins, catalase and 
glutathione peroxidases (GPXs): GPX1 and phospholipid-hydro 

peroxide GPX (PHGPX) (Holley et al., 2011). They neutralize ROS in a 
chain of reactions, in which MnSOD catalyzes the dismutation of su
peroxide radicals to hydrogen peroxide and molecular oxygen. Hy
drogen peroxide is decomposed by peroxiredoxins that oxidize thior
edoxin in this process. Hydrogen peroxide in mitochondria can be also 
removed by GPX1 and PHGPX. Previous research has reported a sig
nificant increase in both MnSOD and catalase in RPE from human AMD 
donors, suggesting the upregulation of these antioxidant enzymes was a 
compensatory response to the elevated oxidative stress induced by AMD 
(Decanini et al., 2007). Similar to nuclear DNA, which is protected from 
ROS damage by bound histones, nucleoid complexes of multiple pro
teins provide some physical protection to mtDNA from ROS-induced 
damage. 

DNA damage elicits the response of a number of proteins that co
ordinate to repair the specific type of damage. This robust repair system 
in the nucleus includes: (i) base excision repair (BER) recovers damaged 
(oxidized, alkylated, hydrolyzed, deaminated) bases, (ii) nucleotide 
excision repair (NER) corrects lesions of double-stranded DNA (eg., 
pyrimidine dimers), (iii) mismatch repair (MMR) removes unpaired 
nucleotides, (iv) non-homologous end-joining (NHEJ) and homologous 
recombination both repair double-strand breaks in genomic DNA 
(Zinovkina, 2018). There are substantial differences in the DNA repair 
systems operating in the nucleus and mitochondria (Table 1). 

BER proteins involve DNA glycosylases (UNG1, MYH, OGG1, 
NEIL1/2), endonucleases (APE1, FEN1, EXOG1), the helicase DNA2 and 
DNA polymerase γ. While these enzymes are found in both the 

Fig. 3. RPE from donors with AMD show reduced 
mitochondrial function. (A) Trace from an XF96 
Extracellular Flux Analyzer shows the oxygen con
sumption rate (OCR) normalized to baseline for cells 
from non-diseased and AMD donors (No AMD 
n = 14; AMD n = 19). Arrows indicate injection of 
oligomycin (1), FCCP (2) and antimycin and rote
none (3) to perturb mitochondrial function. (B) 
Mitochondrial functional parameters were calculated 
from data shown in A. Probability values for sig
nificant differences, as determined by t-test com
paring No AMD with AMD, is provided on the 
graphs. Bas Res = basal respiration; Max 
Res = maximal respiration; Sp Cap = spare capa
city. All data are mean ( ± SEM). (* denotes 
p  <  0.05). Data shown is similar to that in  
Ferrington et al. (2017), Redox Biol. publication. 

Table 1 
A comparison of the DNA repair systems operating in the nucleus and mi
tochondria of the human nucleated cells     

Substrate Repair system 

Nucleus Mitochondria  

Chemical modifications to DNA bases BER1), DR 
UV photoproducts NER ? 
Intrastrand crosslinks NER ? 
Interstrand crosslinks HRR + NER + FAP ? 
Mismatches, small loops MMR MMR (?) 
Single-strand breaks SSBR ? 
Double-strand breaks NHEJ, HRR, SSA HRR, MMEJ, ? 

Abbreviations used: BER, base excision repair; DR, direct repair; NER, nucleo
tide excision repair; HRR, homologous recombination repair; FAP, Fanconi 
anemia proteins; MMR, mismatch repair; SSBR, single-strand break repair; 
NHEJ, non-homologues end joining; SSA – single-strand annealing, MMEJ, 
microhomology-mediated end joining. The question mark indicates no evidence 
or uncertain occurrence.  
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mitochondria and nucleus, some have specific mitochondrial isoforms 
that are produced by alternative splicing. Other proteins that partici
pate in BER include p53, which translocates into the mitochondria 
under conditions of oxidative stress where it interacts with DNA poly
merase γ. Poly (ADP-ribose) polymerase (PARP1) is also involved in 
activation of the mitochondrial BER response to oxidative stress by 
interacting with DNA polymerase γ, transcription factor A mitochon
drial (TFAM), and EXOG1. 

Evidence for the presence of NHEJ, specifically the microhomology- 
mediated end joining (MMEJ), includes the mitochondrial localization 
of the main required enzymes, PARP1 and MRN (MRE11, Rad50-Nbs1)- 
CtlP complex (Zinovkina, 2018). Recently, biochemical evidence for the 
existence and activity of this pathway was provided (Tadi et al., 2016). 
Taken together, the presence of PARP1, active BER and MMEJ allows 
for repair of both single and double-strand breaks in mtDNA. While 
numerous enzymes from the other DDR pathways have been identified 
in the mitochondria, their exact function in this organelle is unknown 
or insufficiently studied. For example, the presence of some NER-re
lated proteins in mitochondria suggests the possible action of NER, the 
most versatile pathway of DNA repair (Melis et al., 2013; Liu et al., 
2015; Wu et al., 2018). Most but not all enzymes involved in homo
logous recombination are also present in the mitochondria, but to date, 
the existence of active recombination has not been definitively shown 
(Zinovkina, 2018). Thus, this area of research is being actively pursued 
due to the importance of DNA repair in health and disease. 

Since accumulation of mtDNA damage is associated with normal 
and premature aging as well as serious human disorders, disturbed 
mtDDR may be involved in AMD (Fig. 1; Chinnery et al., 2002; Blasiak 
et al., 2013). While this possibility has not been extensively in
vestigated, Lin et al. provides some evidence that mtDDR is reduced in 
aging and with AMD. Using cultured human RPE primary cells obtained 
from the macula and peripheral regions, they compared mtDNA da
mage and repair (Lin et al., 2011). While the extent of the damage in 
both regions increased with donor age, results show more damage to 
mtDNA in macular compared with RPE from the periphery. Moreover, 
efficacy of the repair of mtDNA damage decreased with age and was 
more reduced in macular compared with peripheral RPE. Hetero
plasmic mtDNA mutations were more common in AMD than non-AMD 
eyes and were positively correlated with AMD severity. The authors 
concluded that defective mtDDR may be involved in AMD pathogenesis. 

In summary, many reports point at mtDNA damage as an important 
contributing factor in AMD pathology (Fig. 1). Potential mechanisms 
responsible for the accumulation of mtDNA damage includes the de
creased activity of antioxidant enzymes regulated by NFE2L2 and PGC- 
1α, reduced mtDNA repair proteins, or disturbance in clearance of 
damaged mitochondria. Several reports claim that mtDNA is more 
prone to damage than its nuclear counterpart and some suggest that 
mtDNA damage in the retina preferentially occurs in the macula than in 
the periphery (Lin et al., 2011). Another problem in the mutagenesis of 
mtDNA is the assessment of efficacy of DNA repair enzymes (Caston and 
Demple, 2017). They all are encoded by the nuclear genome, and after 
transcription and translation, they must be imported into the mi
tochondria. The conclusion of DNA repair deficiency on the basis of 
lowered overall expression of DNA repair enzymes may therefore be an 
underestimate of the content of active enzyme localized within the 
mitochondria. Therefore, mtDDR in AMD should be subjected to further 
studies as its many aspects have been unequivocally shown to be 
changed in this disease. 

