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Abstract
Age-related macular degeneration (AMD) is a complex eye disease underlined by the death of photoreceptors and degen-
eration of retinal pigment epithelium (RPE) and choriocapillaris (CC). The mechanism(s) responsible for massive and 
progressive retinal degeneration is not completely known. Senescence, a state of permanent inhibition of cell growth, may 
be induced by many factors important for AMD pathogenesis and results in senescence-associated secretory phenotype 
(SASP) that releases growth factors, cytokines, chemokines, proteases and other molecules inducing inflammation and 
other AMD-related effects. These effects can be induced in the affected cell and neighboring cells, leading to progression 
of AMD phenotype. Senescent cells also release reactive oxygen species that increase SASP propagation. Many other path-
ways of senescence-related AMD pathogenesis, including autophagy, the cGAS–STING signaling, degeneration of CC by 
membrane attack complex, can be considered. A2E, a fluorophore present in lipofuscin, amyloid-beta peptide and humanin, 
a mitochondria-derived peptide, may link AMD with senescence. Further studies on senescence in AMD pathogenesis to 
check the possibility of opening a perspective of the use of drugs killing senescent cells (senolytics) and terminating SASP 
bystander effects (senostatics) might be beneficial for AMD that at present is an incurable disease.
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AMD	� Age-related macular degeneration
ATM	� Ataxia telangiectasia mutated
ATR​	� Ataxia telangiectasia mutated and Rad3 

related
BMP4	� Bone morphogenetic protein-4
BrMb	� Bruch’s membrane
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MAPKAPK2	� MAP kinase-activated protein kinase 2
MMP	� Matrix metalloproteinases
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1
NAMPT	� Nicotinamide phosphoribosyltransferase
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SAMP8	� Senescence-prone mouse strain 8
SASP	� Senescence-associated secretory 

phenotype
SIRT	� Sirtuin
STING	� Stimulator of interferon genes
TAK1	� TGF-β-activated kinase 1
TIF	� Telomere dysfunction-induced loci
VEGF	� Vascular endothelial growth factor

Introduction

Age-related macular degeneration (AMD) is a complex eye 
disease affecting the macula, a small, specialized structure 
in the middle of the retina responsible for central and fine 
vision [1]. AMD leads to vision loss due to dead or non-
functional photoreceptors and the underlying retinal pigment 
epithelium (RPE). The RPE consists of polarized epithelial 
cells whose apical part is in contact with photoreceptor outer 
segments (POSs), while their basal side adheres to Bruch’s 
membrane (BrMb) that separates the RPE from choriocap-
illaris (CC) [2]. RPE cells phagocytose used POSs, absorb 
light and heat, release vascular endothelial growth factor 
(VEGF) and fulfill other functions essential for the mainte-
nance of photoreceptors and choriocapillaris [3]. They also 
play an important role in the maintaining of the blood–retina 
barrier [4].

Clinically, AMD is divided into two forms: dry (atrophic, 
non-exudative) that can progress to geographic atrophy (GA) 

and wet (exudative) AMD characterized by choroidal neo-
vascularization (CNV).

The exact mechanism of AMD pathogenesis in not 
known, but it appears that the disease-initiating events occur 
in a location depending on the type of AMD. The formation 
of large confluent drusen and hyperpigmentation that may 
be underlined by RPE dysfunction are initial insults in dry 
AMD that may progress to GA with drusen resorption and 
hypopigmentation induced by RPE loss [5] (Fig. 1). Dys-
function and eventual loss of photoreceptors and CC are 
rather secondary to RPE loss. In wet AMD, the initial insult 
to the photoreceptor/RPE/BrMb/CC complex is the loss of 
choroidal vasculature that may be underlined by a reduction 
in blood supply induced by stenosis of large vessels. That 
environment is a proinflammatory medium that accumulates 
proinflammatory molecules during AMD progression [6]. 
RPE remains intact, but becomes hypoxic and starts produc-
ing angiogenic substances, including VEGF that stimulate 
the formation of new vessels from CC (CNV). These events 
result in photoreceptors death mainly due to lack of nutri-
ents. Both dry and wet AMD are characterized by dysfunc-
tion and/or death of all components of the photoreceptor/
RPE/BrMb/CC complex, as they are mutually and function-
ally integrated. However, in its early phase, dry AMD may 
progress to either GA or wet AMD, but the exact mecha-
nism of the dry AMD–wet AMD transformation is unknown. 
Therefore, the RPE plays an important role in the pathogen-
esis of either form of AMD. As damage, dysfunction and 
loss of retinal structures can support AMD induction and 

Fig. 1   Dry and wet AMD. The normal retina contains photorecep-
tors (not presented here) that are in contact with the retinal pigment 
epithelium (RPE)/Bruch’s membrane (BrMb)/choriocapillaris (CC) 
complex, which is underlined by large choroidal blood vessels (not 
shown). In dry age-related macular degeneration (AMD), RPE cells 
are progressively lost with disease progression. Some of the RPE 
cells in dry AMD may be damaged and some CC are lost (broken 

line). In wet AMD, CC are almost completely lost, become hypoxic 
and produce hypoxia-inducible growth factors, including vascular 
endothelial growth factor (VEGF, multi-color small objects) that 
induce formation of choroidal neovascularization (CNV) presented as 
a large purple vessel, penetrating BrMb and RPE. In advanced stage 
of wet AMD, almost all RPE cells are damaged, but they still reside 
on the top of CNV vessels [5]
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progression, the question about the ability of the retina to 
regenerate is justified.

Regenerative capability of the retina

Retinal cells death largely occurs in the final stage of AMD, 
but clinical symptoms associated with vision loss can be 
observed earlier when the cells become dysfunctional and 
degenerated [5]. Therefore, death of photoreceptors and RPE 
cells may not be casual for AMD, but rather results from its 
progression to the final stage. The process of RPE degenera-
tion is irreversible and the only way to stop or slow down 
AMD progression is to replace degenerated cells with their 
normal counterparts.

So far, no adult stem cells have been identified in the 
mammalian retina in contrast to fish and amphibians, and 
to a lower extent to birds [7]. However, Salero et al. showed 
that subpopulation of human RPE cells in vitro could be 
activated to retinal pigment epithelium stem cells (RPESCs) 
that are able to self-renew and can produce both neural and 
mesenchymal progenitors [8]. As mesenchymal fates can be 
observed in some human pathologies, including proliferative 
vitroretinopathy, one can speculate that some of the RPE 
cells may self-renew in vivo and produce their progenitors 
[9-11]. These speculations need verification and provoke the 
question whether such RPESCs could replace degenerated 
RPE cells.

