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Age-related macular degeneration (AMD) is a major cause of irreversible blindness
among the elderly population. Dysfunction and degeneration of the retinal pigment
epithelial (RPE) layer in the retina underscore the pathogenesis of both dry and wet
AMD. Advanced age, cigarette smoke and genetic factors have been found to be
the prominent risk factors for AMD, which point to an important role for oxidative
stress and aging in AMD pathogenesis. However, the mechanisms whereby oxidative
stress and aging lead to RPE cell degeneration are still unclear. As cell senescence
and cell death are the major outcomes from oxidative stress and aging, here we
review the mechanisms of RPE cell senescence and different kinds of cell death,
including apoptosis, necroptosis, pyroptosis, ferroptosis, with an aim to clarify how RPE
cell degeneration could occur in response to AMD-related stresses, including H2O2,
4-Hydroxynonenal (4-HNE), N-retinylidene-N-retinyl-ethanolamine (A2E), Alu RNA and
amyloid β (Aβ). Besides those, sodium iodate (NaIO3) induced RPE cell degeneration is
also discussed in this review. Although NaIO3 itself is not related to AMD, this line of
study would help understand the mechanism of RPE degeneration.
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AGE-RELATED MACULAR DEGENERATION

Age-related macular degeneration (AMD) is a major cause of irreversible blindness among the
elderly population. The prevalence of AMD is projected to reach 288 million in 2040 due to
the increase of the aging population, which could lead to low life quality of the elderly and
represent a significant economic burden to the society (Pascolini and Mariotti, 2012; Wong
et al., 2014). Macula is the central region of the retina which is critical for the central vision.
Early AMD is characterized by drusen deposit underneath the Bruch membrane and disordered
pigmentation in the choroid/retinal pigment epithelium (RPE) layers in the macula (de Jong, 2006;
Jager et al., 2008). Late AMD has both “dry” and “wet” forms. Geographic atrophy (GA), the
advanced form of dry AMD, is featured by the irreversible loss of the RPE, photoreceptors (PRs)
and choriocapillaris, which eventually lead to vision loss. Choroidal neovascularization (CNV),
as shown by the abnormal growth of new and leaky blood vessels from the choroid into the
retina, is a hallmark of wet AMD. Dry and wet AMD accounts for 80–90% and 10–20% of AMD
cases, respectively (Bressler, 2002). Currently, antibodies to vascular endothelial growth factor
(VEGF) have been approved by FDA to treat wet AMD. Although some clinical studies have
shown that antioxidant vitamins and zinc supplements help to slow AMD disease progression
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(Age-Related Eye Disease Study Research, 2001; Age-Related Eye
Disease Study 2 Research, 2013), there is no available cure for
dry AMD. The pathogenesis of AMD is still unclear, genetic,
environmental factors as well as advanced age, each contributes
to the disease progression (Klein et al., 1998; Tuo et al., 2004;
Jonasson et al., 2011). Genome-wide association study has
identified a list of AMD-associated genetic variations, including
Complement factor family members (Edwards et al., 2005; Haines
et al., 2005; Klein et al., 2005), Apolipoprotein E (APOE) (Ngai
et al., 2011), Fibroblast growth factor 2 (FGF2) (Brion et al.,
2011), DNA excision repair protein (ERCC6) (Baas et al., 2010)
and Age-related maculopathy susceptibility protein 2 (ARMS2)
(Micklisch et al., 2017). However, the No. 1 risk factor for AMD
is advanced age, with one third of adults over 75 are affected by
AMD (Jonasson et al., 2011). Persons over 85 years old have 10
folds higher prevalence of late AMD than persons who are 70–
74 years old (Jonasson et al., 2011). Cigarette smoking, which
induces systemic oxidative stress, is the second most consistent
and modifiable risk factor for AMD development, associated with
2 to 3 folds increased risk for AMD (Klein et al., 1993).

REACTIVE OXYGEN SPECIES,
OXIDATIVE STRESS AND AMD

Free radicals include reactive oxygen species (ROS) and
reactive nitrogen species (RNS). They are produced during
normal metabolism as well as in some pathological conditions
(Phaniendra et al., 2015). ROS regulate cellular homeostasis
and could contribute to disease pathophysiology, including
AMD (Beatty et al., 2000). In normal cells, ROS are produced
during metabolic process by enzymes including nicotinamide
adenine dinucleotide phosphate [NADPH] oxidases (Noxes),
other oxidases and lipoxygenases, and serve as active regulators
of cellular signaling. They are balanced by powerful antioxidative
systems. Excessive ROS production could occur when cells are
exposed to exogenous oxidative stressors, including UV light,
ionizing radiation, diet and cigarette smoking. Oxidative stress
accumulation due to the increased endogenous and exogenous
ROS, and/or decreased antioxidative capability could lead to
oxidative modification to major cellular macromolecules, which
lead to features of aging including metabolic dysfunction, cell
senescence or cell death (Beckman and Ames, 1998; Droge, 2002;
Valko et al., 2007; Rajendran et al., 2014; Davalli et al., 2016;
Pizzino et al., 2017; Figure 1).

Reactive oxygen species consist of Superoxide radicals (O2
·−),

hydrogen peroxide (H2O2), hydroxyl radicals (OH·), and singlet
oxygen (1O2). Molecular oxygen (O2) undergo single electron
reduction and form superoxide anion (O2

·−). Once formed,
O2
·− is involved in a reaction that in turn generates H2O2

(2O2
·−
+ 2H+ → H2O2 + O2). Hydroxyl radical (OH·) is

generated by reaction of O2
·− with H2O2 through Fenton

reaction (Fe2+
+ H2O2 → Fe3+

+ OH· + OH−) (Winkler
et al., 1999). Peroxynitrite (ONOO−) is also a physiological
product generated by the interaction of superoxide (O2

·−)
and nitric oxide (NO) which can generate ROS and induce
cell death (Szabo et al., 2007). High intracellular ROS level

FIGURE 1 | Oxidative stress accumulation increases while antioxidative
capability decreases in cells during aging. Cells could survive when oxidative
stress is balanced by antioxidative systems while senescence could occur
under mild oxidative stress and cell death could happen under more severe
oxidative stress.

could modify and damage carbohydrates, membrane lipids,
proteins, and nucleic acids, with pathological consequences.
ROS can easily react with membrane lipids and cause
the lipid peroxidation. Polyunsaturated fatty acids (PUFAs)
are particularly susceptible to free radical damage which
generates products including malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE) which show higher levels in AMD
retina (Gardner, 1989; Halliwell and Chirico, 1993; Spiteller et al.,
2001). Oxidation of docosahexaenoate (DHA)-containing lipids
produces carboxyethylpyrrole (CEP), which is also abundant in
AMD retina (Crabb et al., 2002). Oxidation in proteins can
cause fragmentation, cross-linking, aggregation of proteins, and
enhanced proteolysis (Negre-Salvayre et al., 2008). For example,
reactive carbonyl compounds formed during lipid peroxidation,
such as MDA and 4-HNE, form adducts and cross-links with
proteins, which causes protein damage and functional deficiency
(Stadtman and Levine, 2000; Negre-Salvayre et al., 2008). ROS-
induced nuclear and mitochondrial genomes damage, such as
DNA strand breaks, base modifications and DNA-protein cross
linkages, are associated with aging and age-related diseases
(Bohr et al., 1998, 2007).

