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However, until recently, targeting aging to thwart chronic dis-

Key Points ease, multimorbidity, or geriatric syndromes was viewed as sci-
O S B e el ence flctlpn. Fundamental advances m.un.derstandlr?g the biol-
ment, parturition, and tumor suppression. However, it has be- ogy of aging and proof-of-concept studies in preclinical models
come clear that the accumulation of senescent cells is a major have radically changed this perspective and provided a founda-
driver of age-related chronic diseases and geriatric syndromes. tion for the new and rapidly expanding field of geroscience.

¢ In preclinical models, targeted elimination of senescent cells by ge-
netic and pharmacologic approaches restores tissue health and at-
tenuates the progression of numerous age-related conditions.

e High levels of physical activity and structured exercise pro-

The geroscience hypothesis posits that interventions that tar-
get key hallmarks of aging potentially can prevent, delay, or even
reverse age-related conditions as a group (1). If successful, the

foundly delay the onset and progression of several chronic impact on human health would be transformative, in terms of
diseases and geriatric syndromes. both sociomedical costs and quality of life, through extending
* Exercise counters multiple forms of age-related molecular hedlthspan, the number of healthy and active years of life, and

damage that can initiate the senescence program and poten-

tially promotes senescent cell clearance by the immune system. . . . .
¥ promot . Y 4 The promise of geroscience has resulted in extraordinary
e As summarized herein, the current evidence supports the

T . public and private investment into pharmacological approaches
the age-related accumulation of senescent cells. to counter the effects of aging. Although exhilarating, the pro-
found effects of lifestyle factors on healthy aging should not be
overlooked. Exercise, in particular, is a highly effective means

compressing the period of morbidity to the very end.

INTRODUCTION to counter the onset and progression of the most prevalent and

Aging has long been appreciated as the major risk factor for disabling aging-related conditions, including heart disease, di-
conditions and diseases affecting the cardiovascular, musculoskel- abetes, Alzheimer disease, osteoporosis, sarcopenia, cancer,
etal, central nervous, immune, pulmonary, and other systems. and frailty. The effects of exercise on the fundamental mech-

anisms of aging warrant investigation and may yield new in-
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senescence, a cell fate in response to diverse forms of molecular
and cellular damage, as a driver of aging and aging-related con-
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across multiple physiological systems in mouse models of aging
and disease (2). Herein, we discuss the current evidence supporting
that exercise, in part, acts as a senotherapeutic and discuss the future
work necessary to gain a fundamental understanding for how
exercise directly exerts senotherapeutic effects.

CELLULAR SENESCENCE

In a study of primary human fibroblasts published in 1961,
Leonard Hayflick and Paul Moorhead (3) observed the transition
of newly plated cells from an early growth phase to a prolonged
period of rapid multiplication, which then was followed by a state
characterized by the loss of mitotic activity, enlargement, the ag-
gregation of debris, and “bizarre nuclear forms and sizes. . .reminis-
cent of irradiated cultures,” which could not be reversed. The au-
thors referred to this cell fate of stable growth arrest as the phe-
nomenon of replicative senescence and, notably, suggested it
“may bear directly upon problems of aging.” Now 60 yr later,
there is compelling evidence that this is indeed the case.

Causes of Cellular Senescence

Senescence is a consequence of multiple forms of molecular
damage that increase with advancing age, exceed the cell's ca-
pacity for repair, but are insufficient to trigger death by apo-
ptosis. Through cell divisions, telomeres, which are short re-
peats of DNA sequences that cap the ends and protect chro-
mosomes, progressively shorten. Ultimately, this triggers a
DNA damage response (DDR) and activates key governors
of the cell cycle and senescence program (thoughtfully re-
viewed in (4)). It also should be noted that telomere uncapping
and DNA damage within telomeres can trigger senescence inde-
pendent of changes in telomere length (5,6). As with replicative
stress, the DDR is the lynchpin of other recognized inducers of

Telomere shortening
and TAF

\\\\\\\

DNA damage
DDR activation

Altered morphology

cellular senescence, including reactive oxygen species (ROS),
mitochondrial dysfunction, proteotoxic stress, and exogenous
stressors such as irradiation and genotoxic drugs, which to-
gether are termed stress-induced premature senescence. In
the context of cancer, overexpression of oncogenic Ras or loss
of the tumor suppressor phosphatase and tensin homolog can
also trigger the DDR as a consequence of DNA hyperreplication,
referred to as mitotic stress (7). Inflammatory factors, including
those produced by senescent cells (e.g., cytokines, transforming
growth factor-p family ligands, and vascular endothelial
growth factor), also have been implicated in the initiation
and spread of senescence (8). Inflammation also is linked to
DNA damage and subsequent activation of the cell cycle in-
hibitors. The functional links between DNA damage and cell
cycle arrest and the distinguishing hallmarks of senescent
cells are discussed.