Over 30 years ago, Burke and Soref had shown that cells 
isolated from the human macula, located in the central 
retina, displayed a lower proliferative potential than their 
peripheral counterparts [12]. RPE cells in the central retina 
do not proliferate due to spatial restraints, but cells from 
peripheral regions of the retina are more relaxed and can 
proliferate so they may replace their damaged/dysfunctional 
complements. These cells must find their way to degenerated 
sites and must retain intrinsic capability to proliferate. RPE 
cells isolated from human eyes restore the ability to prolifer-
ate despite decades of dormancy.

The replacement of damaged RPE cells with their normal 
counterparts is possible when the latter are able to prolifer-
ate, but if they are senescent, they cannot do so (Fig. 2). On 
the other hand, senescence may also promote tissue repair 
[13-15]. Therefore, regenerative potential can be modulated 
by senescence-inducing factors, including oxidative stress, 
a major risk factor in AMD pathogenesis. Moreover, stress-
induced premature senescence (SIPS) can directly induce 
AMD-like phenotype in RPE cells [16]. Therefore, senes-
cence of RPE cells may play an important, if not the main, 
mechanistic role in AMD pathogenesis. Senescence of RPE 
as a key factor in AMD pathogenesis was hypothesized by 
Matsunaga et al. and developed by Kozlowski [17-19].

Cellular senescence

Cellular senescence (further: senescence) was identified 
in cultured human fibroblasts as a permanent exit from the 
cell cycle resulted from their replicative exhaustion [20]. 
Nowadays, cellular senescence is understood as a cellular 
response to stress originating from various sources, includ-
ing telomere erosion and other DNA damage, mitochondrial 
dysfunction, oncogenic transformation and others [21]. In 
general, it is accepted that senescent cells are transiently pre-
sent in early life and are mostly beneficial for the develop-
ment, regeneration and homeostasis, but their accumulation 
in advanced age may be detrimental for the organism [22].

Senescence is a tumor-suppressing mechanism, as it 
stops proliferation of cells with potentially oncogenic dam-
age [23]. Senescence has been linked to aging, but this link 
is not completely clear with several possible pathways [21]. 
Another aspect of cellular senescence is its involvement in 
wound healing or more general, tissue regeneration [24].

Senescence can be induced by a plethora of stress fac-
tors, including DNA damage from various sources, geno-
toxic factors, shortening of telomeres beyond critical 

Fig. 2   Regeneration of macular cells. Retinal pigment epithelium 
(RPE) cells in the normal macula are dormant and do not prolifer-
ate due to spatial constraints. Degenerated or dead RPE cells from the 
macula can be replaced by RPE cells from the periphery of the ret-
ina where they are more relaxed and can proliferate. RPE stem cells 
(RPESCs) can self-renew in  vitro upon activation and it is hypoth-
esized that they could do so in vivo. If the cells are exposed to stress, 
they may not be able to proliferate as they may be senescent. SIPS -  
stress-induced premature senescence
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length, oxidative stress, mitochondrial dysfunction and oth-
ers. These factors may induce the activation of two tumor 
suppressor pathways p53/p21 and p16INK4a/Rb resulting 
in irreversible cell-cycle arrest (Fig. 3). Many senescent 
cells express p16INK4a that is transcribed from the CDK2A 
(cyclin-dependent kinase inhibitor 2A) gene, a tumor sup-
pressor whose expression increases with age and correlates 
with the activity of the basic senescence marker, senescence-
associated beta galactosidase (SA-β-gal) [25]. However, in 
contrary to p16INK4a/Rb, p53/21 not always induces irrevers-
ible cell growth arrest [26]. Cell-cycle arrest is induced by 
p21 and p16INK4a that are cyclin-dependent kinase inhibitors.

In early senescence, there are changes associated with 
chromatin remodeling, including the formation of DNA 
segments with chromatin alterations reinforcing senes-
cence (DNA-SCARS) and telomere dysfunction-induced 
loci (TIFs) [27]. DNA-SCARS contains DNA fragments 
with associated proteins of DNA damage response (DDR), 
including phosphorylated ATM (ataxia telangiectasia 
mutated) and ATR (ataxia telangiectasia mutated and Rad3 
related) [27]. DNA-SCARS can also contain dysfunctional 
telomeres or foci induced by such telomeres. Senescent cells 
are characterized by increased size, enhanced mitochondrial 
oxidative metabolism and SA-β-gal activity. They release 
various biomolecules, including chemokines, cytokines, pro-
teases, growth factors and extracellular vesicles that can act 
in both autocrine and paracrine fashions, collectively deter-
mining senescence-associated secretory phenotype (SASP). 
Further changes occurring in late senescence result in dif-
ferent senescent phenotype and low level of chronic inflam-
mation. Paracrine activity of SASP may result in changes in 
neighboring structures and cells (bystander effect), includ-
ing senescence induction (paracrine senescence, senes-
cence-induced senescence) [28]. In cells that do not express 
p16INK4a, inactivation of p53 may result in reinitiation of 
the cell cycle without SASP termination that together may 
lead to induction cancer phenotype in neighboring cells [29].

Oxidative stress is of particular significance in senes-
cence, as it may induce premature senescence and overpro-
duction of ROS may lead to DNA damage and permanent 
DDR that are essential for senescent phenotype. As showed 
by Passos et al., DDR triggered a dynamic feedback loop 
that locked the cell in the state of senescence [30]. That 
loop resulted in a long-term activation of the checkpoint 
gene CDKN1A, encoding p21, mitochondrial dysfunc-
tion and ROS production through the GADD45–MAPK14 
(p38MAPK)–GRB2–TGFBR2–TGFβ signaling.

This is a simplified general presentation of cellular senes-
cence and some further details will be provided in the con-
text of AMD pathogenesis. However, it should be taken into 
account, that no senescence marker entirely specific to this 
phenomenon has been identified, some senescent cells are 
hardly distinguishable from quiescent or terminally differ-
entiated cells and some can resume cell growth (see [31] 
for review).

