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ABSTRACT: Aging is one of the most serious risk factors for glaucoma, and according to age-standardized
prevalence, glaucoma is the second leading cause of legal blindness worldwide. Cellular senescence is a hallmark
of aging that is defined by a stable exit from the cell cycle in response to cellular damage and stress. The potential
mechanisms underlying glaucomatous cellular senescence include oxidative stress, DNA damage, mitochondrial
dysfunction, defective autophagy/mitophagy, and epigenetic modifications. These phenotypes interact and
generate a sufficiently stable network to maintain the cell senescent state. Senescent trabecular meshwork (TM)
cells, retinal ganglion cells (RGCs) and vascular endothelial cells reportedly accumulate with age and stress and
may contribute to glaucoma pathologies. Therapies targeting the suppression or elimination of senescent cells
have been found to ameliorate RGC death and improve vision in glaucoma models, suggesting the pivotal role of
cellular senescence in the pathophysiology of glaucoma. In this review, we explore the biological links between
aging and glaucoma, specifically delving into cellular senescence. Moreover, we summarize the current data on
cellular senescence in key target cells associated with the development and clinical phenotypes of glaucoma.
Finally, we discuss the therapeutic potential of targeting cellular senescence for the management of glaucoma.
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1. Introduction: aging and glaucoma are intimately
linked

Globally, glaucoma causes irreversible blindness
(distance visual acuity worse than 3/60) and permanent
vision loss as a result of accelerated retinal ganglion cell
(RGC) death, axonal degeneration, and optic nerve
function damage [1]. This ocular disease encompasses a
group of optic neuropathies of which primary open angle
glaucoma (POAG) is the most common [2]. Several risk
factors, including elevated intraocular pressure (IOP),
advanced age, and genetics, have been reported to
contribute to the development of glaucoma, among which
age has consistently been identified by several
epidemiological studies as a major risk factor [3-5].
According to age-standardized prevalence, glaucoma is
the second leading cause of legal blindness worldwide and

also causes substantial disability before blindness;
however, it remains undertreated [6]. Despite this
situation, the mechanisms underlying the specific increase
in the vulnerability of RGCs to glaucomatous damage as
people age remain unclear.

A decrease in the anterior segment outflow facility
concomitant with an age-related increase in the
prevalence of glaucoma has been reported [7]. The
malfunction of the anterior segment outflow tissue, which
includes the trabecular meshwork (TM) and Schlemm’s
canal, may contribute to the increase in IOP and be
associated with most forms of glaucoma [8]. Aging results
in a reduction in the number of cells in the outflow system
of the normal eye, which is associated with some of the
structural changes that occur as we age, such as trabecular
thickening and fusion [9, 10]. Compared with age-
matched controls, patients with POAG have been found
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to lose a greater number of TM cells as they age [11, 12].
Moreover, it has been suggested that the absence of TM
cells, followed by their replacement with extracellular
matrix (ECM) leads to increased resistance to fluid
outflow in these patients, thus triggering an increase in
IOP [13]. Furthermore, it has been proposed that type VI
collagen plays a role in cell-ECM interactions in the TM,
with its abnormal accumulation in glaucomatous and
aging eyes probably indicating a defect in the trabecular
cells [14].

RGCs are retinal neurons that transmit visual
information to the brain through long axons [15]. As the
function of the aqueous humor outflow apparatus
decreases, the number of RGCs in the retina also
decreases [16]. In addition, many studies have indicated
that the number of RGC axons decreases with aging.
Axon loss is estimated at approximately 4500 axons per
year in both humans and rhesus monkeys [17]. It appears
that the RGCs undergo a period of adaptation and
dysfunction prior to irreversible cell apoptosis [18].
However, clinical and rodent studies have demonstrated,
however, that older eyes have greater RGC functional
deficits when the IOP is elevated acutely [19, 20]. Studies
have also demonstrated that the thickness of the nerve
fiber layer decreases with age in normal individuals.
Furthermore, aging contributes to an abnormal ocular
blood flow, blood vessels narrowing, and endothelial
dysfunction [21, 22]. Moreover, a close association
between these features and the development of glaucoma
has been reported [23]. In light of these findings, it is
believed that glaucoma is pathophysiologically related to
aging.

It must be recognized that aging alone does not lead
to diseases. There is a greater likelihood that aging, as a
result of a series of changes, leads to a more fragile
vascular system, connective tissue, and RGCs, which
means greater vulnerability to insults and higher risk for
glaucoma development over time. Moreover, the speed
and extent of the insults are modulated by genes and
environmental factors that determine an individual’s
aging process [24]. Despite the limited understanding of
the aging process and its biological mechanisms, studies
conducted over the last few decades have identified
common molecular and cellular hallmarks associated with
aging, including genomic instability, telomere attrition,
epigenetic changes, proteostasis loss, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, and altered intercellular
communication [25]. The identification of hallmarks of
aging facilitates the conceptualization of aging research
and raises the prospect of impeding various age-related
diseases by targeting the aging process. Among these
hallmarks, cellular senescence has attracted considerable
attentions since it is not only directly implicated as a

major direct driver of aging and age-related diseases, but
also as a potential druggable mechanism involved in the
prevention or treatment of multiple aging comorbidities.
However, the role of cellular senescence plays in the
pathogenesis and treatment of glaucoma hasn’t been
adequately explored.

In this review, we delve into cellular senescence,
which is a homeostatic biological process that plays a key
role in driving aging and age-related diseases, to figure
out its biological mechanisms underlying glaucoma
pathogenesis and potential as a promising target for
glaucoma treatment [26].

2. Cellular senescence

As reported previously, fibroblasts have a limited
replication capacity, suggesting that aging also occurs at
the cellular level [27]. This phenomenon is currently
known as cellular senescence and represents a state of
irreversible growth arrest and resistance to cell apoptosis
in response to cellular damage and stress. Senescent cells
become enlarged with a flattened morphology and lose
their proliferative capacity irreversibly. In several age-
related diseases, including glaucoma, the accumulation of
senescent cells causes aging and loss of tissue function
[28]. Cellular senescence can be classified into several
types according to the initial senescence-inducing signals;

i.e.,, replicative senescence (RS), stress-induced
premature  senescence  (SIPS), oncogene-induced
senescence, therapy-induced senescence, secondary

senescence and post-mitotic cell senescence [29]. Cellular
senescence is characterized by multiple interconnected
hallmarks, including cell cycle arrest, senescence-
associated secretory phenotype (SASP), macromolecular
damage, and deregulated metabolism, regardless of the
type of senescence [30] (Fig. 1). SIPS and RS are the two
main forms of cellular senescence, which refer to the
irreversible cessation of cell growth and division, and both
are dependent on two major pathways. In the first
pathway, p53 and p21WAF! are activated by the
occurrence of DNA damage, or telomere damage/
shortening. In turn, the second pathway involves the
accumulation of p16'™X% via mitogen-activated protein
kinase (MAPK) signaling as an intermediate step [31].
However, these two types of cellular senescence differ in
their underlying causes and mechanisms. RS is induced
by telomere erosion and DNA damage responses (DDRs),
whereas SIPS can be elicited by other stressors, including
but not limited to oxidative stress, radiation, mutagens,
cytokines, epigenetic changes and genomic instability
[26, 32]. Although RS was traditionally thought to be
dependent on telomere shortening, and SIPS was believed
to be a telomere-length-independent process, recent
research indicates that there is sometimes a blurry line
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between these two types of senescence [30, 33]. In
addition to shortening telomeres and triggering RS
prematurely, stress factors may also cause telomere
uncapping without shortening, thereby leading to
telomere-dependent SIPS [33]. Accordingly, it has been
suggested that all forms of senescence are caused by
cellular stress responses, which has now become

generally accepted. Despite the fact that the exact types of
cellular senescence that contribute to the disease process
in glaucoma remain unknown, it has been suggested that
the accumulation of senescent cells in glaucoma with age
may mainly result from exposure to stress factors, rather
than RS [7, 34].
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Figure 1. Causes and consequences of cellular senescence. Cellular senescence is a complex process triggered by a myriad of
pro-senescent stimuli related to ageing, such as radiation, oxidative stress, mutagens, DNA damage, cytokines, telomere erosion,
among others. SIPS and RS are the two main forms of cellular senescence and result in accumulation of senescent cells. This occurs
in ageing and neurodegeneration and leads to cell cycle arrest, SASP, macromolecular damage, and deregulated metabolism, which
may ultimately contribute to organ and tissue decline. SASP, senescence-associated secretory phenotype; RS, replicative

senescence; SIPS, stress-induced premature senescence.
2.1 Evidence of cellular senescence in aging

As mentioned earlier, cellular senescence is a key
manifestation of aging at the cellular level and defined as
a cellular response to a wide variety of stresses. In aging
tissues, the accumulation of senescent cells is irreversible,
as cellular damage accumulates over time, and is
accompanied by a decline in immune function and
intracellular homeostasis [35]. Various tissues of elderly
individuals as well as individuals with premature aging
syndromes have been reported to contain senescent cells

[36-38]. In fact, several studies have indicated that
cellular senescence can be caused or accompanied by
multiple processes, including DNA damage, oncogenic
mutations, production of reactive metabolites, and
proteotoxic stress, that are also associated with aging [39-
41].

Recent studies have been shown that the removal of
senescent cells may delay the onset of age-related diseases
[37, 42-44]. Inducible elimination of p16'K*-positive
senescent cells was achieved using a novel transgene,
INK-ATTAC, after drug administration [42]. In addition,
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the selective elimination of senescent cells from mice
aged >1 year extended the life expectancy of these
animals and delayed age-related cellular and tissue
dysfunction [37]. Moreover, the removal of p16'NK%.
positive cells also reduced the deterioration of several
organs, including the kidneys, heart, and fat, as a result of
aging [37]. Using a similar line of investigation, another
recent study demonstrated that the clearance of p16'NK42-
positive senescent astrocytes and microglia halted
neurodegeneration and preserved cognitive function by
reducing the accumulation of aberrantly hyper-
phosphorylated of tau protein [43]. Thus, cellular
senescence may be crucial in the process of
neurodegenerative diseases associated with aging.

2.2 Mechanisms of cellular senescence

The retina is comprised largely of highly specialized post-
mitotic cells, including retinal pigment epithelial cells,
photoreceptors and RGCs, which have high metabolic
activity and oxygen consumption [45]. Thus, it is
susceptible to oxidative stress, cellular hypoxia and other
concomitant aging processes including DNA damage,
mitochondrial ~ dysfunction, defective  autophagy,
epigenetic factors, and chronic inflammation [46-48].
These phenotypes either partially or completely
participate and interplay in senescence, forming positive
feedback loops that trigger, develop, and maintain the
senescent cell state, thus may predispose to glaucomatous
injury. In this section, the potential mechanisms of
glaucomatous cellular senescence are mainly discussed.

