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Aging remains the predominant risk factor for Alzheimer's disease (AD) and
other neurodegenerative disorders, yet the mechanisms linking systemic aging
to brain dysfunction remain incompletely understood. Cellular senescence, a
state of stable cell-cycle arrest coupled with metabolic and secretory reprogram-
ming, has emerged as a pivotal and context-dependent driver of brain aging.
Accumulation of senescent glial cells (astrocytes, microglia, and oligodendrocyte
progenitors) and emerging evidence of "neurescence” in post-mitotic neurons
contribute to neuroinflammation, impaired proteostasis, and synaptic dysfunc-
tion. This review synthesizes molecular, cellular, and translational findings that
reframe senescence as an active process shaping brain vulnerability. We discuss
SASP-mediated neurotoxicity, crosstalk among senescent glial subtypes, and
context-specific pathways (NF-kB, p38 MAPK, mTOR, cGAS-STING) as therapeu-
tic targets. Senomorphic and senolytic strategies, alongside emerging systemic
interventions such as therapeutic plasma exchange with albumin replacement,
are evaluated for their potential to mitigate senescence burden and restore
homeostasis. Integrating evidence from fluid, imaging, and multi-omic biomark-
ers, we highlight how senescence can now be monitored in vivo and stratified
across disease stages. Multi-omic and spatial transcriptomic data reveal that
central and peripheral senescence signatures only partially overlap, suggesting
bidirectional communication across the brain—body axis. This systemic dimen-
sion raises key questions about whether modifying peripheral senescence or
proteostasis could reshape CNS trajectories. However, key uncertainties remain,
particularly regarding the causal role of senescence in human neurodegenera-
tion, the specificity of current biomarkers, and the distinction between adap-
tive versus maladaptive senescence responses. Notably, direct evidence linking
senescent cells to functional alterations in the human brain microenvironment
remains limited. This review distinguishes itself from prior literature by integrating
a multi-scale brain—body axis perspective, combining molecular, cellular, and
systemic evidence to propose senescence as a bidirectional and context-depen-
dent driver of neurodegeneration rather than a purely cell-autonomous process.
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Introduction

Aging is the strongest risk factor for neurodegenerative diseases
such as Alzheimer’s Disease (AD), Parkinsons Disease (PD), and
Amyotrophic Lateral Sclerosis (ALS), which together represent a
growing global health burden. The increasing life expectancy world-
wide has led to a sharp rise in the prevalence of these disorders, with
AD alone affecting over 55 million people globally and projected to
exceed 139 million cases by 2050 (Hebert et al., 2013; Azam et al,,
2021). While genetic mutations and protein aggregation have long
been considered central to neurodegenerative pathology, emerging
evidence highlights aging-related cellular processes as key drivers of
disease progression (Shafqat et al., 2023; Baker and Petersen, 2018).
Among the hallmarks of aging, cellular senescence has gained recog-
nition as a major contributor to neurodegenerative decline, particu-
larly through its role in neuroinflammation, mitochondrial
dysfunction, and impaired proteostasis (Gillispie et al., 2021; Gaikwad
etal., 2024).

Despite growing interest in cellular senescence in neurodegenera-
tion, current frameworks remain fragmented, often focusing on iso-
lated cellular compartments or single molecular pathways without
integrating systemic contributions. In particular, the interaction
between central and peripheral senescence, and its implications for
disease propagation, remains poorly defined (Shafqat et al., 2023;
Baker and Petersen, 2018).

This review addresses this gap by proposing a unified framework
that integrates brain-intrinsic senescence with systemic aging pro-
cesses across the brain-body axis, while critically examining unre-
solved mechanistic questions and translational limitations.

Definition and identification of cellular
senescence

Cellular senescence is classically defined as a stable and essentially
irreversible cell cycle arrest triggered by a variety of stressors, includ-
ing DNA damage, oxidative stress, telomere shortening, and oncogene
activation (Campisi and d'Adda di Fagagna, 2007; He and Sharpless,
2017). However, the modern definition of senescence has evolved con-
siderably, acknowledging its complexity, context-dependence, and the
existence of heterogeneous phenotypes across tissues and cell types
(Gorgoulis et al., 2019; Hernandez-Segura et al., 2018). Senescent cells
often, but not always, express elevated levels of cyclin-dependent
kinase inhibitors such as pl6AINK4a, p21ACipl/Wafl, or p19/Arf,
exhibit DNA damage markers (e.g., YH2AX), senescence-associated
P-galactosidase activity (SA-p-Gal), and develop a senescence-associ-
ated secretory phenotype (SASP) that includes pro-inflammatory
cytokines, proteases, and growth factors (Campisi and d'Adda di
Fagagna, 2007; Coppé et al., 2010; Kirkland and Tchkonia, 2020).

Despite these hallmark features, there is no single universal
marker that defines senescence, and a combinatorial approach is gen-
erally required (Suryadevara et al., 2024; Suryadevara et al., 2024). In
response to the lack of consensus, the Cellular Senescence Network
(SenNet) Consortium recently proposed minimal criteria for the iden-
tification of senescent cells in human tissues and model organisms,
emphasizing the need for context-specific marker panels and func-
tional assays (Di Micco et al., 2021). These include not only molecular
markers but also spatial and functional profiling, as senescence can
occur in both dividing and non-dividing cells and exhibit tissue-spe-
cific phenotypes (Di Micco et al., 2021; Musi et al., 2018).
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In the brain, this complexity is further amplified. Senescent-like
phenotypes have been observed in glial cells (astrocytes, OPCS cells,
microglia) and, more controversially, in post-mitotic neurons, where
classical cell cycle arrest does not apply (Musi et al., 2018; Riessland et
al., 2019). This calls for caution in extrapolating criteria from periph-
eral tissues to the CNS. Therefore, operational definitions of senes-
cence in the brain must consider cellular identity, local
microenvironment, and functional consequences, particularly when
evaluating therapeutic interventions or biomarker development
(Gorgoulis et al., 2019; Di Micco et al., 2021; Bussian et al., 2018).

Neuronal senescence and the emergence
of “neurescence”

Traditionally, cellular senescence has been considered a phenom-
enon exclusive to proliferative cells. Given that mature neurons are
post-mitotic, their ability to undergo senescence was historically ques-
tioned. However, emerging evidence suggests that neurons can acquire
a senescence-like phenotype in response to various stressors, a process
now termed neurescence (Chou et al., 2023). This phenotype is char-
acterized by the activation of senescence markers such as p21/Cipl,
p16AINK4a, DNA damage foci, chromatin remodeling, and altered
metabolic and secretory profiles, despite the absence of cell divisiéon
(Musi et al., 2018; Riessland et al., 2019; Dehkordi et al., 2021). Such
features have been identified in human and murine models of AD and
PD, reinforcing the concept that neuronal senescence contributes to
brain aging and pathology (Riessland et al., 2019; Bussian et al., 2018).
Moreover, the SenNet Consortium recently issued guidelines formally
recognizing neuronal senescence as a valid phenotype within the
spectrum of cellular senescence in aging tissues (Suryadevara et
al,, 2024).

However, the classification of neurons as truly senescent remains
debated. Unlike proliferative cells, neurons do not undergo classical
cell cycle arrest, raising questions about whether these phenotypes
represent bona fide senescence or senescence-like stress responses.
Key distinguishing features between neurescence and chronic neuro-
nal stress include the persistence and irreversibility of the phenotype,
the presence of a functional SASP-like secretory profile, and the ability
to influence the surrounding microenvironment. In contrast, transient
DNA damage responses or metabolic dysfunction may mimic senes-
cence markers without fulfilling these criterio (Riessland et al., 2019;
Dehkordi et al., 2021).

Therefore, current evidence should be interpreted cautiously, and
the term “senescence-like phenotype” may be more appropriate in
certain contexts until standardized definitions are established.

Glial senescence

Among the various cell types in the CNS, glial cells, particularly
astrocytes, microglia, and oligodendrocyte precursor cells (OPCs),
have been most consistently shown to undergo senescence with aging
and in neurodegenerative conditions. Unlike neurons, which are post-
mitotic and less prone to canonical forms of senescence, glial cells
retain proliferative capacity and respond to diverse stressors by enter-
ing a senescent state characterized by metabolic changes, cell cycle
arrest, and a pro-inflammatory secretory profile (Bussian et al., 2018;
Hu et al., 2021; Sams, 2021).

Senescent astrocytes have been identified in both aged human and
rodent brains, particularly in regions vulnerable to neurodegeneration

frontiersin.org


https://doi.org/10.3389/fncel.2026.1805691
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Cantero-Fortiz et al.

such as the hippocampus and frontal cortex (Musi et al., 2018; Cohen
and Torres, 2019). These astrocytes exhibit increased expression of
senescence markers such as pl6AINK4a, SA-f-gal activity, and y-
H2AX foci, and they secrete SASP components including IL-6, IL-1f,
and matrix metalloproteinases (Bussian et al., 2018; Alshaebi et al.,
2025). The accumulation of senescent astrocytes has been linked to
impaired neurotrophic support, blood-brain barrier dysfunction, and
synaptic dysregulation, contributing to neuronal vulnerability and
disease progression (Alshaebi et al., 2025; Han et al., 2020). A key
conceptual distinction must be made between glial activation and
senescence. While activation is typically transient and reversible,
senescence is characterized by persistent DDR signaling, stable phe-
notypic changes, and resistance to apoptosis. Chronic or unresolved
activation may transition into senescence under sustained stress con-
ditions; however, the molecular thresholds and temporal dynamics
governing this transition remain poorly defined (Hernandez-Segura
etal., 2018; Hu et al., 2021).