Antioxidative systems, include enzymatic and non-enzymatic
systems, have evolved to protect against ROS. Enzymatic
antioxidants include superoxide dismutase (SOD) and
glutathione peroxidase (GPX) et al. SOD catalyze superoxide
converse to H2O2 and O2 and reduce ROS levels (Halliwell and
Gutteridge, 1986). GPX reduces H2O2 and lipid peroxides to
water and lipid alcohols via the expense of reduced glutathione
(GSH) (Arthur, 2000). Thus, GSH is also considered as a kind of
non-enzymatic antioxidant. Other non-enzymatic antioxidants
include tocopherol homologs, carotenoids, flavonoids, etc. When
accumulated free radicals cannot be eliminated by antioxidant
systems, damage to DNA, proteins, and lipids happens, which
can subsequently cause cell death and diseases (McCord, 2000;
Therond, 2006; Birben et al., 2012).
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Reactive oxygen species and oxidative stress both have been
implicated in AMD. As mentioned above, cigarette smoking is
the #2 risk factor for AMD. Retina is a tissue which continually
exposes to light, contains high levels of PUFAs and consumes
oxygen at a high rate which all increase ROS production in the
cells (Beatty et al., 2000; Khandhadia and Lotery, 2010). It has
been reported that increased oxidative DNA damage, as well
as the accumulation of CEP, 4-HNE, and MDA, is found with
aging in retina tissue (Jarrett and Boulton, 2012). These oxidative
products have been shown to induce inflammatory response
and retinal phenotype in animal models of AMD (Suzuki et al.,
2007; Hollyfield et al., 2008). For more information of oxidative
stress and AMD, refer to reviews of Jarrett and Boulton (2012)
and Mettu et al. (2012).

RPE BIOLOGICAL FUNCTIONS

The RPE monolayer of the retina functions as the outer
blood-retina barrier and help to transport nutrients and waste
between PRs and choroid. RPE cells in the adults are post-
mitotic and polarized with proteins/organelles distributed and/or
secreted asymmetrically in apical or basolateral domains of
the cells (Burke, 2008). The functions of RPE cells include:
(1) Maintaining essential function of the retina. Melanins are
synthesized and stored in the melanosome of RPE cells which
help to absorb light that pass through the PR layer and also
absorb reflected light that may degrade the visual image (Weiter
et al., 1986). Melanin synthesis decreases with age (Simon et al.,
2008). Some transporters on the membrane of RPE help to
provide a stable environment for RPE and nearby cells. For
example, sodium/potassium adenosine triphosphatase (Na+/K+-
ATPase) is located apically in RPE cells and helps to maintain
the volume, ion concentrations and chemical composition of
the subretinal space. These are essential for the functions of
neural retina and RPE (Wimmers et al., 2007). (2) Maintaining
PRs function. Microvilli of RPE cells envelop and interact
with the outer segments (OS) of both rod and cone PRs. PRs
regeneration of the PR outer segment (POS) occurs every 7–
12 days through phagocytosis function of RPE (Young and Droz,
1968), which protects PRs from chronic oxidative stress exposure
(Bok, 1985). (3) Participating in the visual cycle. Visual cycle is
the process that cycles retinoids between the rod OS and the
RPE. Light isomerizes 11-cis retinal into all-trans retinal, which is
released from the visual pigment opsins, causing visual pigment
activation. The photoproducts then enter the RPE, where 11-
cis retinal is regenerated before returning to PRs (Bernstein
et al., 1987). (4) Regulating retinal immune response. RPE cells
secret cytokines such as IL-1α, IL-1β, IL-7, TNF-α, IFN-γ, TGF-
β. Cytokines secreted by RPE play an important role in the
homeostasis of the retina, as well as in inflammatory responses
by activation of resident cells and attraction and activation of
inflammatory cells (Holtkamp et al., 2001). Overall, RPE cells
are critical for metabolism and homeostasis of retina, especially
PRs. Due to their exposure to high light and oxygen, oxidized
POS and PUFAs, RPE cells are exposed to high oxidative stress
conditions, and vulnerable to degeneration if the antioxidative

defense mechanism is compromised. Several AMD-related risk
factors can affect RPE structure and function. Aging leads
to RPE structural changes, such as loss of melanin granules,
accumulation of residual bodies, drusen formation, thickening of
Bruch’s membrane, RPE microvilli atrophy and et al. (Bonilha,
2008). Also, factors such as cigarette smoking, high fat diet
and genetic factors are believed to lead to oxidative stress and
inflammation which are related to RPE degeneration (Datta et al.,
2017). For more information regarding RPE function, refer to
review of Sparrow et al. (2010).

MODES OF CELL DEGENERATION AND
DEATH

Retinal pigment epithelial degeneration in AMD involves RPE
dysfunction, senescence and cell death. This review will focus
on RPE senescence and cell death. An overview of cellular
senescence and cell death mechanisms will first be introduced
(Figure 2 Overview of cell death pathways).