2.2.1 Oxidative stress

It has been established that oxidative stress is a key factor
in accelerated aging, as the formation of reactive oxygen
species (ROS) during normal oxygen metabolism causes
oxidative damage to the cells, which accelerates the
process of cellular senescence and ultimately quickens the
aging process [49, 50]. Increased ROS may be a result of
the reduced activity of Nuclear Factor erythroid 2-Related
Factor 2, an antioxidant regulating transcription factor
[51]. Different pathways involved in cellular senescence
are driven by ROS, such as the activation of MAPK
signaling pathway, PI3K-AKT-mTOR pathway, and the
transforming growth factor-B (TGF-B) pathway, all of
which result in p15, p21 and p27 upregulation [52-54].

It is believed that a reduction in oxygen supply and
irregularities in vascular perfusion contribute to oxidative
damage in glaucoma [55]. Patients with glaucoma exhibit
elevated levels of oxidative stress markers, particularly
malondialdehyde, in the serum and aqueous humor. In
addition, some anti—oxidative stress markers were found
to be elevated in aqueous humor, indicating that the eye

may respond to oxidative stress in a protective manner
[56]. Another recent study demonstrated that a sudden and
marked increase in IOP in glaucoma led to an increase in
the levels of oxidative stress markers and premature
senescence markers in the anterior segment; moreover,
the levels of oxidative stress markers were positively
correlated with the peak preoperative IOP and age [57].
The gradual accumulation of evidence suggests that
oxidative stress is an important contributor to the damage
to the TM and RGCs in glaucoma [56, 58, 59]. A high
level of the metabolic products of lipid peroxidation and
DNA adducts has been reported in the TM, which can
activate senescence markers such as p16'N%% and p21,
resulting in the accumulation of senescent cells [60, 61].
The reduction of the expression and activity of antioxidant
proteins, such as peroxidase 6 (Prdx6), resulted in the
accumulation of ROS and pathological changes in aging
or glaucomatous TM cells, whereas the overexpression of
Prdx6 reduced the accumulation of senescent cells by
inhibiting oxidative stress [61]. In addition, researchers
have proposed that an intracellular ROS superoxide burst
could be responsible for triggering RGC death following
axonal injury [62, 63]. Intraocular oxidative stress can
damage the RGC directly or indirectly by triggering
caspase activation [64]. Surprisingly, senescent cells in
the optic nerve and TM can disrupt the tissue
microenvironment by producing ROS [34]. By increasing
ROS production, senescent cells may cause adjacent
nonsenescent cells to malfunction, which may lead to the
development of glaucoma [65, 66]. These findings
suggest the interesting possibility that oxidative stress is
responsible for both the onset and progression of
glaucoma.

2.2.2 DNA damage and DDR activation

A coordinated series of events known as DDR occur in
response to DNA damage. Histone H2AX phosphorylated
on Ser139 (yH2A.X), which is a signal that facilitates the
focal assembly of checkpoint and DNA repair factors after
DNA damage, is an indicator of DDR [67]. Persistent
DDR is one of the main characteristics of senescent cells
[68, 69]. When DNA damage occurs, the kinase cascade
is activated, initially involving the serine/threonine-
nonspecific kinases ATM and ATR [70], followed by the
checkpoint serine/threonine kinases CHK1 and CHK2,
which ultimately lead to the activation of the p53/p21
signaling pathway [71, 72]. The production of ROS, either
directly from hydrogen peroxide exposure or indirectly
via endogenous production (i.e., mitochondrial
dysfunction, as detailed in subsection 2.2.3), can cause
DNA damage, the activation of DDR and cell senescence
[73, 74]. In addition, DDR may also play a role in
initiating the development of SASP via the activation of
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the nuclear factor-kappa B (NF-kB) transcription factor
pathway, which is the most characteristic functional
feature of cellular senescence [75, 76].

Increasing evidence indicates that DNA damage
may provide a pathway that links the risk factors of
glaucoma and RGC death. As evidenced by both RNA
sequencing and y-H2A.X immunostaining in the DBA/2J
(D2) mouse model (a classic model of chronic inherited
glaucoma), ROS and DNA damage were increased within
RGCs early in the disease process [77]. Moreover, 8-
hydroxy-2'-deoxyguanosine (8-OH-dG) and 8-hydro-
xyguanosine (8-OHG) are biomarkers of oxidative
damage in DNA and RNA, respectively [78]. Previous
studies using human samples showed that 8-OH-dG was
increased in the serum, aqueous humor, and TM
specimens from patients with glaucoma compared with
controls [79, 80]. Similarly, in a laser-induced chronic
glaucoma model in rhesus monkeys, 8-OHG and YH2A.X
levels were found to be much higher than those in their
control counterparts in different regions of neurons, which
ultimately led to neuronal apoptosis and autophagy
activation [81]. In turn, 8-OH-dG and 8-OHG were also
upregulated in RGCs, suggesting that an elevated 10P
increases the level of oxidatively damaged DNA/RNA,
which may contribute to the progression of glaucoma
[82]. However, further research is needed to determine
whether DDR activation in glaucoma contributes to
glaucomatous RGC degeneration by causing cellular
senescence.

2.2.3 Mitochondrial dysfunction

An array of cellular functions is carried out by
mitochondria, including (1) regulating intracellular
calcium levels, which affect intracellular signaling,
neuronal excitability, and synaptic transmission as well as
(2) maintaining cellular homeostasis and metabolic
functions, including oxidative energy metabolism [83].
Many pathological conditions associated with aging,
including cancer, neurodegenerative diseases, and
metabolic disorders, are associated with impaired
mitochondrial function and morphology [84]. Many
features of the senescent phenotype, especially the
secretion of SASP, can be reversed by mitochondrial
ablation [85]. The DDR can initiate mitochondrial
dysfunction via the p38 MAPK and TGF-p pathways or
by SASP via the upregulation of NF-xB. Because of the
elevated levels of ROS caused by mitochondrial
dysfunction, additional DNA damage and SASP secretion
were triggered, which ultimately resulted in the
establishment of positive feedback loops that stabilize
senescence [86, 87]. To generate membrane potentials,
neurons require an abundance of adenosine triphosphate
(ATP) to regulate ion gradients across membranes.

Mitochondrial dysfunction develops with age and is
associated with the degeneration of all neuronal cell types.
Of note, mitochondria are primarily concentrated in the
unmyelinated regions of mammalian RGC axons, where
many mitochondria are essential for the transmission of
information to the brain [88]. An analysis of the
metabolomics profiling of POAG indicated that the
presence of mitochondrial dysfunction and senescence-
like alteration was strongly associated with glaucoma
[89]. Furthermore, because there was no significant
difference in age between patients with POAG and
controls, it is tempting to speculate that premature
mitochondrial dysfunction contributes to POAG risk by
increasing the aging phenotype. A further independent
study of the involvement of mitochondria in glaucoma has
been conducted in D2 mice, which revealed that, with age,
the retinal levels of nicotinamide adenine dinucleotide
(NAD*, a key molecule in energy and redox metabolism)
decreased, thus rendering neurons more susceptible to
disease-related insults [77]. This finding also illustrated
the contention that mitochondrial dysfunction may
precede the onset of neurodegeneration in RGCs.

In addition, mitochondrial DNA (mtDNA) deletions
or mutations have been found to be associated with aging
and age-related diseases [90]. The accumulation of
somatic mtDNA mutations that occur with aging leads to
a loss of mitochondrial function. The resultant decline in
energy capacity, increase in oxidative damage, and
increase in apoptosis lead to cellular loss, resulting in
organ failure [91]. However, it remains unclear how
mtDNA mutations accumulate and how they are relevant
to aging, as mtDNA mutations are present at relatively
low overall levels in normal aging tissues. Whether
genetic variation in mitochondria plays a role in POAG
has been investigated by conducting an association
analysis of mitochondrial SNPs and haplogroups in 721
patients with POAG and 1951 healthy individuals [92].
MT-ND4 and MT-CYB mutations in the mtDNA were
found to alter mitochondrial respiratory chain function
and lead to changes in cellular energy metabolism, which
may play a role in optic neuropathy or glaucoma [92].
Mouse models that accumulate high levels of mtDNA
mutations because of impairments in the proofreading
function of mitochondrial polymerase ¢ (PolG) reportedly
develop phenotypes consistent with accelerated aging [93,
94]. The PolG transgenic mice exhibited accelerated-age-
related loss of retinal function, as measured by dark-
adapted electroretinogram, as well as increased neuronal
vulnerability to external stresses, such as an acutely
elevated IOP [94]. However, further experimental
evidence is still required to fully elucidate the role of
accumulated mtDNA mutations in the promotion of
cellular senescence in glaucoma.
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2.2.4 Defective autophagy/mitophagy

As a physiological necessity, autophagy normally
maintains cell survival, development, and intracellular
homeostasis by degrading abnormal substances, including
misfolded or aggregated proteins, damaged mitochondria,
excess or damaged lipids, and other cellular debris and
malfunctioning organelles, especially in situations of
starvation or other stresses [95]. Autophagy appears to
become defective in autophagy with aging, in association
with changes in the activation status of the mechanistic
target of rapamycin (mTOR) and adenosine 5'-
monophosphate-activated protein kinase pathways [96,
97]. Dysregulation of autophagy has been implicated in a
wide range of diseases, including glaucoma [98, 99].
Recent evidence has shown that the autophagic process
becomes dysfunctional during the progression of
glaucoma, regardless of the presence of many autophagy-
stimulating factors (e.g., ROS, oxidized lipids, and
cytokines) present [3, 98]. Senescence-associated beta-
galactosidase (SA-B-gal), which indicated an abnormal
activity of the lysosomal enzyme B-galactosidase at pH
6.0, is a frequently used marker of senescence [33].
Glaucomatous TM cells showed increased SA-B-gal
staining and cellular lipofuscin, along with a reduced
LC3-II/LC3-I ratio [100]. Autophagy was not activated
after exposure of glaucomatous cells to hyperoxia, which
indicates a dysregulated autophagic capacity. Another
recent study indicated defective autophagy in TM cells in
D2 mice, characterized by increased levels of p62/
SQSTM-1 (an autophagy receptor) [101]. Itis thought that
p62 serves as a marker of autophagy flux, as it normally
interacts with LC3-Il for degradation, but accumulates
when autophagy is inhibited [102]. Furthermore, after
exposure to glaucoma-related stimuli, high levels of
MTOR activity and p62 in RGCs, along with low levels
of the autophagy-related proteins ATG12-ATG5 and
ATG4 and of the BECN1/Beclinl and LC3-11/LC3-I
ratios, may lead to the impairment of the autophagic flux,
thereby accelerating the loss of RGCs [103]. Defective
autophagy can cause damage to the outflow path of the
TM, thus promoting the death of RGCs, which in turn
contributes to the deterioration of glaucoma.
Furthermore, defective autophagy is associated with
a shift in the cell phenotype to senescent cells, which
contributes to a loss of tissue homeostasis. In several
organisms, the activation of autophagy has been shown to
increase longevity and exert geroprotective effects [104].
It has been demonstrated in various animal models that
rapamycin, which is an mTOR inhibitor that activates
autophagy, extends the lifespan and reduces markers of
senescence and SASPs [105]. A previous study showed
that pharmacological inhibition of autophagy reduced
upregulation of SA-B-gal, indicating that the occurrence

of SA-B-gal is mediated by autophagy [106]. In light of
these findings, the modulation of autophagy has been
proposed as a targeted therapeutic approach for
preventing aging or treating aging-related diseases,
including glaucoma. However, future studies should
attempt to explore the mechanisms linking defective
autophagy to cellular senescence in glaucoma.

