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Abstract Twin studies with objective measurements

suggest habitual physical activity (HPA) are modestly to

highly heritable, depending on age. We aimed to confirm or

refute this finding and identify relevant genetic variants

using a candidate gene approach. HPA was measured for

14 days with a validated triaxial accelerometer (Tracmor)

in two populations: (1) 28 monozygotic and 24 dizygotic

same-sex twin pairs (aged 22 ± 5 years, BMI 21.8 ±

3.4 kg/m2, 21 male, 31 female pairs); (2) 52 and 65 unre-

lated men and women (aged 21 ± 2 years, BMI 22.0 ±

2.5 kg/m2). Single nucleotide polymorphisms (SNPs) in

PPARD, PPARGC1A, NRF1 and MTOR were considered

candidates. Association analyses were performed for both

groups separately followed by meta-analysis. Structural

equation modeling shows significant familiality for HPA,

consistent with a role for additive genetic factors (herita-

bility 57 %, 95 % CI 32–74 %, AE model) or common

environmental factors (47 %, 95 % CI 23–65 %, CE

model). A moderate heritability was observed for the time

spent on low- and high-intensity physical activity

(P B 0.05), but could not be confirmed for the time spent

on moderate-intensity physical activity. For PPARD, each

additional effect allele was inversely associated with HPA

(P B 0.01; rs2076168 allele C) or tended to be associated

with HPA (P B 0.05; rs2267668 allele G). Linkage dis-

equilibrium existed between those two SNPs (alleles A/G

and A/C, respectively) and meta-analysis showed that

carriers of the AA GC haplotype were less physically active

than carriers of the AA AA and AA AC haplotypes combined

(P = 0.017). For PPARGC1A, carriers of AA in rs8192678

spent more time on high-intensity physical activity than

GG carriers (P = 0.001). No associations were observed

with SNPs in NRF1 and MTOR. In conclusion, HPA may

be modestly heritable, which is confirmed by an association

with variants in PPARD.

Keywords Physical activity � Mitochondrial biogenesis �
PPARD � PGC1A � Triaxial accelerometry

Introduction

Activity-related energy expenditure is the most variable

component of total energy expenditure (Ravussin and

Swinburn 1992) and an important determinant of energy

balance (Schoeller et al. 1997). As such, a reduced level of

habitual physical activity (HPA) is a potentially important

contributor to the development of obesity (Ekelund et al.

2002; Weinsier et al. 1998). Moreover, a low level of HPA

is an independent risk factor for developing type 2 diabetes

(Hu et al. 2003), cardiovascular diseases (Fang et al. 2003)

and osteoporosis (Neville et al. 2002), as well as for

mortality (Hu et al. 2004).

Regardless of the fact that physical activity is known to

promote health and despite efforts to promote physical

activity in the population, only up to 5 % of the US adult
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population with normal weight achieves the current rec-

ommendation of at least 30 min of moderate-intensity

physical activity on 5–7 days of the week (Tudor-Locke

et al. 2010). Comparable figures for an European popula-

tion showed about 50 % achieving the activity guidelines

(den Hoed et al. 2013). This may be explained by an

intrinsic biological component in physical activity regula-

tion. In fact, evidence from twin studies with objective

measures of physical activity suggests a minor genetic

effect in children (Fisher et al. 2010), a high level of her-

itability (h2 = 78 %) in young adults (Joosen et al. 2005),

whereas a heritability of 35 % was estimated in a large

sample of women ranging from 18 to 80 years of age (den

Hoed et al. 2013). Studies aiming to identify genetic

variants that are associated with objective measures of

HPA are scarce (Cai et al. 2006).

We showed earlier that within the range of normal daily

life activities, HPA correlates positively with markers of

mitochondrial capacity (den Hoed et al. 2008). As

25–50 % of the variation in capacity of regulatory enzymes

of the Kreb’s cycle can be explained by genetic variation

(Bouchard et al. 1986), single nucleotide polymorphisms

(SNPs) in genes encoding proteins involved in mitochon-

drial biogenesis and energy metabolism were considered

candidates for HPA. Peroxisome proliferator-activated

receptor (PPAR)c co-activator 1a (PGC-1a), PPARd,

nuclear respiratory factor (NRF) 1 and mammalian target

of rapamycin (mTOR) are such proteins. In the gene for

PGC-1a, the genotypes of SNP rs8192678 were shown to

be associated with physical fitness in sedentary subjects

(Franks et al. 2003). For PPARd, C allele carriers of SNP

rs2076168 had lower mRNA levels possibly leading to

lower mitochondrial capacity (Nilsson et al. 2007),

whereas also in case of G-carriers for SNP rs2267668,

there were indications for a lower mitochondrial capacity

(Stefan et al. 2007). SNP rs1882094 in the gene for NRF1

is associated with energy metabolism because GG geno-

type carriers have significantly lower fasting plasma glu-

cose levels than carriers of the other genotypes (Liu et al.