Apoptosis
Apoptosis is a classic mode of programmed cell death. It plays
important roles in both physiological and pathological processes.
Classic features of apoptosis include membrane blebbing, cell
shrinkage, nuclear fragmentation, chromatin fragmentation and
the formation of apoptotic bodies (Kerr et al., 1972). Apoptosis
can be initiated by either intrinsic or extrinsic pathways. The
intrinsic apoptosis pathway is promoted by cellular stresses
include DNA damage, oxidative stress and irradiation. The
extrinsic pathway relies on signaling through transmembrane
receptors of the tumor necrosis factor (TNF) receptor family
(Igney and Krammer, 2002). Apoptosis is regulated by the
caspase family of proteins. Caspases are synthesized as inactive
proenzymes containing a N-terminal peptide or pro-domain, and
two subunits. Cleavage of caspases occurs at specific asparagine
(Asn) residues located after the pro-domain and between
the large and small subunits, forming active heterotetramers.
Caspase-8/10 act as initiator caspases which are activated by
extrinsic signal. Caspase-9 also functions as initiator caspase
but is activated by intrinsic signal. Endoplasmic reticulum (ER)
stress could induce the activation of Caspase-4 (Hitomi et al.,
2004). These signals then activate downstream caspases 3/6/7
and subsequent apoptosis (Cohen, 1997). Caspases-3/6/7 are
considered as executioner caspases due to their similar short
pro-domains. Caspase-3 is needed for efficient cell death and
also could block ROS production, but activation of Caspase-
6 alone cannot cause apoptosis (Gray et al., 2010). Caspase-7
is responsible for ROS production and aids in cell detachment
during apoptosis (Brentnall et al., 2013). Usually, active Caspase-
3 is detected in most apoptotic cells. A pan-caspase inhibitor
z-VAD-FMK can be used to inhibit apoptosis. For details about
apoptosis, refer to review of Elmore (2007).

Necrosis
Necrosis was considered to be a passive and unregulated cell
death in responsive to infections, toxins or trauma. Recent
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FIGURE 2 | Overview of cell death pathways. Apoptosis is triggered by either intrinsic (by UV, radiation, exogenous ROS, or ER stress) or extrinsic signals (through
FasL/Fas or TNF/TNFR) and is regulated by the caspase family of proteins. Caspase 4, 9, and 8/10 serve as initiator caspase, while Caspase 3/6/7 serve as
executor caspase. Necroptosis is initiated by activation of TNFR and subsequent activation of necrosome containing phosphorylated RIPK1 and RIPK3,
phosphorylation and oligomerization of MLKL then result in cell rupture, death and HMGB1 release. Pyroptosis is induced through both Caspase-1 and Caspase-4
activation which induce GSDMD cleavage, followed by oligomerization of N terminal of GSDMD which then leads to cell rupture and death. Caspase 1 cleaves IL-1β

and IL-18, leading to its activation and release from the cells. Ferroptosis is induced by the inhibition of system Xc and is featured by accumulation of lipid ROS
which can be inhibited by GPX4 and FSP1. Irons are transferred through transferrin and its receptor and are involved in the Fenton reaction leading to lipid
peroxidation. ER, Endoplasmic reticulum; UV, Ultraviolet light; TNF/TNFR, Tumor necrosis factor/Tumor necrosis factor receptor; RIPK3, Receptor-interacting protein
kinase 3; MLKL, Mixed Lineage Kinase Domain Like Pseudokinase; HMGB1, High mobility group box 1; ASC, Apoptosis-associated speck-like protein containing a
caspase recruitment domain; LPS, Lipopolysaccharide; N-GSDMD, N terminal of gasdermin D; C-GSDMD, C terminal of gasdermin D; IL-1β, Interleukin-1β; IL-18,
Interleukin-18; GSH, Glutathione; GPX4, Glutathione Peroxidase 4; FSP1, Ferroptosis suppressor protein 1; ROS, Reactive oxygen species.

studies showed that some necrosis could be regulated. Regulated
necrosis includes but is not limited to necroptosis, pyroptosis
and ferroptosis.

Necroptosis
Necroptosis is morphologically characterized by cells swelling
and bursting, with releasing their intracellular contents.
It can be initiated by activation of TNF receptor (TNFR)
and subsequent activation of two members of the receptor
interacting protein kinase (RIPK) family (RIPK1 and RIPK3),
when Caspase-8 is not activated (Fritsch et al., 2019). These
kinases then form “necrosomes” via specialized domains
termed RIP homotypic interaction motifs (RHIM). Reciprocal
interactions between RIPK1 and RIPK3 lead to phosphorylation
of a pseudokinase called Mixed lineage kinase domain
like pseudokinase (MLKL) (Rodriguez et al., 2016). Once
phosphorylated, MLKL translocates to the cell membrane and
form tetramers, leading to osmotic cell membrane rupture
by disrupting cellular ion homeostasis and the release of
inflammatory cytokines such as high-mobility group box-1
(HMGB1) (Sun et al., 2012; Dondelinger et al., 2014; Gong
et al., 2017). Several inhibitors can be used to block necroptosis,
include Necrostatin-1 (Nec-1), a direct RIPK1 inhibitor;
Necrostatin-5 (Nec-5), an indirect RIPK1 inhibitor; Necrostatin-
7 (Nec-7) that targets RIPK1-independent necrosis; GSK’872,

a specific RIPK3 inhibitor and Necrosulfonamide (NSA), a
MLKL inhibitor. For details about necroptosis, refer to review of
Weinlich et al. (2017).

Pyroptosis
Pyroptosis is featured by plasma membrane rupture and release
of proinflammatory intracellular contents, include Interleukin-
1 beta (IL-1β) and Interleukin-18 (IL-18) (He et al., 2015).
Pyroptosis can be induced through both canonical and non-
canonical inflammasome pathways (Liu and Lieberman, 2017;
Xu et al., 2018). In canonical pyroptosis, inflammasomes include
absent in melanoma 2 (AIM2), Pyrin, or the nucleotide-
binding oligomerization domain (NOD)-like receptor (NLR)
family (NLRP1, NLRP3, and NLRC4) are activated by pathogen-
associated molecular patterns (PAMPs) or danger-associated
molecular patterns (DAMPs) (Wang et al., 2019). Inflammasomes
then recruit Caspase-1 via the CARD-domain containing
adaptor protein (ASC, also called PYCARD), which cleave
pro-Caspase-1 to its active form. The activated Caspase-1
subsequently induces the maturation and secretion of IL-
1β and IL-18 and cleaves gasdermin D (GSDMD) into
N-terminal and C-terminal domains. The N-terminal fragments
then oligomerize, translocate to the cell membrane and form
membrane pores which leads to cell swelling, membrane rupture,
release of inflammatory factors and cell death (Ding et al., 2016;
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Liu et al., 2016). In the non-canonical pathway, Caspase-4/5
(Caspase-11 in mice) recognize cytosolic lipopolysaccharide
(LPS) via CARD domain and subsequent GSDMD cleavage
which then leads to cell death (Kayagaki et al., 2011; Shi et al.,
2014; Kovacs and Miao, 2017). Inhibitors of pyroptosis include
Ac-YVAD-CMK, a caspase-1 inhibitor; MCC950, a NLRP3
inhibitor and so on. For details about pyroptosis, refer to
review of Bergsbaken et al. (2009).

