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Abstract

Studies in mice and cross-sectional studies in humans support the premise that cellular senescence is a contributing mechanism to age-
associated deficits in physical function. We tested the hypotheses that circulating proteins secreted by senescent cells are (i) associated with
the incidence of major mobility disability (MMD), the development of persistent mobility disability (PMMD), and decrements in physical function-
ing in older adults, and (ii) influenced by physical activity (PA). Using samples and data obtained longitudinally from the Lifestyle Interventions in
Elders Study clinical trial, we measured a panel of 27 proteins secreted by senescent cells. Among 1377 women and men randomized to either
a structured PA intervention or a healthy aging (HA) intervention, we observed significant associations between several senescence biomarkers,
most distinctly vascular endothelial growth factor A (VEGFA), tumor necrosis factor receptor 1 (TNFR1), and matrix metallopeptidase 7 (MMP7),
and the onset of both MMD and PMMD. Moreover, VEGFA, GDF15, osteopontin, and other senescence biomarkers were associated with
reductions in short physical performance battery scores. The change in senescence biomarkers did not differ between PA and HA participants.
In the whole cohort, higher levels of PA were associated with significantly greater reductions in 10 senescence-related proteins at 12 and/or 24
months. These data reinforce cellular senescence as a contributing mechanism of age-associated functional decline and the potential for PA to
attenuate this hallmark of aging.
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The loss of physical function with advancing age substan-
tially increases the risk for adverse health outcomes, such as
falls, fractures, institutionalization, and mortality (1-4). Yet,
the most effective intervention that has been shown to mean-
ingfully improve physical functioning among older adults
remains physical exercise (5-7). Advancing the mechanistic
understanding of how aging drives and exercise attenuates,
deficits in physical functioning may reveal new therapeutic
strategies to optimize the health and independence of older
adults.

Cellular senescence, a cell fate in response to multiple forms
of genotoxic, proteotoxic, metabolic, and inflammatory

stress, is a hallmark of aging (8,9). Senescent cells accu-
mulate in many tissues with advancing age and mediate
inflammation, deterioration, and cellular remodeling, and,
simultaneously, reduce regenerative capacity, both locally and
systemically (10). The deleterious effects of senescent cells are
partly mediated by their marked and multifaceted senescence-
associated secretory phenotype (SASP), comprised of cyto-
kines, chemokines, matrix remodeling proteins, growth
factors,and a host of other bioactive molecules (11). Previously,
we and others leveraged protein components of the SASP as
biomarkers of senescent cell burden, and observed cross-
sectional associations between their circulating concentrations
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and chronological age as well as clinical signs of advanced
biological age, including frailty, compromised mobility, and
impaired pulmonary function, in humans (12-16). Whether
senescence biomarkers are predictive of changes in physical
function or disability onset remains unknown, but would
advance the concept that senescence plays a causal role and
support their utility for risk stratification.

There is great interest in discovering behavioral and/or
pharmacological interventions to modify senescent cell bur-
den. Prior work has shown that a structured exercise pro-
gram lowers the abundance of blood-based biomarkers of
senescence in healthy older adults (17). Moreover, endurance
exercise training has been shown to counter senescence cell
burden in mice (18,19). Whether lifestyle interventions have
the potential to mitigate this hallmark of aging in persons
with advanced chronological age and clinical manifestations
of advanced biological age (eg, multiple chronic conditions
and functional limitations) is unknown.

To address these research gaps, we used longitudinal data
and blood samples obtained from participants in the Lifestyle
Interventions in Elders (LIFE) Study, a large, single-blind,
multicenter, randomized trial comparing a structured physi-
cal activity (PA) program to a healthy aging (HA) education-
based program in older adults with mobility limitations (20).
The PA program significantly reduced both incident and per-
sistent major mobility disability (MMD) compared to the HA
program (6). We tested the hypotheses that baseline plasma
biomarkers of cellular senescence would predict functional
decline in LIFE Study participants, defined by incidence of
MMD and persistent MMD (PMMD) and greater reductions
on the short physical performance battery (SPPB), and that
those randomized to PA would demonstrate lower biomarker
levels at the 12- and 24-month time points than those ran-
domized to HA.