Microglia, the resident immune cells of the CNS, also develop a
senescent-like phenotype with age. This phenotype, often referred to
as “dystrophic” microglia, is characterized by cytoplasmic fragmenta-
tion, impaired phagocytic function, and heightened basal inflamma-
tory activity (Mosher and Wyss-Coray, 2014; Mirarchi et al., 2024).
Senescent microglia release SASP factors that sustain a chronic
inflammatory milieu, exacerbating neuroinflammation and reducing
the clearance of toxic aggregates such as Ap and a-synuclein (Mirarchi
et al., 2024; Martinez-Cué and Rueda, 2020). The identification of
p16AINK4a-expressing microglia in aged murine models further sup-
ports their senescent status (Hu et al., 2021).

OPCs, a glial subpopulation responsible for myelin regeneration,
have recently emerged as another target of senescence in aging and
disease. OPCs exhibit increased DNA damage, reduced proliferation,
and altered differentiation capacity with age, impairing remyelination
and contributing to white matter pathology (Hudson et al., 2025; Zou
et al., 2023; Neumann et al., 2019). Studies have shown that senescent
OPCs secrete a distinct SASP, which includes factors that may inhibit
myelin repair and further propagate local senescence through para-
crine signaling (Zou et al., 2023).

Importantly, senescent glia are not isolated in their effects. The
interplay between different senescent glial subtypes and their neigh-
boring cells creates a feed-forward loop of inflammation and degen-
eration. For example, senescent astrocytes can prime microglia toward
a pro-inflammatory phenotype, while SASP factors from microglia
can reinforce astrocyte senescence and impair neuronal plasticity
(Clarke et al., 2018; Boisvert et al., 2018; Hong et al., 2024). This recip-
rocal reinforcement amplifies the burden of senescence across the
aging brain.

Altogether, the accumulation of senescent glial cells contributes
significantly to the chronic inflammatory landscape of the aging CNS
and plays a central role in driving neurodegenerative pathology.
Targeting glial senescence, therefore, represents a promising therapeu-
tic strategy to attenuate age-related CNS dysfunction and disease pro-
gression (Lau et al., 2023).

Molecular features and functional
consequences of senescent glial cells in the
aging brain

Senescent glial cells in the aging brain exhibit a complex pheno-
type characterized by stable cell cycle arrest, resistance to apoptosis,
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metabolic reprogramming, and a persistent pro-inflammatory secre-
tory profile collectively known as the previous mentioned SASP. This
phenotype is orchestrated by key regulators such as p16AINK4a,
p217Cipl, and p53, which are activated in response to diverse cellular
stressors including DNA damage, oxidative stress, and chronic inflam-
mation (Hudson et al., 2025; Herranz and Gil, 2018; Liu, 2022). The
accumulation of DNA damage foci and dysfunctional telomeres fur-
ther sustains the senescent state through a chronic DDR, mediated by
the ATM/ATR signaling pathways (Hudson et al., 2025; Liu, 2022;
Ajoolabady et al., 2025).

Mechanistically, glial senescence can be conceptualized as a hier-
archical cascade. Initial cellular stressors (e.g., oxidative stress, protein
aggregation) trigger DNA damage responses (DDR), primarily via
ATM/ATR signaling. Persistent DDR activation stabilizes cell cycle
inhibitors such as pl6 and p2l, enforcing the senescent state.
Subsequently, activation of transcriptional regulators such as NF-kB
and C/EBPf drives the establishment of the SASP, which in turn
amplifies local inflammation and induces secondary senescence in
neighboring cells. This feed-forward loop ultimately contributes to
synaptic dysfunction, impaired proteostasis, and neuronal vulnerabil-
ity (Coppé et al., 2010; Hudson et al., 2025; Liu, 2022).

The SASP secretome, which includes interleukins (e.g., IL-6,
IL-1P), chemokines (e.g., CCL2/MCP-1, CXCL-1/3 and CXCL-10),
growth factors (e.g., VEGE GM-CSF), bioactive lipids, extracellular
vesicles and matrix metalloproteinases, disrupts tissue homeostasis
and may promote paracrine senescence in neighboring cells, although
this mechanism remains largely supported by preclinical evidence and
has not been definitively demonstrated in the human brain (Coppé et
al,, 2010; Lau et al., 2023; Yue et al., 2022). Notably, senescent astro-
cytes and microglia lose their neuroprotective roles, contributing to
impaired synaptic plasticity, increased oxidative stress, and blood-
brain barrier dysfunction (Hu et al., 2021; Alshaebi et al., 2025). OPC
senescence further impairs remyelination and exacerbates white
matter vulnerability, which is increasingly recognized as a core sub-
strate of age-related cognitive decline and neurodegeneration
(Arai, 2020).

Although senescence was traditionally viewed as a protective
response against tumorigenesis, its chronic persistence in non-regen-
erative tissues like the brain is now understood to drive maladaptive
responses. In particular, senescent glial cells contribute to a chronic
inflammatory milieu, termed “inflammaging,” which sensitizes the
aging brain to neurodegenerative insults (Franceschi et al., 2018).
Moreover, the SASP may synergize with disease-specific proteinopa-
thies (e.g., tau, a-synuclein) by disrupting proteostasis and enhancing
aggregation-prone environments, although direct causality remains to
be fully elucidated (Musi et al., 2018; Bussian et al., 2018) (Figure 1).

Neurescence: a distinct and emerging
phenotype

Contrary to early assumptions that neurons, being terminally dif-
ferentiated and post-mitotic, were immune to senescence, accumulat-
ing evidence has challenged this view. A growing body of work has
identified features of cellular senescence in neurons, particularly in the
aging brain and in neurodegenerative diseases such as AD and PD
(Musi et al., 2018; Riessland et al., 2019; Dehkordi et al., 2021; Chinta
etal, 2015).

Importantly, neurescent neurons display increased susceptibility
to pathological protein aggregation, such as tau and a-synuclein,
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FIGURE 1
Senescence pathways in brain aging and neurodegeneration.
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potentially linking senescence-like phenotypes to hallmark features of
neurodegeneration (Riessland et al., 2019; Bussian et al., 2018;
Dehkordi et al., 2021). These phenotypes may arise from persistent
oxidative stress, telomere-associated DNA damage foci, and loss of
proteostasis, rather than from replication-induced telomere shorten-
ing (Riessland et al., 2019; Bussian et al., 2018; Dehkordi et al., 2021;
Jurk et al., 2012).

In AD, neurescence has been detected in hippocampal and corti-
cal neurons expressing pl6AINK4a and DNA damage markers such
as YH2AX (Dehkordi et al., 2021). In PD, dopaminergic neurons of
the substantia nigra exhibit senescence-associated chromatin altera-
tions and upregulation of p21ACip1, correlating with loss of function
and neurodegeneration (Chinta et al., 2015; Rademacher et al., 2025).
These findings suggest that neuronal senescence may contribute
actively to disease progression, rather than being a mere consequence
of age-related damage.

Despite this emerging evidence, the mechanistic drivers and func-
tional consequences of neurescence remain under research. Whether
these neurons are capable of triggering immune clearance, reprogram-
ming, or exerting protective roles, as has been proposed for senes-
cence in development and tissue remodeling, is still unclear. Further
studies using single-cell profiling and in vivo lineage tracing will be
crucial to delineate the biological relevance of neurescence in aging
and disease.

Targeting the SASP: pathways, senomorphic
strategies, and therapeutic implications

Beyond their role in cell cycle arrest, senescent glial cells exert
profound paracrine and systemic effects via the SASP. This secre-
tory program is driven by sustained activation of several key path-
ways, including the NF-kB, p38 MAPK, mTOR, and cGAS-STING
axes, which integrate stress signals and amplify pro-inflammatory
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gene expression profiles (Faget et al., 2019; Saito et al., 2024).
These signaling cascades lead to the secretion of a complex mix-
ture of cytokines, chemokines, growth factors, and matrix-remod-
eling enzymes, which reshape the brain microenvironment and
facilitate inflammaging, synaptic dysfunction, and neuronal vul-
nerability (Faget et al.,, 2019; Saito et al., 2024; Alqahtani et
al., 2025).

Unlike senolytic agents, senomorphic therapies aim to suppress
or modulate the deleterious effects of the SASP without inducing cell
death. This approach holds particular promise for the brain, where the
irreversible loss of glial support functions could have detrimental
effects. For example, rapamycin, an mTOR inhibitor, has been shown
to reduce SASP output in astrocytes and microglia, alleviating neuro-
inflammation in models of aging and neurodegeneration (Selvarani et
al.,, 2021; Johnson et al., 2015; Bielas et al., 2018). Similarly, JAK inhibi-
tors such as ruxolitinib and p38 MAPK inhibitors have demonstrated
efficacy in downregulating the SASP and restoring tissue homeostasis
(Riessland et al., 2024; Riessland et al., 2024; Xu et al., 2015; Hongo et
al,, 2017).

