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Abstract

Background Growth differentiation factor 15 (GDF-15) is a biomarker for chronic disease burden that might explain
the health effects of sedentary behaviours (SBs) and physical activity (PA). We examined associations of
device-measured sleep, SB and PA, and time reallocations among them, with GDF-15 in older adults.
Methods We used data from 2245 older adults participating in the Seniors-ENRICA-2 study. Wrist-worn accelerome-
ters were employed to ascertain total time in sleep, SB, light PA (LPA) and moderate-to vigorous PA (MVPA). Associa-
tions between these activities and serum GDF-15 levels were analysed using linear regression, including isotemporal
substitution models for time reallocations among activities, and adjusted for potential confounders. Analyses were con-
ducted separately in two groups (less active and more active individuals) according to the median total PA time.
Results In the less active participants, 30 min/day more of MVPA were related to lower levels of GDF-15 when replac-
ing sleep (fully adjusted mean percentage differences [95% confidence interval] in GDF-15 of �9.2% [�13.2, �5.0]),
SB (�9.8% [�13.6, �5.8]) and LPA (�5.8% [�11.1, �0.3]), whereas 30 min/day more of LPA were related to lower
GDF-15 when replacing both sleep (�3.6% [�6.1, �1.0]) and SB (�4.2% [�6.7, �1.7]). In the more active partici-
pants, 30 min/day more of MVPA were also associated with lower GDF-15 when replacing sleep (�2.9% [�5.3,
�0.3]), SB (�2.4% [�4.6, �0.2]) and LPA (�3.5% [�6.6, �0.3]), but no associations were found for more time in
LPA. Spending more time in SB was associated with higher GDF-15 levels only among those less active (1.9% [0.9,
2.9] per 30 min/day increment). Sleep time did not appear to be associated with GDF-15.
Conclusions The MVPA was inversely associated with GDF-15, with stronger associations at lower PA volumes. Also,
more LPA and less SB time were linked to lower GDF-15 in the less active individuals. This suggests that simply moving
more and sitting less may reduce chronic disease burden in older adults.
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Introduction

Physical inactivity has a considerable detrimental impact on
morbidity and premature mortality, and is responsible for a
substantial economic burden.1,2 This is of particular impor-
tance in older adults because, due to population aging, one
third of the deaths and two thirds of the total burden of dis-
ease worldwide can be attributed to disorders in people aged
60 and above.3 In prospective studies conducted in this age
group, physical activity (PA) has been associated with a sub-
stantially lower total mortality, irrespective of PA intensity,4

and has been identified as an important contributor to
healthy aging.5 Conversely, sedentary behaviours (SBs) have
been linked to increased risk of death, cardiometabolic condi-
tions and poor mental health.4,6 Besides, replacing SB with PA
has been related to a lower risk of death7 and unhealthy
aging,8 a better health-related quality of life9 and improved
cardiometabolic health,10,11 with greater benefits for higher
PA intensities. However, the biological mechanisms involved
in the health effects of sleep, SB and PA are not completely
understood, so there is a growing interest in identifying bio-
markers that might reveal such mechanisms and explain
these relationships.12

Growth differentiation factor 15 (GDF-15) is a cytokine
produced in response to inflammation, oxidative stress, hyp-
oxia, telomere erosion, and oncogene activation.13,14 It has
been associated with all-cause, cardiovascular and non-car-
diovascular death, independently of risk factors and other
biomarkers related to mortality,14,15 as well as with many
chronic diseases, such as cardiovascular disease (CVD),
type-2 diabetes, neurodegenerative diseases, chronic renal
disease and several cancers.13,14,16 Therefore, it has been
recognized as a biomarker for unhealthy aging and chronic
disease burden13 and could be a potential target for pharma-
cological or lifestyle interventions aimed to promote healthy
aging. PA and SB are good candidates for these interventions,
because of their modifiable nature and their strong influence
on chronic disease.