Here we develop the idea that senescence may directly 
and indirectly lead to RPE degeneration, as it can evoke 
degenerative changes in RPE cells and suppress the replace-
ment of degenerated RPE cells with their normal counter-
parts. Accumulation of senescent cells may be casual in 
aging and aging-related pathologies and selective killing of 
senescent cells extended life span of mice [32, 33]. How-
ever, elimination of senescent RPE cells from retina periph-
ery may make some more space for other, originally more 
inner cells that could replace damaged cells from the central 

Fig. 3   Three general phases of cellular senescence. Senescence 
can be initiated by various factors that lead to the activation of the 
p53/p21 and p16INK4a/Rb pathways, resulting in an irreversible cell 
cycle arrest. Early stages of senescence are associated with chroma-
tin remodeling, forming DNA segments with chromatin alterations 
reinforcing senescence (DNA-SCARS) and telomere-induced dys-
functional foci (TIF) as well as senescence-associated heterochroma-
tin foci (SAHF). Senescent cells start to release various molecules, 
including chemokines, cytokines, growth factors and others, deter-
mining senescence-associated secretory phenotype (SASP). Senes-
cent cells increase mitochondrial metabolism and become resistant 
to apoptosis. Further changes associated with aging and long-last-
ing cellular damage result in variation in senescent phenotype and 
chronic inflammation
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region of the retina, but it would result in RPE atrophy, typi-
cal for dry AMD.

Senescence‑associated secretory phenotype—a key 
player in AMD pathophysiology

Senescence-associated secretory phenotype represents a 
highly plastic phenotype and can be a key player in senes-
cence-relevant AMD pathophysiology [18, 31].

SASP-derived factors initiate or potentiate low-grade 
inflammatory process, which is of special relevance to 
aging and age-associated diseases [34]. It was shown that 
senescent endothelial cells (ECs) secrete IL-1β that might 
upregulate p21/p53 and enhance SASP [35]. Priming and 
activation of the NLR family pyrin domain-containing 3 
(NLRP3) inflammasome in RPE cells plays a role in AMD 
pathogenesis [6]. IL-1β secretion, in turn, was mediated by 
NLRP3 activation and ROS overproduction. Furthermore, 
activation of NLRP3 was promoted by its association with 
TXNIP (thioredoxin-interacting protein) mediated by ROS. 
TXNIP regulates AKT-mediated cellular senescence by a 
direct interaction in glucose-mediated metabolic stress [36].

Aging and low-grade inflammation are linked by several 
molecular pathways. The inflammasome may be triggered 
by age-related alterations in redox balance, increase in the 
population of age-related senescent cells, SASP and non-
efficient autophagy [34]. It is important that SASP-related 
release of inflammatory cytokines can be triggered by per-
sistent DDR signaling [37].

Mechanistic target of rapamycin complex 1 (mTORC1) 
is the main signaling link between cellular growth and 
autophagy [38]. On the other hand, mTORC1 was shown 
to be involved in the control of SASP through the regula-
tion of the translation of IL-1α and MAP kinase-activated 
protein kinase 2 (MAPKAPK2) [39, 40]. However, the 
interplay between cellular senescence and autophagy is not 
completely clear. It was shown that senescence induction 
activated autophagy, but other data suggest that inhibition 
of autophagy can favor cell senescence and that autophagy 
is required for senescence [41-43]. Peroxisome proliferator-
activated receptor-gamma coactivator 1 alpha (PGC-1α), a 
major protein of mitochondrial biogenesis, was shown to 
regulate lysosomal activity of transcription factor E-box 
binding (TFEB) protein in RPE cells to improve autophagy 
flux and remove cellular damage [44, 45]. PGC-1α-deficient 
mice showed some abnormalities in their RPE associated 
with accelerated senescence. Moreover, downregulation of 
PGC-1α enhanced senescence induced by hydrogen per-
oxide. GATA4, a member of GATA transcription factors, 
has been identified as a key regulator of cellular senescence 
[46, 47]. GATA4 was shown to regulate DDR and SASP 
promoting chronic inflammation. Therefore, GATA4 may 
be a candidate to link senescence with autophagy in AMD 

pathogenesis. However, no experimental data supporting this 
hypothesis are available.

Besides soluble signaling cytokines and growth factors, 
senescent cells also secrete proteases as their SASP-derived 
products (reviewed in [25]). Matrix metalloproteinases 
(MMPs) may play a role in AMD pathogenesis (reviewed 
in [48]). The MMP pathway is impaired with aging resulting 
in a decreased pool of active MMPs for matrix degrada-
tion and consequently accumulation of denaturated collagen 
in various cellular structures, including BrMb [49]. Hus-
sain et al. observed that total levels of active MMP-2 and 
MMP-9 were reduced in AMD donors [50]. They also noted 
an increased level of high-molecular-mass gelatinases con-
taining homo- and heteropolymers of pro-MMP-2 and pro-
MMP-9. These changes in the MMP pathway might result 
in impaired matrix degradation of BrMb and consequently 
disturbed transport of trophic substances to RPE cells and 
photoreceptors. These and other observations support the 
potential of the MMP-based, laser- and drug-mediated thera-
peutic interventions in AMD [51, 52].

Cao et al. showed that senescent human fetal RPE cells 
secreted higher levels of MMP-9 and IL-8 than their non-
senescent counterparts [53]. Senescence was induced by the 
amyloid-beta (Aβ) peptide, which is a component of drusen 
observed in AMD patients, so it can be considered as a sec-
ondary risk factor in AMD [1]. Moreover, Aβ is implicated 
in the activation of the complement cascade, another path-
way in AMD pathogenesis [54]. More details on the involve-
ment of Aβ in AMD pathogenesis will be provided in next 
sections. MMP-9 released by senescent RPE cells might 
lyse tight junction proteins of the outer blood–retinal bar-
rier resulting in its breakdown. MMP-9 might also increase 
activity of concomitantly released IL-8, which recruits and 
activates immune cells, such as NK cells and neutrophils 
that may increase chronic inflammation in the retina. In 
another work, Cao et al. showed a profile of cytokines that 
was specific for aging in human primary RPE cell cultures 
and RPE cells isolated from donor eyes, supporting the piv-
otal role of aging in AMD pathogenesis [55]. Moreover, 
these authors showed that RPE cells challenged by oxida-
tive stress upregulated the angiogenic growth factor and 
VEGF. Taken together, advanced age and oxidative stress 
may contribute to AMD pathogenesis through the modula-
tion of the cytokine profile to support pathological changes 
observed in AMD retinas. The important role of cytokines 
in senescence-related AMD pathogenesis was supported by 
Chaum et al., who showed that cytokines were an essential 
component of the network regulating p53 in RPE cells [56].