Ferroptosis
Ferroptosis is a regulated cell death defined in 2012 (Dixon
et al., 2012) and is characterized by lipid peroxidation and
iron involvement, but its molecular pathway is yet to be
clearly defined. Ferroptotic cells do not show the typical
morphological characteristics of necrosis, such as cell swelling
and cell membrane rupture, but mainly display mitochondria
shrinkage, increased mitochondria membrane density and
mitochondrial cristae reduction (Yagoda et al., 2007; Yang
and Stockwell, 2008). It can be induced by the inhibition
of system Xc−, a glutamate/cystine antiporter on the cell
membrane. System Xc− helps cells to take up cysteine, which
stimulates the synthesis of GSH. This promotes the activity of
glutathione peroxidase 4 (GPX4), an antioxidative enzyme which
reduces lipid hydroperoxides and lipid ROS production in cells
(Brigelius-Flohe and Maiorino, 2013). Inhibition of System Xc−

or GPX4 activity leads to lipid ROS accumulation. Extreme
accumulation of lipid ROS is toxic to the cells and results in
ferroptosis. It’s been reported that FSP1/AIFM2 functions to
suppress ferroptosis, representing a new pathway to regulate
ferroptosis (Bersuker et al., 2019; Doll et al., 2019). Lipid
ROS scavenger, Liproxststatin-1, Ferrostatin-1, Vitamin E can
block ferroptosis. Iron chelator DFO can be used to inhibit
ferroptosis as well. For details about ferroptosis, refer to review
of Li et al. (2020).

Cellular Senescence
Cellular senescence was first identified as a stable cell cycle
exit from cell culture (Hayflick, 1965). It is now considered
as a protective stress response, which includes metabolic
reprogramming, chromatin rearrangement and autophagy
modulation (Kuilman et al., 2010). Senescent cell accumulation
could drive aging and age-related diseases (van Deursen,
2014; Childs et al., 2015). Senescent cells show enlarged cell
size, arrested growth, increased ROS levels, persistent DNA
damage response, apoptosis resistance, changes in chromatin
organization and gene expression (Ogryzko et al., 1996; Chen
et al., 2000; Hampel et al., 2004; Herbig et al., 2004). Various
biomolecules also can be released by senescent cells to exert
changes to neighboring cells, including chemokines, cytokines,
proteases, growth factors, which is called senescence-associated
secretory phenotype (SASP) (Nelson et al., 2012). Senescence
associated (SA)-β-gal can be detected in most senescent cells
and acts a marker for senescence (Dimri et al., 1995; Lee
et al., 2006). Other upregulated markers for senescence include
cell cycle regulators p16INK4a, p21, and p53 (Collado and
Serrano, 2010). Rapamycin and related mTORC1 inhibitors,
ruxolitinib, glucocorticoids and metformin can be used to inhibit

senescence. For details about senescence, refer to review of
Khosla et al. (2020).

Generally, apoptosis and regulated necrosis are different both
morphologically and molecularly. However, cross talk exists
among those pathways. For example, inflammasomes mainly
mediate pyroptosis, but also can activate Caspase-8 and induce
apoptosis (Hitomi et al., 2004; Liu and Lieberman, 2017). Also,
NLRP3 inflammasome can be activated by RIPK3 and MLKL
which then leads to IL-1β inflammatory responses (Kang et al.,
2013). In mouse erythroid precursors, GPX4 which is a key
antioxidant in ferroptosis pathway was found to also prevent
necroptosis (Canli et al., 2016). In some conditions, cells could go
through alternative pathway. Once TNFR is activated, apoptosis
happens when Caspase-8 exists but necroptosis could be induced
in the absence of Caspase-8 in cells (Fritsch et al., 2019).
Ferroptosis and necroptosis were also found to be alternative
pathways since deletion of MLKL block necroptosis and cells
will go through ferroptosis (Muller et al., 2017). Different modes
of cell death have been reported in RPE cells, depending on
the type, dosage and duration of stresses. This creates some
controversy regarding how RPE cells die response to different
stresses in AMD. A clear answer to this question could facilitate
therapeutic development for dry AMD, especially GA. Thus, we
review here the recent understanding of RPE cell senescence
and death mechanism in response to AMD-relevant stresses,
including H2O2, 4-HNE, N-retinylidene-N-retinyl-ethanolamine
(A2E), Alu RNA and Amyloid beta (Aβ). Besides those, sodium
iodate (NaIO3) induced RPE cell degeneration is also discussed
in this review. Although NaIO3 itself is not related to AMD,
this line of study would help understand the mechanism of
RPE degeneration.