Mediators and Markers of Cellular Senescence

DNA damage initiates cell cycle arrest through the DDR and
downstream p53/p21 and p16 pathways (Fig. 1). Activation of
cyclin-dependent kinase inhibitor (CDKI) P21<P! (P21) leads
to inhibition of the cyclin E/CDK2 complex, whereas activation
of the CDKI P16™%42 (P16) leads to inhibition of the cyclin
D/CDK4/6 complex. These actions block cell cycle progression
through preventing the phosphorylation and dissociation of ret-
inoblastoma tumor suppressor protein RB, thereby inhibiting ac-
tivation of E2F transcription factors and G1/S transition.

As noted by Hayflick and Moorehead, growth arrest in the
context of senescence is accompanied by significant morphological
changes, including enlarged nuclei within cells of flattened, expanded,
and granular appearance. These features of senescent cells can re-
flect alterations in chromatin, formation of senescence-associated
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Figure 1.  Hallmarks of senescent cells. Senescence is, fundamentally, a DNA damage response (DDR). DNA damage, telomere-associated DNA damage foci
(TAF), and chromatin reorganization can be caused by several stressors, including mitochondrial dysfunction, excessive reactive oxygen species (ROS), inflamma-
tion, and exogenous triggers such as irradiation and genotoxic drugs. The DDR activates cyclin-dependent kinase inhibitors P21 and P16, ultimately leading to
growth arrest. Established senescent cells will present an enlarged nucleus and aberrant cell morphology, accompanied by the loss of nuclear lamin B1 and
HMGB1, high levels of lysosomal activity, and increased SA-3-gal activity. Senescent cells typically have a robust and heterogeneous bioactive secretome com-
posed of proinflammatory cytokines and chemokines, growth factors, and matrix-modifying factors called the senescence-associated secretory phenotype
(SASP). Another key feature of senescent cells is the upregulation of senescent cell antiapoptotic pathways (SCAPs), which confer their resistance to apoptosis.
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heterochromatic foci, senescence-associated distension of satellites,
telomere-associated DNA damage foci (TAF), compromised
integrity of the nuclear envelope (e.g., loss of lamin Bl and
high mobility group box protein 1 (HMGBL)), changes in
structural proteins, and increased endoplasmic reticulum stress
(9). Senescent cells also have altered lysosomal content and in-
creased activity of senescence-associated beta-galactosidase
(SA-B-gal). An additional feature of senescent cells is their
robust and heterogeneous senescence-associated secretory
phenotype (SASP), composed of a diverse collection of proin-
flammatory cytokines, chemokines, growth factors, matrix re-
modeling proteins, miRNAs, metabolites, and other bioactive
molecules. The SASP is triggered by various regulatory path-
ways and transcription factors and exerts deleterious effects,
locally and systemically. Key regulators of the SASP include
the well-characterized nuclear factor—x B and C/EBP pathways,
as well as the cGAS-STING pathway, which can be uniquely
activated by DNA fragments released into the cytoplasm
consequent to alterations in the nuclear envelope, as well
as mitochondrial DNA (mtDNA) fragments leaked from dys-
functional mitochondria (10). Furthermore, senescent cells
activate BCL2 family members and other senescent cell
antiapoptotic pathways (SCAPs), contributing to their resis-
tance to apoptosis (11).

Based on the dynamic nature and cell-to-cell differences in
the senescence phenotype, it is critical to emphasize that there
is not a stand-alone, specific marker that distinguishes a senes-
cent cell from a healthy or acutely stressed cell. The potential
for misinterpretation can stem from high basal expression of
p16 in macrophages and the expression of CDKIs in response
to cell proliferation and differentiation (e.g., in response to
acute exercise), which occur in the absence of other core prop-
erties of the senescence program. The field largely has agreed
that comprehensive analysis of senescence, whether in isolated
cells or intact tissue, should include combinations of measures
of cell cycle regulators, chromatin modifications, DNA and
telomeric damage, SASP components, and SCAPs.

Biological Roles of Senescent Cells in Aging and
Age-Related Diseases

Senescence plays a critical role in health throughout the life
course, including development and parturition, and as an essen-
tial antitumor mechanism (9). Senescent cells can arise in
younger tissues, but they are rare because of efficient removal
by the immune system, as further detailed. With advancing
age, senescent cells accumulate and are enriched at anatomical
sites of disease, where they compromise the structure and func-
tion of multiple organs. For example, senescent cells promote
ventricular hypertrophy and fibrosis in the heart, which cause
myocardial dysfunction; drive atherosclerotic lesion formation
and maturation in the vasculature; recruit, anchor, and amplify
signals from proinflammatory macrophages in adipose tissue
and exacerbate metabolic dysfunction; contribute to neurofi-
brillary tangle-associated pathology in the brain, characteristic
of neurodegenerative diseases; increase bone resorption and re-
duce bone formation, characteristic of osteoporosis; and cause
lung fibrosis and impair pulmonary function, characteristic of fi-
brotic pulmonary diseases (12).

