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ABSTRACT

Glial cell senescence, characterized by the irreversible arrest of cell division and a pro-inflammatory secretory phenotype, has
emerged as a critical player in the pathogenesis of Alzheimer's disease (AD). While much attention has been devoted to the role
of neurons in AD, growing evidence suggests that glial cells, including astrocytes, microglia, and oligodendrocytes, contribute
significantly to disease progression through senescence. In this review, we explore the molecular mechanisms underlying glial

cell senescence in AD, focusing on the cellular signaling pathways, including DNA damage response and the accumulation of

senescence-associated secretory phenotypes (SASP). We also examine how senescent glial cells exacerbate neuroinflammation,

disrupt synaptic function, and promote neuronal death in AD. Moreover, we discuss emerging therapeutic strategies aimed at
targeting glial cell senescence to mitigate the neurodegenerative processes in AD. By providing a comprehensive overview of
current research on glial cell senescence in Alzheimer's disease, this review highlights its potential as a novel therapeutic target

in the fight against AD.

1 | Introduction

Aging is characterized by a generalized decline in cellu-
lar homeostasis, resulting in mitochondrial stress, oxidative
stress, metabolic impairments, and DNA damage (Lopez-Otin
et al. 2023). The accumulation of DNA damage, increased re-
active oxygen species (ROS), telomere attrition, and disruption
of metabolic processes all compromise cellular integrity and
can trigger the onset of a protective physiological response

termed cellular senescence (Figure 1) (McHugh and Gil 2018;
Wiley and Campisi 2021). Cellular senescence limits the pro-
liferation of aged and damaged cells, thereby preventing the
spreading of dysfunctional cells (de Magalhaes 2024). Thus, it
has critical implications, including wound healing and defense
against tumorigenesis (de Magalhaes 2024). Despite its bene-
ficial effects, cellular senescence has been recognized as a key
factor contributing to aging and age-related diseases (Baker and
Petersen 2018).
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Senescent cells have been shown to accumulate in the body with
time (Al-Azab et al. 2022; Going et al. 2002; Hudgins et al. 2018).
They are characterized by a loss of proliferation/regenerative
capacity, alteration of metabolic functions, and resistance to
apoptosis. Senescent cells have been shown to present altered
lipid metabolism, which likely occurs as a consequence of in-
creased energy demand (Wiley and Campisi 2021). Moreover,
they undergo widespread changes in lipid composition, which
result in membrane remodeling and consequent morphological
changes (Millner and Atilla-Gokcumen 2020). Senescent cells
have also been shown to accumulate transition metals, such as
iron, and iron accumulation has been associated with aging and
age-related diseases (Wiley and Campisi 2021; Tian et al. 2022;
Crescenzi et al. 2023). Overall, metabolic alterations result in
shifted energy metabolism, increased oxidative stress, and dis-
rupted cellular homeostasis, thus contributing to general tissue
dysfunction.

During aging, proliferating cells exhibit progressive telo-
mere shortening, which triggers replicative senescence and
plays a crucial role in the aging process (Roger et al. 2021;
Satyanarayana et al. 2003). Additionally, cellular senescence
can be triggered by DNA damage, which can occur as a conse-
quence of several replication-dependent and independent mech-
anisms such as telomere erosion, replicative stress, oxidative
stress, and extrinsic factors such as exposure to radiation and
genotoxic chemicals (Satyanarayana et al. 2003). The activation
of the DNA damage response (DDR) promotes cell-cycle arrest
through the activation of p53, which in turn activates the cyclin-
dependent kinases (CDK) inhibitor p21.WAFV/CIPL Alternatively,
cell-cycle arrest is mediated by the upregulation of the CDK in-
hibitor p16™K4A (d'Adda di Fagagna 2008). When DNA damage
becomes too severe, persistent, or irreparable, the DDR remains
chronically active, enforcing the cell to undergo a permanent
cell-cycle arrest and become senescent (Roger et al. 2021; d'Adda
di Fagagna 2008). Accordingly, increased expression of p16/™NK4A,
p21,WAFI/CIPL and p53 with age has been reported in several tis-
sues, and their removal has been shown to rescue aging-related
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phenotypes in mice (Chin et al. 1999; Baker et al. 2008; Janzen
et al. 2006; Sato et al. 2015). Despite senescence having tradi-
tionally been associated with a permanent growth arrest in pro-
liferating cells, recent evidence suggests that post-mitotic cells
might also enter a senescence-like state, possibly as a defense
mechanism against stress-induced tissue degeneration (Sapieha
and Mallette 2018).

Senescent cells exhibit DNA damage, marked by the accumula-
tion of yYH2AX foci (Siddiqui et al. 2015), and chromatin remod-
eling, which occurs due to the loss of the nuclear lamina protein
Lamin B1 (Freund et al. 2012) and the DNA chaperone protein
high-mobility group box 1 (HMGB1) (Lopez-Otin et al. 2023;
Sofiadis et al. 2021). Additionally, HMGBI is released into the
extracellular microenvironment, where it has been shown to
promote inflammation, further amplifying age-related dysfunc-
tion (Gaikwad et al. 2024; Davalos et al. 2013). Finally, senes-
cent cells release a mix of interleukins, chemokines, growth
factors, and proteases, known as the senescence-associated
secretory phenotype (SASP), which propagates senescence and
contributes to the chronic inflammation seen in advanced age,
ultimately leading to tissue damage (Schafer et al. 2020). The
accumulation of senescent cells is associated with several age-
related pathological conditions, such as atherosclerosis, cata-
racts, glaucoma, diabetes, and osteoarthritis (Holdt et al. 2011;
Jeon et al. 2017; Childs et al. 2016). Recent evidence suggests
that senescence also aggravates neurodegenerative conditions,
including Alzheimer's disease (AD) (Baker and Petersen 2018).

1.1 | Cellular Senescence in Alzheimer's Disease

Alzheimer's disease is responsible for 60%-70% of cases of de-
mentia worldwide, affecting an estimated 33-38 million indi-
viduals in 2023, according to the (World Health Organization
(WHO) n.d.). Neuropathologically, AD is characterized by the
presence of amyloid plaques, primarily composed of amyloid
B (AB), and neurofibrillary tangles (NFTs), composed of the
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FIGURE1 | Potential causes and consequences of cellular senescence. Cellular senescence is triggered by various factors, including mitochon-

drial dysfunction, telomere shortening, oncogene activation, DNA damage, and oxidative stress. These stressors lead to a state of permanent growth

arrest, accompanied by metabolic changes, altered apoptosis sensitivity, and the secretion of pro-inflammatory molecules known as the senescence-

associated secretory phenotype (SASP). SASP not only drives chronic inflammation and tissue dysfunction but also enhances aging processes and

serves as a significant contributor to neurodegenerative diseases, including Alzheimer's disease (AD).
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microtubule-associated protein tau (Trejo-Lopez et al. 2022).
Extensive neuroinflammation, neurodegeneration, and brain
atrophy, specifically affecting the hippocampus, entorhinal
cortex, and neocortex, are also present (Leng and Edison 2021;
Pini et al. 2016). Age is the major risk factor for AD, with 1 in 10
people aged over 65years being at risk of developing the disease
(Hou et al. 2019). Nevertheless, the process driving the increased
vulnerability to AD associated with aging remains unclear.
Senescent cells have been reported in the post-mortem brain
tissues of AD patients, as well as in mouse models of the same
disease (McShea et al. 1997; Bhat et al. 2012; Bussian et al. 2018;
Wei et al. 2016; Zhang et al. 2019; Musi et al. 2018), suggest-
ing that senescence plays a pivotal role in AD pathogenesis and
progression. Several cellular changes typical of senescence are
found in AD. DNA damage, in the form of telomeric alterations
and DNA double-strand breaks, is widely present in AD and in-
creases with disease progression (de la Monte et al. 1997; Frost
et al. 2014; Frost et al. 2016; Panossian et al. 2003). AD patients
exhibit shorter telomeres in their T lymphocytes, cortical mi-
croglia, and hippocampal neurons compared to healthy con-
trols of the same age (Panossian et al. 2003; Thomas et al. 2008;
Franco et al. 2006; Flanary et al. 2007; Forero et al. 2016).