Method

Design

The LIFE Study was a randomized controlled trial of a group-
based PA program compared to a HA education program,
which was conducted from February 2010 to December 2013,
enrolling 1635 sedentary older adults (20). Recruitment
occurred at 8 centers in the United States (University of
Florida, Gainesville and Jacksonville, Florida; Northwestern
University, Chicago, Illinois; Pennington Biomedical Research
Center, Baton Rouge, Louisiana; University of Pittsburgh,
Pittsburgh, Pennsylvania; Stanford University, Stanford,
California; Tufts University, Boston, Massachusetts; Wake
Forest School of Medicine, Winston-Salem, North Carolina;
and Yale University, New Haven, Connecticut).

To be included in the study, females and males aged 70-89
years had to meet the following inclusion criteria: (i) seden-
tary lifestyle (defined as reporting <20 min/day of regular PA
and <125 min/week of moderate PA); (ii) at high risk of dis-
ability based upon a score between 4 and 10 on the SPPB;
(iii) ability to complete the 400-meter (400-m) walk test
without an assistive device within 15 minutes; (iv) absence of
cognitive impairment; and (v) willingness to consent to ran-
domization. Study exclusions were unstable chronic disease
and factors that would likely affect adherence to the inter-
vention or underlying conditions that might limit survival.
Participants were randomized (1:1) to either PA or HA using
block randomization stratified by field center and participant

sex. Institutional Review Board approval and informed con-
sent were obtained from all participants.

Interventions

The PA intervention consisted of group-based walking, aer-
obic, resistance, flexibility, and balance training in a super-
vised setting (2 times per week) with additional home-based
PA goals (21). Individual goals were established to progress
participants toward a goal of at least 150 minutes per week
of moderate-intensity PA. Each PA session consisted pri-
marily of walking, with participants also completing a 10-
minute lower extremity resistance training program with
ankle weights, balance exercises, and lower extremity stretch-
ing. Individualized home-based walking goals were prescribed
to supplement the supervised program.

The HA intervention was designed to deliver age-specific
health information about “successful aging.” Health educa-
tion included workshops on topics that were of interest to
older adults (eg, cancer screening, elder abuse, nutrition, etc.).
Classes met weekly for the first 26 weeks, and from week 27
on the program was offered 2 times per month and partici-
pants were prompted to attend at least once per month.

Mobility Disability and Physical Function Outcome
Measures

The 400-m walk test was performed at baseline and every 6
months for the duration of the study. Participants were asked
to walk 400 m at their usual pace, without overexertion, for
10 laps on a course defined by 2 cones placed 20 m apart.
They could stop and rest for up to 1 minute for fatigue or
related symptoms.

Incident MMD over the 24-month study period was
defined as the inability to complete the 400-m walk test
within 15 minutes without sitting and without the help of
another person or walker (20). Use of a cane was acceptable.
When MMD could not be objectively measured because the
participant was not able to come to the clinic and lacked a
suitable walking course at their home, institution, or hos-
pital, an alternative adjudication of the outcome was based
on directly observed inability to walk 4 m in <10 seconds,
or self-, proxy-, or medical record-reported inability to walk
across a room. If participants met these alternative criteria, it
was considered that they would also not be able to complete
the 400-m walk within 15 minutes.

PMMD over the 24-month study period was defined as 2
consecutive MMD assessments, or MMD followed by death.

The SPPB, which consists of a standing balance test, a usual
pace 4-m walk, and 5 timed repeated chair stands (1), was
performed at baseline and every 6 months of the study. Each
performance measure in the SPPB is assigned a categorical
score ranging from 0 (inability to complete the test) to 4 (best
performance possible) and a summary score ranging from
0 (worst performance) to 12 (best performance) was calcu-
lated. The analyses here focused on change in SPPB score at
6 months, given the PA intervention had a significantly more
positive effect on this measure than the HA intervention at
this time point (22).

Objective Measurement of PA

Participants were instructed to wear an accelerometer
(Actigraph GT3X) on their hip for 7 consecutive days except
during sleep, showering/bathing, and swimming.



The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2024,Vol. 79, No. 3 3

Movement was captured along the vertical axis in 1-minute
epochs, and nonwear time was defined as 90 minutes of consecu-
tive zero counts (23). PA patterns were characterized by intensity
and bout lengths. For the current study, the minutes of activity
categorized as high light PA or greater, defined as equal to or
greater than 760 counts/min (24,25), was used for analysis. Data
from a total of 1131 participants (566 from the PA intervention,
565 from the HA intervention) who had a baseline measure and
at least one of the follow-up measure were analyzed.

