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Abstract

Cellular senescence increases with aging. While senescence is associated with an exit of the cell 

cycle, there is ample evidence that post-mitotic cells including neurons can undergo senescence 

as the brain ages, and that senescence likely contributes significantly to the progression of 

neurodegenerative diseases (ND) such as Alzheimer’s Disease (AD) and Amyotrophic Lateral 

Sclerosis (ALS). Stress granules (SGs) are stress-induced cytoplasmic biomolecular condensates 

of RNA and proteins, which have been linked to the development of AD and ALS. The SG 

seeding hypothesis of NDs proposes that chronic stress in aging neurons results in static SGs 

that progress into pathological aggregates Alterations in SG dynamics have also been linked to 

senescence, though studies that link SGs and senescence in the context of NDs and the aging 

brain have not yet been performed. In this Review, we summarize the literature on senescence, 

and explore the contribution of senescence to the aging brain. We describe senescence phenotypes 

in aging neurons and glia, and their links to neuroinflammation and the development of AD and 

ALS. We further examine the relationships of SGs to senescence and to ND. We propose a new 

hypothesis that neuronal senescence may contribute to the mechanism of SG seeding in ND by 

altering SG dynamics in aged cells, thereby providing additional aggregation opportunities within 

aged neurons.
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1. Introduction

Cellular senescence is an irreversible state characterized most obviously by cell cycle 

suppression (Collado et al., 2007). Cellular senescence increases with aging cells, and can 

be triggered by multiple factors associated with aging including shortened telomeres, DNA 

damage, oncogenic stress, chromatin perturbation, oxidative stress, reactive oxygen species 

(ROS), and other stress conditions (Collado et al., 2007; Serrano et al., 2001; Sikora et al., 

2021). While senescence is most often associated with an exit of the cell cycle, there is now 

ample evidence that post-mitotic cells – including neurons – can express other hallmarks 

of senescence as the brain ages (Sah et al., 2021), and that these senescence phenotypes 

contribute to age-related disease (Martínez-Cué et al., 2020).

Stress granules (SGs) are stress-induced cytoplasmic biomolecular condensates of RNA 

and proteins (Hofmann et al., 2021). SGs are generally thought to be a cytoprotective 

response for surviving brief acute stresses (Arimoto et al., 2008), though chronic and 

pathogenic SGs have been linked to the development of a variety of disease states. Notably, 

SGs are hypothesized to seed or exacerbate pathogenic protein aggregation in an array of 

neurodegenerative diseases (Advani et al., 2020). Alteration in SG dynamics has also been 

linked to the onset of cellular senescence (Al-Rushadi, 2022; Chatterjee et al., 2022), though 

studies that link SGs and senescence in neurons have not yet been performed.

In this review, we explore the current state of understanding of the contribution 

of senescence to the aging brain (Figure 1). We describe senescence phenotypes in 

aging neurons and glia, and their links to neuroinflammation and the development 

of neurodegenerative disease (ND), with a focus on Alzheimer’s Disease (AD) and 

Amyotrophic Lateral Sclerosis (ALS). We further examine the known relationships of SGs 

to senescence and ND, and propose a hypothesis that integrates both SG formation and 

senescence in the pathogenesis of ND.

2. Senescence

Senescence in mitotic somatic cells is characterized by several key hallmarks, the details 

of which are described in Table 1: (1) enhanced senescence - associated β-galactosidase 

(SA-β-gal) activity (Al-Rushadi, 2022), (2) flat and enlarged cell phenotype, (3) blebbing 

and dysmorphic nuclei (Campisi et al., 2007), (4) cell cycle arrest, (5) DNA damage, (6) 

increased nuclear lamin A abundance (Moujaber et al., 2017) (7) elevated expression of 

p16INK4A and hypophosphorylated RB (Sharpless et al., 2015), (8) senescence-associated 

secretory phenotype (SASP), and (9) senescence-associated heterochromatic foci (SAHFs). 

Senescence is proposed to be an anti-cancer or tumor suppressive mechanism since it 

restricts cells from indefinite proliferation, which is a hallmark of cancer cells (Campisi 
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et al., 2007). Senescence also limits tissue regenerative capacity and is increased in aging 

tissues (Campisi, 2001). Because it can be beneficial to young organisms as a cancer 

suppressor, but harmful to old organisms as a contributor to aging, senescence is said to 

be a mechanism of antagonistic pleiotropy (Kirkwood et al., 2000). Thus, senescence is 

a complicated and context-dependent process that can impact organisms throughout their 

lifecycles.

2.1 Mechanisms of Senescence in Mitotic Cells

Much is known about the mechanism of senescence induction in mitotic cells, which 

is closely related to the mechanism of cell cycle progression (Figure 2). The cell cycle 

consists of several phases: the G0 phase where quiescent cells reside, the G1 phase which 

prepares the cell for DNA replication in S phase, and then the G2 phase which primes 

cells for mitosis (M phase) (Fielder et al., 2017). Entry from G0 to G1 is promoted by 

the expression of cyclin D. Cyclin D and CDK4/6 form a complex that results in pRb-E2F 

phosphorylation (Fielder et al., 2017). In actively cycling mammalian cells, CDK4, CDK6, 

and CDK2 phosphorylate proteins from the retinoblastoma family including RB1, p107 

(RBL1), and p130 (RBL2) inG1 phase (Rizzolio et al., 2012; Vassilis Gorgoulis et al., 2019). 

Phosphorylation restricts the capability of RB family members to repress E2F transcription 

factor activity, which is crucial in cell-cycle progression (Sharpless et al., 2015). During 

senescence, this molecular mechanism is interrupted by various molecular triggers including 

genome instability, telomere dysfunction, epigenetic alterations, proteostatic stress, and 

compromised mitochondrial function (Schumacher et al., 2021).

While senescence can be induced by a variety of stresses, a common trigger for senescence 

is the activation of the DNA damage response (DDR) (Di Micco et al., 2006; Schumacher et 

al., 2021). In senescent cells, the DDR consists of DNA damage detection and amplification 

of activities of upstream sensor kinases Ataxia Telangiectasia Mutated (ATM) and Rad3-

related (ATR), the signal cascade via downstream kinases CHK2 and CHK1, and effector 

proteins such as p53 and CDC25 (d’Adda di Fagagna, 2008). DDR-positive telomeres 

sequester TRF2, a telomeric protein that prevents chromosome end fusion as well as 

suppresses DNA repair, and further results in persistent DDR (Salama et al., 2014). Once 

the telomere reaches the uncapped state, TRF2 will be lost, which causes interchromosomal 

or intrachromosomal fusion as well as an increase in genomic instability and cell death 

(Salama et al., 2014). DDR activates ATM and ATR to recognize and phosphorylate H2AX 

histone at DNA breaks (Firsanov et al., 2011). ATM is the major response mechanism 

for double-strand breaks (DSBs) (Herbig et al., 2004). ATR plays a secondary role but 

is the major modulator of responses to ultraviolet (UV) radiation damage and replication 

fork stalling (Herbig et al., 2004). ATM/ATR further phosphorylates p53 which stimulates 

the transcription of p21 and leads to reduced activities of CDK2 and CDK4 (Herbig et 

al., 2004), activation of RB family proteins (Vassilis Gorgoulis, 2019), inhibition of E2F 

transactivation, and consequent cell-cycle arrest. The high level of p21 protein arrests cells 

inG1 phase (Al-Rushadi, 2022; Fielder et al., 2017). Once the p21 protein level declines, 

p16 protein levels become upregulated, and cell proliferation is halted (Al-Rushadi, 2022). 

p16 prevents p16-retinoblastoma protein (pRB) phosphorylation and inactivation (Campisi 

et al., 2007) which slows the G1 phase to the S phase transition (Al-Rushadi, 2022; Rayess 
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et al., 2012). pRB blocks proliferation by inhibiting the activity of E2F. The persistence 

of RB protein activation is enhanced by E2F target gene heterochromatinization, cytokine 

secretion, and ROS production (Salama et al., 2014). Senescence is induced by the activation 

of the p53-p21 pathway and maintained by elevated expression of p16 which functions as an 

additional barrier to cell proliferation (Herbig et al., 2004; Rayess et al., 2012).