Previous research on the association between PA and
GDF-15 has reported acute increases in plasma GDF-15 levels
after vigorous exercise bouts in young, healthy, active
individuals,17,18 but little is known about the effects of active
or sedentary lifestyles in older adults. To our knowledge, only
one study has analysed GDF-15 concentrations in people of
different ages and with different levels of PA, finding lower
levels in active individuals vs. inactive ones at all ages. In
older adults, GDF-15 concentrations were approximately
45% and 50% lower in amateur endurance cyclists aged
61–71 years than in controls from the general population
not actively exercising and patients with chronic lower limb
mobility impairment of the same age, respectively; and about
25% lower in controls aged 72–83 years vs. patients of the
same age.19 We aimed to delve into this relationship specifi-
cally in older adults by examining the associations of

device-measured sleep, SB and PA, and time reallocations
among them, with GDF-15. By using objective measures for
both chronic disease burden and physical activities, and
isotemporal substitution modelling, a statistical methodology
that examines time reallocations among activities while con-
trolling for the confounding effect of the remaining ones,20

we may be able to generate evidence that could influence
public health recommendations regarding beneficial replace-
ments among activities in older adults, a population group
with a higher prevalence of chronic diseases and lower
physical fitness.

Methods

Study design and participants

Data came from the baseline wave of the Seniors-ENRICA-2
cohort.8,21 Participants were selected between 2015
and 2017 by stratified random sampling of all
community-dwelling individuals aged ≥65 years holding a na-
tional healthcare card and living in Madrid (Spain). A
computer-assisted telephone interview was performed to
gather information on socio-demographic data, lifestyle and
morbidity, and two home visits were conducted to collect
biological samples, perform a physical examination, attach a
wrist accelerometer, and obtain a diet history. All participants
provided written informed consent, and the Clinical Research
Ethics Committee of ‘La Paz’ University Hospital in Madrid
approved the study.

Study variables

Sleep, sedentary behaviour and physical activity
Study participants wore an ActiGraph GT9X (ActiGraph Inc,
Pensacola, FL, USA) accelerometer, attached to the
non-dominant wrist, for seven consecutive days and were
asked to only remove it during bathing or swimming activi-
ties. Details on accelerometer data processing have been re-
ported elsewhere.21 Time in SB and PA intensities was
identified using previously proposed thresholds for the
Euclidean Norm of the raw accelerations Minus One (ENMO):
<45 mg for SB, 45–99 mg for light PA (LPA), and ≥100 mg for
moderate-to-vigorous PA (MVPA),22 and sleep periods were
detected with an automatized algorithm.23 Total PA time
was calculated as the sum of time in LPA and MVPA. To inves-
tigate whether using only bouted SB or PA strengthened the
associations, time in sedentary bouts ≥10 and ≥30 min, and in
LPA and MVPA bouts ≥1 and ≥10 min was also ascertained,
similarly to previous research in this field.21,24,25 PA bouts
≥1 min reflect bouted PA, that is, PA in bouts of any duration,
but disregarding short duration movements. Bouts in each
activity were considered when the 80% of the minimum
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required time met the threshold criteria. Only results from
participants who wore the accelerometer ≥16 h/day during
at least 4 days (at least three weekdays and at least one
weekend day) were considered valid, because a wear time
<16 h/day has been shown to augment underestimations
of both SB and PA.26 Non-wear time and time with abnormal
high accelerations (i.e., ≥5.5 g) were imputed using the mean
of the acceleration recorded for each participant during the
corresponding time intervals.

GDF-15
Fasting blood samples were collected from each participant
in RST tubes with thrombin-based clot activator and polymer
gel (Becton Dickinson). Tubes were centrifuged at 3000 rpm
for 10 min and serum was aliquoted, frozen at �80°C and
stored in the Department of Preventive Medicine and Public
Health at Universidad Autónoma de Madrid. Serum GDF-15
was measured at the Department of Laboratory Medicine of
‘La Paz’ University Hospital by an electrochemiluminescence
Elecsys® immunoassay method using a cobas® 6000 analyser
(Roche Diagnostics). The inter-assay coefficient of variation
was 5.4% for a mean concentration of 7343 pg/mL and
7.7% for a mean concentration of 1428 pg/mL.