Not only soluble cell fractions such as proteins are
degraded via autophagy, but also organelles, such as
mitochondria, during selective autophagy [107, 108].
GATA4 is a zinc-finger transcription factor that links
downstream NF-kB activation with upstream DNA
damage, thereby forming a pathway for regulating cellular
senescence [109]. GATA4 is normally degraded by
selective autophagy mediated by p62, while in conditions
of defective autophagy, accumulated GATA4 is
responsible for activating the NF-xB pathway and thus
contributing to SASP regulation [109]. However, there is
a need for further exploration of whether GATA4 and
selective autophagy play a vital role in the pathogenesis
of glaucoma. PTEN-induced kinase 1 (PINK1)/Parkin
RBR E3 ubiquitin-protein ligase (PARKIN) signaling-
induced mitophagy is one of the best-described forms of
selective  autophagy, partly because mitophagy
dysfunction is linked to various pathologies, including
neurodegenerative diseases and age-related ocular
diseases [110]. Mitophagy is reduced in aged cells, which
leads to dysfunctional mitochondrial accumulation and
ROS-induced senescence [111]. In fact, PINKI1-
PARKIN-mediated mitophagy plays a crucial regulatory
role in attenuating cellular senescence in several diseases
[112-114]. Although strong findings of reduced
mitophagy were not obtained in D2 mice, several recent
studies have demonstrated the protective effect of
promoting PINK1/PARKIN-mediated mitophagy in
RGCs in models of glaucoma (Table 1) [115-117].
Optineurin (OPTN) is a receptor that facilitates the
PARKIN-mediated mitophagy pathway, with mutations
in OPTN resulting in POAG [118, 119]. Transgenic mice
expressing ES0K-OPTN were reported to have elevated
levels of LC3-Il and loss of RGCs with aging [120].
Furthermore, analyses revealed that ESOK-OPTN mice
exhibited dysfunction of the autophagy-lysosome
pathway, decreased number of mitochondria, and
increased formation of autophagosomes, implying that
mitophagy is responsible for the death of RGCs (Table 1)
[120, 121]. Interestingly, another glaucoma-associated
variant of OPTN, M98K, also triggered autophagy-
dependent retinal cell death [122]. However, a recent
study indicated that mutations in OPTN may cause
glaucoma via mechanisms other than defective mitophagy
[123]. Therefore, the identification of novel treatment
options for glaucoma may depend on understanding how
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mitophagy functions different

conditions.

in glaucoma under

Table 1. Effects of promoting or inhibiting mitophagy on RGC in models of glaucoma.

Organism  Model Assay Conditions

Mouse Microbead model that Mitochondrial UCP2
elevates IOP knock-out

Rat Chronic model induced by ~ Overexpression of
translimbal laser OPA1
photocoagulation of the
™

Rat Chronic model induced by ~ Overexpression of
translimbal laser PARKIN
photocoagulation of the
™

Mouse OPTN E50K mutant OPTN E50K knock

mouse model in

Reference
[115]

Effects in glaucoma

TMitophagy

|Oxidative stress

|RGC loss

|RGC cytotoxicity and apoptosis
tMitochondria fusion and mitophagy
TRGC survival

[116]

IRGC loss

|GFAP expression

1Optineurin expression

TMitochondrial health and partially restored
dysfunction of mitophagy

tthe Bax pathway and oxidative stress

| Mitochondria

tAutophagosome formation

1 Autophagy-lysosome pathway dysfunction

[117]

[120, 121]

UCP2, Uncoupling Protein 2; OPA1, Optic Atrophy Type 1; PARKIN, Parkin RBR E3 ubiquitin-protein ligase; IOP, intraocular pressure; RGC,
Retinal ganglion cell; GFAP, Glial fibrillary acidic protein; TM, Trabecular meshwork; OPTN, Optineurin.

2.2.5 Epigenetic modifications

Epigenetic reprogramming and chromatin reorganization
occur during senescence, accompanied by a decline in
organismal functions [124]. DNA methylation (i.e., the
presence of methyl groups at CpG dinucleotides) is the
best-studied marker of epigenetic reprogramming in
senescence; furthermore, altered DNA methylation
(generally low levels) can cause various diseases of aging,
including cancer and degenerative diseases [125, 126].
Moreover, DNA methylation promotes mitochondrial
dysfunction and SASP production, in turn stabilizing
other senescence building blocks [127, 128]. A recent
study has established the first direct connection between a
defective epigenetic regulatory machinery and genetic
forms of optic nerve degeneration [129]. It reported a
splicing mutation in the methyltransferase-like 23
(METTL23) gene, which encodes a histone arginine
methyltransferase, in a Japanese family spanning three
generations of patients with normal tension glaucoma.
METTL23 deficiency suppresses H3R17 dimethylation
and ultimately triggers NF-kB-mediated inflammation;
thus, it can be speculated that METTL23 mutation may
lead to SASP production and the subsequent aging
phenotypes. A greater effort should be made to establish
more cogent evidence to prove that DNA methylation
directly contributes to the pathologies of cellular
senescence.

Furthermore, the extensive and expanding realm of
non-coding RNAs (ncRNAs), such as long non-coding
RNAs (IncRNAs), microRNAs (miRNAs), and circular
RNAs, has emerged as influential epigenetic factors

capable of exerting an impact on the aging process [130].
However, the majority of studies have predominantly
concentrated on miRNAs. Through their interaction with
the 3' untranslated region of MRNA molecules, miRNAs
play a crucial role in regulating the translation of specific
genes that typically promote cellular livelihood, thus
become a central focus of research concerning cellular
senescence [131, 132]. Despite the limitation of research
in this area, an increasing body of evidence in recent years
has shed light on the link between ncRNAs and gene
expression related to the senescent phenotype (as detailed
in section 3) [133, 134].

3. Roles of cellular senescence related molecules in
glaucoma

Increasing evidence suggests the close connection
between pathways involved in cellular senescence with
glaucoma. The major risk factors for the development of
glaucoma are high IOP and age, both of which are
associated with an increased burden of senescent cells [1,
135]. As a general rule, senescent cells are primarily
responsible for causing degenerative changes through
secreted SASP, which in turn promotes the maintenance
and diffusion of senescence via autocrine and paracrine
mechanisms [39, 136]. This section discusses the roles of
several representative cells, including TM cells (Fig. 2),
RGCs (Fig. 3), and vascular endothelial cells (Fig. 4), in
the maintenance of intraocular homeostasis as well as the
roles of cellular senescence-related molecules in these
cells in glaucoma. Furthermore, it summarizes the current
knowledge regarding cellular senescence in key target
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cells involved in the development and clinical

characteristics of glaucoma.
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Figure 2. Schematic representation of pro-senescence mechanisms in TM cells. The prevention of Prdx6 increases the
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3.1 Senescent Cells and Degenerative Phenotypes

Senescent cells have been implicated in numerous age-
associated degenerative phenotypes, encompassing both
normal and pathological conditions. Extensive evidence
suggests that senescent cells play a pivotal role in driving
degenerative changes, primarily through the secretion of
proteins, collectively referred to as the SASPs. In the
mouse model of ocular hypertension and in human
glaucomatous retinas, researchers observed an elevation
in the presence of senescent cells [70]. Aged retinas
exhibit a heightened susceptibility to respond more
vigorously to stress associated with IOP compared to
young tissues [137]. Consequently, they are more prone
to sustaining damage in forms of inflammation and
senescence, which entails the secretion of SASPs and
destabilization of the extracellular matrix. Moreover,
repeated mild stresses exerted on young retinas have been
found to accelerate DNA methylation age, indicating a
direct influence of repetitive stress on retinal senescence
[137]. IL-6, IL-1B, TL-8, CCL2, and other specific

components of the SASP have been identified as
influential factors that reinforce senescence [46]. Their
release has been observed in human glaucomatous retinas
or animal models of glaucoma, thereby contributing to
chronic inflammation and subsequently leading to the
death of RGCs and, ultimately, vision loss [22, 70, 138,
139].

Furthermore, senescent cells can elicit a senescence
response through autocrine reinforcement or paracrine
transmission, which may elucidate certain deleterious
effects associated with the aberrant accumulation of
senescent cells during aging [140]. In the retinal ischemia
model, RGCs exhibited the initial expression of
senescence markers following stress, with senescence
subsequently propagating from neurons to retinal
microglial cells and the vasculature through bystander
signals [22]. Moreover, upon 30 mmHg TOP elevation,
various cell types in addition to RGCs demonstrated
expressions of several senescence-associated hallmarks,
indicating the paracrine nature of senescence [137].
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3.2 TM cells

Patients with glaucoma exhibit a significant increase in
senescent cells in the outflow pathway, which may lead to
resistance to atrial outflow, and consequently, an increase
in IOP. The intensity of SA-B-gal staining in tissues from
glaucoma donors was found to be significantly increased,
particularly in the cornea and outflow pathway [34]. In
vitro, a biochemical analysis of aged and glaucomatous
TM cells has revealed increased levels of the senescence
markers, p16 and p21, with increased SA-B-gal activity,
accompanied by a reduction in telomerase activity [61].
The expression of miRNAs is related to the induction of
RS and SIPS in TM cells. An increase in miR-146a
expression in senescent TM cells may serve as a
preventative measure against the excessive production of
inflammatory mediators, thus limiting some of the
potentially deleterious effects of the SASP on the
physiology of TM cells [138]. Another study reported that
the downregulation of miR-106a may promote some of

the characteristics of aging cells by upregulating p21 in
oxidative stress-induced SIPS in TM cells [133]. The
proteasome alleviates the effects of oxidative stress by
eliminating the misfolded proteins generated via both
direct damage to DNA caused by ROS and oxidative
covalent modification of previously synthesized proteins
[141, 142]. Chronic oxidative stress results in a significant
decrease in proteasome activity, which is associated with
an increase in senescent cells among TM cells [143]. It
has been noted that proteasome expression decreases with
aging in other tissues, which could be attributed to the
appearance of senescent cells [144, 145]. Moreover, as
mentioned above, Prdx6 limited the levels of ROS, thus
preventing overstimulation of p21, pl6, and resultant
deleterious effects [61]. These results indicate that
oxidative stress-induced cellular senescence may impair
the intracellular proteasome system and the ability to
regulate outflow resistance, leading to malfunction of the
outflow pathway. Furthermore, a recent study has found
that senescence leads to the stiffening of TM cells, which
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is accompanied by upregulation of vimentin, F-actin, and
Whnt antagonists, such as secreted frizzled related protein-
1 (SFRP1) [146]. It is likely that senescence and the
resulting SFRP1 expression trigger further senescence
and stiffening in neighboring cells, which would promote
and spread the senescent phenotype and potentially lead
to an increase in IOP and glaucoma progression. A
previous study showed that, in steroid-induced glaucoma,
cellular senescence exhibited the top enrichment scores in
pathway analyses and was the key factor in steroid-

