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ABSTRACT: Cellular senescence, once considered a protective mechanism against oncogenesis, is now 

recognized as a key driver of aging and age-related diseases, including Alzheimer’s disease (AD). In the central 

nervous system (CNS), senescence-like states emerge in both proliferative and post-mitotic cells—astrocytes, 

microglia, oligodendrocyte lineage cells, endothelial cells, pericytes, and even neurons—contributing to chronic 

dysfunction. Canonical pathways, such as p16INK4a-pRB and p53-p21, enforced by persistent DNA damage 

responses, lead to irreversible cell-cycle arrest. The senescence-associated secretory phenotype (SASP) links 

intracellular stress to extracellular inflammation, tissue remodeling, and bystander senescence. CNS senescence 

is triggered by diverse insults, including amyloid-β and tau pathology, oxidative stress, mitochondrial 

dysfunction, NF-κB and cGAS–STING signaling, impaired proteostasis and autophagy, telomere attrition, and 

genomic instability. Senescence markers in the CNS are heterogeneous, ranging from p16/p21 expression and 

lamin B1 loss to lipofuscin accumulation and cell type–specific SASP profiles, highlighting the need for 

multiplexed detection strategies. Targeting senescence has emerged as a promising therapeutic avenue in AD. 

Senolytics selectively eliminate senescent cells and improve cognition in preclinical models, while senomorphics 

aim to suppress harmful phenotypes without inducing cell loss. Early clinical trials suggest feasibility, but 

challenges remain, including biomarker development, blood-brain barrier penetration, long-term safety, and 

optimal timing of intervention. This review summarizes recent advances in understanding CNS senescence in 

aging and AD, explores emerging therapeutic strategies, and outlines future directions emphasizing precision 

medicine through multi-omic biomarkers, advanced imaging, and stage-specific interventions. Targeting CNS 

senescence holds potential to delay or alter the course of AD. 
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1. Introduction 

 

Cellular senescence is a state of stable cell-cycle arrest 

accompanied by characteristic morphological and 

molecular alterations, originally recognized as a tumor-

suppressive mechanism that prevents the proliferation of 

damaged or stressed cells [1]. Senescent cells display 

persistent activation of DNA damage responses (DDR), 

chromatin remodeling, metabolic reprogramming, and a 

distinctive senescence-associated secretory phenotype 

(SASP) that includes pro-inflammatory cytokines, 

chemokines, growth factors, and proteases [2, 3]. While 

transient senescence can contribute to wound healing and 

tissue remodeling, the chronic persistence of senescent 

cells is now implicated in tissue dysfunction and age-

related diseases across multiple organ systems [4, 5]. In 

the central nervous system (CNS), evidence suggests that 

cellular senescence is not limited to proliferative glial and 

endothelial populations but can also manifest as a 

“senescence-like” phenotype in post-mitotic neurons, 

thereby expanding its relevance beyond traditional 

paradigms [6, 7]. 

Alzheimer’s disease (AD) is the most common cause 

of dementia worldwide, affecting more than 50 million 

individuals globally and accounting for approximately 

60–70% of dementia cases [8]. Its prevalence is projected 
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to triple by 2050 due to the aging population, posing 

immense personal, social, and economic burdens [9]. 

Current therapeutic approaches, including cholinesterase 

inhibitors, NMDA receptor antagonists, and recently 

approved anti-amyloid monoclonal antibodies, provide 

modest symptomatic benefits or disease-modifying 

effects in select patient populations but fail to halt or 

reverse the neurodegenerative process [10]. The 

multifactorial nature of AD pathology—encompassing 

amyloid-β (Aβ) deposition, tau hyperphosphorylation, 

neuroinflammation, vascular dysfunction, and synaptic 

failure—underscores the need for novel therapeutic 

strategies targeting upstream or convergent pathogenic 

pathways [11]. 

Aging is the strongest known risk factor for AD, with 

the incidence doubling approximately every five years 

after the age of 65 [12, 13]. Age-related molecular 

alterations such as genomic instability, telomere attrition, 

mitochondrial dysfunction, epigenetic changes, and loss 

of proteostasis overlap considerably with the hallmarks of 

cellular senescence [14, 15]. In the aging brain, these 

processes are further exacerbated by chronic low-grade 

inflammation (“inflammaging”) and impaired 

regenerative capacity, creating a permissive environment 

for neurodegeneration [12, 16]. Recent studies indicate 

that cellular senescence may represent a mechanistic link 

between aging and AD by contributing to chronic 

neuroinflammation, disrupting neuronal and glial 

homeostasis, and impairing neurovascular integrity [17, 

18]. Importantly, the senescence-associated secretome 

can propagate deleterious signals to neighboring cells, 

potentially amplifying AD pathology through a 

feedforward loop of inflammation, oxidative stress, and 

proteostatic collapse [19, 20]. 

Given these converging lines of evidence, elucidating 

the role of cellular senescence in AD pathogenesis has 

emerged as a critical research priority. Understanding the 

cellular and molecular mechanisms of senescence in CNS 

cell types, its triggers in the aging and AD brain, and its 

functional consequences at the tissue and network levels 

may reveal novel intervention points. Furthermore, the 

recent development of senolytic and senomorphic agents 

raises the possibility of therapeutically targeting senescent 

cells to modify the course of AD [9, 21, 22]. The 

following sections will examine the mechanisms and 

markers of senescence, its triggers in the CNS, cell type-

specific manifestations, its contributions to AD 

pathogenesis, and emerging therapeutic strategies. 

 

2. Markers and Triggers of Cellular Senescence 

 

Identifying and characterizing cellular senescence in the 

CNS presents unique challenges. Unlike proliferative 

tissues, the adult brain is composed largely of post-mitotic 

neurons interspersed with proliferative glia, vascular 

cells, and oligodendrocyte precursors [23, 24]. 

Senescence in this context manifests as a spectrum, 

ranging from canonical proliferative arrest to 

“senescence-like” states in neurons. Because of this 

heterogeneity, both markers and triggers of senescence 

must be carefully defined to enable mechanistic insight 

and translational targeting in aging and AD [25].  

 

2.1 Classical Senescence Markers  

 

The most widely used senescence markers derive from 

proliferative cell systems. p16INK4a (CDKN2A) is 

upregulated in senescent cells and enforces G1 arrest by 

inhibiting CDK4/6, thereby preventing phosphorylation 

of the retinoblastoma protein (pRB) [13, 26-28]. 

Similarly, p21CIP1 (CDKN1A), a downstream effector of 

p53 activation, suppresses cyclin–CDK activity and 

consolidates growth arrest [29, 30]. Both p16 and p21 are 

robust indicators of senescence in astrocytes, microglia, 

endothelial cells, and oligodendrocyte precursor cells 

(OPCs)  [3, 31, 32]. However, in neurons, p16 and p21 are 

inconsistently expressed, limiting their reliability as 

universal CNS markers.  

Another classical marker is senescence-associated β-

galactosidase (SA-β-gal) activity, reflecting lysosomal 

expansion. SA-β-gal staining has been used to detect 

senescent astrocytes and microglia in aged and AD mouse 

brains [33-36]. Yet, its specificity is questionable, as 

lysosomal activity also increases during non-senescent 

stress conditions. DNA damage response (DDR) foci, 

particularly γH2AX and p53BP1 puncta, serve as 

hallmarks of senescence when persistent. These foci 

represent unrepaired double-strand breaks or replication-

independent lesions, which accumulate in aged neurons 

and glia [37]. 

Together, classical markers provide an entry point for 

identifying senescent cells in the brain, but they lack 

absolute specificity. Many are transiently induced by 

acute stress, and none alone can definitively establish a 

senescent state. 

 

2.2 Emerging and CNS-Specific Markers 

 

To overcome the limitations of classical markers, several 

emerging indicators have been developed. Senescence-

associated heterochromatin foci (SAHF), visible as 

punctate DAPI-dense nuclear structures, reflect chromatin 

remodeling that represses proliferation-related genes [38, 

39]. Loss of lamin B1, a nuclear envelope protein, has 

emerged as a robust and relatively specific senescence 

marker across multiple cell types, including astrocytes 

and endothelial cells [40]. 
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Metabolic and structural features also provide additional 

readouts. Lipofuscin accumulation, a pigment composed 

of oxidized protein–lipid aggregates, increases in 

senescent neurons and glia, and can be detected 

histochemically [41-43]. Transcriptomic and proteomic 

profiling of the SASP further enables cell-type–specific 

detection. For instance, senescent astrocytes display 

downregulation of neurotrophic genes (GFAP, S100β) 

alongside secretion of IL-6, IL-8, and MMP-3, whereas 

senescent microglia express inflammatory chemokines 

(CCL2, CXCL10) and complement proteins [44]. 

CNS-specific innovations include identification of 

telomere-associated DNA damage foci (TAF) in post-

mitotic neurons, which colocalize with tau tangles in AD 

brains [45-47]. Moreover, “dystrophic microglia,” 

characterized by fragmented processes and elevated p16 

expression, are increasingly recognized as a morpho-

functional signature of microglial senescence [48]. 

Collectively, these markers (Table 1) improve sensitivity 

and specificity for detecting senescence in neural tissues, 

though multiplexed approaches remain essential. 

A comprehensive overview of classical and emerging 

senescence markers across CNS cell types is presented in 

Table 1. 

 

Table 1. Senescence Markers in CNS Cell Types. 

 
Marker / Phenotype Detected in Cell Type(s) Detection Method / Key Features Key Refs 

p16INK4a / p21CIP1 Astrocytes, Microglia, Neurons Immunostaining, qPCR; correlate with SASP and 

tau pathology 

[17, 32, 192] 

SA-β-gal activity Astrocytes, Microglia Histochemical staining for β-galactosidase at pH 6.0 [136] 

γH2AX / 53BP1 foci Neurons, Endothelial Cells Immunofluorescence for DNA damage response [247] 

Lamin B1 loss Astrocytes, Endothelial Cells Immunoblot or IF reduction of nuclear envelope 

integrity 

[248] 

SAHF formation Astrocytes, Fibroblasts DAPI-stained heterochromatin foci, H3K9me3 

positivity 

[249] 

Lipofuscin 

accumulation 

Neurons, Astrocytes Autofluorescence microscopy (age pigment 

granules) 

[250] 

SASP profile (IL-6, 

IL-1β, MMPs) 

Astrocytes, Microglia Multiplex cytokine assay, ELISA, RNA-seq [251] 

Dystrophic 

morphology 

Microglia Iba1+ fragmented microglia with reduced branching [252] 

Telomere-

associated foci 

(TAF) 

Neurons, Glia Co-localization of γH2AX and telomeric DNA 

damage foci 

[66, 253] 

Spatial 

transcriptomic 

signatures 

Astrocytes, Oligodendrocytes, 

Microglia 

snRNA-seq, spatial omics in AD tissue [196, 254, 255] 

 

2.3 Triggers of Senescence in the Aging and AD Brain 

 

Multiple pathogenic stressors in the aging brain and in AD 

can induce or exacerbate cellular senescence across 

diverse CNS cell types [49]. These triggers often act 

synergistically, initiating canonical senescence pathways, 

amplifying the SASP, and perpetuating a feedforward 

loop of neurodegeneration and neuroinflammation. 

 

2.3.1 Amyloid-β and Tau Toxicity 

 

Amyloid-β (Aβ) and hyperphosphorylated tau (hp-tau), 

the pathological hallmarks of AD, can directly or 

indirectly trigger senescence programs in glial cells and 

neurons. Multi-omic analyses show that age-associated 

oxidative stress, Aβ accumulation, and hp-tau 

synergistically promote the buildup of senescent glial 

cells, and that the senescent cell burden correlates with the 

progression from mild cognitive impairment to advanced 

dementia [17]. At the neuronal level, a bidirectional 

relationship between tau and the DDR has emerged: tau 

perturbs microtubule stability, mitochondrial dynamics, 

and axonal transport, thereby exacerbating genomic 

instability and persistent DDR activation, which in turn 

reinforces tau toxicity in a self-amplifying loop [50]. 

Furthermore, Aβ fibrils activate innate immune receptors 

such as TLRs on microglia, driving inflammatory-

senescent phenotypes and amplifying SASP output, 

suggesting that upstream neutralization of these 

aggregates could mitigate senescence induction [51, 52]. 

 

2.3.2 Oxidative Stress and ROS 

 

Oxidative stress is both a hallmark of aging and a 

prominent feature in AD, arising from mitochondrial 

dysfunction, impaired antioxidant defenses, and chronic 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         4 

 

neuroinflammation. [53] Excess ROS can inflict oxidative 

DNA lesions, lipid peroxidation, and protein oxidation, all 

of which can trigger senescence via DDR activation and 

p38 MAPK signaling, thereby triggering cellular 

senescence [54]. In neurons, oxidative stress promotes tau 

hyperphosphorylation and synaptic dysfunction via 

stress-activated kinases such as JNK/p38 [17]. In 

microglia, ROS bias the cells toward a pro-inflammatory 

phenotype, reinforcing the SASP and exacerbating 

paracrine senescence signaling [55]. Given the high 

metabolic rate and lipid-rich environment of the brain, 

oxidative stress represents a particularly potent and 

pervasive senescence trigger in the CNS. 

 

2.3.3 Inflammation and NF-κB /cGAS-STING Pathways 

 

Chronic low-grade inflammation, commonly known as 

inflammaging, is a defining feature of the aged brain and 

is further exacerbated in AD through sustained microglial 

activation and reactive astrogliosis. This persistent 

inflammatory state not only arises from age-associated 

cellular stress but is also perpetuated by the accumulation 

of senescent cells, which release a SASP rich in cytokines, 

chemokines, and proteases. Central to this process is NF-

κB, which acts as a master transcriptional regulator of 

SASP gene expression and sustains a self-reinforcing 

inflammatory loop within the central nervous system [56]. 

Dysregulated NF-κB signaling in microglia and astrocytes 

enhances the production of interleukins (e.g., IL-6, IL-

1β), tumor necrosis factor-α (TNF-α), and matrix 

metalloproteinases, thereby disrupting synaptic 

homeostasis, compromising blood brain barrier integrity, 

and fueling neurodegeneration [57]. 

In parallel, mounting evidence implicates the cGAS-

STING pathway as a key driver of senescence-associated 

neuroinflammation [58]. Cytosolic DNA fragments, 

originating from nuclear envelope instability, telomeric 

attrition, or damaged mitochondria, can activate cGAS, 

leading to STING-dependent type I interferon and NF-κB 

signaling [59]. In glial cells, this pathway promotes 

reactive and neurotoxic phenotypes, enforces chromatin 

remodeling, and amplifies SASP output, thereby linking 

DNA damage and mitochondrial dysfunction to innate 

immune activation [60]. Experimental evidence 

demonstrates that inhibition of STING reduces 

inflammatory phenotypes in human senescent cells and 

ameliorates age-related cognitive decline in murine 

models [59]. Conversely, chronic or hyperactive STING 

signaling drives maladaptive microglial activation, 

neuronal loss, and synaptic failure, underscoring its 

pathogenic role in AD progression [60]. 

Pharmacological suppression of STING in transgenic 

AD models has been shown to attenuate microgliosis, 

reduce amyloid and tau pathology, and improve cognitive 

outcomes, positioning STING as a therapeutic node at the 

intersection of senescence, inflammation, and 

neurodegeneration [61]. Together, NF-κB and cGAS–

STING form a synergistic inflammatory network that 

amplifies senescence in the CNS: NF-κB maintains 

chronic SASP production, while cGAS–STING integrates 

genotoxic and mitochondrial stress into sustained innate 

immune activation. Interventions targeting these 

pathways may therefore hold promise in mitigating 

inflammaging and senescence-associated pathology in 

AD [57]. 

 

2.3.4 Telomere Attrition and Genomic Instability 

 

Telomeres, the repetitive nucleotide sequences at 

chromosome ends, are essential for maintaining genomic 

stability by preventing aberrant DNA repair and 

chromosomal fusion. With each cell division, telomeres 

progressively shorten due to the end-replication problem, 

eventually reaching a critically short length that activates 

a DDR and induces senescence through the p53–p21CIP1 

and p16INK4a–pRB pathways [62, 63]. Although most 

neurons are post-mitotic, proliferative neural cell 

populations—including neural stem/progenitor cells 

(NSPCs), OPCs, astrocytes, and microglia—are 

vulnerable to telomere erosion. Shortened telomeres in 

these populations impair neurogenesis, glial repair 

functions, and myelin maintenance, thereby accelerating 

CNS aging [64]. 

In AD, telomere attrition has been repeatedly 

observed in peripheral blood leukocytes and neural 

tissues, correlating with cognitive decline and disease 

progression [65]. Telomere dysfunction is thought to 

interact with AD pathology via multiple mechanisms. 

First, telomere shortening promotes genomic instability 

and persistent DDR signaling, reinforcing senescence in 

glia and vascular endothelial cells, which in turn secrete 

pro-inflammatory SASP factors that exacerbate 

neurodegeneration [66]. Second, genomic instability 

induced by telomere dysfunction can amplify the toxic 

effects of Aβ and tau pathology, for example by 

facilitating oxidative DNA lesions, somatic mutations, 

and chromatin remodeling [67]. Third, accelerated 

telomere shortening has been linked to lifestyle risk 

factors for AD—including chronic stress, metabolic 

dysfunction, and systemic inflammation—suggesting that 

it integrates both genetic and environmental stressors into 

CNS senescence phenotypes [68-70]. Importantly, 

emerging evidence suggests that telomerase reactivation 

or telomere-stabilizing interventions may mitigate 

cellular senescence and neurodegeneration. Mouse 

models of telomerase deficiency exhibit premature 

cognitive decline and neurodegeneration, whereas 

telomerase reactivation restores hippocampal 
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neurogenesis and improves memory [71]. These findings 

raise the possibility that telomere maintenance is not only 

a marker of cellular aging but also a therapeutic target in 

AD and related dementias. 

Telomere shortening is a well-established driver of 

replicative senescence in proliferating cells, but evidence 

suggests it may also contribute to senescence-like states 

in post-mitotic neurons and glia through telomere 

dysfunction-induced foci (TIFs). In the aging brain, 

telomerase activity is reduced, and critically short 

telomeres are associated with increased microglial 

reactivity and astrocytic senescence. Moreover, genomic 

instability induced by oxidative lesions, replication stress 

in progenitor cells, or defective DNA repair machinery 

accelerates senescence induction and may synergize with 

AD-related proteotoxic stress. 