Potential confounders
We also collected information on sociodemographic and life-
style characteristics including sex, age, educational level, to-
bacco smoking, and alcohol consumption. Food
consumption and energy intake (kcal/day) were obtained
from a validated diet history,27 and diet quality was estimated
with the Mediterranean Diet Adherence Screener (MEDAS),
ranging from 0 to 14, with higher scores indicating better ad-
herence to the Mediterranean diet.28 The body mass index
(BMI) was calculated as the weight (in kg) divided by the
squared height (in m), both measured by standardized
procedures.29 Blood pressure was measured three times un-
der standardized conditions using validated devices, and the
average of the 2nd and 3rd measurements was used for
analyses. Fasting serum glucose, total cholesterol,
HDL-cholesterol and triglycerides were measured with color-
imetric enzymatic methods using Atellica® solution (Siemens
Healthineers), and LDL-cholesterol was calculated with the
Friedewald formula (LDL = total cholesterol � triglycerides/
5 � HDL). Lastly, CVD was ascertained by asking the study
participants if they had been previously diagnosed with acute
myocardial infarction, stroke or heart failure, and diabetes
mellitus was defined as current use of anti-diabetic medica-
tion or a fasting blood glucose ≥126 mg/dL.

Statistical analysis

The association of each activity with GDF-15 was summarized
with mean percentage differences (MPDs) in GDF-15 per
30 min/day increment in sleep, SB, LPA or MVPA, and their

95% confidence interval (CI), obtained from linear regression
models with log-transformed GDF-15 as the dependent vari-
able; MPD in GDF-15 were calculated by subtracting 1 from
the exponentiated β coefficients in the regression models,
and multiplying the result by 100. We built several models
with incremental adjustment for potential confounders:
Model 1 adjusted for sex, age and educational level; Model
2 further adjusted for tobacco smoking, alcohol consumption,
MEDAS score and energy intake; and Model 3 further
adjusted for BMI, glucose, LDL-cholesterol, systolic blood
pressure, CVD and diabetes. The association of time in PA
and sedentary bouts with GDF-15 was evaluated using the
same statistical methods.

The association of time reallocation between sleep, SB,
LPA or MVPA with GDF-15 was summarized with MPD (95%
CI) in GDF-15 per 30 min/day replacement, obtained from
isotemporal substitution linear regression models that in-
cluded total time (24 h) and all activities simultaneously ex-
cept the one being replaced. Regression models were
adjusted as above.

Because the dose–response association between total PA
time and GDF-15 evaluated with restricted cubic splines was
not linear (P < 0.001, supporting information Figure S1),
and the direction of the association changed at approxi-
mately the study median of total PA time (3.44 h/day), anal-
yses were stratified by categories of total PA time (≤ or > the
median). Additional analyses stratifying by compliance with
PA recommendations (< or ≥30 min/day of MVPA)30 were
also performed. Also, to check the robustness of results,
analyses were replicated excluding participants with CVD or
diabetes, given that GDF-15 is a strong biomarker of chronic
disease burden. Lastly, we assessed whether the study associ-
ations differed for men and women by testing interaction
terms defined as the product of time spent in each activity
by categories of sex, but no statistically significant interac-
tions were found. Statistical significance was set at two-sided
P value <0.05. Analyses were performed with Stata®, version
15 (StataCorp. 2017. Stata Statistical Software: Release 15.
College Station, TX, USA: StataCorp LLC).

Results

From the initial sample of 3273 individuals, we excluded 759
without valid accelerometry records, 207 without GDF-15
measures and 62 with missing data on potential confounders
of the study association. Thus, the analytical sample com-
prised 2245 individuals.

Study participants had a mean age of 71.6 years and 53.5%
were women. Less active participants (those with a total PA
time ≤ the median of 3.44 h/day) spent more time sleeping
(33%) and in SB (56%), and less time in LPA (8%) and MVPA
(2.5%) than the more active participants (31% of time
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sleeping, 49.5% in SB, 13% in LPA and 6% in MVPA). Times
spent in the different activities according to the participants’
socio-demographic, lifestyle and clinical characteristics are
presented in Table 1.

