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Abstract

Aging is the major predictor for developing multiple neurodegenerative diseases, including
Alzheimer’s disease (AD) other dementias, and Parkinson’s disease (PD). Senescent cells, which
can drive aging phenotypes, accumulate at etiological sites of many age-related chronic diseases.
These cells are resistant to apoptosis and can cause local and systemic dysfunction. Decreasing
senescent cell abundance using senolytic drugs, agents that selectively target these cells, alleviates
neurodegenerative diseases in preclinical models. In this review, we consider roles of senescent
cells in neurodegenerative diseases and potential implications of senolytic agents as an innovative
treatment.

1. Introduction

1.1 Aging and neurodegenerative diseases

Great strides have been made in extending human life expectancy. However, age-related
neurodegenerative diseases pose an increasing risk in the ever-growing, aging population. In
2010, approximately 4.7 million Americans were living with Alzheimer’s disease (AD), the
most common neurodegenerative condition. By 2050, this number is projected to reach 16
million (Hebert et al., 2013). Of note, this epidemiological trajectory is expected to impose
an immense burden on healthcare utilization and expenditures (Yang et al., 2013).

The foremost predictor of many chronic diseases and disabilities, including most
neurodegenerative diseases, diabetes, strokes, frailty, atherosclerosis, blindness, cancers, and
musculoskeletal diseases, is aging (Kirkland, 2013; Miller, 2002). Age-associated cognitive
impairment and neurodegenerative diseases, such as AD and PD, are characterized by
progressive degeneration of the structure and function of the nervous system. With aging, the
central nervous system (CNS) undergoes significant changes, including brain and spinal
cord atrophy, decreases in gray matter, and accumulation of Amyloid beta (Ap) plagues,
neurofibrillary tangles, and senescent cells (Wyss-Coray, 2016).
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There is much work to be done on deciphering the underlying causes of these changes.
Because both natural aging and neurodegeneration share some structural and functionally
deleterious features that are accentuated as neurodegenerative diseases progress, it is
important to explore mechanisms and precursors of these changes to pinpoint predisposing
factors that drive neurodegeneration (Wyss-Coray, 2016). Currently there is no cure
available for most neurodegenerative diseases. Lack of detailed understanding about
upstream neurodegenerative disease mechanisms hinders the development of effective
therapeutic strategies. Recent evidence suggests that AD pathophysiology begins decades
prior to manifestation of symptoms (Cummings et al., 2016). This limited understanding of
mediators that drive disease onset and progression during the long prodromal, asymptomatic
stages is a barrier to developing effective therapeutic strategies. Therefore, identification of
early molecular mechanisms of neurodegeneration and novel targets for intervention to
delay, prevent, or alleviate these diseases is a priority.

Mild cognitive impairment (MCI), AD, brain atrophy, and brain hypoperfusion are all more
likely to occur with aging (Albert et al., 2011). Given that ageing is a major risk factor for
many neurodegenerative and other diseases, there is growing interest in targeting
fundamental aging mechanisms in order to treat multiple, age-related comorbidities
(Kirkland, 2013, 2016; Kirkland and Peterson, 2009). One of the central mechanisms being
explored includes cellular senescence, a cell fate in which cells lose replicative capability
upon damage or stress. Accumulation of senescent cells increasingly is recognized as a
critical step in age-dependent tissue dysfunction and is implicated in the pathogenesis of
many degenerative diseases, including AD. There are many cell types in the CNS, including
neurons, oligodendrocytes, microglia, and astrocytes. Each of these cell types can acquire a
senescent phenotype. Senescent cells in the CNS are associated to neuroinflammation,
impaired neurogenesis, and degenerative changes in tissue structure and integrity (Baker and
Petersen, 2018).

1.2 Fundamental aging mechanisms and the geroscience hypothesis

Lopez-Otin et al. (2013) defines the nine hallmarks of aging as the following: genomic
instability; telomere attrition; epigenetic alterations; loss of proteostasis; dysregulated
nutrient-sensing; mitochondrial dysfunction; stem cell exhaustion; altered intercellular
communication; and cellular senescence. These processes are highly interlinked and
associated with deterioration of biological functions during natural aging. The Unitary
Theory of Fundamental Aging Processes holds that disrupting development of one, such as
clearing senescent cells, could alleviate multiple hallmarks of aging and therefore age-
related dysfunction. Interestingly, these processes are operative in the pathogenesis of many
age-related diseases, including diabetes, cardiovascular disease, frailty, and dementias. The
Geroscience Hypothesis holds that targeting these fundamental aging processes, including
cellular senescence, as root cause contributors to diseases and disorders might not only delay
aging, but simultaneously prevent, delay or alleviate the onset of multiple chronic diseases
(Kennedy et al., 2014; Lopez-Otin et al., 2013).
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1.3 Aging and risk for multiple disabilities and diseases, including neurodegenerative

diseases

Cellular senescence plays a direct role in chronic and age-related diseases and conditions,
such as diabetes, atherosclerosis, neurovascular dysfunction, frailty, and dementias.
Accumulation of senescent cells with aging contributes to multiple, age-related
comorbidities that are frequently accompanied by neurodegenerative diseases, especially
AD.

Frailty is a geriatric syndrome characterized by decreased strength and reduced capacity to
respond to stress (Michaud et al., 2013). Its prevalence increases with chronological aging
and dementia (Kojima et al., 2017; Ness et al., 2018). Frailty is associated with considerable
morbidity, including decreased mobility, increased burden of age-related chronic diseases,
loss of independence, nursing home admission, and mortality. Epidemiological evidence
also suggests that physical frailty may be associated with decline in capacity for activities of
daily living (ADLSs) later in life and increased incidence of AD, MCI, vascular dementia
(\VVaD), and other dementias in addition to AD, as well as AD pathology in older subjects
with and without a diagnosis of dementia (Panza et al., 2015).