 

2.3.5 Disrupted Autophagy and Proteostasis Collapse 

 

Given the high metabolic activity and limited regenerative 

capacity of the brain, protein homeostasis, the coordinated 

regulation of protein synthesis, folding, transport, and 

degradation, is critical for neuronal health. With aging, 

proteostasis gradually declines due to impaired 

autophagy, ubiquitin–proteasome system efficiency, and 

chaperone function, leading to the accumulation of 

misfolded proteins and damaged organelles [72, 73]. 

These disturbances activate senescence programs through 

persistent DNA damage response, mitochondrial 

dysfunction, and pro-inflammatory signaling, thereby 

reinforcing a deleterious cycle of cellular dysfunction in 

the CNS. 

In Alzheimer’ s disease, autophagy dysfunction is a 

central pathological feature, as evidenced by the 

accumulation of autophagic vacuoles, lysosomal storage 

defects, and impaired clearance of Aβ and 

hyperphosphorylated tau [74, 75]. Genetic or 

pharmacological inhibition of autophagy accelerates Aβ 

and tau accumulation, whereas restoration of autophagic 

flux promotes their clearance and ameliorates 

neurodegeneration in animal models [76, 77]. Defects in 

lysosomal acidification and membrane integrity further 

impair the degradation of toxic aggregates, contributing to 

both neuronal senescence and neuroinflammation via 

leakage of cathepsins and mitochondrial DNA [78]. 

Proteostasis collapse is also linked to SASP 

induction. In glial cells, accumulation of misfolded 

proteins and dysfunctional mitochondria activates NF-κB 

and cGAS–STING pathways, driving secretion of pro-

inflammatory cytokines that propagate senescence to 

neighboring cells [79]. In neurons, proteostatic stress 

promotes aberrant tau aggregation and chromatin 

remodeling, leading to irreversible alterations in gene 

expression [67]. Importantly, defective autophagy can 

amplify oxidative stress by failing to remove damaged 

mitochondria (mitophagy deficiency), creating a feedback 

loop that accelerates senescence in both neurons and glia. 

Recent evidence suggests that therapeutic modulation of 

autophagy may attenuate senescence in the aging and AD 

brain. Strategies such as mTOR inhibition (rapamycin), 

AMPK activation, and caloric restriction mimetics have 

been shown to restore autophagic flux, reduce protein 

aggregation, and improve cognitive performance in 

preclinical AD models [80, 81]. Furthermore, small-

molecule enhancers of proteasome activity and 

chaperone-based therapies are under investigation as 

approaches to stabilize proteostasis and delay senescence-

driven neurodegeneration [82]. 

 

2.3.6 Retrotransposon and HERV Reactivation as Novel 

Triggers of Senescence 

 

In the aging brain and in AD, increasing evidence 

indicates that activation of retrotransposable elements, 

particularly long interspersed nuclear elements-1 (LINE-

1) and human endogenous retroviruses (HERVs), acts as 

a previously underappreciated source of genomic stress 

and senescence [83-85]. Under conditions of DNA 

damage, nuclear envelope instability, mitochondrial 

dysfunction, or impaired epigenetic silencing, 

retroelements become transcriptionally derepressed [86, 

87]. The resulting cytosolic DNA or RNA–DNA hybrids 

activate the cGAS–STING pathway, inducing type I 

interferon production, NF-κB signaling, and SASP 

amplification, thereby linking retroelement activation 

directly to cellular senescence and neuroinflammation 

[88-90].  

In AD brains, HERV-K and LINE-1 transcripts are 

elevated in neurons and microglia and correlate with 

cognitive decline, tau pathology, and neurodegeneration 

[84, 91, 92]. Tau accumulation itself can promote LINE-

1 derepression and DNA damage, forming a feedforward 

loop between proteotoxic stress and retrotransposon 

reactivation [84, 93]. Retroelement activation also 

promotes oxidative stress, mitochondrial damage, and 

DNA double-strand breaks, reinforcing senescence-

associated DDR and inflammatory pathways [94, 95]. 

Importantly, a recent first-in-human pilot clinical trial 

demonstrated that antiretroviral therapy (ART) targeting 

HERV activity reduced neuroinflammatory markers and 

stabilized cognition in patients with early AD [96], 

highlighting retrotransposon suppression as a novel 

therapeutic avenue intersecting with senescence biology. 

Markers and triggers of senescence provide 

complementary insights: markers enable detection and 

mapping of senescent populations, while triggers 

highlight upstream stressors that induce them (Fig. 1). In 

the aging and AD brain, senescence is rarely caused by a 
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single insult; rather, proteinopathies, oxidative stress, 

inflammation, genomic instability and proteostasis failure 

interact to create a feed-forward senescence niche. 

Therefore, detection and interpretation of aging in the 

CNS requires an integrated, multimodal approach that 

includes histochemistry, transcriptomics, proteomics, and 

functional imaging. Such strategies will be crucial not 

only for mechanistic understanding but also for evaluating 

therapeutic interventions aimed at senescence in 

neurodegenerative disease. 

 
Figure 1. Markers and triggers of cellular senescence in the central nervous system (CNS). Cellular senescence in the CNS 

can be initiated by diverse upstream triggers, including: ①amyloid-β (Aβ) and tau aggregation, ②oxidative stress and 

mitochondrial dysfunction, ③chronic inflammation (NF-κB, cGAS–STING activation), ④telomere attrition and genomic 

instability, and ⑤proteostasis collapse, ⑥ Retrotransposon and HERV. These stressors converge on a central senescence 

programme, leading to stable cell-cycle arrest and secretory reprogramming. Senescent cells can be detected using classical and 

emerging markers. Classical markers include upregulation of p16INK4a and p21, senescence-associated β-galactosidase (SA-β-gal) 

activity, and persistent DNA damage response (DDR) foci such as γH2AX and 53BP1. Emerging markers include loss of lamin 

B1, lipofuscin accumulation, and senescence-associated heterochromatin foci (SAHF). Together, these readouts highlight both the 

challenges and opportunities in identifying senescent cells in complex neural tissues. 

3. Mechanisms of Cellular Senescence 

 

Cellular senescence is a multifaceted response to diverse 

stresses, including DNA damage, telomere attrition, 

oncogene activation, metabolic or mitochondrial 

dysfunction, and proteostatic collapse, which ultimately 

culminates in durable cell-cycle arrest and broad 

transcriptional and functional reprogramming [23]. These 

outcomes are orchestrated by intersecting modules: 

p16INK4a–pRB and p53–p21CIP1 pathways, persistent DNA 

damage response, and the senescence-associated 

secretory phenotype; mitochondrial dysfunction, 

oxidative stress and proteostasis failure act both as 

upstream triggers and downstream amplifiers of the 

senescent program [13, 14]. In the context of the CNS, 

these pathways are not limited to proliferative populations 

such as astrocytes, microglia, or OPCs, but also extend to 

post-mitotic neurons and vascular cells, where they 

contribute to synaptic dysfunction, neurovascular 

uncoupling, and neuroinflammation in AD [17, 32, 97]. 

Understanding the canonical and non-canonical 

mechanisms of senescence is crucial for interpreting its 

role in aging and AD [6, 15, 98]. 

 

3.1 Canonical Pathways: p16INK4a–pRB and p53–p21CIP1 

 

At the core of senescence induction lie two major tumor 

suppressor pathways: the p16INK4a /retinoblastoma (pRB) 

axis and the p53/ p21CIP1 axis [24, 26, 27]. Activation of 

p16INK4a inhibits cyclin-dependent kinases CDK4 and 
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CDK6, preventing phosphorylation of pRB and thereby 

enforcing G1-phase arrest [28]. In parallel, p53, which is 

stabilized by DNA damage or oncogenic stress, 

transactivates p21CIP1 to inhibits cyclin E-CDK2 

complexes and reinforces pRB-mediated arrest [29, 30]. 

These pathways often operate redundantly, ensuring 

irreversible withdrawal from the cell cycle even if one arm 

is compromised [99, 100]. 

Across aging tissues, p16INK4a is a robust indicator of 

cumulative stress and reduced regenerative capacity; in 

the CNS, it is most prominent in damaged or activated 

glial cells and is associated with decreased function [15]. 

In the AD context, multi-cohort and model studies showed 

that p16INK4a was upregulated in microglia adjacent to Aβ 

lesions, and nanoparticle siRNA inhibiting p16 reduced 

aged microglia proportion, enhanced Aβ clearance and 

improved memory in 5xFAD mice [101]. With regard to 

tau pathology, recent human models and in vivo evidence 

suggest that age-related increases in p16 exacerbate tau-

related phenotypes, supporting p16 as a contributor to AD 

progression [102]. More broadly, accumulation of p16 

positive senescent cells and restriction of remyelination 

were observed in the central white matter injury and 

demyelination model. Selective depletion of senescent 

cells can improve repair in young and middle-aged 

animals, but the effect is limited in aged animals, 

suggesting that the age context determines the effect 

window of senotherapy [103]. Collectively, p16INK4a is 

not only a marker, but its upstream triggers (DDR, 

inflammation, metabolic stress) and downstream effects 

(RB-E2F repression, chromatin remodeling, SASP 

amplification) jointly participate in the AD-related 

network. 

p21CIP1 is particularly critical in the early and 

reversible stages of senescence, followed by a cascade of 

consolidation and irreversible arrest with p16INK4a. Single 

cell/mononuclear transcriptional profiling and risk allele 

function studies in aging neurons suggested that Cdkn1a 

(p21) was significantly induced by tau stimulation in the 

APOE4 and TREM2 background, accompanied by 

changes in microglia response state and neuronal 

vulnerability [104]. Mechanistically, p21CIP1 can couple 

DDR and metabolic/mitochondrial pathways. For 

example, in rodent cerebral cortex, GDF11 deficiency 

upregulates p21CIP1 via Smad2 pathway and drives 

excitatory neuronal senescence and brain aging 

phenotype, while exogenous GDF11 can alleviate this 

axon-related senescence [105]. In terms of intervention, 

removal of p21high cells could accelerate tissue repair and 

reduce inflammation in vivo, supporting the idea of 

"functional senolysis" targeting p21high. Although the 

evidence for this strategy is stronger in peripheral tissues, 

it provides a clear direction for CNS/AD precision 

intervention (safety and specificity needs to be verified in 

the brain) [106]. 

 

3.2 The DNA Damage Response (DDR) as a Central 

Trigger 

 

A central upstream activator of both p16 and p53 

pathways is the DDR, typically triggered by double-strand 

breaks, replication stress, or oxidative lesions [107, 108]. 

Persistent DDR signaling, characterized by γH2AX foci, 

ATM/ATR activation, and recruitment of repair factors 

such as 53BP1, acts as a hallmark of senescent cells [24, 

109]. This persistent DDR stabilizes p53, reinforces p21 

expression, and promotes chromatin changes that 

consolidate senescence [110]. 

A critical aspect of senescence-associated DDR is the 

formation of telomere-associated DNA damage foci 

(TAF). Unlike classical telomere shortening, TAF arise 

from irreparable telomeric damage and persist even in 

non-dividing cells such as neurons and cardiomyocytes 

[37]. This observation has profound implications for the 

CNS, where post-mitotic neurons accumulate TAF with 

age, contributing to senescence-like phenotypes 

independent of replication.  

Another mechanism linking DDR to inflammatory 

signaling is nuclear instability and micronucleus 

formation, which allow chromatin fragments to access the 

cytosol and activate the cGAS–STING pathway. This 

pathway converts cytosolic DNA into a robust type I 

interferon and NF-κB response, coupling DDR to SASP 

amplification [111].In neurons and glia, mitochondrial 

dysfunction and tau pathology can induce such nuclear 

envelope damage, making DDR a nexus between 

proteinopathy and chronic inflammation in AD. [112-

114]. 

 

3.3 The Senescence-Associated Secretory Phenotype 

(SASP) 

 

A defining feature of senescent cells is their ability to 

secrete a complex pro-inflammatory and tissue-

remodeling milieu known as the SASP. Its composition 

includes interleukins (IL-6, IL-1β), chemokines (CCL2, 

CXCL10), growth factors (VEGF, GM-CSF), and 

proteases (MMP-1, MMP-3) [44, 115]. SASP factors are 

regulated at multiple levels: transcriptionally by NF-κB 

and C/EBPβ, translationally by mTOR-mediated selective 

translation, and epigenetically through chromatin 

remodeling. Additionally, stabilization of GATA4 under 

conditions of autophagy inhibition provides a key node 

linking DDR to NF-κB–driven SASP induction 

[116].Importantly, SASP is not static but evolves over 

time. “Early SASP” waves are dominated by IL-1α and 

pro-inflammatory cytokines, while “late SASP” phases 
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include growth factors and matrix-remodeling enzymes 

[44]. This temporal heterogeneity underscores the dual 

role of SASP: transient SASP can recruit immune cells for 

clearance, while chronic SASP drives paracrine 

senescence and tissue dysfunction. 

In the CNS, SASP displays distinct cell-type–specific 

profiles. Astrocytic SASP is enriched in IL-6 and CCL2 

and disrupts neuronal support and BBB integrity; 

microglial SASP enhances complement activation and 

promotes synapse loss; endothelial SASP contributes to 

vascular leakage and neurovascular uncoupling [15]. In 

AD, these SASP-driven interactions amplify amyloid and 

tau pathology, neuroinflammation, and synaptic 

dysfunction [117-119]. 

 

Box 1.  Terminology of Senescence in CNS. 

 

In proliferative cell types such as astrocytes, 

microglia, and oligodendrocyte precursor cells, 

cellular senescence denotes an irreversible cell-cycle 

arrest accompanied by persistent DNA-damage 

response signaling, up-regulation of p16INK4a/p21CIP1, 

and secretion of SASP factors. 

In contrast, senescence-like states occur in post-

mitotic neurons and other non-dividing cells that 

display sustained DNA damage, mitochondrial 

dysfunction, or SASP-like secretory changes without 

classical cell-cycle arrest. 

Functional senescence represents a broader 

physiological decline in repair and homeostatic 

capacity, such as reduced synaptic plasticity or 

impaired neurovascular coupling, that shares 

molecular hallmarks with canonical senescence but 

does not necessarily entail permanent proliferation 

arrest. 

Collectively, these terms describe a continuum of 

stress-adaptation states across CNS cell types rather 

than discrete, mutually exclusive categories. 

 

3.4 Non-Canonical Mechanisms: Mitochondrial 

Dysfunction, Proteostasis Failure, and Epigenetic 

Remodeling 

 

Beyond canonical pathways, senescence is reinforced by 

non-classical mechanisms that converge on metabolic 

stress, protein homeostasis, and chromatin architecture 

[120]. These processes not only sustain the senescent state 

but also amplify neurodegenerative pathology in AD. 

Mitochondrial dysfunction underlies a distinct 

phenotype termed mitochondria dysfunction–associated 

senescence (MiDAS). MiDAS is characterized by 

elevated reactive oxygen species (ROS), altered 

mitochondrial dynamics, and release of mitochondrial 

DNA into the cytosol, which activates the cGAS–STING 

pathway and sustains SASP [121]. A hallmark of MiDAS 

is altered NAD+/NADH ratios, linking mitochondrial 

metabolism to chromatin and transcriptional 

reprogramming [122]. Notably, MiDAS-associated SASP 

is characterized by reduced IL-1α but increased 

interferon-stimulated genes, highlighting a shift from 

canonical inflammatory SASP to innate immune–driven 

signatures [122, 123]. In the CNS and AD, MiDAS is 

particularly relevant because neurons and glia exhibit 

early mitochondrial defects, including decreased complex 

I activity, impaired mitophagy, and ROS accumulation 

before overt Aβ or tau pathology [124-126]. These 

findings suggest that MiDAS is a metabolically driven, 

DDR-independent form of senescence that complements 

classical models and may represent an early upstream 

event linking metabolic failure to chronic inflammation 

and neurodegeneration in AD. 

Loss of proteostasis contributes to senescence by 

impairing autophagy and lysosomal clearance, leading to 

accumulation of misfolded proteins and damaged 

organelles [127]. In AD, defective autophagy-lysosomal 

flux exacerbates tau aggregation and amyloid 

accumulation, which in turn reinforce senescence-

associated DDR and SASP [25]. 

Epigenetic remodeling further stabilizes the 

senescent state. Hallmarks include loss of lamin B1, 

enrichment of heterochromatin marks such as H3K9me3 

and H3K27me3, and the formation of senescence-

associated heterochromatin foci (SAHF). These changes 

repress proliferation-related genes while sustaining SASP 

transcription. In the CNS, lamin B1 loss has been 

observed in aging astrocytes and is proposed as a marker 

of senescence in human hippocampus [40]. 

Together, these canonical and non-canonical 

mechanisms amplify and stabilize the senescence 

program, providing multiple points of intersection with 

neurodegenerative pathology (Fig. 2). 

 

4. Cell Type–Specific Senescence in the CNS 

 

Cellular senescence in the central nervous system 

manifests differently across distinct cell populations due 

to their developmental origin, proliferative capacity, 

metabolic demands, and functional roles. In AD and 

aging, these cell type-specific senescence programs 

contribute in unique yet interconnected ways to 

neurodegeneration, neuroinflammation, and vascular 

dysfunction. 

 

4.1 Neurons: Senescence-like States and Functional 

Vulnerability 

 

Although neurons are traditionally regarded as post-

mitotic and therefore outside the canonical framework of 
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senescence, a growing body of evidence demonstrates that 

they can adopt a senescence-like phenotype during aging 

and in AD [128]. This phenotype is defined not by 

proliferative arrest, but rather by a persistent DDR, 

chromatin remodeling, mitochondrial dysfunction, and 

secretion of pro-inflammatory mediators. These features 

indicate that neuronal senescence represents a 

qualitatively distinct but biologically relevant adaptation 

to chronic stressors in the CNS [129]. 

Neuronal senescence is often initiated by proteotoxic 

stress, notably from Aβ accumulation and 

hyperphosphorylated tau. These aggregates induce 

oxidative DNA damage, impair nuclear architecture, and 

promote mitochondrial dysfunction. Persistent DNA 

breaks marked by γH2AX and 53BP1 foci accumulate in 

aging neurons, activating p53–p21CIP1 signaling and 

epigenetic remodeling that resembles canonical 

senescence pathways [130]. In addition, the high 

metabolic demand of neurons renders them vulnerable to 

ROS-mediated damage, further perpetuating DDR 

activation and reinforcing senescence signaling cascades. 