In analyses examining associations between each activity
and GDF-15 without taking into account the other activities,
spending more time in SB was associated with higher
GDF-15 levels only among those in the less physically active
group, with fully adjusted MPD (95% CI) per 30 min/day in-
crement of 1.9% (0.9, 2.9) (Table 2). This association did not
vary when only time accumulated in sedentary bouts ≥10
or ≥30 min was counted (Table 3). On the contrary, spending
30 min/day more in LPA was associated with lower GDF-15
levels [�5.9% (�8.1, �3.6)], as well as more time in LPA
bouts ≥1 min [�5.9 (�11.2, �0.2)], again only in those less
active. Spending 30 min/day more in MVPA was also associ-
ated with lower GDF-15 both in less active participants
[�11.8% (�15.3, �8.1)] and more active ones, although to
a much lesser extent [�2.4% (�4.6, �0.3)] (Table 2). Lower
GDF-15 levels were also found for more time spent in MVPA
bouts ≥1 min both in less active individuals [�10.4% (�14.8,
�5.9)] and more active ones [�4.0% (�6.6, �1.4)], as well as
for more time spent in MVPA bouts ≥10 min [�9.3% (�16.6,
�1.3) in the less active group, and �4.0% (�7.6, �0.4) in the
more active group] (Table 3). Sleep time did not appear to be
associated with GDF-15 levels.

In the less active participants, 30 min/day more of MVPA
were related to lower levels of GDF-15 when replacing sleep
[�9.2% (�13.2, �5.0)], SB [�9.8% (�13.6, �5.8)] and LPA
[�5.8% (�11.1, �0.3)], whereas 30 min/day more of LPA
were related to lower GDF-15 when replacing both sleep
[�3.6% (�6.1, �1.0)] and SB [�4.2% (�6.7, �1.7)]. In the
more active participants, 30 min/day more of MVPA were
also associated with lower GDF-15 when replacing sleep
[�2.9% (�5.3, �0.3)], SB [�2.4% (�4.6, �0.2)] and LPA
[�3.5% (�6.6, �0.3)], although these associations were
much smaller than those observed in the less active group.
However, no associations were found for more time in LPA
(Table 4).

Analyses excluding participants with CVD or diabetes ren-
dered similar results, although most associations attenuated
slightly, and the association with lower GDF-15 levels of in-
creasing time in MVPA at the expense of LPA did not remain
in any of the groups, neither did the association when re-
placing sleep with MVPA in the more active group (Tables
S1–S3). Lastly, consistent results were obtained when strati-
fying by compliance with PA recommendations. Specifically,
in participants not meeting PA recommendations, much
larger associations with lower GDF-15 levels (between
�25% and �40%) were found for increasing time in MVPA
or in MVPA bouts ≥1 min, and for replacing sleep, SB or
LPA with MVPA. In those meeting PA recommendations,
no association was apparent for replacing LPA with MVPA
(Tables S4–S6).Ta
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Discussion

In this sample of older adults in Spain, MVPA was associated
with lower GDF-15 irrespective of the participants’ PA time.
This association was evident for more time in MVPA and in
MVPA bouts ≥1 or ≥10 min, and for substituting MVPA for
sleep, SB or LPA, and was stronger in the less than in the
more physically active participants. Besides, only in the less
active group, more time in LPA, and substituting LPA for sleep
or SB were also related to lower GDF-15, whereas more time
spent in SB (total time or time in sedentary bouts ≥10 or
≥30 min) was associated with higher GDF-15 levels. However,
in the more active participants, LPA or SB variables were not
related to GDF-15. The found associations have clinical rele-
vance because in our study, each 24% increment in GDF-15
was associated with a 0.74-point higher health deficit accu-
mulation index, which corresponds to the 1 year increase in
this measure of unhealthy aging observed in a very similar
cohort (Seniors-ENRICA-1).31 Thus, in the less active group,
replacing 30 min/day of SB with MVPA or LPA would delay
unhealthy aging by about 5 or 2 months, respectively, and re-
placing 30 min/day of LPA with MVPA would delay unhealthy
aging by about 3 months.