Hightened expression of pl6/N¥4A has been observed in tau
tangle-bearing neurons and neuritic plaques within the cor-
tices of AD patients, suggesting that senescence may be occur-
ring in post-mitotic neurons affected by AD (McShea et al. 1997;
Arendt et al. 1996; Arendt et al. 1998). Lamin B1 depletion has
been observed in neurons of AD brains (Frost et al. 2016; Islam
et al. 2022). Additionally, neurons from human AD brains and
tauopathy mouse models display a loss of heterochromatin
(Islam et al. 2022). Increased levels of p16'N¥4A and the DNA
damage marker YH2AX have been observed in cortical astro-
cytes of AD patients (Bhat et al. 2012; Gaikwad et al. 2021), and
elevated levels of HMGBI in astrocytes have been associated
with the presence of tau oligomers (Gaikwad et al. 2021). Levels
of p21WAFI/CIPL and p53 are increased in AD (Bussian et al. 2018;
Zhanget al. 2019; dela Monte et al. 1997; Luth et al. 2000; Ohyagi
etal. 2005; Welch et al. 2022). Several SASP factors, including IL-
la, IL-1B3, IL-6, MMP-1, MMP-3, TNF-a, and TGF-{3, have been
identified in AD brains (Bussian et al. 2018; Musi et al. 2018;
Bjerke et al. 2011; Dursun et al. 2015; Horstmann et al. 2010; Lai
et al. 2017; Gezen-Ak et al. 2013; Swardfager et al. 2010), and
increased senescence-associated beta-galactosidase (SA-f-gal)
activity has been observed in both neuronal and non-neuronal
cells in AD mouse models (Bussian et al. 2018; Zhang et al. 2019;
Hu et al. 2021; He et al. 2013).

The hallmarks of AD pathology, amyloid plaques and neurofibril-
lary tangles (NFTs), have been linked to increased expression
of the cell cycle repressors p16!NK4A and p21WAF1/CIP1 and of the
SASP genes. A oligomers have been found to induce p16!NK#A
expression and SA-f-gal activity in neural stem/progenitor cells
by activating the ROS-MAPK signaling pathway (He et al. 2013).
Additionally, AB oligomers have been shown to trigger p16/NK4A
expression in mouse hippocampal neurons (Wei et al. 2016). In
the APP/PS1 mouse model of Alzheimer's disease, senescent
oligodendrocyte precursor cells (OPCs) marked by p16/Nk4A and
p21WAPL/CIPL haye been found near AB plaques. Senolytic treat-
ment in these mice effectively removed senescent OPCs, reduced
A accumulation, and enhanced cognitive performance (Zhang

et al. 2019). Additionally, pharmacological intervention to pre-
vent microglial senescence has been shown to alleviate AB-
related pathology in APP/PS1 mice (Hu et al. 2021). Pathological
tau has been found to induce p16™K4A expression and secre-
tion of SASP factors, including IL-18 and CXCL-1 (Bussian
et al. 2018; Musi et al. 2018; Gaikwad et al. 2021). Senescent
astrocytes and microglia expressing SA-B-gal, p16!NK4A  and
SASP factors have been detected in a tauopathy mouse model,
and clearance of p16'™Nk4A-positive senescent glial cells in these
mice reduced tau phosphorylation, NFT formation, cortical and
hippocampal neurodegeneration, and ameliorated memory and
cognitive decline (Bussian et al. 2018). These findings highlight
the significant role of cellular senescence in neurodegeneration
associated with A and tau. Nonetheless, the specific mech-
anisms by which senescence affects different brain cell types
including neurons, astrocytes, microglia, neural stem/progeni-
tor cells, and oligodendrocyte precursor cells in the context of
Alzheimer's disease pathogenesis are not yet fully understood
and warrant further investigation.

1.2 | Glial Cells Senescence

Glial cells constitute approximately 50% of the brain's cellular
population (von Bartheld et al. 2016) and are crucial in main-
taining brain homeostasis, both under healthy conditions and
in disease. They include astrocytes, which maintain the blood-
brain barrier and chemical balance; oligodendrocytes, which
produce myelin to insulate neurons; and microglia, which act
as immune cells by clearing debris and responding to injury
(Salas et al. 2020; Sikora et al. 2021). These cells perform essen-
tial roles, including supplying neurons with nutrients, activating
immune responses, and regulating synaptic transmission and
plasticity (Salas et al. 2020; Sikora et al. 2021). Unlike neurons,
glial cells retain the ability to proliferate in the adult brain (Lee
et al. 2000), playing a crucial role in neuronal maintenance and
repair. Their proliferation has been shown to significantly in-
crease after injury (Ardaya et al. 2020; Joya and Martin 2021),
contributing to tissue repair and neuronal survival. Astrocytes
have the lowest proliferation rate in the healthy human brain
(~0.3%-0.5% at a given time) but can rapidly expand after in-
jury and form a glial scar, a physical and chemical barrier
around the injury site that prevents the spreading of inflam-
mation and supports tissue remodeling (Faulkner et al. 2004;
Colodner et al. 2005). Microglia proliferation can reach up to
2% at a given time and can further increase after injury to clear
debris and modulate neuroinflammation (Askew et al. 2017;
Rodriguez et al. 2022; Sierra et al. 2007). Oligodendrocyte pre-
cursor cells (OPCs), which possess the highest proliferation rate
amongst glial cells, generate new oligodendrocytes to restore
myelin in demyelinated areas (Bradl and Lassmann 2010; Wang
et al. 2020; Young et al. 2013).

However, excessive proliferation, particularly with aging or
chronic injury, increases susceptibility to cellular senescence,
leading to chronic inflammation, impaired regeneration, and
a decline in neural function. Notably, a transcriptional analysis
of age-related gene expression changes across various human
brain regions, conducted on 480 individuals aged 16-106years,
revealed that most age-related gene expression differences were
observed in glial cells rather than neurons (Soreq et al. 2017).
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Dysregulation of astrocyte- and microglia-specific genes ap-
peared to be the best predictor of aging, with the hippocam-
pus and substantia nigra being the most affected brain regions
(Soreq et al. 2017). Hippocampal and nigral neurons have higher
energy demands and are more vulnerable to glucose deprivation,
hypoxia, and oxidative stress (Wang and Michaelis 2010; Flores-
Ponce and Velasco 2024), potentially explaining their height-
ened susceptibility to aging and neurodegenerative diseases.
Notably, even within these regions, selective subfield vulnerabil-
ity exists. In the hippocampus, for instance, CA1 pyramidal neu-
rons experience extensive cell death following hypoxia-ischemia
and oxidative stress, while morphologically similar pyramidal
neurons in the neighboring CA3 regions remain largely intact
(Wang and Michaelis 2010; Kreisman et al. 2000). Accordingly,
only CA1 neurons exhibited an age-dependent volumetric de-
cline, whereas other hippocampal subfields did not show an age
effect (Mueller et al. 2007). This is especially significant given
that CA1 neurons are affected early in AD pathology (Scheff
et al. 2007; West et al. 2004). Therefore, their selective vulnera-
bility, potentially exacerbated by glial dysfunction in this region,
may play a key role in the development of age-related neurode-
generative disorders.