Importantly, DDR activity in neurons is not transient: 

studies in both human AD brains and transgenic mouse 

models show long-lasting DDR foci that co-occur with 

synaptic dysfunction and altered neuronal excitability 

[131]. 

 
Figure 2. Mechanisms of cellular senescence in the CNS. Cellular senescence arises from diverse upstream stressors, 

including DNA damage and telomere dysfunction, metabolic and mitochondrial defects, proteostasis collapse, and chronic 

inflammation. Canonical signaling pathways involve the p16INK4a–pRB and p53–p21CIP1 tumor suppressor axes, which enforce 

durable cell-cycle arrest, while persistent DNA damage response (DDR) and telomere dysfunction reinforce senescence even 

in post-mitotic neurons. The senescence-associated secretory phenotype (SASP), driven by NF-κB, C/EBPβ, and cGAS–

STING signaling, propagates inflammation, paracrine senescence, and neurotoxicity. Non-canonical amplifiers include 

mitochondrial dysfunction (MiDAS), autophagy impairment, proteostasis failure, and epigenetic remodeling, which stabilize 

the senescent state. In the CNS, these mechanisms converge in astrocytes, microglia, oligodendrocyte precursor cells, 

endothelial cells, and stressed neurons, thereby linking senescence to amyloid and tau pathology, neuroinflammation, and 

cognitive decline in AD. 

The functional consequences of neuronal senescence 

extend beyond the cell-intrinsic level. Senescent neurons 

exhibit synaptic protein loss (e.g., decreased PSD-95, 

synaptophysin), dendritic spine retraction, and impaired 

calcium homeostasis, contributing directly to circuit 

dysfunction and cognitive decline [130]. In parallel, 

senescent neurons secrete a SASP-like profile, including 

pro-inflammatory cytokines (IL-6, TNF-α), chemokines 

(CCL2), and matrix metalloproteinases, which can 

activate surrounding microglia and astrocytes. This 

paracrine signaling fosters a feed-forward loop of 

neuroinflammation, further amplifying neurodegenerative 

cascades [132]. 
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An additional hallmark is the accumulation of 

lipofuscin, an autofluorescent pigment that reflects 

defective lysosomal clearance. Lipofuscin buildup 

correlates with mitochondrial impairment and protein 

aggregation, and has been proposed as a histological 

marker of neuronal senescence in aging and AD brains 

[133]. Collectively, these changes suggest that neuronal 

senescence is not a passive marker of cellular stress but an 

active contributor to network-level dysfunction. 

Preclinical studies have shown that selective 

clearance of senescent neurons, or pharmacological 

attenuation of their SASP, improves cognitive outcomes 

in mouse models of AD. For example, senolytic 

approaches (e.g., BCL-2 family inhibitors) or 

senomorphics targeting NF-κB signaling reduce 

neuroinflammation and partially restore synaptic integrity 

[17]. These findings underscore the translational 

relevance of neuronal senescence: while neurons may not 

divide, their adoption of a senescence-like state is 

sufficient to drive pathology and represent a viable 

therapeutic target. However, challenges remain in 

specifically distinguishing senescent neurons from 

transiently stressed but recoverable neurons, highlighting 

the need for multi-marker and functional readouts. 

 

4.2 Astrocytes: Senescence as an Inflammatory Amplifier 

 

Astrocytes are the most abundant glial cells in the CNS 

and play indispensable roles in synaptic homeostasis, 

neurotransmitter recycling, BBB regulation, and 

metabolic support. However, with aging and in AD, 

astrocytes undergo profound functional remodeling, 

including a transition into a senescence-like state. This 

shift is characterized by cell-cycle arrest, persistent DNA 

damage response signaling, mitochondrial dysfunction, 

and secretion of a proinflammatory SASP. These changes 

not only compromise astrocytic homeostatic functions but 

also actively contribute to neuroinflammation and 

neurodegeneration [17, 134]. 

Astrocyte senescence can be triggered by extrinsic 

insults, including Aβ deposition, tau pathology, and 

systemic inflammatory cues, as well as intrinsic stressors 

such as oxidative stress and telomere attrition. In vitro 

studies demonstrate that exposure of human astrocytes to 

Aβ oligomers induces DDR foci (γH2AX, 53BP1), 

upregulation of p16INK4a and p21CIP1, and impaired 

mitochondrial function [135, 136]. Transcriptomic 

profiling of senescent astrocytes further reveals activation 

of NF-κB–dependent SASP networks, including IL-6, IL-

1β, and MMP-3, all of which amplify tissue-level 

inflammation [119]. Another emerging mechanism is 

activation of the cGAS–STING pathway in astrocytes. 

Cytosolic DNA fragments released from damaged nuclei 

or dysfunctional mitochondria activate cGAS, leading to 

STING-mediated type I interferon and NF-κB signaling. 

This axis has been shown to reinforce SASP programs in 

astrocytes, linking nuclear instability with inflammatory 

amplification [25]. 

Senescent astrocytes lose essential homeostatic and 

neuroprotective functions. They display impaired 

glutamate uptake due to reduced expression of excitatory 

amino acid transporters (EAAT1/GLAST, EAAT2/GLT-

1), predisposing neurons to excitotoxicity [137]. They 

also downregulate key neurotrophic factors (BDNF, 

GDNF), weakening neuronal resilience to stress. 

In parallel, astrocytic SASP promotes chronic 

neuroinflammation, recruiting and activating microglia 

while also compromising BBB integrity. Matrix 

metalloproteinases secreted by senescent astrocytes 

degrade extracellular matrix and tight junction proteins, 

exacerbating vascular permeability and facilitating 

peripheral immune infiltration [138]. Recent spatial 

transcriptomics from human AD brains confirm that 

astrocytic senescence markers are enriched in regions of 

Aβ plaques and tau tangles, implicating them directly in 

the propagation of neuropathology [139, 140]. 

Mounting evidence suggests that senescent astrocytes 

are not merely bystanders but drivers of AD pathology. In 

transgenic AD mouse models, clearance of senescent 

astrocytes (and microglia) using senolytic drugs 

(dasatinib + quercetin) reduces neuroinflammation, 

lowers tau pathology, and improves cognitive outcomes 

[141]. Similarly, genetic ablation of p16INK4a positive 

astrocytes ameliorates Aβ burden and restores synaptic 

function [17]. These findings underscore astrocytic 

senescence as a therapeutic node linking 

neuroinflammation, proteostasis collapse, and cognitive 

decline. 

Given their abundance and central role in CNS 

homeostasis, targeting senescent astrocytes offers unique 

therapeutic opportunities. Senolytic strategies (e.g., BCL-

2 inhibitors) and senomorphics (agents that suppress 

SASP without killing cells) are being explored in 

preclinical models. Notably, inhibition of NF-κB or 

cGAS–STING signaling in senescent astrocytes 

attenuates SASP and reduces microglial activation [142, 

143]. However, a key challenge is the heterogeneity of 

astrocytic responses: while some astrocytes adopt a pro-

inflammatory senescent phenotype, others may retain 

neuroprotective functions. Thus, precision strategies that 

selectively target deleterious astrocytic senescence while 

sparing adaptive responses will be essential for 

translation. 

 

4.3 Microglia: Senescence and Loss of Immune 

Competence 
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Microglia, the resident immune cells of the CNS, are 

essential for maintaining homeostasis through 

surveillance, synaptic pruning, and response to injury. 

With aging and in AD, however, microglia undergo 

profound phenotypic remodeling, including the adoption 

of senescence-like states characterized by impaired 

phagocytic function, chronic pro-inflammatory signaling, 

and the secretion of SASP factors [144]. Senescent 

microglia not only lose their neuroprotective capacity but 

also actively exacerbate neuroinflammation, synaptic 

dysfunction, and neurodegeneration [145]. 

Multiple intrinsic and extrinsic stressors converge to 

induce senescence in microglia. Chronic exposure to Aβ 

aggregates has been shown to induce DDR signaling, 

mitochondrial dysfunction, and upregulation of p16INK4a 

and p21CIP1 in microglia [146, 147]. Transcriptomic 

studies from human AD brains confirm the presence of 

senescence-like microglial populations enriched near Aβ 

plaques, marked by lipofuscin accumulation, lamin B1 

loss, and elevated SASP genes [148]. Oxidative stress is 

another potent driver. Microglia exposed to ROS or 

mitochondrial dysfunction exhibit NF-κB activation, 

persistent DDR foci (γH2AX, 53BP1), and impaired 

clearance of cellular debris [149]. Importantly, senescent 

microglia display reduced ability to phagocytose Aβ, 

thereby perpetuating plaque accumulation and 

neurotoxicity. 

The cGAS–STING pathway has recently emerged as 

a crucial signaling axis linking genomic instability to 

microglial senescence. Cytosolic DNA fragments, 

originating from nuclear or mitochondrial sources, 

activate cGAS and subsequently STING, driving a robust 

type I interferon and NF-κB–mediated inflammatory 

response. Hyperactivation of this pathway in microglia 

promotes chronic neuroinflammation, synaptic loss, and 

cognitive decline [58, 59]. Pharmacological inhibition of 

STING in aged or AD mouse models attenuates 

microglial reactivity and restores neuronal function [25]. 

The hallmark of senescent microglia is the transition 

from protective surveillance to maladaptive 

inflammation. Normally, microglia phagocytose 

apoptotic cells and amyloid aggregates, limiting 

neurotoxicity. However, in senescent states, microglia 

lose this clearance capacity, leading to persistent 

accumulation of Aβ and dystrophic neurites [150].Instead, 

senescent microglia secrete a pro-inflammatory SASP, 

including IL-6, TNF-α, and CCL2, which propagate 

neuroinflammation and recruit peripheral immune cells 

across a compromised blood–brain barrier. At the same 

time, SASP factors act in a paracrine manner to induce 

senescence in neighboring astrocytes and neurons, 

amplifying CNS dysfunction. Morphologically, senescent 

microglia display dystrophic features—fragmented 

processes, cytoplasmic beading, and reduced motility—

observable in both aged and AD brains [151]. These 

changes correlate with impaired surveillance capacity, 

further exacerbating synaptic vulnerability. 

Microglial senescence contributes directly to both 

early and late stages of AD pathology. In early disease, 

impaired clearance of soluble Aβ oligomers facilitates 

plaque deposition, while chronic SASP secretion drives 

tau hyperphosphorylation and synaptic dysfunction. In 

late stages, senescent microglia adopt a “disease-

associated microglia (DAM)” phenotype, characterized 

by high expression of ApoE, Trem2, and Cst7, but fail to 

resolve pathology [152, 153]. Instead, they reinforce 

inflammatory loops that worsen neuronal loss and 

cognitive decline. Compellingly, experimental clearance 

of senescent microglia in AD mouse models rescues 

synaptic integrity and improves cognitive performance. 

Senolytic therapies targeting p16INK4a positive microglia, 

or interventions modulating NF-κB and STING signaling, 

reduce both amyloid burden and neuroinflammation [25]. 

These results place microglial senescence as a central 

node in the pathophysiological cascade of AD. 

Targeting microglial senescence is an attractive 

therapeutic strategy. Senolytic drugs such as dasatinib 

plus quercetin have been shown to selectively clear 

senescent microglia and astrocytes, reducing tau 

pathology and improving cognition. Senomorphics, 

including NF-κB inhibitors and STING antagonists, 

attenuate SASP and restore microglial phagocytic 

capacity without killing the cells [154]. Another emerging 

approach is immune checkpoint modulation, where 

targeting inhibitory receptors on senescent microglia 

restores immune function [143]. 

Given the heterogeneity of microglial states, a 

precision approach is essential: while senescent microglia 

are deleterious, certain DAM-like populations may retain 

partial protective functions. Thus, future therapies will 

likely combine selective senescence clearance with 

reprogramming strategies that restore homeostatic 

microglial activity. 

 

4.4 Oligodendrocyte Lineage Cells: Impaired 

Remyelination Capacity 

 

Oligodendrocyte lineage cells, including OPCs and 

mature oligodendrocytes, are indispensable for 

maintaining CNS integrity by producing myelin sheaths 

and supporting axonal health. Unlike neurons, OPCs 

retain proliferative capacity throughout life, enabling 

remyelination after injury and adaptive myelin plasticity. 

However, during aging and AD, oligodendrocyte lineage 

cells exhibit features of cellular senescence, including 

DDR, telomere shortening, mitochondrial dysfunction, 

and SASP secretion, which collectively impair myelin 

maintenance and regeneration [155, 156]. Dysfunction of 
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these cells contributes not only to white matter 

degeneration, a recognized hallmark of AD, but also to 

cognitive decline, given the critical role of myelin in 

neuronal circuit synchronization [157]. 

Aging OPCs show accumulation of DNA damage and 

telomere attrition, leading to increased expression of 

p16INK4a and p21CIP1, hallmarks of senescence [158, 159]. 

Transcriptomic profiling of aged human and mouse white 

matter has identified a population of senescent OPCs with 

upregulated inflammatory pathways and downregulated 

myelination-related genes [160-162]. These cells also 

display reduced responsiveness to growth factors, 

diminished proliferation, and impaired differentiation into 

mature oligodendrocytes, thereby limiting remyelination 

capacity [163]. 

Mitochondrial dysfunction and oxidative stress are 

additional drivers of senescence in oligodendrocyte 

lineage cells. Oligodendrocytes are metabolically 

demanding due to their requirement for lipid synthesis 

during myelination. Excessive ROS production, 

mitochondrial DNA damage, and impaired mitophagy in 

aged or AD brains promote proteostasis collapse and 

senescence induction [164, 165]. Recent studies implicate 

neuroinflammatory signaling as a major extrinsic driver 

of oligodendrocyte senescence. Activated microglia and 

astrocytes release SASP factors such as IL-1β, TNF-α, 

and CCL2, which can reinforce senescence in OPCs via 

NF-κB–dependent transcriptional reprogramming [103, 

166]. This paracrine induction of senescence suggests that 

oligodendrocyte lineage cells may act as secondary 

amplifiers of inflammaging in AD. 

White matter degeneration is a consistent finding in 

both aging and AD, manifested as myelin thinning, nodal 

disruption, and oligodendrocyte loss [167]. Senescent 

OPCs fail to proliferate and differentiate in response to 

demyelinating insults, leading to remyelination failure 

and impaired axonal conduction. Functional imaging 

studies in AD patients demonstrate early white matter 

abnormalities, particularly in regions such as the corpus 

callosum and hippocampal connections, which correlate 

with memory deficits and cognitive impairment [168]. 

Moreover, senescent oligodendrocytes themselves adopt 

a SASP phenotype, secreting pro-inflammatory 

cytokines, matrix metalloproteinases, and extracellular 

vesicles that further compromise axonal integrity [169]. 

This positions oligodendrocyte lineage cells not only as 

victims of the senescence process but also as active 

contributors to neurodegeneration. Importantly, single-

nucleus RNA sequencing of AD brains has revealed 

disease-associated oligodendrocytes with signatures of 

stress responses, senescence, and immune activation, 

particularly enriched in proximity to amyloid plaques and 

tau pathology [170]. These findings highlight the potential 

role of oligodendrocyte senescence in integrating 

amyloid, tau, and inflammatory insults into structural 

white matter decline. 

Targeting oligodendrocyte senescence represents a 

promising but underexplored avenue for AD therapy. 

Preclinical studies indicate that senolytic interventions, 

such as dasatinib plus quercetin, can reduce senescent 

glial populations and restore remyelination efficiency 

[11]. Senomorphics, particularly NF-κB inhibitors and 

mitochondrial stabilizers, have shown potential in 

preserving OPC function under stress conditions [171]. 

Additionally, strategies aimed at enhancing OPC 

regenerative capacity—including growth factor 

supplementation (e.g., PDGF-AA, IGF-1), epigenetic 

modulators, and metabolic reprogramming are being 

investigated as complementary approaches [172, 173]. 

Given the dual role of oligodendrocyte lineage cells as 

both targets and amplifiers of senescence, future therapies 

may require combined senolytic and regenerative 

strategies to restore white matter integrity in AD. 

 

4.4 Endothelial Cells and Pericytes: Vascular Senescence 

and Barrier Dysfunction 

 

The neurovascular unit (NVU) is essential for maintaining 

cerebral homeostasis, consisting of endothelial cells, 

pericytes, astrocytic endfeet, and basement membrane 

components. Among these, cerebral endothelial cells 

(ECs) and pericytes play critical roles in forming and 

regulating the BBB, controlling vascular tone, nutrient 

delivery, and clearance of metabolic waste, including Aβ. 

With aging and in AD, both ECs and pericytes undergo 

senescence-like changes, characterized by DDR, 

mitochondrial dysfunction, inflammatory 

reprogramming, and impaired barrier function [174, 175]. 

Their dysfunction accelerates cerebrovascular pathology, 

exacerbates neuroinflammation, and synergizes with 

neuronal and glial senescence to drive disease 

progression. 

Cerebral ECs are particularly susceptible to oxidative 

stress and inflammatory insults, which activate p16INK4a 

and p21CIP1 pathways, inducing cell cycle arrest and 

senescence [176]. Senescent ECs display reduced nitric 

oxide bioavailability, increased ROS production, and pro-

thrombotic properties, leading to vascular rigidity and 

hypoperfusion [177]. Importantly, senescent endothelial 

cells secrete SASP factors, including IL-6, IL-8, and 

MMPs, which disrupt tight junction proteins, such as 

claudin-5 and occludin, leading to BBB disruption  [3]. 

Single-nucleus RNA sequencing of aged and AD human 

brain tissue has revealed transcriptional signatures of 

endothelial dysfunction, including upregulation of 

inflammatory and antigen presentation pathways and 

downregulation of transport and barrier genes [178]. 

Moreover, EC senescence has been shown to impair Aβ. 
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clearance across the BBB via reduced expression of LRP1 

and P-glycoprotein transporters, thereby enhancing 

amyloid deposition [179, 180]. 

Pericytes, mural cells embedded within the capillary 

basement membrane, are indispensable for maintaining 

BBB stability and regulating cerebral blood flow. Pericyte 

loss is an early and consistent feature in AD pathology 

[181]. With aging, pericytes exhibit telomere shortening, 

mitochondrial damage, and SASP induction, leading to 

compromised contractility and increased capillary 

leakage [182]. Experimental models demonstrate that 

pericyte deficiency or senescence results in BBB leakage, 

hypoperfusion, and neurodegeneration, independent of 

amyloid pathology [183]. Pericytes also regulate 

clearance of toxic proteins via the glymphatic system and 

transcytotic pathways; their senescence impairs these 

mechanisms, amplifying protein aggregation stress in the 

parenchyma. Additionally, pericyte SASP contributes to 

the pro-inflammatory NVU microenvironment, activating 

astrocytes and microglia. This crosstalk amplifies chronic 

neuroinflammation and promotes neuronal vulnerability 

in AD [184]. 

