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Weight management intervention identifies 
association of decreased DNA methylation age 
with improved functional age measures in older 
adults with obesity
Curtis L. Petersen1,2* , Brock C. Christensen3,4 and John A. Batsis1,5,6,7

Abstract 

Background: Assessing functional ability is an important component of understanding healthy aging. Objective 
measures of functional ability include grip strength, gait speed, sit-to-stand time, and 6-min walk distance. Using 
samples from a weight loss clinical trial in older adults with obesity, we examined the association between changes 
in physical function and DNA-methylation-based biological age at baseline and 12 weeks in 16 individuals. Peripheral 
blood DNA methylation was measured (pre/post) with the Illumina HumanMethylationEPIC array and the Hannum, 
Horvath, and PhenoAge DNA methylation age clocks were used. Linear regression models adjusted for chronological 
age and sex tested the relationship between DNA methylation age and grip strength, gait speed, sit-to-stand, and 
6-min walk.

Results: Participant mean weight loss was 4.6 kg, and DNA methylation age decreased 0.8, 1.1, and 0.5 years using 
the Hannum, Horvath, and PhenoAge DNA methylation clocks respectively. Mean grip strength increased 3.2 kg. 
Decreased Hannum methylation age was significantly associated with increased grip strength (β = −0.30, p = 0.04), 
and increased gait speed (β = 0.02, p = 0.05), in adjusted models. Similarly, decreased methylation age using the 
PhenoAge clock was associated with significantly increased gait speed (β = 0.02, p = 0.04). A decrease in Horvath DNA 
methylation age and increase in physical functional ability did not demonstrate a significant association.

Conclusions: The observed relationship between increased physical functional ability and decreased biological age 
using DNA methylation clocks demonstrate the potential utility of DNA methylation clocks to assess interventional 
approaches to improve health in older obese adults.

Trial registration: National Institute on Aging (NIA), NCT03104192. Posted April 7, 2017, https ://clini caltr ials.gov/ct2/
show/NCT03 10419 2
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Background
Between 2007 and 2010, approximately 35% of adults 
over age 65 in the United states were classified as hav-
ing obesity placing them at increased risk of functional 
decline, institutionalization and death [1]. Dietary weight 
loss interventions improve cardiometabolic variables 
[2] and physical function [3], while reducing the risk of 
long-term mortality [4]. In contrast, resistance exercise 
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improves aerobic capacity [5] and muscle strength [6], 
both key determinants of healthy aging and functional 
independence [7]. The contribution of accumulated co-
morbidity and physical deficits to morbidity and mor-
tality makes understanding the relationship between 
physical ability and age important. The natural progres-
sion from independence in daily activities to disability in 
older adults during aging can be assessed using various 
physical function measures (e.g., grip strength, gait speed, 
5× sit-to-stand test, and 6-min walk tests). Because age-
associated functional phenotypes are not solely depend-
ent on age, the relationship has been hypothesized to be 
impacted by genomics and environmental exposures [8].

While most measures of physical function or func-
tional age are used in clinical settings, new measures of 
biological age have been developed using genome-scale 
measures of the epigenome in healthy human subjects 
[8, 9]. Epigenetics is understood to be one mechanism 
that mediates the gene-environment relationship [10]. 
Measures of biological age through epigenetic meas-
ures termed “epigenetic clocks” or “DNA methylation 
clocks” aim to both predict chronological and biological 
age. DNA methylation is the addition of a methyl group 
to a cytosine typically in the context of cytosine-guanine 
(CpG) dinucleotides, which regulates gene expression 
and cell lineage specification during development and dif-
ferentiation. Early studies examining genome-scale DNA 
methylation identified age-related changes to patterns in 
DNA methylation in normal human tissues [11]. More 
recently, high-resolution array-based DNA methylation 
measures in large numbers of healthy normal human 
specimens from various tissues has led to the develop-
ment of DNA methylation clocks to estimate chrono-
logical age. These clocks use DNA methylation data from 
unique sets of a few hundred CpG sites as inputs to pre-
dict age [8, 12]. Differences between chronological age 
and DNA methylation age provide new opportunities to 
understand biological processes of aging [13].

Since the first DNA methylation age clock devel-
oped by Horvath [9] several others have been published 
including the Hannum age clock and PhenoAge [14, 15]. 
These clocks differ from each other in the population, tis-
sue types, ages, and outcomes used in their development. 
Each clock has demonstrated high accuracy in predict-
ing one’s age. Yet, a methylation clocks potential value is 
in its ability to show the acceleration and deceleration of 
biological age in contrast to static measures of chrono-
logical age as it may be predictive of changing health 
status, increased risk of morbidity and mortality [8, 16, 
17]. Simultaneously exploring a clock in a clinical context 
may determine whether differences or associations exist 
and/or are dependent on underlying biological processes 
being explored [18]. Further, it has not been established if 

each DNA methylation age clock performs the same in a 
given clinical or biological context. For instance, Kreso-
vich et al. (2019) examined if DNA methylation age accel-
eration was associated with breast cancer risk by testing 
the Horvath, Hannum, and PhenoAge DNA methylation 
clocks finding that age acceleration in each was associ-
ated with increased risk of breast cancer—though there 
was variation in their association [18]. It is plausible that 
different methylation clocks require evaluation in differ-
ent populations and disease states in efforts to be eventu-
ally be used in precision medicine.

