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BACKGROUND: Metabolic syndrome (MetS) is associated with premature aging, but whether this association is driven by genetic
or lifestyle factors remains unclear.

METHODS: Two independent discovery cohorts, consisting of twins and unrelated individuals, were examined (N = 268, aged
23-69 years). The findings were replicated in two cohorts from the same base population. One consisted of unrelated individuals
(N=1 564), and the other of twins (N =293). Participants’ epigenetic age, estimated using blood DNA methylation data, was
determined using the epigenetic clocks GrimAge and DunedinPACE. The individual-level linear regression models for investigating
the associations of MetS and its components with epigenetic aging were followed by within-twin-pair analyses using fixed-effects
regression models to account for genetic factors.

RESULTS: In individual-level analyses, GrimAge age acceleration was higher among participants with MetS (N = 56) compared to
participants without MetS (N =212) (mean 2.078 [95% Cl =0.996,3.160] years vs. —0.549 [—1.053,—0.045] years, between-group
p = 3.5E-5). Likewise, the DunedinPACE estimate was higher among the participants with MetS compared to the participants
without MetS (1.032 [1.002,1.063] years/calendar year vs. 0.911 [0.896,0.927] years/calendar year, p = 4.8E-11). An adverse profile in
terms of specific MetS components was associated with accelerated aging. However, adjustments for lifestyle attenuated these
associations; nevertheless, for DunedinPACE, they remained statistically significant. The within-twin-pair analyses suggested that
genetics explains these associations fully for GrimAge and partly for DunedinPACE. The replication analyses provided additional
evidence that the association between MetS components and accelerated aging is independent of the lifestyle factors considered

in this study, however, suggesting that genetics is a significant confounder in this association.
CONCLUSIONS: The results of this study suggests that MetS is associated with accelerated epigenetic aging, independent of
physical activity, smoking or alcohol consumption, and that the association may be explained by genetics.
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INTRODUCTION

Metabolic syndrome (MetS) is a significant precursor to cardio-
vascular diseases and type 2 diabetes [1]. MetS refers to the co-
occurrence of several known cardiovascular risk factors that
typically increase with age, such as insulin resistance, obesity,
atherogenic dyslipidemia, and hypertension [2, 3]. The worldwide
prevalence of adulthood MetS is approximately 30-40% [4, 5].
MetS is strongly linked to a lifestyle characterized by an unhealthy
diet and physical inactivity [6], and it may lead to premature aging
[7-9]. However, it is unclear whether the accumulation of MetS
components increase the likelihood of developing diseases that

shorten lifespan or if the accumulation of MetS components itself
accelerates the aging process.

Epigenetics, particularly age-related changes in DNA methyla-
tion (DNAm), constitute the primary hallmark of biological aging
[10, 11]. Epigenetic mechanisms regulate gene expression and
help us adapt to different environments and lifestyles, including
unhealthy diet and physical inactivity, which are associated with
the increasing prevalence of MetS. Genome-wide DNAm data can
be used to construct composite scores, i.e. epigenetic clocks,
which provide an estimate of an individual's biological age.
Epigenetic clocks are algorithms that aim to quantify biological
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aging using DNAm levels at specific CpG sites. Epigenetic clocks
summarize the effects of genetic susceptibility, as well as the
cumulative effect of lifestyle and environmental factors, on
physiological aging over the life course [12, 13].

The epigenetic clock GrimAge was developed to predict
mortality [14]. Compared to previously developed clocks, GrimAge
may best capture the DNAm changes associated with MetS and its
components [9, 15]. The recently developed DunedinPACE
estimator differs from GrimAge and other predecessors because
it has been developed to predict the pace of aging measured over
a 20-year follow-up. DunedinPACE operationalizes aging as a
decline in physiological integrity over the years [16] and may,
therefore, be a particularly good marker for assessing the effects
of the age-related accumulation of MetS risk factors on
epigenetic aging.

The epigenome is an intriguing target for both MetS and age-
related physiological changes because it is a major determinant of
gene expression that is modifiable by the environment and
lifestyle. A more adverse metabolic risk profile, or MetS, is
associated with accelerated epigenetic aging [8, 9, 15, 17-19].
However, the results vary by epigenetic clock, and to the best of
our knowledge, no previous study has investigated the association
of MetS with the most recent clock, DunedinPACE, and/or
considered the effects of genetic factors. Genotype has an
important effect on both the components of MetS and the
epigenome [20], which means genetic confounding is possible
when assessing the association between MetS and epigenetic
aging. Thus, our objective was to investigate the cross-sectional
association of MetS and its components with epigenetic aging. We
employed two recent epigenetic clocks, GrimAge and Dunedin-
PACE, in our analyses. To control for genotype and sex, age, and
early childhood environmental factors shared by twin siblings, we
employed within-twin-pair comparisons.

METHODS

Study populations

The data (N=268, 57% female) for the primary, discovery-oriented
analyses of this study were drawn from two Finnish population-based
cohort studies: the Finnish Twin Cohort (FTC) [21-24] and the Estrogenic
Regulation of Muscle Apoptosis (ERMA) study [25] (for details see
Supplement 1). The age range of the pooled study population covered
most adulthood, from 23 to 69 years. Those who fulfilled the criteria for
having MetS constituted 21% of the participants.

Replication analyses

To validate our primary results, we replicated the analyses using two
cohorts (Supplement 1). The individual-level analyses were replicated in a
large, independent Finnish cohort study, The Young Finns Study (YFS)
[26, 27], which consisted of 1 564 unrelated individuals (55% female) aged
34-49 years and of which 22% had MetS. The within-twin-pair analyses
were replicated in a dataset of Essential Hypertension Epigenetics Study
(EH-Epi) [23, 28], which consisted of 293 twins (61% female) aged 56-69
years and of which 32% had MetS.