In summary, SASP results in the secretion of different 
kinds of molecules that can change the phenotype of the 
SASP cell and neighboring cells. These changes may cor-
respond to changes observed in RPE cells affected by AMD 
(Fig. 4).
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Senescence in AMD pathogenesis—in vivo 
and in vitro studies

Zhu et  al. showed that bone morphogenetic protein-4 
(BMP4) was highly expressed in the RPE and adjacent extra-
cellular matrix of dry AMD patients [57]. In a concomitant 
in vitro study these authors showed that sublethal oxidative 
stress upregulated BMP4 in RPE cells and BMP4 induced 
senescence in these cells through the p53-p21Cip1/WAF1/
Rb pathway. Furthermore, they suggested that BMP4 played 
a mediator role in oxidative stress-induced senesce via the 
Smad and p38 signaling pathways to increase and activate 
p21 and decrease phosphorylated Rb. Therefore, BMP4 may 
be considered as an important element of dry AMD patho-
genesis related to oxidative stress-induced senescence and 
so it can be also considered as a potential therapeutic target 
in this disease.

Senescence-prone mouse strain 8 (SAMP8) is charac-
terized by an early onset and rapid progression of senes-
cence and is used to model several human diseases, includ-
ing AMD [58]. Using this strain, Feng et al. confirmed the 
important role of Aβ in senescence of retinal cells [59].They 
observed an age-dependent increase in drusen-like lesions 
in fundus of SAMP8 mice and degenerative changes in their 
RPE, including the presence of large vacuoles, thickened 
BrMb and loss of basal infolding, all known to be features of 
AMD. These changes were associated with increased depos-
its of Aβ in POS layer. Increased levels of proinflammatory 
IL-6 and IL-8 were also observed. Therefore, Aβ deposition 
and senescence may increase inflammation and play a role 
in AMD development.

Jadeja et al. evaluated the age-dependent expression of 
nicotinamide adenine dinucleotide (NAD+) biosynthetic 

genes and levels of NAD+ in mouse RPE [60]. They 
observed a decline in the expression of NAD+ with age 
that was correlated with decreased expression of nicotina-
mide phosphoribosyltransferase (NAMPT) and increased 
expression of senescence markers, including p16INK4a, p21 
and β-gal as well as a decreased expression and activity of 
SIRT1. The use of FK866, which is a NAMPT inhibitor, 
simulated age-related decline in NAD+ level and increased 
senescence in ARPE-19 and mouse primary RPE cells. 
These results were confirmed in vivo in mice that were sub-
retinally injected with FK866. Moreover, FK866 induced 
expression of inflammatory cytokines and ROS production 
in RPE, which is not surprised as FK866 evoked senes-
cence. An in vitro treatment of RPE cells with nicotinamide 
mononucleotide preserved NAD+ and prevented senescence. 
Therefore, NAD+ may be molecular element of senescence-
related AMD.

Senescence-accelerated OXYS rats are a model of accel-
erated aging and several neurodegenerative diseases, includ-
ing AMD [61]. Kozvehnikova et al. showed that OXYS rats 
had increased levels of autophagic proteins LC3A/B, ATG7 
and ATG12–ATG5 conjugate in the retina during manifesta-
tion of AMD-like retinopathy in 3-month-old animals and 
decreased levels of ATG7 and ATG12–ATG5 in 18-month-
old rats [62]. An accumulation of Aβ in RPE and choroid of 
OXYS rats was observed to correlate with autophagic mark-
ers. These results indicate the important role of autophagy in 
AMD pathogenesis and point at the senescence–autophagy 
interplay to underline this role.

Idobenone, a synthestic analogue of the Q10 coen-
zyme, protected ARPE-19 cells against senescence 
induced by hydrogen peroxide [63]. Idobenone reduced 
the activity of SA-βgal, extent of intracellular ROS and 

Fig. 4   Senescence-associated 
secretory phenotype (SASP) 
may contribute to age-related 
macular degeneration (AMD) 
in several pathways. SASP 
results in release of cytokines, 
chemokines, growth factor 
and other molecules that may 
change the phenotype of the 
source cells and neighboring 
cells. These changes may be 
in line with pathways of AMD 
pathogenesis. BRB blood–
retina barrier, BrMb Bruch’s 
membrane
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DNA fragmentation. It was suggested that these effects 
were associated with reduction of the BAX/Bcl-2 ratio by 
idobenone.

Lutein is known to have beneficial effect on vision and 
it was shown that it protected ARPE-19 cells against pre-
mature senescence induced by hydrogen peroxide [64]. 
These studies showed that lutein upregulated heme oxy-
genase1, NAD(P)H quinone dehydrogenase 1, sirtuin 1 
(SIRT1) and SIRT3.

Dvashi et al. observed a high expression of TGF-β-
activated kinase 1 (TAK1) in ARPE-19 cells, but inhibi-
tion of TAK1 resulted in a decreased ratio of proliferation, 
cell-cycle arrest at G0/G1, and increased activity of SA-β-
gal expression that are associated with cellular senescence 
[65]. When the cells with inhibited TAK1 were chal-
lenged with hydrogen peroxide, induction of senescence, 
decreased expression of apoptotic proteins and secretion 
of factors inducing hypertrophy and fibrotic changes were 
observed. Moreover, ARPE-19 cells with inhibited TAK1 
exposed to oxidative stress or both secreted increased lev-
els of MMP-9 as compared with cells in normal condi-
tions. In conclusion, Dashi et al. stated that TAK1 was 
essential for maintaining normal functions of RPE cells, 
in particular in response to oxidative stress and its aber-
rant expression might induce senescence and changes in 
the retina typical for dry AMD. Therefore, TAK1 may be 
an important element of senescence-related pathogenesis 
of AMD.

As mentioned previously, human RPE contains a sub-
population of cells that can be activated in vitro to retinal 
epithelium stem cells (RPESCs) [8]. In other work from the 
same group, Lazzarini et al. showed that RPESCs could 
undergo replicative senescence, significantly affecting their 
proliferation and differentiation capability [66]. These cells 
acquired SASP that may create inflammatory environment to 
progress AMD. Therefore, these data support the hypothesis 
that senescence may be the key event in AMD pathogenesis, 
as it eliminates regenerative capacity of both “loose” retinal 
cells from retina periphery as well as, at present putative 
in vivo, RPESCs.