Given their central role in neurovascular homeostasis, 

targeting senescence in ECs and pericytes represents a 

promising avenue for AD intervention. Senolytic 

therapies have shown efficacy in clearing senescent 

vascular cells and restoring BBB function in preclinical 

models [185]. For example, dasatinib and quercetin 

reduce endothelial SASP factors, attenuate vascular 

leakage, and improve cognition in aged mice [186, 187]. 

Alternative approaches include senomorphics such as NF-

κB inhibitors or antioxidants that modulate SASP without 

eliminating the cells. Enhancing pericyte survival via 

PDGFRβ signaling or mitochondrial protection strategies 

has also been proposed to preserve BBB integrity [182]. 

Importantly, emerging vascular-targeted interventions, 

such as LRP1 upregulation and pericyte regenerative 

therapies, may synergize with anti-amyloid or anti-tau 

strategies to provide multimodal benefits in AD. 

Taken together, these cell type-specific 

manifestations of senescence emphasize the systemic 

nature of the senescent burden in the CNS. Each cell type 

not only suffers functional decline but also propagates 

stress signals to other CNS compartments, amplifying 

neurodegenerative cascades. This interconnectedness 

provides multiple potential intervention points for 

therapeutic strategies aimed at mitigating senescence in 

AD. 

 

5. Senescence in AD Pathogenesis 

 

Cellular senescence has increasingly been recognized not 

as a passive correlate of aging but as an active contributor 

to AD pathogenesis. By integrating chronic DNA damage 

responses, dysfunctional proteostasis, and inflammatory 

secretory programs, senescent cells in the CNS influence 

nearly every stage of AD progression—from the initiation 

of Aβ and tau pathology to amplification of 

neuroinflammation, vascular dysfunction, and large-scale 

network disintegration. 

 

5.1 Contribution of Senescent Cells to Amyloid and Tau 

Pathology 

 

Senescent cells in the CNS, particularly astrocytes, 

microglia, and endothelial cells, actively modulate Aβ 

deposition and tau pathology. Senescent glial cells exhibit 

impaired proteostasis and lysosomal dysfunction, leading 

to reduced clearance of extracellular Aβ aggregates [17]. 

Senescent microglia show diminished phagocytic 

capacity, limiting the removal of soluble and insoluble Aβ 

species, while astrocytes demonstrate lower expression of 

Aβ-degrading enzymes, including neprilysin and insulin-

degrading enzyme (IDE), which further promotes 

amyloid accumulation [188, 189]. In addition, the SASP 

indirectly enhances amyloidogenesis. Pro-inflammatory 

cytokines, such as IL-1β, IL-6, and TNF-α, secreted by 

senescent cells stimulate β-secretase (BACE1) and γ-

secretase activity, increasing Aβ production [190, 191]. 

Tau pathology is similarly influenced; SASP factors 

activate kinases like glycogen synthase kinase-3β (GSK-

3β) and cyclin-dependent kinase 5 (CDK5), driving tau 

hyperphosphorylation and tangle formation [192]. 

Conditioned media from senescent astrocytes accelerate 

tau aggregation in primary neurons, highlighting 

paracrine propagation of pathology. In vivo, 

pharmacological clearance of senescent glia reduces tau 

burden and alleviates cognitive deficits in transgenic 

mouse models, confirming the pathogenic contribution of 

senescent cells. 

 

5.2 SASP as a Driver of Neuroinflammation 

 

The SASP constitutes a diverse pro-inflammatory and 

matrix-remodeling secretome, which in the CNS fuels 

chronic neuroinflammation. Senescent astrocytes and 

microglia release IL-6, IL-8, CCL2, VEGF, and MMP-3, 

all of which not only disrupt local homeostasis but also 

recruit and prime immune cells [32]. SASP factors 

compromise synaptic integrity by enhancing aberrant 

microglial pruning and weakening astrocytic glutamate 

uptake, thereby lowering the threshold for excitotoxic 

damage [193]. Endothelial senescence contributes further 

by releasing VEGF and adhesion molecules, promoting 

leukocyte infiltration and BBB breakdown [194]. 

Importantly, SASP signaling is self-amplifying. Paracrine 

senescence induces neighboring cells, including neurons, 

glia, and vascular elements, to adopt senescence-like 
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phenotypes, thereby propagating dysfunction through the 

brain parenchyma [195]. The chronicity and 

heterogeneity of SASP thus transform focal lesions into 

tissue-wide inflammatory states, a process tightly aligned 

with the progressive course of AD. 

 

5.3 Feedforward Loop between AD Pathology and 

Senescence 

 

Amyloid and tau pathology not only result from 

senescence but also reinforce it, forming a pathological 

feedforward loop. Aβ oligomers and tau aggregates 

induce DNA damage, mitochondrial dysfunction, and 

oxidative stress in neurons and glia, thereby triggering 

senescence pathways [196]. In turn, SASP-driven 

inflammation accelerates amyloidogenic processing of 

APP and tau hyperphosphorylation, closing a vicious 

cycle [10, 197]. Recent single-cell RNA-seq studies 

reveal that AD brains harbor senescent astrocyte and 

microglial subpopulations enriched for SASP gene 

signatures that spatially correlate with amyloid plaques 

and tau tangles [198]. Moreover, senescent endothelial 

cells contribute to vascular dysfunction and BBB 

breakdown, which enhances Aβ influx and 

neuroinflammation [184]. These findings indicate that 

AD pathology and cellular senescence are locked in a 

reciprocal amplification loop that drives disease 

progression. This feedforward loop provides a 

mechanistic explanation for the progressive and 

irreversible nature of AD. 

 

5.4 Functional Consequences at the Network and Circuit 

Levels  

 

Beyond molecular pathology, senescence has profound 

consequences on brain networks and circuits. Senescent 

astrocytes lose their capacity to maintain glutamate 

homeostasis and potassium buffering, leading to 

excitotoxic stress and impaired synaptic plasticity [199]. 

Senescent microglia exhibit exaggerated pro-

inflammatory responses and diminished synaptic pruning, 

resulting in aberrant connectivity and impaired learning 

circuits [200]. Senescence-induced vascular dysfunction 

compromises cerebral blood flow, exacerbating 

hypometabolism and network hypoactivity [201]. Recent 

in vivo calcium imaging and electrophysiological studies 

reveal that regions enriched in senescent glia display 

disrupted oscillatory activity and impaired long-range 

communication between hippocampal and cortical 

circuits, correlating with memory decline [202]. Thus, 

senescence not only drives molecular hallmarks of AD but 

also translates into systems-level dysfunction. 

Taken together, cellular senescence is not a bystander 

but a central amplifier of AD pathogenesis. Senescent 

astrocytes, microglia, OPCs, and endothelial cells 

converge to impair proteostasis, propagate inflammation, 

and destabilize neuronal circuits. The resulting 

senescence niche sustains pathology through self-

reinforcing loops that couple molecular lesions to network 

dysfunction. Conceptually, this positions senescence as 

both a driver and an integrator of AD, bridging triggers 

such as Aβ and tau with downstream manifestations of 

cognitive decline. Therapeutic strategies that target 

senescent cells or their SASP therefore hold promise not 

merely to slow aging but to modify the course of 

neurodegeneration itself. 

 

6. Potential Therapeutic 

 

The recognition of cellular senescence as a driver of AD 

pathology has spurred the development of therapeutic 

strategies aimed at targeting senescent cells or modulating 

their deleterious effects. These interventions broadly fall 

into two categories: senolytics, which selectively 

eliminate senescent cells, and senomorphics, which 

suppress the harmful SASP without killing the cells. Both 

approaches hold promises for modifying the trajectory of 

neurodegeneration, yet they present distinct opportunities 

and challenges in translation to the CNS. 

 

6.1 Senolytics 

 

Senolytic therapies, which selectively eliminate senescent 

cells by exploiting their reliance on senescent cell anti-

apoptotic pathways, have emerged as a promising strategy 

to counteract neurodegenerative processes in AD [203]. 

At present, several classes of senolytic agents have been 

investigated, including BCL-2 family inhibitors such as 

navitoclax (ABT-263), the dasatinib–quercetin (D+Q) 

combination, and peptide-based therapies such as 

FOXO4-DRI [204, 205]. Navitoclax effectively 

eliminates senescent cells but is limited by dose-

dependent hematological toxicities, notably 

thrombocytopenia. Recent approaches to overcome these 

limitations include targeted prodrug formulations (e.g., 

Nav-Gal) and proteolysis-targeting chimera (PROTAC)-

based BCL-xL degraders, which enhance tissue 

selectivity and may improve tolerability [206, 207]. 

Intermittent administration of D+Q effectively reduced 

senescent cell load, suppressed neuroinflammation, and 

improved cognitive deficits in aged and transgenic mouse 

models [11, 208]. Importantly, early-phase clinical 

studies in age-associated diseases such as idiopathic 

pulmonary fibrosis and diabetic kidney disease have 

reported safety and feasibility of D+Q administration, and 

an ongoing Phase I feasibility trial (NCT04685590) is 

now testing this approach in individuals with mild AD. 

Another line of senolytic development involves FOXO4-
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DRI, a peptide that disrupts the FOXO4–p53 interaction, 

thereby releasing senescent cells from a survival lock; 

recent structural refinements have enhanced its 

specificity, although its translational relevance for AD 

remains to be determined [209]. Despite these advances, 

several challenges remain. On-target toxicities of current 

senolytics require careful dosing strategies and may 

necessitate CNS-specific delivery routes to minimize 

systemic exposure. Furthermore, the therapeutic window 

during the course of AD remains unclear, as senescence 

may play both protective and pathological roles 

depending on disease stage. Translational progress will 

depend on integrating biomarkers of senescence and 

SASP activity into trial design, monitoring 

pharmacodynamic responses in cerebrospinal fluid and 

imaging modalities, and considering combination 

approaches in which senolytics are paired with disease-

modifying anti-amyloid or anti-tau agents. Collectively, 

these advances underscore the potential of senolytic 

therapies as a novel disease-modifying strategy in AD, 

while also highlighting the need for refined tools to target 

senescent cells in a temporally and cell type–specific 

manner. 

 

6.2 Senomorphics 

 

Senomorphics aim not to kill senescent cells but to 

reprogramme or suppress their harmful phenotypes, 

principally by attenuating SASP output, restoring 

proteostasis and mitochondrial health, or blocking innate-

immune amplification loops that lock senescent cells into 

a pro-inflammatory state. In the brain this approach is 

especially attractive because many CNS cell types 

(astrocytes, endothelial cells, OPCs) retain functional 

roles that one would prefer to preserve, so long-term 

modulation of their secretory and metabolic profiles may 

be safer and more practicable than wholesale cell ablation.  

Mechanistically, three therapeutic levers have emerged 

from recent preclinical and translational work. Firstly, 

direct inhibition of the SASP transcriptional program by 

inhibiting NF-κB, JAK/STAT and p38-MAPK signaling 

pathways consistently reduced the secretion of IL-6, IL-

1β, TNF-α and matrix metalloproteinases in senescent 

glial and endothelial cells, and suppressed paracrine 

senescence and local inflammation [59, 61, 210]. 

Pharmacological inhibitors of IKK/NF-κB and JAK1/2 

show robust SASP suppression in vitro and reduce 

neuroinflammatory readouts in vivo, arguing that targeted 

anti-inflammatory senomorphics can decouple 

senescence from its tissue-damaging sequelae without 

removing the cell [44, 211]. Second, restoring proteostasis 

and mitochondrial quality control via the mTOR–AMPK–

autophagy axis or NAD⁺ augmentation has been shown to 

blunt the ROS→DDR→SASP feed-forward loop that 

sustains senescent phenotypes. mTOR inhibitors 

(rapamycin and rapalogs) enhance autophagic flux, 

promote clearance of aggregated proteins and improve 

cognition in several AD mouse models; ongoing clinical 

efforts are now testing rapamycin paradigms in humans 

for cognitive endpoints, although temporal and dose 

dependencies require careful calibration [212, 213]. 

Parallel strategies—activation of AMPK (e.g., 

metformin) or supplementation with NAD⁺ precursors 

(nicotinamide riboside, NMN)—improve mitochondrial 

function, reduce inflammatory signaling, and in some 

preclinical and early clinical studies show signals 

consistent with modulation of ageing biology relevant to 

AD risk, making them promising senomorphic candidates 

for longer-term disease modification [214-216]. Third, 

blocking innate immune amplifiers that transduce 

cytosolic DNA into a persistent inflammatory program 

has recently gained traction: the cGAS–STING axis is a 

central node that links nuclear/mitochondrial damage to 

type I interferon and NF-κB-driven SASP. Genetic or 

pharmacological inhibition of STING reduces microglial 

reactivity, lowers brain inflammation and preserves 

cognitive function in aging and AD models, and several 

brain-penetrant STING antagonists (for example H-151 in 

preclinical studies) are progressing as candidate CNS 

senomorphics [22, 217, 218]. Together these approaches 

act at complementary points in the senescence network: 

NF-κB/JAK/p38 inhibitors reduce SASP transcription; 

mTOR/AMPK/NAD⁺ interventions restore intracellular 

housekeeping and limit the upstream generation of 

damage signals; and cGAS–STING blockade prevents 

damaged DNA from converting into a chronic 

interferon/SASP amplifier. 

Translating senomorphics to AD therapeutics 

requires overcoming several hurdles. BBB penetration is 

critical, as many systemic modulators have limited central 

exposure [213]. SASP’s heterogeneity across cell types 

and disease stages demands multiplexed biomarker panels 

in CSF and plasma (cytokines, interferon signatures, 

metalloproteinases), imaging modalities (e.g., 

neuroinflammation PET, BBB integrity MRI), and ideally 

fluid or tissue transcriptomics to confirm on-target 

engagement [22]. Safety concerns are significant: chronic 

suppression of NF-κB or interferon signaling could impair 

host immunity [59]. Timing also matters; senomorphics 

may be most effective when administered during early or 

prodromal stages of AD (before irreversible neuronal 

loss), whereas late-stage disease may respond less 

favorably. Nevertheless, the promise is real: rapamycin 

and rapalogs are advancing in AD-focused prevention 

trials [212]; NAD⁺ precursors are being tested in early 

human studies [216]; and brain-penetrant STING 

inhibitors offer a direct, CNS-relevant target [217]. 

Looking forward, combination strategies—using 
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senolytics to acutely reduce senescent cell burden 

followed by chronic senomorphic maintenance—are an 

attractive translational approach [219]. By 

reprogramming maladaptive signaling instead of 

eliminating cells, senomorphics may safely attenuate 

neuroinflammation, slow amyloid/tau propagation, and 

stabilize neural circuits in AD. 

Emerging evidence also suggests that 

retrotransposons and human endogenous retroviruses 

(HERVs), once silenced in the genome, become 

derepressed during aging and senescence, generating 

cytosolic DNA that further activates cGAS–STING, 

exacerbating neuroinflammation in AD [85]. Recent 

clinical findings, such as the study by Sullivan et al., 

provide human evidence for HERV activation 

contributing to AD progression and highlight its potential 

as a therapeutic target [220]. 

A structured summary of senescence-targeted 

therapeutic strategies, including senolytics and 

senomorphics, is provided in Table 2. 

 

Table 2. Therapeutic strategies targeting cellular senescence in AD. 

 
Strategy Representative 

Agents 

Mechanism of 

Action 

Clinical Status / 

Trial No. 

Major CNS 

Challenges 

Key Limitations Key Refs 

Senolytics Dasatinib + 

Quercetin (D+Q) 

Inhibit BCL-2/BCL-

xL, induce apoptosis 

of senescent cells 

Phase II 

(NCT04685590) 

BBB penetrance; 

off-target toxicity 

Thrombocytopenia, 

immune suppression 

[205] 

Navitoclax 

(ABT-263), Nav-

Gal (prodrug) 

BCL-xL inhibition Oncology Phase 

II; CNS use 

preclinical 

Platelet toxicity Poor selectivity for 

brain senescent cells 

[256, 257] 

FOXO4-DRI 

peptide 

Disrupt p53–FOXO4 

survival signaling 

Preclinical Delivery to CNS Stability and 

specificity 

[258, 259] 

Senomorphics Rapamycin / 

Rapalogs 

mTOR inhibition → 

↑Autophagy, ↓SASP 

Ongoing 

prevention trials 

(MET-FINGER; 

NCT04200911) 

Dose-dependent 

BBB penetration 

Metabolic/immune 

side effects 

[260-262] 

Metformin, 

AMPK 

activators 

Restore 

mitochondrial 

function, inhibit NF-

κB/SASP 

Multiple 

epidemiological 

and early cognitive 

trials 

BBB variability Lactic acidosis 

(rare), metabolic 

heterogeneity 

[214, 263, 

264] 

NAD⁺ precursors Enhance 

mitochondrial 

NAD⁺, improve 

proteostasis 

Early Phase 

(NCT04228666) 

Bioavailability, 

long-term safety 

Unknown optimal 

dosing 

[265-267] 

cGAS–STING 

inhibitors (H-

151) 

Block cytosolic 

DNA sensing → 

↓Type I IFN/SASP 

Preclinical AD 

models 

Achieving CNS 

exposure 

Off-target 

immunomodulation 

[268-270] 

JAK inhibitors 

(ruxolitinib, 

baricitinib) 

Block SASP 

cytokine signaling 

(IL-6/IFN axis) 

Approved for 

systemic use; pilot 

repurposing for 

neuroinflammation 

CNS selectivity Immune suppression [271] 

Combination Senolytic–

Senomorphic 

combo (“debulk 

and maintain”) 

Intermittent 

senolytic clearance 

followed by chronic 

senomorphic 

suppression 

Conceptual/ 

preclinical 

Sequential drug 

timing and 

delivery 

Unknown cumulative 

toxicity 

[272] 

MAGL 

inhibitors (e.g., 

JZL184, ABX-

1431) 

Increase 2-AG 

levels, reduce pro-

inflammatory 

eicosanoids, activate 

PPAR-γ to suppress 

SASP 

Preclinical AD and 

TBI models 

Target engagement 

in glia, BBB 

permeability 

Behavioral side 

effects, dosing 

precision 

[246, 273] 

Telomerase 

activators (TA-

65, GRN510) 

Stabilize telomere 

length, reduce DDR-

induced senescence 

Preclinical; limited 

human data 

Off-target 

proliferation 

Potential 

tumorigenicity 

[274, 275] 

 

6.3 Preclinical and Clinical Progress 

 

A growing body of preclinical evidence underscores the 

therapeutic potential of both senolytic and senomorphic 

strategies in AD models. In diverse transgenic mouse 

models harboring Aβ or tau pathology, intermittent 

administration of D+Q has been shown to reduce 

senescent glial burden, attenuate neuroinflammation, and 

improve cognitive outcomes, even in aged animals [208]. 