induced IOP elevation [134]. The long noncoding RNA
ANRIL is involved in the regulation of senescence
through the repression of its neighboring gene p15 [147,
148]. ANRIL deficiency in cultured TM cells and mouse
models yields similar senescence phenotypes, whereas
p15 suppression helps TM cells combat steroid-induced
lesions. These findings suggest that cellular senescence
may play a significant role in mainstream types of
glaucoma.
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Figure 4. Schematic representation of anti-senescence mechanisms in endothelial cells. The
overexpression of CYP2J2 inhibits vascular endothelial cell senescence by reducing the expression of p53
and p16 and restoring BDNF and MMP9 levels via miR-128. Blockade of NOX2 or arginase may inhibit
premature senescence by inhibiting p16 expression and reducing SASP release through an NO dependent
pathway. p16, pl6'N<4a NOX2, NADPH oxidase 2; NO, nitric oxide; BDNF, brain-
derived neurotrophic factor; MMP9, Matrix metallopeptidase 9; CYP2J2, cytochrome P450 2J2; Green
arrows and red arrows indicate promotion and inhibition, respectively. 1 indicates increase, and |

indicates reduction.
3.3 RGCs

A recent bioinformatics meta-analysis of POAG-related
genes concluded that cellular senescence and
inflammation plays a key role in RGC degeneration in
glaucoma [149]. Patients with glaucoma exhibited
increased senescence, as indicated by a marked increase
in the level of SA-B-gal in the ganglion cell layer (GCL)
[70]. Recent studies have suggested that aged retinas are
more sensitive to mild 1OP elevation and that old RGCs
express significant numbers of senescence markers upon
IOP-associated stress, including uPAR, p16™K4 and
p19ARF[137]. Interestingly, repeated stress accelerated the
appearance of senescence features in young retinas,
accompanied by elevated levels of SASP and increased
DNA methylation age. These results indicated that RGCs
exhibit characteristics of cellular senescence with a high
IOP. Another study also revealed that increased I0P was

associated with the upregulation of p16™%% in the acute
IOP elevation mouse model, whereas p16KO mice were
protected from elevated IOP-induced cell death [70].
Early clearance of p16'™N%4¢-positive cells with ganciclovir
protected unaffected RGCs from senescence and
apoptosis, resulting in a strong protective effect on RGC
survival and visual function [150]. Moreover, a risk
variant of SIX6 (His141Asn) has been shown to be
associated with an increased susceptibility to POAG via
increases in p16'K“ transcription and RGC senescence
[70]. Using a similar line of investigation, another study
demonstrated that an elevated IOP increased TANK-
binding protein 1 expression, leading to RGC senescence
and death through the upregulation of p16'K4 binding
[151]. Further research revealed an increased expression
of secretory molecules such as interleukin-1p (IL-1p),
which are part of SASP, in the presence of retinal damage
caused by IOP elevation [70, 139]. Retinal ischemia
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triggers cellular senescence via the upregulation of
classical senescence-associated proteins, such as p53,
p16'NK4 and yH2A.X, and multiple SASP marker genes,
including  matrix-degrading enzyme plasminogen
activator inhibitor 1 (Pail), TGF-g1, IL-6, IL-18, and
vascular endothelial growth factor-a (VEGF-a) [22].
Furthermore, the senescent state of RGCs was dependent
on the expression of semaphorin3A (SEMA3A); in turn,
the suppression of SEMAS3A blocked the paracrine
propagation of senescence [22]. In light of these findings,
it appears that RGC senescence is a phase that precedes
RGC death, and that inhibition of RGC senescence may
be beneficial for rescuing RGCs and improving visual
function.

3.4 Vascular endothelial cells

The retinal vasculature plays a crucial role in the
development of acute and chronic glaucoma. Multiple
independent studies have reported a reduced retinal blood
flow and capillary density in patients with glaucoma [152,
153]. In patients with glaucoma with impaired retinal
vascular function and reduced retinal vascular reactivity,
RGCs and their axons are exposed to increased oxidative
stress, which may lead to further progression of
glaucomatous damage [154]. Moreover, it is becoming
increasingly evident that cellular senescence leads to
impaired angiogenesis [22, 155]. A reduction in vascular
density and an increase in permeability occur as a result
of the cellular senescence of endothelial cells, both of
which are associated with the development of age-related
neurodegenerative diseases [156]. A glaucoma model of
retinal ischemia—reperfusion injury in rats showed that
oxidative stress initiated vascular senescence, as revealed
by the upregulation of SA-p-gal activity, and the
senescence-related protein p53, and p16 activity, as well
as a reduced RGC viability [157]. The overexpression of
cytochrome P450 2J2 inhibited vascular endothelial cell
senescence as well as the reduction of pericyte loss by
downregulating p53 and pl16, which had a protective
effect on the survival of RGCs [157]. Besides, in
endothelial cells exposed to high glucose or hydrogen
peroxide, NADPH oxidase 2 (NOX2) produced excessive
ROS, leading to excessive activity of arginase and a
decrease in nitric oxide (NO), thereby promoting
premature senescence of endothelial cells [158]. Blockade
of NOX2 or arginase may inhibit premature senescence
by inhibiting the expression of pl16 and reducing the
release of SASP through an NO dependent pathway.
However, further studies are needed to clarify the specific
role of vascular endothelial cell senescence in the
pathogenesis of glaucoma.

4. Cellular senescence as a therapeutic target in
glaucoma

There has been an increasing interest in treatments that
delay cellular senescence because of the link between
aging and glaucoma, with evidence showing that cellular
senescence accelerates in glaucoma. In fact, the
development of drugs that target specific mechanisms of
premature senescence is in fact currently underway.
Various medicines and compounds that are currently
available, including antioxidants, autophagy inducers, and
DNA repair inducers, may prevent premature senescence
by altering the mechanisms of action of ROS and
oxidative DNA damage. Moreover, epigenetic
reprogramming, especially targeting DNA methylation,
has been shown to promote tissue repair and the reversal
of premature senescence in retina. Furthermore, selective
removal of accumulated senescent cells presents a
promising therapeutic approach for targeting the
senescence phenotype and thereby preventing, delaying,
or mitigating glaucoma.

Neurodegenerative diseases, including glaucoma,
have been demonstrated to respond well to antioxidant
therapy at the cellular and animal levels [159]. As a
cofactor in the electron transport chain, coenzyme Q10
plays an essential role in the maintenance of the
mitochondrial membrane potential by supporting ATP
synthesis, and protecting the mitochondria from free
radical damage [160]. Moreover, it promotes RGC
survival by maintaining the mtDNA content and the
expression of mitochondrial transcription factor
Aloxidative phosphorylation complex IV protein in the
retina of a mouse model of glaucoma [161].In addition,
oral administration of vitamin B3 or gene therapy aimed
at boosting the expression of NAD* has been shown to be
protective in aged mice for glaucoma prevention and
intervention [77]. Metformin is a widely used antidiabetic
drug that has been found to target several molecular
mechanisms of senescence [162]. Metformin reduced the
SASP release caused by retinal ischemia and resulted in a
significant decrease in SA-B-gal levels, thus preventing
the adverse outcomes of ischemic retinopathy [22].
Although it has been proved to reduce the incidence rate
of glaucoma in patients with type 2 diabetes through its
anti-inflammatory, antiangiogenic, and antisenescent
effects, there is no study showing the effect of metformin
on glaucoma in nondiabetic patients [163]. Other
antioxidants, such as resveratrol, vitamins D and E,
curcumin, ginsenoside, and anthocyanins have also been
shown to play a role in the protection against RGC death
[164]. Nevertheless, several antioxidants have been
reported to fail to exert a neuroprotective effect in clinical
trials, possibly as a result of problems with their delivery
and their chemical instability [165]. The delivery of
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antioxidants into the eye via intraocular implants or
nanotechnology may be a more effective approach to
glaucoma treatment.

Furthermore, mitochondria-targeted antioxidants
seem to be more effective than nonspecific antioxidants
because they can cross mitochondrial membranes and
neutralize ROS at the source [166]. Because some drugs
cannot cross the mitochondrial membrane by themselves,
they must be conjugated to molecules that are able to enter
and localize to the mitochondria, such as
triphenylphosphonium (TPP) [167]. The coupling of TPP
with coenzyme Q produces MitoQ, a compound that is
responsible for supporting healthy aging by reducing
aging-related oxidative stress [168]. As shown in animal
studies, MitoQ reduces nitrotyrosine (a biomarker of
protein oxidation) levels and improves mitochondrial
function by increasing the membrane potential of cell
organelles [169]. Even though MitoQ has a demonstrated
therapeutic potential in mouse models of several
neurodegenerative disorders, including Alzheimer's
disease, multiple sclerosis and retinopathy, no studies
have demonstrated its efficacy in treating glaucoma [170].
SkQ1, which is another TPP-conjugated compound, had a
significant therapeutic effect in a rabbit model of
glaucoma by reversing the elevation of IOP and several
other signs of glaucoma [171]. Nevertheless, a more
thorough investigation is required to determine whether
antioxidants are effective in preventing glaucoma-
associated RGC death by reducing the pro-aging
characteristics of the senescent phenotype.

As mentioned above, defective autophagy plays a
role in promoting cellular senescence, and mTOR, which
is a major protein involved in autophagy and cell growth,
has been shown to control SASP by regulating IL-10 and
mitogen-activated protein kinase activated protein kinase
2 [172, 173]. As reported recently, the inhibition of
mTOR contributes to extending the lifespan and
improving mitochondrial function via the attenuation of
oxidative stress [85, 174]. Rapamycin-induced activation
of REDD1, which is located outside mitochondria and
inhibits mTOR  signaling, leads to enhanced
mitochondrial function and thus in situ rescue of dying
RGCs [175]. However, more specific studies need to be
conducted to explore the relationships among cellular
senescence, autophagy, and neuroprotection strategies in
the context of glaucoma.

Increasing evidence indicates that the restoration of
epigenetic information and the modification of DNA
methylation patterns can lead to the reversal of senescence
and the restoration of lesions caused by it [176]. Ectopic
expression of Oct4, Sox2 and KIf4 (OSK) in mouse RGCs
was demonstrated to restore the young DNA methylation
pattern and transcriptome, thus promoting axonal
regeneration following injury and reversing the visual

impairment in mouse models with glaucoma and aged
mice [177]. To deliver and control OSK expression in
mice, they engineered a dual adeno-associated virus
(AAV) system under the tight control of a tetracycline
response element promoter. This study successfully
reversed vision loss after glaucomatous injury has
occurred for the first time, which indicated the potential
of epigenetic rejuvenation as an antisenescence strategy
in glaucoma.