Correspondingly, genetic and pharmacological clearance
of senescent cells confers therapeutic benefits in models of
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myocardial infarction, atherosclerosis, diabetes, Alzheimer
disease, osteoporosis, lung fibrosis, and a number of other
age-related conditions (12). These exciting results in preclinical
models of aging and disease have fueled a major interest in
senotherapeutic interventions as a novel means to optimize late
life health, in line with the geroscience hypothesis.

EFFECT OF EXERCISE ON MODULATORS OF
CELLULAR SENESCENCE

In a compelling review, Booth et al. (13) underscore physical
inactivity as a major cause of chronic diseases and a threat to
human healthspan and showcase exercise as a profoundly effec-
tive means to prevent or delay the onset and progression of 35
conditions. Indeed, the mechanism through which exercise
confers such remarkable benefits on health is multifactorial.
Considering the therapeutic effects of both exercise and
senotherapeutics on the pathogenesis of many aging-associated
diseases and geriatric syndromes, it is plausible that exercise
may act, in part, by preventing the accumulation and augment-
ing the clearance of senescent cells (Fig. 2). Potential mecha-
nisms in support of this premise are discussed.

DNA and Telomere Damage

DNA damage is a hallmark of aging and a primary trigger of
the senescence program. Impressively, 8 wk of treadmill run-
ning attenuated the age-associated increase in DNA damage
(8-OHAG content) within skeletal muscle of 30-month-old rats
(14). This was attributed to enhanced DNA repair (8-OHdG
excision assay) and resistance to oxidative stress. In humans, a
cross-sectional study of approximately 100 healthy women
and men aged 50-72 yr did not show an association between
self-reported physical activity and DNA damage (measured
via comet assay), but reported a positive association between
both physical activity and high-intensity physical activity (meta-
bolic equivalent task (MET) values 26) and DNA repair in lym-
phocytes (15). The combination of moderate- and high-intensity
activity (activities with MET values 24) also was associated with
a trend for 25% higher DNA repair.

In terms of telomere length, the effects of physical activity
and structured exercise interventions have been inconsistent.
Differences in study design, duration, cell/tissue types ana-
lyzed, and the methods used to measure telomere length pro-
hibit consensus, as highlighted in a recent systematic review
(16). In younger mice, neither 3 wk nor 6 months of voluntary
wheel running affected telomere length within the aorta, al-
though exercised mice had increased expression of telomere
repeat-binding factor 1 (TRF1), TRF2, and Ku70 in the aorta,
which has been shown to protect against telomere erosion and
genome degradation (17). In addition, telomerase activity was
higher in the aorta and mononuclear cells isolated from the
blood, spleen, and bone marrow of mice exercised for 3 wk
compared with sedentary controls. In this same study, both
telomerase activity and TRF2 protein abundance were also
significantly higher in young (early 20s) and middle-aged
(early 50s) professional long-distance runners compared with
their untrained peers. Collectively, these findings suggest ex-
ercise may prevent senescent cell accumulation by increasing
the resilience of DNA and telomeres to damage-inducing
stimuli and augmenting the capacity for DNA repair when
damage occurs.
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Figure 2.  Exercise as a countermeasure to aging and chronic disease. Senescent cells accumulate with age and contribute to many age-associated diseases
and geriatric syndromes. We propose exercise effectively delays the onset and progression of disease, in part, by preventing the accumulation of senescent cells.
Mechanistically, exercise counters diverse forms of stimuli that cause senescence, including DNA damage, mitochondrial dysfunction, excessive reactive oxygen
species (ROS), and inflammation. In parallel, exercise promotes a healthier cellular milieu that counters reinforcement of the senescence program and facilitates
immune cell-mediated senescent cell clearance. The senotherapeutic effects of exercise contribute to its marked impact on healthspan.