Similarly, selective elimination of p16INK4a+ senescent 
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cells in tauopathy models reduces tau phosphorylation, 

diminishes synaptic deficits, and enhances performance in 

spatial memory tasks [17]. On the senomorphic front, 

systemic inhibitors of mTOR (e.g., rapamycin) or 

activators of AMPK (e.g., metformin) improve 

autophagic flux, restore mitochondrial function, reduce 

neuroinflammatory markers, and rescue cognition across 

multiple AD models, often outperforming standard anti-

amyloid approaches [212, 221, 222]. Most notably, 

pharmacological blockade of the cGAS–STING pathway 

has demonstrated robust suppression of microglial 

activation, a reduction in pro-inflammatory cytokines, and 

preservation of cognitive function in both normal aging 

animals and AD model mice [59, 217]. Together, these 

preclinical findings establish proof-of-concept that both 

senolytic and senomorphic treatments can modify key 

pathological features of AD by targeting cellular 

senescence mechanisms. 

These foundational preclinical successes have led to 

early-stage clinical efforts. Rapamycin (and its analogs) is 

currently being evaluated in preventative cognitive 

decline trials, such as the MET-FINGER study, which 

integrates mTOR inhibition with metabolic modulation to 

delay progression in at-risk populations [215]. Early-

phase trials testing NAD⁺ precursor supplementation 

(e.g., nicotinamide riboside, nicotinamide 

mononucleotide) have demonstrated safety and ITT 

feasibility, with preliminary signals suggesting possible 

enhancement of mitochondrial and inflammatory 

biomarkers [216]. Several clinical projects are exploring 

D+Q in aging-related disorders (e.g., idiopathic 

pulmonary fibrosis, diabetic kidney disease), with AD-

targeted feasibility trials now underway to assess CNS 

penetration, tolerability, and biomarker engagement 

(NCT04685590). Parallel drug development efforts are 

advancing brain-penetrant STING inhibitors and selective 

BCL-xL degraders into preclinical stages, with the 

intention of later AD-targeted translation [141, 223, 224]. 

An emerging translational strategy involves a “debulk-

and-maintain” model: intermittent senolytic 

administration to reduce high-burden senescent cell 

niches, followed by chronic senomorphic therapy to 

suppress residual SASP and maintain CNS homeostasis. 

This combinatorial framework, informed by rigorous 

preclinical modeling, offers a mechanistically grounded 

path toward clinical translation—promising disease 

modification with mitigated long-term toxicity risk. 

 

6.4 Translational Barriers and Future Directions 

 

Despite substantial progress, significant translational 

barriers remain. First, most senolytic and senomorphic 

agents exhibit poor BBB permeability, necessitating 

alternative delivery strategies or molecular redesign 

[225]. Second, current animal models do not fully 

recapitulate sporadic AD or immune aging, limiting 

predictive validity [226]. Third, senescent cells are 

heterogeneous across CNS cell types, and their roles 

evolve during disease progression, complicating 

therapeutic timing [227]. Fourth, biomarker development 

is limited. While p16INK4a, SA-β-gal, and SASP profiling 

provide valuable cellular-level evidence, they cannot 

currently be used for patient stratification or longitudinal 

monitoring. Emerging epigenetic clocks, including 

DNAm PhenoAge and GrimAge, quantify biological age 

and correlate with systemic inflammation and cognitive 

decline [228, 229]. However, their application to CNS 

aging remains limited because most clocks were derived 

from peripheral blood and do not fully capture neuron- or 

glia-specific methylation dynamics. Recently developed 

brain-specific clocks, such as the CorticalClock and 

BrainAgeClock, show enhanced sensitivity to neuronal 

aging, tau pathology, and neuroinflammatory signatures 

[230, 231]. Although these CNS-targeted models require 

further validation, they may become valuable tools for 

quantifying senescence burden and tracking therapeutic 

response in future AD trials. In addition, circulating cell-

free mitochondrial DNA, CSF cytokines, telomere-

associated foci, and advanced imaging techniques such as 

TSPO-PET or senescence-targeted PET ligands are being 

explored as potential senescence biomarkers [232]. 

Importantly, recent translational experience has 

highlighted the complexity of bringing senolytic therapies 

to the clinic. For instance, UNITY Biotechnology’s Phase 

I trial of UBX1325 (a BCL-xL inhibitor) revealed limited 

efficacy and dose-dependent adverse events, underscoring 

the need for improved CNS-targeted senolytics and better 

patient selection (NCT04537884). Such outcomes 

emphasize that senescence modulation, while 

mechanistically sound, demands rigorous safety 

evaluation, temporal precision, and robust biomarkers to 

guide dosing and target engagement. 

Finally, sex differences represent an 

underappreciated but critical factor in senescence and AD. 

Females exhibit higher AD prevalence and faster 

epigenetic aging in the brain. Estrogen regulates 

telomerase activity, mitochondrial dynamics, and 

inflammatory pathways; its decline during menopause 

may accelerate microglial senescence and SASP 

expression [233, 234]. Conversely, androgens modulate 

oxidative stress and DNA repair in male brains [235-237]. 

Future therapeutic strategies must therefore consider sex-

specific pathways and hormonal modulation. Altogether, 

combined approaches, such as initial senolytic 

“debulking” followed by long-term senomorphic 

maintenance, along with biomarker-guided, stage-

specific, and sex-informed interventions, are likely to 

offer the most effective path toward clinically meaningful 
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modification of AD progression. These sex-specific 

molecular pathways also have critical clinical 

implications, underscoring the need for sex-stratified trial 

designs that account for hormonal status, differential 

metabolic responses, and potential interactions between 

hormone replacement, metabolic therapies, and 

senotherapeutic efficacy. 

 

7. Perspectives 

 

7.1 Limitations in Models and Detection Tools 

 

Despite encouraging progress, major challenges remain in 

modeling and detecting cellular senescence in AD. 

Traditional transgenic AD mouse models capture amyloid 

or tau pathology but incompletely recapitulate the 

complex aging milieu in which cellular senescence 

evolves [238]. Senescence markers such as p16INK4a, SA-

β-gal activity, and γH2AX foci are widely used but neither 

specific nor consistently expressed across CNS cell types  

[24]. Moreover, their expression can be transient in 

response to acute stress, complicating interpretation. 

Novel single-cell and spatial transcriptomics approaches 

are beginning to resolve senescent subpopulations in 

human AD brain tissue [239], but these methods remain 

costly and technically demanding. The absence of 

validated CSF or plasma biomarkers specific for CNS 

senescence further complicates early diagnosis and trial 

readouts. Development of multiplex biomarker panels, 

integrating soluble SASP components with senescence-

related microRNAs or extracellular vesicle signatures, 

will be essential for moving beyond histological 

surrogates. 

 

7.2 Understanding Temporal and Spatial Dynamics of 

Senescence in AD 

 

Senescence in the CNS is increasingly understood as a 

dynamic, context-dependent program rather than a fixed 

endpoint. Its contribution to AD pathogenesis appears to 

vary across disease stages and brain regions. Early in AD, 

astrocytic and microglial senescence may contribute to 

neuroinflammation and synaptic dysfunction, whereas in 

later stages, OPC senescence impairs myelin maintenance 

and repair [11]. The spatial distribution is also 

heterogeneous: hippocampus and entorhinal cortex show 

stronger senescent signatures compared to primary motor 

regions [240]. Temporal mapping of senescence 

trajectories in both animal models and human brain tissue 

will be critical to identify therapeutic windows. 

Integrating longitudinal imaging (e.g., TSPO-PET), fluid 

biomarkers, and post-mortem single-nucleus datasets may 

help distinguish when senescence transitions from 

adaptive to maladaptive, thereby informing stage-specific 

interventions. 

 

7.3 Precision Medicine Approaches Targeting Senescence 

 

Given the heterogeneity of senescence phenotypes, 

precision medicine approaches will be necessary. SASP 

composition differs between astrocytes, endothelial cells, 

and microglia, suggesting that therapies may need to be 

cell-type or pathway-specific [241]. For example, patients 

with predominant neuroinflammatory phenotypes may 

benefit more from NF-κB/JAK inhibitors, whereas those 

with mitochondrial/metabolic dysfunction may respond 

better to NAD⁺ augmentation or AMPK activation. 

Genomic and epigenomic profiling, along with polygenic 

risk scores, could help stratify individuals more likely to 

exhibit senescence-driven pathology [242]. In the long 

run, adaptive clinical trial designs using biomarker-

guided patient selection could accelerate the identification 

of responsive subgroups and reduce the risk of failure in 

heterogeneous AD populations. 

 

7.4 Translational Prospect and Future Research 

Directions 

 

Translating senescence-targeted strategies to the clinic 

faces multiple hurdles. BBB penetrance limits the CNS 

delivery of many promising senotherapeutics [204]. 

Long-term safety is another concern: chronic suppression 

of NF-κB or STING signaling could impair immune 

surveillance, increase infection risk, or promote 

tumorigenesis [243]. In parallel, regulatory frameworks 

for aging-modifying therapies remain in their infancy, 

making it challenging to define appropriate trial endpoints 

and approval pathways.  

Beyond these obstacles, novel opportunities are 

emerging, including inhibition of monoacylglycerol 

lipase (MAGL), a central enzyme in 2-AG degradation. 

MAGL inhibition elevates 2-AG levels, reduces pro-

inflammatory eicosanoid production, and activates 

PPAR-γ–dependent signaling that suppresses COX-2 and 

NF-κB–driven SASP activity  [244-246]. Within the 

CNS, this mechanism promotes anti-inflammatory and 

homeostatic glial phenotypes, aligning with senomorphic 

strategies that reprogram maladaptive signaling without 

eliminating cells. 

Looking forward, research priorities should include 

the development of brain-penetrant and reversible 

senotherapeutics; combinatorial strategies such as 

senolytic “debulking” followed by chronic senomorphic 

maintenance, potentially incorporating MAGL inhibitors; 

and the use of human-relevant models, including induced 

iPSC-derived brain organoids. Equally crucial will be 

biomarker-driven clinical trials that stratify patients by 
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senescence burden, SASP signatures, and genetic risk 

factors, paving the way for precision medicine 

approaches. By integrating mechanistic insights with 

translational frameworks, the field can move toward 

rational, stage-specific, and safe interventions that harness 

senescence biology to modify the course of AD. 

 

Acknowledgement 

 

This work was supported in part by grants from National 

Institutes of Health RF1NS076815, and RF1AG081362 

(to C.C.) and by Joe R. & Teresa Lozano Long 

endowment funds (to C.C.). 

 

References 

 
[1] Rodier F, Campisi J (2011). Four faces of cellular 

senescence. Journal of Cell Biology, 192:547-556. 

[2] He S, Sharpless NE (2017). Senescence in Health and 

Disease. Cell, 169:1000-1011. 

[3] Childs BG, Durik M, Baker DJ, van Deursen JM (2015). 

Cellular senescence in aging and age-related disease: 

from mechanisms to therapy. Nature Medicine, 21:1424-

1435. 

[4] Campisi J (2013). Aging, Cellular Senescence, and 

Cancer. Annual Review of Physiology, 75:685-705. 

[5] Strathdee SA, Hatfull GF, Mutalik VK, Schooley RT 

(2023). Phage therapy: From biological mechanisms to 

future directions. Cell, 186:17-31. 

[6] Kritsilis M, V. Rizou S, Koutsoudaki PN, Evangelou K, 

Gorgoulis VG, Papadopoulos D (2018). Ageing, Cellular 

Senescence and Neurodegenerative Disease. 

International Journal of Molecular Sciences, 19:2937. 

[7] Wu D, Sun JK, Chow KH (2024). Neuronal cell cycle 

reentry events in the aging brain are more prevalent in 

neurodegeneration and lead to cellular senescence. PLoS 

Biol, 22:e3002559. 

[8] (2024). 2024 Alzheimer's disease facts and figures. 

Alzheimers Dement, 20:3708-3821. 

[9] Gonzales MM, Garbarino VR, Marques Zilli E, Petersen 

RC, Kirkland JL, Tchkonia T, et al. (2022). Senolytic 

Therapy to Modulate the Progression of Alzheimer's 

Disease (SToMP-AD): A Pilot Clinical Trial. J Prev 

Alzheimers Dis, 9:22-29. 

[10] Gaikwad S, Senapati S, Haque MA, Kayed R (2024). 

Senescence, brain inflammation, and oligomeric tau 

drive cognitive decline in Alzheimer's disease: Evidence 

from clinical and preclinical studies. Alzheimers 

Dement, 20:709-727. 

[11] Zhang P, Kishimoto Y, Grammatikakis I, Gottimukkala 

K, Cutler RG, Zhang S, et al. (2019). Senolytic therapy 

alleviates Aβ-associated oligodendrocyte progenitor cell 

senescence and cognitive deficits in an Alzheimer's 

disease model. Nat Neurosci, 22:719-728. 

[12] Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro 

A (2018). Inflammaging: a new immune–metabolic 

viewpoint for age-related diseases. Nature Reviews 

Endocrinology, 14:576-590. 

[13] López-Otín C, Blasco MA, Partridge L, Serrano M, 

Kroemer G (2023). Hallmarks of aging: An expanding 

universe. Cell, 186:243-278. 

[14] Childs BG, Gluscevic M, Baker DJ, Laberge R-M, 

Marquess D, Dananberg J, van Deursen JM (2017). 

Senescent cells: an emerging target for diseases of 

ageing. Nature Reviews Drug Discovery, 16:718-735. 

[15] Melo Dos Santos LS, Trombetta-Lima M, Eggen B, 

Demaria M (2024). Cellular senescence in brain aging 

and neurodegeneration. Ageing Res Rev, 93:102141. 

[16] Rim C, You M-J, Nahm M, Kwon M-S (2024). 

Emerging role of senescent microglia in brain aging-

related neurodegenerative diseases. Translational 

Neurodegeneration, 13:10. 

[17] 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. 

[18] Lei SY, Qu Y, Yang YQ, Liu JC, Zhang YF, Zhou SY, 

et al. (2024). Cellular senescence: A novel therapeutic 

target for central nervous system diseases. Biomed 

Pharmacother, 179:117311. 

[19] Nelson G, Wordsworth J, Wang C, Jurk D, Lawless C, 

Martin-Ruiz C, von Zglinicki T (2012). A senescent cell 

bystander effect: senescence-induced senescence. Aging 

Cell, 11:345-349. 

[20] Soria-Valles C, López-Otín C (2016). iPSCs: On the 

Road to Reprogramming Aging. Trends Mol Med, 

22:713-724. 

[21] Zhang P, Kishimoto Y, Grammatikakis I, Gottimukkala 

K, Cutler RG, Zhang S, et al. (2019). Senolytic therapy 

alleviates Aβ-associated oligodendrocyte progenitor cell 

senescence and cognitive deficits in an Alzheimer’s 

disease model. Nature Neuroscience, 22:719-728. 

[22] Zhu J, Wu C, Yang L (2024). Cellular senescence in 

Alzheimer’s disease: from physiology to pathology. 

Translational Neurodegeneration, 13:55. 

[23] van Deursen JM (2014). The role of senescent cells in 

ageing. Nature, 509:439-446. 

[24] 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. 

[25] Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, 

Croteau DL, Bohr VA (2019). Ageing as a risk factor for 

neurodegenerative disease. Nature Reviews Neurology, 

15:565-581. 

[26] Sherr CJ, McCormick F (2002). The RB and p53 

pathways in cancer. Cancer Cell, 2:103-112. 

[27] Sharpless NE, Sherr CJ (2015). Forging a signature of in 

vivo senescence. Nat Rev Cancer, 15:397-408. 

[28] Serrano M, Hannon GJ, Beach D (1993). A new 

regulatory motif in cell-cycle control causing specific 

inhibition of cyclin D/CDK4. Nature, 366:704-707. 

[29] el-Deiry WS, Tokino T, Velculescu VE, Levy DB, 

Parsons R, Trent JM, et al. (1993). WAF1, a potential 

mediator of p53 tumor suppression. Cell, 75:817-825. 

[30] Abbas T, Dutta A (2009). p21 in cancer: intricate 

networks and multiple activities. Nat Rev Cancer, 9:400-

414. 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         20 

 

[31] Nakanishi M (2019). [Cellular senescence and age-

related diseases]. Rinsho Ketsueki, 60:1027-1032. 

[32] Chinta SJ, Woods G, Rane A, Demaria M, Campisi J, 

Andersen JK (2015). Cellular senescence and the aging 

brain. Exp Gerontol, 68:3-7. 

[33] Lee BY, Han JA, Im JS, Morrone A, Johung K, Goodwin 

EC, et al. (2006). Senescence-associated beta-

galactosidase is lysosomal beta-galactosidase. Aging 

Cell, 5:187-195. 

[34] Zhang W, Yang X, Liu J, Pan Y, Zhang M, Chen L 

(2022). Senescent Phenotype of Astrocytes Leads to 

Activation of BV2 Microglia and N2a Neuronal Cells 

Death. Molecules, 27. 

[35] Zhang X, Pearsall VM, Carver CM, Atkinson EJ, 

Clarkson BDS, Grund EM, et al. (2022). Rejuvenation of 

the aged brain immune cell landscape in mice through 

p16-positive senescent cell clearance. Nature 

Communications, 13:5671. 

[36] Tominaga T, Shimada R, Okada Y, Kawamata T, 

Kibayashi K (2019). Senescence-associated-β-

galactosidase staining following traumatic brain injury in 

the mouse cerebrum. PLoS One, 14:e0213673. 

[37] Hewitt G, Jurk D, Marques FDM, Correia-Melo C, 

Hardy T, Gackowska A, et al. (2012). Telomeres are 

favoured targets of a persistent DNA damage response in 

ageing and stress-induced senescence. Nature 

Communications, 3:708. 