Recent advances in transcriptomic and proteomic profiling have
allowed the dissection of SASP components specific to different glial
subtypes and disease stages. This opens the possibility for tailored
interventions, targeting context-dependent SASP factors such as IL-6,
MMP-3, or CXCL10, which are upregulated in AD and PD brains
(Escartin et al., 2021; Evans et al., 2024).

Importantly, suppressing the SASP may also mitigate the propaga-
tion of secondary senescence, a phenomenon where SASP factors
induce senescence in otherwise healthy neighboring cells. This feed-
forward loop is particularly harmful in the CNS, where limited regen-
erative capacity amplifies the long-term consequences of glial
senescence (Coppé et al., 2010). Therefore, senomorphic therapies
represent a strategic avenue for halting the cascade of neuroinflamma-
tory damage without compromising cellular integrity.
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While clinical translation remains limited, the development of
brain-penetrant senomorphics and biomarkers to monitor SASP sup-
pression is an active area of research. Ultimately, integrating senomor-
phic strategies with disease-modifying therapies or regenerative
approaches may offer synergistic benefits in slowing or reversing age-
related cognitive decline (Saliev and Singh, 2025; Ji et al., 2023).

Senolytic strategies in neurodegeneration:
mechanisms, evidence, and translational
challenges

Senolytics are pharmacological agents designed to selectively
induce apoptosis in senescent cells by targeting their pro-survival
pathways, collectively referred to as senescent cell anti-apoptotic path-
ways (SCAPs). In glial cells, SCAPs involve signaling via BCL-2 family
proteins, PI3K/AKT, p53/p21, and HSP90, which are upregulated to
counteract intrinsic apoptosis triggers (Zhu et al., 2015; Childs et al.,
2017). Disruption of these pathways sensitizes senescent cells to cell
death while sparing most healthy cells.

Preclinical studies have demonstrated the potential of senolytics
in models of brain aging and neurodegeneration. For instance, the
combination of dasatinib (a Src/tyrosine kinase inhibitor) and quer-
cetin (a flavonoid with PI3K/AKT inhibitory activity) reduced astro-
cytic and microglial senescence in tauopathy mouse models, thereby
improving synaptic density and cognitive performance (Riessland et
al., 2019; Bussian et al., 2018; Riessland et al., 2024; Millar et al., 2025).
Navitoclax (ABT-263), a BCL-2/BCL-xL inhibitor, has also shown an
important role in neurovascular protection with significant cognitive
benefit, but also the capacity to clear senescent OPCS and partially
restore remyelination in aged rodents (Zhu et al., 2015; Tarantini et al.,
2021; Zhu et al., 2016; Su et al., 2023).

Emerging senolytics with improved CNS penetration include fise-
tin, which has been reported to reduce neuroinflammation and
improve behavior in aged mice, and FOXO4-DRI peptides, which
disrupt the interaction between FOXO4 and p53, selectively inducing
apoptosis in senescent cells (Zhu et al., 2015; Baar et al., 2017; Zhu et
al., 2024). However, BBB penetration remains a major pharmacoki-
netic hurdle for many of these agents, and systemic administration
carries the risk of off-target cytotoxicity.

In the context of AD, senolytic interventions have been shown to
reduce tau pathology and attenuate the SASP, suggesting a synergistic
relationship between senescent cell clearance and the mitigation of
protein aggregation (Musi et al., 2018; Bussian et al.,, 2018; Zhu et al.,
2024). In PD models, removal of senescent astrocytes improved dopa-
minergic neuron survival, highlighting disease-specific benefits of
senolysis (Chinta et al., 2015; Miller et al., 2022).

Despite this promise, translation to human CNS diseases is in its
infancy. The primary challenges include:

1 Achieving efficient and selective targeting of senescent cells
within the brain without harming quiescent or transiently
arrested cells.

2 Minimizing systemic toxicity, particularly thrombocytopenia
observed with BCL-2 inhibitors.

3 Establishing reliable biomarkers to monitor treatment efficacy
and target engagement in vivo.

Future strategies may involve localized delivery systems, nanocar-
rier formulations, or gene therapy-based approaches to enhance
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specificity. Furthermore, integrating senolytics with senomorphic agents
or regenerative therapies may maximize benefits while minimizing risks.

Biomarkers and monitoring strategies for
cellular senescence in the human brain

The clinical translation of senescence-targeting therapies hinges
on the development of reliable biomarkers capable of detecting, quan-
tifying, and monitoring senescent cells in vivo. Unlike in peripheral
tissues, where biopsies enable direct histological and molecular char-
acterization, assessing cellular senescence in the CNS is constrained
by its inaccessibility and cellular complexity.

Importantly, the identification of cell-type-specific senescence
markers in the brain remains a major unmet need. Most currently
used biomarkers lack specificity and may reflect overlapping biological
processes such as inflammation, activation, or cellular stress
(Suryadevara et al., 2024; Suryadevara et al., 2024; McCullumsmith et
al., 2014; Baker et al., 2016).

Tissue-based biomarkers derived from postmortem or surgical
samples remain the gold standard for validating senescence in the
human brain. These include the expression of cyclin-dependent kinase
inhibitors p16AINK4a and p21/Cipl, accumulation of DNA damage
markers such as y-H2AX and 53BP1 foci, and increased activity of
senescence-associated f-galactosidase (SA-p-Gal) at suboptimal pH
(Hernandez-Segura et al., 2018; McCullumsmith et al., 2014; Baker et
al.,, 2016). However, their applicability in living patients is limited.

Fluid biomarkers offer a less invasive alternative. CSF analysis can
detect SASP components, including IL-6, MCP-1/CCL2, and matrix
metalloproteinases, which have been associated with both neuroin-
flammation and cognitive decline (Gaikwad et al., 2024; Barro et al.,
2020; Dhauria et al., 2024). Plasma measurements of these factors,
alongside extracellular vesicle cargo enriched in senescence-related
microRNAs, have shown promise for reflecting CNS senescence status,
although peripheral confounders remain a challenge (Guo et al., 2024).

On the other hand, neuroimaging approaches are an emerging
frontier, and advanced MRI techniques, such as diffusion tensor imag-
ing (DTI) and magnetic resonance spectroscopy (MRS), may indi-
rectly capture structural and metabolic correlates of senescence-related
pathology, including white matter deterioration and altered bioener-
getics (Risacher and Saykin, 2013; Veeraiah and Jansen, 2023).
Positron emission tomography (PET) tracers targeting glial activation
such as TSPO ligands, are widely used as markers of glial-related
signal; however, recent evidence suggests that TSPO-PET may reflect
glial density or mitochondrial content rather than activation per se.
Therefore, its interpretation as a marker of neuroinflammation or
senescence should be approached with caution (Werry et al., 2019;
Pan et al., 2024; Dupont et al., 2017; Nutma et al., 2021).

The integration of multi-omics profiling with longitudinal cogni-
tive assessment represents a promising strategy for validating and
tracking senescence biomarkers in at-risk populations. Combining
transcriptomic, proteomic, and metabolomic data from blood and CSF
may allow for the identification of robust biosignatures predictive of
both disease progression and therapeutic response (Chen et al., 2023).

Ultimately, the establishment of validated biomarker panels will
be essential in revealing insights for personalized health management
(Babu and Snyder, 2023):

1 Identifying individuals who may benefit from senescence-
targeting interventions.
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2 Monitoring treatment efficacy and off-target effects.
3 Stratifying patients for clinical trials, thereby increasing the
likelihood of detecting therapeutic benefit.

Integrating biomarkers with interventions:
clinical translation and actionable
stratification

Taken together, fluid, imaging, and multi-omics biomarkers
provide complementary, multi-scale readouts of senescence biol-
ogy in the human brain. Fluid markers (SASP cytokines,
EV-miRNAs, NfL, pTau217) capture systemic and CNS-derived
signals; TSPO-PET and emerging SA-f-gal tracers index glial acti-
vation and senescence-like activity in vivo; and multi-omics frame-
works delineate senescence-linked networks and molecular
biotypes that map onto clinical phenotypes and risk trajectories
(Barro et al., 2020; Dhauria et al., 2024; Guo et al., 2024; Werry et
al., 2019; Pan et al., 2024; Dupont et al., 2017). Critically, this inte-
grated biomarker toolkit can enable precision enrollment, target
engagement, and response monitoring for senescence-targeting
interventions; senolytics, senomorphics, and adjunctive new sys-
temic approaches such as therapeutic plasma exchange with albu-
min replacement; thereby increasing the probability of success in
early-stage, mechanism-anchored clinical trials (Selvarani et al.,
2021; Johnson et al., 2015; Bielas et al., 2018; Riessland et al., 2024;
Evans et al., 2024; Babu and Snyder, 2023; Saxton and Sabatini,
2017; Boada et al., 2019). In parallel, longitudinal designs that
align biomarker dynamics with cognitive and imaging outcomes
will be essential to determine when (preclinical vs. prodromal
stages) and in whom senescence-modifying strategies yield the
greatest benefit (Musi et al., 2018; Chou et al., 2023; Saliev and
Singh, 2025).