DIFFERENT STRESSES IN RPE
SENESCENCE AND/OR CELL DEATH

Hydrogen Peroxide (H2O2)
Hydrogen peroxide functions during both normal metabolism
and under oxidative stress conditions (Sies and Chance, 1970).
The sources of H2O2 include one or two-electron reduction
reactions catalyzed by Noxes and other oxidases (Bedard and
Krause, 2007), as well as the complexes in the mitochondrial
respiratory chain (Brand, 2016). When not being metabolized,
H2O2 can convert to OH· via the Fenton reaction which
increases oxidative damage to the cell. It’s been reported that
prolong treatment of RPE cells with low concentration H2O2
can lead to RPE senescence. Marazita et al. (2016) found that
80% of the ARPE-19 cells exposed to 150 uM H2O2 and
cultured in maintenance medium for 10 days exhibited SA-
β-Gal positivity and increased p16INK4a and p21 expression.
Higher concentration H2O2 can lead to cell death and the mode
of cell death induced by H2O2 appears to be dependent on
its concentration. Many studies reported apoptosis is involved
in H2O2 induced RPE cell death. In Barak’s study, terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assays combine propidium Iodide (PI)/Annexin V staining were
used to detect RPE apoptosis/necrosis after exposure to H2O2
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(0.5–2.5 mM) for 16–24 h. They concluded that H2O2 at
1 mM induced mostly apoptosis and at 2.5 mM induces mostly
necrosis in ARPE-19 cells (Barak et al., 2001). Alge et al. (2002)
found increased Caspase-3 activity in H2O2 treated human RPE
cells, as determined by the chromophore p-nitroaniline (pNA)
release after its cleavage by activated Caspase-3 from the labeled
caspase-specific substrate. Zhao et al. (2019) reported increased
Caspase-3 cleavage in H2O2 treated ARPE-19 cells by Western
blotting. There are also many other studies showed apoptosis
in H2O2-treated RPE cells while some chemicals or proteins
can protect cells from apoptosis, such as taxifolin (Xie et al.,
2017), kinsenoside (Luo et al., 2018), kaempferol (Sreekumar
et al., 2005), and genipin (Zhao et al., 2019). Kim et al. (2003)
proposed that H2O2 induced both apoptosis and necrosis in RPE.
H2O2 at 400 uM was shown to induce early apoptosis in ARPE-
19 cells with condensed and fragmented nuclei. Higher H2O2
concentrations lead to late apoptotic and necrotic RPE cell death,
while concentrations above 700 uM mainly caused necrotic RPE
cell death. Chromatin condensation and marginalization were
shown in ARPE-19 cells treated with 500 uM H2O2 under
transmission electron microscope, while 600 uM H2O2 induces
organelle swelling and membrane rupture in the cells. However,
in the study of Li et al. (2010), H2O2 at 400 uM was able to
induce ARPE-19 cell death and the cells showed cell swelling, cell
membrane rupture, and nuclei condensation which are typical
features of necrosis. Our laboratory also studies the nature of
oxidative stress induced RPE cell death. In our study, typical
necrotic characteristics like PI membrane permeability, RIPK3
activation and HMGB1 release from the nucleus were shown
in ARPE-19 cells treated by 300 uM H2O2. Caspase inhibitor
z-VAD could not reduce H2O2 induced ARPE-19 cell death.
However, RIPK1 inhibition and RIPK3 knockdown significantly
rescued ARPE-19 cells from H2O2 treatment (Hanus et al.,
2013). One of the major differences between apoptosis and
necrosis is the level of cellular ATP. ATP is required for several
processes in apoptosis, including caspase activation, enzymatic
hydrolysis of macromolecules, chromatin condensation, bleb
formation and apoptotic body formation (Richter et al., 1996).
Usually, intracellular ATP levels remain unchanged during the
whole apoptotic process while ATP depletion happens in necrosis
(Eguchi et al., 1997). We found about 90 and 97% ATP depletion
in ARPE-19 cells induced by 300 and 500 uM H2O2 treatment,
respectively (Hanus et al., 2013). DNA fragmentation or Caspase-
3 cleavage was not seen in H2O2 treated RPE cells. Some
other studies also reported ATP depletion in H2O2 treated
RPE cells (Giddabasappa et al., 2010; Du et al., 2016). It has
been found that in human RPE cells, Caspase-8 mRNA and
protein levels were low compared with other cell types. Low
Caspase-8 levels may protect RPE cells from apoptosis (Yang
et al., 2007). Thus, the role of apoptosis in RPE cell death still
needs to be verified. So far, there is no report about H2O2-
induced ferroptosis in RPE cells, but a similar stress tert-butyl
hydroperoxide (tBH)-induced ferroptosis in ARPE-19 cells has
been reported (Marazita et al., 2016). More experiments are still
needed to clarify the mechanism of RPE cell death induced by
H2O2. The choice of RPE cells [ARPE-19, primary RPE cells or
induced pluripotent stem (IPS)-derived RPE cells] and culture

conditions (including cell density, differentiation status) should
be carefully controlled.

4-Hydroxynonenal (4-HNE)
Lipid peroxidation is the process that oxidants such as free
radicals attack lipids containing carbon-carbon double bonds on
the membranes of cells and/or subcellular organelles (Yin et al.,
2011). 4-HNE is one of the end products of lipid peroxidation.
Under physiologic conditions, 4-HNE usually presents at very
low concentration in plasma (0.28–0.68 µM) and a bit higher
(≤5 µM) in cells under physiologic conditions (Niki, 2009;
Schaur et al., 2015). However, its concentration can be increased
by 100 times in response to oxidative stress (Esterbauer et al.,
1991). 4-HNE concentrations also increase during aging. It was
reported in one study that plasma 4-HNE concentration was
68.9 ± 15.0 nmol/L in the young group (up to 30 yr old)
which increased to 107.4 ± 27.3 nmol/L in the elderly group
(older than 70 yr) (Gil et al., 2006). 4-HNE has protective
functions as a signaling molecule at the physiological level but
has cytotoxic effect at abnormally high levels (Ayala et al., 2014).
4-HNE accumulation is associated with cell cycle arrest, cell
differentiation and cell death (Esterbauer et al., 1991; Niki, 2009;
Shoeb et al., 2014). It can also modify histidine, cysteine, and
lysine residues of proteins and form HNE-protein adducts. 4-
HNE accumulation has been reported to be involved in the
pathology of many age-related diseases including Alzheimer’s
disease (Skoumalova and Hort, 2012), Parkinson’s disease (Kilinc
et al., 1988), and cancer (Nair et al., 2007). 4-HNE has also been
shown to be significantly increased in the retina of AMD eyes
as well as in patient plasma (Schutt et al., 2003; Ethen et al.,
2007). Ethen et al identified nineteen proteins in AMD retina
which are involved in energy production and stress response,
were consistently modified by 4-HNE regardless of stage of AMD
or retinal region (Ethen et al., 2007). Sharma et al reported that 4-
HNE induces activation, phosphorylation, and increased nuclear
accumulation of p53 in human RPE and ARPE-19 cells. Signaling
components involved in p53-mediated apoptosis were activated
as well. JNK and Caspase-3 as markers of apoptosis pathway are
both activated by 4-HNE as well (Sharma et al., 2008). It’s been
found that increased p21 expression (as a senescence marker) was
induced by 4-HNE in neuroblastoma cells (Laurora et al., 2005)
and colon cancer cells (Cerbone et al., 2007). However, whether
4-HNE could induce senescence in RPE cells hasn’t been reported
so far. Based on the definition of ferroptosis, lipid peroxidation is
believed to be involved in ferroptosis process. As one of the end
products of lipid peroxidation, 4-HNE accumulation was shown
in ferroptotic murine heart and kidney tissues (Martin-Sanchez
et al., 2017; Fang et al., 2019). It would be interesting to know
whether 4-HNE is involved in ferroptosis in RPE cells.

