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Abstract

Epigenetic ageing, i.e., age-associated changes in DNA methylation patterns, is a
sensitive marker of biological ageing, a major determinant of morbidity and functional
decline. We examined the association of physical activity with epigenetic ageing and
the role of immune function and cardiovascular risk factors in mediating this relation.
Moreover, we aimed to identify novel molecular processes underlying the association
between physical activity and epigenetic ageing. We analysed cross-sectional
data from 3567 eligible participants (mean age: 55.5years, range: 30-94years,
54.8% women) of the Rhineland Study, a community-based cohort study in Bonn,
Germany. Physical activity components (metabolic equivalent (MET)-Hours, step
counts, sedentary, light-intensity and moderate-to-vigorous intensity activities) were
recorded with accelerometers. DNA methylation was measured with the Illumina
HumanMethylationEPIC BeadChip. Epigenetic age acceleration (Hannum's age,
Horvath's age, PhenoAge and GrimAge) was calculated based on published algorithms.
The relation between physical activity and epigenetic ageing was examined with
multivariable regression, while structural equation modeling was used for mediation
analysis. Moreover, we conducted an epigenome-wide association study of physical
activity across 850,000 CpG sites. After adjustment for age, sex, season, education,
smoking, cell proportions and batch effects, physical activity (step counts, MET-Hours
and %time spend in moderate-to-vigorous activities) was non-linearly associated with
slower epigenetic ageing, in part through its beneficial effects on immune function
and cardiovascular health. Additionally, we identified 12 and 7 CpGs associated with
MET-Hours and %time spent in moderate-to-vigorous activities, respectively (p<1
% 107°). Our findings suggest that regular physical activity slows epigenetic ageing by

counteracting immunosenescence and lowering cardiovascular risk.

Abbreviations: ASCVD Risk Score, assessment of cardiovascular disease risk score; Bas, basophils; B memory, B memory cells; BMI, body mass index; B naive, naive B cells; BP, biological
process; CC, cellular component; CD4 memory, memory CD4T cells; CD8 naive, naive CD8T cells; CD8 memory, memory CD8T cells; Chr, chromosome; (95%) Cl, confidence interval;
CpG, cytosine-phosphate-guanine; DBP, diastolic blood pressure; DNA, deoxyribonucleic acid; Eos, eosinophils; ESC SCORE2, European Society of Cardiology Score; EWAS,
epigenome-wide association analysis; FAMD, factor analysis for mixed data; GO, Gene Ontology; GWAS, genome-wide association studies; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; MET-Hours, metabolic equivalent hours; MF, molecular function; Mono, monocytes; mQTL, methylation quantitative trait loci; MVPA, moderate-to-vigorous
physical activity; Neu, neutrophils; NK, natural killer cells; PCA, principle component analysis; Pos, position; ref, reference group; SEM, structural equation modelling; SBP, systolic blood
pressure; SD, standard deviation; Treg, regulatory T cells; WHR, waist-to-hip ratio.
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1 | INTRODUCTION

Physical activity has been associated with a decreased risk of age-
associated diseases, an increased life expectancy, and a higher
quality of life (World Health Organization, 2020). Several physiolog-
ical, biochemical, and transcriptional changes have been observed
in response to acute exercise as well as regular physical activity,
which may underlie these benefits (Neufer et al., 2015). Specifically,
exercise has been observed to affect the methylation status of
genes, with some genes showing hypomethylation and others hy-
permethylation in response to exercise (Jacques et al., 2019; Voisin
etal., 2015).

Dynamic DNA methylation regulates gene expression and is re-
sponsive to environmental and lifestyle changes (Moore et al., 2013).
DNA methylation at specific Cytosine-phosphate-Guanine (CpG) sites
has been linked to age-associated functional decline and has been
suggested as a signature of biological ageing as estimated through
epigenetic clocks (Hannum et al., 2013). By now, several epigenetic
clocks have been developed (Hannum et al., 2013; Horvath, 2013;
Levine et al., 2018; Lu et al., 2019). Whereas first-generation clocks
(i.e., Hannum and Horvath's clocks) focus on predicting chronolog-
ical age, second-generation clocks (i.e., GrimAge and PhenoAge)
were developed using clinically relevant biomarkers and a range of
different proteins to reflect mortality risk (Topart et al., 2020). The
second-generation clocks are therefore also referred to as lifespan es-
timators. The difference between an individual's estimated biological
age and chronological age is referred to as epigenetic ageing, including
HorvathAge acceleration, HannumAge acceleration, PhenoAge accel-
eration, and GrimAge acceleration (Jain et al., 2022; Kim et al., 2021;
McCrory et al., 2021; O'Shea et al., 2022).

Physical activity may protect against age-associated func-
tional decline and may slow epigenetic ageing (Oblak et al., 2021).
Specifically, higher levels of self-reported physical activity have
been associated with a lower GrimAge (Kresovich et al., 2021) and
Hannum age (Quach et al., 2017). However, large-scale studies as-
sessing the relation between physical activity and epigenetic age-
ing are sparse. A systematic review reported physical activity to
be associated with slower biological ageing as reflected by second-
generation clocks, including PhenoAge and GrimAge, but not when
using first-generation clocks (Oblak et al., 2021). Importantly, these
previous studies predominantly used questionnaire-based phys-
ical activity assessments, which are susceptible to overreport-
ing and cannot discriminate among the different physical activity
components (Chastin et al., 2018). To the best of our knowledge,
only one study to date has examined the association of objective
accelerometer-based physical activity and epigenetic ageing, though
only in older adults (Gale et al., 2018). This study found that higher
step counts were related to a lower Hannum's age, whereas more

sit-to-stand transitions were related to a higher Horvath's age in 79-
year old adults.

Thus far, the mechanisms through which physical activity affects
age-associated functional decline are poorly understood. A recent
study observed a link between the proportion of naive and activated
T and NK cells and DNA methylation, suggesting that epigenetic
ageing may be driven by immunosenescence (Jonkman et al., 2022).
Physical activity has been found to directly affect lymphocyte R2-
adrenergic receptor sensitivity, leading to an increased mobilization
of T and NK cells, immune surveillance and progenitor cell mobili-
zation, which in turn causes less viral burden on the T cell compart-
ment and reduces the accumulation of senescent T cells (Duggal
et al., 2019). Similarly, regular physical activity leads to a reduced
cardiovascular disease risk (World Health Organization, 2020). Poor
cardiovascular health increases the risk of age-associated functional
decline and has been related to a faster GrimAge acceleration (Joyce
et al., 2021). It is unclear, however, whether the advantageous ef-
fects of physical activity on epigenetic ageing are solely mediated
through their effects on immune function and cardiovascular health
or through other (partially) independent mechanisms.