Research ethics
Previously given consents covered our study (Supplement 2).

Epigenetic aging

Blood-based DNAm profiles were obtained using Illumina’s Infinium
HumanMethylation450 BeadChip or the Infinium MethylationEPIC Bead-
Chip (Illumina, San Diego, CA, USA). In our previous articles, we described
the generation, preprocessing, and normalization of DNAm data [13, 29]. In
this study’s analyses, we used the epigenetic clocks GrimAge [14] and
DunedinPACE [16]. Recently, epigenetic clocks based on principal
components (PCs) have been developed to bolster the reliability and
validity of the clocks [30]. We produced PC-based GrimAge estimates using
an R package (https://github.com/MorganLevineLab/PC-Clocks). Age accel-
eration in years (GrimAgeAA) was defined as the residual obtained from
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regressing the estimated epigenetic age on chronological age. In addition,
we obtained PC-based GrimAge components (adjusted for age), including
DNAm smoking pack-years, DNAm ADM, DNAm B2M, DNAm cystatin C,
DNAm GDF15, DNAm leptin, DNAm PAI-1, and DNAm TIMP-1. Dunedin-
PACE provided an estimate of the pace of aging in years per calendar year
[16]. DunedinPACE was calculated using a publicly available R package
(https://github.com/danbelsky/DunedinPACE).

Metabolic syndrome

MetS was determined according to the National Cholesterol Education
Program (NCEP) Adult Treatment Panel IIl (ATP Ill) [31], which was updated
by the American Heart Association and the National Heart Lung and Blood
Institute in 2005 [32].

Components of metabolic syndrome

Waist circumference was measured at the midpoint between the lowest rib
and the iliac crest by trained research nurses. Fasting high density
lipoprotein (HDL) cholesterol, triglyceride, and fasting glucose levels were
measured via blood samples taken from the participants after an overnight
fast. Blood pressure was measured with a sphygmomanometer. Systolic and
diastolic blood pressure were measured three or two times (for the FTC
and ERMA, respectively), and the mean of these measurements was used
in our analysis. More detailed information about the measurement
methods used has been presented previously for the FTC [21-23] and
ERMA [25, 33]. The use of cholesterol- and glucose-lowering medications as
well as of antihypertensives was self-reported with brand names and
confirmed by a physician or a nurse during a medical examination.

Other covariates

Alcohol consumption was calculated as the number of alcoholic drinks (1
drink = 12g ethanol) consumed per week. Smoking was classified
according to the following three categories: never, former, and current
smoker. Current smokers included both daily and occasional smokers.

Physical activity. In the FTC, the Baecke questionnaire was used to assess
physical activity [34]. Following three indexes; the work index, the sport
index, and the leisure-time index, were calculated using 16 items. All
responses were given on a five-point scale except for questions regarding
the main occupation and the types of two main sports. In the original
publication, the test-retest reliability scores of the work, sport, and leisure-
time indices were 0.88, 0.81, and 0.74, respectively [34]. The Baecke
questionnaire has been validated for cardiorespiratory fitness among
Finnish twins [35]. For the analysis, the participants were divided into the
following three groups of physical activity according to the sport
index: low (Groups 1-2), medium (Group 3), and high physical activity
(Groups 4-5).

For the ERMA study, the participants’ self-reported physical activity was
measured using a single-question scale that included seven physical-
activity-level categories ranging from necessary daily activities and
routines to participation in competitive sports [36]. For the analysis, the
participants were further divided into the groups of low (Groups 1-2),
medium (Groups 3-4), and high physical activity (Groups 5-7). The
test-retest reliability, concurrent validity against accelerometer-measured
physical activity, and associations with several physical performance
measurements have been reported previously [37].

Statistical analysis

We analyzed differences in epigenetic aging (age acceleration/pace of
aging) between the participants with and without MetS using linear
regression analyses adjusted for the within-pair dependency of twins
(family relatedness), age, and sex (including the interaction term age*sex)
(Release 16; Stata Corporation, College Station, TX, USA). In addition, we
employed a linear regression analysis to assess the association between
specific MetS components and epigenetic aging. The dependent variable
was age acceleration/pace of aging, while the independent variable was
one of the MetS components (waist circumference, HDL cholesterol,
triglycerides, fasting glucose, systolic blood pressure, and diastolic blood
pressure). For triglycerides and fasting glucose, a natural log transforma-
tion was performed due to the skewed distribution of the variables. Model
1 included an adjustment for the family relatedness, age, and sex
(including an interaction term age*sex). Then, we carried out the analyses
with multivariable adjustments. We adjusted Model 1 for smoking status,
alcohol consumption, and physical activity level (Model 2). Finally, we
adjusted Model 2 for medications (cholesterol, blood pressure, and blood
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glucose; Model 2 + medications). After the individual-level analyses, fixed-
effects within-twin-pair regression models were conducted for all twin
pairs, as well as separately for the monozygotic (MZ) and dizygotic (DZ)
pairs. If an association between MetS components and accelerated
epigenetic aging is observed in the co-twin control design, particularly
in the MZ pairs, this provides strong evidence for an association between
MetS and epigenetic aging, independent of the genetic and other shared
effects. We present exact two-sided p values and set the nominal level of
significance at p < .05.