Sun et al. observed a decrease in the expression of small 
ubiquitin-like modifier (SUMO) enzymes, and global protein 
sumoylation in the aging retina of C57/B6 mice and in oxi-
dative stress-induced premature senescence in primary RPE 
cells and ARPE-19 cell line [67]. Inhibition of sumoyla-
tion decreased oxidative stress-induced senescence as indi-
cated by reduced expression of p21 and p53 and decreased 
cell-cycle arrest at G0/G1. In addition, inhibition of the 
SUMO E1 enzyme inhibited expression of proinflammatory 
cytokines and chemokines in premature senescent RPE cells, 
but it did not change DNA damage induced during senes-
cence. Therefore, sumoylation may be of critical importance 
in senescence-related AMD pathogenesis.

Mechanisms of the involvement 
of senescence in AMD pathogenesis

Oxidative stress

Although ROS are not included in SASP, senescent cells 
trigger downstream signaling pathways that induce ROS 
production and release [30]. These ROS may contribute 
to oxidative stress in the host cell and neighboring cells. 
Oxidative stress, a recognized factor in AMD pathogen-
esis, may induce SIPS, so it has a special position in senes-
cence-related AMD pathogenesis.

Marazita et al. showed that cigarette smoke extract and 
hydrogen peroxide induced senescence, SASP and increased 
levels of ROS in ARPE-19 cells [16]. An increased level of 
8-hydroxydeoxyguanosine-immunoreactive (8-OHdG) DNA 
lesions and phosphorylated histone 2AX-immunoreactive 
(p-H2AX) nuclear foci were also observed. Co-treatment 
with N-acetylcysteine, a ROS scavenger, decreased expres-
sion of senescence markers, including SA-β-gal, p16INK4a 
and p21. Moreover, these authors showed downregulation of 
complement factor H as well as upregulation of IL-6, IL-8 
and VEGF. VEGF is essential for the development of CNV 
and acquiring wet AMD phenotype. Therefore, oxidative 
stress can induce premature senescence in RPE cells. Inflam-
mation is a consequence of SASP of RPE cells, but it is not 
known whether DNA damage and upregulation of VEGF 
are senescence-related or are directly induced by increased 
ROS. Furthermore, that work shows a closer link between 
AMD and cigarette smoking, which is considered as a risk 
factor for AMD.

It was shown that glutathione depletion in human ARPE-
19 cells decreased cell viability and increased both soluble 
and lipid ROS, but it did not affect mitochondria-derived 
ROS or mitochondrial mass [68]. Decreased expression of 
ferroptotic modulator of glutathione peroxidase 4 (GPX4) 
was observed in that study. Increased expression of LC3 
and autophagic flux suggested enhancement of autophagy. 
Senescence was evidenced by increased cells positive for 
SA-β-gal, increased SAHF and cell-cycle arrest at G0/G1. 
Further experiments with autophagy inhibitors/activators 
suggested that glutathione depletion induced ferroptosis, 
autophagy and SIPS and autophagy was activated in both 
ferroptosis and SIPS. These results could be considered in 
a broader context of detrimental effects of oxidative stress 
in RPE cells and their consequence for AMD pathogenesis.

DNA damage response

Several works show that DNA damage response (DDR) 
may be compromised in AMD (reviewed in [69]). 
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Inefficient DNA repair may result in persistent nuclear and 
mitochondrial DNA (mtDNA) damage. Accumulation of 
damage to mtDNA may be linked with aging and therefore 
can play a role in AMD pathogenesis as aging is the main 
risk factor in AMD [70]. This accumulation is mainly due 
to increased ratio of replication errors and decreased effi-
cacy of mtDNA repair. Several results suggest an increased 
susceptibility of mtDNA to damage in AMD (reviewed in 
[71]). However, the most important question in this con-
text is whether such increased mtDNA damage is specific 
for AMD per se or may follow from advanced age, usu-
ally typical for AMD patients? To address this, problem 
Karunadharma et al. used human donor eyes from an eye 
bank [72]. They observed an increased mtDNA damage in 
the macula region of AMD donor eyes as compared with 
age-matched controls. Moreover, DNA damage in mito-
chondria of AMD donors was approximately eight times 
more pronounced than in nuclear DNA. These observa-
tions led to the conclusion that damage to mtDNA is an 
important element of AMD pathogenesis. That conclusion 
was strongly supported by Ferrington et al. who showed 
a positive correlation between mtDNA damage and a spe-
cific nuclear genetic variant of complement factor H that 
was associated with an increased risk of AMD [73]. Is 
that associated with senescence or death of retinal cells?

Laberge et al. showed that damage to mtDNA induced 
apoptosis in senescent cells [74]. However, the immediate 
question is whether this is not mtDNA damage that is pri-
marily responsible for senescence and apoptosis? In other 
words, maybe a certain extent of mtDNA damage induces 
senescence and other, a higher extent—apoptosis? Although 
the work of Laberge et  al. was specific for ganciclovir 
C9H5N13O4 (GCV), a nucleoside analogue used to target 
viruses and herpes simplex virus thymidine kinase (HSVtk), 
it presents a general idea that senescence can be induced by a 
factor evoking damage to nuclear DNA and then mtDNA can 
be targeted to induce apoptosis. GCV can kill dividing cells 
by induction of DNA double-strand breaks (DSBs) depend-
ent on replication [75]. However, not all cells are killed at 
once and some of them become senescent. Therefore, they 
do not divide and consequently are resistant to replication-
dependent DSBs. In general, this reflects the general prop-
erty of senescent cells—their resistance to apoptosis. How-
ever, GCV might induce mtDNA damage or inhibit mtDNA 
synthesis, both resulting in apoptosis of non-dividing cells. 
It is known that senescent cells increase their mitochondrial 
mass, so they may be more prone to mitochondrial toxicity 
than non-senescent cells [76].

DNA damage, including telomere erosion beyond critical 
level, belongs to the most important senescence-inducing 
stimuli as the essential senescence event, the activation of 
the p53/p21 pathway, is induced by DDR [77]. DNA dam-
age must not be too high to elicit a senescence response 

and a low level of DDR signaling, including p53/p21, may 
persist after DNA damage induction. Elevated levels of ROS 
in senescent cells may also trigger other signaling pathways, 
including the p16INK4a/Rb pathway responsible for irrevers-
ibly growth arrest. It is important that rapid transient signal-
ing may rather result in cell death, not senescence and per-
sistent DDR signaling, as developing slowly in cell culture 
after induction of DDR, is required for SASP to develop 
[27]. DNA-SCARS and TIF are of special importance for 
the development of SASP, as they contain activated DDR 
proteins needed for persistent DDR signaling [27].