5. Mitochondrial haplogroups and AMD 

The effect of mitochondrial sequence polymorphisms that are found 
in different populations, referred to as haplogroups, has also been stu
died. Haplogroups are populations of individuals who share a common 
maternal ancestor and are defined by their similarity in mtDNA se
quence. The letter names of the haplogroups run from A to Z, being 

named alphabetically in the order of their discovery. 
Several studies showed specific haplogroups demonstrated either a 

positive or negative association with AMD occurrence (Jones et al., 
2007; Canter et al., 2008; SanGiovanni et al., 2009; Udar et al., 2009;  
Joachim et al., 2015). For example, the J haplogroup is linked with 
higher risk of AMD and the H haplogroup is linked with protection 
against this disease. A limitation of these reports is that they do not 
account for the influence of nDNA variants on the occurrence of AMD. 
To eliminate the impact of nDNA variants, Kenney et al. constructed 
cybrids using mitochondria-deprived ARPE-19 Rho0 cells merged with 
mitochondria from platelets of individuals belonging to either the H or 
J haplogroups (Kenney et al., 2013, 2014). In this experimental system, 
the nuclear genome was identical, but the cells contained the mi
tochondrial sequence that was specific for each haplogroup. They ob
served that J and H hybrids differentially expressed genes of the al
ternative complement pathway, inflammation, and apoptosis. J hybrids 
produced less ROS, had increased growth rate, and displayed a di
minished expression of four genes involved in retinal degeneration as 
compared with their H counterparts. The authors also sequenced the 
entire mitochondrial genome to determine if rare mtDNA variants could 
be responsible for these results. They concluded that the changes they 
observed were not due to rare mtDNA variants, but rather to the mi
tochondrial genomic sequence associated with either the J or H hap
logroup. These results show that the mitochondrial genome can sig
nificantly influence the expression of nuclear encoded genes, some 
clearly associated with increased risk for AMD. 

6. Lipofuscin formation and monitoring in AMD 

Lysosomes are key organelles that maintain the RPE-driven visual 
cycle (Sinha et al., 2016). They degrade phagocytosed photoreceptor 
outer segments (OS) in a circadian rhythm-controlled fashion via a 
process called heterophagy. The ROS formed due to constant light ex
posure, diurnal phagocytosis of lipid-rich OS, high retinal oxygen 
concentration and consumption, evoke malfunction of the lysosomes. 
Reduced capacity by lysosomes to degrade OS results in the accumu
lation of autofluorescent lipofuscin (Jarrett and Boulton, 2012). To 
date, it is largely accepted that lipofuscin is no longer only “normal age 
pigment”, but it is rather an indicator of RPE cell stress and a key 
biomarker in AMD (Kaarniranta et al., 2010). 

Lipofuscin can have an effect on RPE through disruption of multiple 
pathways. Detection of lipid peroxidation end-products i.e., highly re
active electrophilic aldehydes like malondialdehyde (MDA) and 4-hy
droxynonenal (HNE) in lipofuscin suggests a connection between its 
formation and increased oxidative stress (Schütt et al., 2002; Schütt 
et al., 2003; Ye et al., 2016). Lipofuscin also contains vitamin A-derived 
fluorophores, including A2-E, that decrease both heterophagy and the 
mitochondrial capacity to produce energy in RPE cells (Vives-Bauza 
et al., 2008; Kaarniranta et al., 2013; Marie et al., 2018; Alaimo et al., 
2019). A2-E is also a photosensitizer that decreases lysosomal enzyme 
activity and disturbs cholesterol metabolism (Holz et al., 1999;  
Bermann et al., 2001; Lakkaraju et al., 2007; Guha et al., 2014;  
Choudhary et al., 2016; Ban et al., 2018; Lu et al., 2018; Ramachandra 
Rao et al., 2018). 

Lipofuscin can be monitored using non-invasive, very sensitive, 
cost-effective, and rapid autofluorescence-based imaging techniques, 
which have become very important in ophthalmology clinics. Although 
there are multiple heterogenic fluorescent complexes in the RPE, the 
highest autofluorescence intensity comes from lipofuscin (Dysli et al., 
2017). Every fluorophore is characterized by its own excitation and 
emission wavelength spectrum and exhibits an individual fluorescence 
lifetime. The fluorescence intensity depends on the molecular en
vironment and the fluorophore's concentration. The clinical equipment 
measuring fundus autofluorescence (FAF) has an excitation wavelength 
of 488 nm and an emission bandwidth of 500–700 nm. Lipofuscin can 
be detected in that wavelength range, but it also covers the fluorescence 
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of macular pigment, retinal carotenoids, different protein aggregates, 
and organelles. FAF shows an unspecific RPE cell emission, which is not 
only coming from lipofuscin. Therefore, the role of lipofuscin in AMD 
pathology may be difficult to determine based on FAF. However, FAF is 
very useful in clinics to do differential diagnosis for retinal diseases, 
since some of them have typical FAF characteristics, such as Stargard's 
disease, central serous chorioretinopathy and retinitis pigmentosa. FAF 
may provide data from the lesions associated with aging, stress condi
tions, or toxic effects in RPE cells. 

Clinically advanced dry AMD, referred to as geographic atrophy (GA), 
possess elevated FAF around the atrophic lesion (Fig. 4). Currently, there are 
critical differences in opinions regarding the toxicity and influence of li
pofuscin on the progression of AMD (Holz et al., 2007; Rudolf et al., 2013;  
Fleckenstein et al., 2018). Holz et al. showed that distinct phenotypic FAF 
patterns correlated with dry AMD progression and thus might be used as a 
prognostic factor (Holz et al., 2007). The amount of FAF in RPE adjacent to 
GA lesions correlated with the spread of the atrophic area during sub
sequent follow-up visits. Rudolf et al. documented that FAF around GA did 
not predict cells undergoing death. This group found that the increased FAF 
around the lesions was due to vertically superimposed cells and cellular 
fragments (Rudolf et al., 2013). The amount of autofluorescence, cell den
sity, and packing geometric analysis revealed the uncoupling of lipofuscin 
content and RPE or photoreceptors cell numbers in AMD (Ach et al., 2014). 
Redistribution and loss of autofluorescent granules were present in the 
earliest AMD changes (Ach et al., 2015), and decreased autofluorescence 
was in line with the increased severity of RPE dysmorphia (Gambril et al., 
2019). 

Altogether, the accumulation of autofluorescent lipofuscin is a clinical 
hallmark of AMD. Lipofuscin reduces the lysosomal clearance capacity and 
increases cellular stress in RPE. FAF is used in clinics for diagnosis, differ
ential diagnosis and following the progression of retinal diseases. 