Measurement of Circulating Senescence
Biomarkers

During the trial, plasma specimens were collected from par-
ticipants at the baseline, 12- and 24-month visits after a min-
imum of an 8-hour fast. Plasma samples were collected in
ethylenediaminetetraacetic acid (EDTA) tubes, immediately
placed on ice (4°C) for no more than 30 minutes, centrifuged,
aliquoted, and then stored at —-80°C. For the current study,
archived specimens were requested and shipped from the
National Institute of Aging (NIA) Aging Research Biobank to
Mayo Clinic for analysis.

A panel of senescence-related proteins was initially devel-
oped based on the secretome of several different senescent
human cell types in vitro. Prior work has demonstrated these
biomarkers are reliably detected in human blood, are ele-
vated in human conditions (eg, advanced chronological age,
frailty, disease) and genetically modified mice with increased
senescent cell burden, and/or are components of senescence-
focused gene sets (12-15,26-28).

Here, the concentrations of the following senescence bio-
markers in plasma samples were determined with commercially
available multiplex magnetic bead-based immunoassays (R&D
Systems, Minneapolis, MN) on the Luminex xMAP multianalyte
profiling platform and analyzed on a MAGPIX System (Merck
Millipore, Burlington, MA) according to the standard manu-
facturer’s protocols: a disintegrin-like metalloprotease domain
with thrombospondin type 1 motif 13 (ADAMTS13), eotaxin,
Fas cell surface death receptor (Fas), growth differentiation fac-
tor 15 (GDF15), intercellular adhesion molecule 1 (ICAM1),
interleukin (IL) 6 (IL6), IL7, IL8, IL10, IL15, monocyte che-
moattractant protein-1 (MCP1), macrophage-derived chemo-
kine (MDC), matrix metallopeptidase (MMP)-1 (MMP1),
MMP7, MMP9, myeloperoxidase (MPO), osteopontin (OPN),
plasminogen activator inhibitor 1 (PAI1), pulmonary and
activation-regulated chemokine (PARC), receptor foradvanced
glycationendproducts (RAGE), regulated on activation, normal T
cell expressed and secreted (RANTES), sclerostin (SOST), tumor
necrosis factor (TNF) receptor 1 (TNFR1), TNFR2, TNFa, and
vascular endothelial growth factor A (VEGFA). Activin A con-
centration was measured using a Quantikine ELISA Kit (R&D
Systems) according to the manufacturer’s specifications.

Assay performance parameters have been reported previ-
ously (13). In cases where a variable was below the limit of
detection (LOD) in a sample, a value of half of the lowest
measured value for that analyte was assigned as described
previously (12). Specifically, among the 3 886 samples ana-
lyzed, eotaxin was below the LOD in 16 (0.41%) samples,
OPN in 9 (0.23%) samples, and TNFa in 4 (0.10%) samples.
ICAM1, IL7, and IL6 were each below the LOD in 3 (0.08%)
samples, MMP7, IL8, and IL15 were each below the LOD in
2 (0.05%) samples, and SOST and VEGF were each below
the LOD in 1 sample.

Data Analysis

Continuous variables were summarized using mean (stan-
dard deviation [SD]) and compared using the Wilcoxon rank
sum. Variables were compared pairwise using unadjusted and
adjusted Spearman correlations. Biomarkers were evaluated
for skewed distributions and if appropriate were log-
transformed. Then all biomarkers were standardized by sub-
tracting the mean and dividing by the SD, then K-nearest
neighbor imputation was applied to impute the small number
of missing values. The impact of activity level on change from
baseline in biomarkers was assessed at the 12- and 24-month
time point. Quartile intervals of activity level were deter-
mined by using activity measures at all time points. Activity
level at each time point was then grouped according to these
overall intervals. Mixed-effects models were used to assess
at 12 and 24 months the difference in biomarker values by
activity quartile after adjusting for baseline biomarker values,
intervention, age, sex, and race. The activity level effect was
allowed to vary by visit. Similar models were fit to assess the
impact of intervention at the 12- and 24-month time points
(including an interaction between visit and intervention)
ignoring activity level; overall intervention effect was also
assessed excluding the interaction.

Cox regression models were used to associate individual
baseline biomarkers with MMD and PMMD after adjusting
for intervention, age, sex, body mass index (BMI), education,
and race and stratified by clinical site. Hazard ratios (HRs)
for the biomarkers are shown for a 1-SD change (assuming a
linear association) and biomarkers categorized into quartiles
with comparisons to the lowest quartile. Similarly, mixed-
effects models were used to associate individual baseline bio-
markers with change in SPPB at the 6-month time point after
adjusting for baseline SPPB, intervention, age, sex, BMI, and
race, stratified by clinical site.