2008). Based on those previous reports, we selected the

same SNPs for testing in the present study. As for mTOR,

Schieke et al. (2006) showed that the mTOR-raptor com-

plex directly associates with the mitochondria and that its

disruption reduces the oxidative capacity of the cell, which

reflects intrinsic mitochondrial properties. Cunningham

et al. (2007) showed that treating mTOR with rapamycin, a

specific mTOR inhibitor, suppresses the expression of

many mitochondrial genes that are induced by PGC-1a.

Apparently, mTOR controls mitochondrial gene expression

by altering the physical interaction between PGC-1a and

YY1, a transcription factor that binds directly to mito-

chondrial gene promoters. Since there is no reported

association between a SNP in the mTOR gene and

metabolic or mitochondrial phenotypes, we selected a SNP,

rs11121691, in the coding region of the gene with a suf-

ficiently high minor allele frequency to allow the detection

of genetic association.

The present study aimed to (1) confirm or refute the

heritability of HPA as measured objectively using a triaxial

accelerometer; (2) examine the heritability of intensity and

duration of activities performed; (3) assess whether genetic

variants in the PPARD, PPARGC1A (encoding PGC-1a),

NRF1 and MTOR genes are associated with HPA as well as

with the intensity and duration of the activities performed.

To achieve our goals, we made use of young adult Cau-

casian twins and compared the concordances between

mono- and dizygotic twins. This indicated the contribution

of genetic factors in an additive way to the observed traits,

which was further studied in detail looking at univariate

variance estimates under the assumption of various models,

i.e., additive or dominant genetic and common or unique

environmental influences. A group of unrelated individuals

was included to add to the power of the association study.

Materials and methods

Participants

Two healthy, independent populations were studied as

follows: (1) a group of 51 same-sex twin pairs and one

same-sex (male) triplet (16 monozygotic (MZ) female, 15

dizygotic (DZ) female, 13 MZ male and 8 DZ male pairs

(aged 22 ± 5 years, BMI 21.8 ± 3.4 kg/m2 (mean ±

SD)); (2) a group of 117 unrelated adults of similar age and

BMI (65 women, 52 men, aged 21 ± 2 years, BMI

22.0 ± 2.5 kg/m2). Thirty-five twin pairs as well as the

triplet were contacted and recruited by the East-Flanders

Prospective Twin Survey (EFPTS) (Derom et al. 2006).

The remaining sixteen pairs were recruited earlier by

Joosen et al. (2005). All participants were from Western

European descent and had been weight stable for at least

6 months prior to the study. The study conformed to the

standards set by the Declaration of Helsinki as revised in

2000 and the local Ethics Committee approved the study.

All participants provided written informed consent before

participating.

Habitual physical activity

Habitual physical activity, as well as the intensity and

duration of the activities performed, was measured using a

triaxial accelerometer for movement registration (Tracmor

IV; Philips research, Eindhoven, The Netherlands). The

Tracmor registers accelerations of the trunk along the an-

terio-posterior, medio-lateral and longitudinal axis using

415 Page 2 of 12 Genes Nutr (2014) 9:415
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three uniaxial piezoelectric accelerometers (details are

provided elsewhere (Plasqui et al. 2005)). To ensure a valid

reflection of long-term daily life activities, the accelerom-

eter was worn for 14 days under free-living conditions.

Participants wore the accelerometer from the moment they

woke up in the morning until they went back to bed at

night. HPA was subsequently acquired by summing the

output of all three axes and is presented as megacounts per

day (Mcnts/d). Using accelerometer data, the time spent on

low-, moderate- and high-intensity physical activity was

determined in min/day. The cutoff points for the intensity

categories corresponded with walking at 3.5 km/h and

5 km/h, respectively. To make sure that only representative

days were included, the difference between the total time

the participant was awake and the time the accelerometer

was worn was not allowed to exceed 75 min per day (den

Hoed and Westerterp 2008). Thus, data were available for

10–14 days for each subject.

The Tracmor has been validated with doubly labeled

water (Plasqui et al. 2005). Using linear regression analysis

in a population similar to that of the present study with

respect to HPA, body composition and age, the physical

activity level (PAL) (average daily metabolic rate/resting

metabolic rate) could be predicted with an explained var-

iance of 70 % using Tracmor output only (Plasqui et al.