An immediate translational goal is to develop composable panels
that combine a small number of robust measures across modalities;
for example, a plasma/CSF SASP index (IL-6, MCP-1, MMP-3/10), a
TSPO-PET or alternative glial activation signal, and an omics-derived
senescence metagene score; to stratify individuals by senescence
burden, guide therapeutic pairing (senolytic vs. senomorphic + dis-
ease-specific agents), and track on-target effects. Embedding these
panels into proof-of-concept trials (including senolytics with CNS
penetration, JAK/mTOR/p38 senomorphics, and TPE-albumin as a
systemic anti-inflammatory/redox modulator) will operationalize a
treat-to-biomarker paradigm for neurodegeneration (Selvarani et al.,
2021; Johnson et al., 2015; Bielas et al., 2018; Riessland et al., 2024;
Saliev and Singh, 2025; Boada et al., 2019).

Integrating senescence-targeting therapies
in neurodegeneration

The translation of senescence biology into clinical neurology
requires not only the identification of therapeutic targets but also a
framework for their integration into current treatment paradigms for
neurodegenerative diseases. One of the central challenges is the timing
of intervention, as senolytics and senomorphics are likely to be most
effective at preclinical or prodromal stages, when senescent cell accu-
mulation and SASP-driven inflammation are present but before irre-
versible neurodegeneration has occurred (Musi et al., 2018; Chou et
al.,, 2023; Saliev and Singh, 2025). This highlights the importance of
linking biomarker discovery with preventive strategies.
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Another involves combinatorial

approaches. Instead of seeing senescence clearance as a standalone

important perspective

strategy, future therapies might combine senolytics with:

« Regenerative interventions, such as stem cell transplantation and
neurogenesis-promoting compounds, which could repopulate the
niches left by senescent cell clearance (Chinta et al., 2015).

« Disease-specific treatments, including anti-amyloid or anti-tau
therapies in AD and a-synuclein-targeting approaches in PD,
where senescence may synergize with proteinopathy-driven
pathology (Dehkordi et al., 2021).

« Metabolic modulators, such as mTOR inhibitors or NAD + boost-
ers, which act systemically to delay senescence onset and enhance
resilience to age-related stressors (Saxton and Sabatini, 2017). In
this context, therapeutic plasma exchange with albumin replace-
ment (TPE-albumin) represents a promising adjunctive interven-
tion. Clinical evidence demonstrated that TPE with albumin not
only reduced circulating toxic proteins and improved cognitive
trajectories in AD, but also exerted systemic anti-inflammatory
and redox-modulating effects (Boada et al., 2019). Such systemic
interventions could synergize with senolytics or senomorphics by
alleviating the pro-senescent milieu and enhancing overall brain
resilience.

Biomarkers of cellular senescence in brain
aging and neurodegeneration

Identifying reliable biomarkers of cellular senescence in the cen-
tral nervous system CNS is essential for translating basic mechanisms
into clinical applications. Unlike peripheral tissues, where senescence
markers can be directly interrogated in biopsies, the brain requires
indirect yet robust approaches, including fluid biomarkers, molecular
signatures, and neuroimaging readouts.

Fluid biomarkers

CSF and blood represent the most accessible compartments to
detect molecular correlates of senescence. Increased expression of
p16AINK4a and p21/Cipl transcripts in peripheral immune cells has
been proposed as a systemic marker of organismal aging and neuro-
degenerative risk (Liu et al., 2009; Casella et al., 2019). In AD, CSF
levels of neurofilament light (NfL) and pTau217 correlate with both
neuronal damage and senescence-associated pathways, including
DNA damage response and SASP-related cytokines (Mattsson et al.,
2019; Palmgqyist et al., 2020). Similarly, plasma IL-6, TNF-a, and
MCP-1 are consistently elevated in patients with AD and PD, reflect-
ing the pro-inflammatory milieu of senescent glial cells (Hu et al.,
2019). Importantly, extracellular vesicles enriched in senescence-
associated miRNAs have emerged as promising blood-based biomark-
ers, capable of reflecting ongoing senescence in astrocytes and
microglia (Cheng et al., 2020).

Imaging biomarkers

Molecular imaging provides unique opportunities to visualize
senescence-related processes in vivo. TSPO-PET ligands, which are
commonly interpreted as markers of microglial activation, although
emerging evidence suggests they may more accurately reflect glial
density or mitochondrial function (Kreisl et al., 2013; Corsi et al.,
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2022). Although not exclusive to senescence, TSPO upregulation over-
laps with SASP-driven neuroinflammation. More recently, PET tracers
targeting senescence-associated f-galactosidase activity have shown
preclinical feasibility in identifying senescent cells in vivo, although
their specificity is limited by the high baseline lysosomal
[-galactosidase activity present in certain glial populations (Valieva et
al,, 2022). In addition, advanced MRI techniques detecting white
matter microstructural damage and blood-brain barrier dysfunction
provide indirect evidence of senescence-induced glial pathology, par-
ticularly in the context of aging and vascular contributions to cogni-
tive decline (Montagne et al., 2015; Wharton et al., 2015).

Omics approaches

High-dimensional omics technologies allow the characterization
of senescence signatures at the molecular level. Transcriptomic and
epigenomic profiling of aged human brains has revealed enrichment
of senescence-related gene sets, including those linked to DDR, SASP,
and mitochondrial dysfunction (Musi et al., 2018; Dehkordi et al.,
2021). Proteomic studies have identified SASP, such as MMPs, com-
plement factors, and pro-inflammatory cytokines, in both AD and PD
brains, supporting their role as candidate biomarkers of cellular senes-
cence and neurodegeneration (Panizza and Cerione, 2024). Recent
analyses emphasize MMP-2, MMP-3, MMP-9, and particularly
MMP-10 as early and progressive biomarkers associated with amyloid
and tau pathology, BBB disruption, and neuroinflammation in AD,
highlighting the clinical potential of integrating proteomic data for
(Radosinska and Radosinska, 2025).
highlights perturbations in
NAD + metabolism and redox homeostasis, consistent with senes-

disease stratification

Metabolomic profiling further
cence-driven metabolic reprogramming. Integrative multi-omic
approaches combining genomics, proteomics, and metabolomics are
beginning to define molecular biotypes of brain aging that may stratify
individuals according to senescence burden and disease risk (Zhang
et al., 2020; Franzmeier et al., 2020).

Conclusions and future directions

The cumulative evidence reviewed herein consolidates cellular
senescence as a key mechanistic bridge between aging and neurode-
generation, yet also reveals a landscape far more complex than initially
anticipated. Far from being confined to neural tissues, senescence
appears as a multi-compartmental and dynamic process, simultane-
ously shaped by local glial-neuronal crosstalk and by systemic factors
originating in the periphery. While mounting experimental and trans-
lational data place senescence at the core of neurodegenerative cas-
cades (Musi et al., 2018; Bussian et al., 2018; Dehkordi et al., 2021;
Alshaebi et al., 2025), recent multi-cohort proteomic analyses now
challenge the notion of a purely “central” mechanism.

In particular, large-scale plasma proteomic studies (Afshar et al.,
2025) have shown that many peripheral proteins associated with AD
endophenotypes are only weakly correlated with their brain counter-
parts, suggesting that peripheral proteostasis, metabolism, and
immune activity may actively influence or even precede CNS senes-
cence. This echoes previous parabiosis and therapeutic plasma
exchange studies, where modifying the systemic milieu yielded mea-
surable cognitive and inflammatory benefits without directly targeting
the brain (Boada et al., 2019). Conversely, cutting-edge single-cell and
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spatial transcriptomic profiling (Wang et al., 2025) demonstrate that
senescence phenotypes in neurons and glia are heterogeneous, region-
specific, and not always mirrored by peripheral biomarkers, raising
critical questions about causality, directionality, and compartmental
independence.

Therefore, the present review contributes a synthesized frame-
work that positions brain senescence not as an isolated pathology but
as part of a systemic aging network, integrating genomic instability,
immune signaling, and metabolic reprogramming across the brain—
body axis. This systems-level perspective helps reconcile discrepancies
between molecular, imaging, and clinical data, undersocring the
necessity of multi-omic, longitudinal, and cross-compartment
approaches to disentangle the interplay between central and periph-
eral senescence.

From a translational standpoint, senescence-targeting strategies
(senolytics, senomorphics, metabolic modulators, or plasma-renewal
interventions) should be designed and evaluated within this bidirec-
tional framework. Future trials must determine whether reducing
systemic senescence burden or reprogramming SASP signaling in the
periphery can modify CNS trajectories, and whether central senes-
cence can be accurately monitored through validated composite bio-
markers integrating fluid, imaging, and omic readouts (Babu and
Snyder, 2023; Panizza and Cerione, 2024; Radosinska and Radosinska,
2025; Zhang et al., 2020; Franzmeier et al., 2020).