Previous studies have investigated the relationship 
between physical function and changes in methylation 
age [19–21]. To our knowledge, none have examined its 
impact within the context of a clinical trial with repeated 
measures, and only one DNA methylation clock (Hor-
vath) was evaluated. Results are mixed with two stud-
ies finding an association with grip strength and a single 
DNA methylation clock, raising the question if pheno-
typic measures of biological age are associated with any 
of the methylation based biological age markers. It is also 
unclear if such an association is dependent on the spe-
cific combination of functional measure and DNA meth-
ylation age used, or the time scale over which they would 
have to be measured to observe an association. We inves-
tigated the relationship of physical function with changes 
in epigenetic biological age using three commonly used 
DNA methylation-based clocks over a 12-week diet-exer-
cise weight-loss intervention in older adults with obe-
sity. Our exploratory findings provide a formative step of 
understanding each clock’s clinical relevance within the 
context of a health promotion intervention.

Results
A total of 32 pre/post peripheral blood samples were col-
lected which had paired physical functioning data from 
16 individuals. Mean participant age was 73 ± 5.7 years, 
and 14 (87%) were female. At baseline there was a dif-
ference in grip strength between those included and 
excluded (p = 0.04). There were no observed differences 
in all other baseline participant characteristics between 
the 16 individuals that had pre-post blood collected com-
pared to the 12 individuals that were missing at least one 
blood sample collection (Additional file  1: Table 1). The 
samples used in this analysis were chosen due to having 
complete blood samples and not because of any other 
baseline characteristic in the larger sample.

Table 1 shows summary statistics for participant char-
acteristics and physical function measures at both time 
points. Over the 12-week study period, mean weight-loss 
was 4.2 ± 3.7 kg; 8 participants experienced a ≥ 5% weight 
loss. There was a significant decrease in weight, body 
mass index (BMI), and skeletal muscle mass in patients 



Page 3 of 8Petersen et al. Clin Epigenet           (2021) 13:46  

from baseline to follow up. Participants showed signifi-
cantly improved grip strength (21.2 ± 28.0%, p < 0.01), 
sit-to-stand times (− 20.7 ± 19.2%, p < 0.001), and 6-min 
walk test (8.5 ± 10.5%, p < 0.006). We did not observe 
significant changes in cell type proportions between 
baseline and follow-up. The reduction in pre post DNA 
methylation age in the Hannum, Horvath, and PhenoAge 
clocks did not reach statistical significance.

The unadjusted association between each physical 
function measure (grip strength, gait speed, sit-to-stand, 
and 6-min walk) and DNA methylation age clock (Han-
num, Horvath, and PhenoAge) were all directionally 
consistent within each outcome (Table 2). Lower chrono-
logical age was associated with improved grip strength, 
sit-to-stand, and the 6-min walk test. Men had signifi-
cantly improved grip strength, sit-to-stand time. Our 
exploratory, unadjusted models demonstrated signifi-
cance with the PhenoAge and grip strength; we did not 
show any significant associations with gait speed, sit-to-
stand or 6-min walk tests.

Our primary goal was to evaluate the association of 
functional measures with DNA methylation clocks. To 
account for potential confounding by age and sex we 
used adjusted linear regression models, which generally 
demonstrated a significant association between improve-
ment in physical function a decreased DNA methyla-
tion age. Specifically, Table  3 shows the main results of 
these models by physical functional ability measure and 
DNA methylation age clock. Increasing grip strength was 
significantly associated with decreasing Hannum DNA 
methylation clock (β = −0.30, p = 0.041), and though not 
statistically significant, the direction of effect was consist-
ent with decreased DNA methylation age for the Horvath 
and PhenoAge clocks. Decreasing gait time was signifi-
cantly associated with decreasing DNA methylation age 
from the Hannum (β = 0.02, p = 0.049) and PhenoAge 
(β = 0.02, p = 0.039) clocks, and again the direction of 
effect was consistent with decreasing Horvath meth-
ylation age (β = 0.02, p = 0.134). Decreasing sit-to-stand 
time and increasing 6-min-walk distance demonstrated 

Table 1 Change between pre- and post-measurements

Baseline Week 12 Difference p value

Age years, mean ± SD 73.50 ± 5.72

Sex

 Female 14 (87.5%)

 Male 2 (12.5%)