[38] Corpet A, Stucki M (2014). Chromatin maintenance and 

dynamics in senescence: a spotlight on SAHF formation 

and the epigenome of senescent cells. Chromosoma, 

123:423-436. 

[39] Di Micco R, Sulli G, Dobreva M, Liontos M, Botrugno 

OA, Gargiulo G, et al. (2011). Interplay between 

oncogene-induced DNA damage response and 

heterochromatin in senescence and cancer. Nature Cell 

Biology, 13:292-302. 

[40] Freund A, Laberge RM, Demaria M, Campisi J (2012). 

Lamin B1 loss is a senescence-associated biomarker. 

Mol Biol Cell, 23:2066-2075. 

[41] Song SB, Shim W, Hwang ES (2023). Lipofuscin 

Granule Accumulation Requires Autophagy Activation. 

Mol Cells, 46:486-495. 

[42] von Zglinicki T, Nilsson E, Döcke WD, Brunk UT 

(1995). Lipofuscin accumulation and ageing of 

fibroblasts. Gerontology, 41 Suppl 2:95-108. 

[43] Georgakopoulou EA, Tsimaratou K, Evangelou K, 

Fernandez Marcos PJ, Zoumpourlis V, Trougakos IP, et 

al. (2013). Specific lipofuscin staining as a novel 

biomarker to detect replicative and stress-induced 

senescence. A method applicable in cryo-preserved and 

archival tissues. Aging (Albany NY), 5:37-50. 

[44] Coppé JP, Desprez PY, Krtolica A, Campisi J (2010). 

The senescence-associated secretory phenotype: the dark 

side of tumor suppression. Annu Rev Pathol, 5:99-118. 

[45] Higgins-Chen AT, Thrush KL, Levine ME (2021). 

Aging biomarkers and the brain. Semin Cell Dev Biol, 

116:180-193. 

[46] Moloney CM, Lowe VJ, Murray ME (2021). 

Visualization of neurofibrillary tangle maturity in 

Alzheimer's disease: A clinicopathologic perspective for 

biomarker research. Alzheimers Dement, 17:1554-1574. 

[47] Wong GC, Chow KH (2023). DNA Damage Response-

Associated Cell Cycle Re-Entry and Neuronal 

Senescence in Brain Aging and Alzheimer's Disease. J 

Alzheimers Dis, 94:S429-s451. 

[48] Shahidehpour RK, Higdon RE, Crawford NG, Neltner 

JH, Ighodaro ET, Patel E, et al. (2021). Dystrophic 

microglia are associated with neurodegenerative disease 

and not healthy aging in the human brain. Neurobiol 

Aging, 99:19-27. 

[49] Guo J, Huang X, Dou L, Yan M, Shen T, Tang W, Li J 

(2022). Aging and aging-related diseases: from 

molecular mechanisms to interventions and treatments. 

Signal Transduct Target Ther, 7:391. 

[50] Younas N, Saleem T, Younas A, Zerr I (2023). Nuclear 

face of Tau: an inside player in neurodegeneration. Acta 

Neuropathologica Communications, 11:196. 

[51] Venegas C, Kumar S, Franklin BS, Dierkes T, 

Brinkschulte R, Tejera D, et al. (2017). Microglia-

derived ASC specks cross-seed amyloid-β in 

Alzheimer’s disease. Nature, 552:355-361. 

[52] Ising C, Venegas C, Zhang S, Scheiblich H, Schmidt SV, 

Vieira-Saecker A, et al. (2019). NLRP3 inflammasome 

activation drives tau pathology. Nature, 575:669-673. 

[53] 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. 

[54] Borodkina A, Shatrova A, Abushik P, Nikolsky N, 

Burova E (2014). Interaction between ROS dependent 

DNA damage, mitochondria and p38 MAPK underlies 

senescence of human adult stem cells. Aging (Albany 

NY), 6:481-495. 

[55] Aguilar-Navarro SG, Mimenza-Alvarado AJ, Corona-

Sevilla I, Jiménez-Castillo GA, Juárez-Cedillo T, Ávila-

Funes JA, Román GC (2019). Cerebral Vascular 

Reactivity in Frail Older Adults with Vascular Cognitive 

Impairment. Brain Sci, 9. 

[56] Schlett JS, Mettang M, Skaf A, Schweizer P, Errerd A, 

Mulugeta EA, et al. (2023). NF-κB is a critical mediator 

of post-mitotic senescence in oligodendrocytes and 

subsequent white matter loss. Molecular 

Neurodegeneration, 18:24. 

[57] Han Z, Wang K, Ding S, Zhang M (2024). Cross-talk of 

inflammation and cellular senescence: a new insight into 

the occurrence and progression of osteoarthritis. Bone 

Research, 12:69. 

[58] Hinkle JT, Patel J, Panicker N, Karuppagounder SS, 

Biswas D, Belingon B, et al. (2022). STING mediates 

neurodegeneration and neuroinflammation in 

nigrostriatal α-synucleinopathy. Proc Natl Acad Sci U S 

A, 119:e2118819119. 

[59] Gulen MF, Samson N, Keller A, Schwabenland M, Liu 

C, Glück S, et al. (2023). cGAS–STING drives ageing-

related inflammation and neurodegeneration. Nature, 

620:374-380. 

[60] Zhang Y, Zou M, Wu H, Zhu J, Jin T (2024). The cGAS-

STING pathway drives neuroinflammation and 

neurodegeneration via cellular and molecular 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         21 

 

mechanisms in neurodegenerative diseases. Neurobiol 

Dis, 202:106710. 

[61] Chung S, Jeong J-H, Park J-C, Han JW, Lee Y, Kim J-I, 

Mook-Jung I (2024). Blockade of STING activation 

alleviates microglial dysfunction and a broad spectrum 

of Alzheimer’s disease pathologies. Experimental & 

Molecular Medicine, 56:1936-1951. 

[62] López-Otín C, Blasco MA, Partridge L, Serrano M, 

Kroemer G (2013). The hallmarks of aging. Cell, 

153:1194-1217. 

[63] Blackburn EH, Epel ES, Lin J (2015). Human telomere 

biology: A contributory and interactive factor in aging, 

disease risks, and protection. Science, 350:1193-1198. 

[64] Ferrón SR, Marqués-Torrejón MÁ, Mira H, Flores I, 

Taylor K, Blasco MA, Fariñas I (2009). Telomere 

Shortening in Neural Stem Cells Disrupts Neuronal 

Differentiation and Neuritogenesis. The Journal of 

Neuroscience, 29:14394-14407. 

[65] Panossian LA, Porter VR, Valenzuela HF, Zhu X, 

Reback E, Masterman D, et al. (2003). Telomere 

shortening in T cells correlates with Alzheimer's disease 

status. Neurobiol Aging, 24:77-84. 

[66] Jurk D, Wang C, Miwa S, Maddick M, Korolchuk V, 

Tsolou A, et al. (2012). Postmitotic neurons develop a 

p21-dependent senescence-like phenotype driven by a 

DNA damage response. Aging Cell, 11:996-1004. 

[67] Frost B, Hemberg M, Lewis J, Feany MB (2014). Tau 

promotes neurodegeneration through global chromatin 

relaxation. Nature Neuroscience, 17:357-366. 

[68] Cai Z, Yan LJ, Ratka A (2013). Telomere shortening and 

Alzheimer's disease. Neuromolecular Med, 15:25-48. 

[69] Kuan XY, Fauzi NSA, Ng KY, Bakhtiar A (2023). 

Exploring the Causal Relationship Between Telomere 

Biology and Alzheimer's Disease. Mol Neurobiol, 

60:4169-4183. 

[70] Canudas S, Becerra-Tomás N, Hernández-Alonso P, 

Galié S, Leung C, Crous-Bou M, et al. (2020). 

Mediterranean Diet and Telomere Length: A Systematic 

Review and Meta-Analysis. Adv Nutr, 11:1544-1554. 

[71] Jaskelioff M, Muller FL, Paik J-H, Thomas E, Jiang S, 

Adams AC, et al. (2011). Telomerase reactivation 

reverses tissue degeneration in aged telomerase-deficient 

mice. Nature, 469:102-106. 

[72] Hipp MS, Kasturi P, Hartl FU (2019). The proteostasis 

network and its decline in ageing. Nature Reviews 

Molecular Cell Biology, 20:421-435. 

[73] Kaushik S, Cuervo AM (2015). Proteostasis and aging. 

Nature Medicine, 21:1406-1415. 

[74] Nixon RA (2013). The role of autophagy in 

neurodegenerative disease. Nature Medicine, 19:983-

997. 

[75] Wolfe DM, Lee JH, Kumar A, Lee S, Orenstein SJ, 

Nixon RA (2013). Autophagy failure in Alzheimer's 

disease and the role of defective lysosomal acidification. 

Eur J Neurosci, 37:1949-1961. 

[76] Pickford F, Masliah E, Britschgi M, Lucin K, 

Narasimhan R, Jaeger PA, et al. (2008). The autophagy-

related protein beclin 1 shows reduced expression in 

early Alzheimer disease and regulates amyloid beta 

accumulation in mice. J Clin Invest, 118:2190-2199. 

[77] Bordi M, Berg MJ, Mohan PS, Peterhoff CM, Alldred 

MJ, Che S, et al. (2016). Autophagy flux in CA1 neurons 

of Alzheimer hippocampus: Increased induction 

overburdens failing lysosomes to propel neuritic 

dystrophy. Autophagy, 12:2467-2483. 

[78] Lee JH, Yu WH, Kumar A, Lee S, Mohan PS, Peterhoff 

CM, et al. (2010). Lysosomal proteolysis and autophagy 

require presenilin 1 and are disrupted by Alzheimer-

related PS1 mutations. Cell, 141:1146-1158. 

[79] Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, 

Wangensteen KJ, et al. (2017). Cytoplasmic chromatin 

triggers inflammation in senescence and cancer. Nature, 

550:402-406. 

[80] Caccamo A, Magrì A, Medina DX, Wisely EV, López-

Aranda MF, Silva AJ, Oddo S (2013). mTOR regulates 

tau phosphorylation and degradation: implications for 

Alzheimer's disease and other tauopathies. Aging Cell, 

12:370-380. 

[81] Zhang X, Li L, Chen S, Yang D, Wang Y, Zhang X, et 

al. (2011). Rapamycin treatment augments motor neuron 

degeneration in SOD1(G93A) mouse model of 

amyotrophic lateral sclerosis. Autophagy, 7:412-425. 

[82] Vilchez D, Simic MS, Dillin A (2014). Proteostasis and 

aging of stem cells. Trends Cell Biol, 24:161-170. 

[83] Gorbunova V, Seluanov A, Mita P, McKerrow W, Fenyö 

D, Boeke JD, et al. (2021). The role of retrotransposable 

elements in ageing and age-associated diseases. Nature, 

596:43-53. 

[84] Guo C, Jeong HH, Hsieh YC, Klein HU, Bennett DA, De 

Jager PL, et al. (2018). Tau Activates Transposable 

Elements in Alzheimer's Disease. Cell Rep, 23:2874-

2880. 

[85] De Cecco M, Ito T, Petrashen AP, Elias AE, Skvir NJ, 

Criscione SW, et al. (2019). L1 drives IFN in senescent 

cells and promotes age-associated inflammation. Nature, 

566:73-78. 

[86] Zhang W, Huang C, Yao H, Yang S, Jiapaer Z, Song J, 

Wang X (2025). Retrotransposon: an insight into 

neurological disorders from perspectives of 

neurodevelopment and aging. Translational 

Neurodegeneration, 14:14. 

[87] Tam OH, Ostrow LW, Gale Hammell M (2019). 

Diseases of the nERVous system: retrotransposon 

activity in neurodegenerative disease. Mob DNA, 10:32. 

[88] Lopes-Paciencia S, Saint-Germain E, Rowell MC, Ruiz 

AF, Kalegari P, Ferbeyre G (2019). The senescence-

associated secretory phenotype and its regulation. 

Cytokine, 117:15-22. 

[89] Roy N, Haq I, Ngo JC, Bennett DA, Teich AF, De Jager 

PL, et al. (2024). Elevated expression of the 

retrotransposon LINE-1 drives Alzheimer's disease-

associated microglial dysfunction. Acta Neuropathol, 

148:75. 

[90] Gamdzyk M, Doycheva DM, Araujo C, Ocak U, Luo Y, 

Tang J, Zhang JH (2020). cGAS/STING Pathway 

Activation Contributes to Delayed Neurodegeneration in 

Neonatal Hypoxia-Ischemia Rat Model: Possible 

Involvement of LINE-1. Mol Neurobiol, 57:2600-2619. 

[91] Kozubek P, Kuźniar J, Czaja M, Sitka H, Kochman U, 

Leszek J (2024). Human Endogenous Retroviruses and 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         22 

 

Their Putative Role in Pathogenesis of Alzheimer's 

Disease, Inflammation, and Senescence. Biomedicines, 

13. 

[92] Li W, Lee MH, Henderson L, Tyagi R, Bachani M, 

Steiner J, et al. (2015). Human endogenous retrovirus-K 

contributes to motor neuron disease. Sci Transl Med, 

7:307ra153. 

[93] Suarez NA, Macia A, Muotri AR (2018). LINE-1 

retrotransposons in healthy and diseased human brain. 

Dev Neurobiol, 78:434-455. 

[94] Dou Z, Kreiling JA, Heynen-Genel S, Jurk D, Neretti N, 

Adams PD, et al. (2025). Cytosolic DNA crosstalk in 

senescence: a new axis of inflammatory signaling? Embo 

j, 44:5239-5243. 

[95] Zhang W, Huang C, Yao H, Yang S, Jiapaer Z, Song J, 

Wang X (2025). Retrotransposon: an insight into 

neurological disorders from perspectives of 

neurodevelopment and aging. Transl Neurodegener, 

14:14. 

[96] Sullivan AC, Zuniga G, Ramirez P, Fernandez R, Wang 

CP, Li J, et al. (2025). A Phase IIa clinical trial to 

evaluate the effects of anti-retroviral therapy in 

Alzheimer's disease (ART-AD). NPJ Dement, 1:2. 

[97] Chinta SJ, Andersen JK (2008). Redox imbalance in 

Parkinson's disease. Biochim Biophys Acta, 1780:1362-

1367. 

[98] Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, 

Croteau DL, Bohr VA (2019). Ageing as a risk factor for 

neurodegenerative disease. Nat Rev Neurol, 15:565-581. 

[99] Stein GH, Drullinger LF, Soulard A, Dulić V (1999). 

Differential roles for cyclin-dependent kinase inhibitors 

p21 and p16 in the mechanisms of senescence and 

differentiation in human fibroblasts. Mol Cell Biol, 

19:2109-2117. 

[100] Campaner S, Doni M, Verrecchia A, Fagà G, Bianchi L, 

Amati B (2010). Myc, Cdk2 and cellular senescence: Old 

players, new game. Cell Cycle, 9:3655-3661. 

[101] Shin HJ, Kim IS, Choi SG, Lee K, Park H, Shin J, et al. 

(2024). Rejuvenating aged microglia by p16(ink4a)-

siRNA-loaded nanoparticles increases amyloid-β 

clearance in animal models of Alzheimer's disease. Mol 

Neurodegener, 19:25. 

[102] Holloway K, Neherin K, Song Y, Sato K, Houston A, 

Chen F, et al. (2025). Elevated p16Ink4a Expression 

Enhances Tau Phosphorylation in Neurons 

Differentiated From Human-Induced Pluripotent Stem 

Cells. Aging Cell, 24:e14472. 

[103] Gross PS, Durán-Laforet V, Ho LT, Melchor GS, Zia S, 

Manavi Z, et al. (2025). Senescent-like microglia limit 

remyelination through the senescence associated 

secretory phenotype. Nature Communications, 16:2283. 

[104] Carling GK, Fan L, Foxe NR, Norman K, Wong MY, 

Zhu D, et al. (2024). Alzheimer&#x2019;s disease-

linked risk alleles elevate microglial cGAS-associated 

senescence and neurodegeneration in a tauopathy model. 

Neuron, 112:3877-3896.e3878. 

[105] Wang D-X, Dong Z-J, Deng S-X, Tian Y-M, Xiao Y-J, 

Li X, et al. (2023). GDF11 slows excitatory neuronal 

senescence and brain ageing by repressing p21. Nature 

Communications, 14:7476. 

[106] Gasek NS, Yan P, Zhu J, Purushothaman KR, Kim T, 

Wang L, et al. (2025). Clearance of p21 highly 

expressing senescent cells accelerates cutaneous wound 

healing. Nat Aging, 5:21-27. 

[107] Jackson SP, Bartek J (2009). The DNA-damage response 

in human biology and disease. Nature, 461:1071-1078. 

[108] Sulli G, Di Micco R, d'Adda di Fagagna F (2012). 

Crosstalk between chromatin state and DNA damage 

response in cellular senescence and cancer. Nat Rev 

Cancer, 12:709-720. 

[109] Rodier F, Coppé JP, Patil CK, Hoeijmakers WA, Muñoz 

DP, Raza SR, et al. (2009). Persistent DNA damage 

signalling triggers senescence-associated inflammatory 

cytokine secretion. Nat Cell Biol, 11:973-979. 

[110] d'Adda di Fagagna F (2008). Living on a break: cellular 

senescence as a DNA-damage response. Nature Reviews 

Cancer, 8:512-522. 

[111] Glück S, Guey B, Gulen MF, Wolter K, Kang TW, 

Schmacke NA, et al. (2017). Innate immune sensing of 

cytosolic chromatin fragments through cGAS promotes 

senescence. Nat Cell Biol, 19:1061-1070. 

[112] Suberbielle E, Djukic B, Evans M, Kim DH, Taneja P, 

Wang X, et al. (2015). DNA repair factor BRCA1 

depletion occurs in Alzheimer brains and impairs 

cognitive function in mice. Nat Commun, 6:8897. 

[113] Madabhushi R, Gao F, Pfenning AR, Pan L, Yamakawa 

S, Seo J, et al. (2015). Activity-Induced DNA Breaks 

Govern the Expression of Neuronal Early-Response 

Genes. Cell, 161:1592-1605. 

[114] Shanbhag NM, Evans MD, Mao W, Nana AL, Seeley 

WW, Adame A, et al. (2019). Early neuronal 

accumulation of DNA double strand breaks in 

Alzheimer's disease. Acta Neuropathol Commun, 7:77. 