The health benefits of MVPA are clear,1,4,32 and most
guidelines recommend that adults, including older adults,

practice at least 150 min/week of MVPA.33–35 The most re-
cent recommendation from the World Health Organization
is to do at least 150–300 min/week of moderate aerobic PA
or at least 75–150 min of vigorous aerobic PA, or an equiva-
lent combination of both, but these times may be increased
to gain additional health benefits.36 However, even low vol-
umes of MVPA have been linked to health benefits, including
lower death risk, with the greatest relative benefits being ob-
served when increasing PA from no or minimal activity to
small amounts, well below the recommended ones.32,37 Also
debated is the suggestion to accumulate this activity in bouts
of at least 10 min, because there is some evidence that both
short and long bouts of MVPA have beneficial effects on car-
diometabolic health, multimorbidity, successful aging and
mortality,32,38–40 so the most recent PA guidelines do not re-
quire that PA should be performed in bouts of sufficient
duration.33–35 The lower chronic disease burden estimated
with GDF-15 found in our study for higher levels of MVPA is
in line with the existing evidence. Importantly, our findings
also suggest that the less physically active an individual is,
the more would benefit from increasing MVPA, and that total
time or time accumulated in short bouts could be as
favourable as time accrued in long bouts. Therefore, although
many older adults are not able to meet the recommended
goal, they should be encouraged to include some MVPA in
their daily lives.

Table 2 Association of time spent in each activity with GDF-15, stratified by total PA time

Participants with low PA timea Participants with high PA timea
p for

interaction
n = 1123 n = 1122

Sleep
Model 1 �0.4 (�1.5, 0.7) 0.3 (�1.2, 1.8) 0.46
Model 2 �0.5 (�1.6, 0.7) 0.4 (�1.0, 1.9) 0.33
Model 3 �0.1 (�1.1, 0.9) 0.6 (�0.8, 1.9) 0.44

SB
Model 1 3.1 (2.0, 4.3)*** 0.5 (�0.6, 1.7) 0.001
Model 2 3.0 (1.9, 4.1)*** 0.4 (�0.8, 1.5) 0.001
Model 3 1.9 (0.9, 2.9)*** 0.0 (�1.0, 1.1) 0.01

LPA
Model 1 �8.8 (�11.2, �6.4)*** �0.3 (�2.5, 1.9) <0.001
Model 2 �8.4 (�10.7, �6.0)*** �0.3 (�2.5, 1.9) <0.001
Model 3 �5.9 (�8.1, �3.6)*** 0.4 (�1.6, 2.5) <0.001

MVPA
Model 1 �17.6 (�21.1, �14.0)*** �3.6 (�5.9, �1.3)** <0.001
Model 2 �16.5 (�20.0, �12.8)*** �3.3 (�5.6, �0.9)** <0.001
Model 3 �11.8 (�15.3, �8.1)*** �2.4 (�4.6, �0.3)* <0.001

GDF-15, growth differentiation factor 15; LPA, light physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical activity;
SB, sedentary behaviour.
Values are mean percentage differences ([exponentiated differences in log-transformed values of GDF-15 � 1] × 100) per 30 min/day in-
crement (95% confidence interval).
Model 1: Linear regression model adjusted for sex, age, and educational level (primary or less, secondary, or university).
Model 2: As Model 1 and further adjusted for smoking status (never, former or current), alcohol consumption (never, moderate, heavy or
former), energy intake (kcal/day) and Mediterranean Diet Adherence Screener (MEDAS) score.
Model 3: As Model 2 and further adjusted for body mass index (kg/m2), serum glucose (mg/dL), serum LDL-cholesterol (mg/dL), systolic
blood pressure (mmHg), cardiovascular disease (including acute myocardial infarction, stroke and congestive heart failure) and diabetes.
*P < 0.05.
**P < 0.01.
***P < 0.001.
aLow PA time: total PA time ≤3.44 h/day; high PA time: total PA time >3.44 h/day.
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Table 3 Association of time accumulated in bouts of each activity with GDF-15, stratified by total PA time