2.1.1 Classification of Senescence Mechanisms—Since senescence can be 

induced by multiple reagents and can activate different pathways, the classification of 

senescence mechanisms has remained a challenge. Currently, there are two major ways to 

classify senescence: first, by the nature of the damage that induces the senescence, and 

second, by the kinetics (chronic or acute) of the senescence inducer. Under the first method 

of classification, there are 3 major categories of senescence: telomere-initiated cellular 

senescence (also known as replicative senescence), stress-induced premature senescence 

(SIPS), and oncogene-induced senescence (Plygawko, 2016).

Telomere-initiated cellular senescence: Telomere-initiated cellular senescence, also known 

as replicative senescence, is a progressive process caused by gradual base pair loss during 

the S phase, and consequent exposure and destabilization of telomeric DNA ends (Beck 

et al., 2020; Harley et al., 1990). The DNA damage associated with telomeric shortening 

foci activates the DDR, which in turn activates p53 and induces cell cycle inhibitor p21, 

which triggers telomere-initiated cellular senescence (Beck et al., 2020; Campisi et al., 

2007; Collado et al., 2007; Salama et al., 2014).

Stress-induced premature senescence (SIPS): Stress-induced premature senescence 

(SIPS) requires a shorter timescale for cell cycle arrest and can be induced by a telomere-

independent pathway (Al-Rushadi, 2022; Campisi et al., 2007; von Kobbe, 2018). Instead 

of being driven by the progressive shortening of the telomere, SIPS is a rapid senescence 

phenotype also induced by DDR. SIPS can be accelerated by various physiological and 

pathological acute stresses including exposure to ionizing radiation (Bakkenist et al., 2015; 

Munro et al., 2004; Wiley et al., 2016), mitochondrial dysfunction (Al-Rushadi, 2022; Saez-

Atienzar et al., 2020; Wiley et al., 2016), genotoxic drugs, oncogenes, and age-associated 

oxidative stress (Beck et al., 2020).

Oncogene-mediated senescence: Oncogene-mediated senescence is a telomere-

independent tumor suppressor mechanism in the RAS-activated pathway, Myc pathway, and 

PI3K pathway (Rayess et al., 2012; Salama et al., 2014; Wu et al., 2007). Oncogene-induced 

replication stress is an early promotor of genomic instability and is ascribed to multiple 

factors including reactive oxygen species (ROS), replication-transcription collision, and 

defective nucleotide metabolism (Kotsantis et al., 2018). Activated oncogenes contribute to 

genomic instability and promote tumorigenesis (Kotsantis et al., 2018). Since oncogenes that 

induce senescence boost cell proliferation, senescence may be a way to offset the excessive 

mitogenic stimulation that places cells at risk of potential oncogenic transformation 

(Campisi et al., 2007).

Senescent cells can alternatively be classified into acute senescence, chronic senescence, 

or a combination based on the kinetics of senescence induction (Mas-Bargues et al., 2021; 
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van Deursen, 2014). Acute senescence is induced by acute extrinsic stimuli that target 

specific cells and produce cell-specific SASP factors with concrete functions (Mas-Bargues 

et al., 2021; van Deursen, 2014). Acutely senescent cells generate persistent DDR as 

a rapid response to excessive genomic damage (Roninson, 2003). In this case, SASP 

activation triggers an innate immune response to eliminate senescent cells (Saez-Atienzar 

et al., 2020). Chronic senescence is induced by non-cell-type-specific, gradually increasing 

stress or macromolecular damage, which causes stable cell cycle arrest and contributes to 

aging-related compromises in cellular function (Martínez-Cué et al., 2020; Mas-Bargues 

et al., 2021; van Deursen, 2014). Due to age-related immunodeficiency and/or decreased 

SASP production, immune cells may inefficiently eliminate chronically senescent cells, 

which allows senescent cell accumulation (van Deursen, 2014). Chronic senescence includes 

telomere-initiated senescence (also named replicative senescence), stress-induced premature 

senescence (SIPS), and mitochondrial dysfunction-associated senescence (Kuilman et al., 

2010). Chemotherapy or radiation-induced senescence during cancer therapy is thought to be 

a combination of acute and chronic senescence (Allan et al., 2005).

2.2 Senescence in the Brain

Cellular senescence is not confined to mitotic cells only. Under stress conditions, non-

dividing cells can also display many of the hallmarks of senescence (Table 1) (Jacome 

Burbano et al., 2020). Both senescent cells and post-mitotic cells are permanently blocked 

from re-entering the cell cycle (Campisi et al., 2007). The mechanisms of post-mitotic 

cells re-entering the cell cycle under rare circumstances are poorly understood; however, 

they may share a few common mechanisms with senescence. The majority of current 

knowledge on senescence comes from mitotic cells (Jacome Burbano et al., 2020), and 

the relationship between senescence in mitotic cells and post-mitotic cells is only just 

beginning to be elucidated. Whether neurons and other post-mitotic cells should even be 

called “senescent” is controversial; some articles refer to “senescent neurons”, and others 

refer to “senescent-like neurons” to differentiate post-mitotic neurons from mitotic cells. 

While we acknowledge the ongoing debate, we will refer to neurons as senescent for 

simplicity throughout this review. Regardless of whether or not neurons can be properly 

considered as senescent, clear connections have been made between hallmark phenotypes 

of senescence and ND. Therefore, understanding cellular senescence could provide new 

avenues for slowing brain aging and ND disease progression.

2.2.1 Senescence in Post-Mitotic Neurons—Neurons are classified as long-lived 

post-mitotic cells (LLPMCs) which depend on intracellular repair and renewal capacities, 

such as autophagy and mitophagy (Jacome Burbano et al., 2020; Rao, 2009). The 

hallmarks of aging in neurons include compromised DNA repair (van Deursen, 2014), 

intracellular accumulation of oxidatively damaged proteins (López-Otín et al., 2013), nucleic 

acids, and lipids, dysregulated energy metabolism, impaired cellular “waste disposal” 

mechanisms (autophagy, lysosomal degradation, and proteasome function), impaired 

adaptive stress response signaling, dysregulated neuronal Ca2+ homeostasis, stem cell 

exhaustion, inflammation, a decline in axonal transport (Jacome Burbano et al., 2020), 

focal accumulation of cytoplasmic and membrane proteins, mitochondrial dysfunction, and 

synaptic transmission alteration. The persistence of senescent neurons is believed to also 
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alter tissue organization (Moreno-Blas et al., 2019). As indicated by proliferation markers, 

post-mitotic cells’ re-entry from G0 into G1 is directly related to neuronal dysfunction and 

disease, and such re-entry makes post-mitotic cells susceptible to apoptosis or senescence 

(Sah et al., 2021). In AD, about 20% of post-mitotic neurons re-enter the cell cycle via 

DNA content variation and cyclin B expression (Fischer et al., 2012). However, whether 

proliferation markers could be applied to a pre-senescence phase in post-mitotic neurons is 

poorly understood due to the difficulty of distinguishing quiescent cells from senescent cells 

(Sah et al., 2021).

While cell cycle arrest cannot be used to identify senescence in post-mitotic cells, several 

other common senescence hallmarks have been identified in neurons (Table 1). One 

difficulty in studying the role of senescent cells in brain aging and neurodegenerative 

disorders (NDs) is the absence of tools for identifying, isolating, and specifically targeting 

or eliminating senescent cells (Baker et al., 2018). Currently, senescent neurons are detected 

based on a mix of markers including activation of p16INK4A, p21, SA β-gal, ROS, and 

senescence-associated heterochromatin foci (SAHF) (Baker et al., 2018; Herdy et al., 2022). 