Body Measures, mean ± SD

 Weight (kg) 95.7 ± 21.3 91.5 ± 22.1 − 4.2 ± 3.7  < 0.001

 Body Mass Index (kg/m2) 36.2 ± 7.0 34.6 ± 7.4 − 1.6 ± 1.4  < 0.001

 Fat Mass (%) 49.0 ± 5.0 48.0 ± 5.5 − 0.9 ± 2.4 0.13

 Visceral Fat mass, (L) 4.0 ± 1.8 3.6 ± 2.2 − 0.4 ± 1.0 0.15

 Skeletal muscle mass (kg) 48.8 ± 15.9 47.5 ± 15.0 − 1.3 ± 2.3 0.04

 Appendicular lean mass (kg) 12.3 ± 4.0 12.1 ± 3.8 − 0.3 ± 0.7 0.11

Functional measures, mean ± SD

 Grip strength (kg) 18.7 ± 5.9 21.9 ± 6.6 3.2 ± 4.1 0.008

 Gait speed (sec) 1.1 ± 0.3 1.1 ± 0.25 0.02 ± 0.2 0.69

 Sit-to-stand (sec) 10.0 ± 2.7 7.6 ± 1.8 − 2.4 ± 2.2  < 0.001

 Six-minute walk (m) 406.4 ± 101.1 448.6 ± 82.12 29.3 ± 34.6 0.006

Immune Cell Proportions, mean ± SD

 CD8T 0.06 ± 0.02 0.06 ± 0.02 0.00 ± 0.01 0.16

 CD4T 0.18 ± 0.03 0.18 ± 0.03 − 0.00 ± 0.02 0.81

 Natural Killer Cells 0.05 ± 0.02 0.05 ± 0.02 0.00 ± 0.01 0.4

 B Cells 0.05 ± 0.02 0.05 ± 0.02 − 0.00 ± 0.01 0.76

 Monocyte 0.08 ± 0.02 0.07 ± 0.02 − 0.00 ± 0.01 0.06

 Neutrophils 0.62 ± 0.05 0.62 ± 0.05 − 0.00 ± 0.03 0.97

Methylation age clocks, mean ± SD

 Hannum 79.4 ± 6.8 78.6 ± 6.6 − 0.8 ± 4.8 0.51

 Horvath 79.3 ± 6.8 78.2 ± 6.4 − 1.1 ± 2.8 0.14

 PhenoAge 62.7 ± 6.4 62.3 ± 7.0 − 0.5 ± 4.1 0.64
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no significant association with any decreasing methyla-
tion age.

Discussion
Our findings suggest that improved grip strength and gait 
speed was associated with decreased DNA-methylation 
age in older adults with obesity participating in a weight 
loss trial. These findings potentially link physical function 
in older adults with biological age.

Our results extend the findings of previous studies that 
only used a single DNA methylation age clock. Mari-
oni et  al. [21] examined the association between grip 
strength and the Horvath Clock both cross-sectionally, 
and longitudinally at a 6-year follow-up timepoint. These 
authors observed a correlation between increasing grip 
strength and lower methylation age in older adults aged 
70 in the cross-sectional analysis, but not in their longi-
tudinal analysis [21]. Simpkin et al. (2017) found a signifi-
cant association between Horvath Clock age acceleration 
and change in grip strength 7–10  years later in women 
and no association with knee extension strength and 
walking speed [19]. These results were corroborated in a 
cross-sectional study of twins aged 54–72 years measur-
ing grip strength and the Horvath Clock, though there 
was no association with knee extension strength, and 
walking speed [20]. Such results are mixed because of 

the heterogeneity between the study populations and 
the functional measures used. The heterogeneity may 
also be due to differential effects of sub-populations and 
unmeasured factors such as fitness or body composition.

The multiple DNA methylation clocks that have been 
developed are highly correlated with age and each other 
[18]. The difference between chronological age and DNA 
methylation age represents an age acceleration or decel-
eration. Though correlated, DNA methylation age values 
vary slightly from one clock to another as they use dif-
ferent loci across the genome to infer age. Each unique 
mixture of loci may be differentially associated with envi-
ronmental or behavioral factors. Simultaneous investi-
gation of results from multiple DNA methylation clocks 
informs how they might be consistent or differ in specific 
settings.

We observed that a decrease in Hannum and PhenoAge 
DNA methylation ages were associated with improve-
ment in grip strength and gait speed functional meas-
ures over a short time period in this intervention study. 
Prior work has examined changes over years; whether 
such changes can be observed in shorter time frame is 
unclear. All the statistical models examined, except one, 
demonstrated consistent direction of effect—increas-
ing physical function is associated with decreasing DNA 
methylation age, yet we were not able to demonstrate a 

Table 2 Unadjusted associations of  age, sex, and  change in  methylation age clocks with  change in  grip strength, gait 
speed, sit-to-stand, and 6-min walk distance functional measures

Grip strength Gait speed Sit-to-stand Six-minute walk

β (95%CI) p value β (95%CI) p value β (95%CI) p value β (95%CI) p value

Age − 0.44 (− 0.77 to 0.11) 0.013 − 0.01 (− 0.03 to 0.01) 0.192 0.22 (0.03 to 0.40) 0.027 − 3.50 (− 6.60 to 0.40) 0.030

Sex

 Female

 Male 8.12 (2.96 to 13.28) 0.005 0.14 (− 0.15 to 0.43) 0.326 − 4.03 (− 6.97 to 1.08) 0.011 47.14 (− 4.58 to 98.86) 0.071

Methylation age clocks

 Hannum − 0.34 (− 0.89 to 0.21) 0.201 0.02 (− 0.01 to 0.04) 0.184 0.13 (− 0.17 to 0.44) 0.368 − 0.85 (− 5.87 to 4.16) 0.719

 Horvath − 0.15 (− 0.99 to 0.69) 0.704 0.02 (− 0.01 to 0.06) 0.178 0.24 (− 0.19 to 0.68) 0.245 − 2.21 (− 9.92 to 5.50) 0.547

 PhenoAge − 0.45 (− 0.87 to 0.02) 0.041 0.01 (− 0.00 to 0.03) 0.127 0.12 (− 0.14 to 0.37) 0.351 − 2.24 (− 6.26 to 1.78) 0.249