2005). This regression equation was used in the present

study to estimate PAL. The Tracmor provides an objective

measure for the total level of physical activity in daily life,

as well as of the intensity and duration of the activities

performed.

Body composition

In unrelated participants, body mass was measured to the

nearest 0.01 kg (ID 1 Plus, Mettler, Toledo, Giessen,

Germany) and height to the nearest 0.1 cm (Mod. 220,

SECA. Hamburg, Germany). In twins, body mass was

measured to the nearest 0.1 kg (HF380, Philips, Eindho-

ven, The Netherlands) and height to the nearest 0.1 cm

using a tape measure. % BF was determined using deute-

rium dilution according to Siri’s three compartment model

(Siri 1993). All instruments were calibrated and operated

by experienced personnel.

DNA isolation and SNP genotyping

Genomic DNA was isolated from peripheral blood leuko-

cytes (unrelated participants) using the QIAamp blood kit

and from mouth swabs and/or placental tissue collected at

birth (twins) using the DNA minikit (Qiagen, Amsterdam,

The Netherlands). Candidate SNPs were selected in

PPARD, PPARGC1A, MTOR and NRF1 with a minor

allele frequency in Europeans of at least 10 % as indicated

by the SNP public database (dbSNP; http://www.ncbi.nlm.

nih.gov/SNP). The latter cutoff was applied to ensure an

ample number of individuals were homozygous for the

minor allele. To limit the number of tests and increase the

likelihood of finding a true association, only tag SNPs or

SNPs that were associated earlier with relevant traits like

mRNA or protein level, BMI or maximal oxygen uptake

were selected. This resulted in the selection of five SNPs

representing four genes (rs2267688 and rs2076168

(PPARD), rs8192678 (PPARGC1A), rs11121691 (MTOR)

and rs1882094 (NRF1)).

Genotyping was performed using commercially avail-

able TaqMan SNP genotyping assays from Applied Bio-

systems (Foster City, California, USA). The procedure was

performed according to the manufacturer’s protocol and

measured on an Applied Biosystems 7900 HT Fast Real-

Time PCR System. Allelic calls were determined semi-

automatically using the allelic discrimination software of

Applied Biosystems.

Statistical analysis

Descriptive statistical analysis

The time spent on low-, moderate- and high-intensity

physical activity was natural log transformed to achieve a

normal distribution of the residuals. Differences in (ln

transformed) means between male and female MZ twins,

DZ twins and unrelated individuals, between unrelated

individuals and twins (MZ and DZ twins combined),

between MZ and DZ twins (separately for men and

women) and between the first- and second-born twins were

tested with an unpaired t test (two-tailed). Differences were

considered significant if P B 0.05. Results are presented as

mean ± SD for all normally distributed variables and as

median and inter-quartile range for the time spent on low-,

moderate- and high-intensity physical activity.

A v2 test with one degree of freedom was used to check

whether the allele frequencies were in Hardy–Weinberg

equilibrium for both groups separately. In twin pairs, one

twin was randomly selected per pair for this analysis. The

triplet was randomly included in the heritability analysis as

a DZ male pair, and as a DZ male pair and one solitary

individual in the association analyses.

Heritability analysis

Pearson’s intra-pair correlation coefficient (r) for objec-

tively measured physical activity traits was compared

between MZ and DZ pairs. If r = 0 for MZ and for DZ

pairs, all variance of the trait can be explained by unique

environmental factors. If r is larger than zero but equal for

MZ and DZ pairs, then common environmental factors play

Genes Nutr (2014) 9:415 Page 3 of 12 415
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a role as well. A larger r for MZ compared with DZ pairs

suggests that additive genetic factors account for at least

some of the variance of the trait, whereas an r that is more

than twice as high in MZ compared with DZ twins suggests

that nonadditive or dominant genetic factors may also play

a role.

Structural equation modeling was used to decompose

phenotypic variance in physical activity traits into additive

genetic (A, additive effects of variants from independent

loci), common environmental (C, environmental effects

shared by twins reared in the same family) and unique

environmental effects (E, environmental effects unique to

the individual) (ACE model) using Mx software (Neale

et al. 2006). If the within-pair Pearson correlation coeffi-

cient in MZ pairs was (greater than) twice that of DZ pairs,

a nonadditive or dominant genetic (D) contribution was

additionally considered (ADE model).