Participants with low PA timea Participants with high PA timea P for
interactionn = 1123 n = 1122

Time in sedentary bouts ≥10 min 1.8 (1.1, 2.6)*** �0.2 (�0.9, 0.6) <0.001
Time in sedentary bouts ≥30 min 1.9 (1.2, 2.5) *** �0.2 (�0.9, 0.5) <0.001
Time in LPA bouts ≥1 min �5.9 (�11.2, �0.2)* �1.2 (�4.7, 2.5) 0.16
Time in LPA bouts ≥10 min �8.8 (�21.6, 6.0) �8.3 (�16.9, 1.1) 0.95
Time in MVPA bouts ≥1 min �10.4 (�14.8, �5.9)*** �4.0 (�6.6, �1.4)** 0.01
Time in MVPA bouts ≥10 min �9.3 (�16.6, �1.3)* �4.0 (�7.6, �0.4)* 0.22

GDF-15, growth differentiation factor 15; LPA, light physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical activity.
Values are mean percentage differences ([exponentiated differences in log-transformed values of GDF-15 � 1] × 100) per 30 min/day in-
crement (95% confidence interval).
*P < 0.05.
**P < 0.01.
***P < 0.001.
aLow PA time: total PA time ≤3.44 h/day; high PA time: total PA time >3.44 h/day.
Linear regression model adjusted for sex, age, educational level (primary or less, secondary, or university), smoking status (never, former,
or current), alcohol consumption (never, moderate, heavy, or former), energy intake (kcal/day), Mediterranean Diet Adherence Screener
(MEDAS) score, body mass index (kg/m2), serum glucose (mg/dL), serum LDL-cholesterol (mg/dL), systolic blood pressure (mmHg), cardio-
vascular disease (including acute myocardial infarction, stroke and congestive heart failure) and diabetes.

Table 4 Association of isotemporal replacement of activities with GDF-15, stratified by total PA time

Participants with low PA timea Participants with high PA timea P for
n = 1123 n = 1122 interaction

Sleep → SB
Model 1 1.2 (0.0, 2.4)* �0.2 (�1.7, 1.3) 0.14
Model 2 1.2 (0.1, 2.4)* �0.3 (�1.8, 1.1) 0.10
Model 3 0.7 (�0.4, 1.7) �0.4 (�1.8, 0.9) 0.20

Sleep → LPA
Model 1 �5.1 (�7.7, �2.4)*** 0.4 (�2.0, 3.0) 0.003
Model 2 �4.9 (�7.5, �2.2)** 0.3 (�2.1, 2.8) 0.005
Model 3 �3.6 (�6.1, �1.0)** 0.7 (�1.6, 3.0) 0.01

Sleep → MVPA
Model 1 �13.7 (�17.7, �9.4)*** �3.7 (�6.3, �0.9)** <0.001
Model 2 �12.6 (�16.7, �8.3)*** �3.5 (�6.1, �0.7)* <0.001
Model 3 �9.2 (�13.2, �5.0)*** �2.9 (�5.3, �0.3)* 0.007

SB → LPA
Model 1 �6.2 (�8.8, �3.5)*** 0.6 (�1.6, 3.0) <0.001
Model 2 �6.0 (�8.6, �3.3)*** 0.7 (�1.6, 2.9) <0.001
Model 3 �4.2 (�6.7, �1.7)** 1.1 (�1.0, 3.2) 0.001

SB → MVPA
Model 1 �14.7 (�18.6, �10.7)*** �3.5 (�5.8, �1.1)** <0.001
Model 2 �13.6 (�17.6, �9.5)*** �3.1 (�5.4, �0.8)* <0.001
Model 3 �9.8 (�13.6, �5.8)*** �2.4 (�4.6, �0.2)* 0.001