Cellular senescence is associated with increased systemic chronic, low grade, sterile
inflammation, as is chronological aging (Xu et al., 2015b). Senescent cell abundance is
higher in adipose tissue of frail than non-frail women in their 80s (Justice et al., 2017).
Transplanting small numbers of senescent cells into middle-aged mice causes frailty while
transplanting non-senescent cells does not (Xu et al., 2016). Thus, frailty is linked to both
senescent cell burden and neurodegenerative diseases.

A key step in working toward alleviating age-related diseases and disorders, such as
cognitive dysfunction and neurodegenerative diseases, may be to focus interventions on the
biological mechanisms of aging, particularly cellular senescence (Kritchevsky and Justice,
2020).

2. Cellular senescence and aging

Cellular senescence is a cell fate that involves essentially irreversible replicative arrest,
apoptosis resistance, and frequently increased protein synthesis, metabolic shifts with
increased glycolysis, decreased fatty acid oxidation, increased generation of reactive oxygen
species (ROS), and, sometimes, acquisition of a senescence-associated secretory phenotype
(SASP). Cellular senescence was initially discovered /in vitroin human fibroblasts in 1961
(Hayflick and Moorehead, 1961). These cells enter an irreversible, non-dividing state,
“replicative senescence,” yet remain viable. Cellular senescence has come to be associated
primarily with aging and age-related diseases. However, cellular senescence is also an
important part of several biological processes including embryogenesis (Rajagopalan and
Long, 2012), pregnancy (Velarde and Menon, 2016), wound healing (Jun and Lau, 2010),
and tissue remodeling (Krizhanovsky et al., 2008).

Cellular senescence can be induced by internal and external stimuli. It is a complex stress
response, whereby accumulation of DNA damage and/or other cellular stressors (¢e.g.,
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oncogenic insults, reactive metabolites, proteotoxic stress) (Kirkland and Tchkonia, 2017;
Kirkland et al., 2017; LeBrasseur et al., 2015; Swanson et al., 2013; Tchkonia et al., 2013;
Zhu et al., 2014) cause proliferating (Campisi, 2005; Campisi and d’Adda di Fagagna, 2007;
Hayflick and Moorehead, 1961), as well as terminally differentiated, non-dividing cells
(Anderson et al., 2019; Farr et al., 2016; Jurk et al., 2012, 2014) to undergo profound
chromatin, transcriptomic, and secretome changes, replicative arrest, increased expression of
cell cycle inhibitors such as p16!'NK4A and/or p21€!P1, metabolic dysfunction, cellular
remodeling, and resistance to apoptosis (Tchkonia et al., 2013; Wang, 1995).

Accumulation of senescent cells can cause significant tissue dysfunction. The detrimental
effects of senescent cells are in part due to SASP factors. The SASP can include pro-
inflammatory cytokines, such as Tumor Necrosis Factor-a (TNF-a.), viral FK506-Binding
Protein (vVFKBP), and interleukin- (IL-) 6, chemokines, and extracellular matrix proteases,
as well as bioactive lipids (bradykines, ceramides, prostenoids), micro-RNA’s (miRNAS),
other non-coding nucleotides, and extracellular vesicles that induce spread of senescence to
non-senescent cells, tissue destruction, protein aggregation, and apoptotic and necrotic cell
death in local and distant tissues (Acosta et al., 2013; Coppé et al., 2008, 2010; Kuilman and
Peeper, 2009; Nelson et al., 2012; Tchkonia et al., 2007; Xu et al., 2015a, 2015h, 2016,
2018). Even a relatively low abundance of senescent cells is sufficient to cause tissue
dysfunction. We found that transplanting 10° senescent syngeneic adipocyte progenitors or
autologous ear fibroblasts into the abdomen of middle-aged mice so that only 1/10,000 cells
in the transplanted mice was senescent, was sufficient to cause frailty, early onset of age-
related phenotypes, and premature death (Xu et al., 2018). Transplanting the same number
of non-senescent cells did not do so. Senescent cell burden is low in young individuals, but
increases with aging in all tissues, especially in the brain, adipose tissue, skeletal muscle,
kidney, skin, and ovaries (Herbig et al., 2006; Tchkonia et al., 2010).

2.1 Senescent astrocytes

Increasing evidence suggests an important role for astrocytes in the initiation and
progression of neurodegenerative disease and cognitive decline with aging. Astrocytes exert
many essential complex functions in the healthy CNS and respond to multiple types of CNS
insults through a process referred to as reactive astrogliosis. This appears to be a
pathological hallmark of CNS structural lesions in neurodegenerative diseases. In
astrogliosis, astrocytes become hypertrophic, with enlargement of both the cell body and
processes. There is also an increase in secretion of pro-inflammatory cytokines, chemokines,
and growth factors, characteristics in common with other types of senescent cells. Secretion
of these factors has potentially detrimental effects, including exacerbation of
neuroinflammation. “Astrosenescence” (see Fig. 1) has an impact not only on astrocytes, but
also on surrounding neurons (Kawano et al., 2012) and neural progenitor cell (NPC)
proliferation (Miranda et al., 2012). It has been reported that astrocytes isolated from post-
mortem brains of subjects with AD display increased levels of the cellular senescence-
associated factors p16/NK4a and p21CIP1 (Blasko et al., 2004). In the frontal cortex,
astrocytes express high levels of p16/NK4a and increase with aging. Furthermore, there is
also a larger age-associated increase of senescent astrocytes in AD patients compared to age-
matched controls. There is a parallel increase of the SASP component matrix
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metalloproteinase-1 (MMP-1) in the cortex. There is little astrocyte senescence in the
cerebellum, which exhibits little AD pathology. Thus, astrocyte senescence may be a
contributor to AD via effects of senescent astrocytes on their microenvironment. A recent
study in mice with tau-dependent neurodegeneration suggested that clearing senescent
astrocytes with senolytic drugs could alleviate age-associated dysfunction (Bussian et al.,
2018).