Humanin

Humanin (HN) is a 21–24 aa peptide encoded by an open 
reading frame within the mitochondrial MT-RNR2 gene 
encoding 16S rRNA discovered in surviving neurons in 
patients with Alzheimer’s disease [78]. Several other HN-
like encoding loci have been identified in both mitochondrial 
and nuclear DNA [79, 80]. Humanin displays a protective 
effect against oxidative stress and endoplasmic reticulum 
stress in RPE (reviewed in [81]).

Nashine et al. constructed transmitochondrial ARPE-19 
cybrids through the replacement of original mitochondria 
in ARPE-19 cells by mitochondria derived from either 
AMD patients or age-matched controls [82]. In AMD 
cybrids, humanin G protected mitochondria, downregulated 
pro-apoptosis genes, and increased the protection against 
Aβ-induced damage. Therefore, HN may be involved in 
senescence-related AMD pathogenesis, as Aβ was reported 
to induce senescence in RPE cells [1]. On the other hand, 
HN was shown to induce chaperone-mediated autophagy 
and autophagy is an important mechanism in AMD patho-
genesis [83, 84].

The protective action of HN against senescence in RPE 
cells was directly demonstrated by Sreekumar et al. who 
showed that HN decreased the number of SA-β-gal cells 
induced in RPE cells isolated from human fetal eyes and 
exposed to hydrogen peroxide [85]. Humanin co-treatment 
with H2O2 reduced the expression of p16INK4a and ApoJ 
transcript, another senescence marker, as compared with 
H2O2-only treatment.

Membrane attack complex‑related degeneration 
of choriocapillaris

Dry form of AMD is featured by degeneration of CC that 
is involved in RPE hypoxia and atrophy [86-89]. Dry AMD 
is also characterized by the activation of complement in the 
sub-RPE space, resulting in the deposition of membrane 
attack complex (MAC) on the CC [6, 90]. MAC induces cell 
lysis and pores in cellular membrane, so it can be involved in 
CC degeneration occurring in dry AMD. However, MAC is 
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common in CC of young, healthy eyes [90]. Therefore, there 
may be an age-related factor that induces or fuels MAC-
related degenerative changes in CC. To address this prob-
lem, Cabrera et al. cultured monkey chorioretinal endothe-
lial cells (ECs) to achieve replicative senescence [91]. They 
showed that senescence of ECs was associated with their 
increased stiffness that correlated with Rho GTP-ase activity 
in these cells and their susceptibility to MAC-induced injury. 
Therefore, aging in general and senescence in particular may 
be implicated in the MAC-related CC degeneration, playing 
a role in dry AMD pathogenesis. More specifically, senes-
cence-associated stiffening of choroidal EC is a determinant 
of CC atrophy, typical for dry AMD.

The cGAS–STING pathway

Cyclic GMP–AMP synthase (cGAS) is the major sensor of 
cytosolic DNA regulating de novo transcriptional immune 
response [92, 93]. cGAS interacts with sugar-phosphate 
backbone of double-stranded DNA (dsDNA) recognizing 
a DNA molecule in a sequence-independent manner [94]. 
Binding dsDNA results in the catalysis of cyclic GMP–AMP 
(cGAMP), which is a second messenger for signal transduc-
tion and promotes stimulator of interferon genes (STING) 
that is a endoplasmic reticulum transmembrane protein [95]. 
These events lead to the activation and translocation of inter-
feron-regulatory factor 3 (IRF3) and NF-κB that in concert 
in other factors induce the expression of interferons and 
other cytokines and chemokines that are present in SASP. 
Therefore, the cGAS–STING pathway may be important in 
the adaptation response to DNA damage-induced senescence 
[96].

As the cGAS–STING pathway is important in SASP 
acquiring and SASP may play a role in senescence-related 
AMD pathogenesis, it is justified to ask about the role 
of the cGAS–STING pathway in AMD. This problem 
was addressed by Wu et  al. who hypothesized that the 
cGAS–STING pathway is a sensor of DNA damage associ-
ated with senescence and trigger of inflammation in early 
AMD [97]. They suggested that targeting this pathway might 
have a therapeutic significance in AMD as small-molecule 
inhibitors covalently binding STING were reported [98]. 
However, the cGAS–STING pathway is not the only way to 
induce SASP evoked by DNA damage. Second, senescence-
related DNA damage is detected by DDR detectors, so how 
exactly cGAS–STING recognize DNA damage that does 
not result in DNA fragmentation and release to the cytosol? 
These questions should be addressed by the studies related 
to the potential of cGAS–STING in AMD therapy. However, 
the role of the cGAS–STING pathway in AMD pathogenesis 
may be prospectively considered, as it is essential for senes-
cence and is proposed as a therapeutic target in cancer [99].

Lipofuscin and A2E

Continuous degradation of used POS in phagocytosis by 
RPE cells is essential for normal functioning of the retina 
and vision maintenance. Its impairment leads to accumula-
tion of lipid–protein aggregates that are derived from oxi-
dized unsaturated fatty acids that may play a role in AMD 
pathogenesis [100].

These yellow-brownish aggregates called lipofuscin con-
tain oxidized cross-linked proteins, lipids with a tiny amount 
of saccharides and metals [101] (Fig. 5). Lipofuscin accu-
mulation in RPE cells increases with age and results from 
impaired ability of these cells to remove cellular waste, 
first of all protein debris [102]. Boyer et al. showed that 
lipofuscin was derived from the free 11-cis-retinal that was 
continuously supplied to the rod for rhodopsin regeneration 
and POS renewal [103]. Iron is a main metal component 
of lipofuscin and it is a major source of oxidants [104]. 
Dunaief was the first who showed that iron homeostasis 
could be impaired in AMD [105-107]. These results were 
confirmed in later studies (reviewed in [108-111]). More-
over, it was shown that lipofuscin-mediated formation of 
oxidant with the involvement of iron occurred in senescent 
fibroblasts, independently of mitochondria and was toxic 
for these cells [104]. Therefore, lipofuscin cytotoxicity can 
be related to senescence through a mechanism involving 
redox reaction(s). Furthermore, the formation of lipofuscin 
was observed when mitochondrial fission was inhibited and 
the Lon protease, responsible for a selective degradation of 
aberrant mitochondrial proteins, was downregulated [112]. 
Impaired mitochondria feature senescence is an important 
element in AMD pathogenesis (reviewed in [71, 113]).