RESULTS

Participant characteristics

The mean age of the participants was 40.0 years (SD 14.6). The
correlation between chronological age and DNAm GrimAge (mean
53.1, SD 12.5) was 0.95, while the correlation with DunedinPACE
was 0.40. Furthermore, age acceleration (GrimAgeAA) exhibited a
correlation of 0.61 with the pace of aging (DunedinPACE). The
characteristics of the study participants, stratified by MetS status,
are presented in Table 1. In total, 56 participants (21%) met the
criteria for having MetS, with 59% being women. The mean age of
the participants with MetS was 52.6 years (SD 15.6), ranging from
23 to 69 years.

Differences in epigenetic aging according to MetS status:
individual-level analyses

Figure 1 presents the differences in age acceleration/pace of aging
by MetS status for all participants. GrimAgeAA was higher among
participants with MetS (n = 56) compared to participants without
MetS (n=212) (mean 2.078 [95% Cl=0.996, 3.160] years vs.
—0.549 [—1.053, —0.045] years, between-group p = 3.5E-5). Like-
wise, the DunedinPACE estimate was higher among the partici-
pants with MetS compared to the participants without MetS (1.032
[1.002, 1.063] years/calendar year vs. 0.911 [0.896, 0.927] years/
calendar year, p = 4.8E-11) (Supplementary Table 1).

Association between MetS components and epigenetic aging:
individual-level analyses

An adverse profile of MetS components was associated with
accelerated epigenetic aging. In Model 1 (adjusted for age and
sex), all MetS components except for blood pressure were
associated with GrimAgeAA. More specifically, greater waist
circumference (standardized regression coefficient f =0.235,
b =2.6E-4), higher levels of triglycerides (0.218, p =2.6E-4) and
fasting glucose (0.163, p=.027), and a lower level of HDL
cholesterol (—0.231, p=.001) were associated with higher
GrimAgeAA. Further adjustments for lifestyle factors (Model 2)
and medication (Model 2 + medication) attenuated these
associations to nonsignificant levels (Table 2).

In Model 1, all MetS components except for systolic blood
pressure were associated with the DunedinPACE estimate. Greater
waist circumference (0.349, p = 1.0E-7), higher levels of triglycer-
ides (0.255, p=3.1E-5), fasting glucose (0.264, p = 2.5E-4), and
diastolic blood pressure (0.171, p =.017), and a lower level of HDL
cholesterol (—0.296, p=1.3E-6) were associated with higher
DunedinPACE estimates. Further adjustments for lifestyle factors
(Model 2) and medication (Model 2 + medication) attenuated
these associations, which, however, remained statistically signifi-
cant (Table 3).

Association between MetS components and epigenetic aging:
within-twin-pair analyses

The results of the fixed-effects within-twin-pair regression analyses
are presented in Table 4 for GrimAge and in Table 5 for
DunedinPACE. For all twin pairs (Table 4a), the specific MetS
components were not associated with GrimAgeAA. However, an
adverse profile in terms of MetS components (except for fasting
glucose and systolic blood pressure) was associated with an
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Table 1. Descriptive characteristics of the participants by MetS status:
Presentation of MetS component characteristics separately for all,
female, and male participants.

Characteristic Participants Participants with

without MetS MetS (N = 56)
(N=212)
Sex, N (%) of participants
Female 121 (57.1) 33 (58.9)
Male 91 (42.9) 23 (41.1)
Age, mean (SD) range, 36.7 (12.3) 23-69 52.6 (15.6) 23-69
years

Cigarette smoking, N (%) of participants

Never smokers 108 (50.9) 23 (41.1)
Former smokers 43 (20.3) 18 (32.1)
Current smokers 60 (28.3) 14 (25.0)
Alcohol, mean (SD), 4.6 (6.1) 5.1 (6.9)
drinks per week™
Level of physical activity, N (%) of participants
Low 60 (28.3) 25 (44.6)
Medium 63 (29.7) 19 (33.9)
High 79 (37.3) 7 (12.5)
Body mass index, mean 26.1 (5.1) 31.9 (5.3)
(SD), kg/m?
Components of MetS, mean (SD)
Waist Circumference (cm)
All 88.0 (12.5) 106.7 (12.7)
Female 85.2 (13.1) 103.4 (12.9)
Male 914 (11.2) 111.4 (11.3)
HDL cholesterol (mmol/I)
All 1.7 (0.4) 1.4 (0.5)
Female 1.8 (0.5) 1.5 (0.5)
Male 1.5 (0.4) 1.2 (0.4)
Triglycerides (mmol/l)
All 0.9 (0.5) 1.6 (1.0)
Female 0.9 (0.5) 1.4 (0.6)
Male 0.9 (0.5) 1.8 (1.3)
Fasting glucose (mmol/l)
All 5.0 (0.5) 6.2 (1.6)
Female 5.0 (0.5) 6.0 (1.0)
Male 5.1 (0.5) 6.5 (2.2)
Blood pressure (mmHg)
Systolic
All 128.0 (17.2) 143.5 (18.1)
Female 126.5 (19.0) 142.7 (19.7)
Male 130.5 (14.4) 1455 (17.1)
Diastolic
All 74.6 (12.1) 86.0 (9.6)
Female 75.7 (12.1) 86.0 (10.2)
Male 73.8 (12.5) 87.6 (8.4)
Medication, N (%) of participants
Cholestero 0 (0) 7 (12.5)
Hypertension 14 (6.6) 17 (30.4)
Glucose 0 (0) 4 (7.1)

“one drink = 12 g/100% alcohol.
DNAm, DNA methylation; HDL high-density lipoprotein; MetS metabolic
syndrome.
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accelerated pace of aging (DunedinPACE) (Table 5a). More
specifically, in the base model (naturally adjusted for age and
sex), greater waist circumference (unstandardized regression
coefficient $3=0.002, p=.004), higher levels of triglycerides
(0.048, p =.007), diastolic blood pressure (0.003, p =.005), and a
lower level of HDL cholesterol (—0.064, p = .007) were associated
with a higher DunedinPACE estimate. After further adjustments for
lifestyle factors and medication, these associations were attenu-
ated to nonsignificant levels (except for triglycerides).