Gradient boosting machine (GBM) learning using the
gbm3 package in R was used to create a predictive model for
time to MMD and PMMD using the “coxph” distribution
and change in SPPB using the “gaussian” distribution (29).
Model hyperparameters (depth of the tree, number of trees,
and size of the shrinkage parameter) were determined using
cross-validation using the training data set. Models were fit
using (i) all the variables, (ii) the top 10 baseline biomarkers
plus intervention, age, sex, BMI, and race, and (iii) interven-
tion, age, sex, BMI, and race. All models predicting MMD
and PMMD also included clinical site as a stratification vari-
able. Models for change in SPPB focused on the 6-month time
point. All analyses were conducted using R version 4.1.2 (30).

Data Availability

LIFE Study data sets are available through the NIA Aging
Research Biobank, https://agingresearchbiobank.nia.nih.gov/
studies/life/. Biomarker data presented in the current study
will be made available by the investigative team upon reason-
able request.

Results

Demographic and Clinical Characteristics of
Participants

Potential LIFE Study participants were screened for enroll-

ment between February 2010 and December 2011 (Figure 1).
Those who qualified were randomized to either a HA or a PA
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Evaluated for eligibility
(n=14831)

Total screen fails (n=13196)
Short Physical Performance Battery > 9
(n=2654)
Exercise participation (n=2422)
Planned change of residence within
— 24 mo (n=2321)
Mobility disabled at baseline (n=626)
Health-related exclusions (n=611)
Chose to discontinue screening or
refused (n=4125)
Other (n=437)

a |

| (n=1635) |

Health education intervention (n=817)
Received allocated intervention (n=805)
Did not receive intervention (n=12)

+ Reason unknown (n=12)

Physical activity intervention (n=818)
Received allocated intervention (n=800)
Did not receive intervention (n=18)

+ Reason unknown (n=10)
« lliness/health (n=4)
« Physician’s advice (n=1)
+ Too busy (n=2)
« Dissatisfied (n=1)

I

Blood samples for analysis
Baseline (n=684)

12 month (n=651)
24 month (n=567)

Blood samples for analysis
Baseline (n=693)
12 month (n=664)
24 month (n=595)

Figure 1. Consolidated Standards of Reporting Trials (CONSORT) flow
diagram of the randomized Lifestyle Interventions in Elders Study clinical
trial.

intervention group. We studied 1377 of the 1635 participants
with baseline blood samples and outcome data available for
analysis. Similar to the overall cohort, baseline demographic
characteristics were not different between randomized groups

(Table 1).

Senescence Biomarkers as Predictors of Major and
Persistent Mobility Disability

First, we evaluated whether baseline concentrations of 27
senescence-related proteins (Supplementary Table 1 and
(12,13)) were associated with incident MMD over the
24-month study period. Incident MMD occurred in 200 par-
ticipants randomized to PA and in 230 participants random-
ized to HA. Univariate Cox models adjusted for intervention,
age, sex, BMI, education, and race revealed higher concen-
trations of 14 biomarkers were associated with significantly
higher risk for incident MMD, with VEGFA (HR = 1.35, p
<.001), TNFR1 (HR = 1.32, p < .001), and MMP7 (HR =
1.32, p < .001) having the highest HRs for incident MMD
(Supplementary Table 2). Additionally, higher ICAM1 was
associated with a significantly lower risk for onset of MMD
(HR = 0.89, p = .026). GBM modeling identified activin A,
VEGFA, TNFR1, MMP7, GDF15, IL6, and ICAM1, along
with age and BMI, as variables of greatest importance (Figure
2A). When each of these biomarkers were grouped into quar-
tiles (adjusted for intervention, age, sex, BMI, education, and
race and stratified by clinical site), HRs for incident MMD
progressively increased from the lowest to highest quartile,
except for ICAM1, for which the HR decreased (Figure 2B).
We also studied the associations between senescence bio-
markers and incident MMD in women (295 events) and
men (136 events) separately. Consistent with the overall
analyses, univariate Cox models adjusted for intervention,
age, BMI, education, and race showed that higher concen-
trations of activin A, GDF15, IL6, IL15, MMP7, TNFR1,
and VEGFA were associated with significantly higher risk
for incident MMD in both women and men (Supplementary
Table 2). In women, associations between higher levels of