We therefore aimed to examine whether distinct, objectively
assessed physical activity components are associated with slower
biological ageing in adults over a wide age range. To this end, we lev-
eraged cross-sectional data of alarge community-based cohort-study
and assessed whether accelerometer-derived physical activity is as-
sociated with epigenetic age acceleration. We focused on the effects
of physical activity components on GrimAge acceleration because
(1) second-generation epigenetic clocks have been demonstrated to
more closely reflect the high inter-individual variability in the un-
derlying biological ageing processes as compared to first-generation
epigenetic clocks, (2) GrimAge acceleration has been demonstrated
to be the strongest predictor of age-associated functional decline
(Lu et al., 2019; McCrory et al., 2021), and (3) GrimAge acceleration
has been found to outperform the other epigenetic clocks, both in
predicting mortality risk (Lu et al., 2019; McCrory et al., 2021) and in
capturing multisystem dysregulation (Liu et al., 2023). Nevertheless,
for comparison, we also explored the association between physical
activity and Hannum's age, Horvath's age and PhenoAge accelera-
tion in additional sensitivity analyses. Furthermore, we investigated
to what extent the effect of physical activity on GrimAge acceler-
ation is mediated through its effects on immune function and car-
diovascular risk factors, while also examining potential reversed
mediation effects—whether GrimAge acceleration mediates the as-
sociation between physical activity and markers of cardiovascular
health. Lastly, we performed an epigenome-wide association study
of physical activity and conducted a gene enrichment analysis to
gain biological insights into the mechanisms underlying the effects
of physical activity on epigenetic ageing.

85U8017 SUOWIIOD BAER.D 8|qedl[dde aLy Aq pausenob ase Ssppie YO ‘8SN JO S8|nJ o} Aiq1T8UlUO A1 LD (SUORIPLOD-PUR-SWBIAL0D A8 |1 AeIq U1 |UO//SANY) SUORIPUOD PUe SWe 18U} 89S *[£202/70/TT] uo Aiqi7auliuo (1M ‘BepoaneN und wniuez ssuyosined Aq 828€T " PIe/TTTT OT/I0p/W0D A8 imAeIq Ul uo//:Sdny Wo. papeoumod ‘0 ‘9z.6v.vT



FOXET AL.

2 | RESULTS
2.1 | Sample characteristics

The sample characteristics are presented in Tables 1 and S1. In our
main analysis, 3567 eligible participants were included, of whom
1955 were women (54.8%). Participants' mean age was 55.5years
(SD: 14.1, age range: 30-94 years). Participants had on average high
education and physical activity levels. Physical activity levels were

lower in older adults compared to younger adults (Table S1).

2.2 | Effects of physical activity on epigenetic age
acceleration

Using polynomial regression models, we examined the effects
of physical activity on epigenetic ageing. Higher average daily
step counts and energy expenditure, as measured in metabolic
equivalent (MET-) Hours, were non-linearly associated with lower
GrimAge acceleration (Table 2a). For example, for step counts,
the difference in GrimAge acceleration for an individual with -2
standard deviations below the mean compared to an individual with
an average daily step count (corresponding to ~2300 and~8800
steps a day, respectively) was around 21 months. Similarly, for MET-
Hours, the difference in GrimAge acceleration for an individual with
-2 standard deviations below the mean compared to one with an
average amount of MET-Hours (corresponding to ~31 and~34 MET
Hours per day, respectively) was around 18 months. The maximum
effect was reached at an average of 11,247 steps and 34.7 daily
MET-Hours (Figure 1). The effects of physical activity dose on
GrimAge acceleration did not differ between men and women
(Figure S1; Bsteps x sex=0-068, 95%Cl=[-0.389; 0.525], p=0.769;
BreTs x sex=—0-052, 95% Cl=[-0.509; 0.404], p=0.823). Additional
proportion of time spent in moderate-to-vigorous physical activities
(MVPA) was also associated with lower GrimAge acceleration
(Table 2a). The effect of MVPA on GrimAge acceleration was also
non-linear and was strongest at an average of 5.9% or 1.5h of daily
MVPA (Figure 1). The effect of MVPA on GrimAge acceleration did
not differ between men and women (Figure S1; Bmvea x s =0.088,
95%Cl=[-0.370; 0.545], p=0.708). To examine whether the non-
linear shape of the association was driven by a few participants
with extreme values, we additionally ran a sensitivity analysis
excluding participants with high leverage points. After excluding 74
participants with high leverage points, we observed similar effect
estimates (Figure S2).

In exploratory analyses examining the association between
physical activity and Hannum's age, Horvath's age, and PhenoAge
acceleration, we also found greater daily step counts, energy expen-
diture and time spent in MVPA associated with lower PhenoAge ac-
celeration. The beneficial effects of physical activity dose and MVPA
leveled off at higher levels (Table 2b). We did not observe an associa-
tion between any of the physical activity components and Horvath's
and Hannum's age acceleration (Table 2c,d).

2.3 | Cardiovascular disease risk as mediator

In our mediation analysis, 3357 eligible participants with available
cardiovascular data were included (54.2% women, mean age:
55.4years, range: 30-94years) (Table 1). We examined whether
cardiovascular disease risk could mediate the association between
physical activity (i.e., energy expenditure, step counts and % MVPA)
and GrimAge acceleration (Figure 2). We assessed the indirect
effect of physical activity on GrimAge acceleration mediated
through either the Framingham Risk Score (D'Agostino et al., 2008),
the ESC SCORE2 (Hageman et al., 2021), the Assessment of
Cardiovascular Disease (ASCVD) Risk Score (Goff et al., 2014) or
the sample-based (factor analysis for mixed data (FAMD)-derived)
cardiovascular disease risk components (Lé et al., 2008). For the
sample-based score, we specifically assessed the mediation effect
of the first and second FAMD cardiovascular component, which
were predominantly influenced by (1) blood pressure, triglycerides
and adiposity measures, and (2) lipoprotein levels, respectively
(Figure S3).

We observed that the Framingham Risk Score, the ESC SCORE2,
the ASCVD Score and the first FAMD cardiovascular component
partially mediated the association between physical activity and
GrimAge acceleration (Table 3). The effects of physical activity on
GrimAge acceleration depended on physical activity levels. To illus-
trate the non-linear association between physical activity and epi-
genetic age, we report the effects at -1 SD, average (0 SD) and +1
SD levels of physical activity: keeping the covariates at a constant,
we found that the direct and indirect effects of physical activity on
GrimAge acceleration were strongest at low physical activity quan-
tities (e.g., -1 SD) and became progressively weaker at higher levels
(i.e., average level and+1 SD). Overall, we observed the strongest
mediating effects of cardiovascular risk scores for average daily
MET-Hours and step counts. For instance, at one standard deviation
below the mean (i.e., 32.6 MET-Hours and 5570 steps, respectively),
50.1% and 22.2% of the effects of MET-Hours and step counts on
GrimAge acceleration were mediated by the Framingham Risk Score.
At the mean (i.e., 34.0 MET-Hours and 8850 steps, respectively),
40.2% and 27.3% of the effects were mediated by the Framingham
Risk Score, with an indirect effect of -0.020 and-0.019 on GrimAge
acceleration, respectively. The second FAMD component did not
mediate the association between physical activity and GrimAge ac-
celeration (Table 3).

2.4 | Immune function as mediator

In addition, we investigated whether changes in immune function
could mediate the association between physical activity and
epigenetic ageing (Figure 2). Using principle component analysis,
and based on DNA methylation levels, we extracted the sample-
based first and second immune function composite components
based on 12 leukocyte subtypes (Salas et al., 2022). Whereas the
first component heavily weighted the proportion of neutrophils,
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TABLE 1 Sample demographics.