However, other processes, such as inflammation and DNA damage unrelated to senescence, 

can induce phenotypes similar to senescence. Thus, the absence of unique markers makes it 

an ongoing challenge to investigate the contribution of senescence in aging and NDs.

Senescence is implicated to contribute to brain aging in three specific ways (LeBrasseur 

et al., 2015). First, senescent cell accumulation alters tissue function (Mas-Bargues et 

al., 2021). Senescence-induced chromatin reorganization causes heterochromatin formation, 

cell enlargement, and changes in organelle and cell morphologies (Rodier et al., 2011). 

The brain is highly vulnerable to oxidative stress due to the large production of reactive 

oxygen species (ROS) during cellular metabolism, and the presence of a large quantity of 

polyunsaturated fatty acids as well as a small amount of antioxidants results in increased 

ROS (Chinta et al., 2013; Vicencio et al., 2008). Accumulation of stress, such as ROS, 

protein aggregates, and DNA damage, boosts senescence and apoptosis in post-mitotic 

cells, thereby decreasing the functional capacity of the tissue (Sah et al., 2021). Second, 

senescence limits tissue regeneration capacity (Guerrero et al., 2021; LeBrasseur et al., 

2015; Mas-Bargues et al., 2021). This limited regenerative capacity includes limited 

replacement of mitotic glia, as well as limited internal regenerative capacity (i.e. autophagy, 

mitophagy) of LLPMCs. Third, excess activation of the senescence-associated secretory 

phenotype (SASP), which triggers secretion of cytokines, chemokines, growth factors, 

and matrix remodeling proteases, causes chronic inflammation and tissue dysfunction by 

spreading senescence from adjacent mitotic cells to neighboring neurons (Kang, 2019; 

LeBrasseur et al., 2015; Mas-Bargues et al., 2021). Thus, the matrix of contributions of 

senescence to impaired brain function is highly complex. However, the exact relationship 

between neuron functional decline and senescence is poorly understood (Jacome Burbano et 

al., 2020).

2.2.2 Senescence in Glia—Proliferating glial cells, such as astrocytes, 

oligodendrocytes, and microglia, are an important source of inflammation in the aging 

brain and provide structural and metabolic support to neurons (Allen et al., 2009; Chinta 

et al., 2013). The brain endures modest chronic inflammation during aging due to the 
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dysregulation of glial cell activation, which causes the release of proinflammatory cytokines 

(Martínez-Cué et al., 2020). Although the mechanisms of senescence in the brain and how 

non-neuronal cells potentially affect brain functions remain unclear, evidence of cellular 

senescence has been detected in some glial cell types (Chinta et al., 2013). Senescence 

causes aging-related inflammation in glial cells in the brain which affects adjacent neurons 

by chronic production of pro-inflammatory agents, such as ROS and SASP (Chinta et al., 

2013).

Astrocytes are the most predominant and proliferative glial cells. Senescent astrocytes are 

defined by increased SA-β-gal expression, flat cell morphology, increased p21 and p16INK4a 

production, senescence-associated heterochromatin foci (SAHF) development, and increased 

cytokine expression (Chinta et al., 2013; Ungerleider et al., 2021). Senescent astrocytes 

build up non-cell-autonomous neurotoxicity through SASPs when co-cultured with mature 

neurons, motor neurons, neural progenitor cells (NPCs), or neural stem cells (NSCs) 

(Ungerleider et al., 2021). Inhibiting senescence in astrocytes reduces SASPs and prevents 

astrocyte-mediated neurotoxicity in vitro (Ungerleider et al., 2021). SIPS in irradiated 

astrocytes showed an increase in DNA damage and SASPs production (Ungerleider et 

al., 2021). Tau induces senescence in human astrocytes, and astrocytes acquire SASPs in 

response to extracellular tau (Ungerleider et al., 2021). Thus, there is significant evidence 

from in vitro experiments of a relationship between glial senescence and neurotoxicity, 

though the relationship in the brain in situ is less clear.

Other glial cells have also been documented to show senescence phenotypes (Baker et al., 

2018; Martínez-Cué et al., 2020). Microglia are resident macrophages in the central nervous 

system (CNS), and senescent microglia showed increased SA-β-gal expression (Yu et al., 

2012), growth arrest, SAHF development, shortened telomeres (Flanary et al., 2007), and 

increased inflammatory factors (Sierra et al., 2007). Oligodendrocytes have also been shown 

to display increased SA-β-gal expression upon aging (Al-Mashhadi et al., 2015). Thus, the 

contribution of glial cells to neurotoxic phenotypes in the aging brain may arise from a 

variety of cellular sources.

3. Neuronal Senescence and Neurodegeneration

Aging is the single greatest risk factor for the most frequent neurodegenerative diseases 

(NDs) including Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic 

lateral sclerosis (ALS) (Sah et al., 2021). NDs are particularly devastating – and their 

therapies severely limited – due to the restricted regenerative capacity of the aging brain 

(Sah et al., 2021). Senescent cells are considered to be an ND contributor by favoring or 

exacerbating protein aggregation (Walker et al., 2015), oxidative stress (Jurk et al., 2012), 

and inflammatory phenotypes associated with various NDs (Lye et al., 2019). For example, 

SASP is suspected to promote neurodegeneration progression through a paracrine effect, 

activating further senescence in adjacent glia – and vice versa – and inducing apoptosis 

or senescence in neuronal cells (Ungerleider et al., 2021). In response to DNA damage, 

neurons can re-enter the cell cycle and undergo apoptosis, which contributes to neuronal 

loss in neurodegenerative disease (Guerrero et al., 2021). However, some neurons develop 

a senescence-like phenotype rather than activating apoptosis (Jurk et al., 2012), thereby 
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increasing the number of senescence-like neurons as aging progresses (Herdy et al., 2022). 

Undergoing senescence instead of apoptosis promotes inflammation but preserves cell 

numbers with limited functionality and regenerative capacity (Sapieha et al., 2018). Thus, 

senescence may also play a role in prolonging brain function at a limited capacity. While 

many observations have linked NDs with senescent phenotypes, it remains unclear whether 

senescence is a cause or a consequence of aging and neurodegeneration (Saez-Atienzar et 

al., 2020). We will focus here on the strongest links between ND and neuronal senescence, 

which have been studied in the contexts of AD and ALS.

3.1 Senescence and Alzheimer’s Disease

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder, which is 

accompanied by the death of neurons and loss of synapses (Asadi et al., 2021). Cellular 

and molecular hallmarks of AD include intracellular microtubule tau protein aggregation 

in neurofibrillary tangles (NFT), extracellular plaques of abnormally folded amyloid-β 
(Aβ), local inflammation, activation of microglia and astrocytes, and lysosome dysfunction 

(Guerrero et al., 2021; Martínez-Cué et al., 2020; Saez-Atienzar et al., 2020; Zhang et al., 

2019). The relationship between neuronal senescence and AD phenotypes has been known 

for several years, and many thorough reviews have been written specifically on this topic 

(Flanary et al., 2007; Han et al., 2020; Liu, 2022; Saez-Atienzar et al., 2020). Herein we will 

briefly discuss the potential role of senescence in neurons and glia in the development of AD 

pathology.