Mitochondria Dysfunction and ROS

Aging and physical inactivity independently and synergisti-
cally diminish mitochondrial content and oxidative capacity
and exacerbate mitochondrial mutations and oxidative stress.
Dysfunctional mitochondria and ROS have been strongly im-
plicated in the induction and reinforcement of the senescence
program (18). Exercise has powerful effects on mitochondrial
abundance, quality, and function, as recently reviewed (19).
Of note, peroxisome proliferator—activated receptor-gamma
(PPAR) coactivator-1 (PGCla)-mediated gene expression is
a primary response to endurance exercise in mice and humans
(20). PGCla interacts with numerous transcription factors that
control the expression of several bioenergetic pathways, includ-
ing nuclear genes encoding mitochondrial proteins, like tran-
scription factor A of the mitochondria (TFAM), which is es-
sential for mitochondrial biogenesis (21). Moreover, exercise
training restores age-associated deficits in autophagy (22),
which translates into effective removal of damaged and dys-
functional organelles, including mitochondria. Mitochondrial
DNA mutations also accumulate with age, secondary to in-
creased ROS and continuous replication, which enables muta-
tions that impair function to, potentially, expand clonally (23).
Impressively, 30 wk of voluntary wheel running in mtDNA
mutator mice (mice with defective mtDNA polymerase,
PolgA) from 10 wk of age reduced mtDNA mutations and fea-
tures of accelerated aging in skeletal muscle, heart, and brain
(24). Finally, ROS is mainly generated during oxidative metab-
olism within mitochondria, and levels increase with mitochon-
drial dysfunction and advancing age. Exercise acutely activates
ROS production, which is essential for force generation within
skeletal muscle, signaling to distal tissues and activating antiox-
idants. This adaptation ensures homeostasis and prevention of
excess oxidative stress (25). Indeed, just 2 wk of treadmill run-
ning has been shown to increase the abundance of antioxidants
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superoxide dismutase-1 and -2 and glutathione peroxidase and
reduce ROS in the hippocampus of 12-month-old rats (26).
Collectively, through the restoration of mitochondrial health
and function and rebalancing ROS, exercise may prevent oxi-
dative stress-mediated induction and reinforcement of the se-
nescence program.

Inflammation and Secreted Factors

Advancing age is associated with chronic low-grade “sterile”
inflammation characterized by elevated levels of proinflamma-
tory markers in the absence of overt infection. Senescent cells
are a plausible contributor to age-associated inflammation, as
the SASP is a veritable source of proinflammatory cytokines
and chemokines that recruit, anchor, and amplify the activities
of immune cells (27). Furthermore, the SASP can mediate the
spread of senescence both locally and systemically (28).

Several bioactive proteins and molecules, termed exerkines,
are released into circulation after exercise and are thought to or-
chestrate systemic adaptations in several organs including bone,
brain, and adipose tissue (29). Interestingly, although there is
an acute and transient inflammatory response after exercise, ex-
ercise training suppresses sterile inflammation. For example,
recognized proinflammatory SASP factors, interleukin-6 (IL-6),
CCL2 (MCP1), and tumor necrosis factor o« (TNF-a) are acti-
vated acutely after exercise (30), partially due to oxidative stress
and the DDR, but basal levels are reduced after exercise interven-
tion. A study from our group showed that voluntary wheel run-
ning for 4 months significantly reduced the expression of SASP
factors including IL-6, CCL2, and PAIl in adipose tissue of
middle-aged high-fat diet (HFD)—fed mice (31). Another recent
study from our laboratory showed that 3 months of progressive
strength and endurance training in older adults (average 67-yr-
old) significantly reduced expression of components of the

cGAS-STING pathway (i.e., cGAS, IFNy, and TNFa) in
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circulating CD3+ T cells (32), known to induce premature se-
nescence and reinforce the senescence program (33). These find-
ings complement data from several cross-sectional studies in
humans that show an inverse relation between markers of in-
flammation and physical activity levels and fitness (34).

In addition to modulating proinflammatory factors, it is pos-
sible that the transient rise in IL-6 in response to exercise stim-
ulates the expression of anti-inflammatory mediators IL-1Ra
and IL-10 and, in turn, downregulates the expression of TNF-
o and IL-1R (35). Exercise also stimulates brain-derived neuro-
trophic factor (BDNF) activation and secretion from skeletal
muscle (36). BDNF promotes DNA repair by activating the
transcription factor cAMP responsive element binding protein
1 (CREB) and the base excision repair enzyme apurinic/
apyrimidinic endonuclease 1 (APE1) (37). In this sense, exer-
cise may function as a senomorphic, targeting the SASP and
suppressing its deleterious effects. Furthermore, it is plausible
that the acute cellular stress response activated in response to
exercise (increased inflammatory markers, ROS, etc.) may have
a hormetic effect and indeed make these cells more resilient to
future senescence-inducing stimuli.

Immune Cells That Recognize and Eliminate
Senescent Cells

Available evidence suggests that under physiological condi-
tions, immune cells may target and clear senescent cells to main-
tain tissue homeostasis. The secretion of SASP factors is poten-
tially involved in the recruitment of immune cells, although
the mechanisms underlying the immunosurveillance of senes-
cent cells are still not fully understood. Aging of the immune sys-
tem may hamper the efficient removal of senescent cells and
contribute to their progressive accumulation (38).