7. Mitochondria-lysosome axis in the regulation of protein 
clearance 

Autophagy is a highly dynamic lysosomal catabolic process 
(Johansen and Lamark, 2020). It contributes to intracellular quality 
control and housekeeping that is extremely important in quiescent cells 
like RPE cells (Kaarniranta et al., 2013; Kim et al., 2013; Rodríguez- 
Muela et al., 2013). Autophagy may acts at basal levels, but is activated 

in response to environmental challenges. It is divided into non-selective 
and selective autophagy. Autophagy was initially characterized as non- 
selective bulk degradation that recycles amino acids and attempts to 
compensate for the lack of nutrients (Zaffagnini and Martens, 2016). 
Currently, we know that a selective autophagy is crucial by mediating 
the degradation of aggregated proteins, organelles, and invading pa
thogens (Johansen and Lamark, 2020). The molecular machinery for 
selective autophagy must ensure efficient recognition and sequestration 
of the cargo within autophagosomes. In selective autophagy particular 
substrate are targeted into the autophagosome by selective autophagy 
receptors. 

Autophagy is divided into microautophagy, chaperone-mediated 
autophagy, and macroautophagy (Kaarniranta et al., 2013; Boya et al., 
2016). Macroautophagy can be categorized into several selective types 
of autophagy according to their degradation targets, such as aggregates 
(aggrephagy), lipid droplets (lipophagy), exogenous pathogens (xeno
phagy), and organelles (for instance nucleophagy, ribophagy and mi
tophagy). Autophagy directs degradation of unnecessary or damaged 
cellular molecules and organelles by delivering them to lysosomes, in 
which they are then broken down by lysosomal hydrolytic enzymes 
(Fig. 5). Macroautophagy is mediated by the formation of a double 
membrane autophagosome. Cargo destined for degradation is sealed in 
autophagosomes and when combined with lysosomes, results in a 
structure called an autolysosome. Lysosomal enzymes degrade cargo. 

Decreased autophagy capacity has been strongly linked to the pa
thology of AMD (Fig. 5; Wang et al., 2009; Kaarniranta et al., 2013;  
Viiri et al., 2013; Mitter et al., 2014; Valapala et al., 2014; Ferrington 
et al., 2016b). The RPE-specific autophagy knockout leads to cellular 
degeneration resembling AMD (Kim et al., 2013). Since lysosomal en
zyme activity is crucial to autophagy flux, lipofuscin components may 
ultimately decrease autophagy clearance capacity. This statement is 
supported by reports showing impaired autophagy coincides with li
pofuscin granules and drusen deposits in RPE cells (Karlsson et al., 
2013; Mitter et al., 2014; Felszeghy et al., 2019). Additionally, a decline 
in autophagic capacity accompanied by an increase in ROS production 
can elicit protein aggregation and activation of inflammasomes in RPE 
cells (see section 13; Piippo et al., 2014, 2018). Conversely, another 
study showed that autophagy induction alleviates A2E-induced RPE 
damage and reduced production of inflammatory cytokines and vas
cular endothelial growth factor A (VEGFA; Zhang et al., 2015). 

To avoid the vicious cycle of extensive ROS production with further 
mitochondrial damage and ROS release, dysfunctional mitochondria 
must be removed from cells via mitophagy, a specialized form of se
lective macroautophagy, where the main cargo are mitochondria 
(Fig. 6; Lemasters, 2005; Gurubaran et al., 2020). In selective autop
hagy, specific cargo is targeted and ubiquitinated, later followed by 
recognition by/through autophagy adaptor molecules, such as autop
hagy adaptor protein p62/SQSTM1, followed by autolysosomal de
gradation (Viiri et al., 2013). 

Dysfunctional mitochondria and their exacerbated generation of 
ROS are among the earliest events in the progression of the numerous 
neurodegenerative diseases (Ratnayaka et al., 2007; Gureev and Popov, 
2019). Since the maintenance of healthy mitochondria is essential to 
help RPE cells survival, dysfunction of this process in AMD can have 
harmful consequences. Under stress, both mitochondrial fission and 
fusion work together to maintain functional mitochondria (Kageyama 
et al., 2012). An increase in mitochondrial fission leads to mitochon
drial fragmentation, whereas fusion results in mitochondrial elonga
tion. Failure in any of the components of this machinery may lead to 
RPE degeneration (Brown et al., 2019). Once mitochondria are da
maged, the inner membrane depolarizes and activates mitophagy, 
which does not always follow the canonical selective autophagy char
acteristics for clearance of protein aggregates (McWilliams et al., 2019). 
The PINK1-Parkin-derived pathway of mitophagy is commonly acti
vated by ROS (Fig. 5; Hyttinen et al., 2018). First, the kinase PINK1 is 
stabilized in the outer mitochondrial membrane (OMM) after 

Fig. 4. Fundus autofluorescence (FAF) image from a patient suffering geo
graphic atrophy (GA; white arrows) in advanced AMD. Yellow arrows indicate 
increased autofluorescence due to lipofuscin accumulation and drusen. 
Photograph by Kai Kaarniranta. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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mitochondrial membrane potential disruption followed by PARKIN (a 
cytosolic E3-ubiquitin ligase) phosphorylation, and finally ubiquitina
tion. These processes initiate the isolation membrane formation around 
the damaged mitochondrion by selective autophagy receptors. OMM 
attach to autophagosomes via their microtubule-associated protein 1 
light chain 3 (LC3) interacting region (LIR) motifs. One group of mi
tophagy receptors contains an ubiquitin-binding domain, which allows 
its attachment to Parkin-ubiquitinated mitochondria, p62/SQSTM1, 
NBR1 (Neighbor of BRCA1 gene 1 protein), NDP52 (nuclear domain 10 
protein 52), AMBRA1 (activating molecule in Beclin1-regulated au
tophagy), TAX1BP1 (Tax1 binding protein 1) and OPTN (optineurin) 
(Zaffagnini and Martens, 2016; Johansen and Lamark, 2020). During 
maturation, members of the Rab family (Ras-related guanosine tri
phophate-binding proteins) and SNAREs complex (soluble N-ethylma
leimide-sensitive factor attachment protein receptors) control lysosome 
and autophagosome fusion process (Nakamura and Yoshimori, 2017;  
Gurubaran et al., 2020). Rab proteins are important regulators of ve
sicular transport. Rab7 binds to autophagosome membrane and 

regulates late-state fusion with the enzymatic lysosomes (Fig. 5;  
Hyttinen et al., 2013). Receptor-mediated mitophagy, also known as 
PINK1/Parkin-independent pathway, contain transmembrane domains 
and upon expression they constitutively localize to OMM. The LIR motif 
activity of mitophagy receptors is regulated by phosphorylation for 
binding to Bnip3 (BCL2 interacting protein 3), Nix/Bnip3L (BCL2-like 
3), FUNDC1 (FUN14 domain containing 1) and Bcl2L13 (BCL2-like 13), 
FKBP8 (FK506-binding protein 8), PHB2 (prohibitin 2), NLRX1 (Nod- 
like receptor X1), AMBRA1, cardiolipin and ceramide that enhance 
mitophagy (Gurubaran et al., 2020; Johansen and Lamark, 2020). 