Early Aβ pathology triggers senescence in neurons and/or astrocytes secreting SASP 

which induces SIPS in adjacent cells, and senescence releases more SASP to induce 

neuroinflammation to further aggravate AD (DiBattista et al., 2020; Martínez-Cué et al., 

2020). High levels of expression of hyperphosphorylated tau and elevated stress levels 

lead to senescent glial cell accumulation and subsequent neurodegeneration (DiBattista et 

al., 2020). A direct relationship between oxidative stress and cellular senescence has been 

hypothesized in AD. Oxidative stress (Ott et al., 2018), neuroinflammation (Wilcock et 

al., 2013), and cellular senescence (Wei et al., 2016) are critical in the development of 

amyloid plaques and neurofibrillary tangles (NFTs) which expedite aging and cognitive 

impairment in AD. Increased senescence has been detected in several cell types in the 

AD brain including astrocytes, microglia, and neurons, characterized by increased SA-β-gal 

activity (He et al., 2013), p53 expression (Yates et al., 2015), an increase in the release of 

SASP (Erusalimsky, 2009), DNA damage (Myung et al., 2008), telomere attrition or damage 

(Flanary et al., 2004), and senescence-like morphological changes (Streit et al., 2004). Also, 

in AD, mitochondrial function and structure are impaired, which in turn are important in the 

development of SIPS (Cadonic et al., 2016). The increased ROS production in AD results in 

reduced ATP synthesis and leaves DNA damage caused by oxidative stress, with insufficient 

energy for repair (Monti et al., 1992).

Contributing to the complex neurotoxic landscape, protein aggregation such as tau NFTs 

and amyloid plaque deposition may themselves act as pro-senescence stimuli (McHugh et 

al., 2017; Saez-Atienzar et al., 2020). Senescent cell accumulation during aging has been 

proposed to promote or aggravate the early events of neuroinflammation (Heneka et al., 
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2015). Local inflammation and toxic protein aggregation result in a greater accumulation of 

stressors (Zhang et al., 2019). The consequent cellular damage and the initiation of local 

senescence may exacerbate the aging phenotype and further contribute to chronic senescence 

(Saez-Atienzar et al., 2020). Accumulation of tau in neurons has been shown to induce 

senescence in astrocytes as well as microglia, and elimination of senescent glia ameliorates 

neurodegeneration (Bussian et al., 2018; Musi et al., 2018). Long-term exposure to SASPs 

causes tissue and organ declines that are associated with aging and neurodegeneration 

(Baker et al., 2013). SASP in neurons as well as mitotic cells are regulated transcriptionally 

by nuclear factor κB (NFκB) and CCAAT/enhancer-binding protein β (CEBPβ) (Acosta 

et al., 2008). The SASPs activate innate immune responses, which in turn target and 

eliminate senescent cells (Xue et al., 2007), at least in mitotic cell senescence (Acosta et 

al., 2008; Wajapeyee et al., 2008). In this way, protein aggregates like tau might exacerbate 

senescence by triggering SASP and inflammation during aging, resulting in clearance of 

senescent neurons and neuronal loss, though those connections are difficult to disentangle 

experimentally and remain to be proven.

The toxicity caused by tau aggregation might contribute to cellular senescence and 

inflammation as well (Saez-Atienzar et al., 2020). In a mouse model, senescent astrocytes 

and microglia stimulate the hyperphosphorylation of tau, which is a hallmark of AD that is 

critical for tau aggregation and NFT formation (Alonso et al., 1997). Tau aggregation and 

subsequent NFT production activate a cellular homeostatic mechanism to relieve the stress 

induced by the proteinopathy itself (Ramsden et al., 2005). The acute stress-induced NFTs 

protect neurons from apoptosis in the early pathogenic phases, but later in life promote 

neurodegeneration via senescence-like mechanisms by modifying brain bioenergetic state 

and SASP upregulation (Musi et al., 2018). NFT-containing neurons may upregulate Cdkn1a 

and Cdkn2a expression to enter senescence and prevent apoptosis, and the Cdkn1a and 

Cdkn2a expression activates the SASP (Saez-Atienzar et al., 2020). So, as NFTs increase, so 

too do stimuli that push neurons further toward senescence.

Glial cells also play a role in senescence and neurodegenerative phenotypes in AD. 

Astrocytes produce Aβ and release cytokines that enable bidirectional communication 

with glial cells, neurons, and the blood-brain barrier (BBB) (Linnerbauer et al., 2020). 

Senescent glial cells have been observed in association with AD pathologies. For example, 

a subset of reactive and disease-associate astrocytes have been shown to display senescence 

phenotypes, including increased expression of MMP-1, p16, p21, and SA-β-gal (Bhat et 

al., 2012; Ogrodnik et al., 2021), and production of SASP including IL-6 (Turnquist 

et al., 2016). Aging microglia that are dystrophic and lipofuscin-positive – indicative 

of aged cells with lysosomal turnover defects (Safaiyan et al., 2016) – also have been 

observed to have senescent features including elevated expression of p16, p21, SASP, 

and lipofuscin (Ogrodnik et al., 2021). A possible explanation is that microglial cells 

become senescent first and then transmit senescence to astrocytes (Guerrero et al., 2021). 

Microglia are activated by Aβ or SASPs and contribute to the clearance of both soluble 

and fibrillar Aβ forms (Hunter et al., 2013; Lee et al., 2010). Activation of microglia may 

increase the rate of Aβ phagocytosis (Kakimura et al., 2002); however, microglia can also 

contribute to Aβ deposition in transgenic mice (Wegiel et al., 2004). Inflammation can 

also accelerate microglial activation and alter microglial responses to Aβ (Von Bernhardi, 
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2007). Oligodendrocyte progenitor cells (OPCs) are the major proliferating cells in the brain 

mobilized in response to neuronal injury and demyelination (Zhang et al., 2019). OPCs have 

been observed to accumulate near amyloid plaques in the inferior parietal cortex of AD 

patients, and OPC accumulation triggers OPC senescence with features of CDKN1A and 

CDKN2A proteins expression and SA-β-gal activities and contributes to local inflammation 

and associated damage to a neuron which exacerbates Aβ pathology (Zhang et al., 2019). 

These various connections between senescent glia and AD phenotypes support the idea that 

glia may propagate senescence among themselves and to neurons in the AD brain, though 

further research is needed to clarify these cause-and-effect relationships.

3.2 Senescence and ALS

Amyotrophic lateral sclerosis (ALS) is a progressive motor neurodegenerative disease with 

no existing cure (Maximova et al., 2021). ALS-induced degeneration in upper and lower 

motor neurons causes muscular atrophy and gradual paralysis (Dudman et al., 2020). ALS 

results in severe abnormalities in the function of astrocytes, microglia, motor neurons, and 

other central nervous system (CNS) cells, resulting in excessive neuroinflammation and 

neurodegeneration (Maximova et al., 2021). Less is known about the role of senescence in 

ALS than in AD, however, some reviews have previously covered this topic (Maximova et 

al., 2021; Sah et al., 2021; Si et al., 2021).

The two most prevalent ALS-related mutations are in chromosome 9 open reading frame 72 

(C9orf72) and superoxide dismutase (SOD1) (Maximova et al., 2021), and both have been 

associated with senescence. The C9orf72 gene accounts for half of the familial inheritance 

(fALS) and 7% of sporadic ALS (sALS) (Masrori et al., 2020). Spinal cord astrocytes 

generated from induced pluripotent stem cells (iPSCs) of ALS patients with a C9orf72 

mutation showed an elevated SA-β-gal expression and restricted cell proliferation, implying 

a role for senescence in ALS (Birger et al., 2019). In the human spinal cord and motor 

cortex, the production of toxic soluble molecules and astrocytic proinflammatory marker 

C3 overexpression by ALS patient astrocytes have been linked to the development of 

ALS-related symptoms in the SOD1G93A mouse model of ALS, and further increases ROS 

load (Guttenplan et al., 2020). ALS also increases proinflammatory cytokine production, 

which contributes to SASP and thereby to senescence. Thus, an intricate relationship exists 

between prevalent ALS mutations and senescence phenotypes in the disease state, though 

the details of the mechanism(s) of pathogenesis remain to be elucidated.