The acute response to exercise and the adaptations to
long-term training can influence the immune cells recruited
by skeletal muscle and mobilized in the peripheral blood. Exer-
cise involving eccentric muscle contractions can induce cellular
damage, which stimulates the recruitment of various immune
cells to clear cellular debris and facilitate repair. This acute re-
sponse is dominated at early stages by proinflammatory cells (in-
cluding neutrophils and proinflammatory macrophages),
whereas at later stages involves anti-inflammatory macro-
phages, CD8+, and regulatory T lymphocytes. Adaptions to ex-
ercise training can modulate this response (39). Twelve weeks
of endurance exercise training composed of cycling 3 d-wk™!
at a target intensity corresponding to 65% VOjmax increased
M2 macrophage abundance in human skeletal muscle, suggest-
ing that adaptive changes to training may reduce local inflam-
mation (40). In peripheral blood, the concentrations of several
immune cells can also be differentially modulated in response to
acute and chronic exercise. For example, repeated bouts of “all-
out” ergometer rowing in competitive oarsmen increased the
circulating concentrations of natural killer (NK) cells and sub-
sets of lymphocytes, with higher levels after each bout. NK cell
activity measured by an in vitro killing assay also increased dur-
ing each row and was elevated even the day after the last bout
(41). Moreover, a single bout of treadmill running resulted in
an immediate but transient increase in circulating CD8+ T cells
(42) and proinflammatory monocytes (43) in moderately
trained male subjects in their mid-20s. Conversely, circulating
proinflammatory monocytes were higher in physically inactive
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older adults than in age-matched physically active individuals,
and 12 wk of combined endurance and resistance training
lowered the percentage of these cells in habitually inactive
older adults, supporting the hypothesis that regular exercise
training can exert anti-inflammatory effects (44).

Favorable shifts in proinflammatory and anti-inflammatory
immune cell populations in response to exercise and evidence
that physical activity can ameliorate detrimental shifts in im-
mune cell number, phenotype, and function with advancing
age (45) support the premise that structured exercise and phys-
ical activity facilitate senescent cell clearance. Then again, con-
clusive evidence is needed still, and it must be noted that senes-
cent cells use several strategies to evade the immune response.
For example, senescent dermal fibroblasts can evade immune
clearance by expressing the nonclassical major compatibility
complex molecule HLA class | histocompatibility antigen, al-
pha chain E which interacts with the inhibitory receptor natu-
ral killer group 2 member A expressed by NK cells and highly
differentiated CD8+ T cells (46). Similarly, senescent cells
can evade immune clearance by shedding the NKG2D ligands,
which are important for immune cell recognition, from their
cell surface via matrix metalloproteinase-mediated cleavage
(47). Advances in understanding the interplay between senes-
cent and immune cells and the mechanisms of immune evasion
have led to immune cell-based senotherapeutic approaches (38).
Encouraging results were recently reported in experimental stud-
ies using antibody-dependent cell-mediated cytotoxicity assay
targeting dipeptidyl peptidase 4 (DPP4), selectively expressed
on the surface of senescent fibroblasts and conferred sensitivity
to death by NK cells (48). Similarly, chimeric antigen receptor
(CAR) T cells targeting the urokinase-type plasminogen activa-
tor receptor (uPAR), reported to be a specific cell surface marker
in certain senescent cell populations, effectively ablated senes-
cent cells in vitro and in murine models of lung adenocarcinomas
and liver fibrosis (49). Given the effects of exercise on the
immune system and conceptual and technical advances in
cell-based therapies, additional research is warranted to bet-
ter understand the interplay between exercise, immune cell
adaptations, and senescent cell clearance across the lifespan.

THE IMPACT OF EXERCISE ON MARKERS OF CELLULAR
SENESCENCE IN PRECLINICAL MODELS

There is a wealth of evidence supporting exercise as a strategy
to prevent disease and extend healthspan. There is compelling,
although modest, evidence that exercise counters inducers and
activates clearance of senescent cells. Although these data col-
lectively suggest that the therapeutic effects of exercise on
health and function could be partly mediated through the pre-
vention and elimination of senescent cells, to date, there is a
limited body of preclinical work that supports this premise.
We summarize these studies.