Neuronal pathology in AD is accompanied by elevated glial ac-
tivation and chronic neuroinflammation, which disturb cellular
homeostasis and contribute to cell death (Leng and Edison 2021).
Several AD risk factors, such as APOE, TREM2, PGRN, and
NLRP3, are specifically associated with glial cells and are re-
sponsible for the altered phagocytosis of A and the instauration
of a pro-inflammatory state (Raulin et al. 2022; Mendsaikhan
et al. 2019; Li et al. 2023; Heneka et al. 2013). The release of
inflammatory factors by senescent cells additionally contributes
to chronic inflammation, exacerbates tissue dysfunction, and
might further glial cell activation (Schafer et al. 2020), possi-
bly creating a feedback loop that sustains neuroinflammation.
In fact, senolytic therapy in mouse models has been shown
to decrease neuroinflammation (Bussian et al. 2018; Drake
et al. 2024; Wang et al. 2023; Yao et al. 2024), raising the po-
tential of modulating senescence as a therapeutical approach for
slowing down disease progression (Hickson et al. 2019).

1.2.1 | Astrocyte Senescence

Astrocytes make up approximately 20% of brain cells
(Verkhratsky and Nedergaard 2018) and are vital for brain
physiology and neuronal function. Among other functions, as-
trocytes provide nutrients to neurons, regulate synaptic cleft
composition, maintain extracellular ion balance (e.g., by redis-
tributing potassium ions from areas of high to low neuronal
activity), regulate cerebral blood flow, preserve the integrity of
the blood-brain barrier, and are involved in the repair of neural
tissue (e.g., following traumatic brain injury) (Verkhratsky and
Nedergaard 2018; Hussaini and Jang 2018). As components of
the tripartite synapse, astrocytes control glutamate concentra-
tion and glutamatergic transmission and release their own glial
transmitters (Perea et al. 2009). Additionally, they play a key role
in post-injury recovery by reducing excitotoxicity from wounds,
limiting damage, contributing to scar formation, and later aiding
in tissue regeneration (Faulkner et al. 2004; Tanaka et al. 1997).
Astrocytes also perform various immune functions, including

expressing pattern-recognition receptors and secreting cyto-
kines and chemokines (Ahmad et al. 2019; Farina et al. 2007).

Following acute injury, the number of reactive astrocytes in-
creases, undergoing changes such as swelling, hypertrophy,
proliferation, and elevated expression of the cytoskeletal glial
fibrillary acidic protein (GFAP), a primary intermediate fila-
ment protein and key astrocyte marker (Verkhratsky et al. 2010).
With aging, astrocytes exhibit notable increases in the expres-
sion of GFAP, which is one of the most common changes seen
in these cells (Kawano et al. 2012; Salminen et al. 2011; Porchet
et al. 2003). Vimentin, another intermediate filament once
thought to be exclusive to immature astrocytes, also rises with
age (Salminen et al. 2011; Porchet et al. 2003). Age-related tran-
scriptomic analysis has identified dysregulated genes involved
in cytoskeletal structure, proliferation, immune response,
apoptosis, protein trafficking, and ubiquitin-mediated proteol-
ysis (Simard et al. 2003; Simpson et al. 2011; Lee et al. 2022).
Additionally, aging astrocytes often lose the ability to regulate
synaptic glutamate levels and glutamate-glutamine homeostasis
due to altered astrocyte-specific glutamate transporter expres-
sion (Kawano et al. 2012; Matias et al. 2023; Limbad et al. 2020).
Several studies have shown that these functional changes
weaken neuronal support and reduce synaptic interactions,
leading to impaired synaptic function and plasticity, increased
oxidative and proteolytic stress, and mitochondrial dysfunction
in in vitro and in vivo models of normal aging (Lee et al. 2022;
Chen et al. 2020; Gildea and Liddelow 2025; Pertusa et al. 2007).
In the aging brain, astrocytic impairments are significantly cor-
related with hippocampal deterioration and defects in memory
retrieval and consolidation (Ojo et al. 2015).

Astrocytes have been shown to undergo senescence similarly
to other proliferation-competent cells. Murine and human se-
nescent astrocytes exhibit reduced proliferation and increased
expression of several established senescence markers, such as
elevated SA-B-gal activity, increased expression of SASP com-
ponents, and increased levels of WAF1p21€1P1 p53, and p16!NK4A
proteins in response to oxidative stress or proteasome inhibitors
(Pertusa et al. 2007; Bitto et al. 2010; Evans et al. 2003). The
transcription factor GATA4 was also identified as a mediator of
senescence in astrocytes, oligodendrocytes, and pyramidal neu-
rons (Kang et al. 2015). GATA4 was shown to accumulate in
the prefrontal cortex of aged versus young human brains, and
its expression spatially correlated with that of p16'NK4A, GATA4
regulated the expression of NF-xB as well as several SASP com-
ponents, including IL6, IL1-A, and Cxcll. Interestingly, GATA4
was activated in response to the DDR regulators ataxia telangi-
ectasia and Rad3-related (ATR) and ataxia telangiectasia mu-
tated (ATM) but independently from p53 and p16'NK4A signaling
(Kang et al. 2015).

Senescent astrocytes also display elevated levels of the DNA
damage markers, senescence-associated heterochromatin foci
(SAHF), yH2AX foci, and loss of lamin B1 (Gaikwad et al. 2021;
Bitto et al. 2010; Matias et al. 2022). Lamin B1 reduction was
associated with nuclear deformation in vitro and in vivo in the
mouse and human hippocampus, with the granular layer of the
dentate gyrus being the most affected area (Matias et al. 2022).
Notably, Evans et al. (2003) demonstrated that human astrocytes
undergo a form of senescence that is independent of telomere
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erosion but dependent on p53. Their research also revealed el-
evated p16/N%4A Jevels in the frontal cortex of older individuals
and those with AD compared to younger subjects.

In vitro studies indicate that astrocytes can experience both
replicative senescence and senescence induced by various ex-
ternal stressors (Pertusa et al. 2007; Cohen and Torres 2019;
Dai et al. 2020; Yu et al. 2017). For example, ammonia induces
senescence in cultured astrocytes through mechanisms depen-
dent on glutamine synthesis and oxidative stress, driven by p53-
mediated transcription of cell cycle regulatory genes, including
p21WAF1/CIPL and GADDA45a (Dai et al. 2020). Increased expres-
sion of p21WAFI/CIP1 53 and GADD45a mRNA was also noted
in postmortem brain samples from patients with liver cirrhosis
and hepatic encephalopathy (Yu et al. 2017). In long-term rat
astrocyte cultures, enhanced generation of reactive oxygen spe-
cies and decreased mitochondrial activity were observed, along-
side an increase in proteins staining positively for nitro-tyrosine
(Pertusa et al. 2007). Aged astrocytes in vitro also exhibited ele-
vated expression of Cu/Zn superoxide dismutase (SOD-1), heme
oxygenase-1 (HO-1), and inducible nitric oxide synthase (iNOS)
as well as increased glutamate uptake. By day 90 in vitro, these
cells were SA-3-gal positive and showed heightened GFAP ex-
pression (Pertusa et al. 2007). Ovarian estradiol has been shown
to induce senescence in hypothalamic astrocytes, with these
senescent cells affecting the regulation of progesterone syn-
thesis and GnRH secretion, potentially influencing age-related
declines in female reproductive function (Dai et al. 2020).
Additionally, both HIV and methamphetamine have been im-
plicated in inducing astrocyte senescence in vitro and in various
animal models (Yu et al. 2017).

In co-cultures with hippocampal neurons, senescent astro-
cytes reduced the pool of synaptic vesicles (Kawano et al. 2012)
and exerted neurotoxicity through increased release of pro-
inflammatory factors and decreased release of neurotrophic
growth factors (Turnquist et al. 2016). Additionally, senescent
astrocytes have been shown to induce glutamate excitotoxicity,
thus further contributing to neuronal dysfunction and cell death
(Limbad et al. 2020). Following X-irradiation, human astrocytes
exhibited a downregulation of genes encoding glutamate and
potassium transporters, which resulted in impaired neurotrans-
mitter reuptake and led to neuronal cell death in co-culture as-
says (Limbad et al. 2020). Taken together, these results highlight
the critical role of cellular senescence in astrocyte-mediated
neurotoxicity, which may significantly contribute to neurode-
generation and cognitive decline in age-related neurological dis-
eases including AD.