2.2 Senescent oligodendrocyte progenitor cells

As with other types of stem and progenitor cells, cell cycle regulation is crucial for
Oligodendrocyte Progenitor Cells (OPCs) to fulfill their developmental role, as well as to
sustain their population in the adult and aging CNS in order to maintain homeostasis and
respond effectively to degenerative insults. Cognitive decline during aging, especially in the
context of pathologies, such as late-onset AD, might be related to failure to maintain myelin
homeostasis (Bartzokis, 2011; Lu et al., 2013, 2014). To what extent this involves defects in
the mitotic capacity of OPCs that could lead to the occurrence of OPC-poor areas in the
brain remains controversial. A fraction of OPCs enters senescence in the aging brain (Kujuro
et al., 2010). Also, decreased proliferation of OPCs in response to demyelination has been
observed in the aged mouse brain (Ruckh et al., 2012). According to a recent study, A
induces senescence in OPC cells (Zhang et al., 2019). Clearance of senescent OPCs
alleviated AP plaque-associated inflammation and cognitive deficits in AD mice.

2.3 Senescent microglia

As the innate immune effector of the brain, microglia are involved in several functions.
These include: regulation of inflammation, synaptic connectivity, programmed cell death,
wiring and circuitry formation, phagocytosis of cell debris, synaptic pruning, and sculpting
of postnatal neural circuits (Mecca et al., 2018). Age-related dystrophic microglial cells have
been reported throughout the human brain (Streit, 2006). Microglial cells are efficient
sensors of changes in the CNS microenvironment, and their neuroprotective role has been
hypothesized to be impaired during aging (Soto et al., 2015). Recent work in the aged
human brain has provided morphological evidence of structural deterioration of microglia,
and work in rodents suggests that microglial cells are subject to replicative senescence, with
loss of mitotic ability after repeated rounds of replication. In a tau-based model of
neurodegeneration, destruction of senescent (non-dividing) microglial cells greatly reduced
observed pathology (Bussian et al., 2018). This implies that destruction of senescent
microglia may be of benefit in neurodegenerative diseases. However, conclusive
demonstration of a role for senescent microglia in neurodegenerative disease remains to be
proven. Such evidence would require the ability to specifically identify and target these cells.

2.4 Senescent-like post-mitotic neuronal cells

Neurons are post-mitotic cells that supposedly cannot enter a senescent state. However, it
has been shown that neurons in old mice develop a senescent-like phenotype. /n vivo,
pronounced induction of senescence-associated p-galactosidase activity (SA-p-gal) in the
hippocampus of 24-month-old mice was observed (Piechota et al., 2016). This is consistent
with other findings (Fielder et al., 2017) that neurons surviving with a persistently activated
DNA damage response have multiple features consistent with cellular senescence, including
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metabolic dysregulation, mitochondrial dysfunction, and the hyper-production of pro-
oxidant, pro-inflammatory, and matrix-remodeling factors. These cells, termed senescent-
like neurons, can negatively influence the extracellular environment and may promote
induction of the same phenotype in surrounding cells, as well as drive aging and age-related
neurodegenerative diseases.

3. Implications of senescent cell accumulation for neurological diseases

(in preclinical animal models and patients)

3.1 Alzheimer’s disease

Advanced chronological age is the greatest risk factor for developing AD, which suggests
that aging and AD may share cellular and molecular pathways. Recent evidence suggests
that AD pathophysiology begins decades prior to symptoms (Cummings et al., 2016).
Effects of a toxic insult, such as cellular senescence, might lay dormant for years or decades.
Consistent with this, we found a lag period between transplanting senescent cells into mice
and development of phenotypes (Xu et al., 2018).

Using gene expression in post-mortem human brain tissue from individuals with AD, our
collaborators found that neurons with neurofibrillary tangles (NFTs) have profiles consistent
with cellular senescence (Musi et al., 2018). These include upregulation of pro-survival and
inflammatory pathways and down-regulation of cell death pathways. Predicted upstream
regulators of these gene expression profiles were also consistent with senescence in human
AD and transgenic AD mouse models. In brains from humans with AD, senescent
oligodendrocyte precursor cells were found in the inferior parietal lobes near AR plaques,
while in subjects without dementia, these senescent cells were not observed (Zhang et al.,
2019). In transgenic mice with neurodegeneration due to expression of AB and presenilin-1,
senescent oligodendrocyte lineage cells were found near plaques.

Preclinical studies conclusively demonstrate that senescent cells are associated with tau
accumulation and senescent cell clearance reduces neurodegeneration, brain atrophy, white
matter hyperintensities (WMH), ventricular enlargement, and cognitive impairment (Bussian
et al., 2018; Musi et al., 2018; Zhang et al., 2019). Tau accumulation is the most common
pathology and closest clinical correlate with dementia and neurodegeneration in AD
(Arriagada et al., 1992; Ossenkoppele et al., 2016). Thus, tau-related cellular senescence
may represent a novel target for intervention.