The fixed-effects within-twin-pair regression analyses were
conducted separately for the MZ and DZ twin pairs. Greater waist
circumference (0.001, p =.046) and higher levels of triglycerides
(0.045, p=.037) were associated with higher DunedinPACE
estimates among the MZ twin pairs (Table 5b). Lower levels of
HDL cholesterol were associated with higher DunedinPACE
estimates among the DZ twin pairs (Table 5c). After further
adjustments for lifestyle factors and medication, these associa-
tions were attenuated to nonsignificant levels.

Replication analysis

The results of the replication analysis are presented as supple-
mentary material (Supplement 3 and 4). The individual-level
results derived from the YFS data (Supplement 3) were apparently
similar to those derived from the two discovery cohorts, providing
additional evidence that the association between MetS compo-
nents and accelerated aging is independent of lifestyle factors
considered in this study. The within-twin-pair results derived from
the EH-Epi data (Supplement 4) suggest that genetics fully explain
these associations not only for GrimAge but also for DunedinPACE.
When using DunedinPACE, these results consistently showed
weaker associations between MetS components and accelerated
aging among MZ pairs, who share all their genetic variation,
compared to DZ pairs, who share only 50%. This suggests that
genetics is a significant confounding factor in this association.

DISCUSSION

This study investigated the association between MetS and
epigenetic aging using two epigenetic clocks, GrimAge and
DunedinPACE, in a study population that covered the adult
lifespan. We employed a co-twin control study design, which is a
powerful setting for controlling for genetic and familial confound-
ing. The analyses were replicated in two cohorts from the same
base population. To the best of our knowledge, this is the first
study to report the association between MetS and novel
epigenetic clock DunedinPACE, and/or considering the effects of
genetic factors. Our pioneering findings suggest that MetS is
associated with an accelerated pace of aging, as measured with
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DunedinPACE. This study demonstrates for the first time that the
link between MetS and premature aging may be explained by
genetics.

Our individual-level analyses revealed that epigenetic aging was
accelerated among participants with MetS compared to those
without MetS, irrespective of age and sex, which indicates that
biological aging accelerates even before the onset of MetS-related
chronic diseases. More precisely, epigenetic aging was accelerated
by 2.6 years (GrimAge) and 0.12 years/calendar year (Dunedin-
PACE) among participants with MetS compared to those without
MetS. In addition, we found that an adverse profile in terms of
individual MetS components was associated with accelerated
aging, with waist circumference exhibiting the strongest associa-
tion. Our results suggest that the association between accelerated
aging and blood pressure is weaker compared to other MetS
components. This may be explained by the relatively high number
(11.2%) of participants taking antihypertensive medications. The
results derived from the replication of the individual-level analyses
in a large Finnish cohort study were apparently similar to those
derived from the primary analyses, providing additional evidence
that also high blood pressure is associated with accelerated aging.
These findings are in line with previous research related to the
association between MetS and epigenetic aging [8,
9, 15, 17-19, 38].

Based on our preliminary analyses using older generation
clocks (data not shown) and prior literature, we opted to utilize
epigenetic clocks, GrimAge and DunedinPACE, in our research.
Previous studies using both older generation clocks and the
GrimAge clock have suggested that GrimAge may best capture
the DNAm changes associated with MetS and its components
[9, 15]. It is noteworthy that the GrimAge clock is estimated
based on seven DNAm surrogate markers, including leptin,
which is associated with obesity [39], and may thus be more
suitable than older generation clocks for estimating the
association between age acceleration and metabolic features.
However, in this study, we found stronger associations using
DunedinPACE, which was trained to predict the pace of aging
using longitudinal data based on physiological aging measures.
Therefore, DunedinPACE can be a particularly good marker for
assessing the effects of the age-related accumulation of risk
factors for MetS on epigenetic aging.

The exact mechanisms through which MetS may accelerate
aging remain unclear, but they are likely related to physiolo-
gical responses to excess fat accumulation [6, 40]. Obesity is
considered pro-aging because it is associated with increased
oxidative stress and a proinflammatory state, which, in turn,
enhance white blood cell turnover [41]. It has been suggested
that excess reactive oxygen species may contribute to

SPRINGER NATURE

781



T. Fohr et al.

»EV0°0 (€00°0 ‘000°0) LOO'0
9610 (L00°0 ‘000°0—) LOO0
oL 100 (£82°0 ‘££€0°0) T9L°0
1600°0 (#7£0°0 ‘LLO0) Ti70'0

1 €000 (6L0'0— ‘680'0—) ¥S0'0—

anjea-d (1D %S6) 9

orL0
€800
€91°0
€91°0
68L°0—

)

uonedpaw + Z [3pow

9t0'0
80C°0
0L0'0
6000
€000
1000
anjea-d

(€00°0 ‘000°0) LOO'0

(L00'0 ‘000°0—) LOO'0

(682°0 ‘070°0) ¥91°0

(#7£0°0 ‘LLO0) Ti70°'0
(610'0— ‘680'0—) ¥S0'0—

(€00°0 ‘LO0°0) 000
(1D %S6) 9

‘|[EAIRIUI DDUSPYUOD ) ‘JUBIDYSS0D UOISSDIH3I paziplepueisun g ‘JUa1dY}90d uolssaibal pazipiepuels g