Cardiovascular System

Short-term (3 wk) voluntary wheel running started at 8 wk of
age significantly increased myocardial telomerase activity and
the protein expression of two telomere-stabilizing proteins, tel-
omerase reverse transcriptase (TERT) and TRF2 in male mice
compared with sedentary controls. Increased telomerase activ-

ity was associated with reduced myocardial levels of P16, P53,
and cell-cycle-checkpoint kinase 2 (Chk2) (50). Similar effects
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were observed in the myocardium and aorta with longer-term
(6 months) voluntary wheel running (17). When endothelial
nitric oxide synthase (eNOS) knockout mice or TERT knock-
out mice (8-wk-old) were subjected to the same training stimu-
lus, the positive effects of exercise were not present, suggesting
that these enzymes are crucial mediators of myocardial and aor-
tic adaptation. In a later study, the AMP-activated protein ki-
nase (AMPK) was identified as another important mediator of
the vascular protective effects of exercise. In relation to senes-
cence, they found that the reduction in P16, P53, and Chk2
protein levels and the increase in TRF2 and TERT mRNA ex-
pression in the vasculature of young wild-type mice induced by
an 8-wk voluntary wheel running exercise intervention were at-

tenuated in ol AMPK knockout mice (51).

Adipose Tissue

Regarding adipose tissue, work from our group showed that
16 wk of voluntary wheel running started at 8 months of age
in male mice significantly prevented HFD-induced increases
in p21, p53, and SASP-factor expression and the percentage
of SA-B-gal-positive cells in visceral adipose tissue. In addition,
we found that when a 14-wk running wheel intervention was
started in mice that already had been exposed to an HFD for
16 wk, it was able to attenuate the increase in p16, Pail, and
CD68 expression in visceral adipose tissue (31). Consistent
with these findings, a 4-wk swimming intervention introduced
after 5 wk of HFD reduced SA-p-gal activity in both subcutane-
ous (inguinal) and visceral (epididymal) white adipose tissue in
5-month-old mice (52). In addition, exercise reduced p21 ex-
pression in inguinal adipose tissue as well as p16 and p21 expres-
sion in epididymal fat—derived preadipocytes. Using immuno-
fluorescence detection methods, exercise has been shown to re-
duce the frequency of P16+/PDGFRa+ and P21+/PDGFRa+
cells in both fat depots, phosphorylated-yH2A.X expression
in inguinal fat, P16 and P21 in Mac3+ macrophages and P16
in CD3+ lymphocytes in the inguinal fat, and P21 in Mac3+
macrophages in the epididymal fat (52). A more recent study
also showed a reduction in p16, p53, and Il6 expression in the
visceral adipose tissue of young male mice after 20 wk of volun-
tary wheel running. These senescence markers were also lower
in 4-wk-old mice that underwent 10 wk of wheel running
followed by 10 wk of sedentary behavior, suggesting a legacy ef-
fect of exercise on the senescence program (53).

Liver

In relation to the liver, we reported that 16 wk of voluntary
wheel running in male mice prevented an HFD-induced in-
crease in p21 expression, but no changes in p16 or p53 expres-
sion were observed in response to either the diet or exercise
(31). Recently, the influence of exercise on liver has been stud-
ied in 16-month male Nfkbl-/- mice, a model that develops
inflammation-driven premature aging. The exercise intervention
consisted of treadmill running for 30 min-d™! three times a week
for 3 months. They found that exercise reduced liver inflamma-
tion, oxidative damage, and cellular senescence; improved hepatic
steatosis; and prevented tumor development. In relation to senes-
cence markers, immunohistochemistry on liver sections showed a
significant reduction of P2 1-positive hepatocytes in exercised mice
compared with sedentary mice. Reduced P21 was associated with a
reduction in TAF-positive hepatocytes and lower levels of
4HNE staining, which is a lipid peroxidation marker (54).
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Brain

Only one study has examined the effects of endurance exer-
cise on the levels of senescence markers in the brain. Young fe-
male mice were administered either normal chow or a high-fat/
high-fructose diet for 12 wk. High-fat/high-fructose diet—fed
mice were then randomized to no exercise or treadmill running
(60 min-d™!, 5 d-wk™) for 12 wk (55). The exercise interven-
tion blunted diet-induced increases in P16, P21, and P53 pro-
tein, as well as SA-B-gal and lipofuscin in the hippocampus.
In addition, exercise alleviated diet-induced neuroinflamma-
tion and oxidative stress in the hippocampus (55), consistent
with prior reports (26).

Skeletal Muscle

To date, little is known about how exercise influences senes-
cence markers within the skeletal muscle (56). Four weeks of
treadmill exercise was found to reduce P21 protein level in
the gastrocnemius muscle of 19-month-old mice compared with
sedentary mice (57). In a recent study, an acute bout of 14 d of
downhill running promoted a senescent phenotype in skeletal
muscle fibroadipogenic progenitors from young wild-type mice
but not from mice with chronic inflammatory myopathy (58).
Induction of senescence with exercise and pharmacological ac-
tivation of AMPK using 5-aminoimidazole-4-carboxamide ri-
bonucleotide improved muscle function, cross-sectional area,
and regeneration in the chronic inflammatory myopathy
model. In future studies, it will be important to discern the im-
pact of exercise on transient versus sustained rises in senescence
markers because of their opposing implications.