Eligible participants Individuals with cardiovascular Excluded participants

(n=3567) data (n=3357) (n=1429) p?

Age (years), mean (SD) 55.5(14.1) 55.4 (14.0) 54.2(13.7) 0.002
30-39 594 (16.7) 563(16.8) 238(16.7) [ref]
40-49 610 (17.1) 575(17.1) 315(22.0) 0.019
50-59 966 (27.1) 914 (27.2) 392 (27.4) 0.986
60-69 747 (20.9) 707 (21.1) 261 (18.3) 0.172
70-79 492 (13.8) 463 (13.8) 173 (12.1) 0.273
80-89 154 (4.3) 132(3.9) 45 (3.2) 0.096
90+ 4(0.1) 3(0.1) 5(0.4) 0.093

Sex (women), n (%) 1955 (54.8) 1821 (54.2) 865 (60.5) <0.001

Body-mass index (kg/mz), mean (SD) 25.86 (4.38) 25.86 (4.33) 26.12 (4.95) 0.008

Waist-to-hip ratio, mean (SD) 0.87 (0.10) 0.87 (0.10) 0.86 (0.10) 0.205

Cardiovascular event, n (% Yes) 319 (8.9) 289 (8.6) 102 (7.1) 0.338

Smoking, n (% Yes) 448 (12.6) 420 (12.5) 173 (12.2) 0.658

Diabetes, n (% Yes) 192 (5.4) 179 (5.3) 69 (4.8) 0.993

Hypertension, n (%)

No 2171 (61.5) 2086 (62.1) 893 (63.4) [ref]
Yes, controlled 613 (17.4) 575(17.1) 245 (17.4) 0.393
Yes, uncontrolled 699 (19.8) 664 (19.8) 268 (19.0) 0.582
Yes, unknown 46 (1.3) 2(1.0) 3(0.2) 0.557

Education ISCED11, n (%)

High 1867 (52.3) 1751 (52.2) 751 (54.3) [ref]
Middle 1629 (45.7) 1542 (45.9) 602 (43.5) 0.249
Low 71(2.0) 64 (1.9) 30(2.2) 0.709
Actimetry season, n (%)
Spring 752 (21.1) 677 (20.17) 328 (23.85) [ref]
Summer 823(23.1) 745 (22.19) 363 (26.40) 0.877
Autumn 1016 (28.5) 984 (29.31) 410 (29.82) 0.454
Winter 976 (27.4) 951 (28.33) 274 (19.93) <0.001

Daily Sensor Hours Worn (hours), 23.81(0.51) 23.81(0.52) 23.74 (0.76) 0.039

mean (SD)
Daily Energy Expenditure (MET- 33.98(1.37) 33.99 (1.37) 33.25(2.05) <0.001
Hours), mean (SD)

Daily Step Count, mean (SD) 8804.97 (3235.32) 8834.85(3235.77) 7826.58 (3960.50) <0.001

% Daily Light Intensity Physical 21.26 (6.08) 21.27 (6.08) 20.86 (9.21) 0.029
Activity, mean (SD)

% Daily Moderate-to-Vigorous 4.70 (1.79) 4.72 (1.79) 4.58(1.97) 0.455
Physical Activity, mean (SD)

% Daily Sedentary, mean (SD) 74.03 (6.72) 74.01 (6.71) 76.66 (9.43) <0.001

Hannum's Age acceleration, mean 0.31(5.67) 0.11 (5.60) 0.20(5.58) 0.840
(SD)

Horvath's Age acceleration, mean 0.22(5.28) 0.09 (5.24) 0.40(5.23) 0.208
(SD)

PhenoAge acceleration, mean (SD) 0.17 (6.61) 0.04 (6.60) 0.18 (6.57) 0.837

GrimAge acceleration, mean (SD) 0.01 (7.41) -0.11(7.42) -0.34 (7.48) 0.533

% Basophils, mean (SD)° 0.77 (0.81) 0.78(0.81) 0.78(0.78) 0.674

% Eosophils, mean (SD) 2 2.44(1.82) 2.46(1.81) 2.48 (1.90) 0.668
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TABLE 1 (Continued)

Eligible participants Individuals with cardiovascular Excluded participants

(n=3567) data (n=3357) (n=1429) p?
% Neutrophils, mean (SD)P 50.14 (11.66) 49.96 (11.67) 50.34 (11.51) 0.186
% Monophils, mean (SD)? 8.95(2.20) 8.97 (2.20) 8.79 (2.20) 0.076
% Naive B cells, mean (SD)° 3.02(1.74) 3.06 (1.74) 2.99(1.58) 0.204
% Memory B cells, mean (SD)? 2.05(3.16) 2.07 (3.24) 1.92 (1.45) 0.219
% Naive CD4 T cells, mean (SD)° 6.76 (4.32) 6.83(4.32) 6.92 (4.15) 0.576
% Memory CD4 T cells, mean (SD)° 11.15 (4.00) 11.14 (3.98) 11.16 (4.01) 0.913
% Regulatory T cells, mean (SD)° 0.08 (0.32) 0.08 (0.32) 0.09 (0.33) 0.571
% Naive CD8 T cells, mean (SD)° 2.25(2.08) 2.29 (2.08) 2.36 (2.15) 0.608
% Memory CD8 T cells, mean (SD)° 6.84 (5.69) 6.78 (5.66) 6.70(5.28) 0.540
% Natural killer cells, mean (SD)° 5.67 (2.58) 5.70(2.59) 5.67 (2.61) 0.811
Systolic blood pressure (mm Hg), 126.60 (16.04) 126.68 (16.00) 125.99 (16.06) 0.358
mean (SD)
Diastolic blood pressure (mm Hg), 75.34(9.47) 75.40 (9.44) 75.40 (9.24) 0.231
mean (SD)
Cholesterol (mg/dL), mean (SD) 198.28 (39.74) 198.33(39.68) 199.10 (37.39) 0.297
High-density lipoprotein (mg/dL), 62.32 (17.74) 62.29 (17.73) 63.00 (17.64) 0.951
mean (SD)
Low-density lipoprotein (mg/dL), 126.49 (36.17) 126.58 (36.15) 126.35 (34.05) 0.625
mean (SD)
Triglycerides (mg/dL), mean (SD) 111.13 (69.35) 111.07 (69.46) 111.68 (67.25) 0.188
Insulin (mU/L), mean (SD) 10.43 (7.51) 10.40 (7.50) 10.06 (8.11) 0.370

Abbreviations: MET-Hours, Metabolic-Equivalent Hours; ref, reference group; SD, standard deviation; 95% CI; 95% confidence interval.