*G/°T J9A0 JO dnjeA (]/joww) 3sodn|b Buiisey pawliojsuel-6o| swa.1xa 1oj papnpxa ajdwes sauQ
*3|qelIBA JO UONNQLISIP PAaM3Xs 0} anp pawioyiad sem uonewlojsuely 6o [einjeu  ‘ssaisusniadAyiue Jo asn, ‘suoiedipaw Buuamo| asodn|b poojq Jo asn, ‘suonedipaw Bulamo| [0431s3JoYyd JO ashy,
ainssaid poojq ‘dq ‘uiroadod) Ausuap-ybiy “1gH
‘Auanoe [edisAyd pue uondwnsuod joyodje ‘sniels bupjows ‘xas ‘obe ‘ssaupale|as Ajiwey 1oy paisnipe ¢ [9po
'x9s pue abe ‘ssaupaielas Ajiwey 1oy paisnipe | [9pon

LELO
0800
S91°0
€91°0
06L°0—
€¢C0

g

T [°POIN

£10°0
LYo
¥-35°C
S-3L°E
9-3€°L
£-30°L
anjea-d

(€00°0 ‘000°0) 2000

(L00°0 ‘L00°0—) 0000

(¢ot’0 ‘¥2l'0) €9T°0

(760°0 ‘SE0°0) 900
(6¥70'0— ‘€LL'0—) L8O'0—

(#00°0 ‘200°0) £00°0
(1D %S6) 9

LZ1°0
8500
¥9C0
SSC0
96C°0—
61€°0

d

L PO

(DHww) dq dij0iseiq
(DHww) dq d1j03sAs
.(1/1oww) asodn|b Hunseq
«(1/10ww) sapr1adK|611L
(7/1oww) joia3ssjoYd TaH
(wd) dUBIBJWINID ISTeM\

‘(3DVduipaunq) 4eak Jepuajed/sieak uj buibe jo aded sy) pue sjusuOdWOod SWOIPUAS dIjogeISW USIMIS] UoeIDOSSe 3Y] '€ 3|qel

»CLL0 (S¥0°0 ‘¥£0°0—) 900°0
+898°0 (120’0 ¥20°0—) T00'0—
0960 (€8T's ‘L19'L—) Teg'L
ALELO (€zv'L “£81°0—) 8190
1C8L°0 (862°0 ‘09S'L—) LE90—

anjea-d (1D %s6) 9

0co00
0LO0—
2900
180°0
9L0°0—

)

uonedipaw +  [9pon

8¥,°0
0680
962°0
0€L’0
L8L°0
S0
anjea-d

(S¥0°0 ‘€€0°0—) 9000
(1200 ‘¥20°0—) T00'0—
(V£T'S 'S19'L—) 0€8'L
(Lev'L 's8L'0—) 8190
(962°0 '855'L—) LE90—
(¥S0°0 '600°0—) €200
(1D %S6) 9

"|eAIS)UI 92USPYUOD ) ‘IUSIDYSS0D UOISsaIbal pazipiepuelsun g Quaidyja0d uolssaibal pazipiepuels g

*G/'T J9AO JO dnjeA (]/joww) 3sodn|b Bulisey pawiojsuel)-Ho| swal1xa 1oy papnPxa ajdwes auQ
"9]geleA JO UOINQUISIP PIM3Xs 0) Snp pawloyad sem uonewlojsuer) 6o [einjeu  ‘saaisusliadAynue jo asn, ‘suonedipsw buuamol 3s0dn|6 poolq Jo asn, ‘suoiedIpaW HuLdMO| [0431SSJ0YD JO SN,
ainssaid poojq ‘dq ‘uisroadodi) Aysusp-ybiy “IgH
‘AuAnoe [edisAyd pue uopdwnsuod joyodje ‘sniels bupjows ‘(xas.abe) ‘xas ‘abe ‘ssoupalejas Ajiwey 1o paisnipe z [9pow
‘(xos4obe) ‘xas pue abe ‘sssupale|as Ajiwey Joj paisnipe | [9pon

1200
800°0—
2900
180°0
9/0°0—
2600

)

T 1ISPON

60C°0
066'0
£20°0
¥-39'C
1000
¥-39'C
anjea-d

(#£0°0 '910°0—) 6200
(£20°0 £20°0—) 000°0—

(9z€'6 '£95°0) 9V6'1

(evo'e ‘L¥6'T—) 099°L
(9000— ‘9SL'L—) 616'L—

(L60°0 ‘820°0) 090°0
(1D %S6) 9

5600
L00'0—
€910
8LC0
LETO0—
SECO

)

L ISPOIN

(DHwWw) dq 31j035€1Q
(DHww) dq >1j0154S
(1/]oww) asodn|b bunseq
«(1/10ww) sapL1adA|61L
(1/1oww) jo133s3]0Y> 1aH
(wd) @dudI3jWNdAD ISIep|

‘(YVobywlD) sieak uj uonelsj@dde abe pue sjusuodwod swolpuhs dijogelsw Usamiaq uonerosse ayl  °g djqel

782

International Journal of Obesity (2024) 48:778 - 787

SPRINGER NATURE



T. Fohr et al.

783

»€8€'0
»LLY0
0»£8C0
10850
16610

16860
+€£6'0
ol6L°0
1990
16860

+9¢6°0
VA
0CSS0
1 88€°0
1 €920

anjea-d

(080°0 ‘00Z°0—)
(€¥0°0 '20L'0—)
(68T°€ '885°0L—)
(8€S'C '88€'L—)
(6¥7C'9 ‘LLE1—)

(££0°0 '8£0°0-)
(8%0°0 ‘9¥0'0—)
(L06°€L ‘TL8T-)
8¥L'T 'LLEL-)
(166'L '070'T—)