Several other studies have investigated the impact of exercise
on cellular senescence but relied on a single senescence marker
(e.g., SA-B-gal or p16 expression), limiting the interpretation
of these findings. A recent review on the senolytic effects of ex-
ercise summarized the evidence available with a metanalysis
(59). They noted the high heterogeneity observed in animal
studies and the need for additional investigations. Moreover,
the current preclinical evidence that supports exercise as a
strategy to prevent or clear senescent cells is derived from
young and middle-aged animals. Whether exercise is an effective
senotherapeutic in older animals needs further investigation.

THE EFFECTS OF EXERCISE ON MARKERS OF CELLULAR
SENESCENCE IN HUMANS

Early work examining the relation between cellular senes-
cence and exercise in humans primarily relied on measures of
self-reported physical activity and their cross-sectional associa-
tions with senescence markers in circulating immune cells. A
study of 170 healthy participants aged 18-80 yr found that
those with more than 240 min a month of habitual physical ac-
tivity had lower expression levels of P16 in circulating T cells
than those who did not (60). A similar study in a subset
(n = 136) of human samples from the same cohort corroborated
these findings, showing relatively higher levels of habitual ac-
tivity were associated with lower levels of P16 in circulating T
cells (61). Among 63 healthy postmenopausal women, those
who self-reported participation in vigorous physical activity
had longer telomeres in circulating leukocytes than those who
were sedentary (62). It seems the efficacy of exercise may be in-
fluenced by health status or specific disease states. In a recent
study of 47 patients aged 56-81 yr with a high prevalence of frailty
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and comorbid conditions undergoing coronary artery bypass sur-
gery, no association was found between levels of physical activity
and P16 in circulating T cells (63). Notably, self-reported physical
activity levels were relatively low in this cohort and, poten-
tially, below a threshold required for therapeutic effect.

Similar cross-sectional analyses have been conducted in co-
horts of highly active middle-aged to older adults. Healthy
middle-aged marathon runners/triathletes have lower P53 and
P16 in circulating leukocytes, greater telomerase activity and
telomere length, and higher expression of telomere-stabilizing
proteins compared with untrained controls (17). In line with
these findings, exercise-trained older adults (~60 yr) were found
to have reduced P53, P21, and P16 in endothelial cells com-
pared with sedentary controls (64).

Studies investigating the direct effects of exercise interven-
tions on senescent cell burden are lacking. To date, we are
aware of only two such reports. Five months of resistance train-
ing in older (~73 yr) overweight/obese women reduced P16-
expressing cells in thigh adipose tissue, and P16* cell content
was negatively associated with several parameters of physical
function, including grip strength and 400-m walk time (65).
Most recently, our group showed 12 wk of structured strength,
and endurance training reduced the expression of key markers of
the senescence program including P16, P21, cGAS, and TNF«
in peripheral blood CD3" T cells and lowered the circulating con-
centrations of several senescence-related proteins in older (~67 yr)
adults (32). Furthermore, circulating levels of senescence-related
proteins at baseline were predictive of changes in physical func-
tion in response to the exercise intervention.

Taken together, the findings presented above suggest higher
levels of habitual physical activity and structured exercise are
protective against age-related increases in senescence markers,
particularly P16, in certain populations of circulating immune
cells. High levels of physical activity may increase the resilience
of DNA and telomeres to diverse forms of stress, including
ROS, inflammation, and protein aggregates, and in turn reduce
the induction of CDKIs and other governors of the senescence
program. Exercise interventions seem to directly influence se-
nescent cell burden, reducing P16-expressing cells and clini-
cally relevant senescence markers. Interestingly, senescence
markers are predictive of levels of physical function and even
the responsiveness to intervention.

CHALLENGES AND FUTURE DIRECTIONS

As discussed in the previous paragraphs, the evidence cur-
rently available about the effects of exercise on cellular senes-
cence, although promising, is still preliminary, and additional
investigations are needed. Main goals and challenges to address
in future studies should include the following:

® The What: Defining senescence through a comprehensive and rigorous
assessment of core properties in isolated cells and intact tissues by leverag-
ing different and complementary methodological approaches. Advances
in bulk, single-cell, and single-nuclei sequencing, and proteomics
enable hypothesis- and discovery-driven approaches to define the
presence and absence of core features of senescent cells (i.e.,
CDKIs, SASP-effector pathways, SASP components, prosurvival
pathways) and discover novel features (e.g., unique cell membrane
factors) (49) that may aid in their identification. These approaches
can be complemented by imaging methods, such as digital spatial pro-
filing and established histochemical approaches, to define location and
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other core properties, such as TAF, SA-B-gal activity, or loss of nuclear
envelope proteins (e.g., lamin Bl, HMGBI). A comprehensive and
rigorous approach is needed to overcome the challenges posed by 1)
the absence of a specific, stand-alone marker of senescence, and ii) mis-
interpretation of acute responses to exercise (e.g., ROS, inflammation,
CDKI expression in response to cell proliferation and differentiation) as
indicators of cellular senescence. A systematic test of different markers
has been proposed to comprehensively assess senescence burden
both in vitro and in vivo (66). Similar standards should be applied
to the assessment of senescence in the context of exercise.

e The Where: Determining the cell types and tissues in which exercise
counters senescent cell accumulation. It is remarkable to note that ex-
ercise benefits nearly all tissues. The promise of senotherapeutic
drugs has accelerated efforts, including a National Institutes of
Health Common Fund initiative, to define the cell types in mice
and humans prone to senescence with chronological age. These
studies can inform and be paralleled by investigations into the ef-
fects of exercise on modulators of senescence in different tissues
and their resident cell populations. Skeletal muscle, a tissue that
is composed of terminally differentiated multinucleated muscle fi-
bers and several mitotically competent mononuclear cell popula-
tions, is highly responsive to exercise, understudied in the context
of senescence, and serves as a noteworthy example (56). There is a
parallel need for biomarkers of systemic senescent cell burden that
are valid, easily accessible (e.g., blood based), and responsive to in-
tervention (32,67,68). This task is challenged by the fact that
many of the circulating biomarkers studied to date (i.e., circulating
proteins, miRNAs, or mtDNA) are not unique to senescent cells.

e The When: Examining when in the life course exercise effectively coun-
ters the accumulation of senescent cells. Early and mid-life behaviors
(e.g., physical activity levels, nutrition) undoubtedly influence ag-
ing trajectory. The same can be said for exposures to damaging
stimuli (e.g., chemotherapy, irradiation, infections). The extent
to which exercise bolsters resistance to senescence-inducing stim-
uli and fosters the clearance of senescent cells in early, mid, and
late life are worthy of investigation. In addition to studying the
senotherapeutic effects of exercise in older adults, there is strong
evidence for increased senescence and accelerated aging in child-
hood cancer survivors treated with chemotherapies (69). Whether
exercise before exposure ( prehabilitation) or after recovery could
counter the adverse effects of treatment is an opportunity worthy
of further exploration. Of course, the challenge of when will require
prospective long-term preclinical and clinical studies and assess-
ment of the effects of exercise at different ages and conditions.

e The How: Better understanding the mode(s), frequency, intensity, and
duration of the exercise needed to counteract cellular senescence. As
with pharmacotherapy, there are multiple forms of exercise (e.g., en-
durance, resistance, and combinations thereof) that benefit different
health parameters. The extent to which different forms of exercise
and physical activity affect senescent cell abundance or behavior over
the life course is unknown. This also holds true for the requisite fre-
quency, intensity, and duration that is most effective, and underscores
the need for further study. Moreover, rigorous studies are required to
establish the senotherapeutic mechanisms of action of exercise. This
will lead to a fundamental understanding for the distinct cellular pro-
cesses and pathways being influenced by exercise in senescent cells
that drive therapeutic benefit. Based on the current state of the lit-
erature, sex-specific differences in response to exercise, as it per-
tains to its effects as a senotherapeutic, are not apparent. However,
this topic has not been thoroughly studied and warrants further in-
vestigation. Advances in accessible senescence markers, particularly
in humans, will facilitate these efforts. Importantly, exercise can be
tailored to all persons regardless of age and physical abilities.

CONCLUSION
Exercise is, arguably, the most effective means to extend hu-
man healthspan. New insights into the mechanisms through
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which exercise optimizes function and counters disease have
the potential to guide public health initiatives to promote phys-
ical activity and, concurrently, reveal biology that may be
targeted through pharmacological intervention. The literature
summarized herein suggests exercise both counters diverse forms of
molecular damage that cause cellular senescence and potentially
promotes immune-mediated senescent cell clearance. This evidence
supports the hypothesis that exercise prevents the age-associated ac-
cumulation of senescent cells. Although more comprehensive and
confirmatory studies are needed, the senotherapeutic effects of
exercise have been demonstrated in multiple tissues in both
preclinical models and humans. We propose rigorous preclini-
cal and human studies examining several senescence pheno-
types in response to structured exercise interventions are
needed to accurately promote exercise as an effective, safe, scal-
able, and readily implementable senotherapeutic.
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