?Group differences (included vs. excluded participants) were assessed using binomial logistic regression, adjusted for age and sex (group differences

for the variables age and sex were only adjusted for the other respectively).

bLeukocyte subtypes were derived based on DNA methylation levels (as described by Salas et al. 2022).

as well as (though to a lesser extent) naive B cells and CD4T+
T cells (naive CD4T cells and memory CD4T cells), the second
component was largely influenced by CD8T+ T cells (memory
CDS8T cells, naive CD8T cells, and natural killer cells) (Figure S4).
The immune function composite components were only weakly
correlated with the cardiovascular disease risk scores and composite
=0.11;

Components (e.g., Mmmunel Framingham — -0.22; M immune2 Framingham

rImmunei ESCScore — _0'19; rImmuneZ ESCScore — 0'11; rImmunel ASCVD = _0'15;

Mimune2 ascvp = 0-06).
We observed that the first and second immune function com-

posite components partially mediated the association between
physical activity and GrimAge acceleration. However, the medi-
ation effects were generally smaller compared to those of car-
diovascular risk factors (Table 3). Whereas the Framingham Risk
Score mediated up to ~50% of the effects of physical activity on
GrimAge acceleration, both the first and second immune function
composite components mediated only up to ~7% of the effects of
physical activity on GrimAge acceleration. We found that the di-
rect effect of physical activity on GrimAge acceleration was stron-
gest at low physical activity quantities (e.g., -1 SD) and lessened
at the higher end of the physical activity spectrum (i.e., average
level and +1 SD).

2.5 | Reversed mediation: GrimAge acceleration
as mediator

In exploratory analyses, we examined whether GrimAge acceleration
could mediate some of the effects of physical activity on
cardiovascular disease risk. We observed relatively weak mediating
effects of GrimAge acceleration (Table S2). Overall, GrimAge
acceleration mediated up to ~10% of the effect of physical activity

on cardiovascular disease risk.

2.6 | Sensitivity analysis in individuals without a
cardiovascular event

We repeated the polynomial regression and mediation analysis of
cardiovascular disease risk in a subset of individuals without a prior
cardiovascular event. In these individuals, the effects of all physi-
cal activity components (step counts, energy expenditure, %light
intensity activities, %moderate-to-vigorous intensity activities and
%sedentary activities) were significantly associated with GrimAge
acceleration (Table 2e). Higher physical activity dose and inten-

sity were associated with slower epigenetic ageing. The effects of
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TABLE 2 Effect estimates of the association between physical activity and epigenetic ageing.

Term B [95%Cl] p-value

(a) Main effect estimates for GrimAge acceleration

Step Count (linear) -0.38[-0.65; -0.12] 0.005
Step Count (quadratic) 0.25[0.12;0.39] <0.001
MET-Hours (linear) -0.28 [-0.53; -0.02] 0.032
MET-Hours (quadratic) 0.24[0.10; 0.39] <0.001
% Light Intensity (linear) -0.17 [-0.42; 0.09] 0.197
% Light Intensity (quadratic) 0.13 [-0.04; 0.29] 0.132
% Moderate-to-Vigorous Intensity -0.31[-0.58; -0.04] 0.023
(linear)
% Moderate-to-Vigorous Intensity 0.23[0.10; 0.37] <0.001
(quadratic)
% Sedentary (linear) 0.16 [-0.09; 0.40] 0.206
% Sedentary (quadratic) 0.12 [-0.05; 0.28] 0.163
(b) Effect estimates of the exploratory analysis for PhenoAge acceleration
Step Count (linear) -0.28 [-0.50; -0.07] 0.010
Step Count (quadratic) 0.17 [0.06; 0.27] 0.003
MET-Hours (linear) -0.14 [-0.35; 0.06] 0.178
MET-Hours (quadratic) 0.13[0.01; 0.24] 0.033
% Light Intensity (linear) -0.11 [-0.32; 0.10] 0.293
% Light Intensity (quadratic) -0.13 [-0.26; 0.01] 0.060
% Moderate-to-Vigorous Intensity -0.26 [-0.47; -0.04] 0.021
(linear)
% Moderate-to-Vigorous Intensity 0.14 [0.03; 0.25] 0.012
(quadratic)
% Sedentary (linear) 0.16 [-0.04; 0.36] 0.110
% Sedentary (quadratic) -0.09 [-0.22; 0.04] 0.178
(c) Effect estimates of the exploratory analysis for Horvath's age acceleration
Step Count (linear) 0.06 [-0.13; 0.25] 0.560
Step Count (quadratic) 0.05 [-0.04; 0.15] 0.267
MET-Hours (linear) 0.20 [0.02; 0.38] 0.029
MET-Hours (quadratic) -0.01[-0.11; 0.10] 0.893
% Light Intensity (linear) -0.10[-0.28; 0.08] 0.295
% Light Intensity (quadratic) -0.06 [-0.18; 0.05] 0.283
% Moderate-to-Vigorous Intensity 0.11 [-0.08; 0.30] 0.251
(linear)
% Moderate-to-Vigorous Intensity 0.04 [-0.06; 0.13] 0.471
(quadratic)
% Sedentary (linear) 0.05[-0.12; 0.23] 0.565
% Sedentary (quadratic) -0.08 [-0.20; 0.04] 0.182
(d) Effect estimates of the exploratory analysis for Hannum's age acceleration
Step Count (linear) -0.06 [-0.24;0.12] 0.509
Step Count (quadratic) 0.06 [-0.03; 0.15] 0.217
MET-Hours (linear) 0.11 [-0.05; 0.28] 0.183
MET-Hours (quadratic) -0.01 [-0.10; 0.09] 0.901
% Light Intensity (linear) -0.11 [-0.27; 0.06] 0.219
% Light Intensity (quadratic) 0.01[-0.09; 0.12] 0.806

n

3567
3567
3567
3567
3567
3567
3567

3567

3567
3567

3567
3567
3567
3567
3567
3567
3567

3567

3567
3567

3567
3567
3567
3567
3567
3567
3567

3567

3567
3567

3567
3567
3567
3567
3567
3567

Sample

Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
Total Sample

Total Sample

Total Sample
Total Sample

Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
Total Sample

Total Sample

Total Sample
Total Sample

Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
Total Sample

Total Sample

Total Sample
Total Sample

Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
Total Sample
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FOXET AL.

TABLE 2 (Continued)

Term

% Moderate-to-Vigorous Intensity
(linear)

% Moderate-to-Vigorous Intensity
(quadratic)

% Sedentary (linear)

% Sedentary (quadratic)

B [95%Cl]
-0.02 [-0.20; 0.15]

0.04 [-0.05; 0.13]

0.08 [-0.08; 0.24]
-0.01[-0.12; 0.10]

Aging

p-value n Sample
0.805 3567 Total Sample
0.335 3567 Total Sample
0.326 3567 Total Sample
0.881 3567 Total Sample

(e) Effect estimates for GrimAge acceleration of individuals without a cardiovascular event

Step Count (linear)

-0.37 [-0.64; -0.10]

Step Count (quadratic) 0.25[0.12; 0.39]

MET-Hours (linear) -0.25[-0.50; 0.01]

MET-Hours (quadratic) 0.24 [0.09; 0.39]

% Light Intensity (linear) -0.23[-0.49; 0.03]

% Light Intensity (quadratic) 0.20[0.03; 0.37]

% Moderate-to-Vigorous Intensity -0.30[-0.57; -0.03]

(linear)

% Moderate-to-Vigorous Intensity 0.22[0.09; 0.36]

(quadratic)

% Sedentary (linear) 0.21 [-0.05; 0.46]

% Sedentary (quadratic) 0.20[0.02; 0.37]

0.008 3239 Individuals without a
cardiovascular event

<0.001 3239 Individuals without a
cardiovascular event

0.063 3239 Individuals without a
cardiovascular event

0.002 3239 Individuals without a
cardiovascular event

0.083 3239 Individuals without a
cardiovascular event

0.021 3239 Individuals without a
cardiovascular event

0.032 3239 Individuals without a
cardiovascular event

0.002 3239 Individuals without a
cardiovascular event

0.108 3239 Individuals without a
cardiovascular event

0.025 3239 Individuals without a

cardiovascular event

Note: Models were adjusted for age, age?, sex, education, batch effect, cell proportions, smoking status and season. To allow comparison of effect

sizes, we z-standardised all continuous independent variables.