In the context of AD, astrocytes are observed in the surround-
ing area of AP plaques and are thought to participate in A
clearance and degradation (Frost and Li 2017). Recent studies
have shown that genetic variants linked to late-onset AD and
genetic diversity modulate the astrocytic response in the 5XFAD
mouse model, influencing resistance to AD development (Soni
et al. 2024; Garcia-Agudo et al. 2024). Aged astrocytes present
areduced expression of the receptors responsible for Af uptake,
the low-density lipoprotein receptor-related protein 1 (LRP1)
and the scavenger receptor B1 (SR-B1), suggesting that senescent
astrocytes may have a reduced capacity to degrade AR (Iram
et al. 2016). Furthermore, astrocytes can become senescent

when exposed to AP or tau. AB has been shown to trigger se-
nescence in astrocytes by activating SA-B-gal and promoting
the expression of p16/N¥4A and a secretory phenotype associated
with p38 MAP kinase (Bhat et al. 2012). Primary human astro-
cytes treated with oligomeric Af presented increased expres-
sion of p53, p21WAFL and p16™K4A increased SA-B-gal activity,
and decreased expression of the cell proliferation marker Ki-67
(Ungerleider et al. 2022). Furthermore, they exhibited increased
secretion of IL-6, a member of the SASP, and reduced expres-
sion of the neurotrophic factors IGF-1 and NGF. DNA damage,
as identified by the increase of YH2AX- and 53BP1-positive foci,
was also present (Ungerleider et al. 2022). Additionally, reactive
astrocytes present increased levels of 8- and y-secretase (Frost
and Li 2017; Zhao et al. 2011), the enzymes responsible for Af
production, raising the possibility that astrocytes might contrib-
ute to the total amyloid load.

In a study utilizing triple-label immunostaining of the frontal
cortex tissue, it was found that more than 75% of GFAP-positive
astrocytes in AD exhibited reactivity to both tau oligomers
(TauO) and pl6™NK4A) while significantly fewer TauO- and
p16™NK4A_positive astrocytes were identified in age-matched
non-demented controls. Additionally, the study reported ele-
vated levels of HMGBI, indicative of the SASP, and increased
YH2AX foci in TauO-associated astrocytes within AD brains
(Gaikwad et al. 2021). Ablation of senescent astrocytes and
microglia significantly reduced tau hyperphosphorylation and
NFT formation in a tauopathy mouse model, indicating that se-
nescent astrocytes might directly contribute to tau aggregation
and deposition (Bussian et al. 2018).

Overall, evidence indicates that astrocyte senescence might con-
tribute to AD pathophysiology by directly causing impaired neu-
rotransmission and neuronal dysfunction, by exacerbating tau
and A aggregation, and by promoting a sustained state of neu-
roinflammation. Furthermore, senescent astrocytes have also
been described in other neurodegenerative conditions, such as
Parkinson's disease and amyotrophic lateral sclerosis (Turnquist
et al. 2016; Chinta et al. 2018), suggesting that astrocyte senes-
cence represents a common feature of neurodegeneration.

1.2.2 | Microglia Senescence

Microglia make up 5%-10% of cells in the brain on average, with
significantly higher percentages found in the white matter in
human brains (Mittelbronn et al. 2001). They are commonly
referred to as the resident macrophages of the central nervous
system, where they represent the main active immune defense.
Microglia express a wide range of pattern-recognition receptors
(PRRs) responsible for the detection of pathogens as well as tis-
sue damage, including Toll-like receptors TLR1/2 and TLR4
and NOD-like receptors such as the NLRP3 inflammasome
(Rodriguez et al. 2022). Microglia are responsible for the removal
of infectious agents as well as damaged or unnecessary neu-
rons and synapses, which they uptake through phagocytic and
endocytic processes (Rodriguez et al. 2022; Sierra et al. 2014).
Along with their implications in response to injury, microglia
are thought to play a critical role in synaptic maturation during
development (Pont-Lezica et al. 2014; Zhan et al. 2014) and syn-
aptic surveillance in the adult brain (Nimmerjahn et al. 2005).
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Aged microglia from non-demented individuals present a dys-
trophic appearance, characterized by loss of fine branches,
short tortuous processes, and cytoplasmic fragmentation (Streit
et al. 2004). In the retina of aged mice, the number of microglial
cells has been shown to increase with age, and by 18 months,
microglia had lost their characteristic ramified morphology
and presented shortened dendrites and decreased branching
(Sierra et al. 2007; Stojiljkovic et al. 2019; Xu et al. 2008; Damani
et al. 2011). Additionally, aged microglia accumulated lipofus-
cin (Sierra et al. 2007; Xu et al. 2008), a polymorphous mixture
of oxidized proteins and lipid waste material, likely resulted
from decreased efficiency of degradation processes with age.
Aged microglia exhibited reduced phagocytic activity (Ritzel
et al. 2015) and significantly lower process motility and mi-
gratory velocity when compared to microglia from young mice
(Damani et al. 2011). In another study, microglial senescence
was investigated in the spinal cord of aged mice. Here, microg-
lia presented increased mitochondrial activity and consequent
elevated oxidative stress (Ritzel et al. 2015), characteristic of ac-
tivated microglia.

In long-term cultures and in vivo, aged microglia displayed
increased SA-B-gal activity and pl16™N¥4A protein levels, while
p21WAFL/CIPL and p53 were upregulated in vitro but not ex vivo
(Stojiljkovic et al. 2019). Single-cell transcriptome analysis of
different mouse models revealed that microglia undergo cel-
lular senescence in the brain and the spinal cord during aging
(Matsudaira et al. 2023). Specifically, old but not young mice
presented elevated expression of p16!N¥4A mRNA and protein
in the white matter, mainly in microglial cells. Overexpression
of p16™K4A was accompanied by increased expression of SASP
genes, such as Il1b and Cxcl10, and increased YH2AX levels, in-
dicative of senescence-associated DNA damage. Interestingly,
transcriptomic analyses revealed that p16'N¥4A expression was
enriched in disease-associated microglia (DAM), and the DAM-
related microglia cluster was only identified in old mice, indi-
cating that aging is associated with increased DAM and that the
majority of DAM are senescent (Matsudaira et al. 2023).

Upon immune challenge or brain injury, microglia shift from
a homeostatic to an activated stage, become highly ramified,
and adopt a pro-inflammatory profile. Compared to young mi-
croglia, microglia from aged mice presented increased basal
expression of the pro-inflammatory cytokines TNFa, IL-13,
and IL-6 and of the anti-inflammatory cytokine TGFf1 (Sierra
et al. 2007; Ritzel et al. 2015). Moreover, following LPS admin-
istration, microglia from aged mice exhibited an exaggerated
neuroinflammatory response compared to young microglia,
with increased expression of both pro-inflammatory and anti-
inflammatory cytokines (Sierra et al. 2007; Henry et al. 2009). It
is possible to speculate that over time the sustained production
of pro-inflammatory cytokines in older individuals might con-
tribute to the increased neuroinflammation observed in aged
brains and ultimately lead to cognitive deficits.

In a recent comprehensive analysis of senescent cells in AD,
post-mortem cortical tissue from AD patients showed signifi-
cantly higher numbers of senescent microglia, characterized
by increased expression of p16/NK4A p2]WAFL/CIPL vy O AX and
GLB1 (encoding for @-galactosidase), when compared to age-
matched non-demented control individuals (Fancy et al. 2024).