(#90°0 ‘0£0°0—)
(£T0°0 ‘6%70'0—)
(L9t'€ ‘LEV'9—)
(¢LL'L 'S69°0—)
(£¥0'T L0S'L—)

1D %S6

090'0—
6C00—
6v9°€—
S/S°0
9EV'C

L00'0—
L00'0
L1S°S
98¢0
7100—

€00°0—
LL0'0—
[4°7 4l
8€S0
04T0

)

uonedipaw + c[spow paisnipy

9LC°0
6/C0
EVE0
S¥S0
6771°0
8ZL°0

986'0
086'0
6/41°0
0950
8960
LO¥'0

§¢6'0
065°0
LZ9'0
LLE0
LELO
8/S50

anjea-d

"9]geleA JO UONQUISIP PIM3Ys 0) Snp pawloyad sem uonewlojsuer) 6oj [einjeu

(#90°0 ‘¥12°0-)
(€€0°0 ‘601°0—)
(LS9'€ ‘€90°01—)
(rzsT '89€'L—)
(rze9 veo'L—)
(£10°0 ‘¥Z1°0—-)

(9£0°0 '££0°0-)
(9¥0°0 'S¥0°0—)
(WrLvl ‘vTLe—)
(,6T°T '8ST’L—)
(¥66°L ‘£L0°T—)
(L80°0 ‘€€0°0—)

(€900 ‘0£0°0-)
(820°0 ‘870°0—
(ZLLE '18L'9—
(S6£°L '8£9°0—)
(€80T ‘6L¥'L—)
(LEO0 ‘550°0-)

)
)

1D %S6

S/0'0—
8€00—
90T’ e~
84S0
059°C
7500—

L00'0—
L00'0
oLL'S
0¢so
L¥0'0—
200

€00°0—
0LO0—
CETL—
6550
c0€0
cL00—

g

xlspow paisnipy

L0C°0
0490
6190
68L°0
296'0
8/8'0

5580
L¥9'0
9¢/L'0
SS€0
LST0
9890

9EY'0
6176'0
€050
6400
(440
LE60

anjea-d

"|eAIS1Ul 92USPYUOD D ‘IUSIDYS0D UoIssalbal pazipiepueisun ¢
*G/°C J3A0 JO dnjeA (7/joww) 9s0on|6 Bunse) pawiojsuell-Ho| sw.ixa 1oy papnPxe s|dwes sauQ
‘saAIsuaLIadAyiue Jo asn, ‘suonedIpaw buuamo| 9s0dn|b poojq Jo asn, ‘suonedipaw BulleMO| [0121S90YD JO Isny
ainssaid poojq dq ‘uidroidodi) Aususp-ybiy JgH
‘A1Anoe [edisAyd ‘uondwnsuod joyodje ‘snieis bupjows 1oy paisnipe,

(6€7°0 ‘2S0'0-)
(0£0°0 £01L°0—)
(£8¥'9 ‘0S5£01—)
(6£S°€ 'VEL0—)
(8lze 'sLe€—)
(£80°0 'S£0°0—)

(€900 'S£0'0-)
(§90'0 ‘0¥0'0-)
(086'9 '€56'6~)
(r19'C '156'0-)
(7780 '891L°€ )
(9%0'0 '0£0'0~)

(#60°0 ‘L¥0'0—)
(S¥0°0 ‘8%70'0—)
(992°€ '529°'L—)
(91S'T ‘6€1'0—)
(80L°L ‘0cv'T—)
(S¥0°0 ‘6%70'0—)

1> %S6

600
61L00—
CELC—

gl
8/0°0—

9000

900°0—
cLoo
98Y'L—
LES'0
ol'l—
cLo0—

(DHWwW) dq d1j01se1q
(OHwWwW) dq 1101545
-(1/|oww) asodn|6 bunseq
o(1/10wWw) sapLA|BLL
(1/10ww) j019353|10Y> JAH
(WD) 9dUBISJWINDIID ISIBAN
(£€ = N) sared uimy onnobAz1q (3)
(DHwWwW) dq 1j01s81Q
(OHwWwW) dq 21103545
-(1/|oww) asodn|6 bunseq
w(1/10ww) sapuadA|6L)
(1/10ww) jo133s3]0Y> 1AH
(WD) d5UDI3JWNDIID ISIEAN

(z9 = N) sared uimy >nobAzouop (q)

920’0
L00'0—
6C6'L—
68L°L
959'0—
¢000—

g

|spow aseg

(DHww) dq d1jo1selq

(OHww) dq d1jo1shS

L(1/10ww) asoon|b bunsed

«(1/10Ww) sapuUadAI6LL

(1/10ww) jo1=3s3104> 1aH

(WD) 95UIBJWNDIID ISIEA
(66 = N) saied |1y (e)

‘siied uimy

>1306Azip (3) pue ‘sited uimy dnobBAzouow (q) ‘sited |je (e) ‘sasAjeue Jred-uImi-UlyHM (Y YaBY WD) s1eak ul uonesa|adde abe pue spuauodwod SWOIPUAS d1|OgeISW U39MISg UoneIdosse 3y djqel

SPRINGER NATURE

International Journal of Obesity (2024) 48:778 - 787



T. Fohr et al.

784

»VE0
LVLV0
0€LS0
19600
H9LL0

L8LC0
£84V°0
»EEV'0
1 CSL°0
1 ¥Z6'0

»EV0°0
L8710
09460
16€0°0
16800

anjea-d

‘saied uimi d1nobAzouow (q) ‘sated |je (e) ‘sasAjeue Jred-uimi-uiylipn ((FDVduipaun) Jeak sepuajed/sieak ul buibe jo aded syl pue syusuodwod SWOIPUAS DIjOgeIaW USIMID UOIIRIDOSSe a3y |