The loss of mitochondrial membrane potential is one of the mito
phagy-inducing signals (Azad et al., 2009; Twig and Shirihai, 2011). 
The induction of mitophagy triggered by rotenone, which blocks the 
complex I in ETC (Lee et al., 2014), is in line with the idea of the 
protective role of mitophagy in RPE cells and inversely, of destructive 
consequences upon dysfunctional intracellular clearance (Hyttinen 
et al., 2018). Interestingly, NFE2L2, a ROS sensor, can regulate the 
expression of PINK1 due to four AU-rich elements (ARE) in the 

Fig. 5. The PINK1-Parkin-regulated mitophagy. Chronic oxidative stress and ROS evokes misfolding of proteins in RPE cells. Heat-shock proteins (Hsps) attempt to 
refold damaged proteins, but if not successful, the misfolded proteins are ubiquitinated (Ubq) and targeted for proteasomal clearance. Once proteasome activity is 
decreased or its capacity exceeded, proteins start to aggregate and are degraded via autophagy. Mitochondrial damage results in the accumulation of PINK1 and the 
activation of Parkin. Mitophagy receptors, such as OPTN (optineurin), TAXBP1 (Tax-1-binding protein 1), NDP52 (nuclear domain 10 protein 52), p62 and NBR1 
(Neighbor of BRCA1 gene 1 protein), and contains an ubiquitin-binding site that allows their attachment to Parkin-ubiquitinated mitochondria. This process initiates 
the phagophore formation leading to sealed material degradation. Rab 5 and Rab7 control endosome maturation that finally leads to fusion of lysosomes and 
autophagosomes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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promoter of the corresponding gene (Murata et al., 2015). Therefore, 
there is evidence that activation of NFE2L2 can directly regulate mi
tophagy. 

Mouse models with genetic manipulation of gene expression for 
proteins involved in mitochondrial maintenance (PGC-1α), antioxidant 
response (PGC-1α, NFE2L2), or lysosomal acidification (Cryba1) have 
provided valuable insight into their effect on mitophagy (Sinha et al., 
2016; Felszeghy et al., 2019; Gurubaran et al., 2020). Our data reveal 
that the deficiency in NFE2L2/PGC-1α and Cryba1 genes, relatively to 
increased oxidative stress, decrease mitophagy in mouse RPE cells. 
Recently, it was demonstrated that p62/SQSTM1 is able to bind directly 
to ubiquitinated mitochondrial OMM proteins (Lazarou et al., 2015). 
p62/SQSTM1 is recruited to mitochondrial clusters and is essential for 
the clearance of mitochondria in Parkin-dependent mitophagy (Geisler 
et al., 2010). p62/SQSTM1 expression is also controlled by NFE2L2 due 
to the presence of ARE in its promoter region (Jain et al., 2010). It 
seems that NFE2L2 and PGC-1α are central proteins in the regulation of 
selective autophagy in RPE cells. 

8. NFE2L2 in mitochondrial quality control 

NFE2L2/NRF2 is the key transcription factor in the sensing of oxidative 
stress (Lambros and Plafker, 2016). NFE2L2 is sometimes designated as 
NRF2, which can be missed with nuclear respiratory factor 2 (NRF2), which 
functions as a transcription factor activating the expression of key metabolic 
genes regulating cellular growth and nuclear genes required for mitochon
drial respiration, DNA transcription, and replication (Baldelli et al., 2013). 
NFE2L2 was found to associate with the outer mitochondrial membrane and 
protect mitochondria from oxidant injury likely through direct interaction 
with mitochondria (Figs. 7 and 8; Strom et al., 2016). Upon activation, 
NFE2L2 is released from NFE2L2-KEAP1 (kelch-like ECH-associated protein 
1) and the mitochondrial outer membrane serine/threonine protein phos
phatase 5 (PGAM5) complex, allowing for the translocation of NFE2L2 from 
the cytosol into the nucleus. NFE2L2 can bind to an ARE to promote the 
transcription of more than 200 genes, including detoxification and anti
oxidant enzymes (heme oxygenase-1 (HO-1), NAD(P) H:quinone oxidor
eductase-1 (NQO1), sulfiredoxin-1 (SRXN1), superoxide dismutase 2 
(SOD2), PGAM5, per-oxiredoxins 3 and 5 (PRDX3 and PRDX5)), and en
zymes involved in GSH metabolism (glutathione S-transferases, glutathione- 
synthesizing enzymes glutamate-cysteine ligase catalytic subunit (GCLC) 
and glutamate-cysteine ligase modifier subunit (GCLM)) (Sihvola and 
Levonen, 2017; Silva-Palacios et al., 2018; Di Malta et al., 2019). 

Under basal conditions, cytosolic KEAP1 functions as an adapter for 
the E3 ubiquitin ligase and constitutively targets NFE2L2 for ubiqui
tylation and degradation via the ubiquitin proteasome system (UPS) 

(http://cancerres.aacrjournals.org/content/79/5/889.long; Kobayashi 
et al., 2004). However, in oxidative stress a conformational change in 
KEAP1 structure prevents the degradation of NFE2L2 by the protea
some. De novo synthesized NFE2L2 accumulates and translocates to the 
nucleus where it heterodimerizes and subsequently activates AREs. 
Since NFE2L2 also activates proteasomes and lysosomal autophagy, it 
regulates the quality control of proteins via the removal of misfolded 
and ubiquitinated proteins and damaged cellular organelles (Dick, 
2017). It has been shown that the depletion of NFE2L2 disturbs mi
tochondrial motility, which is linked to degenerative diseases like AMD 
(Sachdeva et al., 2014; O'Mealey et al., 2017). Common NFE2L2-KEAP1 
pathway induction and subsequent stimulation of the antioxidant re
sponse is estimated to prevent or slow the progression of degenerative 
and immunological processes and thus promote longevity (Murray 
et al., 2018). 