Moreover, the ablation of senescent cells has been
proposed as an effective therapeutic approach for
targeting the phenotype of cellular senescence and, in
turn, help prevent, delay, or mitigate aging-related
diseases [178]. Remarkably, despite the removal of only
30% of senescent cells, substantial improvements are still
observed in phenotypes associated with aging. A novel
class of drugs termed senolytics, which selectively Kill
senescent cells, have been identified that improve
physical function and increase lifespan in old age [179].
A senolytic drug called dasatinib can be used to eliminate
endogenous senescent retinal cells by inhibiting the
phosphoinositide 3-kinase (PI3K)-AKT pathway after
elevation of IOP, thus preventing the loss of retinal
function and structure [150]. Quercetin, which is another
senolytic drug, has been shown to improve the survival
and  function of RGCs in  glaucomatous
neurodegeneration;  however, = measurements  of
senescence were lacking [180, 181]. As senolytics have
the potential to eradicate senescent cells effectively, these
drugs are likely to mitigate the deleterious effects of high
IOP on RGC survival in patients suffering from glaucoma
and other optic nerve disorders. Although promising
evidence has been provided regarding the safety profile of
senolytic drugs when used in the visual system, but further
research into their potential neuroprotective effects on
glaucoma and other neurodegenerative diseases is
required [182].

Conclusions

This review summarizes the knowledge about cellular
senescence in glaucoma, and its role in establishing a
correlation between aging and glaucoma development.
The potential mechanisms of regulation of glaucomatous
cellular senescence are currently being elucidated,
including oxidative stress, DNA damage, mitochondrial
dysfunction, defective autophagy and mitophagy, as is the
role of epigenetic reprogramming such as DNA
methylation. Accumulated senescent cells, such as TM
cells, RGCs, and vascular endothelial cells, may play a
role in glaucoma via the secretion of SASP and the
elevation of chronic inflammation, thus leading to a loss
of RGCs and vision. The development of novel strategies
to suppress SASP, eliminate senescent cells, or even
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reverse senescence seems promising for breakthroughs in
glaucoma therapeutics.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China [NO. 82070953, NO.82000885]; the
Shanghai Science and Technology Committee Project
Foundation [NO. 21Y11909700]; and the Shanghai
Municipal Commission of Health and Family Planning
Project Foundation [NO. 202140130, NO.2020LP034].
The funding sources had no involvement all through the
study.

Author contributions

YMZ and YSZ drafted the article. SYH and BX revised
the article critically for important intellectual content and
YSZ contributed funding support. All authors approved
the final version of the manuscript for submission.

Competing interest
The authors declare that there is no conflict of interests.
Data and materials availability

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

References

[1] Stein JD, Khawaja AP, Weizer JS (2021). Glaucoma in
Adults-Screening, Diagnosis, and Management: A
Review. Jama, 325:164-174.

[2] Youngblood H, Hauser MA, Liu Y (2019). Update on
the genetics of primary open-angle glaucoma. Exp Eye
Res, 188:107795.

[3] Munemasa Y, Kitaoka Y (2015). Autophagy in axonal
degeneration in glaucomatous optic neuropathy. Prog
Retin Eye Res, 47:1-18.

[4] Jiang X, Varma R, Wu S, Torres M, Azen SP, Francis
BA, et al. (2012). Baseline risk factors that predict the
development of open-angle glaucoma in a population:
the Los Angeles Latino Eye Study. Ophthalmology,
119:2245-2253.

[5] Baskaran M, Foo RC, Cheng CY, Narayanaswamy AK,
Zheng YF, Wu R, et al. (2015). The Prevalence and
Types of Glaucoma in an Urban Chinese Population:
The Singapore Chinese Eye Study. JAMA Ophthalmol,
133:874-880.

[6] Burton MJ, Ramke J, Marques AP, Bourne RRA,
Congdon N, Jones I, et al. (2021). The Lancet Global
Health Commission on Global Eye Health: vision
beyond 2020. Lancet Glob Health, 9:¢489-¢551.

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

Babizhayev MA, Yegorov YE (2011). Senescent
phenotype of trabecular meshwork cells displays
biomarkers in primary open-angle glaucoma. Curr
Mol Med, 11:528-552.

Lieberman RL, Ma MT (2021). Molecular Insights
into Myocilin and Its Glaucoma-Causing Misfolded
Olfactomedin Domain Variants. Acc Chem Res,
54:2205-2215.

Alvarado J, Murphy C, Juster R (1984). Trabecular
meshwork cellularity in primary open-angle glaucoma
and nonglaucomatous normals. Ophthalmology,
91:564-579.

Miyazaki M, Segawa K, Urakawa Y (1987). Age-
related changes in the trabecular meshwork of the
normal human eye. Jpn J Ophthalmol, 31:558-569.
Coulon SJ, Schuman JS, Du Y, Bahrani Fard MR,
Ethier CR, Stamer WD (2022). A novel glaucoma
approach: Stem cell regeneration of the trabecular
meshwork. Prog Retin Eye Res:101063.

Sundaresan Y, Manivannan LP, Radhakrishnan S,
Ramasamy KS, Veerappan M, Chidambaranathan GP
(2021). Reduction in trabecular meshwork stem cell
content in donor eyes with primary open angle
glaucoma. Sci Rep, 11:24518.

Acott TS, Vranka JA, Keller KE, Raghunathan V,
Kelley MJ (2021). Normal and glaucomatous outflow
regulation. Prog Retin Eye Res, 82:100897.

Tripathi BJ, Hansen M, Li J, Tripathi RC (1994).
Identification of type VI collagen in the trabecular
meshwork and expression of its mRNA by trabecular
cells. Exp Eye Res, 58:181-187.

Nguyen-Ba-Charvet KT, Rebsam A (2020).
Neurogenesis and Specification of Retinal Ganglion
Cells. Int J Mol Sci, 21.

Gabelt BT, Kaufman PL (2005). Changes in aqueous
humor dynamics with age and glaucoma. Prog Retin
Eye Res, 24:612-637.

Calkins DJ (2013). Age-related changes in the visual
pathways: blame it on the axon. Invest Ophthalmol Vis
Sci, 54:0rsf37-41.

Calkins DJ (2021). Adaptive responses to
neurodegenerative stress in glaucoma. Prog Retin Eye
Res, 84:100953.

Lee PY, Zhao D, Wong VHY, Chrysostomou V,
Crowston JG, Bui BV (2022). The Effect of Aging on
Retinal Function and Retinal Ganglion Cell
Morphology Following Intraocular Pressure Elevation.
Front Aging Neurosci, 14:859265.

Zhao D, Nguyen CTO, He Z, Wong VHY, van
Koeverden AK, Vingrys AJ, et al. (2018). Age-related
changes in the response of retinal structure, function
and blood flow to pressure modification in rats. Sci
Rep, 8:2947.

Kuroda Y, Uji A, Yoshimura N (2016). Factors
associated with optic nerve head blood flow and color
tone: a retrospective observational study. Graefes Arch
Clin Exp Ophthalmol, 254:963-970.

Oubaha M, Miloudi K, Dejda A, Guber V, Mawambo
G, Germain MA, et al. (2016). Senescence-associated
secretory phenotype contributes to pathological

Aging and Disease  Volume 15, Number 2, April 2024

558



Zhang Y., et al.

Aging, cellular senescence, and glaucoma

(23]

(24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

angiogenesis in Transl Med,
8:362ral44.

Yang H, Reynaud J, Lockwood H, Williams G, Hardin
C, Reyes L, et al. (2017). The connective tissue
phenotype of glaucomatous cupping in the monkey
eye - Clinical and research implications. Prog Retin
Eye Res, 59:1-52.

Singh PP, Demmitt BA, Nath RD, Brunet A (2019).
The Genetics of Aging: A Vertebrate Perspective. Cell,
177:200-220.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G (2023). Hallmarks of aging: An expanding
universe. Cell, 186:243-278.

Zhang L, Pitcher LE, Yousefzadeh MJ, Niedernhofer
LJ, Robbins PD, Zhu Y (2022). Cellular senescence: a
key therapeutic target in aging and diseases. J Clin
Invest, 132.

Hayflick L, Moorhead PS (1961). The serial
cultivation of human diploid cell strains. Exp Cell Res,
25:585-621.

Tchkonia T, Kirkland JL (2018). Aging, Cell
Senescence, and Chronic Disease: Emerging
Therapeutic Strategies. Jama, 320:1319-1320.

Sikora E, Bielak-Zmijewska A, Mosieniak G (2021).
A common signature of cellular senescence; does it
exist? Ageing Res Rev, 71:101458.

Gorgoulis V, Adams PD, Alimonti A, Bennett DC,
Bischof O, Bishop C, et al. (2019). Cellular
Senescence: Defining a Path Forward. Cell, 179:813-
827.

Yasaei H, Gilham E, Pickles JC, Roberts TP,
O'Donovan M, Newbold RF (2013). Carcinogen-
specific mutational and epigenetic alterations in
INK4A, INK4B and p53 tumour-suppressor genes
drive induced senescence bypass in normal diploid
mammalian cells. Oncogene, 32:171-179.

Blokland KEC, Pouwels SD, Schuliga M, Knight DA,
Burgess JK (2020). Regulation of cellular senescence

retinopathy.  Sci

by extracellular matrix during chronic fibrotic diseases.

Clin Sci (Lond), 134:2681-2706.

von Zglinicki T, Wan T, Miwa S (2021). Senescence in
Post-Mitotic Cells: A Driver of Aging? Antioxid
Redox Signal, 34:308-323.

Liton PB, Challa P, Stinnett S, Luna C, Epstein DL,
Gonzalez P (2005). Cellular senescence in the
glaucomatous outflow pathway. Exp Gerontol,
40:745-748.

Saez-Atienzar S, Masliah E (2020). Cellular
senescence and Alzheimer disease: the egg and the
chicken scenario. Nat Rev Neurosci, 21:433-444,
Waaijer ME, Parish WE, Strongitharm BH, van
Heemst D, Slagboom PE, de Craen AJ, et al. (2012).
The number of p16INK4a positive cells in human skin
reflects biological age. Aging Cell, 11:722-725.
Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ,
Zhong J, et al. (2016). Naturally occurring p16(Ink4a)-
positive cells shorten healthy lifespan. Nature,
530:184-189.

Lewis-McDougall FC, Ruchaya PJ, Domenjo-Vila E,
Shin Teoh T, Prata L, Cottle BJ, et al. (2019). Aged-

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

senescent cells contribute to
regeneration. Aging Cell, 18:¢12931.
Tchkonia T, Zhu Y, van Deursen J, Campisi J, Kirkland
JL (2013). Cellular senescence and the senescent
secretory phenotype: therapeutic opportunities. J Clin
Invest, 123:966-972.