Table 3 Adjusted associations between measures of change in physical function and change in DNA methylation age

Adjusted models for the association of each DNA methylation-based age clock and each functional measure controlling for chronological age and sex. All effects are 
in the same relative direction for each methylation age clock and each functional measure, except the association of PhenoAge and the six-min walk

Methylation 
age clocks

Grip strength Gait speed Sit-to-stand Six-minute walk

β (95%CI) p value β (95%CI) p value β (95%CI) p value β (95%CI) p value

Hannum − 0.30 (− 0.59 to 
− 0.01)

0.041 0.02 (0.00 to 0.04) 0.049 0.04 (− 0.17 to 0.24) 0.700 − 1.52 (− 5.06 to 2.02) 0.364

Horvath − 0.05 (− 0.62 to 0.52) 0.862 0.02 (− 0.01 to 0.06) 0.134 0.19 (− 0.13 to 0.52) 0.215 − 2.61 (− 9.02 to 3.80) 0.389

PhenoAge − 0.10 (− 0.51 to 0.31) 0.605 0.02 (0.00 to 0.05) 0.039 0.01 (− 0.25 to 0.26) 0.950 0.84 (− 3.58 to 5.25) 0.685
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significant association. While we acknowledge that our 
study has relatively limited sample size, these findings 
suggest the need to continue the study of DNA methyla-
tion age in short-term interventional studies in larger and 
more racially and ethnically diverse populations. Because 
of the limited sample size, we did not conduct locus-by-
locus comparisons or any subgroup analysis.

As there are potential sex differences in DNA meth-
ylation age clocks and allostatic load [22] the relation-
ship between functional measures and DNA methylation 
age may be impacted by sex. While allosteric load can 
be measured in multiple ways there could be a relation-
ship between these and functional measures. Here we 
adjusted for sex in our models to account for any under-
lying differences due to sex. Race/ethnicity—another 
source of variation in DNA methylation was not included 
in the model as all participants were the same identify-
ing as White, non-Hispanics. Because of the sex and race 
homogeneity in the study participants our results should 
be validated in a more diverse cohort.

While the results demonstrated consistent direction 
of effect, they were not all significant. These discrepan-
cies could be due to a combination of sample size and 
aspects of biological aging in older adults not yet fully 
explored. The variation in DNA-methylation age clocks 
within different older adult sub-populations have also 
not been examined. The differences between each clock 
could be due to differences in study population age dis-
tribution and age-associated comorbidities used for the 
clock’s development. Though developed to be age and tis-
sue agnostic [9], the data suggest that the Horvath DNA 
methylation clock performs best with samples from those 
between birth and adolescence [23]. One possible rea-
son that we observed a significant signal from the Han-
num and PhenoAge DNA methylation age clocks is that 
the Hannum clock was developed using blood from only 
adults [14] and PhenoAge was developed with all-cause 
mortality as its end point [15]. Our results across clocks 
are similar with those of Kresovich et  al. (2019) where 
there was consistency in direction of effect and scope 
of effect size. Additional potential sources of variation 
in DNA methylation could be driven by the observed 
change in weight or skeletal muscle, both of which sig-
nificantly decreased over the study period. Having a rela-
tionship with body measures such as weight, and skeletal 
muscle, may impact how they are associated with physi-
cal functional measures. Due to a limited sample size in 
this study we did not add these variables to our model 
and their relationship should be examined in studied 
with larger power. The small cohort and its non-random 
selection based on having biological sample could impact 
cohort co-variate distributions. Additionally, as a pilot 
study we did not have a control arm which should be 

examined in future studies. As we did not observe sig-
nificant changes in immune cell type proportions within 
subjects from baseline to follow up, it is unlikely that 
cell type is driving associations of age acceleration with 
functional ability. The change in DNA methylation age 
and future research should validate these findings with a 
larger more diverse cohort using multiple DNA methyla-
tion age clocks and measures of functional ability.

All 16 study participants completed the 12-week weight 
loss intervention. The intervention which included 
biweekly group exercise sessions and dietary counseling 
demonstrates the feasibility of positively impacting physi-
cal functional ability and DNA methylation age. As this 
study’s subjects had relatively low baseline functional 
ability we demonstrate that those with the greatest need 
can impact their health through clinical intervention. 
Further examination of methylation change at specific 
loci should be considered in a larger cohort to examine 
the role that DNA methylation might play in mediating 
increased functional ability. It is possible that positive 
lifestyle changes in older adults lead to changes in DNA 
methylation which then impact downstream transcrip-
tion and translation that lead to increased functional abil-
ity. Such changes in DNA methylation could be captured 
by some or all DNA methylation age clocks making them 
a valuable measure in lifestyle change interventions.