(900°0 ‘200°0-) 2000
(€00°0 ‘L00°0—) L00'0
(€ST°0 ‘v¥L'0-) G500
(960°0 ‘800°0—) 00
(2200 ‘881L°0-) €80°0—
(#00°0 'L00°0—) L00'0
(2000 '100°0—) 0000
(€S1°0 'LS€°0-) 660'0—
(5800 ‘710°0—) 9€0'0
(#S0'0 '090°0—) €00°0—
(#00°0 ‘000°0) 2000
(200°0 ‘'000°0—) L00'0
(6¥1°0 ‘L'0—) 2000
(2£0°0 '200°0) LEOO
(£00°0 'S60°0—) 00—
1D %S6 d

uonedipaw + yJdpow paisnipy

61€0
8EY'0
1414Y
£01°0
90
620

SLC0
€81°0
0S¥°0
SLL'O
L06°0
8€EL'0

L¥0'0
¥S1°0
1680
8€0°0
9010
1800

anjea-d

"9|qeleA JO UOINQUISIP PIM3XS 0} NP pawloyad sem uonewlojsuesy 6oj |einjeu

(9000 ‘200°0—) 2000
(€00°0 ‘L00°0—) L1000
(9470 '8C1°0-) ¥£0°0
(860°0 '0L0°0—) ¥¥0'0
(9%0°0 ‘zLL'0-) £90°0—
(€000 ‘100°0—) L00'0
(€000 ‘100°0—) L00'0
(2000 ‘100°0—) 0000
(9510 ‘9v€'0-) S60°0—
(0600 '0L0°0—) 000
(S50°0 ‘290°0-) #00'0—
(€000 ‘000°0—) L00'0
(#00°0 ‘000°0) 2000
(2000 ‘000°0—) L00'0
(£S1°0 ‘LEL'0-) 0L00
(#£0°0 '200°0) 8€0°0
(6000 ‘¥60°0—) €v0°0—
(2000 ‘000°0—) L00'0
1D %S6 d

xlapow paisnipy

LLO0
L62°0
¢LED
€010
§2¢00
8500

[44NY)
L/E0
£08°0
LEOO
60C°0
910’0

S00°0
LS1°0
06€°0
£00°0
£00°0
¥00°0

anjea-d

‘|eAI3)UI SOUSPYUOD D JUIIDYS0D UoIssaIbas paziplepueisun g

(60070 “L00°0)
(#00°0 ‘L00°0—)
(£8€°0 "L€L°0-)
(ZL10 ‘1100-)

(#L0'0— ‘L6L°0)
(#00°0 ‘000°0—)

(€00°0 ‘000°0—)
(2000 ‘L00°0—)
(¥81°0 ‘SET'0—)
(£80°0 ‘€00°0)
(8L0°0 '6£0°0—)
(€000 ‘000°0)

(#0070 ‘L000)
(¢00°0 ‘000°0—)
(€2T0 '880°0-)

(€800 ‘€L0°0)

(8L0°0— ‘0LL'0-)

(€00°0 ‘L00°0)

1D %S6

*G/'C J9A0 JO dnjeA (/joww) 3s0dn|6 Bulise) pawiojsuel)-Ho| dwalixa o) papnpxa ajdwes auQ
‘saAlsualadAynue Jo asn, ‘suonedipaw buemo| 9sodn|b poojq Jo asn, ‘suonedpaw BulldMO| |019153|0Yd JO asn,

ainssaid poojq dq ‘uidroidodi] Aususp-ybly JgH
‘A1Ande [ed1sAyd ‘uondwnsuod joyodje ‘sniels Buijows Joy paisnipe,

5000
1000
oLL’0
LS00
€0L'0—
000

1000
1000
970'0—
S¥0'0
LEO'0—
1000

€000
L00°0
£90°0
8100
#90°0—
000

g

|opow aseg

(DHwWwW) dq d1jo1sB1g
(OHww) dq d1jo1shs
(1/1oww) asoon|b6 bunseq
o(1/10Ww) sapLA|6BLL
(1/10ww) jo193s3]0Y> 1AH
(WD) 9IUDIDJWNDIID ISIBAN
(£€ = N) sared uimy onobAziq (2)
(DHww) dq d1joise1g
(OHwWwW) dq 1101545
(1/10ww) asoon|b6 bunseq
o(1/10ww) sopLISdA|BLL
(1/10ww) j019353|0Y> JAH
(WD) dUBIBHWINDIID ISIBAN

(29 = N) sired uimy onobAzouopy (q)

(DHWwW) dq d1joiseiq

(OHWW) dq 21101545

-(1/loww) asodn|6 bunseq

»(1/10ww) sapuadA|6L)

(1/1owwi) jo11s3j0Y> TAH

(WD) 9dUIRJWINDIID ISIBAN
(66 = N) saied |1y (e)

'siled uiml d1306AzIp () pue
'S 9|qel

International Journal of Obesity (2024) 48:778 - 787

SPRINGER NATURE



metabolic dysregulation, cell damage, and consequently aging
[42]. Meanwhile, HDL cholesterol may modulate epigenetic
aging processes due to its antiatherogenic effects, such as the
removal of lipid deposits, which are accompanied by a
reduction in cytotoxic effects [43]. Furthermore, HDL reduces
oxidative stress in plasma and cellular compartments, and the
signaling pathways in which it participates are interconnected
with stress response and survival pathways [43]. The effects of
oxidative stress on the metabolic dysregulation seen in MetS
may be partially mediated by DNAm [44]. Although our study
did not demonstrate a clear association between high blood
pressure and epigenetic aging, it is well known that high blood
pressure has numerous unfavorable effects on biological aging
[45]. Several key mechanisms, such as inflammation and
oxidative stress, are common to both biological aging and the
development of high blood pressure.