Fig. 5   Lipofuscin accumulation in age-related macular degeneration 
(AMD) retina. Fundus autofluorescence image from an AMD macula 
shows increased accumulation of lipofuscin granules with increased 
autofluorescence signal (courtesy of Professor Kai Kaarniranta of 
University of Eastern Finland, Finland)
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N-Retinylidene-N-retinylethanolamine (A2E) is a by-
product of the visual cycle and the main fluorophore pre-
sent in lipofuscin whose accumulation is associated with 
AMD development, but a causal relationship between them 
has not been established [114]. However, it was shown that 
A2E is the main component of lipofuscin that induced DNA 
damage to RPE cells [115]. A2E treatment of human RPE 
cells derived from induced pluripotent stem cells obtained 
from normal individuals revealed a novel senescence-related 
RPE protein, high-mobility group box 1 (HMGB1) [116]. 
HGMB1 upregulated caveolin-1, another senescence-
related protein, so it was concluded that both HMGB1 and 
caveolin-1 might be important in senescence-related AMD 
pathogenesis. A2E accumulates in aging RPE cells and 
upregulates pro-inflammatory molecules and VEGF that 
are elements of SASP [117]. A2E can also be formed on the 
dimerization of a phosphate ester of retinaldehyde, a vitamin 
A aldehyde, on phosphatidylethanolamine in the retinal disc 
membrane, contributing to senescence and retinal degenera-
tion in AMD [118].

As mentioned, lipofuscin may contribute to AMD patho-
genesis by the interaction with mitochondria. To clarify 
this issue, Alaimo et al. showed that light-irradiated ARPE-
19 cells displayed decreased viability and increased ROS 
production [119]. Moreover, using ARPE-19 cell loaded 
with A2E, they showed that blue light-induced mitochon-
drial fragmentation correlated with downregulation of 
mitochondrial-shaping proteins OPA1, DRP1 and OMA1. 
These results show a specific pathway of the involvement 
of A2E-mediated mitochondrial quality control in AMD 
pathogenesis.

Somatic cells shorten their telomeres with each cellular 
division that leads to crisis and resulting replicative senes-
cence unless they escape from the crisis. Activation of tel-
omerase, an enzyme capable of extending telomeres may be 
essential for such an escape and stability and maintenance of 
telomeres. Telomerase is a cellular reverse transcriptase, an 
RNA-dependent DNA polymerase that adds telomeric DNA 
to telomeres due to its inner RNA template [120]. Telomere 
shortening results from the inability of eukaryotic DNA pol-
ymerase to complete replication of linear chromosomes—
some bases at the very 3′ end of each template strand are not 
copied (the end-replication problem) [121]. Telomere loss 
and SA-β-gal activation were observed in a human RPE cell 
line [19]. In humans, normal telomeres have a long 3′ single-
stranded DNA overhang containing a 6-nucleotide sequence 
motif, 5′-TTA​GGG​-3′, that is tandemly repeated many times 
[122]. As it is a G-rich stretch, it may fold onto itself to form 
G-quadruplexes and various four-stranded DNA structures 
[123].

Wang et al. reasoned that since telomeres are G-rich 
structures, they might be targeted by A2E to induce 
DNA damage, as this fluorophore was shown to induce 

8-oxo-guanine (8-oxoG), a hallmark of oxidative damage 
to DNA and oxidative stress marker [115, 124, 125]. Fur-
thermore, these authors provided rationale that photosensi-
tization of A2E could result in the senescence of RPE cells 
through the induction of DNA damage in telomeric struc-
tures. Indeed, they showed that photosensitization of A2E 
induced DNA damage and senescence of ARPE-19 cells. 
DNA damage, observed as co-localization of phosphoryl-
ated H2AX histone with a subunit of sheltering, a telomere 
protein, resulted in telomere loss. Ectopic expression of the 
catalytic subunit of telomerase decreased senescence in RPE 
cells suggesting that senescence was underlined by telomere 
loss/dysfunction. The NF-κB pathway was identified as the 
main mechanistic route in A2E photosensitization-related 
senescence and SASP. The use of N-acetyl cysteine (NAC), 
a free radical scavenger, partly ameliorated effects induced 
by A2E photosensitization. Therefore, Wang et al. presented 
a comprehensive mechanism of senescence-related AMD 
pathogenesis mediated by a RPE damaging factor that is not 
necessarily a recognized AMD risk factor (Fig. 6). 

The amyloid‑beta peptide

Feng et al. detected activation of autophagy in Aβ1-42-treated 
RPE cells [126]. They observed the generation of autophagic 
vehicles, altered pattern of LC3 expression, increased LC3-
II and decreased p62 expression. The authors suggested that 
autophagy can be a protective mechanism of RPE against 
detrimental changes induced by Aβ.

The potential role of the Aβ peptide in senescence-
related AMD pathogenesis was confirmed in several 
in vitro studies [126-129]. To address this issue in vivo, 
Liu et al. studied the effect of Aβ on senescence of RPE 
cells and senescence-associated inflammation in C57BL/6 
mice that received subretinal injections with Aβ1-42 [130]. 
These mice showed a decreased electroretinographic 
response and severe degenerative changes in the eye, 
including disruption of the junction between inner and 
outer segments, vacuolation and thickening of BrMb. 
These mice also showed an increased fundus autofluores-
cence and p16INK4a expression. Moreover, an upregula-
tion of the IL-6 and IL-8 genes was observed. The authors 
concluded that the subretinal injection of Aβ evoked 
AMD-like pathology in mice and suggested that senes-
cence could be a mechanistic link between inflammation 
and retinal degeneration. Both in vitro and in vivo studies 
as well as clinical observations suggest that Aβ can be an 
important element of AMD progression, as it is present in 
AMD drusen, can induce senescence in RPE cells that can 
display SASP and release inflammatory cytokines that may 
stimulate AMD phenotype in the same cell and neighbor-
ing cells (Fig. 7). This would be a senescence- and inflam-
mation-based feedback- or vicious cycle-like mechanism 



799Senescence in the pathogenesis of age‑related macular degeneration﻿	

1 3

that would increase AMD phenotype in a single induced 
cell and extend it gradually on an increased number of reti-
nal cells, which leads to AMD progression. Autophagy can 
inhibit these changes, which may partly support autophagy 
decline as an important factor of AMD pathogenesis, but 
the mechanism of protective role of autophagy in AMD 
is likely multi-pathway and requires further studies [84, 
131]. Moreover, autophagy may not always be protective 
and contribute to the death of RPE cells [131-133].