Finally as BMI has been associated with aging pheno-
types [24] and altered DNA methylation [25] by limiting 
to adults with obesity in this study, methylation-based 
biological age may be modifiable through clinical inter-
ventions. As there was no association between change in 
DNA methylation age and change in BMI or muscle mass 
measures (Additional file  1: Table  2), the association 
with physical functional measures indicates some clini-
cal meaning with age. As there is evidence of differen-
tial DNA methylation in skeletal muscle tissue between 
young and old participants [26] and association between 
DNA methylation and physiological traits in skeletal 
muscle [27] examining the change of DNA methylation 
age in the muscle of older adults as they increase their 
activity could yield important understanding in how 
muscle changes with age and how physical exercise and 
lifestyle can impact it. Specifically, as differential meth-
ylation of genes in the HOX family have been associated 
with physical activity and age in muscle cells it would 
be important to examine if this relationship is found in 
older adults who increase their physical functional ability 
[27]. Physical function measures are clinically relevant in 
ascertaining an individual’s spectrum of health, ability to 
fully function, and whether they are at risk for disability. 
As individuals included in the study had a low baseline 
grip strength (as compared to those non-included due 
to missing blood sample), the associated change in DNA 
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methylation age suggests that DNA methylation age 
could feasibility be used as a measure for individuals that 
need to improve their functional ability. As older adults 
with a higher grip strength at baseline (e.g., have higher 
function), are likely to respond less to the intervention it 
is reasonable to believe there is likely a ceiling effect of 
the change in DNA methylation age. The association of 
DNA methylation age clocks with these measures sug-
gests that it is not measuring a single physical attribute 
such as BMI or muscle mass, but multiple attributes 
related to functional ability. Additional work is needed on 
larger cohorts to evaluate measures of phenotypic aging 
and their association with methylation-based biologi-
cal age. Specifically, because of the complex interaction 
between muscle and fat leading to sarcopenic obesity, 
more work should be done examining the association 
between DNA methylation age and this geriatric syn-
drome. Similar results have been reported in examining 
the association between DNA methylation age clocks and 
blood biomarkers, BMI, and demographic information in 
a young adults with diabetes—that is there was variation 
in the association of each clock and each clinical measure 
[28]. Our study suggests that DNA methylation age has 
clinical relevance as a biomarker for physical function. 
The results demonstrate an association between increas-
ing physical functional ability measured in the clinic and 
decreasing methylation based biological age in blood.

Conclusions
We observe a relationship between increased physi-
cal functional ability and decreased biological age using 
DNA methylation clocks. These results demonstrate the 
potential utility of DNA methylation clocks to assess 
interventional approaches to improve health in older 
obese adults.

Methods
Study design
Participants completed a 12-week multi-component 
weight-loss intervention consisting of dietary counseling 
and aerobic/resistance exercise activity in older adults 
with obesity. All participants were aged ≥ 65  years with 
a body mass index > 30  kg/m2. Details of the design, 
recruitment, retention and preliminary effectiveness 
results are previously described [29]. Briefly, individuals 
were recruited from the Dartmouth Center for Health 
and Aging, a community aging resource center and local 
primary care practices. Older adults, aged > 65  years, 
with a body mass index > 30  kg/m2 who were willing to 
participate in the weight loss intervention were included. 
We excluded participants who had an electronic medical 
record-based diagnosis that could impact participation 
in the clinical trial (dementia, uncontrolled psychiatric 

illness, bariatric surgery, advanced systemic illness, life-
threatening or end-of-life illness). Those participating in 
other weight-loss endeavors, taking obesogenic medica-
tions, or an intentional weight loss of ≥ 5% in the past 
six months were also excluded. Participants answered a 
demographic questionnaire and completed physical func-
tional measures (see below). Body measures, including 
height and weight (using an A + D scale) were assessed 
using a trained research assistant. Fat mass, appendicular 
lean mass, and skeletal muscle mass were measured using 
a Seca 512 bioelectrical impedance analyzer.

As part of the clinical trial, adults were asked to provide 
blood samples at baseline (prior to the intervention) and 
at a 12-week follow-up. During the 12-week intervention 
individuals participated in weekly dietary counseling ses-
sions and aerobic/resistance exercise activity sessions.

All participants provided written consent for the study, 
which was approved by the Committee for the Protection 
of Human Subjects at Dartmouth College and the Dart-
mouth-Hitchcock Institutional Review Board and regis-
tered on clinicaltrials.gov (NCT03104192).

Physical function measures
All measures were assessed at baseline and at the conclu-
sion of the intervention. Grip strength was measured as a 
surrogate marker to upper extremity strength known to 
predict mobility and disability [30–32]. Grip strength was 
recorded as the mean of three measures of the partici-
pant’s dominant hand using a JAMAR Plus dynamometer 
with a 30  s rest between each trial, while sitting com-
fortably in a chair, with their arm at 90°. Gait speed is a 
simple clinical measure reflecting health and functional 
status [33] that predicts falls, disability, and mortality 
[34]. This measure was assessed using a 4-m course, with 
a 1-m “walk-in” phase before and after the timed seg-
ment. The five-times sit-to-stand test is a strong correlate 
of quadriceps strength and leg press [35, 36]. This test 
was measured as the amount of time that a participant 
took to go from a sitting position in the edge of a chair to 
standing without using their arms a total of five times in 
a row. The 6-min-walk test is a measure of submaximal 
aerobic capacity evaluating the distance that an individ-
ual can walk over a 6 min timeframe, and is an estab-
lished measure of functional ability [32, 37]. All measures 
were conducted by a trained research assistant in a com-
munity-aging center in Lebanon, New Hampshire.