Recent advances in the field have further refined our under-
standing of cellular senescence in the human brain. High-resolution
single-cell and spatial transcriptomic studies have revealed a previ-
ously underappreciated heterogeneity of senescent-like phenotypes
across neuronal and glial populations, challenging the notion of a
uniform senescence program. In parallel, large-scale proteomic and
multi-omic analyses have highlighted a partial dissociation between
central and peripheral senescence signatures, reinforcing the con-
cept of a bidirectional and compartmentalized brain-body axis.
Moreover, emerging neuroimaging evidence suggests that com-
monly used proxies of neuroinflammation, such as TSPO-PET, may
reflect glial density or mitochondrial function rather than activa-
tion per se, underscoring the need for more specific in vivo bio-
markers of senescence. Together, these findings emphasize that
while the field is rapidly evolving, fundamental questions regarding
causality, specificity, and translational applicability remain unre-
solved (Suryadevara et al., 2024; Hudson et al., 2025; Riessland et
al., 2024; Nutma et al., 2021; Wang et al., 2025).

Ultimately, the key frontier lies not in confirming that senescence
is involved, but in clarifying where, when, and how it drives neurode-
generation, and whether modulating its systemic signatures can yield
durable cognitive benefit. Bridging these questions through rigorous,
multi-scale investigations will transform senescence biology from a
conceptual paradigm into a clinically actionable framework for brain
health and longevity.

Author contributions

YC-F: Visualization, Writing - original draft, Validation,
Supervision, Conceptualization, Writing - review & editing. CB:
Visualization, Conceptualization, Validation, Writing - review & edit-
ing. XM: Visualization, Conceptualization, Writing — review & edit-
ing, Validation. MB: Writing - review & editing, Visualization,
Conceptualization, Validation.

frontiersin.org


https://doi.org/10.3389/fncel.2026.1805691
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Cantero-Fortiz et al.

Funding

The author(s) declared that financial support was not received for
this work and/or its publication.

Acknowledgments

The authors would like to thank Ace Alzheimer Center Barcelona
healthcare professionals for their insights and support. Figure 1 was
generated with the assistance of OpenAl image-generation tools based
on author-developed scientific prompts and conceptual design. The
authors reviewed, refined, and validated all scientific content, labels,
and graphical representations. Artificial intelligence tools were used
exclusively for graphical rendering under direct author supervision.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Afshar, S., Dammer, E. B,, Bian, S., Bennett, D. A., Mohs, R., Beauregard, D., et al. (2025).
Plasma proteomic associations with Alzheimer's disease endophenotypes. Nat. Aging 5,
2104-2124. doi: 10.1038/s43587-025-00965-4

Ajoolabady, A., Pratico, D., Bahijri, S., Tuomilehto, J., Uversky, V. N., and Ren, J. (2025).
Hallmarks of cellular senescence: biology, mechanisms, regulations. Exp. Mol. Med. 57,
1482-1491. doi: 10.1038/s12276-025-01480-7

Algahtani, S., Alqahtani, T., Venkatesan, K., Sivadasan, D., Ahmed, R, Sirag, N., et al.
(2025). SASP modulation for cellular rejuvenation and tissue homeostasis: therapeutic
strategies and molecular insights. Cells 14:608. doi: 10.3390/cells14080608

Alshaebi, E, Sciortino, A., and Kayed, R. (2025). The role of glial cell senescence in
Alzheimer's disease. J. Neurochem. 169:¢70051. doi: 10.1111/jnc.70051

Arai, K. (2020). Can oligodendrocyte precursor cells be a therapeutic target for mitigating
cognitive decline in cerebrovascular disease? J. Cereb. Blood Flow Metab. 40, 1735-1736.
doi: 10.1177/0271678X20929432

Azam, S., Haque, M. E., Balakrishnan, R., Kim, L. S., and Choi, D. K. (2021). The ageing
brain: molecular and cellular basis of neurodegeneration. Front. Cell Dev. Biol. 9:683459.
doi: 10.3389/fcell.2021.683459

Baar, M. P, Brandt, R. M. C,, Putavet, D. A,, Klein, J. D. D, Derks, K. W.]., Bourgeois, B. R.
M, et al. (2017). Targeted apoptosis of senescent cells restores tissue homeostasis in
response to chemotoxicity and aging. Cell 169, 132-147.e16. doi: 10.1016/j.
cell.2017.02.031.

Babu, M., and Snyder, M. (2023). Multi-omics profiling for health. Mol. Cell. Proteomics
22:100561. doi: 10.1016/j.mcpro.2023.100561

Baker, D. ], Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. ], Zhong, J., et al. (2016).
Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan. Nature 530,
184-189. doi: 10.1038/nature16932

Baker, D. J., and Petersen, R. C. (2018). Cellular senescence in brain aging and neurode-
generative diseases: evidence and perspectives. J. Clin. Invest. 128, 1208-1216. doi:
10.1172/JCI95145

Barro, C., Chitnis, T., and Weiner, H. L. (2020). Blood neurofilament light: a critical
review of its application to neurologic disease. Ann. Clin. Transl. Neurol. 7, 2508-2523.
doi: 10.1002/acn3.51234

Bielas, J., Herbst, A., Widjaja, K., Hui, J., Aiken, J. M., McKenzie, D., et al. (2018). Long

term rapamycin treatment improves mitochondrial DNA quality in aging mice. Exp.
Gerontol. 106, 125-131. doi: 10.1016/j.exger.2018.02.021

Boada, M., Lopez, O., Nuiiez, L., Szczepiorkowski, Z. M., Torres, M., Grifols, C., et al.
(2019). Plasma exchange for Alzheimer's disease management by albumin replacement
(AMBAR) trial: study design and progress. Alzheimers Dement. 5, 61-69. doi: 10.1016/j.
trci.2019.01.001

Frontiers in Cellular Neuroscience

10.3389/fncel.2026.1805691

Generative Al statement

The author(s) declared that Generative AI was used in the creation
of this manuscript. OpenAl image-generation tools were used for the
creation of Figure 1. The authors were fully responsible for the scien-
tific content, conceptual framework, interpretation, verification of
accuracy, and final editing of the figure. Artificial intelligence tools
were used exclusively to assist with visual composition and graphi-
cal design.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Boisvert, M. M., Erikson, G. A., Shokhirev, M. N,, and Allen, N. J. (2018). The aging
astrocyte transcriptome from multiple regions of the mouse brain. Cell Rep. 22, 269-285.
doi: 10.1016/j.celrep.2017.12.039

Bussian, T. J., Aziz, A., Meyer, C. E, Swenson, B. L., van Deursen, J. M., and Baker, D. J.
(2018). Clearance of senescent glial cells prevents tau-dependent pathology and cognitive
decline. Nature 562, 578-582. doi: 10.1038/s41586-018-0543-y

Campisi, J., and d'Adda di Fagagna, E. (2007). Cellular senescence: when bad things
happen to good cells. Nat. Rev. Mol. Cell Biol. 8, 729-740. doi: 10.1038/nrm2233

Casella, G., Munk, R., Kim, K. M., Piao, Y., De, S., Abdelmohsen, K., et al. (2019).
Transcriptome signature of cellular senescence. [Erratum in: Nucleic Acids Res.
2019;47(21):11476. doi:10.1093/nar/gkz879]. Nucleic Acids Res. 47, 7294-7305. doi:
10.1093/nar/gkz555

Chen, C., Wang, J., Pan, D., Wang, X., Xu, Y., Yan, J,, et al. (2023). Applications
of multi-omics analysis in human diseases. MedComm 4:e315. doi: 10.1002/
mco2.315

Cheng, L., Vella, L. J., Barnham, K. J., McLean, C., Masters, C. L., and Hill, A. E. (2020).
Small RNA fingerprinting of Alzheimer's disease frontal cortex extracellular vesicles and
their comparison with peripheral extracellular vesicles. J. Extracell. Vesicles 9:1766822.
doi: 10.1080/20013078.2020.1766822

Childs, B. G., Gluscevic, M., Baker, D. J., Laberge, R. M., Marquess, D., Dananberg, J., et al.
(2017). Senescent cells: an emerging target for diseases of ageing. Nat. Rev. Drug Discov.
16, 718-735. doi: 10.1038/nrd.2017.116

Chinta, S. J., Woods, G., Rane, A., Demaria, M., Campisi, J., and Andersen, J. K. (2015).
Cellular senescence and the aging brain. Exp. Gerontol. 68, 3-7. doi: 10.1016/j.
exger.2014.09.018

Chou, S. M,, Yen, Y. H., Yuan, E, Zhang, S. C., and Chong, C. M. (2023). Neuronal senes-
cence in the aged brain. Aging Dis. 14, 1618-1632. doi: 10.14336/AD.2023.0214

Clarke, L. E.,, Liddelow, S. A., Chakraborty, C., Miinch, A. E., Heiman, M., and
Barres, B. A. (2018). Normal aging induces A1-like astrocyte reactivity. Proc. Natl. Acad.
Sci. USA 115, E1896-E1905. doi: 10.1073/pnas.1800165115

Cohen, ], and Torres, C. (2019). Astrocyte senescence: evidence and significance. Aging
Cell 18:€12937. doi: 10.1111/acel.12937