Ou HL, Schumacher B (2018). DNA damage
responses and p53 in the aging process. Blood,
131:488-495.

Wei W, Ji S (2018). Cellular senescence: Molecular
mechanisms and pathogenicity. J Cell Physiol,
233:9121-9135.

Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK,
Childs BG, van de Sluis B, et al. (2011). Clearance of
pl6Ink4a-positive senescent cells delays ageing-
associated disorders. Nature, 479:232-236.

Bussian TJ, Aziz A, Meyer CF, Swenson BL, van
Deursen JM, Baker DJ (2018). Clearance of senescent
glial cells prevents tau-dependent pathology and
cognitive decline. Nature, 562:578-582.

Zysman M, Baptista BR, Essari LA, Taghizadeh S,
Thibault de Ménonville C, Giffard C, et al. (2020).
Targeting pl16(INK4a) Promotes Lipofibroblasts and
Alveolar Regeneration after Early-Life Injury. Am J
Respir Crit Care Med, 202:1088-1104.

Di Pierdomenico J, Henderson DCM, Giammaria S,
Smith VL, Jamet AJ, Smith CA, et al. (2022). Age and
intraocular pressure in murine experimental glaucoma.
Prog Retin Eye Res, 88:101021.

McHugh D, Gil J (2018). Senescence and aging:
Causes, consequences, and therapeutic avenues. J Cell
Biol, 217:65-77.

Miwa S, Kashyap S, Chini E, von Zglinicki T (2022).
Mitochondrial dysfunction in cell senescence and
aging. J Clin Invest, 132.

Tan FC, Hutchison ER, Eitan E, Mattson MP (2014).
Are there roles for brain cell senescence in aging and
neurodegenerative disorders? Biogerontology,
15:643-660.

Davalli P, Mitic T, Caporali A, Lauriola A, D'Arca D
(2016). ROS, Cell Senescence, and Novel Molecular
Mechanisms in Aging and Age-Related Diseases.
Oxid Med Cell Longev, 2016:3565127.

Guo Z, Wang G, Wu B, Chou WC, Cheng L, Zhou C,
et al. (2020). DCAFI1 regulates Treg senescence via
the ROS axis during immunological aging. J Clin
Invest, 130:5893-5908.

Harris IS, DeNicola GM (2020). The Complex
Interplay between Antioxidants and ROS in Cancer.
Trends Cell Biol, 30:440-451.

Jalmi SK, Sinha AK (2015). ROS mediated MAPK
signaling in abiotic and biotic stress- striking
similarities and differences. Front Plant Sci, 6:769.
Zhang D, Jin W, Wu R, Li J, Park SA, Tu E, et al.
(2019). High  Glucose Intake  Exacerbates
Autoimmunity through Reactive-Oxygen-Species-
Mediated TGF-B Cytokine Activation. Immunity,
51:671-681.e675.

Barnes PJ (2017). Senescence in COPD and Its
Comorbidities. Annu Rev Physiol, 79:517-539.

impaired heart

Aging and Disease  Volume 15, Number 2, April 2024

559



Zhang Y., et al.

Aging, cellular senescence, and glaucoma

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Almasieh M, Wilson AM, Morquette B, Cueva Vargas
JL, Di Polo A (2012). The molecular basis of retinal
ganglion cell death in glaucoma. Prog Retin Eye Res,
31:152-181.

Benoist d'Azy C, Pereira B, Chiambaretta F, Dutheil F
(2016). Oxidative and Anti-Oxidative Stress Markers
in Chronic Glaucoma: A Systematic Review and Meta-
Analysis. PLoS One, 11:¢0166915.

Ye D, XuY, Shi Y, Ji J, Lu X, Chen H, et al. (2022).
Occurrence of Oxidative Stress and Premature
Senescence in the Anterior Segment of Acute Primary

Angle-Closure Eyes. Invest Ophthalmol Vis Sci, 63:34.

Kimura A, Namekata K, Guo X, Noro T, Harada C,
Harada T (2017). Targeting Oxidative Stress for
Treatment of Glaucoma and Optic Neuritis. Oxid Med
Cell Longev, 2017:2817252.

Jassim AH, Fan Y, Pappenhagen N, Nsiah NY, Inman
DM (2021). Oxidative Stress and Hypoxia Modify
Mitochondrial Homeostasis During Glaucoma.
Antioxid Redox Signal, 35:1341-1357.

Zhao'Y, Wang S, Sorenson CM, Teixeira L, Dubielzig
RR, Peters DM, et al. (2013). Cyplbl mediates
periostin  regulation of trabecular meshwork
development by suppression of oxidative stress. Mol
Cell Biol, 33:4225-4240.

Chhunchha B, Singh P, Stamer WD, Singh DP (2017).
Prdx6 retards senescence and restores trabecular
meshwork cell health by regulating reactive oxygen
species. Cell Death Discov, 3:17060.

Chan W, Almasiech M, Catrinescu MM, Levin LA
(2018). Cobalamin-Associated Superoxide
Scavenging in Neuronal Cells Is a Potential
Mechanism for Vitamin B(12)-Deprivation Optic
Neuropathy. Am J Pathol, 188:160-172.

Kanamori A, Catrinescu MM, Kanamori N, Mears KA,
Beaubien R, Levin LA (2010). Superoxide is an
associated signal for apoptosis in axonal injury. Brain,
133:2612-2625.

Kang EY, Liu PK, Wen YT, Quinn PMJ, Levi SR,
Wang NK, et al. (2021). Role of Oxidative Stress in
Ocular Diseases Associated with Retinal Ganglion
Cells Degeneration. Antioxidants (Basel), 10.

Jurk D, Wilson C, Passos JF, Oakley F, Correia-Melo
C, Greaves L, et al. (2014). Chronic inflammation
induces telomere dysfunction and accelerates ageing
in mice. Nat Commun, 2:4172.

Long X, Li Y, Yang M, Huang L, Gong W, Kuang E
(2016). BZLF1 Attenuates Transmission of
Inflammatory Paracrine Senescence in Epstein-Barr

Virus-Infected Cells by Downregulating Tumor
Necrosis Factor Alpha. J Virol, 90:7880-7893.

Mah LJ, El-Osta A, Karagiannis TC (2010).
gammaH2AX: a sensitive molecular marker of DNA
damage and repair. Leukemia, 24:679-686.
Bielak-Zmijewska A, Mosieniak G, Sikora E (2018).
Is DNA damage indispensable for stress-induced
senescence? Mech Ageing Dev, 170:13-21.
Yousefzadeh M, Henpita C, Vyas R, Soto-Palma C,
Robbins P, Niedernhofer L (2021). DNA damage-how
and why we age? Elife, 10.

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Skowronska-Krawczyk D, Zhao L, Zhu J, Weinreb RN,
Cao G, Luo J, et al. (2015). P16INK4a Upregulation
Mediated by SIX6 Defines Retinal Ganglion Cell
Pathogenesis in Glaucoma. Mol Cell, 59:931-940.
Blackford AN, Jackson SP (2017). ATM, ATR, and
DNA-PK: The Trinity at the Heart of the DNA
Damage Response. Mol Cell, 66:801-817.

Shi T, van Soest DMK, Polderman PE, Burgering
BMT, Dansen TB (2021). DNA damage and oxidant
stress activate p53 through differential upstream
signaling pathways. Free Radic Biol Med, 172:298-
311.

Maiuri T, Suart CE, Hung CLK, Graham KJ, Barba
Bazan CA, Truant R (2019). DNA Damage Repair in
Huntington's Disease and Other Neurodegenerative
Diseases. Neurotherapeutics, 16:948-956.

Kowalska M, Piekut T, Prendecki M, Sodel A,
Kozubski W, Dorszewska J (2020). Mitochondrial and
Nuclear DNA Oxidative Damage in Physiological and
Pathological Aging. DNA Cell Biol, 39:1410-1420.
Cinat D, Coppes RP, Barazzuol L (2021). DNA
Damage-Induced Inflammatory Microenvironment
and Adult Stem Cell Response. Front Cell Dev Biol,
9:729136.

Zhao Y, Simon M, Seluanov A, Gorbunova V (2022).
DNA damage and repair in age-related inflammation.
Nat Rev Immunol.

Williams PA, Harder JM, Foxworth NE, Cochran KE,
Philip VM, Porciatti V, et al. (2017). Vitamin B(3)
modulates mitochondrial vulnerability and prevents
glaucoma in aged mice. Science, 355:756-760.

Sun Y, Wan Y, Jiang Y, Wang H (2021). Urinary
concentrations of acetaminophen in young children in
central and south China: Repeated measurements and
associations with 8-hydroxy-guanosine and 8-
hydroxy-2'-deoxyguanosine. Sci Total Environ,
787:147614.

Izzotti A, Sacca SC, Cartiglia C, De Flora S (2003).
Oxidative deoxyribonucleic acid damage in the eyes
of glaucoma patients. Am J Med, 114:638-646.
Sorkhabi R, Ghorbanihaghjo A, Javadzadeh A,
Rashtchizadeh N, Moharrery M (2011). Oxidative
DNA damage and total antioxidant status in glaucoma
patients. Mol Vis, 17:41-46.

Yan Z, Liao H, Deng C, Zhong Y, Mayeesa TZ, Zhuo
Y (2022). DNA damage and repair in the visual center
in the rhesus monkey model of glaucoma. Exp Eye Res,
219:109031.

Gu L, Kwong JM, Caprioli J, Piri N (2022). DNA and
RNA oxidative damage in the retina is associated with
ganglion cell mitochondria. Sci Rep, 12:8705.

Akbari M, Kirkwood TBL, Bohr VA (2019).
Mitochondria in the signaling pathways that control
longevity and health span. Ageing Res Rev, 54:100940.
Sun N, Youle RJ, Finkel T (2016). The Mitochondrial
Basis of Aging. Mol Cell, 61:654-666.

Correia-Melo C, Marques FD, Anderson R, Hewitt G,
Hewitt R, Cole J, et al. (2016). Mitochondria are
required for pro-ageing features of the senescent
phenotype. Embo j, 35:724-742.

Aging and Disease  Volume 15, Number 2, April 2024

560



Zhang Y., et al.

Aging, cellular senescence, and glaucoma

[86]

[87]

[88]

[89]

[90]

(91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

Loniewska MM, Gupta A, Bhatia S, MacKay-Clackett
I, Jia Z, Wells PG (2020). DNA damage and synaptic
and behavioural disorders in glucose-6-phosphate
dehydrogenase-deficient ~ mice.  Redox  Biol,
28:101332.

Chandrasekaran A, Idelchik M, Melendez JA (2017).
Redox control of senescence and age-related disease.
Redox Biol, 11:91-102.

Liu B, McNally S, Kilpatrick JI, Jarvis SP, O'Brien CJ
(2018). Aging and ocular tissue stiffness in glaucoma.
Surv Ophthalmol, 63:56-74.