High mitochondrial ROS production, combined with impaired an
tioxidant systems, results in detrimental protein aggregation (Scherz- 
Shouval et al., 2007; Korovila et al., 2017). Recently, impaired pro
teolysis in response to chronic oxidative stress has been suggested as a 
key contributor in AMD (Ferrington et al., 2016b). The proteasome and 
the lysosomal/autophagy degradation systems share the major re
sponsibility of maintaining cellular proteostasis (Blasiak et al., 2019). 
Both systems recognize and actively select the material designated for 
degradation and recycling in cells. Degradation of damaged and mis
folded proteins via the proteasome occurs in coordination with mole
cular chaperones (Ferrington et al., 2016b). Evidence of increased 
content of proteasome and heat shock proteins in the RPE from human 
donors with AMD is consistent with increased oxidative stress and ex
tensive protein damage with this disease (Decanini et al., 2007). The 
proteasome degrades 80–90% of cellular proteins in eukaryotes, in
cluding short-lived, abnormal, denatured or damaged soluble proteins 
(Ciechanover, 2012). This proteolytic system also controls processes 
essential for cell viability, cell-cycle regulation, signal transduction, 
synaptic plasticity, pigmentation and circadian regulation (Juuti- 
Uusitalo et al., 2017; Gureev and Popov, 2019). Prior to degradation by 
the proteasome, the 76-amino acid ubiquitin polypeptide is covalently 
attached to the protein substrate via the ubiquitin-activating (E1), 
ubiquitin-conjugating (E2) and the ubiquitin ligase (E3) enzyme. Ac
cumulated ubiquitin levels can be used as an surrogate indicator of the 
capacity of proteasomes to degrade damaged proteins. Data that sug
gests a decline in proteasome capacity with AMD, includes the in
creased ubiquitin levels in drusen localized under the macula from 
donors with AMD (Fig. 2E; Mullins et al., 2000; Viiri et al., 2013). In our 
NFE2L2/PGC-1α dKO mouse model of AMD, levels of protein ubiqui
tination were significantly increased in both RPE and photoreceptors 
(Fig. 8; Felszeghy et al., 2019). 

In addition to basal homeostasis, autophagy increases in cellular 
stress conditions, which often coincides with the induction of the 
NFE2L2 pathway (Chen and Maltagliati, 2018). Beneficial effects of 
NFE2L2 pathway activation and autophagy induction have been re
cognized in cellular stress responses. For example, polyunsaturated 
fatty acids transiently increase ROS, and induce both NFE2L2 and au
tophagy (Johansson et al., 2015). These cellular changes coincide with 
decreased damage in RPE cells (Wang et al., 2014a, 2016a; Johansson 
et al., 2015; Kaarniranta et al., 2019). Other compounds with similar 
properties studied in RPE include isothiocyanate sulforaphane 
(O'Mealey et al., 2017), dimethyl fumarate (Lastres-Becker et al., 2016), 
triterpenoid derivatives RS9, RTA408 and glycyrrhizin (Liu et al., 2016;  
Saito et al., 2018; He et al., 2019), carotenoids fucoxanthin, lutein, 
lycopene, zeaxanthin and astaxanthin (Li et al., 2013; Zou et al., 2014;  
Yang et al., 2016; Frede et al., 2017), flavonol compounds fisetin and 
pinosylvin, (Hytti et al., 2015, 2017; Koskela et al., 2014), adenosine 
monophosphate kinase (AMPK) activators PF-06409577 and AICAR (5- 
aminoimidazole-4-carboxamide ribonucleoside) (Viiri et al., 2013, Li 
et al., 2018; Marchesi et al., 2018) are shown in Table 2. Isothiocyanate 
sulforaphane, lutein, zeaxanthin and AMPK activation effectively 

Fig. 6. A transmission electron micrograph shows damaged mitochondria en
closed by autophagosome (arrow) in the RPE of a 20-month-old Cryba1 
knockout mouse. The scale bar = 500 μm. The electron micgraph has been 
modified from the Sinha et al. (2016) Exp. Eye Res. publication. 
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protects mitochondria under oxidative stress in RPE cells (Zou et al., 
2014; O'Mealey et al., 2017; Su et al., 2014; Xu et al., 2018). Corre
spondingly, the deficiency of NFE2L2 in our mouse model results in 
reduced autophagic flux that may be due to impaired lysosomal enzyme 
activity (Figs. 7 and 8; Krohne et al., 2010; Dayalan Naidu et al., 2017;  
Felszeghy et al., 2019). It is important to note that we did not block 
autophagy flux with the specific autophagy inhibitors in our animal 
models (Klionsky et al., 2016). The use of autophagy flux inhibitors are 
more commonly used in cell culture conditions. Our interpreation for 

the decreased autophagy flux in vivo is based on the reduced number of 
autophagolysosomes in TEM and the increased autophagy markers in 
confocal micrographs (Felszeghy et al., 2019). Similar autophagy 
marker analysis has been used in ex vivo retina studies (Gómez-Sintes 
et al., 2017). 

Proteasomal and autophagy clearance are connected via the scaf
folding adaptor protein p62/SQSTM1 (Jain et al., 2010). p62/SQSTM1 
is a multifunctional protein that undergoes phosphorylation prior to 
binding with ubiquitin and LC3 and subsequent degradation of protein 
aggregates, malfunctioning mitochondria, and pathogens in autopha
gosomes (Seibenhener et al., 2004; Matsumoto et al., 2011; Myeku and 
Figueiredo-Pereira, 2011). Proteasome inhibition induced ubiquiti
nated protein aggregates are degraded by autophagy in human RPE 
cells (Viiri et al., 2010, 2013). In line with accumulated ubiquitinated 
protein conjugates, p62/SQSTM1 accumulates in RPE cells of AMD 
donors having drusen maculopathy, suggesting suppressed proteasomal 
and autophagy activity (Viiri et al., 2013). In addition to autophagy 
regulation, p62/SQSTM1 stabilizes NFE2L2 through its binding with 
KEAP1, blocks the Keap1-NFE2L2 interaction, and activates the ex
pression of genes having AREs (Lau et al., 2010; Komatsu et al., 2010). 
SQSTM1/p62 promotes autophagic degradation of KEAP1 and the ac
tivation of the NFE2L gene response. This forms a positive feedback 
loop for the activation of NFE2L2 via autophagy-related SQSTM1/p62 
in response to oxidative stress (Ichimura and Komatsu, 2018; Shah 
et al., 2018). Moreover, NFE2L2 positively regulates p62/SQSTM1 gene 
expression, implying a positive feedback loop (Jain et al., 2010). 

Various autophagy-related genes (Atg) have ARE sequences in their 
promoter regions, and several of these genes are known to be regulated 
by NFE2L2, including: Unc-51 like autophagy activating kinase (ULK1; 
autophagy initiation) p62/SQSTM1 (cargo recognition), Atg7 and 
gamma-aminobutyric acid receptor-associated protein-like 1 (GABAR
APL1; autophagosome formation), Atg2B and Atg5 (elongation), and 
Atg4D (autolysosome clearance) (Wang et al., 2007; Pajares et al., 
2016). Our recent observations show an increase in NFE2L2 gene ac
tivity and subsequent upregulation of ROS-induced proteins that pre
vent damage has been found in RPE cultures from AMD donor eyes 
(Ferrington et al., 2017). Moreover, our data indicate that the marker of 
oxidative stress, 4-HNE, as well as autophagy markers p62/SQSTM1, 

Fig. 7. Schematic presentation of the oxi
dative stress influence on AMPK, NFE2L2, 
PGC-1 α, and autophagy pathway interac
tions in RPE. In response to oxidative stress, 
AMPK is phosphorylated, which subse
quently phosphorylates NFEL2L and PGC-1α 
leading to their nuclear translocation and 
activation of genes that regulate mitochon
drial biogenesis and antioxidant protein 
production. NFEL2L and PGC-1α also have a 
key role in the regulation of autophagy. 
Failure in AMPK –mediated signaling leads 
to disturbed proteostasis in RPE cells. 