Table 1. Demographic and Clinical Characteristics and Physical Function
Measures in Study Participants by Randomized Group (Physical Activity
or Healthy Aging)

Physical Activity Healthy Aging P
(N =684) (N =693) Value
Age, years 78.6 (5.2) 79.1 (5.3) 108
Sex .688
Female 449 (65.6%) 462 (66.7%)
Male 235 (34.4%) 231 (33.3%)

Race and ethnicity, 7 (%) .387

White 517 (75.6%) 546 (78.8%)
Black or African 127 (18.6%) 99 (14.3%)
American

Hispanic 24 (3.5%) 26 (3.8%)

Asian 6(0.9%) 8 (1.2%)

Other 8 (1.2%) 11 (1.6%)

Missing 2(0.3%) 3(0.4%)

Education 457

High school or 236 (34.5%) 226 (32.6%)

less

College or more 448 (65.5%) 467 (67.4%)

Body mass index, 30.2 (5.8) 30.3 (6.1) 735
kg/m?

Health conditions, 7 (%)
High blood 483 (71.1%) 492 (71.6%) .844
pressure
Diabetes 183 (26.9%) 193 (28.0%) .649
Cancer 159 (23.3%) 165 (23.8%) 829
Chronic lung 127 (18.6%) 104 (15.1%) .079
disease
Ml/heart attack 55 (8.1%) 73 (10.6%) A11
Stroke 56 (8.2%) 46 (6.7%) .266

Physical function
SPPB score 7.4 (1.6) 7.3 (1.6) 198
(0-12)
400-m walk, s 503.0 (110.8) 507.4 (111.6) 412
Gait speed, m/s 0.8 (0.2) 0.8 (0.2) 690
Repeated chair 16.6 (4.6) 17.0 (6.2) 247
stand, s
Grip strength, kg~ 24.9 (9.8) 24.6 (9.4) 615
Frailty, 7 (%) 130 (19.1) 138 (20.0) 671

Incident MMD, 200 (29.2%) 233 (33.6 %)
n
Persistent MMD, 103 (15.0 %) 145 (20.9 %)
n

Notes: MI = myocardial infarction; MMD = major mobility disability;
SPPB = short physical performance battery. Data reported as mean
(standard deviation) unless otherwise noted.

MMP1, OPN, TNFa, and TNFR2 and higher risk of inci-
dent MMD were also significant, while in men, associations
between higher concentrations of eotaxin and lower con-
centrations of ICAM1 and higher risk of incident MMD
were significant.

PMMD was identified in 103 participants randomized to
PA and 145 participants randomized to HA. Univariate Cox
models adjusted for intervention, age, sex, BMI, education,
and race revealed significant positive HRs for 8 proteins.
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Figure 2. Biomarkers of cellular senescence identify risk for onset of
incident and persistent mobility disability, and change in short physical
performance battery. The top 7 biomarkers along with age (years), sex
(female, male), race (White, Black or African American, Hispanic, Asian,
or Other), body mass index (BMI; kg/m?), education (EDU; high school
or less, or college or more), and intervention assignment (INV; physical
activity, or health education) selected by gradient boost modeling for: (A)
onset of incident mobility disability (MMD) and (C) onset of persistent
major mobility disability (PMMD) over the entire study period, and

(E) change in short physical performance battery (SPPB) score at 6
months. Quartiles of the top 7 biomarker concentrations at baseline and
association with: (B) onset of incident mobility disability compared to
quartile 1, (D) onset of persistent mobility disability, (F) change in SPPB
score. *p < .05; **p < .01; ***p < .001 compared to quartile 1. All models
were adjusted for intervention, age, sex, BMI, education, and race and
stratified by clinical site.

Similar to incident MMD, VEGFA (HR = 1.38, p < .001),
MMP7 (HR = 1.37, p < .001), and TNFR1 (HR = 1.29, p
< .001) exhibited the greatest HRs for PMMD, along with
GDF15 (HR = 1.29, p < .001; Supplementary Table 3). GBM
modeling again revealed activin A, VEGFA, MMP7, IL6,
GDF15, TNFR1, and ICAM1, along with age and BMI, as
the top biomarker variables of importance (Figure 2C). When
these biomarkers were grouped into quartiles (adjusted for
intervention, age, sex, BMI, education, and race and stratified
by clinical site), HRs for PMMD increased from quartile 1 to
quartile 4, except for ICAM1, for which the HR decreased
(Figure 2D).