Fig. 6   N-Retinylidene-N-retinylethanolamine (A2E) photosensitiza-
tion-mediated senescence in the pathogenesis of age-related macular 
degeneration (AMD). A retinal pigment epithelium (RPE) damaging 
factor may impair the ability of RPE cells to phagocytose photorecep-
tor outer segments (POS) resulting in lipofuscin accumulation (light 
green spots) and AMD-like phenotype. Lipofuscin contains A2E that, 
upon photosensitization, may induce oxidative stress, DNA damage 
and telomere dysfunction/loss that leads to senescence and nuclear 
factor kappa B subunit 1 (NF-κB)-mediated senescence-associated 
secretory phenotype (SASP) that may result in damaging neighboring 
normal RPE cells and expansion of the AMD phenotype. Activated 
A2E may be neutralized by antioxidants

Fig. 7   Amyloid-beta (Aβ) peptide in senescence-mediated patho-
genesis of age-related macular degeneration (AMD). A factor of 
AMD pathogenesis may initiate drusen (yellow) formation between 
choriocapilaris (CC) and retinal pigment epithelium (RPE) cells. 
Amyloid-beta (Aβ) peptide is a component of drusen and can induce 
senescence in the affected cell, which acquires senescence-associated 
secretory phenotype (SASP), releasing inflammatory cytokines and 
inducing local inflammation that contribute to the expansion of AMD 
phenotype in the same cell and neighboring cells. Autophagy may be 
a protective mechanism against these detrimental changes in the ret-
ina. PR photoreceptors, Bruch’s membrane is not presented
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Conclusions and perspectives

Degeneration of the retina is the main clinical hallmark 
of AMD. It is underlined by death of photoreceptors and 
various degenerative changes in RPE and choroid. In the 
final stage of AMD death of RPE cells and CC ECs can be 
observed, but its mechanism is not completely clear and 
RPE cell death is not required to express AMD phenotype 
[132]. We and others have postulated that persistent and 
progressive degeneration of retinal cells in AMD results 
from their stress-induced premature senescence (SIPS). A 
SIPS factor may induce SASP in a single cell resulting in 
the release of various molecules that may enhance SASP 
in the host cell (autocrine) and induce it in neighboring 
cells (paracrine). This lead to a cascade of events result-
ing in the progression of AMD phenotype expressed by an 
increased number of degenerated retinal cells. Degenerated 
retina has a limited capability to regenerate. RPE cells in 
the central retina, including the macula, are quiescent and 
cannot proliferate due to spatial restrictions. As functional 
and localized adult stem cells have not been recognized in 
the human retina, the only way to regenerate degenerated 
cells from central regions in the retina is to replace them 
with progenitor of their peripheral counterparts that are 
more spatially relaxed and likely able to proliferate. How-
ever, if these proliferation-capable cells are affected by 
SIPS, they will not be able to produce progeny to replace 
degenerated macular cells. Nonetheless, induction and 
expansion of SIPS seem crucial in AMD pathogenesis.

Several mechanisms may underline senescence-related 
pathogenesis of AMD. Aging is the most important fac-
tor of AMD pathogenesis and although the link between 
premature aging and SIPS is not completely clear, there 
are reports showing a correlation between senescence and 
aging in acquiring of AMD-like phenotype [97]. SASP 
is characterized by the release of pro-inflammatory mol-
ecules that create a local, low-grade inflammation. How-
ever, that “local” becomes “global” with the progression 
of senescence and SASP in neighboring cells. Chronic 
inflammation is a well-recognized factor associated 
with AMD [6]. Proteases released by SASP cells, in par-
ticular MMP-2 and MMP-9, may disturb the balance in 
matrix degradation of BrMb and consequently transport 
of trophic substances to RPE cells and photoreceptors. 
Moreover, MMP-9 released by senescent RPE cells may 
degrade tight junction proteins of the outer blood–reti-
nal barrier resulting in its breakdown. MMP-9 may also 
enhance the activity of SASP IL-8, which recruits and 
activates immune cells that increase chronic inflammation 
in the retina. Autophagy impairment plays a role in AMD 
pathogenesis and mTORC1, the main protein relating 
autophagy with cell growth, was shown to control SASP 

through the regulation of IL-1α and MAPKAPK2 [39, 
40, 84]. Although the relationships between senescence 
and autophagy as well as autophagy and AMD are not 
completely clear, GATA4 may link these phenomena, as 
it is regulated by autophagy and influence senescence and 
DDR. Therefore, further research on senescence-related 
AMD might include GATA4. The Aβ peptide is another 
candidate as it induces autophagy in RPE cells [126]. 
Potential role of Aβ in senescence-related AMD pathogen-
esis was confirmed in several in vitro and in vivo studies.

SIPS can be induced by ROS, but senescent cell releases 
ROS creating a local oxidative stress. However, these extra-
cellular ROS may induce SIPS in neighboring cells that can 
release ROS leading to a cascade of event similar to SASP 
expansion and resulting in changing local into global oxi-
dative stress. This leads to a persistent DDR that supports 
cellular senescence [30].

A2E, a fluorophore present in lipofuscin, can be involved 
in senescence induction, providing a link between AMD ini-
tiating factor and senescence [125]. A2E may play a special 
role in senescence-related AMD, as it is a DNA-damaging 
factor and may shorten telomeres beyond critical length. 
Therefore, A2E links SIPS with replicative senescence.

Drugs that kill senescent cells (senolytics) and com-
pounds inhibiting bystander effect resulting from SASP 
(senostatics) are widely considered in cancer therapy 
(reviewed in [134]). Recently, a senolytic intervention 
proved to be promising in the first human, open-label study 
on idiopathic pulmonary fibrosis, a progressive, fatal cellu-
lar senescence- and age-associated disease [135]. Therefore, 
studies on the possibility of the use of senolytics in AMD, 
which is principle an incurable disease, are justified.
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