Fig. 8. Increased protein aggregation (Ubiquitin), autophagy (p62/SQSTM1, 
Beclin-1, LC3B) and oxidative stress (4-HNE) markers in the RPE cells of PGC- 
1α KO, NFE2L2 KO and NFE2L2/PGC-1α dKO mice. Data represent average 
intensities from three different animals per genotype and n = 30. *p  <  0.001 
one-way ANOVA followed by Games-Howell post hoc test. Results are expressed 
as means  ±  SD. Colums represent similar results shown in the Felszeghy et al. 
(2019) Redox Biology publication. 
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Beclin-1 and LC and protein aggregation marker ubiquitin were sig
nificantly elevated in NFE2L2 KO compared to PGC-1α KO mice sug
gesting oxidative stress, insufficient proteasome function and autop
hagic clearance (Fig. 8). NFE2L2/PGC-1α double knockout (dKO) mice 
had the highest accumulation of all markers studied compared with 
single KO, suggesting the dKO mice had the most extensive oxidative 
stress and greater defects in the proteasome/autophagy clearance 

(Felszeghy et al., 2019). Ultrastructural analysis indicated an increased 
ratio of the damaged and healthy mitochondria in dKO RPE cells. We 
also observed that the dKO has larger autolysosomes, reduced basal 
infoldings and a moderate increase in lipofuscin level compared to in
tact normal cell structures in WT RPE cells (Fig. 9). Additionally, the 
number of melanosomes was higher in dKO mice. Moreover, Bruch's 
membrane elastic and collagenous layers were not often observed, and 

Table 2 
NFE2L2 activators.      

Compound Effect Model Reference  

Isothiocyanate sulforaphane Activates 
KEAP-NFE2L2-ARE pathway 
Inhibits mitochondrial fission 

RPE-1 cells O'Mealey et al. (2017) 

Dimethyl fumarate NFE2L2 activator 
Neuroprotection 

Primary microglias 
NFE2L2 gene modified mice 

Lastres-Becker et al. (2016) 

RS9 NFE2L2 activator 
Autophagy induction 

ARPE-19 cells Saito et al. (2018) 

RTA408 Activates NFE2L2 
Prevents apoptosis 

Primary human 
RPE cells 

Liu et al., 2016 

Glycyrrhizin Increases expression of NFE2L2 and HO-1 ARPE-19 cells 
C57BL/6 mice 

He et al. (2019) 

Fucoxanthin Suppress VEGF production 
Resists senescence 
Improves phagocytosis 
Reduces ROS production 

ARPE-19 cells 
Rabbit model 

Liu et al. (2016c) 

Lutein Activates NFE2L2 ARPE-19 cells9 Frede et al. (2017) 
Lycopene Inhibits nuclear factor-kappa B 

Activates NFE2L2 
ARPE-19 cells Yang et al. (2016) 

Zeaxanthin Improves anti-oxidant capacity 
Prevent cell death 

ARPE-19 cells Zou et al. (2014) 

Astaxanthin Reduces 
ROS production 
Activates 
KEAP-NFE2L2-ARE pathway 
Prevents apoptosis 

ARPE-19 cells Li et al. (2013) 

Fisetin Attenuates inflammation ARPE-19 cells 
Primary human 
RPE cells 

Hytti et al. (2015) 
Hytti et al. (2017) 

Pinosylvin Protects against oxidative stress ARPE-19 cells Koskela et al., 2014 
PF06409577 Activates AMPK 

Protects from UV radiation 
ARPE-19 cells Li et al. (2018) 

AICAR Activates autophagy 
Decreases protein aggregation 

ARPE-19 cells Viiri et al. (2013) 
Marchesi et al. (2018) 

Fig. 9. The pathological changes of RPE in 
NFE2L2/PGC-1α dKO mice. The representative 
confocal microscopic images of one-year old 
(A–D) and (H–K) dKO samples indicate various 
dry AMD resembling signs. The accumulation of 
intracellular lipofuscin-like material (white ar
rowhead; H), extracellular ubiquitin (Ubg) po
sitivity (read arrowhead; I), restricted apoptosis 
(green arrow; J) and outer nuclear layer (ONL) 
atrophy (K) can be observed in the dKO samples. 
The TEM images of the WT (E–G) and dKO (L–O) 
samples. The basal folding of RPE is well-pre
served in WT (E,G), while their disruption oc
curs in dKO (L,O). The thicker-disrupted Bruch's 
membrane (BM) of the dKO sample is shown in 
image L (black arrow), where electron-dense 
amorphous debris (yellow arrrow; O) and the 
membranous debris (blue arrowhead) are 
abundant compared to the WT sample (G). 
Alterations of microvilli structures (blue arrow; 
E,L), increased number of melanin pigments 
(red arrowheads; F,M), the damaged photo
receptor layer (E,L), enlarged vacuole-like 
structures (pink arrow; L and blue arrows; F,M) 

are more visible in dKO. N means nuclei and E endothelial cell nuclei. The scale bars for A, H = 5 μm, B, I and I–K = 2 μm, C, J = 5 μm, D, K = 2 μm, E,L = 5 μm, F, 
M and G, O Data represent similar results shown in the Felszeghy et al. (2019) Redox Biology publication. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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increased thickness of Bruch's membrane was detected along with an 
accumulation of electron dense amorphous material in dKO animals. 

Data from human donor eyes reveal that during AMD development, 
many cytoprotective mechanisms are first upregulated, including anti- 
oxidant production, molecular chaperone production, and improved 
clearance. Once the disease shifts to the chronic state, cytoprotection is 
followed by a decreased capacity to respond to stress. Our recent stu
dies in mouse models suggest that the most promising target for phar
macological intervention on mitochondria is the NFE2L2 signaling 
cascade (Figs. 7 and 8). The rationale for this statement includes that 
NFE2L2 participates in the maintenance of mitochondrial homeostasis, 
which is provided by an optimal ratio in the processes of mitochondrial 
biogenesis and mitophagy, as well as the optimal ratio of ROS pro
duction and ROS scavenging. As shown previously, NFE2L2 activators 
are capable of modulating these processes and maintaining mitochon
drial homeostasis in neurons (Gureev and Popov, 2019). Since, the RPE 
is composed of quiescent cells, they could be a viable option for treating 
AMD patients early in the disease. 