Additionally, single-nuclei RNA sequencing showed upregula-
tion of genes involved in DNA damage response and cellular
senescence and downregulation of phagocytosis-related genes
in AD (Fancy et al. 2024). Consistent with neuropathological ob-
servations that found senescent microglia to be mostly localized
in proximity to A@ plaques (Hu et al. 2021), senescence markers
and transcripts for genes associated with DNA damage and mi-
tochondrial stress were expressed at significantly higher levels
in plaque-associated microglia (PAM) compared to microglia
localized far from plaques (Fancy et al. 2024), suggesting that
microglia senescence is dependent on the Af load. In a recent
study, the selective targeting of PAMs in the 5XFAD mouse model
of amyloidosis was shown to reduce Af burden and neuroin-
flammation and to improve behavioral deficits (Henningfield
et al. 2024), indicating that targeting PAMs could represent a
therapeutic strategy for AD.

In response to the abnormal protein misfolding and aggregation
characteristic of neurodegenerative diseases, microglia adopt
an activated state, which promotes neuroinflammation and the
reactivation of proliferative programs (Leng and Edison 2021).
Rapid microglia proliferation is often observed in AD neuropa-
thology (Olmos-Alonso et al. 2016), where it is thought to lead
to replicative senescence. In APP/PS1 mice, microglia were
shown to rapidly expand after the appearance of Af plaques
(Hu et al. 2021; Olmos-Alonso et al. 2016). Following this rapid
expansion, microglia associated with Af plaques expressed
markers of DAM and exhibited characteristics of senescent
cells, including increased SA-f-gal activity, progressive telo-
mere shortening, and the expression of senescence signature
genes (Hu et al. 2021), supporting the hypothesis that microglia
undergo replicative senescence subsequent to pathology-driven
excessive proliferation. In this model, the pharmacological in-
hibition of microglia proliferation prevented the appearance
of DAM, reduced microglial senescence likely by avoiding the
onset of replicative senescence, mitigated Ap-dependent syn-
aptic damage, and improved cognitive deficits (Hu et al. 2021;
Olmos-Alonso et al. 2016). These findings support the hypothe-
sis that replicative senescence in microglia exacerbates amyloid
pathology and contributes to cognitive decline.

Similarly to AB, exposure to tau has also been shown to pro-
mote microglia senescence. In primary microglia, exposure to
recombinant human tau increased the levels of p16'™VX4A and
p21WAFL/CIPL hroteins and induced secretion of the SASP fac-
tors, including IL-1f3, IL-6, and TNF-a (Karabag et al. 2023).
Additionally, tau-treated microglia presented decreased levels of
lamin B1 and accumulated YH2AX foci, indicating the presence
of DNA damage, and exhibited cytoskeletal alterations and re-
duced migration towards the site of insult following an in vitro
scratch wound assay. The uptake of tau was also decreased
in these cells, suggesting a correlation between microglia se-
nescence and tau clearance capability (Karabag et al. 2023).
In PS19 mice, the overexpression of P301S mutant tau causes
increased microglial expression of p16'™VK#A | indicative of se-
nescence as well as an increase in CD68- and CD11c-positive
cells, indicative of DAM (Bussian et al. 2018; Yao et al. 2024).
In this mouse model, the treatment with dasatinib + quercetin,
a well-characterized senolytic therapy, reduced the number of
p16™NK4A_positive microglia cells. Additionally, senolytic therapy
promoted a reduction in DAM and a concomitant increase in
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homeostatic microglia, which resulted in improved cognitive
function (Yao et al. 2024).

Altogether, Af and tau pathology have been shown to promote
microglia senescence, and senescent microglia have been shown
to display reduced phagocytosis of tau and A( (Ritzel et al. 2015;
Karabag et al. 2023; Hellwig et al. 2015). The inability of mi-
croglia to clear Af plaques and NFTs is thought to contribute
to microglia's prolonged activation, which results in chronic
neuroinflammation. Furthermore, constant microglia activa-
tion is thought to promote a sustained proliferation already at
the early stages of the disease, which amplifies the inflamma-
tory response, intensifies microglia senescence, and exacerbates
neuropathology (Hu et al. 2021; Olmos-Alonso et al. 2016).

1.2.3 | Oligodendrocyte Senescence

Oligodendrocytes are specialized glial cells of the central ner-
vous system, whose major function is to provide support and
insulation to axons by encapsulating them in myelin sheaths
(Bradl and Lassmann 2010). Myelin contributes to axon integ-
rity and is essential for saltatory nerve conduction. Myelination
defects disrupt neuronal excitability and synaptic transmission
(Sutor et al. 2000), and neurons with altered myelin sheaths dis-
play impaired axonal transport and microtubule stability and
have a dystrophic appearance (Haines et al. 2011; Kirkpatrick
et al. 2001; Edgar et al. 2004). In mice, myelination appeared
to be promoted by memory formation and to be essential for
memory maintenance (Pan et al. 2020; Steadman et al. 2020).
Furthermore, myelin content has been shown to decrease with
age in mice and humans (Wang et al. 2020; Luan et al. 2021), sug-
gesting that myelin loss might be responsible for age-dependent
cognitive decline. In a recent study that investigated myelin
formation and stability over time in mice, the age-dependent
loss of myelin only partially resulted from myelin degradation
and was mostly dependent on the loss of proliferation and dif-
ferentiation capacity of OPCs (Wang et al. 2020). Additionally,
preventing OPC differentiation was sufficient to induce spatial
memory deficits in young mice, while promoting OPC differen-
tiation in old mice was able to rescue synaptic loss and improve
memory function (Wang et al. 2020). OPCs from aged mouse
brains appear enlarged and flattened, present increased yYH2AX
foci and DNA damage, and have been shown to withdraw from
the cell cycle (Kujuro et al. 2010; Gomez et al. 2024; Neumann
et al. 2019; Ogrodnik et al. 2021; Windener et al. 2024). They
have reduced differentiation potential and are characterized by
a senescent profile including elevated expression of pl6/NK4A
upregulation of senescence-related pathways, and increased SA-
f-gal activity (Kujuro et al. 2010; Gomez et al. 2024; Neumann
et al. 2019; Ogrodnik et al. 2021; Windener et al. 2024).

Besides OPCs, mature oligodendrocytes have also been shown
to become senescent. Single-cell RNA sequencing of old versus
young mouse brains revealed downregulation of genes related to
myelin production and differentiation, suggesting a correlation
between brain aging and myelin degeneration (Luan et al. 2021).
Oligodendrocytes from aged brains presented increased expres-
sion of p16'™NK4A and p21WAFL/CIPL a5 ell as other senescence-
and aging-related genes (Luan et al. 2021; Ogrodnik et al. 2021).
Additionally, oligodendrocytes from old but not young brains

were shown to accumulate the transcriptional factor GATA4,
which acts as a senescence and SASP inducer (Kang et al. 2015).
Oligodendrocytes differentiated from fibroblasts of aged human
donors presented increased p16'NK4A and p21WAFI/CIPL expres-
sion and downregulation of lamin Bl (Windener et al. 2024).
Oligodendrocytes associated with white matter lesions have
been shown to upregulate YH2AX, pl6™K4A and SA-B-gal ac-
tivity in response to oxidative stress (Al-Mashhadi et al. 2015).
Furthermore, inflammatory molecules released by microglia
have been shown to prevent OPC differentiation and induce se-
nescence markers in young oligodendrocytes (Luan et al. 2021;
Windener et al. 2024). In mature oligodendrocytes, chronic
NF-xB activation, which mimics the chronic inflammation ob-
served in aged brains, induced SASP factors, increased expres-
sion of p16!NK4A p2]WAFI/CIP1 and p53, and elevated SA-f-gal
activity (Schlett et al. 2023).