Glial cell senescence has also been linked to the development of ALS. In a rat model, the 

paralysis progression of ALS is defined by the emergence of abundant microglia, astrocytes, 

and motor neurons exhibiting phenotypic characteristics of senescence (Trias et al., 2019). 

The tumor suppressor p53 also plays a role in the onset of cellular senescence in glial cells 

in ALS (Turnquist et al., 2016). Senescent microglia with possible genotoxicity may emerge 

as a consequence of microglial activation (Spittau, 2017). Senescent microglia display an 

increase in size and arrested cell cycle (Trias et al., 2019). ALS-affected glial cells share 

similar phenotypes with senescent glial cells, and senescent glial cells are a consequence 

of exacerbated cell damage or genotoxic stress, rather than aging (Thonhoff et al., 2012). 
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Here again, while circumstantial evidence abounds to implicate glial cell activation and 

senescence in the development of ALS, mechanistic insights remain to be elucidated.

4. Stress Granules: Links to Senescence and Neurodegeneration

4.1 Stress Granule Phenotypes in Senescent Cells

Stress granules (SGs) are cytoplasmic aggregates made up of RNAs, RNA binding proteins 

(RPBs), translation factors, signaling components, and proteins of the small ribosomal 

subunit (Kedersha et al., 1999, 2000, 2002, 2103; Anderson and Kedersha, 2009; Riggs et 

al., 2020). SGs are formed by RNA-mediated condensation of the RBPs G3BP1 and G3BP2 

through liquid-liquid phase separation under external stress including heat shock, oxidative 

stress, hyperosmolarity, viral infection, and UV irradiation (Riggs et al., 2020; Anderson 

et al., 2009; Cabral et al., 2022; Dudman et al., 2020; Farny et al., 2009; Guillén-Boixet 

et al., 2020). Polysome disassembly triggers the formation of SGs through protein-protein 

and protein-RNA interactions, and the granules grow in size throughout the stress event 

through additional interactions that promote the fusion of these granules (Cao et al., 2020). 

Recently, several researchers have discovered specific connections between senescence and 

the formation of SGs (Table 2).

Sodium arsenite (SA) is a well-studied oxidative stress-inducing agent that promotes 

canonical SG assembly (Kedersha et al., 1999, 2000, 2002; McEwen et al., 2004; Aulas 

and Vande Velde 2015). SGs induced acutely by SA are typically treated with a range of SA 

from 100 – 500 μM for 30 – 60 minutes (Riggs et al., 2020). However, longer treatments 

at lower doses have been associated with the formation of chronic SGs (Reineke et al., 

2019). To understand the relationship between senescence and SGs triggered by oxidative 

stress such as SA, several groups measured SG formation in senescent cells. Replicative 

senescence can be induced in IDH4 cells by growing cells in dexamethasone-free (dex) 

media, which inhibits SV40 T-antigen expression (Lian et al., 2009; Omer et al., 2018; Wang 

et al., 2001). After dex withdrawal, senescence cells can be fixed into 3 stages: proliferating 

stage (PRO), presenescent stage (PRE), and senescent stage (SEN) (Omer et al., 2018). 

The stages correspond roughly to the proliferative capacity of the cell population. In the 

PRO stage (days 0–3), the majority of the cells are able to divide. In the PRE stage (days 

4–6), 30%−70% of cells are able to divide. In the SEN stage (days 7–10), less than 30% 

of cells are able to divide. SG formation was examined in the PRO, PRE, and SEN states 

using marker proteins FMRP and G3BP1. In an early study on the relationship of SGs to 

senescence, it was observed that the number of SGs formed in response to SA was 2- and 

5-fold higher in the PRE stage and SEN stage compared to the PRO stage (Lian et al., 2009); 

however, these SGs were smaller than SA-induced SGs in non-senescent cells. A later study 

using the same cell types and dex-withdrawal protocol showed SGs formed in response to 

brief acute SA (500 μM for 30 minutes) in a substantial number of PRO cells, but in PRE 

and SEN cells the number of SGs fell by ~2- and 4-fold, respectively (Omer et al., 2018). 

These contradictory conclusions may result from a lack of consensus about what constitutes 

a SG and how to count SG-positive cells, or may be the result of methodological variations.

Further adding to the complexity of the findings, the mechanism behind the impairment 

of SGs varies with the mechanism of senescence induction (Moujaber et al., 2017). Cells 
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induced by sodium butyrate have been shown to reduce the level of TIA-1/TIAR, eIF4G, 

and SP1; however, cells induced by lopinavir have been shown to have no significant change 

in the level of TIA-1/TIAR, eIF4G, and SP1 (Moujaber et al., 2017). Also, induction time 

for different senescence-inducing reagents varies. For example, 10mM sodium butyrate 

takes 5 days (Moujaber et al., 2017); 40uM lopinavir takes 3 days; X-ray ionizing radiation 

takes a few minutes (Al-Rushadi, 2022). With huge variations in induction time among the 

reagents, the previously defined senescence stages (PRO, PRE, SEN) are hard to distinguish 

in all models of senescence. Further, these methodological differences will mean that the 

resulting senescent cells will have different subsets of senescent phenotypes, or may express 

phenotypes to different degrees (Table 1).

Considering all known studies on the subject (Table 2), the consensus seems to be that SGs 

are smaller but more numerous in senescent cells, but that the effects of senescence on 

SGs may depend upon the mechanism and duration of senescence. The specific senescence 

phenotypes may also play a role. For example, it has been shown that the increased cell 

size that occurs during senescence causes cytoplasmic dilution, as both RNA and protein 

synthesis do not scale linearly with cell size past a certain threshold (Neurohr et al., 2019). 

As both protein and RNA concentrations are critical for the formation of SGs (Yang et al., 

2020), it may be the case that dilution of SG factors in the cytoplasm of senescent cells 

causes many small SGs that fail to fuse or enlarge, or a decrease in overall SG formation, 

depending upon the amount of dilution as well as the presence of other contributing stress 

factors. These variables will inevitably be dependent upon the mechanism of senescence, 

particularly whether or not the enlarged cell phenotype is present. This complex landscape 

will no doubt be the subject of future studies.

4.2 Stress Granules and Neurodegeneration

The formation of SGs has direct relationships to a broad range of diseases including 

cancer (Anderson et al., 2015), viral infection (Malinowska et al., 2016), cardiovascular 

disease (Wang et al., 2022), and neurodegenerative disease (Wolozin and Ivanov, 2019). 

Age-related progressive protein homeostasis failure, stress (such as acute oxidative stress), 

and mitochondrial dysfunction lead to functional defects in cells and tissues and impact SG 

assembly (Cao et al., 2020). The aging-dependent decline in chaperone expression levels 

and activity contributes to the susceptibility of aged neuronal cells to misfolded proteins, 

which likely contribute to neurodegenerative diseases (Yang et al., 2014). Misfolded proteins 

caused by severe stress and aging could accumulate and aggregate within SGs, which may 

lead to a change in SG composition, SG dynamics impairment, and consequent abnormal 

liquid-like to solid-like state conversion (Ganassi et al., 2016). Many reviews have discussed 

the relationship of SGs and related RBPs to NDs, mainly focused on AD and ALS (Asadi 

et al., 2021; Li et al., 2013; Vanderweyde et al., 2013; Wang et al., 2022; Wolozin, 

2012). Therefore, we will only summarize this information here, and refer the reader to 

these excellent and thorough reviews for more information. Aging-associated mitochondrial 

dysfunction and inactive metabolism might lead to limited regulation of this process and 

aberrant SGs (Cao et al., 2020). Under normal conditions, autophagy removes SGs after 

brief acute stresses and eliminates aberrant SG accumulation; however, during aging, 

disturbed protein quality control and defects in autophagy can have a deleterious influence 
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on the elimination of aberrant SGs (Buchan et al., 2013). Chronic cellular stress, such as 

aging, can lead to persistent SGs which function as a seeding mechanism, resulting in RBPs 

accumulation (Wolozin and Ivanov, 2019). Acute SGs are dynamic with a pro-survival role 

(Arimoto et al., 2008), and dissemble upon alleviation of stress. Chronic SGs, on the other 

hand, are static with a pro-death role (Reineke et al., 2019). Chronic SGs disrupt assembly 

and interact with pathological aggregates, which results in neuron degeneration (Asadi et al., 

2021). SGs are therefore hypothesized to function as a seeding mechanism for pathological 

protein aggregates, and may thereby represent a unifying contribution to neurodegenerative 

diseases (Wolozin and Ivanov, 2019).