Abbreviations: MET-Hours, Metabolic-Equivalent Hours; 95% Cl, 95% confidence interval.

physical activity were again most pronounced at the lower end of
the physical activity spectrum, with the exception of the effects of
%sedentary activities. A higher proportion of %sedentary activi-
ties was associated with faster epigenetic ageing and the effect was
stronger at higher %sedentary levels (Figure S5). Compared to other
intensities, the effect of %moderate-to-vigorous intensity activities
was strongest.

Mediation analysis in individuals without a prior cardiovascu-
lar event largely replicated the results based on the entire sample
(Table 4). The ESC score, Framingham Risk Score and ASCVD Score
partially mediated the association between average daily energy
expenditure, step counts, %MVPA and GrimAge acceleration. For
%light-intensity activities and %sedentary activities, we found that
the ESC score and Framingham Risk Score fully mediated the asso-
ciation with GrimAge acceleration, whereas we did not observe a
mediation effect for the ASCVD Score. Moreover, the first FAMD
component only fully mediated the association between %light-
intensity activities and GrimAge acceleration. Also here, we did not

observe a mediation effect through the second FAMD component.

2.7 | Maediation analysis using a negative
control variable

To test the robustness of the mediation results, we also ran
mediation analyses with olfactory performance as a negative control
variable. We found that olfactory performance did not mediate the
association between physical activity and GrimAge acceleration
(Table S3).

2.8 | EWAS of physical activity and
functional analyses

At the nominally significant threshold (defined as p<1 x107°), we
identified 7 CpGs associated with %time spent in MVPA (Figure 3a
and Table S4a), and 12 CpGs associated with MET-Hours (Figure 3b
and Table S4b). However, we did not discover any epigenome-wide
significant CpGs (all FDR>0.05). We did not identify any genomic
inflation of the test statistics (Figure S7).
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FOXET AL.

% | wiLey- Aging

(a .

Predicted GrimAge Acceleration

(b)

Predicted GrimAge Acceleration

« *.
L . b Ilnﬂechon point: 11,247.1 steps o . s :Inflecllun point: 34.7 MET Hours
10000 20000 30.0 325 35.0 37.5 40.0
Average daily Step Count Average daily MET Hours
(c) i .

Predicted GrimAge Acceleration

L ) ¢ IInﬂecuon point: 5.9% moderate-to-vigorous intensity

0.05

0.10 0.15

Average daily % moderate-to-vigorous intensity

FIGURE 1 Scatterplot of association between physical activity and GrimAge acceleration. Regression lines were adjusted for age, age?,
sex, education, batch effect, cell proportions, season and smoking status. MET-Hours, Metabolic-Equivalent Hours.

Cardiovascular disease risk/
Immune function

Physical activity

We performed lookup analyses of all the CpG sites and the
mapped genes for each of the CpGs, showing an association with
%MVPA and MET-Hours at the nominally significant level using
the EWAS Catalog (http://ewascatalog.org/), EWAS Atlas (https://
ngdc.cnch.ac.cn/ewas/atlas) and GWAS catalog (https://www.
ebi.ac.uk/gwas/) (Table S4a). MVPA and MET-Hours associated
CpGs have been previously linked to immune function (i.e., CD24
on IgD+ CD24+ B cell, CD24 on memory B cell, blood cell counts),
cardiometabolic traits (i.e., waist circumference, body mass index
(BMI), blood pressure, QT interval, ischemic stroke, myocardial

FIGURE 2 Mediation analysis model.

Epigenetic ageing

infarction) and other ageing-related traits (i.e., cognitive function,
neuritic plaques, white matter hyperintensities, type 2 diabetes).
Of note, cg18193094, positionally mapped to the glutamate ion-
otropic receptor kainite type subunit 2 (GRIK2) gene, which has
previously been linked to inter-individual differences in heart
rate increase and recovery during and after exercise (Verweij
et al,, 2018).

Over-representation analysis using Webgestalt GWAS catalog
(https://www.ebi.ac.uk/gwas/) based on the nearest genes of the
CpG sites showing an association with energy expenditure and
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FIGURE 3 EWAS results of physical activity components. Manhatten plots of the epigenome-wide association study (EWAS) results
for (a) % average daily time spent in moderate-to-vigorous activities and (b) average daily energy expenditure in MET-Hours. The x-axis
depicts sites ordered by chromosomal position with the respective -log,, p-value on the y-axis. The horizontal lines represent the level of
significance, with the red horizontal dashed line at the nominal significant level (p-value p < 1E-05).

%MVPA at a nominally significant level did not yield significant
Gene Ontology (GO) terms after adjustment of multiple compar-
isons (data not shown). However, gene set enrichment analysis
using clusterProfiler (Wu et al., 2021) based on a significance-
ranked list of all genes (i.e., from the lowest to the highest p-value
of the corresponding CpG site), identified a large number of GO
terms related to biological processes, molecular function and cel-
lular components (FDR<0.05). We observed that the identified
genes were particularly enriched in pathways related to regulation
of vascular endothelial function, cell proliferation, interaction and
signalling and sensory development and perception (Tables S5 and
Sé6).

To assess potential genetic confounding, we used mQTLdb to
examine whether there were previously identified methylation
quantitative trait loci (mQTLs) for the CpGs that were found to be

associated with MVPA and MET-Hours (Gaunt et al., 2016). There
were no mQTLs for 5 CpGs that were associated with MVPA, but
several mQTLs were previously identified for cg27071152 and
cg00484396. We also found several mQTLs for cgl9237047,
cg17385847 and cg09557462 that were associated with MET-
Hours, but not for the other 9 CpGs (Table S4). These mQTLs might
have an impact on the methylation levels of these CpGs.

We performed additional sensitivity analyses to assess whether
BMI modifies the association between physical activity and meth-
ylation levels of the nominally significant CpGs. We found that
although the mediation estimates became smaller after BMI adjust-
ment, they remained directionally consistent (Table S7). We did not
find any interaction effects between cell types and methylation lev-
els of the nominally significant CpGs on physical activity levels (all p
values for the interaction terms >0.05).
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3 | DISCUSSION

We found that higher levels of accelerometer-assessed physical ac-
tivity were associated with slower epigenetic ageing in the general
population, with similar effects in both men and women. Health
benefits from engaging in physical activity are well-documented
(World Health Organization, 2020). Lifestyle interventions incor-
porating physical activity may thus be cost-effective and easily
implementable measures to slow down age-associated functional
decline as reflected in decelerated epigenetic ageing. Importantly,
both the absolute and relative effects of physical activity dose and
intensity on epigenetic ageing were most pronounced at the lower
end of the activity spectrum. Our findings therefore indicate that
health benefits of additional physical activity are likely to be great-
est in adults leading a sedentary lifestyle.