Methylation data
For this analysis, the 16 individuals analyzed were 
part of a convenience sample from the original cohort 
(n = 28) based on the availability of both a pre and a 
post sample. Because of logistical issues during col-
lection, we resulted in having missing samples, having 
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only a blood sample at a single time point for some 
individuals. These individuals could not be included in 
this analysis and their missingness can be considered 
at random. Peripheral blood was collected and frozen 
at baseline and 12-week follow up visits. All genomic 
DNA extraction and bisulfite conversion, using the 
Zymo EZ-96 DNA Methylation Kit (Zymo Research), 
were conducted at the same time. DNA methylation 
levels were measured at > 850,000 CpG sites across 
the genome using the Illumina EPIC Human Methyla-
tion microarray (EPIC array). Hybridization and pro-
cessing of samples were performed according to the 
instructions of the manufacturer. Probe intensity data 
(IDAT files) processed with the minfi [38] version 
1.24.0 R package. All samples passed quality assess-
ment and control of having signal intensity significantly 
higher than background (p > 0.05). Probe signals under-
went standard background correction and normalized 
through noob and beta-mixture quantile normalization 
methods [39, 40].

Statistical analysis
Descriptive statistics used paired t-test for continuous 
measures when comparing pre-post change. Students 
t-test and chi-squared tests where used to compare 
baseline characteristics of the study cohort (n = 16) and 
the study population that did not have blood samples 
(n = 12). The Hannum, Horvath, and PhenoAge DNA 
methylation age clocks [14] were calculated through the 
ENmix [40] package in Bioconductor. We used linear 
regression models to examine the association between 
physical functional ability and DNA methylation-based 
age. The association for each outcome—grip strength, 
gait speed, and sit-to-stand time—was calculated first 
in unadjusted bivariate models. We then used multivar-
iate models with each functional measure outcome and 
each DNA methylation age clock while adjusting for 
age at start of study and sex. Cell type proportions were 
determined for each sample through a modified version 
of the Houseman method [41] using the FlowSorted.
Blood.EPIC package [42]. Differences in cell type pro-
portions were calculated using paired t-tests. All 
analysis were conducted in R version 3.6 [43] and sig-
nificance was defined as α < 0.05.

Supplementary Information
The online version contains supplementary material available at https ://doi.
org/10.1186/s1314 8-021-01031 -7.

Additional file 1: Table 1 examines the differences between individuals 
who had a blood sample collected and those that did not. Additionala-
nalysis examining the association between change in body measures and 
DNA methylation age in Table 2.

Abbreviations
CpG: Cytosine-guanine dinucleotide; NLR: Neutrophil to lymphocyte ratio; 
BMI: Body mass index.

Acknowledgements
We would like to acknowledge the work of those at the Aging Resource 
Center at Dartmouth and the Dartmouth-Hitchcock Genomics Core.

Authors’ contributions
CLP collected and analyzed study data. All authors, CLP, BCC, and JAB contrib-
uted to the conception of the study and writing the manuscript.

Funding
This work was supported by the Burroughs-Wellcome Fund: Big Data in the 
Life Sciences training grant at Dartmouth (Mr. Petersen trainee, Dr. Chris-
tensen PI); National Institute on Aging of the National Institutes of Health 
under Award Number K23AG051681 (Dr. Batsis); National Cancer Institute 
of the National Institutes of Health under Award Number R01CA216265 (Dr. 
Christensen).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
All participants provided written consent for the study, which was approved 
by the Committee for the Protection of Human Subjects at Dartmouth College 
and the Dartmouth-Hitchcock Institutional Review Board and registered on 
clinicaltrials.gov (NCT03104192).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 The Dartmouth Institute for Health Policy, Williamson Translational Research 
Bld, 5., 1 Medical Center Drive, Lebanon, NH 03766, USA. 2 Quantitative 
Biomedical Sciences Program, Dartmouth, Hanover, NH, USA. 3 Department 
of Epidemiology, Geisel School of Medicine at Dartmouth, Lebanon, NH, USA. 
4 Department of Molecular and Systems Biology at Dartmouth, Lebanon, NH, 
USA. 5 Department of Medicine, Geisel School of Medicine at Dartmouth, Han-
over, NH, USA. 6 Section of General Internal Medicine, Dartmouth-Hitchcock 
Medical Center, Lebanon, NH, USA. 7 Division of Geriatric Medicine, School 
of Medicine, and Department of Nutrition, Gillings School of Global Public 
Health, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA. 

Received: 11 November 2020   Accepted: 14 February 2021

References
 1. Fakhouri TH, Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of obe-

sity among older adults in the United States, 2007–2010. NCHS Data Brief. 
2012;106:1–8.

 2. Brown JD, Buscemi J, Milsom V, Malcolm R, O’Neil PM. Effects on cardio-
vascular risk factors of weight losses limited to 5–10%. Transl Behav Med. 
2016;6(3):339–46.

 3. Santanasto AJ, Glynn NW, Newman MA, Taylor CA, Brooks MM, Good-
paster BH, Newman AB. Impact of weight loss on physical function 
with changes in strength, muscle mass, and muscle fat infiltration in 
overweight to moderately obese older adults: a randomized clinical trial. 
J Obes. 2011. https ://doi.org/10.1155/2011/51657 6.

 4. Kritchevsky SB, Beavers KM, Miller ME, Shea MK, Houston DK, Kitzman DW, 
et al. Intentional weight loss and all-cause mortality: a meta-analysis of 
randomized clinical trials. PLoS ONE. 2015;10(3):e0121993.