[115] Acosta JC, O'Loghlen A, Banito A, Guijarro MV, Augert 

A, Raguz S, et al. (2008). Chemokine signaling via the 

CXCR2 receptor reinforces senescence. Cell, 133:1006-

1018. 

[116] 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. 

[117] Liu RM (2022). Aging, Cellular Senescence, and 

Alzheimer's Disease. Int J Mol Sci, 23. 

[118] Budamagunta V, Kumar A, Rani A, Bean L, Manohar-

Sindhu S, Yang Y, et al. (2023). Effect of peripheral 

cellular senescence on brain aging and cognitive decline. 

Aging Cell, 22:e13817. 

[119] Chinta SJ, Woods G, Demaria M, Rane A, Zou Y, 

McQuade A, et al. (2018). Cellular Senescence Is 

Induced by the Environmental Neurotoxin Paraquat and 

Contributes to Neuropathology Linked to Parkinson's 

Disease. Cell Rep, 22:930-940. 

[120] Zhang X, Gao Y, Zhang S, Wang Y, Pei X, Chen Y, et 

al. (2025). Mitochondrial dysfunction in the regulation 

of aging and aging-related diseases. Cell Commun 

Signal, 23:290. 

[121] Wiley CD, Campisi J (2016). From Ancient Pathways to 

Aging Cells-Connecting Metabolism and Cellular 

Senescence. Cell Metab, 23:1013-1021. 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         23 

 

[122] Sizek H, Deritei D, Fleig K, Harris M, Regan PL, Glass 

K, Regan ER (2024). Unlocking mitochondrial 

dysfunction-associated senescence (MiDAS) with 

NAD(+) - A Boolean model of mitochondrial dynamics 

and cell cycle control. Transl Oncol, 49:102084. 

[123] Wiley CD, Velarde MC, Lecot P, Liu S, Sarnoski EA, 

Freund A, et al. (2016). Mitochondrial Dysfunction 

Induces Senescence with a Distinct Secretory Phenotype. 

Cell Metab, 23:303-314. 

[124] Wiley CD, Campisi J (2021). The metabolic roots of 

senescence: mechanisms and opportunities for 

intervention. Nature Metabolism, 3:1290-1301. 

[125] Kim GH, Kim JE, Rhie SJ, Yoon S (2015). The Role of 

Oxidative Stress in Neurodegenerative Diseases. Exp 

Neurobiol, 24:325-340. 

[126] Byrns CN, Perlegos AE, Miller KN, Jin Z, Carranza FR, 

Manchandra P, et al. (2024). Senescent glia link 

mitochondrial dysfunction and lipid accumulation. 

Nature, 630:475-483. 

[127] Palmer JE, Wilson N, Son SM, Obrocki P, Wrobel L, 

Rob M, et al. (2025). Autophagy, aging, and age-related 

neurodegeneration. Neuron, 113:29-48. 

[128] de Luzy IR, Lee MK, Mobley WC, Studer L (2024). 

Lessons from inducible pluripotent stem cell models on 

neuronal senescence in aging and neurodegeneration. 

Nat Aging, 4:309-318. 

[129] Wang J, Qin X, Sun H, He M, Lv Q, Gao C, et al. (2021). 

Nogo receptor impairs the clearance of fibril amyloid-β 

by microglia and accelerates Alzheimer's-like disease 

progression. Aging Cell, 20:e13515. 

[130] Moreno-Blas D, Gorostieta-Salas E, Pommer-Alba A, 

Muciño-Hernández G, Gerónimo-Olvera C, Maciel-

Barón LA, et al. (2019). Cortical neurons develop a 

senescence-like phenotype promoted by dysfunctional 

autophagy. Aging (Albany NY), 11:6175-6198. 

[131] Wang H, Lautrup S, Caponio D, Zhang J, Fang EF 

(2021). DNA Damage-Induced Neurodegeneration in 

Accelerated Ageing and Alzheimer's Disease. Int J Mol 

Sci, 22. 

[132] Hussain MS, Agrawal N, Ilma B, M MR, Nayak PP, 

Kaur M, et al. (2025). Autophagy and Cellular 

Senescence in Alzheimer's Disease: Key Drivers of 

Neurodegeneration. CNS Neurosci Ther, 31:e70503. 

[133] Jung T, Bader N, Grune T (2007). Lipofuscin: formation, 

distribution, and metabolic consequences. Ann N Y 

Acad Sci, 1119:97-111. 

[134] Serrano-Pozo A, Li H, Li Z, Muñoz-Castro C, Jaisa-aad 

M, Healey MA, et al. (2024). Astrocyte transcriptomic 

changes along the spatiotemporal progression of 

Alzheimer’s disease. Nature Neuroscience, 27:2384-

2400. 

[135] He L, Duan X, Li S, Zhang R, Dai X, Lu M (2024). 

Unveiling the role of astrocytes in postoperative 

cognitive dysfunction. Ageing Res Rev, 95:102223. 

[136] Bitto A, Sell C, Crowe E, Lorenzini A, Malaguti M, 

Hrelia S, Torres C (2010). Stress-induced senescence in 

human and rodent astrocytes. Exp Cell Res, 316:2961-

2968. 

[137] Matias I, Morgado J, Gomes FCA (2019). Astrocyte 

Heterogeneity: Impact to Brain Aging and Disease. Front 

Aging Neurosci, 11:59. 

[138] Chung W-S, Clarke LE, Wang GX, Stafford BK, Sher A, 

Chakraborty C, et al. (2013). Astrocytes mediate synapse 

elimination through MEGF10 and MERTK pathways. 

Nature, 504:394-400. 

[139] Miyoshi E, Morabito S, Henningfield CM, Das S, 

Rahimzadeh N, Shabestari SK, et al. (2024). Spatial and 

single-nucleus transcriptomic analysis of genetic and 

sporadic forms of Alzheimer’s disease. Nature Genetics, 

56:2704-2717. 

[140] He Y, Lu W, Zhou X, Mu J, Shen W (2024). Unraveling 

Alzheimer's disease: insights from single-cell 

sequencing and spatial transcriptomic. Front Neurol, 

15:1515981. 

[141] Saliev T, Singh PB (2025). Targeting Senescence: A 

Review of Senolytics and Senomorphics in Anti-Aging 

Interventions. Biomolecules, 15. 

[142] Schwartz M, Colaiuta SP (2024). Boosting peripheral 

immunity to fight neurodegeneration in the brain. Trends 

Immunol, 45:760-767. 

[143] Niso-Santano M, Fuentes JM, Galluzzi L (2024). 

Immunological aspects of central neurodegeneration. 

Cell Discovery, 10:41. 

[144] Luo X-G, Ding J-Q, Chen S-D (2010). Microglia in the 

aging brain: relevance to neurodegeneration. Molecular 

Neurodegeneration, 5:12. 

[145] Hines DJ, Hines RM, Mulligan SJ, Macvicar BA (2009). 

Microglia processes block the spread of damage in the 

brain and require functional chloride channels. Glia, 

57:1610-1618. 

[146] Merighi S, Nigro M, Travagli A, Gessi S (2022). 

Microglia and Alzheimer's Disease. Int J Mol Sci, 23. 

[147] Valiukas Z, Tangalakis K, Apostolopoulos V, Feehan J 

(2025). Microglial activation states and their 

implications for Alzheimer's Disease. J Prev Alzheimers 

Dis, 12:100013. 

[148] Olah M, Menon V, Habib N, Taga MF, Ma Y, Yung CJ, 

et al. (2020). Single cell RNA sequencing of human 

microglia uncovers a subset associated with Alzheimer’s 

disease. Nature Communications, 11:6129. 

[149] Simpson DSA, Oliver PL (2020). ROS Generation in 

Microglia: Understanding Oxidative Stress and 

Inflammation in Neurodegenerative Disease. 

Antioxidants (Basel), 9. 

[150] Hansen DV, Hanson JE, Sheng M (2018). Microglia in 

Alzheimer's disease. J Cell Biol, 217:459-472. 

[151] Streit W (2006). Microglial senescence: Does the brain's 

immune system have an expiration date? Trends in 

neurosciences, 29:506-510. 

[152] Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan 

O, Dvir-Szternfeld R, Ulland TK, et al. (2017). A Unique 

Microglia Type Associated with Restricting 

Development of Alzheimer&#x2019;s Disease. Cell, 

169:1276-1290.e1217. 

[153] Streit WJ, Khoshbouei H, Bechmann I (2020). 

Dystrophic microglia in late-onset Alzheimer's disease. 

Glia, 68:845-854. 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         24 

 

[154] Riessland M, Ximerakis M, Jarjour AA, Zhang B, Orr 

ME (2024). Therapeutic targeting of senescent cells in 

the CNS. Nat Rev Drug Discov, 23:817-837. 

[155] Bartzokis G (2004). Age-related myelin breakdown: a 

developmental model of cognitive decline and 

Alzheimer's disease. Neurobiol Aging, 25:5-18; author 

reply 49-62. 

[156] Whitman GT, Cotman CW (2004). Oligodendrocyte 

degeneration in AD. Neurobiol Aging, 25:33-36. 

[157] Nasrabady SE, Rizvi B, Goldman JE, Brickman AM 

(2018). White matter changes in Alzheimer’s disease: a 

focus on myelin and oligodendrocytes. Acta 

Neuropathologica Communications, 6:22. 

[158] Wang F, Ren SY, Chen JF, Liu K, Li RX, Li ZF, et al. 

(2020). Myelin degeneration and diminished myelin 

renewal contribute to age-related deficits in memory. Nat 

Neurosci, 23:481-486. 

[159] Dimovasili C, Fair AE, Garza IR, Batterman KV, 

Mortazavi F, Moore TL, Rosene DL (2023). Aging 

compromises oligodendrocyte precursor cell maturation 

and efficient remyelination in the monkey brain. 

Geroscience, 45:249-264. 

[160] Huang Z, Zhang Y, Zou P, Zong X, Zhang Q (2025). 

Myelin dysfunction in aging and brain disorders: 

mechanisms and therapeutic opportunities. Molecular 

Neurodegeneration, 20:69. 

[161] Sams EC (2021). Oligodendrocytes in the aging brain. 

Neuronal Signal, 5:Ns20210008. 

[162] Nasrabady SE, Rizvi B, Goldman JE, Brickman AM 

(2018). White matter changes in Alzheimer's disease: a 

focus on myelin and oligodendrocytes. Acta Neuropathol 

Commun, 6:22. 

[163] Windener F, Grewing L, Thomas C, Dorion MF, Otteken 

M, Kular L, et al. (2024). Physiological aging and 

inflammation-induced cellular senescence may 

contribute to oligodendroglial dysfunction in MS. Acta 

Neuropathol, 147:82. 

[164] Zhou J, Zhang P, Zhang B, Kong Y (2022). White Matter 

Damage in Alzheimer's Disease: Contribution of 

Oligodendrocytes. Curr Alzheimer Res, 19:629-640. 

[165] Tse KH, Herrup K (2017). DNA damage in the 

oligodendrocyte lineage and its role in brain aging. Mech 

Ageing Dev, 161:37-50. 

[166] Zveik O, Rechtman A, Ganz T, Vaknin-Dembinsky A 

(2024). The interplay of inflammation and 

remyelination: rethinking MS treatment with a focus on 

oligodendrocyte progenitor cells. Mol Neurodegener, 

19:53. 

[167] Peters A (2002). The effects of normal aging on myelin 

and nerve fibers: A review. Journal of Neurocytology, 

31:581-593. 

[168] Dean DC, III, Hurley SA, Kecskemeti SR, O’Grady JP, 

Canda C, Davenport-Sis NJ, et al. (2017). Association of 

Amyloid Pathology With Myelin Alteration in 

Preclinical Alzheimer Disease. JAMA Neurology, 

74:41-49. 

[169] Pandey S, Shen K, Lee SH, Shen YA, Wang Y, Otero-

García M, et al. (2022). Disease-associated 

oligodendrocyte responses across neurodegenerative 

diseases. Cell Rep, 40:111189. 

[170] Mathys H, Davila-Velderrain J, Peng Z, Gao F, 

Mohammadi S, Young JZ, et al. (2019). Single-cell 

transcriptomic analysis of Alzheimer’s disease. Nature, 

570:332-337. 

[171] Spaas J, van Veggel L, Schepers M, Tiane A, van 

Horssen J, Wilson DM, 3rd, et al. (2021). Oxidative 

stress and impaired oligodendrocyte precursor cell 

differentiation in neurological disorders. Cell Mol Life 

Sci, 78:4615-4637. 

[172] Liu X, Xin DE, Zhong X, Zhao C, Li Z, Zhang L, et al. 

(2024). Small-molecule-induced epigenetic rejuvenation 

promotes SREBP condensation and overcomes barriers 

to CNS myelin regeneration. Cell, 187:2465-

2484.e2422. 

[173] Shen S, Sandoval J, Swiss VA, Li J, Dupree J, Franklin 

RJM, Casaccia-Bonnefil P (2008). Age-dependent 

epigenetic control of differentiation inhibitors is critical 

for remyelination efficiency. Nature Neuroscience, 

11:1024-1034. 

[174] Montagne A, Barnes Samuel R, Sweeney Melanie D, 

Halliday Matthew R, Sagare Abhay P, Zhao Z, et al. 

(2015). Blood-Brain Barrier Breakdown in the Aging 

Human Hippocampus. Neuron, 85:296-302. 

[175] Sweeney MD, Montagne A, Sagare AP, Nation DA, 

Schneider LS, Chui HC, et al. (2019). Vascular 

dysfunction-The disregarded partner of Alzheimer's 

disease. Alzheimers Dement, 15:158-167. 

[176] Bhayadia R, Schmidt BM, Melk A, Hömme M (2016). 

Senescence-Induced Oxidative Stress Causes 

Endothelial Dysfunction. J Gerontol A Biol Sci Med Sci, 

71:161-169. 

[177] Donato AJ, Morgan RG, Walker AE, Lesniewski LA 

(2015). Cellular and molecular biology of aging 

endothelial cells. J Mol Cell Cardiol, 89:122-135. 

[178] Yang AC, Vest RT, Kern F, Lee DP, Agam M, Maat CA, 

et al. (2022). A human brain vascular atlas reveals 

diverse mediators of Alzheimer’s risk. Nature, 603:885-

892. 

[179] Storck SE, Meister S, Nahrath J, Meißner JN, Schubert 

N, Di Spiezio A, et al. (2016). Endothelial LRP1 

transports amyloid-β(1-42) across the blood-brain 

barrier. J Clin Invest, 126:123-136. 

[180] Pflanzner T, Janko MC, André-Dohmen B, Reuss S, 

Weggen S, Roebroek AJ, et al. (2011). LRP1 mediates 

bidirectional transcytosis of amyloid-β across the blood-

brain barrier. Neurobiol Aging, 32:2323.e2321-2311. 

[181] Sengillo JD, Winkler EA, Walker CT, Sullivan JS, 

Johnson M, Zlokovic BV (2013). Deficiency in mural 

vascular cells coincides with blood-brain barrier 

disruption in Alzheimer's disease. Brain Pathol, 23:303-

310. 

[182] Bell RD, Winkler EA, Sagare AP, Singh I, LaRue B, 

Deane R, Zlokovic BV (2010). Pericytes Control Key 

Neurovascular Functions and Neuronal Phenotype in the 

Adult Brain and during Brain Aging. Neuron, 68:409-

427. 

[183] Nikolakopoulou AM, Montagne A, Kisler K, Dai Z, 

Wang Y, Huuskonen MT, et al. (2019). Pericyte loss 

leads to circulatory failure and pleiotrophin depletion 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         25 

 

causing neuron loss. Nature Neuroscience, 22:1089-

1098. 

[184] Yamazaki Y, Kanekiyo T (2017). Blood-Brain Barrier 

Dysfunction and the Pathogenesis of Alzheimer's 

Disease. Int J Mol Sci, 18. 

[185] 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. Nature 

Medicine, 24:1246-1256. 

[186] Lin X, Zhang K, Li C, Liu K, Sun Y, Wu W, et al. (2024). 

Combination of Dasatinib and Quercetin alleviates heat 

stress-induced cognitive deficits in aged and young adult 

male mice. Eur J Pharmacol, 974:176631. 

[187] Fan T, Du Y, Zhang M, Zhu AR, Zhang J (2022). 

Senolytics Cocktail Dasatinib and Quercetin Alleviate 

Human Umbilical Vein Endothelial Cell Senescence via 

the TRAF6-MAPK-NF-κB Axis in a YTHDF2-

Dependent Manner. Gerontology, 68:920-934. 

[188] Dickstein DL, Kabaso D, Rocher AB, Luebke JI, Wearne 

SL, Hof PR (2007). Changes in the structural complexity 

of the aged brain. Aging Cell, 6:275-284. 

[189] Lau V, Ramer L, Tremblay M-È (2023). An aging, 

pathology burden, and glial senescence build-up 

hypothesis for late onset Alzheimer’s disease. Nature 

Communications, 14:1670. 

[190] Ohno M (2025). BACE1 as an early biomarker and its 

relevance to risk factors for Alzheimer's disease. Brain 

Res Bull, 230:111475. 

[191] Devi L, Ohno M (2015). A combination Alzheimer's 

therapy targeting BACE1 and neprilysin in 5XFAD 

transgenic mice. Mol Brain, 8:19. 

[192] Musi N, Valentine JM, Sickora KR, Baeuerle E, 

Thompson CS, Shen Q, Orr ME (2018). Tau protein 

aggregation is associated with cellular senescence in the 

brain. Aging Cell, 17:e12840. 

[193] Haas JG, Lathe R (2018). Microbes and Alzheimer's 

Disease: New Findings Call for a Paradigm Change. 

Trends Neurosci, 41:570-573. 

[194] Preis L, Villringer K, Brosseron F, Düzel E, Jessen F, 

Petzold GC, et al. (2024). Assessing blood-brain barrier 

dysfunction and its association with Alzheimer's 

pathology, cognitive impairment and 

neuroinflammation. Alzheimers Res Ther, 16:172. 

[195] Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich 

P, Morton JP, et al. (2013). A complex secretory program 

orchestrated by the inflammasome controls paracrine 

senescence. Nature Cell Biology, 15:978-990. 

[196] Arendt T, Brückner MK, Mosch B, Lösche A (2010). 

Selective Cell Death of Hyperploid Neurons in 

Alzheimer&#x2019;s Disease. The American Journal of 

Pathology, 177:15-20. 