We also examined associations between senescence bio-
markers and risk for PMMD in women (169 events) and men
(79 events) separately. Consistent with the analysis of both
sexes combined, univariate Cox models adjusted for inter-
vention, age, BMI, education, and race revealed higher con-
centrations of activin A, GDF15, TNFR1, and VEGFA were
associated with significantly higher risk for PMMD in both
women and men (Supplementary Table 3). In women, higher
concentrations of MMP1 MMP7, OPN, TNFa, IL15, and
IL6 were associated with significantly higher risk of PMMD.
None of the biomarkers exhibited significant associations
with risk of PMMD exclusively in men.

Senescence Biomarkers and Change in Physical
Function

Next, we examined associations between baseline senescence
biomarker levels and change in SPPB score at 6 months.
Univariate mixed-effects modeling adjusted for intervention,
age, sex, BMI, education, and race and stratified by site iden-
tified significant negative associations—higher biomarker,
greater decline in SPPB score—between 9 proteins, most
notably GDF135 (beta coefficient = -0.193, p < .001), OPN
(beta coefficient = -0.136, p = .003), MMP1 (beta coefficient
= -0.122, p = .008), and VEGFA (beta coefficient = -0.123,
p = .012), and change in SPPB score (Supplementary Table
4). GBM modeling for the change in SPPB revealed MPO,
ICAM1, OPN, IL15, GDF15, PARC, and VEGFA as the top
biomarker variables of importance, and age as the top covari-
ate of importance (Figure 2E). When each of the top biomark-
ers were grouped into quartiles adjusted for age as well as sex,
BMI, education, race, and intervention and stratified by clin-
ical site, beta coefficients for a greater decline in SPPB score
progressively increased from the lowest to the highest quartile
(Figure 2F).

To examine associations between senescence biomarkers
and risk of decline in SPPB in women and men separately,
univariate mixed models adjusted for intervention, age, BMI,
education, and race were used. Higher concentrations of only
GDF15 and OPN were associated with significantly greater
decline in SPPB score (GDF15 and OPN) in both women and
men (Supplementary Table 4). In women, higher concentra-
tions of MMP2, MMP1, and PARC were associated with
greater decline in SPPB, while in men, only lower concentra-
tions of ICAM1 were associated with a greater decline.

PA Intervention and Biomarkers of Senescence

To compare the effects of the PA and HA interventions on
senescence biomarkers, we measured the panel of 27 pro-
teins in participant baseline, 12- and 24-month plasma sam-
ples. There were no significant differences in the changes
in individual biomarker levels from either baseline to 12
months or baseline to 24 months between PA and HA groups
(Supplementary Table 5).

We examined whether LIFE Study participant total PA lev-
els influenced senescence biomarker concentrations at 12 and
24 months compared to baseline. Participants were divided
into quartiles based on the amount of accelerometry-based
PA >760 activity counts per minute at 12 and 24 months,
separately (quartile 1 = lowest physical activity, quartile 4 =
highest physical activity; Figures 3A and C). Participants in
the higher quartiles of PA at each time point, the majority of
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Figure 3. Biomarkers of cellular senescence are associated with
performance of moderate-intensity physical activity (PA). Percentage of
PA intervention versus healthy aging (HA) intervention participants in
each quartile (Q1 to Q4 lowest to highest) of accelerometry-measured
high light or greater PA at 12 (A) and 24 months (C). Change in biomarker
concentrations from baseline at 12 months (B) and 24 months (D) by
quartile of accelerometry-measured high light or greater PA. *p < .05; **p
< .01; ***p < .001 compared to quartile 1.

whom were randomized to the PA intervention, had signifi-
cantly greater reductions in 10 senescence biomarkers at 12
months (Figure 3B) and/or 24 months (Figure 3D) compared
to those in the lowest quartile of PA. Significant reductions
in TNFa, MMP7, VEGFA, IL7, OPN, TNFR2, and IL6 were
evident in the higher quartiles at both 12 and 24 months.

Discussion

The development of mobility disability and declines in phys-
ical functioning are major contributors to the loss of inde-
pendence among older adults. Despite their high prevalence
and socioeconomic impact, the underlying biological drivers
remain elusive. Cellular senescence, a recognized hallmark of
biological aging, contributes to age-related inflammation and
the deterioration, aberrant remodeling, and impaired regener-
ation of tissues through the SASP, a biologically diverse and
active set of molecules that act locally and systemically. Using
circulating protein components of the SASP as biomarkers of
senescent cell burden, we observed significant associations
with the incidence of mobility disability, the development of
permanent mobility disability, and decrements in physical
function within a large cohort of community-dwelling older
adults.