N-Retinylidene-N-Retinyl-Ethanolamine
(A2E)
N-retinylidene-N-retinyl-ethanolamine is a by-product of visual
cycle which is formed by the reaction of two trans-retinal
molecules with phosphatidylethanolamine (Sparrow et al.,
2003a). It is a major fluorophore identified in lipofuscin
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from aged human eyes and is accumulated in RPE with age
(Sparrow and Boulton, 2005). A2E undergoes photooxidation
and produces oxygen adducts in the presence of blue light
and oxygen (Wielgus et al., 2010), which subsequently induces
increased oxidative stress and proteins and DNA damage in RPE
cells (Ferrington et al., 2016; Sparrow et al., 2003b). Apoptosis
has been implicated in A2E accumulated RPE cells in several
studies. Shaban et al. (2001) reported A2E induced apoptosis
in RPE cells. The cells showed declined mitochondrial activity
and release of cytochrome c and apoptosis-inducing factor.
They then reported A2E leads to more severe apoptotic cell
death in cultured human RPE cells in the light compared to
those in the dark (shown by PI/Annexin-V staining). Also,
A2E induces increased H2O2 level and decreased GSH level
(Shaban et al., 2002). Sparrow and Cai (2001) observed Caspase-
3 activation (using a Caspase-3 fluorescence probe) in ARPE-19
treated with A2E and blue light while an apoptosis inhibitor
Z-DEVD-fmk decreased the numbers of apoptotic cells. Alaimo
et al. (2019) reported blue light and A2E co-treatment induces
ROS generation and increased pro-caspase-3 expression level
in ARPE-19 cells. Early and late apoptotic ARPE-19 cells were
observed after the treatment. Anderson et al found that A2E
induces upregulated IL-1β production and ASC cluster formation
in ARPE-19 cells. NLRP3 knock down and Caspase-1 inhibitor
Z-WEHD-FMK both can inhibit A2E induced IL-1β production
(Anderson et al., 2013). These are makers of pyroptosis which
may indicate the involvement of pyroptosis in the process.
Wang et al reported that A2E triggers telomere dysfunction and
accelerates cellular senescence in ARPE-19 cells (Wang et al.,
2018). They found SA-β-gal positivity and SASP in A2E treated
ARPE-19 cells, while telomerase overexpression suppressed A2E
mediated RPE cell senescence. More studies are needed to clarify
the involvement of apoptosis and pyroptosis in A2E-induced
RPE degeneration.

Alu RNA
Alu RNAs are non-coding transcripts belonging to the Alu
family of retrotransposons (Cordaux and Batzer, 2009). Free
Alu transcripts are expressed at very low levels in physiological
conditions, approximately only 102–103 molecules per cell; while
the levels increases under various stresses, such as heat shock
(Pandey et al., 2011), hyperglycemia (Wang et al., 2016) and viral
infection (Panning and Smiley, 1994). It’s been reported that Alu
RNA accumulation induces ROS production and impedes SOD2
expression in cells while higher oxidative stress leads to more
severe Alu RNA accumulation (Wang et al., 2016; Hwang et al.,
2019). Kaneko et al. (2011) found that deficiency of Dicer1, an
RNase III involved in microRNA biogenesis (Bernstein et al.,
2001), leads to cytotoxic Alu RNA accumulation in human
RPE cells and RPE degeneration in mice shown by Fundus
examination and RPE/choroid flat mount. They showed a more
than 40 folds increase in the Alu RNA levels in the RPE
of human eyes with GA but not in the neural retina. Also,
Dicer1 knockdown in human RPE cells leads to increased Alu
RNA accumulation. Subretinal injection of Alu RNA induced
RPE degeneration in wild-type mice. Caspase-3 activation was
shown in the RPE cells of Dicer1−/− mice and Alu RNA-
treated human RPE cells. These suggest Dicer1 dysregulation

induces Alu RNA accumulation and may cause apoptotic RPE
cell death in GA. Tarallo et al. (2012) from the same group
showed that Alu RNA exposure induces mitochondria ROS
production, activates NLRP3 inflammasome and triggers IL-18
secretion in RPE cells. Inhibition of NLRP3, PYCARD, Caspase-1,
or IL-18 alleviates RPE degeneration induced by Dicer1 deletion
or Alu RNA exposure. They also observed elevated NLRP3,
PYCARD, IL-18 levels and increased Caspase-1 activation in the
RPE of human eyes with GA. They showed Alu RNA led to
Caspase-1 activation in human RPE cells using both Western
blot and a fluorescent reporter of substrate cleavage. Intravitreal
delivery of the Caspase-1 inhibitor Z-WEHD-FMK, blocked
IL-18 maturation and Alu RNA induced RPE degeneration in
wild type mice. Similarly, Caspase-1−/− mice treated with Alu
RNA did not exhibit RPE degeneration. In human RPE cells
transfected with fluorescent tagged PYCARD (GFP-PYCARD),
Alu RNA treatment induced NLRP3 inflammasome activation.
Alu RNA didn’t induce RPE degeneration in either Nlrp3−/−

or Pycard−/− mice, demonstrating the critical importance of
the inflammasome in Alu RNA cytotoxicity. Pyroptosis can also
proceed independent of IL-18. However, they found that IL-18
induced RPE degeneration in Caspase-1−/− mice which couldn’t
be rescued by a pyroptosis lysis inhibitor glycine. Therefore,
they claimed that Alu RNA induced RPE degeneration does
not occur via pyroptosis. In a later paper (Kim et al., 2014),
they reported an increased total Caspase-8 protein level in the
RPE of human eyes with GA compared with healthy, age-
matched eyes. Since Caspase-8 can function either upstream or
downstream of inflammasome activation, so they tested whether
Caspase-8 is required for AluRNA induced RPE cell death and
cytokine production. They observed Caspase-8 activation in
primary human RPE cells treated with Alu RNA. RPE specific
knock out of Dicer1 as well as Alu RNA subretinal injected wild
type mice exhibited significantly greater Caspase-8 activation in
RPE/choroid tissues while blockage of Caspase-8 protects RPE
from Alu RNA toxicity. They then found that IL-18 induced RPE
degeneration can be inhibited by knockout of Caspase-8. Also,
subretinal injection of Alu RNA lead to elevated Fas ligand (FasL)
and Fas receptor expression, which are required for the cleavage
of pro-caspase 8 in RPE/choroid tissues; while Fas or FasL knock
out inhibited Alu RNA induced RPE degeneration. Caspase-
8 inhibitor failed to reduce Caspase-1 activation in Alu RNA
treated human RPE cells which indicated that Caspase-8 acted
downstream of Caspase-1. Previously, they reported Alu RNA
induced activation of Caspase-3 in human RPE cells (Kaneko
et al., 2011), a critical executioner in apoptotic cell death. In this
paper, they showed Caspase-3 activation was induced by AluRNA
in the RPE of wild type mice which could be inhibited by a
Caspase-8 inhibitor. Taken together, they claimed that Caspase-8
functions between Caspase-1 and Caspase-3 in Alu RNA-induced
RPE cell death process. In addition, they found that Nec-1, a
necroptosis inhibitor, did not protect against Alu RNA-induced
RPE degeneration. Overall, they suggest that Alu RNA/IL-18
induced Caspase-8 mediated RPE apoptosis in GA through Fas
and FasL signaling in a non-cell autonomous manner. Yamada
et al. reported that in human RPE cells, transfected with 2.5 nM
Alu RNA for 96 h showed increasing expression of P16INK4a and
SA-β-Gal positivity (senescence markers) as well as expression of
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IL-18 and IL-1β (Yamada et al., 2020). However, more studies
related to Alu RNA induced RPE cell senescence still need
to be done to elucidate the mechanisms. The probability of
pyroptosis in Alu RNA induced RPE death could be further
examined besides the pyroptosis lysis inhibitor experiment. In
addition, how Alu RNA leads to inflammasome activation could
be further studied.