3.2 Mild cognitive impairment

Mild cognitive impairment can be a transitional stage between normal aging and AD,
representing the first stage in which clinical symptoms become evident (DeCarli, 2003).
Cellular senescence as a central aging mechanism is potentially involved in the progression
of brain aging to MCI and AD. Although the preclinical animal models to study the
mechanism of this progression are lacking and there is limited access to human biopsies to
examine directly the etiology of MCI, mounting evidence suggests that cellular senescence
contributes to MCI. For example, Ott et al. (2018) assessed cerebrospinal fluid (CSF) and
blood collected from individuals with MCI, and found that certain pro-inflammatory
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cytokines, including IL2, TNF-a, and IL-17a, correlate with severity of impaired cognition.
These cytokines are also frequently components of the SASP, suggesting that senescent cell
burden is associated with impaired cognition in individuals with MCI. Furthermore, another
group (Sheinerman et al., 2012) developed a non-invasive assay for detection of MCI based
on analysis of levels of brain-enriched miRNA, including neurite- and synapse-enriched
miRNA, in plasma and identification of miRNA biomarker pairs capable of successfully
differentiating MCI patients from aged-matched controls. Many of these miRNAs are also
secreted by senescent cells (Suh, 2018). Cognitive frailty, defined as the coexistence of MCI
symptoms and the physical frailty phenotype in older persons, is increasingly considered the
main geriatric condition predisposing to dementia. It appears that cellular senescence plays a
causal role in impairment of physical activity, at least in mice, which also suggests that high
senescent cell burden potentially contributes to MCI.

3.3 Vascular dementia

Vascular dementia is the second most common form of dementia after AD. Atherosclerosis
is one of the most commonly observed cerebrovascular diseases that can result in
cerebrovascular lesions. Aging is a primary risk factor for cardiovascular disease. Arteries
undergo remodeling with the aging process regardless of presence of cardiovascular disease
(Katsuumi et al., 2018). Increasing evidence indicates that several pathogenic mechanisms
promoting atherosclerosis are also involved in neurodegenerative diseases, and that insight
into the factors determining the susceptibility to, and long-term progression of,
atherosclerosis may be of relevance for the etiology of neurodegenerative diseases such as
dementia. One mechanism that underlies age-related atherosclerosis may be cellular
senescence (Roos et al., 2016). The accumulation of senescent cells near early
atherosclerotic lesions may drive the progression of atherosclerosis. Consequently, senescent
cell removal approaches might block effects of aging on cardiovascular performance,
attenuate atherosclerosis, and hold promising potential as a therapy. Preclinical studies have
demonstrated that the alleviation of senescent cell burden in naturally aged mice and mice
with established atherosclerosis reduced intimal plaque calcification (Roos et al., 2016).

Neurovascular dysfunction is also considered to be a risk factor for vAD. Within the past
decade, there has been increasing interest in the potential vascular etiology of
neurodegeneration and dementia. The neurovascular unit is a functional unit with multiple
components in the CNS. Pathological dysfunction of the neurovascular unit has emerged as
an important element in neurodegenerative diseases, in which neuronal cell death, glial cell
activation, blood-brain barrier (BBB) disruption, and penetration of peripheral immune cells
may ensue with disease progression (Baker and Petersen, 2018; Cai et al., 2017; Lo and
Rosenberg, 2009). Also, in epidemiological, clinical, and experimental studies, there is
evidence of a complex functional impairment of cerebral microvessels and astrocytes, which
likely contributes to neurovascular dysfunction and cognitive decline with aging and in age-
related neurodegenerative diseases. Endothelial cells, pericytes, and astrocytes in the aging
brain can become senescent and express characteristic SASP proteins, including various
species of potentially neurotoxic factors, which may disrupt functional neurovascular
coupling and induce BBB damage.
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Aside from the hallmark pathological lesions, there is evidence to suggest a role for
immunological and inflammatory mechanisms in the pathophysiology of VAD.
Neuroinflammation encompasses local endothelial activation, leading to the extravasation of
fluid viaa dysfunctional BBB, resulting in tissue damage in the surrounding parenchyma
and eventually leading to the activation of perivascular macrophages, microglia, and other
glial subtypes. This neuroinflammation is most likely mediated by senescent cells, including
senescent endothelial cells or pericytes and senescent astrocytes, which constantly produce
mediators such as MCP-1 and IL-6 (Mulugeta et al., 2008).

The incidence of strokes increases with age, and strokes are the second leading cause of
death worldwide (Feigin et al., 2014). Stroke and other cerebrovascular diseases are linked
with older age at onset of dementia (Schneider et al., 2007; Sonnen et al., 2007). Lo Coco et
al. (2016) theorize that the process of neurodegenerative changes in the brain begins decades
before the onset of clinical dementia and cerebrovascular disease, causing neuroanatomical
lesions in strategic areas of the brain. The onset of a stroke, such as the rupture of an
atherosclerotic plaque, the embolization of a blood clot, or damage to a vessel and
subsequent bleeding, likely initiates a series of overlapping pathophysiological changes that
lead to neuronal death within and beyond the initial area of damage. Also, senescence of
vascular endothelial and smooth muscle cells impairs BBB integrity and contributes to pro-
inflammatory milieu in diseases, such as stroke and AD (Yamazaki et al., 2016).
Neurodegeneration is often considered a secondary outcome of vascular dysfunction caused
by stroke. In the context of senescence hallmarks, human astrocytes, endothelial cells,
pericytes, and microglia are highly sensitive to oxidative stress and trigger a senescence
program when faced with multiple types of stressors induced by a series of pathological
changes after stroke. However, the mechanistic role of senescent cells in these processes
requires extensive investigation.