Coppé, J. P, Desprez, P. Y., Krtolica, A., and Campisi, J. (2010). The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu. Rev. Pathol. 5, 99-118.
doi: 10.1146/annurev-pathol-121808-102144

Corsi, F, Baglini, E., Barresi, E., Salerno, S., Cerri, C., Martini, C,, et al. (2022). Targeting
TSPO reduces inflammation and apoptosis in an in vitro photoreceptor-like model of
retinal degeneration. ACS Chem. Neurosci. 13, 3188-3197. doi: 10.1021/
acschemneuro.2¢00582

frontiersin.org


https://doi.org/10.3389/fncel.2026.1805691
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s43587-025-00965-4
https://doi.org/10.1038/s12276-025-01480-7
https://doi.org/10.3390/cells14080608
https://doi.org/10.1111/jnc.70051
https://doi.org/10.1177/0271678X20929432
https://doi.org/10.3389/fcell.2021.683459
https://doi.org/10.1016/j.cell.2017.02.031.
https://doi.org/10.1016/j.cell.2017.02.031.
https://doi.org/10.1016/j.mcpro.2023.100561
https://doi.org/10.1038/nature16932
https://doi.org/10.1172/JCI95145
https://doi.org/10.1002/acn3.51234
https://doi.org/10.1016/j.exger.2018.02.021
https://doi.org/10.1016/j.trci.2019.01.001
https://doi.org/10.1016/j.trci.2019.01.001
https://doi.org/10.1016/j.celrep.2017.12.039
https://doi.org/10.1038/s41586-018-0543-y
https://doi.org/10.1038/nrm2233
https://doi.org/10.1093/nar/gkz555
https://doi.org/10.1002/mco2.315
https://doi.org/10.1002/mco2.315
https://doi.org/10.1080/20013078.2020.1766822
https://doi.org/10.1038/nrd.2017.116
https://doi.org/10.1016/j.exger.2014.09.018
https://doi.org/10.1016/j.exger.2014.09.018
https://doi.org/10.14336/AD.2023.0214
https://doi.org/10.1073/pnas.1800165115
https://doi.org/10.1111/acel.12937
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1021/acschemneuro.2c00582
https://doi.org/10.1021/acschemneuro.2c00582

Cantero-Fortiz et al.

Dehkordi, S. K., Walker, J., Sah, E., Bennett, E., Atrian, E, Frost, B, et al. (2021). Profiling
senescent cells in human brains reveals neurons with CDKN2D/p19 and tau neuropathol-
ogy. Nat. Aging 1,1107-1116. doi: 10.1038/s43587-021-00142-3

Dhauria, M., Mondal, R., Deb, S., Shome, G., Chowdhury, D., Sarkar, S., et al. (2024).
Blood-based biomarkers in Alzheimer's disease: advancing non-invasive diagnostics and
prognostics. Int. J. Mol. Sci. 25:10911. doi: 10.3390/ijms252010911

Di Micco, R., Krizhanovsky, V., Baker, D., and d'Adda di Fagagna, E. (2021). Cellular
senescence in ageing: from mechanisms to therapeutic opportunities. Nat. Rev. Mol. Cell
Biol. 22, 75-95. doi: 10.1038/s41580-020-00314-w

Dupont, A. C., Largeau, B., Santiago Ribeiro, M. J., Guilloteau, D., Tronel, C., and
Arlicot, N. (2017). Translocator protein-18 kDa (TSPO) positron emission tomography
(PET) imaging and its clinical impact in neurodegenerative diseases. Int. J. Mol. Sci.
18:785. doi: 10.3390/ijms18040785

Escartin, C., Galea, E., Lakatos, A., O'Callaghan, J. P, Petzold, G. C., Serrano-Pozo, A.,
et al. (2021). Reactive astrocyte nomenclature, definitions, and future directions. Nat.
Neurosci. 24, 312-325. doi: 10.1038/s41593-020-00783-4

Evans, D. S., Young, D., Tanaka, T., Basisty, N., Bandinelli, S., Ferrucci, L., et al. (2024).
Proteomic analysis of the senescence-associated secretory phenotype: GDF-15, IGFBP-2,
and cystatin-C are associated with multiple aging traits. J. Gerontol. A Biol. Sci. Med. Sci.
79:glad265. doi: 10.1093/gerona/glad265

Faget, D. V,, Ren, Q, and Stewart, S. A. (2019). Unmasking senescence: context-depen-
dent effects of SASP in cancer. Nat. Rev. Cancer 19, 439-453. doi: 10.1038/
$41568-019-0156-2

Franceschi, C., Garagnani, P, Parini, P, Giuliani, C., and Santoro, A. (2018).
Inflammaging: a new immune-metabolic viewpoint for age-related diseases. Nat. Rev.
Endocrinol. 14, 576-590. doi: 10.1038/s41574-018-0059-4

Franzmeier, N., Neitzel, J., Rubinski, A., Smith, R., Strandberg, O,
Ossenkoppele, R., et al. (2020). Functional brain architecture is associated with
the rate of tau accumulation in Alzheimer's disease. Nat. Commun. 11:347. doi:
10.1038/s41467-019-14159-1

Gaikwad, S., Senapati, S., Haque, M. A., and Kayed, R. (2024). Senescence, brain inflam-
mation, and oligomeric tau drive cognitive decline in Alzheimer's disease: evidence
from clinical and preclinical studies. Alzheimers Dement. 20, 709-727. doi: 10.1002/
alz.13490

Gillispie, G. J., Sah, E., Krishnamurthy, S., Ahmidouch, M. Y., Zhang, B., and Orr, M. E.
(2021). Evidence of the cellular senescence stress response in mitotically active brain
cells-implications for Cancer and neurodegeneration. Life 11:153. doi: 10.3390/
life11020153

Gorgoulis, V., Adams, P. D., Alimonti, A., Bennett, D. C., Bischof, O., Bishop, C., et al.
(2019). Cellular senescence: defining a path forward. Cell 179, 813-827. doi: 10.1016/j.
cell.2019.10.005

Guo, Z., Tian, C,, Shi, Y., Song, X. R, Yin, W,, Tao, Q. Q,, et al. (2024). Blood-based CNS
regionally and neuronally enriched extracellular vesicles carrying pTau2l7 for
Alzheimer's disease diagnosis and differential diagnosis. Acta Neuropathol. Commun.
12:38. doi: 10.1186/s40478-024-01727-w

Han, X, Zhang, T, Liu, H,, Mi, Y., and Gou, X. (2020). Astrocyte senescence and
Alzheimer's disease: a review. Front. Aging Neurosci. 12:148. doi: 10.3389/fnagi.2020.00148

He, S., and Sharpless, N. E. (2017). Senescence in health and disease. Cell 169, 1000-1011.
doi: 10.1016/j.cell.2017.05.015

Hebert, L. E., Weuve, J., Scherr, P. A., and Evans, D. A. (2013). Alzheimer disease in the
United States (2010-2050) estimated using the 2010 census. Neurology 80, 1778-1783.
doi: 10.1212/WNL.0b013e31828726f5

Hernandez-Segura, A., Nehme, J., and Demaria, M. (2018). Hallmarks of cellular senes-
cence. Trends Cell Biol. 28, 436-453. doi: 10.1016/j.tcb.2018.02.001

Herranz, N., and Gil, J. (2018). Mechanisms and functions of cellular senescence. J. Clin.
Invest. 128, 1238-1246. doi: 10.1172/JCI95148

Hong, B., Ohtake, Y., Itokazu, T., and Yamashita, T. (2024). Glial senescence enhances
a-synuclein pathology owing to its insufficient clearance caused by autophagy dysfunc-
tion. Cell Death Discov. 10:50. doi: 10.1038/s41420-024-01816-8

Hongo, A., Okumura, N., Nakahara, M., Kay, E. P, and Koizumi, N. (2017). The effect of
a p38 mitogen-activated protein kinase inhibitor on cellular senescence of cultivated
human corneal endothelial cells. Invest. Ophthalmol. Vis. Sci. 58, 3325-3334. doi: 10.1167/
iovs.16-21170

Hu, Y, Fryatt, G. L., Ghorbani, M., Obst, J., Menassa, D. A., Martin-Estebane, M., et al.
(2021). Replicative senescence dictates the emergence of disease-associated microglia and
contributes to af pathology. Cell Rep. 35:109228. doi: 10.1016/j.celrep.2021.109228

Hu, W. T, Howell, J. C,, Ozturk, T., Gangishetti, U., Kollhoff, A. L., Hatcher-Martin, J. M.,
etal. (2019). CSF cytokines in aging, multiple sclerosis, and dementia. Front. Immunol.
10:480. doi: 10.3389/fimmu.2019.00480

Hudson, H. R,, Sun, X., and Orr, M. E. (2025). Senescent brain cell types in Alzheimer's

disease: pathological mechanisms and therapeutic opportunities. Neurotherapeutics
22:€00519. doi: 10.1016/j.neurot.2024.e00519

Ji, S., Xiong, M., Chen, H,, Liu, Y., Zhou, L., Hong, Y., et al. (2023). Cellular rejuvenation:
molecular mechanisms and potential therapeutic interventions for diseases. Signal
Transduct. Target. Ther. 8:116. doi: 10.1038/s41392-023-01343-5