While previous studies predominantly relied on self-reported
physical activity levels, to the best of our knowledge, our study is
the first to assess the effects of detailed accelerometer-derived
physical activity components on epigenetic ageing in adults over a
wide age range. In line with previous studies (Kresovich et al., 2021;
Lu et al., 2019), we observed that higher physical activity levels are
associated with slower GrimAge acceleration. Specifically, we found
slower epigenetic ageing to be related to higher energy expenditure,
step counts and more time spent in moderate-to-vigorous intensity
activities. In individuals without a history of cardiovascular disease,
also more time spent in light intensity activities was associated with
slower GrimAge acceleration, whereas longer sedentary time was
associated with faster epigenetic ageing. Nonetheless, when consid-
ering different levels of physical activity intensity, also in this subset
of individuals moderate-to-vigorous intensity physical activity had
the strongest effect on epigenetic ageing. Our findings imply that
all levels of physical activity may be effective for the prevention of
cardiovascular disease, although moderate-to-vigorous intensity ac-
tivities may yield the strongest benefits.

In further exploratory analyses, we examined whether various
physical activity components are also associated with other epi-
genetic clocks such as PhenoAge, Hannum's and Horvath's age.
We only observed an association between physical activity and
second-generation (GrimAge and PhenoAge acceleration), but not
first-generation clocks (Hannum's and Horvath's age acceleration),
which has also been reported in a recent systematic review (Oblak
et al., 2021). Slower PhenoAge acceleration was associated with
higher energy expenditure, step counts and more time spent in
moderate-to-vigorous activities. We found the strongest associa-
tion between physical activity and GrimAge acceleration, which has
been hypothesized to be the prime indicator of age-associated func-
tional decline across all epigenetic clocks (Lu et al., 2019; McCrory
etal., 2021).

The molecular pathways through which physical activity af-
fects epigenetic ageing are thus far poorly understood. To explore
the effects of physical activity on methylation status directly,
we conducted an epigenome-wide association study across
850,000 CpG sites. We found methylation status of several CpG
sites to show a nominal significant association with time spent in
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moderate-to-vigorous physical activity (n=7 CpGs) and MET-Hours

(n=12 CpGs). Interestingly, the nearest gene to one of these CpGs,
GRIK2, was also associated with heart rate response and recovery
after exercise in a previous study (Verweij et al., 2018), while mu-
tations in GRIK2 are known to cause several autosomal recessive
forms of intellectual disability (https://omim.org/entry/138244).
Gene enrichment analysis of the nearest genes across the CpG
sites demonstrated that genes, whose methylation levels were most
strongly associated with physical activity, were enriched in path-
ways related to regulation of vascular endothelial function as well as
pathways related to nervous system function and health (including
synaptic signalling, sensory development and perception, as well as
cell proliferation and interaction). These results thus suggest that
physical activity may particularly affect neuronal signalling, thereby
pointing to a novel molecular basis for previous findings suggest-
ing that physical activity is beneficial for brain function (Silverman
& Deuster, 2014; World Health Organization, 2020), an effect that
is particularly evident in brain regions with a high oxidative demand
(Fox et al., 2022). Larger EWAS of physical activity are required
for the identification of additional molecular mechanisms through
which physical activity exerts its beneficial health effects.

Several potential pathways have been suggested through which
physical activity could exert its positive effects on health. Exercise
has been found to minimize inflammation symptoms and oxidative
stress and to promote neuroplasticity and growth factor expression
(Silverman & Deuster, 2014). It is noteworthy that the negative ef-
fects of exercise on inflammatory biomarkers such as adipokines (e.g.,
interleukin-6, tumor necrosis factor alpha) and the stimulating effects
of exercise on cortisol and adrenaline secretion are most pronounced
for prolonged and high intensity exercise bouts (Gleeson et al., 2011,
Peake et al., 2005). It has been suggested that the anti-inflammatory
effects of exercise could alter the epigenome and a few small scale
studies have indeed linked exercise to the methylation status of
genes linked to inflammation, tumor growth, and neuroplasticity
(Ferioli et al., 2019). In this study we found that sample-based im-
mune function composites, which were mainly influenced by naive B
cells, CD4T+ T cells and CD8T+ T cells, partially mediated the effect
of physical activity on epigenetic ageing. However, it should be noted
that the mediated proportion was small. The reduction of naive cells
and accumulation of activated immune T cells is a well-established
feature of ageing and immunosenescence. Previous studies suggest
that the activation of T and NK cells could be major contributors to
epigenetic ageing (Jonkman et al., 2022), whereas physical activ-
ity could lead to an increased mobilization of T and NK cells and a
decreased accumulation of senescent T cells (Duggal et al., 2019).
Our findings thus indicate that particularly regular exercise with a
moderate-to-high intensity level may lead to long lasting changes of
the epigenome and reduce epigenetic ageing. The beneficial effects
of physical activity on epigenetic ageing could be, in part, ascribed to
its positive effects on immunosenenscence. However, further exper-
imental studies are needed to study the immunological mechanisms
through which physical activity could act upon epigenetic ageing.

Here, we also present the first study assessing whether well-
established cardiovascular risk factors could mediate the relation
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between physical activity and epigenetic ageing. Accelerated epi-

genetic ageing has been associated with a higher cardiovascular dis-
ease risk (Joyce et al., 2021). Several studies have found that the
effects of physical activity on cardiovascular disease risk is closely
linked to DNA methylation changes (Ferrari et al., 2019; Sellami
et al., 2021). Indeed, we found that the Framingham Risk Score,
which is based on the most important cardiovascular risk factors,
the Assessment of Cardiovascular Disease (ASCVD) Risk Score, the
most recently published guideline to assess cardiovascular risk by
the American College of Cardiology, and the European Society of
Cardiology Score (ESC SCORE2), which is scaled to reflect country-
specific cardiovascular risk, partially mediated the association be-
tween physical activity and epigenetic ageing. To dissect the relative
mediation effects of different cardiovascular risk factors, we also
created data-driven sample-specific cardiovascular summary mea-
sures. Our first sample-based cardiovascular risk component, which
primarily captured the combined effects of blood pressure, adipos-
ity markers, and triglyceride levels, partially mediated the relation
between physical activity and epigenetic ageing. In contrast, the
second sample-based cardiovascular component, which primarily
captured the effects of lipoprotein levels, did not show a mediation
effect. Therefore, our findings indicate that the effects of physical
activity on health are preferentially mediated through specific car-
diovascular risk factors, especially blood pressure, adiposity, and
triglyceride levels.

Our findings substantially extend those of previous studies re-
porting beneficial effects of physical activity in the prevention and
treatment of cardiovascular diseases, and suggest that targeting
hypertension, hypertriglyceridemia, and adiposity may be partic-
ularly effective in counteracting cardiovascular ageing (Eriksson
et al., 1997). Blood pressure, triglycerides, and adiposity markers
have all been found to causally affect methylation status (Mendelson
et al.,, 2017; Richard et al., 2017; Wahl et al., 2017), and several
adiposity-related traits have been associated with faster GrimAge
acceleration (McCartney et al., 2021). Compared to the Framingham
Heart Study sample (D'Agostino et al., 2008), our participants were
on average slightly older, were more often treated for hypertension
and had lower total cholesterol, but higher HDL levels. Our sample
also included more non-smokers. Given that the Framingham Risk
Score weighs hypertension markers and age more than cholesterol
levels, this might offer an explanation why we observed a mediation
effect of the Framingham Risk Score and the first, but not the sec-
ond, FAMD cardiovascular component. Nonetheless, further studies
are warranted to elucidate the molecular underpinnings of the ef-
fects of physical activity on hypertension and adiposity markers, as

well as their influence on epigenetic ageing.