[197] Alrouji M, Alshammari MS, Tasqeeruddin S, Shamsi A 

(2025). Interplay Between Aging and Tau Pathology in 

Alzheimer's Disease: Mechanisms and Translational 

Perspectives. Antioxidants (Basel), 14. 

[198] Grubman A, Chew G, Ouyang JF, Sun G, Choo XY, 

McLean C, et al. (2019). A single-cell atlas of entorhinal 

cortex from individuals with Alzheimer's disease reveals 

cell-type-specific gene expression regulation. Nat 

Neurosci, 22:2087-2097. 

[199] Clarke LE, Liddelow SA, Chakraborty C, Münch AE, 

Heiman M, Barres BA (2018). Normal aging induces 

A1-like astrocyte reactivity. Proc Natl Acad Sci U S A, 

115:E1896-e1905. 

[200] Raj D, Yin Z, Breur M, Doorduin J, Holtman IR, Olah 

M, et al. (2017). Increased White Matter Inflammation in 

Aging- and Alzheimer's Disease Brain. Front Mol 

Neurosci, 10:206. 

[201] Sweeney MD, Zhao Z, Montagne A, Nelson AR, 

Zlokovic BV (2019). Blood-Brain Barrier: From 

Physiology to Disease and Back. Physiol Rev, 99:21-78. 

[202] Musiek ES, Holtzman DM (2016). Mechanisms linking 

circadian clocks, sleep, and neurodegeneration. Science, 

354:1004-1008. 

[203] Zheng L, He S, Wang H, Li J, Liu Y, Liu S (2024). 

Targeting Cellular Senescence in Aging and Age-

Related Diseases: Challenges, Considerations, and the 

Emerging Role of Senolytic and Senomorphic Therapies. 

Aging Dis, 15:2554-2594. 

[204] Zhang L, Pitcher LE, Prahalad V, Niedernhofer LJ, 

Robbins PD (2023). Targeting cellular senescence with 

senotherapeutics: senolytics and senomorphics. Febs j, 

290:1362-1383. 

[205] 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. 

[206] González-Gualda E, Pàez-Ribes M, Lozano-Torres B, 

Macias D, Wilson JR, 3rd, González-López C, et al. 

(2020). Galacto-conjugation of Navitoclax as an efficient 

strategy to increase senolytic specificity and reduce 

platelet toxicity. Aging Cell, 19:e13142. 

[207] He Y, Zhang X, Chang J, Kim HN, Zhang P, Wang Y, et 

al. (2020). Using proteolysis-targeting chimera 

technology to reduce navitoclax platelet toxicity and 

improve its senolytic activity. Nat Commun, 11:1996. 

[208] Krzystyniak A, Wesierska M, Petrazzo G, Gadecka A, 

Dudkowska M, Bielak-Zmijewska A, et al. (2022). 

Combination of dasatinib and quercetin improves 

cognitive abilities in aged male Wistar rats, alleviates 

inflammation and changes hippocampal synaptic 

plasticity and histone H3 methylation profile. Aging 

(Albany NY), 14:572-595. 

[209] Lelarge V, Capelle R, Oger F, Mathieu T, Le Calvé B 

(2024). Senolytics: from pharmacological inhibitors to 

immunotherapies, a promising future for patients’ 

treatment. npj Aging, 10:12. 

[210] Olson EN, Nordheim A (2010). Linking actin dynamics 

and gene transcription to drive cellular motile functions. 

Nature Reviews Molecular Cell Biology, 11:353-365. 

[211] Ya J, Bayraktutan U (2024). Senolytics and 

Senomorphics Targeting p38MAPK/NF-κB Pathway 

Protect Endothelial Cells from Oxidative Stress-

Mediated Premature Senescence. Cells, 13:1292. 

[212] Xie PL, Zheng MY, Han R, Chen WX, Mao JH (2024). 

Pharmacological mTOR inhibitors in ameliorating 

Alzheimer's disease: current review and perspectives. 

Front Pharmacol, 15:1366061. 

[213] Svensson JE, Bolin M, Thor D, Williams PA, Brautaset 

R, Carlsson M, et al. (2024). Evaluating the effect of 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         26 

 

rapamycin treatment in Alzheimer's disease and aging 

using in vivo imaging: the ERAP phase IIa clinical study 

protocol. BMC Neurol, 24:111. 

[214] Cho SY, Kim EW, Park SJ, Phillips BU, Jeong J, Kim H, 

et al. (2024). Reconsidering repurposing: long-term 

metformin treatment impairs cognition in Alzheimer’s 

model mice. Translational Psychiatry, 14:34. 

[215] Barbera M, Lehtisalo J, Perera D, Aspö M, Cross M, De 

Jager Loots CA, et al. (2024). A multimodal precision-

prevention approach combining lifestyle intervention 

with metformin repurposing to prevent cognitive 

impairment and disability: the MET-FINGER 

randomised controlled trial protocol. Alzheimers Res 

Ther, 16:23. 

[216] Alghamdi M, Braidy N (2024). Supplementation with 

NAD+ Precursors for Treating Alzheimer's Disease: A 

Metabolic Approach. J Alzheimers Dis, 101:S467-s477. 

[217] Luo Y, Zhao Z, Hu X (2024). cGAS-STING-mediated 

inflammation and neurodegeneration as a strategy for the 

treatment of neurodegenerative diseases. Acta Biochim 

Biophys Sin (Shanghai), 56:148-150. 

[218] Dölle C, Tzoulis C (2025). NAD augmentation as a 

disease-modifying strategy for neurodegeneration. 

Trends Endocrinol Metab. 

[219] Suda M, Paul KH, Tripathi U, Minamino T, Tchkonia T, 

Kirkland JL (2024). Targeting Cell Senescence and 

Senolytics: Novel Interventions for Age-Related 

Endocrine Dysfunction. Endocrine Reviews, 45:655-

675. 

[220] Sullivan AC, Zuniga G, Ramirez P, Fernandez R, Wang 

C-P, Li J, et al. (2025). A Phase IIa clinical trial to 

evaluate the effects of anti-retroviral therapy in 

Alzheimer’s disease (ART-AD). npj Dementia, 1:2. 

[221] Assefa BT, Tafere GG, Wondafrash DZ, Gidey MT 

(2020). The Bewildering Effect of AMPK Activators in 

Alzheimer's Disease: Review of the Current Evidence. 

Biomed Res Int, 2020:9895121. 

[222] Ameen O, Samaka RM, Abo-Elsoud RAA (2022). 

Metformin alleviates neurocognitive impairment in 

aging via activation of AMPK/BDNF/PI3K pathway. 

Scientific Reports, 12:17084. 

[223] Khalil R, Diab-Assaf M, Lemaitre JM (2023). Emerging 

Therapeutic Approaches to Target the Dark Side of 

Senescent Cells: New Hopes to Treat Aging as a Disease 

and to Delay Age-Related Pathologies. Cells, 12. 

[224] Chang M, Dong Y, Cruickshank-Taylor AB, Gnawali G, 

Bi F, Wang W (2024). Senolytic Prodrugs: A Promising 

Approach to Enhancing Senescence-Targeting 

Intervention. Chembiochem, 25:e202400355. 

[225] Banks WA (2016). From blood–brain barrier to blood–

brain interface: new opportunities for CNS drug 

delivery. Nature Reviews Drug Discovery, 15:275-292. 

[226] Drummond E, Wisniewski T (2017). Alzheimer's 

disease: experimental models and reality. Acta 

Neuropathol, 133:155-175. 

[227] Kritsilis M, S VR, Koutsoudaki PN, Evangelou K, 

Gorgoulis VG, Papadopoulos D (2018). Ageing, Cellular 

Senescence and Neurodegenerative Disease. Int J Mol 

Sci, 19. 

[228] Levine ME, Lu AT, Quach A, Chen BH, Assimes TL, 

Bandinelli S, et al. (2018). An epigenetic biomarker of 

aging for lifespan and healthspan. Aging (Albany NY), 

10:573-591. 

[229] Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, 

et al. (2019). DNA methylation GrimAge strongly 

predicts lifespan and healthspan. Aging (Albany NY), 

11:303-327. 

[230] Shireby GL, Davies JP, Francis PT, Burrage J, Walker 

EM, Neilson GWA, et al. (2020). Recalibrating the 

epigenetic clock: implications for assessing biological 

age in the human cortex. Brain, 143:3763-3775. 

[231] Stubbs TM, Bonder MJ, Stark AK, Krueger F, von 

Meyenn F, Stegle O, Reik W (2017). Multi-tissue DNA 

methylation age predictor in mouse. Genome Biol, 

18:68. 

[232] Hickson LJ, Langhi Prata LGP, Bobart SA, Evans TK, 

Giorgadze N, Hashmi SK, et al. (2019). Senolytics 

decrease senescent cells in humans: Preliminary report 

from a clinical trial of Dasatinib plus Quercetin in 

individuals with diabetic kidney disease. EBioMedicine, 

47:446-456. 

[233] Brotfain E, Gruenbaum SE, Boyko M, Kutz R, Zlotnik 

A, Klein M (2016). Neuroprotection by Estrogen and 

Progesterone in Traumatic Brain Injury and Spinal Cord 

Injury. Curr Neuropharmacol, 14:641-653. 

[234] Li XM, Yang Q, Li XB, Cheng Q, Zhang K, Han J, et al. 

(2017). Estrogen-like neuroprotection of isopsoralen 

against spinal cord injury through estrogen receptor ERα. 

Metab Brain Dis, 32:259-265. 

[235] Debeleç Bütüner B, Ertunç Hasbal N, Işel E, 

Roggenbuck D, Korkmaz KS (2023). Androgen receptor 

contributes to repairing DNA damage induced by 

inflammation and oxidative stress in prostate cancer. 

Turk J Biol, 47:325-335. 

[236] Duong P, Tenkorang MAA, Trieu J, McCuiston C, 

Rybalchenko N, Cunningham RL (2020). 

Neuroprotective and neurotoxic outcomes of androgens 

and estrogens in an oxidative stress environment. 

Biology of Sex Differences, 11:12. 

[237] Lei Y, Renyuan Z (2018). Effects of Androgens on the 

Amyloid-β Protein in Alzheimer's Disease. 

Endocrinology, 159:3885-3894. 

[238] Jankowsky JL, Zheng H (2017). Practical considerations 

for choosing a mouse model of Alzheimer’s disease. 

Molecular Neurodegeneration, 12:89. 

[239] Liu Z, Zhang S, James BT, Galani K, Mangan RJ, Fass 

SB, et al. (2025). Single-cell multiregion epigenomic 

rewiring in Alzheimer's disease progression and 

cognitive resilience. Cell. 

[240] Chen WT, Lu A, Craessaerts K, Pavie B, Sala Frigerio 

C, Corthout N, et al. (2020). Spatial Transcriptomics and 

In Situ Sequencing to Study Alzheimer's Disease. Cell, 

182:976-991.e919. 

[241] Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria 

M, Alimonti A (2019). Cellular Senescence: Aging, 

Cancer, and Injury. Physiol Rev, 99:1047-1078. 

[242] Hensley-McBain T, Orr ME (2024). Genetic risk factors 

for late-onset Alzheimer's disease drive senescence in 

female tauopathy mice. Neuron, 112:3811-3813. 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         27 

 

[243] Nehlin JO (2023). Senolytic and senomorphic 

interventions to defy senescence-associated 

mitochondrial dysfunction. Adv Protein Chem Struct 

Biol, 136:217-247. 

[244] Zhu D, Gao F, Chen C (2021). Endocannabinoid 

Metabolism and Traumatic Brain Injury. Cells, 10. 

[245] Zhu D, Zhang J, Hashem J, Gao F, Chen C (2023). 

Inhibition of 2-arachidonoylglycerol degradation 

enhances glial immunity by single-cell transcriptomic 

analysis. J Neuroinflammation, 20:17. 

[246] Du H, Chen X, Zhang J, Chen C (2011). Inhibition of 

COX-2 expression by endocannabinoid 2-

arachidonoylglycerol is mediated via PPAR-γ. Br J 

Pharmacol, 163:1533-1549. 

[247] 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. 

[248] Dreesen O, Chojnowski A, Ong PF, Zhao TY, Common 

JE, Lunny D, et al. (2013). Lamin B1 fluctuations have 

differential effects on cellular proliferation and 

senescence. J Cell Biol, 200:605-617. 

[249] Narita M, Nũnez S, Heard E, Narita M, Lin AW, Hearn 

SA, et al. (2003). Rb-mediated heterochromatin 

formation and silencing of E2F target genes during 

cellular senescence. Cell, 113:703-716. 

[250] Moreno-García A, Kun A, Calero O, Medina M, Calero 

M (2018). An Overview of the Role of Lipofuscin in 

Age-Related Neurodegeneration. Front Neurosci, 

12:464. 

[251] Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, 

Bohlen CJ, Schirmer L, et al. (2017). Neurotoxic reactive 

astrocytes are induced by activated microglia. Nature, 

541:481-487. 

[252] Streit WJ, Sammons NW, Kuhns AJ, Sparks DL (2004). 

Dystrophic microglia in the aging human brain. Glia, 

45:208-212. 

[253] Fumagalli M, Rossiello F, Clerici M, Barozzi S, Cittaro 

D, Kaplunov JM, et al. (2012). Telomeric DNA damage 

is irreparable and causes persistent DNA-damage-

response activation. Nat Cell Biol, 14:355-365. 

[254] Streit WJ, Xue QS (2013). Microglial senescence. CNS 

Neurol Disord Drug Targets, 12:763-767. 

[255] Walton CC, Begelman D, Nguyen W, Andersen JK 

(2020). Senescence as an Amyloid Cascade: The 

Amyloid Senescence Hypothesis. Front Cell Neurosci, 

14:129. 

[256] Chang J, Wang Y, Shao L, Laberge RM, Demaria M, 

Campisi J, et al. (2016). Clearance of senescent cells by 

ABT263 rejuvenates aged hematopoietic stem cells in 

mice. Nat Med, 22:78-83. 

[257] He Y, Zhang X, Chang J, Kim H-N, Zhang P, Wang Y, 

et al. (2020). Using proteolysis-targeting chimera 

technology to reduce navitoclax platelet toxicity and 

improve its senolytic activity. Nature Communications, 

11:1996. 

[258] Baar MP, Brandt RMC, Putavet DA, Klein JDD, Derks 

KWJ, Bourgeois BRM, et al. (2017). Targeted Apoptosis 

of Senescent Cells Restores Tissue Homeostasis in 

Response to Chemotoxicity and Aging. Cell, 169:132-

147.e116. 

[259] Bourgeois B, Spreitzer E, Platero-Rochart D, Paar M, 

Zhou Q, Usluer S, et al. (2025). The disordered p53 

transactivation domain is the target of FOXO4 and the 

senolytic compound FOXO4-DRI. Nat Commun, 

16:5672. 

[260] Blagosklonny MV (2019). Rapamycin for longevity: 

opinion article. Aging (Albany NY), 11:8048-8067. 

[261] Mannick JB, Morris M, Hockey HP, Roma G, Beibel M, 

Kulmatycki K, et al. (2018). TORC1 inhibition enhances 

immune function and reduces infections in the elderly. 

Sci Transl Med, 10. 

[262] Gonzales MM, Garbarino VR, Kautz TF, Song X, 

Lopez-Cruzan M, Linehan L, et al. (2025). Rapamycin 

treatment for Alzheimer's disease and related dementias: 

a pilot phase 1 clinical trial. Commun Med (Lond), 

5:189. 

[263] Liao W, Xu J, Li B, Ruan Y, Li T, Liu J (2021). 

Deciphering the Roles of Metformin in Alzheimer's 

Disease: A Snapshot. Front Pharmacol, 12:728315. 

[264] Kulkarni AS, Gubbi S, Barzilai N (2020). Benefits of 

Metformin in Attenuating the Hallmarks of Aging. Cell 

Metab, 32:15-30. 

[265] Yoshino J, Baur JA, Imai SI (2018). NAD(+) 

Intermediates: The Biology and Therapeutic Potential of 

NMN and NR. Cell Metab, 27:513-528. 

[266] Lautrup S, Sinclair DA, Mattson MP, Fang EF (2019). 

NAD(+) in Brain Aging and Neurodegenerative 

Disorders. Cell Metab, 30:630-655. 

[267] Yusri K, Jose S, Vermeulen KS, Tan TCM, Sorrentino V 

(2025). The role of NAD+ metabolism and its 

modulation of mitochondria in aging and disease. npj 

Metabolic Health and Disease, 3:26. 

[268] Decout A, Katz JD, Venkatraman S, Ablasser A (2021). 

The cGAS-STING pathway as a therapeutic target in 

inflammatory diseases. Nat Rev Immunol, 21:548-569. 

[269] Li H, Cai R, Zhou Y, Jiang Y, Tan S (2025). cGAS-

STING signaling in brain aging and neurodegeneration: 

molecular links and therapeutic perspectives. Journal of 

Neuroinflammation, 22:235. 

[270] Chung S, Jeong JH, Park JC, Han JW, Lee Y, Kim JI, 

Mook-Jung I (2024). Blockade of STING activation 

alleviates microglial dysfunction and a broad spectrum 

of Alzheimer's disease pathologies. Exp Mol Med, 

56:1936-1951. 

[271] Xu M, Tchkonia T, Ding H, Ogrodnik M, Lubbers ER, 

Pirtskhalava T, et al. (2015). JAK inhibition alleviates 

the cellular senescence-associated secretory phenotype 

and frailty in old age. Proc Natl Acad Sci U S A, 

112:E6301-6310. 

[272] Herranz N, Gil J (2018). Mechanisms and functions of 

cellular senescence. J Clin Invest, 128:1238-1246. 

[273] Zhu D, Zhang J, Hashem J, Gao F, Chen C (2023). 

Inhibition of 2-arachidonoylglycerol degradation 

enhances glial immunity by single-cell transcriptomic 

analysis. Journal of Neuroinflammation, 20:17. 

[274] Bernardes de Jesus B, Blasco MA (2013). Telomerase at 

the intersection of cancer and aging. Trends Genet, 

29:513-520. 



 Sun L & Chen C..                                                                   Senescence in Aging and Alzheimer’s Disease 

  

Aging and Disease • Volume 18, Number 1, February 2027                                                                         28 

 

[275] Jaskelioff M, Muller FL, Paik JH, Thomas E, Jiang S, 

Adams AC, et al. (2011). Telomerase reactivation 

reverses tissue degeneration in aged telomerase-deficient 

mice. Nature, 469:102-106. 

 

 

 