To test whether genetic and environmental factors

influenced the trait to the same degree in men and women,

the unstandardized path coefficients were first tested for

equality in men and women. Alternative univariate nested

models (ACE, AE, CE and E model) with sex and age as

covariates were subsequently fit to the raw data. When

appropriate, ACE models were also compared with ADE

models. All models were compared using a maximum

likelihood approach with accompanying Akaike’s infor-

mation criterion (AIC) (Neale and Cardon 1992). The

model with the lowest AIC reflects the most parsimonious

model, in which the pattern of variances and covariances is

explained by the least number of measurements. The

goodness of fit of the nested models was additionally

examined using hierarchical v2 tests. When comparing the

fit of non-nested models, that is, ADE and ACE, the model

with the lowest AIC was preferred.

Association analyses

Before the association analyses were performed, associa-

tions with potential covariates (sex, age and daylight hours

as a proxy for the season of measurement) were examined

for HPA as well as for the time spent on low-, moderate-

and high-intensity physical activity. Zygosity was addi-

tionally taken into account in the twins. Covariates were

incorporated in the model when P B 0.05. Associations of

physical activity traits and SNPs were examined under an

additive model. SNP * SNP interactions were examined by

adding a product term to the model.

In the twins, multilevel regression analyses (proc mixed)

were performed, taking clustering of the twin pairs into

account by adding a random effect to the model. The

variance–covariance structure was allowed to differ

between MZ and DZ pairs (SAS package version 9.1, SAS

Institute Inc., Cary, NC, USA). In the unrelated

participants, (multiple) linear regression was used (SPSS

version 13 for Macintosh OS X, SPSS Inc.; Chicago, Illi-

nois, USA).

Linkage disequilibrium (LD) was examined for the two

SNPs in PPARD using Haploview (Barrett et al. 2005).

Haplotypes were estimated using PHASE (Stephens et al.

2001). For MZ pairs, one twin was randomly selected per

pair. Haplotype analyses were subsequently performed in

SAS using multilevel analyses (proc mixed) (twins) or

linear regression analyses (unrelated individuals), analog to

the genotype analyses mentioned earlier. Multiple testing

was taken into account, and a P value of B0.0125 (0.05/4)

was considered statistically significant; a P value of B0.10

was regarded as a trend.

After performing genotype and haplotype analyses for

both groups separately, the genotype specific betas of twins

and unrelated participants were pooled in a fixed effects

meta-analysis using STATA (http://www.stata.com/).

Results

Descriptive analyses

HPA as well as the intensity and duration of the activities

performed were similar in men and women in MZ twins,

DZ twins and unrelated individuals, except for unrelated

women spending more time on moderate-intensity physical

activity than unrelated men (Table 1). The total level of

HPA was not different between the twins and unrelated

individuals in either men or women. PAL ranged from 1.5

to 2.2 in both twins and unrelated individuals. In both

sexes, the unrelated individuals had a lower %BF than the

twins (MZ and DZ twins combined). Unrelated men spent

more time on high-intensity physical activity than male

twins, whereas unrelated women spent more time on

moderate- and high-intensity physical activity compared

with female twins (Table 1).

In the twins, no differences in physical activity or

anthropometric traits were observed by birth order

(P [ 0.10). Furthermore, physical activity-related traits

were not different between MZ and DZ twins in either men

or women. Anthropometric traits were also similar between

MZ and DZ twins, except for DZ men having a lower %BF

than MZ men. DZ men were also younger than MZ men

(Table 1).

Pearson’s intra-pair correlation coefficient for HPA

was higher in MZ than in DZ pairs (r = 0.64 vs.

r = 0.36), suggesting that additive genetic factors con-

tribute to the inter-individual variation in HPA. For the

time spent on low-, moderate- and high-intensity physical

activity, dominant genetic factors may also play a role

(Table 2).
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Structural equation modeling

Intrapair differences in MZ twins are due to environmental

factors and measurement errors (C and E), whereas intra-

pair differences in DZ twins are additionally affected by

genetic factors (A). To separate the additive genetic (A,

additive effects of variants from independent loci), com-

mon environmental (C, environmental effects shared by

twins reared in the same family) and unique environmental

effects (E, environmental effects unique to the individual),

structural equation modeling was performed comparing the

covariances of MZ twins with DZ twins.

For HPA, as well as for the time spent on moderate- and

high-intensity physical activity, the unstandardized

additive genetic path coefficients were equal in men and

women. For the time spent on low-intensity physical

activity, the additive genetic path coefficients were differ-

ent in men and women. Hence, both sexes were analyzed

separately for the latter trait.