9. PGC-1α in mitochondrial quality control 

The peroxisome proliferator-activated receptor gamma coactivator- 
1 (PGC-1) family consists of PGC-1α, PGC-1β and PRC (PGC-1-related 
coactivator). These proteins control mitochondrial biogenesis, re
spiratory function, and the mitochondrial antioxidant defense system. 
PGC-1α enhances RPE metabolic functions and resistance to oxidative 
stress through the induction of oxidative metabolic genes, antioxidant 
enzymes, and regulating autophagy (Fig. 8; Egger et al., 2012; Roggia 
and Ueta, 2015; Iacovelli et al., 2016; Felszeghy et al., 2019; Rosales 
et al., 2019). Deficiency of PGC-1α increases mitochondrial damage, as 
well as the oxidative stress markers 3′-nitrotyrosine and 4-HNE (Lu 
et al., 2010; Felszeghy et al., 2019.). The activation of the energy sensor 
AMPK induces autophagy and regulates PGC-1α activities (Jäger et al., 
2007; Viiri et 2013; Marchesi et al., 2018). Revealing the importance of 

PGC-1α in the pathogenesis of AMD, iPSC-derived RPE cells isolated 
from dry AMD patients showed decreased PGC-1α expression 
(Golestaneh et al., 2016). 

Our global KO mouse models for PGC-1α exhibited dry AMD-like 
degenerative signs but were not as extensive as that observed with 
NFE2L2 or NFE2L2/PGC-1α deficiency (Figs. 8 and 10; Felszeghy et al., 
2019). However, data from Ferrington's lab indicate that primary RPE 
cells isolated from AMD donors expressed higher levels of PGC-1α and 
were more resistant to oxidative stress (Fig. 3, Ferrington et al., 2017). 
This reveals the capacity of RPE cells to respond to increased oxidative 
stress by different defense systems as we have previously documented 
(Decanini et al., 2007; Viiri et al., 2013). Individual genetic variations 
and severity of AMD may affect RPE stress responses (Kaarniranta et al., 
2018a,b). Recent papers indicate that PGC-1α is required to maintain 
the functional and phenotypic status of RPE by supporting the cells' 
oxidative metabolism and autophagy-mediated repression of epithelial- 
mesenchymal transition (Zhang et al., 2018; Rosales et al., 2019). PGC- 
1α cooperates with p53 to attenuate the effects of oxidative stress and 
its consequences for mitochondria (Kaarniranta et al., 2018a). 

The PGC-1α promoter contains consensus sequences recognized by 
NFE2L2 (St Pierre et al., 2006). PGC-1α and NFE2L2 have overlapping 
functions in promoting the mitochondria protective response (Fig. 8;  
Baldelli et al., 2013). Similar to NFE2L2, PGC-1α induces expression of 
several genes coding for antioxidant enzymes, such as SOD2, SOD1, 
Gpx1and uncoupling proteins (UCP1/2) thus giving mechanistic evi
dence for their overlapping functions in the regulation of the anti
oxidant system (Baldelli et al., 2013; Ježek et al., 2018). Notably, 
NFE2L2 expression is controlled by PGC-1α suggesting a feed-forward 
loop promoting expression of protective genes, thereby amplifying the 
effect. The activation of the PGC-1α/NFE2L2 loop increases the activity 
of the proteasome and autophagy leading to decreased protein ag
gregation, a characteristic of aging and neurodegenerative diseases. 
Our PGC-1α and NFE2L2 KO mice support this evidence since they both 
show increased ubiquitinated protein conjugates, lipofuscin- and 

Fig. 10. Graphical summary of the AMD hallmarks detected in one-year-old NFE2L2/PGC-1α gene modified mice. Summary modified from the Felszeghy et al. 
(2019) Redox Biology publication. 
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drusen-like aggregate formation, relatively impaired autophagy flux, 
and recruitment of inflammatory cells (Felszeghy et al., 2019). All these 
effects suggest altered protein-organelle quality control in RPE cells, 
which has been suggested to contribute to AMD (Ferrington et al., 
2016b). Mitochondrial quality control may be improved by AMPK, 
which is a master regulator of autophagy and mitophagy. Sirtuin 1 
(SIRT1) phosphorylation by AMPK leads to deacetylation and activa
tion of the PGC-1α. AMPK is a putative pharmacological target in the 
prevention of neurodegenerative inflammatory disease (Kaarniranta 
et al., 2018a; Salminen et al., 2012). 

10. Mitochondrial dysfunction in the induction of inflammation 

Increasing evidence reveals that protein damage and aggregation 
induce inflammation in AMD (Anderson et al., 2010; Ferrington et al., 
2016b; Chen et al., 2019). Para-inflammation is a beneficial host de
fense that can be shifted to chronic inflammation, which is associated 
with the pathological processes of advanced AMD. Inflammation is a 
rapid response to factors endangering cellular homeostasis, such as 
damaged macromolecules, dysfunctional mitochondria, as well as pro
longed oxidative stress (Shadrach et al., 2013; Mao et al., 2014;  
Kauppinen et al., 2016). Currently, it is well known that mitochondrial 
damage and ROS production induce inflammation by activating the 
NOD-like receptor family, pyrin domain containing 3 (NLRP3) signaling 
pathway in RPE cells (Kauppinen et al., 2012; Shi et al., 2015; Wang 
et al., 2016b, 2017). Due to aging and AMD pathology, autophagy and 
antioxidant systems decline, resulting in the accumulation of damaged 
mitochondria and its subsequent harmful effects, such as ROS produc
tion and inflammasome activation (Zhou et al., 2011; Lee et al., 2012;  
Datta et al., 2017). Degenerating RPE cells with dysfunctional autop
hagy and mitochondria are recognized as dangerous material in the 
tissue since they can induce inflammasome activation in surrounding 
macrophages (Liu et al., 2016a; Wang et al., 2019). On the other hand, 
extensive autophagy evokes cell death in RPE, subsequently triggering 
cytokine production in macrophages (Szatmári-Tóth et al., 2016;  
Szatmári-Tóth et al., 2019). Additionally, specific haplogroups arising 
from inherited variation in mitochondrial DNA can participate in the 
pathogenesis of AMD, e.g., through altered complement functions and 
their predisposition to promote inflammasome signaling (Kenney et al., 
2013, 2014; Malik et al., 2014; Atilano et al., 2015, Gao et al., 2015). 
Finally, challenges to mitochondrial function have been shown to result 
in changes in nuclear inflammatory genes expression and the devel
opment of the “inflamm-aging” RPE cell phenotype (Miceli and 
Jazwinski, 2005; Cannizzo et al., 2011; Salminen et al., 2012). 