4.2.1 Stress Granules and Alzheimer’s Disease—The two major pathological 

features of Alzheimer’s disease (AD) are extracellular plaques primarily consisting of 

amyloid-β (Aβ), and intracellular neurofibrillary tangles (NFT) formed by the accumulation 

of hyperphosphorylated tau protein (Rojo et al., 2006; Yu et al., 2022). Other characteristics 

of AD include local inflammation, activated microglia and astrocytes, lysosome dysfunction, 

and neuronal and synaptic loss (Guerrero et al., 2021; Martínez-Cué et al., 2020; Saez-

Atienzar et al., 2020; Vanderweyde et al., 2013; Zhang et al., 2019). Normally, tau promotes 

the assembly and stability of microtubules. Non-fibrillized, abnormally hyperphosphorylated 

tau sequesters normal tau and disrupts microtubules (Iqbal et al., 2009). The increase in 

tau phosphorylation causes tau dissociation from the plasma membrane (Maas et al., 2000), 

which restricts the binding of tau to microtubules (Rojo et al., 2006). Disrupting microtubule 

function is known to cause a failure in fusion of SGs during their early biogenesis (Wheeler 

et al., 2016), which causes a significant decrease in the occurrence of large SGs (Ivanov et 

al., 2003), a decrease in the average size of SGs (Sablina et al., 2012), and a concurrent 

increase in SG numbers in cells. Hyperphosphorylated tau also accumulates in the soma 

and dendrites of neurons (Hoover et al., 2010), where it interacts with SG-associated RBPs 

(Cruz et al., 2019; Stamer et al., 2002). Key SG proteins TIA-1 and TTP directly bind 

to tau protein and interact with tau, playing a role in disease progression (Vanderweyde 

et al., 2012). TIA-1 stimulates tau aggregation and toxicity in both cultured cells and AD 

model mice by promoting tau-positive SG formation (Apicco et al., 2018; Vanderweyde et 

al., 2016). Stress promotes tau phosphorylation and mislocalization, which accelerates SG 

assembly (Hoover et al., 2010). Since RNA stimulates tau aggregation in vitro (Kampers 

et al., 1996), RNA implicated in SG assembly might accelerate tau aggregation. In other 

words, the evidence suggests that tau protein aggregation promotes SG formation, and SG 

formation in turn promotes tau aggregation, causing a feed-forward loop of pathogenic 

protein aggregation and exacerbation of the disease state in AD.

Tau protein binds to ribosomes and decreases protein synthesis to inhibit protein translation 

(Meier et al., 2016). SG formation is characterized by translation arrest and RBPs binding 

to mRNA (Asadi et al., 2021). Although there is evidence that larger tau aggregates recruit 

TIA-1 colocalization, the relationship between RBP aggregation and SG formation with 

tau aggregates remains unclear (Vanderweyde et al., 2012). One possible hypothesis is 

that tau aggregations might drive the dynamic equilibrium of SGs toward assembly or to 

SGs disequilibrium and consequent tau protein accumulation (Asadi et al., 2021). Since 

tau plays a crucial role in stress-mediated translational regulation, chronic stress-induced 

Ma and Farny Page 13

Gene. Author manuscript; available in PMC 2024 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tau hyperphosphorylation might lead to permanent SGs (Advani et al., 2020). Conversely, 

genetic reduction of the SG nucleating protein TIA-1 improves lifespan and tau pathology in 

AD model mice (Apicco et al., 2018), lending further credence to a causative role for SGs in 

AD. Tau induces astrocyte senescence and secretes SASPs. These dysregulations manifest in 

the brain as an increase in neuroinflammation, increased BBB permeability, loss of neuronal 

synapses, demyelination, and dysregulated metabolism which is associated with impaired 

cognition, and clearance of senescent cells as a therapeutic strategy has shown to reduce 

pathology, inflammation, and neuronal dysfunction (Kritsilis et al., 2018; Martínez-Cué et 

al., 2020; Sah et al., 2021).

4.2.2 Stress Granules and ALS—Many strong experimental links have been made 

between SG formation and the accumulation of pathogenic protein inclusions in ALS, and 

many good reviews have been written specifically on the relationship of SGs to ALS (Li 

et al., 2013; Monahan et al., 2016; Fernandes et al., 2018; Desai and Bandopadhyay 2020; 

Zhang et al., 2021; Li et al., 2022; Fan et al., 2016; Dudman and Qi 2020). Here we will 

only briefly highlight this vast and growing literature.

ALS-associated mutant forms of SOD1, TDP-43, and FUS have been linked to 

dysregulation of SG dynamics, resulting in delayed SG clearance and chronic SG 

persistence. SGs are cleared in part by the autophagy pathway (Buchan et al., 2013), SOD1, 

TDP-43, and FUS mutations that impair autophagy in ALS (Morimoto et al., 2007; Soo et 

al., 2015; Xia et al., 2016) also prevent SG clearance and exacerbate protein aggregation 

(Mateju et al., 2017; Baradaran-Heravi et al., 2020; Fernandes et al., 2020). Notably, many 

proteins found in ALS pathological protein inclusions are also components of SGs even 

in unaffected cells (Monahan et al., 2016), including wild-type TDP-43 and FUS. SGs are 

enriched in RNA-binding proteins and other proteins with intrinsically disordered protein 

domains, which overlap significantly with the ALS inclusion proteome (Markmiller et al., 

2018; Markmiller et al., 2021). Thus, the process of normal responses to stress via SGs, and 

the pathogenic effects of proteins seen in ALS, are linked through their dynamic interactions 

and overlapping proteomes.

The pathological seeding hypothesis (Wolozin and Ivanov 2019) of SGs and ND would 

predict that inducing SGs may exacerbate ALS pathology, whereas suppressing SG 

formation may be therapeutic for ALS. For example, repeated induction of SGs in a 

controlled optogenetic system led to the persistence of aggregates containing pathogenic 

ALS markers, such as phosphorylated TDP-43 and SQSTM (Zhang et al., 2019), supporting 

the seeding hypothesis as a critical mechanism in ALS pathology development. Inversely, 

mutations and interventions that suppress SGs and/or disfavor biomolecular condensation 

tend to decrease ALS pathology (Alexander et al., 2018; Daigle et al., 2016; Hofweber et al., 

2018). The efficacy of SG suppression as a therapeutic strategy for ALS has yet to be fully 

examined. However, the close relationship between SGs and ALS proteins suggests further 

investigation in this area is warranted.
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5. Connecting the Dots Between Senescence, Stress Granules, and 

Neurodegeneration

While the information gathered here draws out the many connections between aging, SGs, 

senescence, and ND, the mechanisms and cause-and-effect relationships between these 

various processes remain unclear. We propose that senescence may be a source of SG 

formation in neurons, which would increase the opportunity for pathogenic seeding and 

progression into pathogenic SGs and disease-associated protein aggregation. In this way, 

the age-related onset of senescence in neurons may be linked to SGs and ultimately to 

NDs. In accordance with the SG seeding hypothesis of ND (Wolozin and Ivanov 2019), 

we hypothesize that the increased number of small SGs associated with many senescence 

mechanisms may provide an additional opportunity for seeding pathological lesions in 

NDs, thereby linking the processes of SG formation, protein aggregation, and senescence 

in a “perfect storm” of neuronal dysfunction and decay (Figure 3). Senescence may be 

an additional early source of stress that favors pathogenic seeding, a process that remains 

entirely unclear in the pathogenesis of NDs broadly.