Some other RNA species, such as double strand RNA (dsRNA)
analog poly(I : C), has been shown to induce necroptosis in
RPE cells. RIPK3-dependent release of HMGB1 to the vitreous
and TNF-α and IL-6 production were observed. In Rip3−/−

mice, both necrosis and inflammation were prevented. In RIPK3-
deficient RPE cells, poly(I : C)-induced necrosis was inhibited
which subsequently suppressed HMGB1 release and TNF-α and
IL-6 induction. Cleavage of caspase-3 was observed in mice retina
2 days after poly(I : C) injection. However, Z-VAD did not
show any additional significant protective effect on RPE or PRs
in WT or Rip3−/− mice after poly(I : C) injection. Therefore,
necroptosis is more crucial in dsRNA-induced RPE degeneration
(Murakami et al., 2014).

Amyloid Beta (Aβ)
Amyloid beta peptide (Aβ) is a 37 to 49 amino acid residue
peptide cleaved from amyloid precursor protein (APP) (Nunan
and Small, 2000). The C-terminal fragment of APP (C99) is
firstly generated by β-secretase cleavage, then γ-secretase cut
C99 at multiple sites to produce fragments with different lengths
that are further cleaved to the final Aβ forms. 40-amino-acid
(Aβ1-40) and the 42-amino-acid (Aβ1-42) are two of the most
abundant Aβ forms (Takami et al., 2009; Olsson et al., 2014).
Aβ1-42 has a comparatively higher propensity to form prefibrillar
aggregates and has been reported to be more toxic than Aβ1-40
(Dahlgren et al., 2002). Aβ is the main component of Amyloid
plagues which are most commonly found in the neocortex in
the brain of Alzheimer’s disease patients (Chen et al., 2017).
Aβ1-42 is believed to induce oxidative stress during Alzheimer’s
disease pathogenesis (Butterfield et al., 2013). Elevated Aβ levels
have also been found in aged retina, and Aβ is also believed
to play an role in the progression of AMD (Ohno-Matsui,
2011). Ye et al. (2018) detected apoptosis in RPE cells treated
with 60 µM Aβ25–35 (a highly toxic Aβ peptides), shown as a
significant increase in PI-negative and Annexin V-positive cells.
The level of activated Caspase-3 protein, measured by western
blotting, was markedly increased in cells treated with 60 µM
Aβ25–35 for 36 h. Liu et al. (2014) demonstrated that Aβ1−40
stimulates chronic inflammation via NF-κB activation and plays
an role in AMD pathology. They also found that Aβ1−40
induces inflammasome activation which in turn upregulates
IL-6, TNF-α, IL-1β, IL-18, Caspase-1, and NLRP3 in RPE,
choroid and neuroretina (Liu et al., 2013). Masuda et al. found
Aβ increases the level of pigment epithelium-derived factor
(PEDF) at a low concentration and thus inhibits the apoptosis
of RPE cells. At a high concentration, Aβ induces Caspase-9
cascade in RPE cells and in turn leads to cell death. It also
enhances VEGF-A transcription in RPE cells which may lead
to the occurrence of CNV (Masuda et al., 2019). Gao et al.
(2018) found that Aβ induces inflammasome activation and
activates both pyroptosis and apoptosis RPE cells. Caspase-1

immunoreactivity was enhanced by 77% in the RPE layer of
Aβ-injected rat eyes. IL-18 was elevated in the vitreous, showed
a more than six folds higher immunoreactivity and a 58%
increased band intensity in protein lysates in the RPE layer
of Aβ-injected eyes, compared to the control eyes. RPE area
was significantly increased in Aβ injected eyes, presumably due
to swelling of the RPE cells. The cleaved N-terminal fragment
of GSDMD (N-GSDMD) was increased while the uncleaved
full-length GSDMD was decreased in the RPE/choroid tissue
of Aβ-injected eyes. A higher immunoreactivity level of active
Caspase-3 was shown in PR inner segments and RPE of the
Aβ-injected eyes. X-chromosome-linked inhibitor of apoptosis
(XIAP), a classic anti-apoptosis factor, was downregulated at both
mRNA and protein levels in Aβ-injected eyes. Liu et al. (2015)
showed increased p16INK4a expression in Aβ1−42 subretinal
injected mice RPE on day 7 post-injection which indicated the
involvement of senescence. Based on these studies, apoptosis,
pyroptosis and senescence could be all related to Aβ induced RPE
degeneration. More experiments are needed to see the upstream
and downstream of the Aβ induced metabolic changes and could
give a hint about which cell death pathway is prominent. In a
clinical trial, intravenous amyloid β inhibition with GSK933776
did not slow the rate of GA enlargement compared with placebo,
and no meaningful differences relative to placebo were observed
in visual function testing over 18 months (Rosenfeld et al., 2018).
The potential of Aβ as therapeutic target for AMD should be
further clarified.