Leruez S, Marill A, Bresson T, de Saint Martin G,
Buisset A, Muller J, et al. (2018). A Metabolomics
Profiling of Glaucoma Points to Mitochondrial
Dysfunction, Senescence, and Polyamines Deficiency.
Invest Ophthalmol Vis Sci, 59:4355-4361.

Quan Y, Xin Y, Tian G, Zhou J, Liu X (2020).
Mitochondrial ROS-Modulated mtDNA: A Potential
Target for Cardiac Aging. Oxid Med Cell Longev,
2020:9423593.

Chrysostomou V, Trounce 1A, Crowston JG (2010).
Mechanisms of retinal ganglion cell injury in aging
and glaucoma. Ophthalmic Res, 44:173-178.

Lo Faro V, Nolte IM, Ten Brink JB, Snieder H,
Jansonius NM, Bergen AA (2021). Mitochondrial
Genome Study Identifies Association Between
Primary Open-Angle Glaucoma and Variants in MT-
CYB, MT-ND4 Genes and Haplogroups. Front Genet,
12:781189.

Bratic A, Larsson NG (2013). The role of
mitochondria in aging. J Clin Invest, 123:951-957.
Kong YX, Van Bergen N, Trounce IA, Bui BY,
Chrysostomou V, Waugh H, et al. (2011). Increase in
mitochondrial DNA mutations impairs retinal function
and renders the retina vulnerable to injury. Aging Cell,
10:572-583.

Boya P, Esteban-Martinez L, Serrano-Puebla A,
Gomez-Sintes R, Villarejo-Zori B (2016). Autophagy
in the eye: Development, degeneration, and aging.
Prog Retin Eye Res, 55:206-245.

Wong SQ, Kumar AV, Mills J, Lapierre LR (2020).
Autophagy in aging and longevity. Hum Genet,
139:277-290.

Wang Y, Huang C, Zhang H, Wu R (2015). Autophagy
in glaucoma: Crosstalk with apoptosis and its
implications. Brain Res Bull, 117:1-9.

Porter K, Nallathambi J, Lin Y, Liton PB (2013).
Lysosomal basification and decreased autophagic flux
in oxidatively stressed trabecular meshwork cells:
implications for glaucoma pathogenesis. Autophagy,
9:581-594.

Nettesheim A, Dixon A, Shim MS, Coyne A, Walsh M,
Liton PB (2020). Autophagy in the Aging and
Experimental Ocular Hypertensive Mouse Model.
Invest Ophthalmol Vis Sci, 61:31.

Porter K, Hirt J, Stamer WD, Liton PB (2015).
Autophagic dysregulation in glaucomatous trabecular
meshwork cells. Biochim Biophys Acta, 1852:379-
385.

Hirt J, Porter K, Dixon A, McKinnon S, Liton PB

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

(2018). Contribution of autophagy to ocular
hypertension and neurodegeneration in the DBA/2J
spontaneous glaucoma mouse model. Cell Death
Discov, 4:14.

Fan X, Huang T, Tong Y, Fan Z, Yang Z, Yang D, et al.
(2022). p62 works as a hub modulation in the ageing
process. Ageing Res Rev, 73:101538.

Russo R, Varano GP, Adornetto A, Nazio F, Tettamanti
G, Girardello R, et al. (2018). Rapamycin and fasting
sustain  autophagy  response  activated by
ischemia/reperfusion injury and promote retinal
ganglion cell survival. Cell Death Dis, 9:981.

Leidal AM, Levine B, Debnath J (2018). Autophagy
and the cell biology of age-related disease. Nat Cell
Biol, 20:1338-1348.

Selvarani R, Mohammed S, Richardson A (2021).
Effect of rapamycin on aging and age-related diseases-
past and future. Geroscience, 43:1135-1158.

Shim MS, Liton PB (2022). The physiological and
pathophysiological roles of the autophagy lysosomal
system in the conventional aqueous humor outflow
pathway: More than cellular clean up. Prog Retin Eye
Res, 90:101064.

Vargas JNS, Hamasaki M, Kawabata T, Youle RJ,
Yoshimori T (2023). The mechanisms and roles of
selective autophagy in mammals. Nat Rev Mol Cell
Biol, 24:167-185.

Bell K, Rosignol I, Sierra-Filardi E, Rodriguez-Muela
N, Schmelter C, Cecconi F, et al. (2020). Age related
retinal Ganglion cell susceptibility in context of
autophagy deficiency. Cell Death Discov, 6:21.

Kang C, Xu Q, Martin TD, Li MZ, Demaria M, Aron
L, et al. (2015). The DNA damage response induces
inflammation and senescence by inhibiting autophagy
of GATA4. Science, 349:aaa5612.

Quinn PMJ, Moreira PI, Ambrosio AF, Alves CH
(2020). PINK1/PARKIN signalling in
neurodegeneration and neuroinflammation. Acta
Neuropathol Commun, 8:189.

Lou G, Palikaras K, Lautrup S, Scheibye-Knudsen M,
Tavernarakis N, Fang EF (2020). Mitophagy and
Neuroprotection. Trends Mol Med, 26:8-20.

Chen K, Dai H, Yuan J, Chen J, Lin L, Zhang W, et al.
(2018). Optineurin-mediated mitophagy protects renal
tubular epithelial cells against accelerated senescence
in diabetic nephropathy. Cell Death Dis, 9:105.

Araya J, Tsubouchi K, Sato N, Ito S, Minagawa S,
Hara H, et al. (2019). PRKN-regulated mitophagy and
cellular senescence during COPD pathogenesis.
Autophagy, 15:510-526.

Hu Z, Wang Y, Gao X, Zhang Y, Liu C, Zhai Y, et al.
(2022). Optineurin-mediated mitophagy as a potential
therapeutic target for intervertebral disc degeneration.
Front Pharmacol, 13:893307.

Hass DT, Barnstable CJ (2019). Mitochondrial
Uncoupling Protein 2 Knock-out Promotes Mitophagy
to Decrease Retinal Ganglion Cell Death in a Mouse
Model of Glaucoma. J Neurosci, 39:3582-3596.

Hu X, Dai Y, Zhang R, Shang K, Sun X (2018).
Overexpression of Optic Atrophy Type 1 Protects

Aging and Disease  Volume 15, Number 2, April 2024

561



Zhang Y., et al.

Aging, cellular senescence, and glaucoma

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Retinal Ganglion Cells and Upregulates Parkin
Expression in Experimental Glaucoma. Front Mol
Neurosci, 11:350.

Dai Y, Hu X, Sun X (2018). Overexpression of parkin
protects retinal ganglion cells in experimental
glaucoma. Cell Death Dis, 9:88.

Medchalmi S, Tare P, Sayyad Z, Swarup G (2021). A
glaucoma- and ALS-associated mutant of OPTN
induces neuronal cell death dependent on Tbkl
activity, autophagy and ER stress. Febs j, 288:4576-
459s5.

Swarup G, Sayyad Z (2018). Altered Functions and
Interactions of Glaucoma-Associated Mutants of
Optineurin. Front Immunol, 9:1287.

Shim MS, Takihara Y, Kim KY, Iwata T, Yue BY,
Inatani M, et al. (2016). Mitochondrial pathogenic
mechanism and degradation in optineurin ESOK
mutation-mediated retinal ganglion cell degeneration.
Sci Rep, 6:33830.

Liu X, Wang Q, Shao Z, Zhang S, Hou M, Jiang M, et
al. (2021). Proteomic analysis of aged and OPTN
E50K retina in the development of normal tension
glaucoma. Hum Mol Genet, 30:1030-1044.

Sirohi K, Chalasani ML, Sudhakar C, Kumari A,
Radha V, Swarup G (2013). M98K-OPTN induces
transferrin receptor degradation and RAB12-mediated
autophagic death in retinal ganglion cells. Autophagy,
9:510-527.

Chernyshova K, Inoue K, Yamashita SI, Fukuchi T,
Kanki T (2019). Glaucoma-Associated Mutations in
the Optineurin Gene Have Limited Impact on Parkin-
Dependent Mitophagy. Invest Ophthalmol Vis Sci,
60:3625-3635.

Wang K, Liu H, Hu Q, Wang L, Liu J, Zheng Z, et al.
(2022). Epigenetic regulation of aging: implications
for interventions of aging and diseases. Signal
Transduct Target Ther, 7:374.

Klutstein M, Nejman D, Greenfield R, Cedar H (2016).
DNA Methylation in Cancer and Aging. Cancer Res,
76:3446-3450.

Unnikrishnan A, Freeman WM, Jackson J, Wren JD,
Porter H, Richardson A (2019). The role of DNA
methylation in epigenetics of aging. Pharmacol Ther,
195:172-185.

Liu P, Li F, Lin J, Fukumoto T, Nacarelli T, Hao X, et
al.  (2021). m(6)A-independent genome-wide
METTL3 and METTLI14 redistribution drives the
senescence-associated secretory phenotype. Nat Cell
Biol, 23:355-365.

A FCL (2020). Mitochondrial metabolism and DNA
methylation: a review of the interaction between two
genomes. Clin Epigenetics, 12:182.

Liu WW, Sun Y (2022). Epigenetics in glaucoma: a

link between DNA methylation and neurodegeneration.

J Clin Invest, 132.

Williams J, Smith F, Kumar S, Vijayan M, Reddy PH
(2017). Are microRNAs true sensors of ageing and
cellular senescence? Ageing Res Rev, 35:350-363.
Reddy PH, Williams J, Smith F, Bhatti JS, Kumar S,
Vijayan M, et al. (2017). MicroRNAs, Aging, Cellular

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Senescence, and Alzheimer's Disease. Prog Mol Biol
Transl Sci, 146:127-171.

Lai WF, Lin M, Wong WT (2019). Tackling Aging by
Using miRNA as a Target and a Tool. Trends Mol Med,
25:673-684.

Li G, Luna C, Qiu J, Epstein DL, Gonzalez P (2009).
Alterations in microRNA expression in stress-induced
cellular senescence. Mech Ageing Dev, 130:731-741.
Wan P, Huang S, Luo Y, Deng C, Zhou J, Long E, et
al. (2022). Reciprocal Regulation between IncRNA
ANRIL and p15 in Steroid-Induced Glaucoma. Cells,
11.

Caprioli J (2013). Glaucoma: a disease of early
cellular senescence. Invest Ophthalmol Vis Sci,
54:0rsf60-67.

Birch J, Gil J (2020). Senescence and the SASP: many
therapeutic avenues. Genes Dev, 34:1565-1576.

Xu Q, Rydz C, Nguyen Huu VA, Rocha L, Palomino
La Torre C, Lee I, et al. (2022). Stress induced aging
in mouse eye. Aging Cell, 21:¢13737.

Li G, Luna C, Qiu J, Epstein DL, Gonzalez P (2010).
Modulation of inflammatory markers by miR-146a
during replicative senescence in trabecular meshwork
cells. Invest Ophthalmol Vis Sci, 51:2976-2985.