3.1 | Limitations

Several limitations of this study should be noted. First, given the
cross-sectional nature of this study, we could not assess the cau-
sality of the association between physical activity and epigenetic

ageing. Second, actimetry recordings were conducted outside of the
laboratory and in the participants' normal environment. Even though
participants' daily activities were recorded during regular activity
weeks, participants may have consciously or unconsciously changed
their activity pattern during this recording period. Third, while the
activPAL accelerometer is highly accurate in identifying changes in
postures and intensity categories, distinguishing been different pos-
tures, such as car driving versus taking steps, might sometimes be
unreliable since the device is attached to the thigh; however, through
rigorous quality control of the data, we were able to exclude unreli-
able measurements. Furthermore, classification of moderate versus
high intensity activities with the activPAL proprietary software can
be imprecise as the algorithm linearly classifies energy expenditure
based on cadence. To reach the classification threshold of vigorous
intensity (typically defined as 26 METs), a minimum cadence of 240
steps/min would be required. However, even athletes rarely reach a
cadence of more than 200 steps/min for prolonged periods of time.
Fourth, it cannot be ruled out that our findings were partly influ-
enced by selection bias as participants of our study had relatively
high education and physical activity levels; however, if anything,
this is likely to have resulted in an underestimation of the effects of

physical activity on epigenetic ageing.

4 | CONCLUSION

In conclusion, we demonstrated that higher accelerometer-assed
physical activity levels are associated with slower epigenetic
ageing in adults across a wide age range. We observed that the
effect of physical activity on epigenetic ageing can largely be
attributed to its beneficial effects on cardiovascular health and
immune function. Given the expected rapid rise in the preva-
lence of cardiovascular diseases, exercise regimens focusing on
moderate-to-high intensity activities could serve as inexpensive,
easily actionable and effective preventive lifestyle interventions.
Particularly adults leading a sedentary lifestyle may profit from

engaging in additional exercise.

5 | EXPERIMENTAL PROCEDURES
5.1 | Study population

Our analysis was based on cross-sectional baseline data from the
first 5000 participants of the Rhineland Study (age range=30-
94 years), an ongoing population-based prospective cohort study
(Fox et al., 2022). Invitations to participate in the Rhineland Study
are send to inhabitants of two distinct municipal districts in Bonn,
Germany, who are 30years or older. To participate, invitees are
required to have a sufficient command of the German language to
provide informed consent. Participants complete multiple assess-
ments including questionnaires, blood collection, anthropometric
and cardiovascular measurements, and accelerometer attachment.
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The study was approved by the ethics committee of the University
of Bonn, Medical Faculty, and is carried out according to the prin-
ciples of the Declaration of Helsinki.

In this study, we analysed data of 3567 eligible individuals out
of the first 5000 participants of the Rhineland Study (Figure Sé).
Actimetry recordings were not available for 1005 participants due
to the following reasons: refusal to participate (n=71), technical/
acquisition failure (n=187) or ineligibility (n=747). Participants
were deemed ineligible if they were unable to stand or walk, had
an unrepresentative physical activity week and/or were allergic
to medical adhesives. Representativeness of the physical activity
week was established based on self-reports. Participants were
asked to judge whether they anticipated having a regular, rep-
resentative activity and rest pattern during the recording time.
Reasons for an unrepresentative physical activity week included
vacation, untypical work trips, surgery or hospital stays, which
could result in shifted and unrepresentative activity and rest pat-
terns. In addition, we also excluded 122 participants with less
than 5 valid recording days to achieve reliable physical activity
estimates (Aguilar-Farias et al., 2019). We classified and excluded
recording days as invalid based on Winkler and colleagues' pro-
posed criteria: <500 steps/day, 295% time spent in one posture,
and <10h estimated waking wear time (Winkler et al., 2016). We
visually checked heatmaps of included and excluded recordings
and wear diaries to avoid incorrect exclusion. Using a modified
z-score of 3.5, we identified potential outliers and after visual
inspection excluded 5 participants with erroneous actimetry re-
cordings. Furthermore, we excluded 60 participants with missing
covariate data and 239 participants with missing epigenetic clock
data. For the mediation analysis, we additionally excluded 210

participants with missing cardiovascular data.

5.2 | Physical activity

We used the activPAL3 micro (PAL Technologies, Glasgow, UK)
to measure physical activity intensity, step counts and energy ex-
penditure continuously across seven consecutive days. We pro-
cessed raw data using the proprietary activPAL software suite.
Based on a customized version of the “activpalProcessing” package
in Rversion 3.6.3 (The R Foundation), we extracted information on
physical activity dose (energy expenditure, step counts) and in-
tensity (sedentary, light intensity, moderate-to-vigorous intensity)
(Lyden et al., 2017). We calculated weighted daily averages for all
physical activity variables, which were adjusted for accelerom-
eter wear time per day. Physical activity dose variables included
average weighted daily step counts and average weighted daily
energy expenditure as reflected in metabolic equivalents (METs)
per hour. We defined physical activity intensity based on posture
and energy expenditure across time: average daily % time spent in
sedentary (sitting/lying posture), light-intensity (standing or step-
taking posture and METs <3.0), or moderate-to-vigorous (standing
or step-taking posture and METS = 3.0) activities. Further details
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on the physical activity assessment have been described previ-
ously (Fox et al., 2022).

5.3 | DNA methylation quantification

Genomic DNA was extracted from buffy coat fractions of anti-
coagulated blood samples using Chemagic DNA buffy coat kit
(PerkinElmer, Germany) and was subsequently bisulfite converted
using the DNA methylation kit according to the manufacturer's in-
structions. DNA methylation levels were measured using lllumina's
Human MethylationEPIC BeadChip. The methylation level for each
probe was derived as a beta value representing the fractional level
of DNA methylation at that probe. Sample-level and probe-level
quality control was performed using the ‘minfi’ package in R (version
3.5.0) (Fortin et al., 2017). Samples with sex mismatch or a missing
rate at >1% across all probes were excluded. Probes with a missing
rate>1% (at a detection p-value >0.01) were also excluded follow-
ing previously published recommendation guidelines for analyzing
methylation data (Wu & Kuan, 2018).

5.4 | Estimation of epigenetic age acceleration

DNAm Hannum age, Horvath age, PhenoAge and GrimAge was cal-
culated as described previously (Hannum et al., 2013; Horvath, 2013;
Levine et al., 2018; Lu et al., 2019). The age acceleration estimators
were defined as the residuals (in years) that result from regressing
the DNAm age estimates on chronological age.