Mitochondria can contribute to inflammation in multiple ways. 
Inflammasome activation is stimulated by ATP, oxidized mtDNA, or 
cardiolipin (Kauppinen et al., 2016). Furthermore, mtDNA-induced toll- 
like receptor 9 (TLR9) activation promotes interferon regulatory factor 
3 (IRF3)-mediated type I interferon (IFN) release, the production of 
inflammatory cytokines through nuclear factor-kappa B (NF-κB) or the 
mitogen mitogen-activated protein kinase (MAPK)-mediated signaling 
following mtDNA-activated cyclic guanosine monophosphate-adeno
sine monophopshate synthase/stimulator of interferon genes (cGAS/ 
STING) pathway, and formyl peptide-driven chemotaxis (Bader and 
Winklhofer, 2019). Of those, especially inflammasome signaling and 
the mtDNA-mediated cGAS/STING pathway, activation have been im
plicated in RPE cells as mitochondria-related mediators of inflamma
tion. mtDNA-driven NF-κB or MAPK activation, as well as ATP-regu
lated P2Y1 receptor signaling are also able to implement the priming 
signal for the inflammasome activation in RPE cells (Prager et al., 2016;  
Doktor et al., 2018; Fann et al., 2018). NF-κB p65 activity may be a 
critical upstream initiator of p62/SQSTM1 expression in RPE cells 
under oxidative stress that links inflammatory signaling to autophagy 
and NFE2L2 cascades (Song et al., 2017). Furthermore, Advanced 
Glycation End (AGE) product activates NF-κB and renders it more re
sponsive to pro-inflammatory stimuli and extracellular matrix 

modifications in RPE cells (Kay et al., 2014; Sharif et al., 2019). 
Recent reviews discuss the role of NOD-Like, Toll-Like, AGE product 

receptors, pentraxins, and complement system in AMD pathology 
(Kauppinen et al., 2016; Kaarniranta et al., 2019). Accelerated re
cycling of the membrane-bound complement regulator CD59 to the RPE 
cell surface inhibits the late activation of complement cascade. Once 
complement attack occurs, fusion of lysosomes with the RPE plasma 
membrane suppresses elevations in intracellular calcium and prevents 
mitochondrial injury (Tan et al., 2016). Disturbances in CD59 recycling 
and lysosome exocytosis may lead to mitochondrial fragmentation and 
increased ROS production in RPE. Complement factor B deficiency and 
smoking extract induced oxidative stress evoked increase in a RPE size 
that can be interpreted as a prognosis factor of cell death (Woodell 
et al., 2013; Chen et al., 2016). Evidence of inflammation was also 
present in mouse models exhibiting an AMD-like phenotype. Deficient 
NFE2L2 induces a pro-inflammatory environment by generating C3a 
and C3b in response to smoking (Wang et al., 2014b). NFE2L2/PGC-1α 
dKO mice exhibited significantly increased ionized calcium binding 
adaptor molecule 1 (Iba-1) mononuclear phagocyte marker and en
larged RPE size (Felszeghy et al., 2019). 

The accumulation of Alu-retroelement RNA or DICER1 deficiency 
are known to drive mtDNA release from RPE cells through mitochon
drial permeability transition (MPT) pores (Kerur et al., 2018). By in
teracting with cGAS, mtDNA promotes noncanonical NLRP3 in
flammasome activation by caspase-4 in human and caspase-11 in 
mouse (Tarallo et al., 2012; Kerur et al., 2018). cGAS, IFN-β and cas
pase-4 are among factors that have been found in increased amounts in 
the eyes of dry AMD patients (Kerur et al., 2018). The cGAS pathway is 
important in viral resistance, but it has recently been associated also 
with the pathogenesis of chronic diseases, including AMD (West et al., 
2015; Kerur et al., 2018). In addition to MPT and BAX/BAK pores, 
mtDNA can escape from mitochondria also within mitochondrial-de
rived vesicles. It has been hypothesized that mtDNA may be released 
from the endo-lysosomal pathway or from autophagosomes due to in
complete destruction of engulfed mitochondria and thereby end up in 
the cytosol where it can activate the NLRP3 inflammasome (Bader and 
Winklhofer, 2019). 

Taken together, insufficient autophagy elevates the amount of da
maged mitochondria and ROS production in AMD. Chronic oxidative 
stress coincides with the detrimental signaling effects of Toll-Like, AGE 
product receptors, pentraxins, complement system and inflammasomes. 

11. Future directions 

Mitochondria are organelles essential for maintaining RPE cell 
function. However, over the course of aging, mitochondria exhibit de
creased rates of oxidative phosphorylation, increased ROS generation, 
and increased amounts of mtDNA damage and mutations (Murphy, 
2009; Kageyama et al., 2012). Mitochondria in RPE are particularly 
susceptible to oxidative damage with aging and especially in patholo
gical processes like those occurring in AMD (Núñez-Álvarez et al., 
2019). While inflammation has been a therapeutic target in various 
clinical trials to treat AMD, outcomes have been relatively poor. Since 
mitochondria are connected to the regulation of cytoprotection, pro
teolysis, and inflammation, they might be a promising therapeutic 
target in early stages of AMD development. 

Humanin (HN), a member of a family of mitochondrial-derived 
peptides, is expressed from an open reading frame of mitochondrial 16S 
ribosomal RNA (rRNA) (Matsunaga et al., 2016; Sreekumar et al., 
2016). Humanin exhibits cytoprotective properties against oxidative 
stressors (e.g. by activating autophagy pathway, inhibiting ROS gen
eration, upregulating mitochondrial GSH and activation of caspases 3 
and; Minasyan et al., 2017; Gong et al., 2018). The mechanism behind 
humanin's cytoprotective properties likely involves activation of AMPK 
(Yong and Tang, 2018). 

We have previously shown that AMPK activator AICAR also exhibits 
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cytoprotective properties by accelerating protein clearance in RPE via 
autophagy (Viiri et al., 2013; Marchesi et al., 2018). AMPK has a 
pleiotrophic role in the protection of mitochondria. It can stimulate 
mitochondria biogenesis through increasing the gene transcription 
regulated by PGC-1α and can acutely trigger the destruction of existing 
defective mitochondria through ULK1-dependent mitophagy. More
over, it is the key player in activating NFE2L2 signaling cascades and 
anti-oxidant production. Thus, AMPK has the net effect of replacing 
existing defective mitochondria with new functional mitochondria. The 
agonist of AMPK has cytoprotective effects by reducing detrimental 
protein aggregation in RPE cells (Salminen et al., 2012). 

Our enhanced understanding of mitochondrial dysfunction in dry 
AMD pathogenesis may lead to the development of targeted therapies. 
However, defects in multiple biological pathways leading to different 
AMD phenotypes suggest that one type of treatment for all AMD pa
tients may not be universally effective in the preventing or reversing the 
disease. One can predict that personalized medicine will increase in 
clinics not only in follow-ups and treatments, but also for selecting 
patients and planning clinical trials to find optimal endpoints (Barot 
et al., 2011). Targeting to correct mitochondrial dysfunction in the RPE, 
an essential factor in AMD pathology, is a viable option. Therefore, the 
aim in AMD therapy is to find drugs that better control mitochondria 
fusion/fission balance and/or activates autophagy to remove damaged 
mitochondria (Osborne et al., 2014; Kaarniranta et al., 2018c). One can 
estimate that this strategy could include the suppression of chronic 
oxidative stress and inflammation in the RPE (Kaarniranta et al., 
2018c). In addition to new drug candidates and therapeutic targets, 
there are demands to develop longer-lasting agents or new drug de
livery systems (Del Amo et al., 2017; Nashine et al., 2018; Schottler 
et al., 2018; Sharma et al., 2018; Popov, 2019). Possible breakthroughs 
in AMD treatments may open new therapeutic options in other retinal 
diseases. 
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