Frontiers in Cellular Neuroscience

10.3389/fncel.2026.1805691

Johnson, S. C., Yanos, M. E,, Bitto, A., Castanza, A., Gagnidze, A., Gonzalez, B, et al.
(2015). Dose-dependent effects of mMTOR inhibition on weight and mitochondrial disease
in mice. Front. Genet. 6:247. doi: 10.3389/fgene.2015.00247

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. doi:
10.1111/.1474-9726.2012.00870.x

Kirkland, J. L., and Tchkonia, T. (2020). Senolytic drugs: from discovery to translation. J.
Intern. Med. 288, 518-536. doi: 10.1111/joim.13141

Kreisl, W. C., Jenko, K. J., Hines, C. S., Lyoo, C. H., Corona, W,, Morse, C. L., et al. (2013).
A genetic polymorphism for translocator protein 18 kDa affects both in vitro and in vivo
radioligand binding in human brain to this putative biomarker of neuroinflammation. J.
Cereb. Blood Flow Metab. 33, 53-58. doi: 10.1038/jcbfm.2012.131

Lau, V., Ramer, L., and Tremblay, M. E. (2023). An aging, pathology burden, and glial
senescence build-up hypothesis for late onset Alzheimer's disease. Nat. Commun. 14:1670.
doi: 10.1038/s41467-023-37304-3

Liu, R. M. (2022). Aging, cellular senescence, and Alzheimer's disease. Int. J. Mol. Sci.
23:1989. doi: 10.3390/ijms23041989

Liu, Y., Sanoff, H. K., Cho, H., Burd, C. E., Torrice, C., Ibrahim, J. G., et al. (2009).
Expression of p16(INK4a) in peripheral blood T-cells is a biomarker of human aging.
Aging Cell 8, 439-448. doi: 10.1111/j.1474-9726.2009.00489.x

Martinez-Cué, C., and Rueda, N. (2020). Cellular senescence in neurodegenerative dis-
eases. Front. Cell. Neurosci. 14:16. doi: 10.3389/fncel.2020.00016

Mattsson, N., Cullen, N. C., Andreasson, U., Zetterberg, H., and Blennow, K. (2019).
Association between longitudinal plasma Neurofilament light and neurodegeneration in
patients with Alzheimer disease. [Erratum in: JAMA Neurol. 2019;76(7):872. doi:
10.1001/jamaneurol.2019.1649]. JAMA Neurol. 76, 791-799. doi: 10.1001/
jamaneurol.2019.0765

McCullumsmith, R. E., Hammond, J. H., Shan, D., and Meador-Woodruff, J. H. (2014).
Postmortem brain: an underutilized substrate for studying severe mental illness [Erratum
in:  Neuropsychopharmacology. 2015;40(5):1307. doi: 10.1038/npp.2014.337].
Neuropsychopharmacology 39, 65-87. doi: 10.1038/npp.2013.239

Millar, C. L., Iloputaife, I, Baldyga, K., Norling, A. M., Boulougoura, A., Vichos, T., et al.
(2025). A pilot study of senolytics to improve cognition and mobility in older adults at
risk for Alzheimer's disease. EBioMedicine 113:105612. doi: 10.1016/j.
ebiom.2025.105612

Miller, S. J., Campbell, C. E., Jimenez-Corea, H. A., Wu, G. H., and Logan, R. (2022).
Neuroglial senescence, a-synucleinopathy, and the therapeutic potential of senolytics in
Parkinson's disease. Front. Neurosci. 16:824191. doi: 10.3389/fnins.2022.824191

Mirarchi, A., Albj, E., and Arcuri, C. (2024). Microglia signatures: A cause or consequence
of microglia-related brain disorders? Int. . Mol. Sci. 25:10951. doi: 10.3390/ijms252010951

Montagne, A., Barnes, S. R., Sweeney, M. D., Halliday, M. R., Sagare, A. P.,, Zhao, Z., et al.
(2015). Blood-brain barrier breakdown in the aging human hippocampus. Neuron 85,
296-302. doi: 10.1016/j.neuron.2014.12.032

Mosher, K. 1., and Wyss-Coray, T. (2014). Microglial dysfunction in brain aging and
Alzheimer's disease. Biochem. Pharmacol. 88, 594-604. doi: 10.1016/j.bcp.2014.01.008

Musi, N., Valentine, J. M., Sickora, K. R., Bacuerle, E., Thompson, C. S., Shen, Q,, et al.
(2018). Tau protein aggregation is associated with cellular senescence in the brain. Aging
Cell 17:¢12840. doi: 10.1111/acel.12840

Neumann, B., Baror, R., Zhao, C., Segel, M., Dietmann, S., Rawji, K. S., et al. (2019).
Metformin restores CNS Remyelination capacity by rejuvenating aged stem cells. Cell
Stem Cell 25, 473-485.€8. doi: 10.1016/j.stem.2019.08.015

Nutma, E., Ceyzériat, K., Amor, S., Tsartsalis, S., Millet, P., Owen, D. R,, et al. (2021).
Cellular sources of TSPO expression in healthy and diseased brain. Eur. J. Nucl. Med. Mol.
Imaging 49, 146-163. doi: 10.1007/s00259-020-05166-2

Palmgqvist, S., Janelidze, S., Quiroz, Y. T., Zetterberg, H., Lopera, E, Stomrud, E., et al.
(2020). Discriminative accuracy of plasma Phospho-tau217 for Alzheimer disease vs
other neurodegenerative disorders. JAMA 324, 772-781. doi: 10.1001/jama.2020.12134

Pan, ], Hu, J., Meng, D., Chen, L., and Wei, X. (2024). Neuroinflammation in dementia:
a meta-analysis of PET imaging studies. Medicine (Baltimore) 103:e38086. doi: 10.1097/
MD.0000000000038086

Panizza, E., and Cerione, R. A. (2024). An interpretable deep learning framework identi-
fies proteomic drivers of Alzheimer's disease. Front. Cell Dev. Biol. 12:1379984. doi:
10.3389/fcell.2024.1379984

Rademacher, D. J., Exline, J. E., and Foecking, E. M. (2025). Role of cellular senescence in
Parkinson's disease: potential for disease-modification through senotherapy. Biomedicine
13:1400. doi: 10.3390/biomedicines13061400

Radosinska, D., and Radosinska, J. (2025). The link between matrix metalloproteinases
and Alzheimer's disease pathophysiology. Mol. Neurobiol. 62, 885-899. doi: 10.1007/
512035-024-04315-0

Riessland, M., Kolisnyk, B., Kim, T. W,, Cheng, J., Ni, ., Pearson, J. A., et al. (2019). Loss
of SATB1 induces p21-dependent cellular senescence in post-mitotic dopaminergic neu-
rons. Cell Stem Cell 25, 514-530.¢8. doi: 10.1016/j.stem.2019.08.013

Riessland, M., Ximerakis, M., Jarjour, A. A., Zhang, B., and Orr, M. E. (2024). Therapeutic
targeting of senescent cells in the CNS. Nat. Rev. Drug Discov. 23, 817-837. doi: 10.1038/
541573-024-01033-z

frontiersin.org


https://doi.org/10.3389/fncel.2026.1805691
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s43587-021-00142-3
https://doi.org/10.3390/ijms252010911
https://doi.org/10.1038/s41580-020-00314-w
https://doi.org/10.3390/ijms18040785
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1093/gerona/glad265
https://doi.org/10.1038/s41568-019-0156-2
https://doi.org/10.1038/s41568-019-0156-2
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1038/s41467-019-14159-1
https://doi.org/10.1002/alz.13490
https://doi.org/10.1002/alz.13490
https://doi.org/10.3390/life11020153
https://doi.org/10.3390/life11020153
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1186/s40478-024-01727-w
https://doi.org/10.3389/fnagi.2020.00148
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1212/WNL.0b013e31828726f5
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1172/JCI95148
https://doi.org/10.1038/s41420-024-01816-8
https://doi.org/10.1167/iovs.16-21170
https://doi.org/10.1167/iovs.16-21170
https://doi.org/10.1016/j.celrep.2021.109228
https://doi.org/10.3389/fimmu.2019.00480
https://doi.org/10.1016/j.neurot.2024.e00519
https://doi.org/10.1038/s41392-023-01343-5
https://doi.org/10.3389/fgene.2015.00247
https://doi.org/10.1111/j.1474-9726.2012.00870.x
https://doi.org/10.1111/joim.13141
https://doi.org/10.1038/jcbfm.2012.131
https://doi.org/10.1038/s41467-023-37304-3
https://doi.org/10.3390/ijms23041989
https://doi.org/10.1111/j.1474-9726.2009.00489.x
https://doi.org/10.3389/fncel.2020.00016
https://doi.org/10.1001/jamaneurol.2019.0765
https://doi.org/10.1001/jamaneurol.2019.0765
https://doi.org/10.1038/npp.2013.239
https://doi.org/10.1016/j.ebiom.2025.105612
https://doi.org/10.1016/j.ebiom.2025.105612
https://doi.org/10.3389/fnins.2022.824191
https://doi.org/10.3390/ijms252010951
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1111/acel.12840
https://doi.org/10.1016/j.stem.2019.08.015
https://doi.org/10.1007/s00259-020-05166-2
https://doi.org/10.1001/jama.2020.12134
https://doi.org/10.1097/MD.0000000000038086
https://doi.org/10.1097/MD.0000000000038086
https://doi.org/10.3389/fcell.2024.1379984
https://doi.org/10.3390/biomedicines13061400
https://doi.org/10.1007/s12035-024-04315-0
https://doi.org/10.1007/s12035-024-04315-0
https://doi.org/10.1016/j.stem.2019.08.013
https://doi.org/10.1038/s41573-024-01033-z
https://doi.org/10.1038/s41573-024-01033-z

Cantero-Fortiz et al.