How specifically might senescence contribute to the formation of chronic SGs in neurons? 

In neurons, senescence does not cause an enlarged cell phenotype (Table 1). So, cytoplasmic 

dilution of aggregation-prone protein and mRNA, which would disfavor SG development, 

may not be a factor. There is evidence that the protein synthesis rate declines in aging and 

senescent neurons (Schimanski and Barnes, 2010). The combined result of low-level chronic 

stress due to aging and decreased translational efficiency during senescence may result in 

more untranslated mRNPs in the cytoplasm, which would favor SG assembly. As discussed 

above, we predict these SGs to be small but numerous, and to act as seeds that promote 

pathogenic aggregation. Several key pieces of evidence are missing from this model and 

would need to be determined experimentally.

As a first step, SG phenotypes have not yet been characterized in neurons, and it is unknown 

whether evidence of SG seeding can be detected in senescent neurons in vitro or in vivo. It 

will then be important to examine – in mouse models of ALS and AD but also in human 

samples when available – whether pathogenic SG formation is more prevalent in senescent 

cells (indicated by SA-β-gal staining and SASP). Further, there have been advances in the 

detection of sub-microscopic aggregate seeds (Marmor-Kollet et al., 2020; Cirillo et al., 

2020; Streit et al., 2022) which could be applied to examine the relative levels of pre-SG 

seeding in senescent and non-senescent neurons. A careful study of inducible genetic mouse 

models of AD and ALS in which SGs, senescence, and disease pathology are all studied in 

parallel may also shed light on these relationships, but have not yet been performed.

There are indications that AD and ALS have a propagation component, that is, that 

TDP-43 and Aβ secreted by affected neurons may propagate their pathogenic phenotypes to 

neighboring cells (Liu et al., 2012; Sanders et al., 2014; Smethurst et al., 2016), thereby 

spreading the disease. With Aβ oligomers, this propagation triggers the formation of 

pathogenic SGs and is directly associated with neurodegeneration (Jiang et al., 2019). SASP 

has been linked to tau pathology propagation (Ungerleider et al., 2021), but more work 

remains to be done to determine if SASP is a common feature of ND propagation. Further, 
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it will be illuminating to see whether suppression of senescence or elimination of senescent 

neurons and glia with senotherapeutics – therapies targeted to senescent cells (Park and 

Shin, 2022) – would slow ND progression. Several animal studies have shown promise 

in the application of senotherapeutics to NDs (Bussian et al., 2018; Zhang et al., 2019; 

Ogrodnik et al., 2021). The application of senotherapeutic approaches to the treatment of 

NDs (AD in particular) is already in clinical trials (Boccardi and Mecocci, 2021) but has not 

yet been studied mechanistically in relation to the formation of pathogenic SGs and disease 

aggregate seeding.

6. Conclusions and Future Directions

Aging plays a key role in many diseases. Aging promotes stress granule formation through 

mitochondrial dysfunction, the escalation of chronic stress, and a decline in protein 

homeostasis. Stress granule formation is linked to multiple NDs through pathological 

protein aggregation and the seeding hypothesis. During aging, DNA damage accumulation, 

shortened telomeres, oncogene activation, and oxidative stress all contribute to senescence. 

Senescent cells secrete SASP, which induces senescence in nearby cells and causes 

neuroinflammation, a major risk factor for neurodegenerative diseases. However, the exact 

relationship between SG formation and senescence in the context of post-mitotic cells 

during brain aging is poorly understood. In this Review, we propose that senescence might 

be a precursor of NDs, and that enhanced SG seeding in senescent cells is a potential 

mechanism linking senescence to NDs. Post-mitotic neurons acquire senescence phenotypes 

by a paracrine effect from neighboring senescent cells during aging. Then, neurons with 

senescent-like phenotypes secrete SASP, causing neuroinflammation and contributing to 

neurodegenerative diseases, which directly relates to SGs formation by seeding pathological 

protein aggregates such as tau. Since the SG formation pathway is impaired during 

senescence, more SGs will be formed, which provides more opportunity for the seeding 

mechanism and further aggravates NDs. If indeed senescence is a critical early step in ND 

pathogenesis, then senescent markers could be a promising tool for detecting NDs at the 

early stage.

It has been hypothesized that cumulative, low-level stresses in the aging brain contribute 

to the formation of chronic pathogenic SGs which, in turn, further seed disease-associated 

aggregation. Senescence, too, is triggered by the accumulation of stress and cellular damage 

over time. The most significant limitation in our current understanding of the relationship of 

senescence to ND is that it is not yet possible to determine whether senescence is a cause 

of pathogenic protein aggregation or a consequence (Saez-Atienzar and Masliah, 2020). We 

propose that the onset of senescence exacerbates the formation of SG seeds, and may act as 

a molecular “last straw” in the initiation of pathogenic SG formation. As early SG seeding 

is proposed to be an upstream initiating event to the later formation of pathogenic SGs and 

disease-related protein aggregation, determining whether early SGs are present in senescent 

neurons or glia may permit us to address the question of the causal or consequential role 

of senescence in the events of ND onset and progression. Examining SG formation in the 

context of senescence may therefore provide the answer to the mechanistic relationship 

between senescence and ND.
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There remain many challenges in addressing the connections between senescence and 

SGs in the progression of NDs. First, there is no entirely unique and universally 

acknowledged set of markers or phenotypes to identify senescent cells and differentiate 

them from quiescent cells. Currently, senescent cell detection requires a combination 

of multiple markers, and the relevance of all markers to neurons and glia is an active 

area of investigation. Second, we proposed that senescent cells secrete an excess amount 

of SASPs, which leads to neuroinflammation and consequent NDs. However, whether 

eradicating senescent cells eliminates or delays ND is not well studied, particularly in 

human models. Third, to date, there are only five cell types studied that induce SG formation 

under senescence, and most of the cell lines are fibroblasts. Whether neurons displaying 

senescence phenotypes could form SGs is currently unknown. Even in fibroblasts, the 

mechanism of impaired SGs remains unclear. What is clear is that, given the broad 

prevalence of NDs, the potential relationships between senescence, SGs, and ND will be 

an important area of investigation for future therapeutic development and should be further 

explored.
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Highlights:

• Senescence in neurons and glia contributes to neurodegenerative diseases 

(NDs).

• Stress granules (SGs) are stress-induced cytoplasmic biomolecular 

condensates.

• NDs like Alzheimer’s Disease and ALS are linked to both SGs and 

senescence.

• Senescence alters SG dynamics, causing smaller but more abundant SGs.

• SG seeding may be a potential mechanism linking senescence to NDs.
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Figure 1. Aging connects neuroinflammation, senescence, SGs formation, and NDs.
Aging is a central factor that connects neuroinflammation, senescence, SGs, and ND. 

Shortened telomeres, oncogenes, DNA damage accumulation, and other factors lead to 

senescence during aging. Both neuroinflammation and aging are major risk factors of 

neurodegenerative diseases. Aging promotes SGs formation by dysfunctional mitochondria, 

presence of chronic stress, and decline in protein homeostasis. SGs promote NDs by seeding 

hypothesis which causes aggregation of pathological proteins such as TDP-43 and tau. 

Accumulation of senescent cells during aging promotes neuroinflammation at the early 

stage by secreting SASP, and SASP further aggravates senescence. The senescent cells form 

smaller but more numerous SGs which implies impairments in the SGs formation pathway. 

See text for more information.
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Figure 2. Mechanisms of senescence.
Senescence can be induced by DNA damage, telomere erosion, and oncogene activation. 