3.5 Parkinson’s disease

Parkinson’s disease (PD) is the second, most commonly occurring neurodegenerative
disease, in which patients have affected motor movement (bradykinesia) and rigidity and/or
tremor (Kalia and Lang, 2015; Postuma et al., 2018). Individuals with PD often experience
non-motor symptoms, such as impaired psychiatric and cognitive behavior, disrupted sleep
patterns, increased pain sensation, and fatigue (Jellinger, 2015; Kalia and Lang, 2015;
Schapira et al., 2017). At a pathological and histological level, PD brains have loss of
dopaminergic neurons in the substantia nigra pars compacta and the presence of insoluble a.-
synuclein aggregates in intracytoplasmic and intraneurite eosinophilic inclusions (Lewy
bodies) (Braak and Braak, 2000; Pakkenberg et al., 1991).

As with AD, PD pathology begins before clinical manifestations of disease. Non-motor
symptoms like Gl tract disturbances, depression, sleep disorders or rapid eye movement are
sometimes the first clinical signs that a patient will present (Schapira et al., 2017), whereas
motor symptoms only become evident when more than 50% of dopaminergic neurons have
died (Braak and Braak, 2000; Braak et al., 2003; Ross et al., 2004). Furthermore, accurate
diagnosis of early stage PD is difficult partly due to its overlapping hon-motor symptoms
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with other neurodegenerative diseases, among them dementia with Lewy bodies and
vascular parkinsonism (Tolosa et al., 2006). To this end, PD is primarily diagnosed on its
clinical late-stage motor symptoms and confirmed depending on its response to levodopa,
which targets motor symptoms, or DaTscan imaging.

There are two types of PD: the familial form, which can begin at around 50 years of age and
the more common (approximately 85% of cases) sporadic form, generally occurring after
65years of age. Genetic mutations involved in mitochondrial respiration and function,
leucine-rich repeat kinase 2 (LRRK2), PTEN-induced kinase 1 (P/INKI), and Parkin RBR
E3 ubiquitin protein ligases 2 and 7 (PRKNZ and 7), as well as a-synuclein (SNCA) have
been implicated, as have toxic environmental compounds (Hawkes et al., 2007; Singh et al.,
2019; Singleton et al., 2013).

The most widely used pharmacological treatments for PD, such as levodopa, modulate brain
dopamine (Barbeau, 1974; Connolly and Lang, 2014). However, the efficacy of levodopa in
reducing motor symptoms decreases over time, not all patients respond to it, and it has little
effect on the non-motor symptoms of PD (Baker et al., 2009). Therefore, there has been a
need for the development of new drugs for treating individuals with PD. New treatments,
including gene therapies, are in ongoing clinical trials. Currently, there are no clinically-
available therapies targeting the neurodegenerative aspects of this disease (Harris et al.,
2020; Simmnacher et al., 2019).

Parkinson’s disease is associated with many negative changes at the molecular level,
including mitochondrial and lysosomal dysfunction, misfolded protein accumulation,
perturbed calcium homeostatis, and neuroinflammation (Chan et al., 2009; Tansey and
Goldberg, 2010; Winklhofer and Haass, 2010). Mitochondrial dysfunction has long been
considered to be a key driver of PD (Lill, 2016; Park et al., 2018). Mutations in genes
involved in mitochondrial function (LRRKZ, PINK1, and PRKNZ and 7) have detrimental
effects on dopaminergic neurons and increase oxidative stress (Lill, 2016; Park et al., 2018).
Dysfunctional mitochondria play a key role in PD, although their exact role is yet to be
elucidated (Park et al., 2018). Senescent cells are present at sites of pathology and might
play a key role in PD. Senescent cells have been identified in CSF, neurons, and astrocytes in
PD (Chinta et al., 2018; van Dijk et al., 2013; Wan et al., 2014). In CSF, SA-B-gal activity
increases during early stages of idiopathic PD (van Dijk et al., 2013). Furthermore, an
important regulator of cell cycle progression, retinoblastoma protein (Rb), is down-regulated
in neurons in the substantia nigra, mid-frontal cortex, and hippocampus of PD patients.
Interestingly, within the substantia nigra, the inactive hyperphosphorylated isoform of Rb
co-localizes with Lewy bodies (Jordan-Sciutto et al., 2003).

Astrocytes have recently been noted to play a role in many neurodegenerative diseases and
neuroinflammation (Bussian et al., 2018; Musi et al., 2018; Yabluchanskiy et al., 2020;
Zhang et al., 2019), including PD (Chinta et al., 2018; Wan et al., 2014). Senescent
astrocytes in PD were found following exposure to an environmental toxic compound known
to cause PD, f.e., 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Gonzalez-Barbosa et al.,
2017; Wan et al., 2014). This induced astrocytes to become prematurely senescent, with
increased p16'NK4a n21CIP1 and SA-B-gal expression (Wan et al., 2014). Senescent cell
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markers are present within astrocytes of post-mortem PD brain tissues (Chinta et al., 2018).
These tissues also show increases in pro-inflammatory SASP factors, including IL-6, IL-8,
and IL1a. Also consistent with being senescent, astrocytes in these tissues exhibit loss of
lamin B1. Lamin B1 is a nuclear lamina marker. Down-regulation of lamin B1 has been
suggested to be a marker of cellular senescence and is believed to be down-regulated in
senescent cells due to changes in chromatin organization (Freund et al., 2012).

In vitro studies showed that paraquat, a toxic, environmental compound that leads to PD,
induced cellular senescence and stimulated production of SASP factors in astrocytes and this
in turn, led to neuronal cell death. Removal of senescent astrocytes reversed the toxic effects
of paraquat by restoring neurogenesis, motor function, and neuronal cell numbers (Chinta et
al., 2018).