Although the PA intervention was sufficient to reduce the
incidence on MMD (6), it did not significantly reduce the
level of any of the senescence biomarkers. Importantly, how-
ever, the levels of several senescence biomarkers at 12 and
24 months were significantly reduced in participants who
were most physically active relative to those who were least
physically active. Collectively, our data further support cellu-
lar senescence as a mediator of age-associated limitations in
physical functioning and PA as an effective means to counter
the biology of aging.

Mobility disability affects approximately 20% of
community-dwelling adults over 65 years (31). Development
of mobility disability, defined as the inability to walk 400 m
or Y% of a mile, is associated with multimorbidity, increased

healthcare costs and utilization, and mortality (2,32,33).
Several senescence biomarkers, the strongest of which were
VEGFA, TNFR1, and MMP7, were associated with incident
MMD. Using GBM we determined the importance of the top
biomarkers and the traditional predictors of disability such as
age and BMI. Interestingly, after adjusting for age and BMI
as well as sex, education, race, and intervention group, the
risk for incident MMD progressively increased from quartile
1 (lowest concentration) to quartile 4 (highest concentra-
tion) of activin A, VEGFA, TNFR1, MMP7, GDF15, and IL6.
These results extend and amplify our previous cross-sectional
observations showing strong relationships between activin
A, VEGFA, TNFR1, and MMP7 and gait speed during the
400-m walk (13). Of note, these biomarkers also showed sig-
nificant univariate associations with MMD after adjusting
for covariates when women and men were studied separately.
Whether circulating proteins such as OPN uniquely confer
risk in women, and others such as eotaxin uniquely confer
risk in men, is worthy of further investigation. We note that
445 (46%) fewer men than women participated in LIFE,
which limited our statistical power to examine sex differences
and our ability to suggest biological underpinnings.

Persistent mobility disability, operationalized as 2 con-
secutive 400-m walk failures or a single failure followed
by death, reflects a more sustained state of disablement
or failure to recover following an acute illness or event. A
similar panel of senescence biomarkers were found to be
related to risk for PMMD including VEGFA, TNFR1, and
MMP7, along with age and BMI. The top biomarkers that
predicted PMMD—activin A, VEGFA, TNFR1, MMP7,
GDF15, IL6, and ICAM1—were identical to those that
predicted incident MMD. Moreover, activin A, VEGFA,
TNFR1, and GDF15 demonstrated significant univariate
associations with PMMD after adjustment for covariates
in women and men separately.

Evidence in support of senescence biomarkers as potential
mediators of mobility disability and functional decline is var-
ied. Activin A, a member of the transforming growth factor-f§
family, is recognized as a negative regulator of skeletal muscle
mass, which, like growth and differentiation factor 8 (GDFS8),
acts via the activin receptor type IIB (ActRIIB). Combined
antibody-mediated inhibition of activin A and GDFS8 syner-
gistically increases muscle mass in both mice and cynomolgus
monkeys and muscle force in mice, with a magnitude of effects
similar to that induced by treatment with a soluble form of
ActRIIB fused to human immunoglobulin g Fc fragment (34).
Recent data have also suggested a direct effect of GDF13, a
stress response protein that plays diverse roles in multiple tis-
sues, on skeletal muscle, including an increase in oxidative
stress, activation of catabolic proteins, and down-regulation
of miRNAs (35,36). Circulating GDF135 levels are elevated in
the context of inflammation and chronic disease, and prior
studies have reported associations with incident mobility
disability as defined in our study (37,38). Similarly, there is
clear evidence that the pro-inflammatory factors IL6 and
TNFR1 can compromise skeletal muscle health and function
(39,40). Higher circulating levels of IL6 have been associated
with increased risk for declines in gait speed (41) and, in 2
large cohorts of older adults, higher blood concentrations of
TNFR1 have been shown confer risk for incident mobility
disability and accelerated functional decline (42,43). It is less
clear if VEGFA and MMP7 mediate mobility disability and
functional decline through skeletal muscle or other organ
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systems or instead, as biomarkers of systemic senescent cell
burden, are more general indicators of biological age.