DNA damage, telomere erosion, and activation of oncogenes MYC and RAS lead 

to activation of DDR. Activation of PI3K and MYC also induces ARF transcription 

which leads to senescence via the p53 pathway. Activated ATM/ATR kinase results in 

p53 induction. Successful DNA damage repair allows cell cycle progression. Failure 

in DNA damage repair leads to either apoptosis or senescence by p53-induced 

p21 transcription. P21 inhibits the cyclinE-CDK2 complex and causes RB to be 

maintained in a hypophosphorylated state. Activation of RAS also mediates P16INK4A 

induction which inhibits cyclin D-CDK4/CDK6 complex and RB hyperphosphorylation. 

Hypophosphorylated RB binds and sequesters transcription factor E2F and causes cell 

cycle arrest in the G1 phase. This early step in senescence results in senescence-associated 

β-galactosidase activity. Later events include morphological effects, SAFH, and SASP. 
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Increasing SASP in chronic senescence can trigger senescence in neighboring cells. The 

exact mechanism of how post-mitotic neurons undergo senescence is unknown, though 

increased SASP, neuroinflammation, and declining cell function attributable to senescence 

are believed to play a role in neurodegeneration. Adapted from Saez-Atienzar and Masliah, 

2020.
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Figure 3. Hypothetical model of senescence, SGs, and NDs.
Post-mitotic neurons accumulate senescent phenotypes during aging. Among these 

phenotypes, senescent neurons may produce smaller but more abundant SGs, which may 

provide additional opportunities for aggregate seeding and thereby further exacerbate NDs. 

See text for additional details.
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Table 1.

Comparison of senescence phenotypes in mitotic and post-mitotic cells.

Senescence phenotypes in 
mitotic cells

Senescence 
phenotypes in 
post-mitotic 
neurons

Description of Senescence Phenotypes

enhanced senescence - 
associated β-galactosidase (SA-
β-GAL) activity

✓ The enzyme β-galactosidase is a lysosomal hydrolases which cleaves off the terminal 
β-galactose from the compounds (Morgunova et al., 2015). β-galactosidase expression 
increases with aging both in vitro and in vivo (Sharpless et al., 2015).

flat and enlarged cell phenotype ✕ Increase in cell size limits cell proliferation and contributes to the permanent cell-cycle 
arrest (Neurohr et al., 2019). The cell cycle arrest further causes the increase in cell size 
and promotes senescence.

Cell cycle arrest ✓* P53-P21 pathway and P16 pathway causes RB hypophosphorylation which sequesters 
E2F and causes cell arrest in G1 phase (Fielder et al., 2017).

DNA damage ✓ DNA damage activates P53-P21 pathway which leads to cell cycle arrest (Fielder et al., 
2017).

increased nuclear lamin A 
abundance

✕ The amount of lamin A increases during senescence (Moujaber et al., 2017). The 
aberrant form of lamin A leads to nuclear blebbing, DNA damage accumulation, and 
senescence aggravation (Tran et al., 2016).

blebbing and dysmorphic 
nuclei

✕ Senescent cells change their nuclear morphology (Freyter et al., 2022). The nuclear 
envelop plays a key role in regulating chromatin organization regulation and nuclear 
activity.

elevated expression of 
hypophosphorylated RB

✓ Hypophosphorylated RB causes cell arrest in the G1 phase (Sharpless et al., 2015).

senescence-associated secretory 
phenotype (SASP)

✓ SASP describes increased secretion of cytokines, chemokines, growth factors, and 
remodeling proteases (LeBrasseur et al., 2015). SASP activates an innate immune 
response to clear senescent cells, and failure in clearance leads to senescent cell 
accumulation (Saez-Atienzar et al., 2020). SASP aggravates the senescent phenotype 
and exacerbates senescence by spreading senescence from adjacent mitotic cells to 
neighboring neurons (Guerrero et al., 2021; McHugh et al., 2017)

senescence-associated 
heterochromatic foci (SAHFs).

✕ The SAHFs promote cell cycle arrest by inhibiting the expression of genes which 
promote proliferation, such as E2F target genes which plays crucial role in G1 to S phase 
transition (Funayama et al., 2007).

✓ indicates there is evidence that this phenotype occurs in neurons.

✕ indicates there is no evidence that this phenotype occurs in neurons.

*
Note: Cell cycle arrest in G0 is a normal feature of terminally differentiated post-mitotic neurons and is not in and of itself a senescence 

phenotype in this context.
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Table 2.

Existing knowledge on the relationship between SGs assembly and senescence.

Citation Cell type Senescence Inducing 
Condition Type of Senescence Results Relative to SG Formation

(Lian et al., 
2009)

IDH4 Removing 
dexamethasone from 
growth media, and 
fetal bovine serum 
(FBS) was replaced by 
charcoal-stripped FBS

Telomere-initiated 
senescence 
(replicative 
senescence)

The number of SGs was 5-fold and 2-fold higher in late 
senescent cells and early senescent cells compared with 
proliferative cells, respectively.

WI-38 Serial passages until 
reaching the population 
doubling number of 39 
or more

Telomere-initiated 
senescence 
(replicative 
senescence)

(Li et al., 
2016)

Human 
corneal 
epithelium 
cells

treated with TGF-β1 or 
indicated chemicals for 
3 days

SASP Excess TGF-β1 causes senescence, triggers the RNA 
stress response, and increases SGs in HCECs.

(Moujaber et 
al., 2017)

LLC-PK1 
kidney cells

10mM sodium butyrate 
for 5 days

Chromatin 
perturbation-induced 
senescence

1 SGs were profoundly smaller and more 
abundant in senescent cells.

2 Canonical and non-canonical SGs 
formation mechanism is impaired in 
senescent cells.

3 Sodium butyrate-induced senescence 
diminishes the abundance of G3BP1, 
TIA-1, TIAR transcripts and reduces 
TIA-1/TIAR and eIF4G proteins.

4 There were no marked changes for 
lopinavir, indicating the results may be 
specific to the senescence mechanism.

40uM lopinavir for 3 
days

SIPS

(Omer et al., 
2018)

IDH4 Removing 
dexamethasone from 
growth media and 
replacing DMEM 
containing FBS with 
charcoal-stripped FBS

Telomere-initiated 
senescence 
(replicative 
senescence)

More SGs formed in PRO cells than PRE or SEN. The 
number of SGs in PRE and SEN cells decreased by ~2- 
and 4-fold, respectively.

WI-38 
primary 
human fetal 
lung 
fibroblasts

short exposure to 
ionizing radiation (10 
Gy)

DNA-damage-
inducedsenescence

(Omer et al., 
2020)

IDH4 removing 
dexamethasone from 
the media and 
replacing DMEM 
containing FBS with 
charcoal-stripped FBS

Telomere-initiated 
senescence 
(replicative 
senescence)

1 SG formation is impaired in senescent 
cells under chronic stress conditions.

2 Impaired heat-shock response or 
autophagy causes the accumulation of SG 
with chronic stress.

(Al-Rushadi, 
2022)

Primary 
fibroblast 
and U2OS

Ionizing radiation 
(10Gy 320kV, 9mA, 
4min for primary 
fibroblast cells; 4Gy 
320kV, 8mA, 110s 
for U2OS cells). Cells 
were harvested after 9 
days

DNA-damage-
induced senescence

1 SG formation is impaired during DNA-
damage induced senescence. Cells formed 
small, compositionally altered SG.

2 Cells in replicative senescence (by 
serial passaging) formed stress granules 
containing caprin-1 but without TIA-1 
recruitment.

3 IR-induced senescent cells can form 
SGs but in fewer numbers compared to 
proliferative cells. IR-induced senescent 
cells showed G3BP1 and caprin-1 
recruitment under oxidative stress.

Doxorubicin (200nM 
for 48h), the harvest 
after 7 days
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