3.6 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron disease with no known
cure (Robberecht and Philips, 2013). It is the third most common neurodegenerative disease
after AD and PD (Renton et al., 2014). The neuropathology of ALS involves death of both
upper and lower mator neurons in the brain and spinal cord, leading to paralysis of voluntary
muscles. Studies in ALS mouse models have shown that neuron death in ALS is non-cell
autonomous, as the astrocytes and microglial cells that surround motor neurons contribute to
disease onset and progression (Wang et al., 2009, 2011; Yamanaka et al., 2008). Trias et al.
(2019) found microglia, astrocytes, and motor neurons displaying phenotypic markers of
senescence, including SASP factors, in a rat model of ALS. Mitochondrial ROS generation
is frequently increased in ALS. Lipids accumulate in the nervous tissue, further contributing
to cell damage, as often occurs in senescent cells with impaired mitochondrial function and
increased glycolysis. Thus, astrocytes and microglia can acquire senescent phenotypes and
have toxic effects in both animal models of ALS and individuals with ALS (Haidet-Phillips
etal., 2011).

Neuroinflammation has been considered to be a secondary, non-specific reaction to the
degeneration of motor neurons in ALS (Kjaeldgaard et al., 2018; Liu and Wang, 2017).
Senescent cells, acting to promote inflammation, likely play a role in the neuroinflammation
that is commonly present in ALS. Taking these points together, persistence of senescent cells
might alter the cellular microenvironment through their SASP, exacerbating progressive
neuroinflammation and motor neuron death in ALS.

3.7 Obesity/diabetes-related neuropsychiatric dysfunction

There is accumulation of senescent cells with obesity (Minamino et al., 2009; Ogrodnik et
al., 2017; Schafer et al., 2016). Obesity has been connected to several neurodegenerative and
neuropsychiatric disorders, including anxiety and depression (Gariepy et al., 2010;
Hryhorczuk et al., 2013; Stunkard and Wadden, 1992). Ogrodnik et al. (2019) showed that
clearance of senescent cells in obese mice alleviates anxiety-like behavior, highlighting
cellular senescence as a target pathway for treating obesity-related neuropsychiatric
dysfunction.
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Aging is a leading risk factor for type 2 diabetes mellitus (T2DM), a condition involving
peripheral insulin resistance that progresses to pancreatic failure related to increased demand
for insulin secretion (Palmer et al., 2015). Prevalence of T2DM is increased in AD
(Shinohara and Sato, 2017). Peripheral insulin resistance, detectible among other features by
inappropriately high insulin levels for a given blood glucose, increases with aging. This
peripheral insulin resistance can, in turn, be caused by fundamental aging processes,
including the chronic, low grade inflammation in multiple tissues that is associated with
senescent cell accumulation (Palmer et al., 2019; Xu et al., 2015a). More and more studies
confirm that T2DM and AD are not independent disorders, since they share many common
pathophysiological mechanisms (Klimova et al., 2018). Senescent cells accumulate in obese,
insulin-resistant humans and rodents (Tchkonia et al., 2010; Villaret et al., 2010). We found
that reducing senescent cell burden alleviates metabolic and adipose tissue dysfunction in
obese mice (Palmer et al., 2019). Consequently, senescent cell burden in key target tissues
are likely shared with the development and clinical phenotypes of T2DM and
neurodegenerative diseases, and have potential as therapeutic targets for treating these two,
age-related diseases.

3.8 Brain tumors

Senescence can mitigate risk of neoplastic transformation by removing compromised cells
from the cell cycle (Bartkova et al., 2006). Oncogene-induced senescence may act variably
through p38 mitogen-activated protein (MAP) kinase, forkhead box O (FoxO),
phosphoinositide 3-kinase (P13K), protein kinase B (AKT), and mechanistic target of
rapamycin (mTOR) pathways converging on cyclin-dependent kinase inhibitor 2A
(p16'NK4a)/Retinoblastoma (Rb) and protein (p)14/p53/p21 to induce cell cycle arrest and
induce the SASP (Xu et al., 2014). That some cells ultimately become malignant, however,
is evidence that oncogene-induced senescence is an imperfect protection against
tumorigenesis (Marumoto et al., 2009). Glioblastoma is the most common and most deadly
adult brain tumor, and most glioblastomas exhibit mutations in p16'NK43/Rb and/or p53
signaling pathways (Ohgaki, 2005). Over half have homozygous deletion of p16'NK42a |oss
of which portends poor prognosis in older patients (Batchelor et al., 2004). Mutations in p53
facilitate resistance to standard treatments for glioma (Squatrito et al., 2010), which
comprise alkylating chemotherapy, and radiation (Stupp et al., 2005). Unfortunately, these
standard genotoxic therapies are insufficient to eliminate tumor, but can temporarily push
residual cells into a senescent state often enabling a brief respite of tumor dormancy prior to
inevitable recurrence. Even with the most aggressive management by surgical resection,
chemotherapy and radiation, most patients with glioblastoma live less than 18months
(Johnson and O’Neill, 2012).

The SASP has been shown to have pro-tumorigenic effects in some contexts by promaoting
infiltrative growth (Lecot et al., 2016). Whether or not this is true for glioblastoma, there is
at least a strong overlap of pathways involved in senescence and the mesenchymal
glioblastoma subtype, which portends therapeutic resistance and poor prognosis (Bhat et al.,
2013). Recent evidence suggests that the process of passing through senescence after
chemotherapy prior to recurrence induces chromatin remodeling that exacerbates
aggressiveness and resilience of re-emergent cancer stem cells (Milanovic et al., 2018).
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Whether the state of transient therapy-induced senescence could be harnessed as an avenue
to eliminate latent tumor cells priorto recurrence is an important area for future
investigation (Samaraweera et al., 2017).