LPA → MVPA
Model 1 �9.1 (�14.6, �3.2)** �4.1 (�7.4. –0.6)* 0.003
Model 2 �8.1 (�13.7, �2.2)** �3.8 (�7.1. –0.3)* 0.18
Model 3 �5.8 (�11.1, �0.3)* �3.5 (�6.6. –0.3)* 0.45

GDF-15, growth differentiation factor 15; LPA, light physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical activity;
SB, sedentary behaviour.
Values are mean percentage differences ([exponentiated differences in log-transformed values of GDF-15 � 1] × 100) per 30 min/day re-
placement (95% confidence interval).
Model 1: Linear regression model including total time (24 h) and all activities (sleep, SB, LPA, and MVPA) except the one being replaced,
and adjusted for sex, age, and educational level (primary or less, secondary, or university).
Model 2: As Model 1 and further adjusted for smoking status (never, former or current), alcohol consumption (never, moderate, heavy or
former), energy intake (kcal/day) and Mediterranean Diet Adherence Screener (MEDAS) score.
Model 3: As Model 2 and further adjusted for body mass index (kg/m2), serum glucose (mg/dL), serum LDL-cholesterol (mg/dL), systolic
blood pressure (mmHg), cardiovascular disease (including acute myocardial infarction, stroke and congestive heart failure) and diabetes.
*P < 0.05.
**P < 0.01.
***P < 0.001.
aLow PA time: total PA time ≤3.44 h/day; high PA time: total PA time >3.44 h/day.
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Growing evidence also supports the health benefits of LPA,
including a lower risk of obesity, CVD, cardiometabolic risk
factors, unhealthy aging and mortality.8,41,42 SB time, how-
ever, has been related to several poor health outcomes,6

and replacing SB with PA of any intensity has been favourably
associated with mortality, health-related quality of life, adi-
posity and cardiometabolic risk factors and conditions in
middle-aged and older adults.4–11 Even replacing sitting with
standing has shown health benefits.7 Therefore, LPA can be a
means to break up prolonged periods of SB, especially in
those less active and/or with low exertional capacities, in line
with our findings in less active participants. In this sense, in
less active individuals, devoting more time to LPA would re-
flect a less sedentary and more active lifestyle, with the resul-
tant health benefits. However, because high levels of MVPA
appear to reduce or even remove some of the detrimental
health effects of SB,43 we did not find any associations be-
tween sedentariness variables and GDF-15 in the more active
group, suggesting that SB is not harmful when accompanied
by high levels of MVPA, especially in older adults.

The main limitation of this study is its cross-sectional de-
sign, which does not allow us to draw causal inferences. How-
ever, because the associations remained after excluding
individuals with CVD or diabetes, it is unlikely that the disease
burden captured by GDF-15 would have substantially influ-
enced time spent in the different activities. Also, we are
assessing theoretical changes in time allocated to these activ-
ities, and not actual ones; and GDF-15 may have been sub-
jected to some measurement error, which might have
attenuated the true associations. Moreover, as in any obser-
vational study, we cannot entirely rule out residual confound-
ing, despite adjusting for many potential confounders. Lastly,
this study was conducted in older adults of a Mediterranean
country, with a characteristic and distinct lifestyle, so our re-
sults may not be generalizable to other populations.

In conclusion, more MVPA was associated with lower levels
of GDF-15 in older adults, with stronger associations at lower
PA volumes, whereas more LPA and less SB time were associ-
ated with lower GDF-15 only in less physically active partici-
pants. These findings suggest that increasing time in MVPA
may reduce the chronic disease burden captured by GDF-15
and thus promote healthy aging, counteracting even the in-
creased disease burden associated with sedentariness. In ad-
dition, in those individuals with lower PA capabilities for
whom increasing MVPA may be unrealistic, some benefit

could be obtained by reducing sedentary time and replacing
it with activities of lower intensity, such as walking or house-
hold chores, which is a more attainable strategy. However,
our results should be confirmed by prospective studies exam-
ining actual changes in the different activities.
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