In this study, we investigated the association between MetS
components and different DNAm-based surrogate biomarkers
for health-related plasma proteins to gain more precise
information about the underlying mechanisms explaining the
associations (see Supplementary Table 2). DNAm pack-years
and DNAm plasminogen activator inhibitor, PAI-1, exhibited the
strongest associations with MetS components. Smoking beha-
vior is a significantly stronger predictor of DNAm age than other
lifestyle factors, particularly when using the GrimAge algorithm
for estimation [28, 46]. Furthermore, it is well documented that
smoking is associated with metabolic abnormalities and
increases the risk of MetS [47]. Our findings are in line with
previous research [9, 19] supporting the role of DNAm PAI-1 as a
major driver in the association of the GrimAge clock with MetS
and its features. This is reasonable, as MetS-related increases in
cytokines and free fatty acids increase the production of PAI-1
by the liver, which complements the overproduction of PAI-1 by
adipose tissue [6].

Previous literature suggests that the rising prevalence of MetS
can be explained by the obesogenic environment; therefore, it is
urgent that researchers identify the epigenetic mechanisms
mediating the environmental impact on MetS etiology to
recommend appropriate therapies and intervention strategies
[20]. In our study, in addition to age and sex, we were able to
acknowledge the effects of smoking, alcohol consumption, and
physical activity level, which are known to affect both DNAm and
MetS etiology [6, 13, 47-49]. Interestingly, in the primary
individual-level analyses of the study, these lifestyle factors
explained the associations of MetS components with the GrimAge
clock but not with DunedinPACE. However, in the replication of
the individual-level analyses, the associations, which were
stronger for DunedinPACE compared to GrimAge, were significant
for both clocks independent of the influence of lifestyle factors.
This provides additional evidence that the association between
MetS components and accelerated aging is independent of the
lifestyle factors considered in this study.

A major strength of the present study was its co-twin control
design, which naturally controls for age, sex, year of birth, and
familial factors (both genetic and nongenetic) that are shared
within twin pairs and may affect both exposure and outcome. To
the best of our knowledge, no previous study has acknowledged
the effect of genetics in estimating the associations between
epigenetic aging and MetS, even though genotype has an
important influence on both MetS components and the epigen-
ome [20]. Our approach allows to control for genetic confounding
when assessing the association between MetS and epigenetic
aging. The results derived from the primary within-twin-pair
analyses suggested that of the MetS components, waist circum-
ference and triglycerides are associated with the pace of aging
irrespective of genetics. In contrast, the results indicated that the
association between MetS and epigenetic aging measured using
the GrimAge algorithm might be more influenced by genetic
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confounding. The within-twin-pair replication analyses indicated
that genetics fully explain these associations for both GrimAge
and DunedinPACE, providing additional evidence that genetics is
a major confounder in the association between MetS and
epigenetic aging.

In addition, one strength of our study was that the study
population covered the age range from young adulthood to older
individuals. In the primary analysis, we investigated the associa-
tion between MetS and epigenetic aging among a study
population aged 23-69 years. The results of the replication
analyses, which included middle-aged (YFS study) or older (EH-Epi)
participants representing the general population with a narrow
age range, were similar to those of the primary analysis.

Because of the cross-sectional study design, we could not draw
any causal conclusions. The findings of this study concern the
Finnish population, which is representative of high-income
populations of European ancestry. We cannot draw any firm
conclusions on how our findings apply to different ethnic groups
and socioeconomic circumstances. The lifestyle factors acknowl-
edged in the study did not include, for example, the effects of diet
or work-related stress factors, such as shift work, on the
association between MetS and accelerated epigenetic aging.
Given the complex and partially unclear pathogenesis of MetS and
its components, it is reasonable to use blood-based clocks, which
assess systemic age acceleration, in investigating the association
between MetS and epigenetic age acceleration. However, it
should be noted that we cannot draw conclusions regarding
whether MetS is associated with tissue- or cell-specific age
acceleration.

In conclusion, this study demonstrates for the first time that
genetic factors play a significant role in influencing the relation-
ship between MetS components and epigenetic aging. More
research is needed to determine which lifestyle factors may
potentially mediate or moderate the association between MetS
and epigenetic aging. Understanding the effects of different MetS
components on epigenetic aging may lead to interventions that
can slow down the aging process and prevent age-related
diseases.

AVAILABILITY OF DATA AND MATERIALS

All twin data used in this study can be found within the Biobank of
the National Institute for Health and Welfare, Finland. All
biobanked data are publicly available for use by qualified
researchers following a standardized application procedure.

Pseudonymized ERMA datasets are available on reasonable
request. To request the data, please contact Dr. Eija Laakkonen
(eija.k.laakkonen@jyu.fi).

The YFS dataset comprises health-related participant data,
which means that their use is restricted under the regulations on
professional secrecy (Act on the Openness of Government
Activities, 612/1999) and on sensitive personal data (Personal
Data Act, 523/1999, implementing the EU data protection directive
95/46/EC). Due to these legal restrictions, the YFS data cannot be
stored in public repositories or otherwise made publicly available.
However, data access may be permitted on a case-by-case basis
upon request. Data sharing outside the group is done in
collaboration with the YFS group and requires a data-sharing
agreement. Investigators can submit an expression of interest to
the chairman of the publication committee (Prof. Mika Kdahonen,
Tampere University, Finland, or Prof. Terho Lehtimaki in relation to
epigenetic and genetic data).
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