In contrast to glioblastoma, some CNS malignancies respond more favorably to
chemotherapy and radiation, making long-term survivorship a meaningful possibility.
Pediatric brain tumors are increasingly curable with aggressive therapy. However, the
senescence-inducing actions of chemoradiation can yield devastating impacts on the CNS
(Reimers et al., 2003).

3.9 Radiation-induced brain dysfunction

The long-term sequelae of brain radiation are severe and currently irreversible, with
pathologic hallmarks persisting even decades after radiation in human subjects (Monje et al.,
2007). Such hallmarks include vascular injury (Lyubimova and Hopewell, 2004), microglial
activation, loss of neurogenesis (Monje et al., 2002), mitochondrial dysfunction, white
matter atrophy, and compromised synaptic density (Kempf et al., 2015). Given the relevance
of hippocampal neurogenesis to memory function and the sensitivity of this structure to
radiation, hippocampal-avoidance dosimetry plans are now increasingly utilized when
feasible (Gondi et al., 2014). Severity of cognitive outcomes are inversely proportional to the
age of radiation, with youngest patients suffering a neurotoxic combination of arrested brain
development/myelination and premature degeneration (Mabbott et al., 2006). Secondary
malignancies, including radiation-induced glioblastoma (Donson et al., 2007), may
sometimes yield a tragically premature end to a life, marked by profound cognitive and
psychosocial impairment, with double-digit loss of 1Q potential and inability to live
independently.

Given the degree of chronic, radiation-induced neuroinflammation, microglia and astrocytes
have long been under scrutiny as potential pathogenic mediators (Kyrkanides et al., 1999).
Indeed, within a month after radiation, the microglial transcriptome closely mirrors that of
aged microglia, with p21€!P1 being among the most highly upregulated genes (Li et al.,
2015). Microglial ablation through colony stimulating factor 1 receptor (CSFIF) blockade
has yielded promise in preclinical models of radiation-induced brain injury (Acharya et al.,
2016). However, considering the importance of microglia for normal cognitive function
(Kettenmann et al., 2013), one wonders if a more selective ablation of senescent microglia
could be feasible and preferable. Navitoclax is a senolytic compound that targets the anti-
apoptotic pathways of BCL2 and BCL-XL which are upregulated in senescent cells. Use of
navitoclax as a senolytic agent (Zhu et al., 2015, 2016) was recently suggested to provide
functional benefit in mice after brain radiation. Investigators reported clearance of senescent
astrocytes and preservation of neurovascular coupling (Yabluchanskiy et al., 2020). The
direct pathogenic role of senescence after radiation in other CNS cell types, including OPCs
(Zhang et al., 2019), myelinating oligodendrocytes, and neurons themselves (Jurk et al.,
2012), is tempting to speculate, though warranting further specific evaluation after /n vivo
radiation.
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3.10 Chemotherapy-induced brain dysfunction

Cogpnitive sequelae stemming from dysfunction of multiple CNS cell types is well
established following chemotherapy (Gibson et al., 2019). Like radiation, systemic
chemotherapeutic agents induce cellular senescence (Aasland et al., 2019), with potential
impacts on the CNS—either directly in the case of CNS-penetrant chemotherapeutics, or
indirectly for non-penetrant agents. To what extent systemic release of SASP factors could
contribute to “chemobrain” symptoms of cognitive impairment following chemotherapy
remains to be directly determined (Mandelblatt et al., 2013).

3.11 Post-traumatic brain injury

Many traumatic brain injuries lead to some level of cognitive impairment. There are limited
treatment options for post-traumatic brain injury (TBI) cognitive problems. When running a
search for post-TBI and senescence in PubMed, we found very little information about
physiological mechanisms related to aging. However, one group found that levels of
neurofilaments in the blood could be an indicator of axonal injury after TBI (Khalil et al.,
2018). This is an area of research that should be further explored (Fig. 2).

4. Senolytics

Using a hypothesis-driven, mechanism-based, drug discovery approach, we developed
senolytics, agents that selectively eliminate senescent cells (Kirkland and Tchkonia 2017;
Zhu et al., 2015, 2016, 2017). One of the best-characterized senolytic treatments is Dasatinib
plus Quercetin (D+Q). Dasatinib, a tyrosine kinase inhibitor with BBB penetrance,
decreased microgliosis and exerted neuroprotective effects in AD preclinical models (Farr et
al., 2016; Jurk et al., 2014; Wang, 1995). Quercetin, a naturally occurring flavonoid, reduced
AD-associated protein accumulation and cognitive and emotional impairments in transgenic
AD mice (Sabogal-Guaqueta et al., 2015). Dasatinib and Quercetin have favorable side
effect profiles, which makes them attractive for in-human trials. Dasatinib plus Quercetin
alleviates frailty and muscle weakness in progeroid and chronologically aged mice, delays
onset of age-related diseases, and extends median and maximum remaining lifespan in old
mice (Yousefzadeh et al., 2018). Fisetin (F), a subsequently discovered senolytic, is a
flavonoid occurring in many plants, fruits, and vegetables and has been widely available as a
nutritional supplement for many years (Yousefzadeh et al., 2018; Zhu et al., 2017). In old
mice, we found that intermittent F administration enhanced cognitive function (unpublished
observations).