 5. Ashutosh K, Methrotra K, Fragale-Jackson J. Effects of sustained weight 
loss and exercise on aerobic fitness in obese women. J Sports Med Phys 
Fitness. 1997;37(4):252–7.

https://doi.org/10.1186/s13148-021-01031-7
https://doi.org/10.1186/s13148-021-01031-7
https://doi.org/10.1155/2011/516576


Page 8 of 8Petersen et al. Clin Epigenet           (2021) 13:46 

 6. Racette SB, Rochon J, Uhrich ML, Villareal DT, Das SK, Fontana L, et al. 
Effects of two years of calorie restriction on aerobic capacity and muscle 
strength. Med Sci Sports Exerc. 2017;49(11):2240.

 7. Batsis JA, Villareal DT. Sarcopenic obesity in older adults: aetiology, epide-
miology and treatment strategies. Nat Rev Endocrinol. 2018;14(9):513–37.

 8. Bell CG, Lowe R, Adams PD, Baccarelli AA, Beck S, Bell JT, et al. DNA meth-
ylation aging clocks: challenges and recommendations. Genome Biol. 
2019;20(1):1–24.

 9. Horvath S. DNA methylation age of human tissues and cell types. 
Genome Biol. 2013;14(10):R115-R.

 10. Cavalli G, Heard E. Advances in epigenetics link genetics to the environ-
ment and disease. Nature. 2019;571(7766):489–99.

 11. Christensen BC, Houseman EA, Marsit CJ, Zheng S, Wrensch MR, Wiemels 
JL, et al. Aging and environmental exposures alter tissue-specific 
DNA methylation dependent upon CpG Island context. PLoS Genet. 
2009;5(8):e1000602.

 12. Field AE, Robertson NA, Wang T, Havas A, Ideker T, Adams PD. DNA Meth-
ylation clocks in aging: categories, causes, and consequences. Mol Cell. 
2018;71(6):882–95.

 13. Horvath S, Raj K. DNA methylation-based biomarkers and the epigenetic 
clock theory of ageing. Nat Rev Genet. 2018;19(6):371–84.

 14. Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, et al. 
Genome-wide methylation profiles reveal quantitative views of human 
aging rates. Mol Cell. 2013;49(2):359–67.

 15. Levine ME, Lu AT, Quach A, Chen BH, Assimes TL, Bandinelli S, et al. An 
epigenetic biomarker of aging for lifespan and healthspan. Aging (Albany 
NY). 2018;10(4):573–91.

 16. Chen BH, Marioni RE, Colicino E, Peters MJ, Ward-Caviness CK, Tsai PC, 
et al. DNA methylation-based measures of biological age: meta-analysis 
predicting time to death. Aging. 2016;8(9):1844.

 17. Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. DNA methylation 
grimage strongly predicts lifespan and healthspan. Aging. 2019;11(2):303.

 18. Kresovich JK, Xu Z, O’Brien KM, Weinberg CR, Sandler DP, Taylor JA. 
Methylation-based biological age and breast cancer risk. J Natl Cancer 
Inst. 2019;111(10):1051–8.

 19. Simpkin AJ, Cooper R, Howe LD, Relton CL, Davey Smith G, Teschendorff 
A, Widschwendter M, Wong A, Kuh D, Hardy R. Are objective measures 
of physical capability related to accelerated epigenetic age? Findings 
from a British birth cohort. BMJ Open. 2017;7(10):e016708. https ://doi.
org/10.1136/bmjop en-2017-01670 8.

 20. Sillanpää E, Laakkonen EK, Vaara E, Rantanen T, Kovanen V, Sipilä S, Kaprio 
J, Ollikainen M. Biological clocks and physical functioning in monozygotic 
female twins. BMC Geriatr. 2018;18(1):83. https ://doi.org/10.1186/s1287 
7-018-0775-6.

 21 Marioni RE, Shah S, McRae AF, Ritchie SJ, Muniz-Terrera G, Harris SE, et al. 
The epigenetic clock is correlated with physical and cognitive fitness in 
the Lothian Birth Cohort 1936. Int J Epidemiol. 2015;44:1388–96.

 22. McCrory C, Fiorito G, McLoughlin S, Polidoro S, Cheallaigh C, Bourke 
N, et al. Epigenetic clocks and allostatic load reveal potential sex-
specific drivers of biological aging. J GerontolSer A BiolSci Med Sci. 
2020;75(3):495–503.

 23. Simpkin AJ, Howe LD, Tilling K, Gaunt TR, Lyttleton O, McArdle WL, et al. 
The epigenetic clock and physical development during childhood and 
adolescence: longitudinal analysis from a UK birth cohort. Int J Epidemiol. 
2017;46(2):549–58.

 24 Jura M, Kozak L. Obesity and related consequences to ageing. Age 
(Dordr). 2016;38(1):23.

 25 Samblas M, Milagro FI, Martínez A. DNA methylation markers in obesity, 
metabolic syndrome, and weight loss. Epigenetics. 2019;14(5):421–44.

 26 Turner DC, Gorski PP, Maasar MF, Seaborne RA, Baumert P, Brown AD, et al. 
DNA methylation across the genome in aged human skeletal muscle tis-
sue and muscle-derived cells: the role of HOX genes and physical activity. 
Sci Rep. 2020;10(1):1–19.