Sodium Iodate (NaIO3)
Sodium iodate injection-induced retinal degeneration displays
features similar to AMD and has been used as a RPE dystrophy
and GA model (Tang et al., 2013). NaIO3 induces ROS
production and RPE damage and cell death. The affected RPE
cells could cause secondary effects on PRs and the choriocapillaris
(Noell, 1953; Korte et al., 1984). Additionally, NaIO3 could lead to
the inhibition of enzyme activity in RPE cells and the disruption
of the blood-retina barrier (Ashburn et al., 1980; Baich and
Ziegler, 1992; Konda et al., 1994). In Mao et al. (2018) study,
Annexin-V positive ARPE-19 cells increased from 1.7 to 8.8%
during 48 h treatment with 1 mg/ml NaIO3. Increased expression
and activity of Caspase-3 and -7 (shown by Western blotting)
was also induced in NaIO3 treated ARPE-19 cells. They also
showed upregulated expression of NLRP3, Caspase-1 and IL-
1β, key molecules in pyroptosis, in NaIO3 treated ARPE-19
cells. However, co-culture with mesenchymal stem cells could
suppress these effects. Moriguchi et al. (2018) using TUNEL
staining showed that NaIO3 initially damage the RPE cells and
then the neighboring PRs, which is consistent with the results
of the Chen’s study (Chen et al., 2014). However, TUNEL assay
identifies DNA break, not just apoptotic DNA ladder formation.
Our lab has reported that 10 mM NaIO3 treatment could induce
necrosome formation in ARPE-19 cells by transfecting the cells
with a RIPK3-GFP-expressing plasmid. Under normal condition,
RIPK3 was evenly distributed in the cytoplasm. With 2 h of
10 mM NaIO3 treatment, RIPK3 formed punctuates in the
periphery region of cells which indicates necrosome formation.
We also observed the release of HMGB1 to the cytoplasm and
fragmented and clustered mitochondrial network within 4 h of
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NaIO3 treatment. Nec-1, Nec-5 and GSK’872 inhibited ARPE-
19 cell death induced by NaIO3, while Nec-7 had no protective
effect. Moreover, the pan-caspase inhibitor Z-VAD could not
protect ARPE-19 cells from NaIO3 treatment. We didn’t see
formation of inflammasomes in NaIO3-treated RPE cells. In
addition, Caspase-1 inhibitor Ac-YVAD could not rescue RPE
cells from NaIO3 treatment. Retro-orbital injection of NaIO3 at
low dose (20 mg/kg) was also performed to mouse retina to test
RPE cell death in vivo. RPE appeared swollen 72 h after the
injection. Retro-orbital PI injection followed by retinal flat mount
was then used to detect RPE necrosis in this model. PI-positive
RPE cells began to appear at 24 h after NaIO3 injection. TUNEL-
positive RPE cells started to show up at 24 h, increased at 48 h,
then decreased at 72 h. Active Caspase-3 was detected only in
PR layer but not in RPE cells by staining. RIPK3 aggregation was
observed at 24 and 48 h after retro-orbital injection with NaIO3
in a transgenic mouse line expressing human RIPK3 in RPE
cells. Also, Nec-1 inhibits RPE cell death in vivo. Based on our
results, we propose that NaIO3 could induce RIPK1- and RIPK3-
dependent necroptosis in RPE cells both in vitro and in vivo
(Hanus et al., 2016). Ma et al. (2020) found that inhibition of
thyroid hormone signaling protects RPE from NaIO3 induced
necroptosis in vivo. Although NaIO3-induced RPE cell death
cannot be completely interpreted as the mechanism of GA, the
mechanism of NaIO3-induced RPE cell death still need to be
clarified which could provide clues to understand how RPE could
die and how RPE-damage mediates PRs and choriocapillaris
damage in the context of GA.

CONCLUSION MARKS AND FUTURE
DIRECTIONS

Retinal pigment epithelial cells are critical for metabolism and
homeostasis of retina. However, they are vulnerable to oxidative
stress and other relevant stresses due to high metabolism, high
exposure to light, oxidized POS and PUFAs. Together with
aging, this could lead to RPE dysfunction, degeneration and
AMD pathogenesis. Although apoptosis was initially suggested
as the major mechanism of RPE cell death, RPE senescence
and different modes of cell death has been recently studied
in RPE cells under different AMD-relevant stress conditions.
Different modes of cell death have been reported in RPE cells
in response to H2O2, 4-HNE, NaIO3, A2E, Alu RNA, and Aβ,
depending on the experimental conditions. Although apoptosis
has been reported in RPE cells by all the stressors listed above,
necrosis was also reported from recent studies, making the
problem murky. For example, H2O2, NaIO3, and dsRNA could
induce necroptosis, 4-HNE could induce ferroptosis, while Alu

RNA, A2E, and Amyloid-β could induce pyroptosis. Moreover,
all these stressors could induce RPE senescence. The actual
fate of RPE cells in response to stresses likely depends on the
type, dosage and duration of the stressors. In order to develop
targeted therapy for AMD, it is important to identify the types
of RPE cell death in response to stresses, since the implications
from different cell deaths are different. For example, necrosis
is inflammatory, but apoptosis is not. Further experiments are
needed to ascertain the RPE cell fate and mechanism of RPE
senescence and death in vivo and in AMD patients. Rounding,
dissociation and sloughing of RPE cells have been observed in
human atrophic AMD samples (Sarks et al., 1988; Curcio et al.,
2017). The nature of RPE cell degeneration and death in AMD
needs further study, although TUNEL positive “apoptotic” RPE
cells were observed at the edge of atrophic areas in AMD (Dunaief
et al., 2002). TUNEL assay has been used to identify apoptosis
but it only detects DNA break that could happen in other
types of cell death. A battery of molecular markers is needed to
unequivocally determine the mechanism of RPE cell senescence
and death in AMD. Also, oxidative stress has an interrelated
relationship with inflammation. A bunch of inflammatory factors
and cytokines could be activated in the context of oxidative stress
which then leads to severer oxidants produce and subsequent cell
death or senescence (Chatterjee, 2016). Thus, in future studies,
it is also worthful to clarify the relationship between different
stresses/cell death pathways and inflammation. Moreover, some
of the in vitro and in vivo studies could be revisited with the
more complete toolsets to clarify different modes of cell death.
Regarding therapeutic development, caution should be taken
whether alternative cell death pathway could be triggered if one
type of cell death is inhibited. Cell-type specific mechanism of cell
death should also be considered when performing mechanistic
and therapeutic studies. For example, post-mitotic cells, like RPE
cells that have limited regeneration potential, could be more
resistant to apoptosis in vivo (Annis et al., 2016).
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