We found drugs that inhibit the SASP alleviate frailty even in very old mice, as shown by
increases in activity, grip strength, and treadmill running endurance (Xu et al., 2015b).
Dasatinib plus Quercetin reduces frailty in progeroid (accelerated aging) and
chronologically aged mice, with improvements in an index that includes activity, strength,
appearance, coat density, weight, and continence (Xu et al., 2018; Yousefzadeh et al., 2018;
Zhu et al., 2015, 2016). Furthermore, D+Q increased healthspan and lifespan in old naturally
aged mice. We and others found that senolytics delay, prevent, or alleviate multiple age-
related diseases and disorders in murine models (Kirkland and Tchkonia, 2017; Kirkland et
al., 2017; Tchkonia and Kirkland, 2018).
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Using intermittent treatment with senolytic agents, we found improved metabolic parameters
in obese mice, manifested by improved glucose tolerance, lower hemoglobin Alc (HbAlc),
and enhanced insulin sensitivity, without affecting body weight or food intake.
Complications of diabetes, including microalbuminuria and renal dysfunction, were
alleviated. Mediators of insulin resistance, including inflammatory cytokines [TNF-a,
Interferon gamma (IFNy), osteopontin], the anti-adipogenic protein activin A, and immune
cell chemokines in adipose tissue [Regulated on Activation, Normal T Cell Expressed and
Secreted (RANTES), Macrophage Inflammatory Protein-1p (MIP-1B), and Monocyte
Chemoattractant Protein-1 (MCP-1)], were reduced by eliminating senescent cells.

5. Senolytics in preclinical animal models of neurodegenerative diseases

In mice, senolytic drugs, including D+Q, have been shown to reduce NFT density, neuron
loss, and ventricular enlargement, and enhance neurogenesis and memory (Musi et al., 2018;
Ogrodnik et al., 2019; Zhang et al., 2019), as well as to improve carotid vascular reactivity
and exercise capacity, reduce osteoporosis and loss of intervertebral disk proteoglycans,
alleviate metabolic dysfunction, improve renal function, and provide many other benefits
(Kirkland et al., 2017; Tchkonia and Kirkland, 2018; Xu et al., 2018; Zhu et al., 2015,
2016).

Recently, our collaborators treated AD mice with D+Q combination therapy and found a
significant improvement in multiple AD-relevant phenotypes, including reduced ventricular
volume, aberrant cerebral blood flow, and WMH pathology (Musi et al., 2018). In a tau™
mouse line with mild tau overexpression resulting in neurocognitive symptoms only in later
life (after age 22months, equivalent to age 70years in humans), administering senolytics
intermittently decreased brain senescent cells, reduced neuroinflammation and gliosis,
enhanced neuron density, partially restored lost cortical brain tissue, and decreased
ventricular enlargement (Musi et al., 2018). These significant improvements occurred
concomitantly with clearing 35% of pro-inflammatory senescent NFT-containing neurons. In
these old mice, clinically relevant outcomes were improved after only six single oral doses
of D+Q spanning 12weeks. These findings were confirmed in a recent study by Zhang et al.
(2019), in which D+Q also cleared brain senescent cells (senescent oligodendrocytes),
decreased neuroinflammation, and improved memory demonstrated by novel object
recognition and Stone maze performance. Senolytics caused apoptosis of senescent, but not
normal oligodendrocyte lineage cells derived from human brains and also in the transgenic
mice. Treating the mice intermittently with senolytics decreased neuroinflammation and
improved memory acquisition and retention. The results of the preclinical studies suggest
the efficacy of intermittent administration of senolytics for alleviating AD-associated deficits
in brain structure and function.

6. Clinical trials underway or planned of senolytics for diseases, including

neurodegenerative diseases

To our knowledge, there are no published studies utilizing D+Q to alleviate AD or other
neurodegenerative diseases in humans. Based on our preclinical experience with 46 agents/
drugs examined and recent studies with D and F, these senolytics induce apoptosis of
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senescent cells /n vitro with minimal effects on non-senescent or healthy cells (Xu et al.,
2015a; Zhu et al., 2017).

Early phase clinical trials are aimed at moving these novel findings in mice to humans. In an
upcoming Phase 11 pilot study (NCT04063124), men and women over age 65 with mild to
moderate symptomatic AD [clinical dementia rating scale (CDR) stage 1.0], but who are still
mobile and living in the community, will be screened for tau and Ap protein and presence of
senescent cells in CSF or p16!/NK4A* CD3* T cells and other blood assays. Subjects with AD
by brain magnetic resonance imaging (MRI), fluorodeoxyglucose (FDG) positron emission
tomography (PET), amyloid PET, or tau PET imaging and evidence of senescent cells by
CSF or blood assays will be administered D+Q orally for six intermittent cycles over the
course of their 2-year participation. Cerebrospinal fluid, questionnaires, performance-based
measures of cognition and physical performance, urine, and blood tests for markers of
senescent cell burden, SASP factors, inflammation, fasting glucose and insulin, and bone
turnover, will be assayed before and periodically after initiating treatment with D+Q.

7. Conclusions

Physiological mechanisms that connect aging with age-related and neurodegenerative
diseases are still largely unknown. Cellular senescence is linked to age-related and
neurodegenerative diseases. Cellular senescence is driven by many fundamental aging
processes, including genomic instability, telomere dysfunction/shortening, metabolic
dysregulation, protein aggregation and misfolding, and nuclear membrane and mitochondrial
dysfunction.

While senolytics provide a promising avenue for exploration as a treatment for age-related
and neurodegenerative diseases, the safety and effectiveness of these agents has not been
clearly established. Senolytic drugs, including those discussed in this review, should not be
used for humans outside of clinical trials where there is sufficient monitoring for potential
adverse effects.
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Fig. 1.
Senescent human astrocytes. Primary human astrocytes were irradiated for 10Gy and studied

20days after irradiation. All of the astrocytes in this field exhibit increased SA-B-gal (blue).
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