5.5 | DNA methylation-based immune phenotyping

Based on DNA methylation levels, the relative proportion of
twelve leukocyte subtypes (basophils, eosinophils, neutrophils,
monocytes, naive B cells, memory B cells, naive CD4T cells, mem-
ory CDA4T cells, regulatory T cells, naive CD8T cells, memory CD8T
cells and natural killer cells) was derived using the “FlowSorted.
BloodExtended.EPIC” package in R (version 3.6.3, The R
Foundation), which is based on a reference-based deconvolution
method described by Salas et al. (2022). We created sample-based
immune profile composites based on principle component analysis
of all leukocyte variables, using the first two principle components
(Figure S3).

5.6 | Covariates

The International Standard Classification of Education 2011
(ISCED) was used to categorize participants' highest education
levels as low (lower secondary education or below), middle (upper
secondary education to undergraduate university level) and high
(postgraduate university study). We determined participants'
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age, sex, smoking status (smokers vs. non-smokers) and diabetes

status (diabetic vs. non-diabetic) based on self-report. Missing
smoking values were imputed based on cotinine metabolite lev-
els. Individuals with a cotinine level exceeding the non-smoker
sample-defined 97.5 percentile were classified as smokers. We
derived the season of the actimetry recording based on the dates
of the recordings. Olfactory performance was assessed with the
12-item Sniffin' Stick odour identification test and defined as
the total number of correctly identified pens (Lu et al., 2021).
Anthropometric examinations were performed using a SECA 285
measuring station and SECA 201 measuring tape. Waist-to-hip
ratio (WHR) was calculated as a ratio of waist circumference to
hip circumference and BMI was calculated as weight [kg]/(height
[m])2. Serum levels of cholesterol, high-density lipoprotein (HDL),
low-density lipoprotein (LDL) and triglycerides were measured
using routine methods at the Clinical Chemistry Laboratory of
University Hospital Bonn. Resting blood pressure was measured
three times with 10-min intervals and average systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) were calculated
using the last two measured values. Hypertension was based on
regular use of antihypertensive medication, average SBP (2140 mm
Hg) and average DBP (290mm Hg). A cardiovascular event was
defined based on self-reported medical history of myocardial in-
farction, coronary artery disease, transient ischemic attack (TIA),
cardiac insufficiency, peripheral arterial disease, pacemaker place-
ment, stroke, aortic surgery, carotid artery surgery and peripheral

artery surgery.

5.7 | Cardiovascular disease risk score

Based on previously published algorithms, 10-year cardiovascular
disease risk was calculated based on the Framingham Risk Score,
the European Society of Cardiology Score (ESC SCORE2) and
the Assessment of Cardiovascular Disease (ASCVD) Risk Score
(D'Agostino et al., 2008; Goff et al., 2014; Hageman et al., 2021).
In addition, we created a sample-based cardiovascular risk compo-
nent score based on age, waist-to-hip ratio, cholesterol, HDL, LDL,
triglycerides and insulin levels, smoking, hypertension and diabetes
status as well as SBP and DBP, using factor analysis for mixed data
(FAMD) as implemented in the ‘FactoMineR’ package in R (version
3.6.3, The R Foundation) (Lé et al., 2008). We extracted the first two
components as summary measures for our sample-based cardiovas-

cular risk score (Figure S3).

5.8 | Statistical analysis

Statistical analyses were performed in R (version 3.6.3, The R
Foundation). In the sample demographics, we present mean and
standard deviation (SD) for continuous variables and number and
percentage for categorical variables. We assessed differences be-
tween included and excluded participants using binomial logistic re-
gression adjusted for age and sex.

To examine the association between physical activity (indepen-
dent variable) and epigenetic age acceleration (outcome), we used
multivariable (polynomial) regression models. We tested for po-
tential non-linear effects of physical activity on epigenetic ageing
by including a quadratic term for physical activity. In addition, we
also assessed whether the effects of physical activity on epigene-
tic age acceleration differed between men and women by including
interaction terms between physical activity and sex. To account for
residual confounding, we adjusted the models for age, age2 as well
as for batch effect, cell proportions (CD4T+ T cells, CD8T+ T cells,
neutrophils, monocytes and granulocytes), sex, education and smok-
ing status. To allow comparison of effect sizes, we z-standardised all
continuous independent variables. Effect estimates are presented
with the corresponding two-sided 95% confidence intervals. The
threshold for statistical significance was set at p<0.05. Visual in-
spection of the distribution of residuals was performed to evaluate
whether model assumptions were met.

In addition, we performed two sensitivity analyses: (1) We re-ran
the polynomial regression models excluding data points with a high
leverage (i.e., those observations with values of the independent
variables far from those of other independent variables, defined as
a hat value exceeding 3 times the average), and (2) We also assessed
whether the association between physical activity and epigenetic
ageing changed when excluding participants with a prior cardiovas-
cular event.

In follow-up analysis, we wanted to examine whether the associ-
ation between physical activity (independent variable) and GrimAge
acceleration (outcome) was mediated through immune function and
cardiovascular disease risk (mediators). We performed structural
equation modelling using the ‘lavaan’ package in R (version 3.6.3,
The R Foundation) (Rosseel, 2012). GrimAge acceleration estimates
were adjusted for batch effects and cell proportions, while the me-
diation models were additionally adjusted for age, age2, sex, season,
and education. Given the non-linear effect of physical activity on
cardiovascular disease risk and epigenetic ageing, we present esti-
mates at the average, 1 SD below and 1 SD above mean physical
activity dose and intensity. Quadratic physical activity terms were
only added to the final models if they were statistically significant
(p<0.05). In a sensitivity analysis, we re-examined the mediation
effect through cardiovascular disease risk factors while excluding
individuals with a prior cardiovascular event. In addition, to test the
specificity of the mediation effects, we performed mediation analy-
ses examining whether the effects of physical activity on epigenetic
ageing could also be mediated through olfactory performance (neg-

ative control variable).

5.9 | Epigenome-wide association study (EWAS) of
physical activity and functional analyses

We examined the association between physical activity components
(independent variables) and DNA methylation level (outcome) using
multiple linear regression, while adjusting for age, sex, batch effects,
blood cell proportion, the first ten genetic principal components (to
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account for population stratification), and smoking. As our initial anal-
yses suggested relatively high genomic inflation for the MVPA EWAS,
we restricted the EWAS analyses to participants from Caucasian de-
scent (n=3159) which resolved this issue (Figure S7). FDR-adjustment
was applied to account for multiple comparisons: FDR adjusted
q<0.05 was considered as epigenome-wide significant, while p < 1E-
05 was considered to indicate nominal significance.

We looked up CpGs showing associations with physical activ-
ity components at a nominally significant level using the EWAS
Catalog (http://ewascatalog.org/, downloaded on 16.02.2023) and
EWAS Atlas (https://ngdc.cncb.ac.cn/ewas/atlas, downloaded on
16.02.2023). We also performed a look-up of known associations
of the mapped gene for each CpG in previously published GWAS
using the GWAS catalog (https://www.ebi.ac.uk/gwas/, downloaded
on 16.02.2023). We conducted further gene set enrichment analy-
sis with the WebGestalt (Liao et al., 2019) and ClusterProfiler (Wu
et al., 2021). We summarized the results of the latter using the rrvgo
R package (Sayols, 2020). We examined whether there were meth-
ylation quantitative trait loci (mQTLs) for the CpGs that were associ-
ated with MVPA and MET-Hours using mQTLdb (Gaunt et al., 2016).
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