 27. Taylor D, Jackson A, Narisu N, Hemani G, Erdos M, Chines P, et al. Integra-
tive analysis of gene expression, DNA methylation, physiological traits, 
and genetic variation in human skeletal muscle. ProcNatlAcadSci USA. 
2019;116(22):10883–8.

 28. Roshandel D, Chen Z, Canty AJ, Bull SB, Natarajan R, Paterson AD. DNA 
methylation age calculators reveal association with diabetic neuropathy 
in type 1 diabetes. ClinEpigenet. 2020;12(1):1–16.

 29. Batsis JA, Petersen CL, Clark MM, Cook SB, Lopez-Jimenez F, Al-Nimr RI, 
Pidgeon D, Kotz D, Mackenzie TA, Bartels SJ. A weight loss intervention 
augmented by a wearable device in rural older adults with obesity: a 
feasibility study. J Gerontol A Biol Sci Med Sci. 2021;76(1):95–100. https ://
doi.org/10.1093/geron a/glaa1 15.

 30 Di Monaco M, Castiglioni C, De Toma E, Gardin L, Giordano S, Di Monaco 
R, et al. Handgrip strength but not appendicular lean mass is an inde-
pendent predictor of functional outcome in hip-fracture women: a short-
term prospective study. Arch Phys Med Rehabil. 2014;95(9):1719–24.

 31. Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di Iorio A, Corsi 
AM, Rantanen T, Guralnik JM, Ferrucci L. Age-associated changes in 
skeletal muscles and their effect on mobility: an operational diagnosis of 
sarcopenia. J Appl Physiol. 2003;95(5):1851–60. https ://doi.org/10.1152/
jappl physi ol.00246 .2003.

 32. Lee M, Hsu C, Tsai Y, Chen C, Lin C, Wang C. Criterion-referenced values of 
grip strength and usual gait speed using instrumental activities of daily 
living disability as the criterion. J GeriatrPhys Therapy. 2018;41(1):14–9.

 33. AbellanvanKan G, Rolland Y, Andrieu S, Bauer J, Beauchet O, Bonnefoy 
M, et al. Gait speed at usual pace as a predictor of adverse outcomes in 
community-dwelling older people an International Academy on Nutri-
tion and Aging (IANA) Task Force. J Nutr Health Aging. 2009;13(10):881–9.

 34. Guralnik JM, Ferrucci L, Simonsick EM, Salive ME, Wallace RB. Lower-
extremity function in persons over the age of 70 years as a predictor of 
subsequent disability. N Engl J Med. 1995;332(9):556–61.

 35. Bohannon R. Sit-to-stand test for measuring performance of lower 
extremity muscles. Percept Motor Skills. 1995;80(1):163–6.

 36. McCarthy EK, Horvat MA, Holtsberg PA, Wisenbaker JM. Repeated chair 
stands as a measure of lower limb strength in Sexagenarian Women. J 
GerontolSer A. 2004;59(11):1207–12.

 37 Bean JF, Kiely DK, Leveille SG, Herman S, Huynh C, Fielding R, et al. The 
6-minute walk test in mobility-limited elderswhat is being measured? J 
GerontolSer A. 2020;57(11):M751–6.

 38. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen 
KD, et al. Minfi: a flexible and comprehensive bioconductor package for 
the analysis of infinium DNA methylation microarrays. Bioinformatics. 
2014;30(10):1363–9.

 39. Triche TJ, Weisenberger DJ, Van Den Berg D, Laird PW, Siegmund KD. Low-
level processing of illuminainfinium DNA methylation beadarrays. Nucleic 
Acids Res. 2013;41:e90.

 40 Xu Z, Niu L, Li L, Taylor JA. ENmix: a novel background correction method 
for Illumina HumanMethylation450 BeadChip. Nucleic Acids Res. 
2016;44(3):e20.

 41. Houseman EA, Accomando WP, Koestler DC, Christensen BC, Marsit CJ, 
Nelson HH, et al. DNA methylation arrays as surrogate measures of cell 
mixture distribution. BMC Bioinform. 2012;13:86.

 42. Salas LA, Koestler DC, Butler RA, Hansen HM, Wiencke JK, Kelsey KT, et al. 
An optimized library for reference-based deconvolution of whole-blood 
biospecimens assayed using the IlluminaHumanMethylationEPICBeadAr-
ray. Genome Biol. 2018;19(1):64.

 43. R Core Team. R: a language and environment for statistical computing. 
360th ed. Vienna: R Foundation for Statistical Computing; 2019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1136/bmjopen-2017-016708
https://doi.org/10.1136/bmjopen-2017-016708
https://doi.org/10.1186/s12877-018-0775-6
https://doi.org/10.1186/s12877-018-0775-6
https://doi.org/10.1093/gerona/glaa115
https://doi.org/10.1093/gerona/glaa115
https://doi.org/10.1152/japplphysiol.00246.2003
https://doi.org/10.1152/japplphysiol.00246.2003

	Weight management intervention identifies association of decreased DNA methylation age with improved functional age measures in older adults with obesity
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Discussion
	Conclusions
	Methods
	Study design
	Physical function measures
	Methylation data
	Statistical analysis

	Acknowledgements
	References