Risacher, S. L., and Saykin, A. J. (2013). Neuroimaging and other biomarkers for
Alzheimer's disease: the changing landscape of early detection. Annu. Rev. Clin. Psychol.
9, 621-648. doi: 10.1146/annurev-clinpsy-050212-185535

Saito, Y., Yamamoto, S., and Chikenji, T. S. (2024). Role of cellular senescence in inflam-
mation and regeneration. Inflamm. Regener. 44:28. doi: 10.1186/s41232-024-00342-5

Saliev, T., and Singh, P. B. (2025). Targeting senescence: a review of senolytics and seno-
morphics in anti-aging interventions. Biomolecules 15:860. doi: 10.3390/biom15060860

Sams, E. C. (2021). Oligodendrocytes in the aging brain. Neuronal Signal. 5:NS$20210008.
doi: 10.1042/NS20210008

Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism, and
disease. [Erratum in: Cell;169(2):361-371. doi: 10.1016/j.cell.2017.03.035]. Cell 168,
960-976. doi: 10.1016/j.cell.2017.02.004

Selvarani, R., Mohammed, S., and Richardson, A. (2021). Effect of rapamycin on aging
and age-related diseases-past and future. Geroscience 43, 1135-1158. doi: 10.1007/
511357-020-00274-1

Shafqat, A., Khan, S., Omer, M. H,, Niaz, M., Albalkhi, I., AlKattan, K, et al. (2023).
Cellular senescence in brain aging and cognitive decline. Front. Aging Neurosci.
15:1281581. doi: 10.3389/fnagi.2023.1281581

Su, W, Hu, Y,, Fan, X, and Xie, J. (2023). Clearance of senescent cells by navitoclax
(ABT263) rejuvenates UHMWPE-induced osteolysis. Int. Immunopharmacol.
115:109694. doi: 10.1016/j.intimp.2023.109694

Suryadevara, V., Hudgins, A. D., Rajesh, A., Pappalardo, A., Karpova, A., Dey, A. K., et al.
(2024). SenNet recommendations for detecting senescent cells in different tissues. Nat.
Rev. Mol. Cell Biol. 25, 1001-1023. doi: 10.1038/s41580-024-00738-8

Tarantini, S., Balasubramanian, P,, Delfavero, J., Csipo, T., Yabluchanskiy, A., Kiss, T., et al.
(2021). Treatment with the BCL-2/BCL-xL inhibitor senolytic drug ABT263/Navitoclax
improves functional hyperemia in aged mice. Geroscience 43, 2427-2440. doi: 10.1007/
511357-021-00440-z

Valieva, Y., Ivanova, E., Fayzullin, A., Kurkov, A., and Igrunkova, A. (2022). Senescence-
associated f-galactosidase detection in pathology. Diagnostics (Basel) 12:2309. doi:
10.3390/diagnostics12102309

Frontiers in Cellular Neuroscience

10

10.3389/fncel.2026.1805691

Veeraiah, P, and Jansen, J. E A. (2023). Multinuclear magnetic resonance spectroscopy at
ultra-high-field: assessing human cerebral metabolism in healthy and diseased states.
Meta 13:577. doi: 10.3390/metabo13040577

Wang, E., Yu, K., Cao, J., Wang, M., Katsel, P, Song, W. M., et al. (2025). Multiscale pro-
teomic modeling reveals protein networks driving Alzheimer's disease pathogenesis. Cell
188, 6186-6204.e13. doi: 10.1016/j.cell.2025.08.038

Werry, E. L., Bright, E M., Piguet, O,, Ittner, L. M., Halliday, G. M., Hodges, J. R, et al. (2019).
Recent developments in TSPO PET imaging as a biomarker of neuroinflammation in neuro-
degenerative disorders. Int. J. Mol. Sci. 20:3161. doi: 10.3390/ijms20133161

Wharton, S. B., Simpson, J. E., Brayne, C., and Ince, P. G. (2015). Age-associated white
matter lesions: the MRC cognitive function and ageing study. Brain Pathol. 25, 35-43. doi:
10.1111/bpa.12219

Xu, M., Tchkonia, T,, Ding, H., Ogrodnik, M., Lubbers, E. R,, Pirtskhalava, T., et al. (2015).
JAK inhibition alleviates the cellular senescence-associated secretory phenotype and frailty in
old age. Proc. Natl. Acad. Sci. USA 112, E6301-E6310. doi: 10.1073/pnas.1515386112

Yue, Z., Nie, L., Zhao, P, Ji, N,, Liao, G., and Wang, Q. (2022). Senescence-associated
secretory phenotype and its impact on oral immune homeostasis. Front. Immunol.
13:1019313. doi: 10.3389/fimmu.2022.1019313

Zhang, W., Qu, J., Liu, G. H., and Belmonte, J. C. I. (2020). The ageing epigenome
and its rejuvenation. Nat. Rev. Mol. Cell Biol. 21, 137-150. doi: 10.1038/
s41580-019-0204-5

Zhu, Y., Tchkonia, T., Fuhrmann-Stroissnigg, H., Dai, H. M., Ling, Y. Y,, Stout, M. B,, et al.
(2016). Identification of a novel senolytic agent, navitoclax, targeting the Bcl-2 family of
anti-apoptotic factors. Aging Cell 15, 428-435. doi: 10.1111/acel.12445

Zhu, Y., Tchkonia, T., Pirtskhalava, T., Gower, A. C., Ding, H., Giorgadze, N, et al. (2015).
The Achilles' heel of senescent cells: from transcriptome to senolytic drugs. Aging Cell 14,
644-658. doi: 10.1111/acel. 12344

Zhu, ], Wu, C,, and Yang, L. (2024). Cellular senescence in Alzheimer's disease: from physiol-
ogy to pathology. Transl. Neurodegener. 13:55. doi: 10.1186/s40035-024-00447-4

Zou, P, Wu, C,, Liu, T. C,, Duan, R., and Yang, L. (2023). Oligodendrocyte progenitor cells
in Alzheimer's disease: from physiology to pathology. Transl. Neurodegener. 12:52. doi:
10.1186/s40035-023-00385-7

frontiersin.org


https://doi.org/10.3389/fncel.2026.1805691
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1146/annurev-clinpsy-050212-185535
https://doi.org/10.1186/s41232-024-00342-5
https://doi.org/10.3390/biom15060860
https://doi.org/10.1042/NS20210008
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1007/s11357-020-00274-1
https://doi.org/10.1007/s11357-020-00274-1
https://doi.org/10.3389/fnagi.2023.1281581
https://doi.org/10.1016/j.intimp.2023.109694
https://doi.org/10.1038/s41580-024-00738-8
https://doi.org/10.1007/s11357-021-00440-z
https://doi.org/10.1007/s11357-021-00440-z
https://doi.org/10.3390/diagnostics12102309
https://doi.org/10.3390/metabo13040577
https://doi.org/10.1016/j.cell.2025.08.038
https://doi.org/10.3390/ijms20133161
https://doi.org/10.1111/bpa.12219
https://doi.org/10.1073/pnas.1515386112
https://doi.org/10.3389/fimmu.2022.1019313
https://doi.org/10.1038/s41580-019-0204-5
https://doi.org/10.1038/s41580-019-0204-5
https://doi.org/10.1111/acel.12445
https://doi.org/10.1111/acel.12344
https://doi.org/10.1186/s40035-024-00447-4
https://doi.org/10.1186/s40035-023-00385-7

	Cellular senescence in brain aging and neurodegeneration: from molecular mechanisms to translational opportunities
	Introduction
	Definition and identification of cellular senescence
	Neuronal senescence and the emergence of “neurescence”
	Glial senescence
	Molecular features and functional consequences of senescent glial cells in the aging brain
	Neurescence: a distinct and emerging phenotype
	Targeting the SASP: pathways, senomorphic strategies, and therapeutic implications
	Senolytic strategies in neurodegeneration: mechanisms, evidence, and translational challenges
	Biomarkers and monitoring strategies for cellular senescence in the human brain
	Integrating biomarkers with interventions: clinical translation and actionable stratification
	Integrating senescence-targeting therapies in neurodegeneration
	Biomarkers of cellular senescence in brain aging and neurodegeneration
	Fluid biomarkers
	Imaging biomarkers
	Omics approaches

	Conclusions and future directions

	Acknowledgments
	References