As mature oligodendrocytes are post-mitotic cells, the acqui-
sition of a senescent phenotype in these cells has to be based
on mechanisms independent of cell division. Increased pro-
duction of ROS, resulting from oligodendrocytes' elevated
metabolic demands for myelin production and maintenance
(Tepavcevic 2021), as well as increased susceptibility to oxida-
tive stress, due to oligodendrocytes' limited antioxidant defenses
(Thorburne and Juurlink 1996) can induce DNA damage and
trigger cellular senescence. Moreover, the aging brain is often
characterized by chronic inflammation. Therefore, senescence-
related changes can be induced in mature oligodendrocytes by
exposure to pro-inflammatory cytokines and extracellular ma-
trix remodeling factors released by surrounding cells.

White matter deficits, caused by oligodendrocyte dysfunction
and consequent axon demyelination, have been reported in
several neurodegenerative diseases, including Parkinson's dis-
ease, Huntington's disease, amyotrophic lateral sclerosis, and
AD (Nasrabady et al. 2018; Huang et al. 2024; Kolind et al. 2013;
Dean 3rd et al. 2016; Bourbon-Teles et al. 2019). In AD patients,
changes in myelin density in the left temporoparietal cortex
have been correlated with disease duration (Ota et al. 2019). In
another study, white matter hyperintensities, indicative of white
matter lesions, have been shown to correlate with tau pathol-
ogy (McAleese et al. 2015). In APP/PS1 mice, the shrinkage of
the corpus callosum and the decrease in myelin content with
age have been observed (Dong et al. 2018). Triple transgenic
AD mice present myelin alterations, including granulations in
the myelin lamina and lower myelin density, at 8 months (Qiu
et al. 2023). Myelin dysfunction has been shown to increase
APP cleavage and promote plaque formation (Depp et al. 2023).
Conversely, A has been shown to induce demyelination of the
corpus callosum and a reduction of mature oligodendrocytes in
rats (Jantaratnotai et al. 2003).

Exposure to A has been shown to trigger SA-B-gal activity in
OPCs in vitro (Zhang et al. 2019). OPCs associated with amy-
loid plaques exhibit increased levels of p16!N¥4A and p21WAF1/CIP1
in both human AD and APP/PS1 mice. Additionally, APP/PS1
brains display an age-dependent increase in SA-B-gal activ-
ity, which colocalizes with OPC markers (Zhang et al. 2019).
In the same model, pharmacologically preventing senescence
of OPCs ameliorated myelination and reduced Af load (Xie
et al. 2021). Although direct evidence of senescence in mature
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oligodendrocytes has not yet been reported in AD and other neu-
rodegenerative conditions, the presence of myelin defects and
the knowledge that oligodendrocytes can acquire a senescent
phenotype suggest that this possibility should not be ruled out.
Given the increasing recognition of oligodendrocyte involve-
ment in neurodegeneration, more targeted studies are needed
to investigate whether mature oligodendrocytes undergo se-
nescence and how oligodendrocyte senescence contributes to
disease progression. Whether it is triggered by aging, amyloid
pathology, or neuroinflammation, OPCs and possibly mature
oligodendrocyte senescence can directly impair myelin repair
and may significantly contribute to AD disease progression and
cognitive decline.

A summary of the most common senescence markers in normal
aging and Alzheimer's Disease can be found in Tables 1 and 2,
respectively. The overall mechanisms through which glial cell
senescence might contribute to neurodegeneration and AD pa-
thology are summarized in Figure 2.

1.3 | Therapeutic Approaches Targeting Glial Cell
Senescence in AD

Therapeutic strategies aimed at targeting glial cell senescence
are emerging as a promising approach to slowing down neu-
rodegeneration and ameliorating its associated symptoms.
The use of senolytics, small molecules designed to selectively
eliminate senescent cells and induce apoptosis, has already
shown promising results in preclinical models. The senolytic
agents dasatinib and quercetin (D + Q) have been shown to re-
duce the burden of senescent cells and alleviate neuroinflam-
mation in animal models of neurodegenerative conditions.
In a TBI model, intermittent administration of D + Q reduced
pl6INK4A and p21CIPV/WAFL hgitive cells, decreased levels of
the pro-inflammatory cytokines IL-1 § and IL-6, attenuated
neurodegeneration, and improved spatial and recognition mem-
ory (Wang et al. 2023). In APP/PS1 mice, weekly treatment
with D+Q for 11weeks reduced AB-plaque load and plaque-
associated SA-B-Gal activity, and decreased the levels of pro-
inflammatory cytokines IL-18 and TNF-a in the hippocampus
(Zhang et al. 2019). Furthermore, senolytic treatment enhanced
memory performance in the Y-maze and water maze tests, sug-
gesting that improved cognition results from suppression of
senescence-associated neuroinflammation and neurotoxicity.
In the PS19 tauopathy model, D+ Q reduced pl6™¥4A-positive
microglia cells, decreased tau hyperphosphorylation, rescued
cerebral oxygen hypometabolism, preserved blood-brain bar-
rier (BBB) integrity, and improved cognitive performance (Yao
et al. 2024). In very old tauopathy mice, intermittent D+ Q se-
nolytic treatment reduced NFTs, improved cerebral blood flow,
and decreased ventricular pathology and brain atrophy, overall
exhibiting protective effects against neurodegeneration (Musi
et al. 2018). In a phase I clinical trial, oral administration of
D+Q decreased SA-B-Gal activity, reduced p16'™NK4A expres-
sion, and decreased levels of the circulating SASP factor MMP-
12 (Hickson et al. 2019). In older adults presenting symptomatic
early AD, D + Q oral administration decreased the level of several
cytokines and chemokines associated with the SASP, including
1L-17, 1L-21, IL-10, IL-6, and MMPs-9 (Gonzales et al. 2023).

Both dasatinib and quercetin were increased in the plasma of
patients post-treatment, while only dasatinib was detected in the
cerebrospinal fluid, indicating crossing of the blood-brain bar-
rier. Although the treatment did not exhibit effects on cognition
nor structural MRI measures, it is remarkable that senescence
biomarkers were affected in both plasma and CSF in the short
study period (Gonzales et al. 2023; Longo and Massa 2023).

Another senolytic agent, AP20187, which induces apoptosis
of highly p16™NX4A-expressing cells, was shown to reduce mi-
croglia activation, alleviate SASP cytokine expression, and im-
prove cognitive function in aged INK-ATTAC mice (Ogrodnik
et al. 2021). In INK-ATTAC mice crossed with PS19 transgenic
mice, AP20187 cleared pl16'NK4A. p19AT.. and p21CIPY/WAFL
positive cells in the cortex and hippocampus, reduced IL-6 and
IL-183 levels, decreased tau hyperphosphorylation in both the
soluble and insoluble fractions, and alleviated NFT deposition
in the dentate gyrus (Bussian et al. 2018). Inhibitors of the anti-
apoptotic proteins BCL-2 and BCL-xL have been shown to in-
duce selective apoptosis of senescent cells, including glial cells.
Repeated treatment with Navitoclax (ABT-263) prevented the
upregulation of the senescence-associated genes pl6, p19, p21,
IL-6, and IL-1 $ and reduced tau hyperphosphorylation in the
cortex and hippocampus of PS19 mice (Bussian et al. 2018).
Fisetin, a naturally occurring flavonoid found in fruits and veg-
etables, has been shown to reduce p16/NK4A, p21CIPI/WAFL and
SASP markers in several tissues, reduce age-related pathology,
and improve lifespan in aged mice (Yousefzadeh et al. 2018).