Chi W, Li F, Chen H, Wang Y, Zhu Y, Yang X, et al.
(2014).  Caspase-8  promotes NLRP1/NLRP3
inflammasome activation and IL-1p production in
acute glaucoma. Proc Natl Acad SciUS A, 111:11181-
11186.

Mehdizadeh M, Aguilar M, Thorin E, Ferbeyre G,
Nattel S (2022). The role of cellular senescence in
cardiac disease: basic biology and clinical relevance.
Nat Rev Cardiol, 19:250-264.

Hohn A, Tramutola A, Cascella R (2020). Proteostasis
Failure in Neurodegenerative Diseases: Focus on
Oxidative  Stress. Oxid Med Cell Longev,
2020:5497046.

Campello L, Esteve-Rudd J, Cuenca N, Martin-Nieto
J (2013). The ubiquitin-proteasome system in retinal
health and disease. Mol Neurobiol, 47:790-810.
Caballero M, Liton PB, Epstein DL, Gonzalez P
(2003). Proteasome inhibition by chronic oxidative
stress in human trabecular meshwork cells. Biochem
Biophys Res Commun, 308:346-352.

Labbadia J, Morimoto RI (2015). The biology of
proteostasis in aging and disease. Annu Rev Biochem,
84:435-464.

Brehme M, Voisine C, Rolland T, Wachi S, Soper JH,
Zhu Y, et al. (2014). A chaperome subnetwork
safeguards proteostasis in aging and
neurodegenerative disease. Cell Rep, 9:1135-1150.
Morgan JT, Raghunathan VK, Chang YR, Murphy CJ,
Russell P (2015). The intrinsic stiffness of human
trabecular meshwork cells increases with senescence.
Oncotarget, 6:15362-15374.

Muniz L, Lazorthes S, Delmas M, Ouvrard J,
Aguirrebengoa M, Trouche D, et al. (2021). Circular
ANRIL isoforms switch from repressors to activators
of p15/CDKN2B expression during RAF1 oncogene-
induced senescence. RNA Biol, 18:404-420.

Aging and Disease  Volume 15, Number 2, April 2024

562



Zhang Y., et al.

Aging, cellular senescence, and glaucoma

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Kotake Y, Nakagawa T, Kitagawa K, Suzuki S, Liu N,
Kitagawa M, et al. (2011). Long non-coding RNA
ANRIL is required for the PRC2 recruitment to and
silencing of pl15(INK4B) tumor suppressor gene.
Oncogene, 30:1956-1962.

Danford ID, Verkuil LD, Choi DJ, Collins DW,
Gudiseva HV, Uyhazi KE, et al. (2017).
Characterizing the "POAGome": A bioinformatics-
driven approach to primary open-angle glaucoma.
Prog Retin Eye Res, 58:89-114.

Rocha LR, Nguyen Huu VA, Palomino La Torre C, Xu
Q, Jabari M, Krawczyk M, et al. (2020). Early removal
of senescent cells protects retinal ganglion cells loss in
experimental ocular hypertension. Aging Cell,
19:¢13089.

Li LU, Zhao Y, Zhang H (2017). P16INK4a
upregulation mediated by TBKI induces retinal
ganglion cell senescence in ischemic injury. Cell
Death Dis, 8:¢2752.

Chen HS, Liu CH, Wu WC, Tseng HJ, Lee YS (2017).
Optical Coherence Tomography Angiography of the
Superficial Microvasculature in the Macular and
Peripapillary Areas in Glaucomatous and Healthy
Eyes. Invest Ophthalmol Vis Sci, 58:3637-3645.
Zhang S, Wu C, Liu L, Jia Y, Zhang Y, Zhang Y, et al.
(2017). Optical Coherence Tomography Angiography
of the Peripapillary Retina in Primary Angle-Closure
Glaucoma. Am J Ophthalmol, 182:194-200.
Tiirksever C, Todorova MG (2022). Peripapillary
Oxygenation and Retinal Vascular Responsiveness to
Flicker Light in Primary Open Angle Glaucoma.
Metabolites, 12.

Crespo-Garcia S, Tsuruda PR, Dejda A, Ryan RD,
Fournier F, Chaney SY, et al. (2021). Pathological
angiogenesis in retinopathy engages cellular
senescence and is amenable to therapeutic elimination
via BCL-xL inhibition. Cell Metab, 33:818-832.e817.
Jia G, Aroor AR, Jia C, Sowers JR (2019). Endothelial
cell senescence in aging-related vascular dysfunction.
Biochim Biophys Acta Mol Basis Dis, 1865:1802-
1809.

Huang J, Zhao Q, Li M, Duan Q, Zhao Y, Zhang H
(2019). The effects of endothelium-specific CYP2J2
overexpression on the attenuation of retinal ganglion
cell apoptosis in a glaucoma rat model. Faseb j,
33:11194-11209.

Rojas M, Lemtalsi T, Toque HA, Xu Z, Fulton D,
Caldwell RW, et al. (2017). NOX2-Induced Activation
of Arginase and Diabetes-Induced Retinal Endothelial
Cell Senescence. Antioxidants (Basel), 6.

Chaudhry S, Dunn H, Carnt N, White A (2022).
Nutritional supplementation in the prevention and
treatment of glaucoma. Surv Ophthalmol, 67:1081-
1098.

Santoro MM (2020). The Antioxidant Role of Non-
mitochondrial CoQ10: Mystery Solved! Cell Metab,
31:13-15.

Lee D, Shim MS, Kim KY, Noh YH, Kim H, Kim SY,
et al. (2014). Coenzyme Q10 inhibits glutamate
excitotoxicity and  oxidative  stress-mediated

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

mitochondrial alteration in a mouse model of
glaucoma. Invest Ophthalmol Vis Sci, 55:993-1005.
Kulkarni AS, Gubbi S, Barzilai N (2020). Benefits of
Metformin in Attenuating the Hallmarks of Aging.
Cell Metab, 32:15-30.

Hurley DJ, Irnaten M, O'Brien C (2021). Metformin
and Glaucoma-Review of Anti-Fibrotic Processes and
Bioenergetics. Cells, 10.

Sim RH, Sirasanagandla SR, Das S, Teoh SL (2022).
Treatment of Glaucoma with Natural Products and
Their Mechanism of Action: An Update. Nutrients, 14.
Angelova PR, Abramov AY (2018). Role of
mitochondrial ROS in the brain: from physiology to
neurodegeneration. FEBS Lett, 592:692-702.
Guillaumet-Adkins A, Yafiez Y, Peris-Diaz MD,
Calabria I, Palanca-Ballester C, Sandoval J (2017).
Epigenetics and Oxidative Stress in Aging. Oxid Med
Cell Longev, 2017:9175806.

Lee YH, Park HI, Chang WS, Choi JS (2021).
Triphenylphosphonium-conjugated glycol chitosan
microspheres for mitochondria-targeted drug delivery.
Int J Biol Macromol, 167:35-45.

Xiao L, Xu X, Zhang F, Wang M, Xu Y, Tang D, et al.
(2017). The mitochondria-targeted antioxidant MitoQ
ameliorated tubular injury mediated by mitophagy in
diabetic kidney disease via Nrf2/PINK1. Redox Biol,
11:297-311.

Braakhuis AJ, Nagulan R, Somerville V (2018). The
Effect of MitoQ on Aging-Related Biomarkers: A
Systematic Review and Meta-Analysis. Oxid Med
Cell Longev, 2018:8575263.

Shinn LJ, Lagalwar S (2021). Treating
Neurodegenerative Disease with  Antioxidants:
Efficacy of the Bioactive Phenol Resveratrol and
Mitochondrial-Targeted MitoQ and SkQ. Antioxidants
(Basel), 10.

Jomdina EN, Khoroshilova-Maslova IP, Robustova
OV, Averina OA, Kovaleva NA, Aliev G, et al. (2015).
Mitochondria-targeted antioxidant SkQI1 reverses
glaucomatous lesions in rabbits. Front Biosci
(Landmark Ed), 20:892-901.

Herranz N, Gallage S, Mellone M, Wuestefeld T, Klotz
S, Hanley CJ, et al. (2015). mTOR regulates
MAPKAPK2 translation to control the senescence-
associated secretory phenotype. Nat Cell Biol,
17:1205-1217.

Laberge RM, Sun Y, Orjalo AV, Patil CK, Freund A,
Zhou L, et al. (2015). MTOR regulates the pro-
tumorigenic senescence-associated secretory
phenotype by promoting IL1A translation. Nat Cell
Biol, 17:1049-1061.

Barnes PJ, Baker J, Donnelly LE (2019). Cellular
Senescence as a Mechanism and Target in Chronic
Lung Diseases. Am J Respir Crit Care Med, 200:556-
564.

Ahmed Z, Morgan-Warren PJ, Berry M, Scott RAH,
Logan A (2019). Effects of siRNA-Mediated
Knockdown of GSK3B on Retinal Ganglion Cell
Survival and Neurite/Axon Growth. Cells, 8.
Simpson DJ, Olova NN, Chandra T (2021). Cellular

Aging and Disease  Volume 15, Number 2, April 2024

563



Zhang Y., et al.

Aging, cellular senescence, and glaucoma

[177]

[178]

[179]

[180]

reprogramming and epigenetic rejuvenation. Clin
Epigenetics, 13:170.

Lu Y, Brommer B, Tian X, Krishnan A, Meer M, Wang
C, et al. (2020). Reprogramming to recover youthful
epigenetic information and restore vision. Nature,
588:124-129.

Zhu'Y, Tchkonia T, Pirtskhalava T, Gower AC, Ding H,
Giorgadze N, et al. (2015). The Achilles' heel of
senescent cells: from transcriptome to senolytic drugs.
Aging Cell, 14:644-658.

Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer
AK, Weivoda MM, et al. (2018). Senolytics improve
physical function and increase lifespan in old age. Nat
Med, 24:1246-1256.

Gao FJ, Zhang SH, Xu P, Yang BQ, Zhang R, Cheng

[181]

[182]

Y, et al. (2017). Quercetin Declines Apoptosis,
Ameliorates Mitochondrial Function and Improves
Retinal Ganglion Cell Survival and Function in In
Vivo Model of Glaucoma in Rat and Retinal Ganglion
Cell Culture In Vitro. Front Mol Neurosci, 10:285.
Zhou X, Li G, Yang B, Wu J (2019). Quercetin
Enhances Inhibitory Synaptic Inputs and Reduces
Excitatory Synaptic Inputs to OFF- and ON-Type
Retinal Ganglion Cells in a Chronic Glaucoma Rat
Model. Front Neurosci, 13:672.

El-Nimri NW, Moore SM, Zangwill LM, Proudfoot JA,
Weinreb RN, Skowronska-Krawczyk D, et al. (2020).
Evaluating the neuroprotective impact of senolytic
drugs on human vision. Sci Rep, 10:21752.

Aging and Disease  Volume 15, Number 2, April 2024

564