Notably, each quartile of increasing ICAM1 concentration
was associated with a lower risk of both incident and per-
sistent mobility disability. ICAM1, a cell surface glycoprotein
expressed on the surface of endothelial cells, fibroblasts, and
immune cells, promotes cell adhesion, movement of leuko-
cytes to sites of inflammation, and activation of immune cells
(44). ICAM1 expression is induced by p53 and NFkB signal-
ing making it a component of the SASP secreted by senes-
cent endothelial and epithelial cells and preadipocytes (12).
Circulating levels of ICAM1 have previously been associated
with cardiovascular disease onset and progression (45). The
association and potential influence of ICAM1 on late-life
function and mobility warrants further study.

The SPPB is a well-validated and extensively utilized
composite measure of physical functioning. As a composite
measure, the SPPB integrates the capacity and physiological
reserve of multiple, integrated systems, for example, cardio-
vascular, neuromuscular, and vestibular/balance. Previously,
we identified a large number of circulating SASP proteins that
were cross-sectionally associated with the SPPB score (13).
In the present study, we extend these findings by demonstrat-
ing that several circulating SASP proteins are predictive of
the change in SPPB score with GDF15, OPN, and VEGFA
showing the strongest associations. Higher concentrations of
GDF15 and OPN also exhibited significant adjusted univari-
ate associations with reductions in SPPB score in women and
men separately.

Despite the robust clinically meaningful and dose-
dependent effects of the PA intervention in the LIFE Study on
changes in the SPPB score and the reduction in incident and
persistent mobility disability (6,22,46), we failed to observe
any significant changes in our panel of circulating SASP bio-
markers at year 1 or year 2 in participants randomized to the
PA compared to the HA “control” group. This may imply that
the associations between senescence biomarkers and physical
function reported here and previously are merely correlative,
and PA interventions improve physical function independent
of an influence on the abundance or behavior (ie, secretory
phenotype) of senescent cells (12-16). The absence of change
in the biomarkers among PA participants may also challenge
the utility or temporal response of the biomarker panel for
detecting a “senotherapeutic” effect of an intervention. This
may be more specifically addressed in clinical trials of drugs
being developed or repurposed to effectively target senescent
cells or the SASP. Our observations may also indicate the
intensity, volume, or type of PA in the LIFE trial was not suf-
ficient to alter the burden of senescent cells. It is also possible
that PA is not sufficient to reverse or mitigate senescent cell
burden in older adults with more advanced biological age. We
previously reported that 12 weeks of a more intensive struc-
tured strength, and endurance training reduced the expres-
sion of well-described markers of the senescence program
including P16, P21, cGAS, and TNFa in peripheral blood
CD3+ T cells and lowered the circulating concentrations of
several SASP proteins in healthy older (~67 years) adults (17).

Using accelerometry, we found that individuals with the
highest levels of “high light” intensity PA (a cut point asso-
ciated with moderately demanding activities of daily living
for older adults (47)) had significant reductions in senescence
biomarkers at the 12- and 24-month study time points. Of
note, several of the biomarkers reduced by higher levels of PA,

including VEGFA, MMP7, and IL6, were most predictive of
incident and persistent MMD. These results generate interest
in a clinical trial to test the hypothesis that higher-level PA
interventions reduce senescent cell burden and, correspond-
ingly, circulating levels of senescence-related proteins.

Limitations of the Study

The present study has many strengths including the robust
randomized sample of older males and females with mobility
limitations and multiple chronic diseases, rigorous assessment
of physical functioning and disability, a carefully controlled PA
intervention, and an evidence-based and a validated platform
of senescence-associated proteins. However, several limitations
need to also be considered. We realize that while there is a bio-
logical basis for senescent cells to be a likely source of the cir-
culating biomarkers assessed, they may not be the only source.
Senescent cells may indirectly contribute to circulating con-
centrations of the measured proteins through multiple mech-
anisms (48). Although well-controlled and supervised, the PA
intervention reduced the incidence of MMD, it may not have
provided a sufficient stimulus to reduce the burden of cellular
senescence. Finally, participants in the LIFE Study volunteered
for study enrollment and thus may represent a unique popula-
tion of older adults.

In summary, we show that a consistent panel of senescence
proteins is associated with the onset of acute and persistent
mobility disability and declines in physical functioning. An
intervention that reduced MMD did not change levels of the
proteins. These same senescence proteins were reduced in
those who had higher levels of total PA participation. Given
the current interest in developing senescent cell-targeting
therapies, our data may also be leveraged to serve as surro-
gate end points for future clinical trials targeting improve-
ments in healthspan.

Supplementary Material

Supplementary data are available at The Journals of
Gerontology, Series A: Biological Sciences and Medical
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