Senomorphics are small molecules that inhibit the activation
of signaling pathways responsible for SASP expression, such
as p38MAPK, mTOR, and JAK/STAT, or target transcrip-
tion factors, such as NF-xB and STAT3, which are responsible
for the maintenance of the senescent phenotype. The mTOR
kinase inhibitor rapamycin was shown to reduce amyloid
plaques and improve vascular and cognitive function in the J20
(PDGF-APPSw,Ind) AD mouse model (Van Skike et al. 2021;
Lin et al. 2013). Rapamycin long-term treatment starting from
a young age prevented tau pathological hyperphosphorylation
and aggregation in the cerebral cortex of P301S mice, while
treatment with PQR530, which exhibits improved pharmacoki-
netic properties, reduced tau pathology even at later time points
(Morawe et al. 2022). The polyphenol resveratrol exhibits anti-
inflammatory properties by inhibiting NF-xB. Resveratrol treat-
ment was shown to prevent the secretion of IL-6 and TNF-a in
microglial cells exposed to fibrillar AB and to reduce A{3 depo-
sition and microglial activation in APP/PS1 mice (Capiralla
et al. 2012). A recent meta-analysis of randomized clinical tri-
als provided preliminary evidence for the potential effect of
resveratrol in reducing A load, inflammation, and oxidative
stress and delaying cognitive impairment in AD patients (Tosatti
et al. 2022). The polyphenol apigenin was shown to down-
regulate NO and pro-inflammatory cytokines in microglial cell
lines and primary microglia. In iPSC-derived neurons from fa-
milial AD exposed to activated microglia-conditioned media,
apigenin exhibited protective effects against inflammation-
induced neuronal cell death and neurite shortening (Balez
et al. 2016). Additionally, in Wistar rats stereotaxically injected
with A, apigenin ameliorated spatial working memory and pro-
tected against hippocampal neuronal loss.
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TABLE 2 | Markers of pathology-induced senescence.

Astrocytes Microglia OPCs
Morphology Dystrophic appearance
(Streit et al. 2009)
Metabolism 1 SA-B-gal (Bhat et al. 2012; 1 SA-B-gal (Hu et al. 2021; 1 SA-B-gal (Zhang
Ungerleider et al. 2022) Fancy et al. 2024) et al. 2019; Xie et al. 2021)
| AB endocytosis (Iram et al. 2016) | phagocytosis (Fancy

et al. 2024; Karabag et al. 2023;
Hellwig et al. 2015)

Cell-cycle arrest 1 p16/NK4A (Bhat et al. 2012; 1 p16/NK4A (Bussian et al. 2018; 1 pl6/NK4A (Zhang
Bussian et al. 2018; Gaikwad Yao et al. 2024; Fancy et al. 2024; et al. 2019)
et al. 2021; Ungerleider et al. 2022) Karabag et al. 2023) 1 p21WAFL/CIPL (Zhang
1 p21WAFL/CIPL (Ungerleider 1 p21WAFL/CIPL (Fancy et al. 2024; et al. 2019; Xie et al. 2021)
et al. 2022) Karabag et al. 2023)

1 p53 (Ungerleider et al. 2022)
| Ki67 (Ungerleider et al. 2022)

DNA damage 1 YH2AX (Gaikwad et al. 2021; 1 YH2AX (Fancy et al. 2024;
Ungerleider et al. 2022) Karabag et al. 2023)
1 53BP1 (Ungerleider et al. 2022) | Lamin B1 (Karabag et al. 2023)
Inflammation 1 SASP (Gaikwad et al. 2021; 1 SASP (Karabag et al. 2023)

Ungerleider et al. 2022)
1+ HMGBI (Gaikwad et al. 2021)
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FIGURE2 | Potential mechanisms underlying brain glial senescence contributing to or enhancing Alzheimer's disease (AD). Glial cell senescence
plays a pivotal role in the pathophysiology of Alzheimer's Disease (AD), with astrocytes, microglia, and oligodendrocytes in the AD brain or AD model
mice undergoing senescence in response to stressors such as mitochondrial dysfunction, telomere shortening, oncogene activation, DNA damage,
and oxidative stress. These stressors induce permanent growth arrest in glial cells. Senescent glial cells secrete pro-inflammatory cytokines and
molecules, collectively known as the senescence-associated secretory phenotype (SASP), which promotes a neuroinflammatory environment that ex-
acerbates neurodegenerative processes in AD. Specifically, the SASP impairs the function of oligodendrocyte precursor cells (OPCs), hindering their
differentiation into myelinating oligodendrocytes and leading to remyelination failure. Additionally, the accumulation of hyperphosphorylated tau
and amyloid-@ (AB) oligomers accelerates neurodegeneration and further drives the progression of brain cell senescence, reinforcing the senescent
state through positive feedback loops. These processes contribute to cognitive decline and neuronal loss, hallmarks of AD. BBBD, blood-brain barrier
dysfunction; HMGBI, high mobility group box 1; IL-10, interleukin-10; IL-1f, interleukin-1 beta; IL-4, interleukin-4; IL-6, interleukin-6; IL-8, inter-
leukin-8; INF-y, interferon gamma; MMPs, matrix metalloproteinases; NOS2, nitric oxide synthase 2 (inducible NOS); PAI-1, plasminogen activator
inhibitor-1; RAGE, receptor for advanced glycation end products; TNF-«, tumor necrosis factor alpha.
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The monoclonal antibody adalimumab, which specifically tar-
gets TNF-a, was shown to attenuate neuroinflammation by
preventing astrocyte and microglia activation in mice injected
with Af, ,,. Additionally, adalimumab treatment prevented
hippocampal neuronal loss, reduced amyloidosis, and rescued
memory impairments (Park et al. 2019). Ginsenoside F1 sup-
presses the NF-xB signaling pathway and exhibits strong anti-
oxidant and anti-inflammatory properties. The Ginsenoside
Fl-enhanced mixture (SGB121) was shown to mitigate oxida-
tive stress, reduce pl6'™NK4A Jevels and SA-B-gal activity, and
rescue telomere shortening in the brain of mice fed a high-fat
diet. Furthermore, SGB121 reduced the secretion of several
pro-inflammatory cytokines and chemokines, including IL-6,
TNF-a, CXCL-11, and MMP-2, prevented astrocyte and mi-
croglia activation, and reduced tau hyperphosphorylation (Hou
et al. 2022). Overall, senotherapeutics offer a variety of mecha-
nisms to target senescence, including glial cell senescence and
open up new therapeutic possibilities for Alzheimer's disease
by reducing neuroinflammation and preserving brain function.
It must be noted that when it comes to senomorphics, different
from senolytics that eliminate senescent cells, continuous treat-
ment is needed to maintain the suppression of the SASP and/or
the inflammatory processes driven by senescent cells.

Senolytic therapy has been shown to extend lifespan and ame-
liorate several age-related conditions in mice (Yousefzadeh
et al. 2018; Xu et al. 2018; Mikawa et al. 2024). While promis-
ing, senotherapeutics face significant limitations, particularly in
their efficacy and potency across different models. Given the di-
verse triggers of cellular senescence, the effects of senotherapeu-
tics are not universal and might be more effective in certain cell
types than in others. For example, outside the context of neuro-
degeneration, dasatinib selectively eliminated senescent pread-
ipocytes but not human endothelial cells, whereas quercetin
exhibited the opposite effect (Zhu et al. 2015). Additionally, the
cellular microenvironment plays a crucial role, with factors such
as oxygen levels, circulating SASP components, and nutrient
availability influencing senescence (Wiley and Campisi 2021;
Schafer et al. 2020). Notably, metabolic alterations are closely
linked to cellular senescence (Wiley and Campisi 2021), and ca-
loric restriction has shown protective effects against age-related
dysfunctions (Mikawa et al. 2024; Dorling et al. 2020). These
findings suggest that dietary factors could significantly modu-
late the efficacy of senotherapeutics, a consideration that must
be integrated into clinical trial designs.

Senescence is a systemic process, occurring throughout the body
rather than being confined to the brain (Al-Azab et al. 2022;
Going et al. 2002; Hudgins et al. 2018). Given that local admin-
istration of senolytics for neurodegenerative conditions is im-
practical, systemic effects of such treatments are unavoidable.
In aged individuals, several biological processes that act as trig-
gers for senescence, such as mitochondrial function and protein
degradation, are often already compromised in cells that are not
yet senescent (Lopez-Otin et al. 2023; Wiley and Campisi 2021),
raising concerns that senolytic therapy could disrupt homeosta-
sis and exert more generalized cytotoxic effects. Additionally,
senescence is involved in essential beneficial responses such
as facilitating wound healing and suppressing tumorigenesis
(de Magalhaes 2024). Thus, the indiscriminate elimination of
senescent cells may lead to unforeseen harmful consequences.

Finally, the long-term efficacy of senolytic treatments remains
largely unexplored. Intermittent administration of senolytic
agents, employing a “hit-and-run” strategy, has been proposed
to minimize off-target effects, but further research is required
to determine its efficacy. Furthermore, as senescent cells accu-
mulate in the aging brain, it is unclear whether their large-scale
removal could per se have detrimental effects.

2 | Conclusions

Glial cell senescence is increasingly recognized as a significant
contributor to Alzheimer's disease pathology. Glial cells, includ-
ing microglia, astrocytes, and oligodendrocytes, play critical
roles in maintaining homeostasis in the central nervous sys-
tem (Salas et al. 2020; Sikora et al. 2021). When they become
senescent, glial cells lose their supportive and neuroprotective
functions, promote neuroinflammation, exacerbate synaptic dys-
function, and drive neurodegeneration (Sierra et al. 2007; Wang
et al. 2020; Kawano et al. 2012; Limbad et al. 2020; Turnquist
et al. 2016; Ritzel et al. 2015; Henry et al. 2009; Luan et al. 2021)
(Figure 2). The failure of cell repair mechanisms was observed
with aging results in autophagy and mitochondria dysfunction,
both associated with several neurodegenerative diseases (Lopez-
Otin et al. 2023). Impaired proteostasis and defective autophagy
contribute to the accumulation of misfolded proteins within
neurons (Cozachenco et al. 2023; Barmaki et al. 2023), while
impaired phagocytosis and disruption of lysosomal degradation
pathways halt Af and tau aggregates’ clearance by glial cells
(Kreher et al. 2021; Tajbakhsh et al. 2021; Wang et al. 2009).
Mitochondrial dysfunction is responsible for the increased
production of reactive oxygen species, promoting oxidative
stress and causing damage to DNA, proteins, and lipids (Bhatti
et al. 2017; Miwa et al. 2022). Persistent DNA damage activates
p53 and pl6'NK4A pathways, triggering senescence (d'Adda di
Fagagna 2008). In turn, several senescence-related mechanisms
can impair mitochondrial function (Miwa et al. 2022), creating
a feedback loop that drives tissue dysfunction. The increased ox-
idative stress and the release of pro-inflammatory molecules by
senescent cells as part of the SASP contribute to the instauration
of a chronic, low-grade inflammation, often referred to as in-
flammaging (Schafer et al. 2020). Chronic neuroinflammation
promotes senescence in neighboring cells (Schafer et al. 2020),
creating a feedback loop that perpetuates glial senescence and
worsens neuronal injury.

In AD, AB and tau have been shown to directly induce senes-
cence of glial cells. Tau pathology has been associated with the
senescence of astrocytes, microglia, neurons, and endothelial
cells in AD patients and animal models (Bussian et al. 2018; Musi
et al. 2018; Gaikwad et al. 2021; Karabag et al. 2023; Hussong
et al. 2023). Exposure to Af induced senescence in hippocam-
pal neural stem and progenitor cells (NSPCs), astrocytes, and
oligodendrocyte progenitor cells (OPCs) (Zhang et al. 2019; He
et al. 2013; Ungerleider et al. 2022; Xie et al. 2021; Li et al. 2024).
Senescent microglia and astrocytes exhibit a decline in their
phagocytic capacity, resulting in impaired clearance of cellular
debris and protein aggregates (Iram et al. 2016; Fancy et al. 2024;
Karabag et al. 2023; Hellwig et al. 2015). Furthermore, senes-
cent microglia and astrocytes have been involved in A@ seed-
ing (Frost and Li 2017; Parhizkar et al. 2019), contributing to
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amyloid plaque formation and accelerating disease progression.
The release of pro-inflammatory cytokines by senescent microg-
lia and astrocytes promotes the senescence of oligodendrocytes
and OPCs (Luan et al. 2021; Windener et al. 2024). Additionally,
senescent astrocytes have been shown to release HMGBI1
(Gaikwad et al. 2021), which further fosters OPC senescence
(Rouillard et al. 2022). Oligodendrocyte senescence leads to de-
myelination and synaptic deficits, contributing to cognitive de-
cline (Sutor et al. 2000; Steadman et al. 2020; Luan et al. 2021).

Given the role of senescence in protein pathology and disease
progression, specifically targeting senescent cells has emerged
as a promising therapeutic approach in AD. The targeted re-
moval of senescent cells through the use of senolytic drugs has
been shown to alleviate both Af and tau pathologies while also
improving cognitive function in mouse models of AD (Bussian
et al. 2018; Zhang et al. 2019; Musi et al. 2018). In humans, the
D+Q clinical trial was shown to reduce SASP factors while
being well tolerated, supporting the potential of senolytic ther-
apy in AD (Hickson et al. 2019; Gonzales et al. 2023). Given the
heterogeneity of senescence triggers, cell types, and extracel-
lular environments, developing senolytic therapies specific to
particular cellular subpopulations remains a great challenge.
Therefore, further research is needed to elucidate the mech-
anisms underlying senescent cell heterogeneity and to iden-
tify common molecular targets across pathological models.
Additionally, personalized combinations of senolytic and se-
nomorphic treatments may be required for optimal therapeutic
outcomes. Building upon early-phase clinical findings, future
large, randomized, controlled trials are essential to establish
the safety, efficacy, and target engagement of senotherapeutics.
Additionally, if proven safe and effective in patients with ad-
vanced diseases, senolytics and senomorphics could potentially
be explored as preventive interventions for age-related dysfunc-
tion in older individuals.

The key factors that drive the transition from normal to patho-
logical brain aging are still unknown, making it essential to in-
vestigate the progression of senescence in health and disease.
It is possible that AD pathology exacerbates the senescence
processes that are already occurring in the aging brain, accel-
erating cellular dysfunction and inflammation. Senescence is
a complex and heterogeneous process, and the expression of
traditional markers can vary significantly depending on the
cell type, brain region, and pathological context. For instance,
while characteristic markers such as SA-B-gal, pl6/N¥4A and
p21WAFL/CIPL are widely observed across glial cell types, other
markers such as HMGBI1 have been linked to a single cell type
so far. Furthermore, different expression levels of senescence
markers have been reported between cell types. For instance,
mouse models showed higher expression of the cell-cycle regula-
tors p16'NK4A and p21WAF1/CIPL in microglia and OPCs compared
to astrocytes (Ogrodnik et al. 2021). While these markers have
been widely used to identify senescent cells, their non-universal
expression across different cell types highlights the need for a
more nuanced understanding of senescence. Furthermore, com-
monly used senescent markers are often aspecific or present low
sensitivity, and senescent cells are hard to discriminate from
quiescent or terminally differentiated cells in tissues, making
the investigation of senescence still a challenge. The variability

in senescence markers underscores the importance of develop-
ing more precise and context-specific markers to fully capture
the diversity of senescent cell phenotypes and their roles in aging
and disease. To better understand senescence's impact on clini-
cal outcomes and develop targeted therapeutic interventions, it
will be crucial to develop more sensitive markers, unravel the
pathogenetic mechanisms driving increased senescence, and
identify the cellular identity and spatial distribution of senescent
cells during the progression of diseases like Alzheimer's disease.
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