Habitual physical activity

For HPA, the AE model was the most parsimonious model,

with additive genetic factors explaining 57 % (95 % CI

32–74 %) of the inter-individual variation in HPA

(Table 3). However, the AE and CE models were not

significantly different from each other and only the E

model, in which all inter-individual variation is explained

by unique environmental factors, was rejected.

Low-intensity physical activity

The contribution of additive genetic factors to the time spent on

low-intensity physical activity was lower in men than in

women [38 % (95 % CI 18–59 %) vs. 72 % (95 % CI

40–87 %), respectively], due to a lower un-standardized

unique environmental path coefficient in women than in men.

For the time spent on low-intensity physical activity, the CE

and E models were rejected. The AE model was most parsi-

monious, although a scenario in which dominant genetic fac-

tors also play a role could not be excluded (Table 3).

Table 1 Descriptive characteristics of unrelated individuals and twins

Unrelated individuals Twins MZ

29 Pairs

Twins DZ

22 Pairs, 1 triplet

Men Women Men Women Men Women

N 52 65 26 32 17 30

Age (years) 21 ± 2 21 ± 2bb 23 ± 5 24 ± 7 20 ± 2dd 22 ± 2aa

Body mass (kg) 76.0 ± 10.1 63.4 ± 7.9aaa 72.9 ± 10.7 63.7 ± 12.5aa 71.7 ± 14.2 61.1 ± 8.5aa

Height (m) 1.85 ± 0.06 1.70 ± 0.06aaa 1.81 ± 0.09 1.69 ± 0.07aaa 1.82 ± 0.05 1.69 ± 0.06aaa

BMI (kg/m2) 22.3 ± 2.4 21.8 ± 2.6 22.2 ± 2.7 22.2 ± 4.6 21.4 ± 3.4 21.4 ± 2.6

%BF 14.8 ± 6.1c 26.8 ± 4.9aaa,bb 21.3 ± 6.2 29.7 ± 8.9aaa 15.9 ± 6.8d 29.6 ± 6.2aaa

HPA (Mcnts/day) 3,761 ± 813 3,796 ± 718 3,862 ± 965 3,804 ± 1,152 3,884 ± 1,058 3,520 ± 842

PAL 1.82 ± 0.13 1.83 ± 0.12 1.84 ± 0.16 1.83 ± 0.19 1.84 ± 0.17 1.78 ± 0.14

Low (min/day) 1,403 (20) 1,400 (20)bb 1,393 (28) 1,405 (27) 1,409 (21) 1,412 (21)

Mod (min/day) 27 (13) 30 (15)a, bb 38 (22) 25 (18) 25 (14) 22 (16)

High (min/day) 9 (11)c 8 (8)b 5 (8) 7 (8) 4 (8) 4 (5)

MZ monozygotic; DZ dizygotic; %BF percentage body fat; HPA habitual physical activity as measured with a triaxial accelerometer for a period

of 2 weeks; Mcnts megacounts; PAL physical activity level estimated based on HPA (Plasqui et al. 2005)

Low, Mod and high, time participants were physically active at a low-, moderate- and high-intensity, respectively; values are mean ± SD

[median (interquartile range) for %low, %moderate and %high]. Differences were examined using Student’s t tests
a/aa/aaa Significant sex difference (within unrelated individuals, MZ twins, DZ twins), P B 0.05/P B 0.01/P B 0.0001
b/bb Significantly different from female twins (MZ and DZ combined), P B 0.05/P B 0.01
c/cc Significantly different from male twins (MZ and DZ combined), P B 0.05/P B 0.01
d/dd Significantly different from MZ men, P B 0.05/P B 0.01

Table 2 Intrapair Pearson’s correlation coefficients (r) in monozy-

gotic (MZ) and dizygotic (DZ) twins

Zygosity MZ DZ

Trait r p r p

HPA 0.64 0.0003 0.36 0.08

Low 0.62 0.0004 0.12 0.58

Moderate 0.60 0.0008 0.10 0.65

High 0.63 0.0003 0.06 0.79

HPA Habitual physical activity; Low, Moderate, High the time spent

on low-, moderate- and high-intensity physical activity, respectively

(min/day)

Genes Nutr (2014) 9:415 Page 5 of 12 415
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Table 3 Univariate variance estimates of additive genetic (A), dominant genetic (D), common environmental (C) and unique environmental

(E) contributions to habitual physical activity and the intensity and duration of the activities performed

Model fit

A 95 % CI D 95 % CI C 95 % CI E 95 % CI AIC

HPA

ACE 0.54 0.00 0.74 – – – 0.03 0.00 0.61 0.43 0.26 0.70 83.11

AE 0.57 0.32 0.74 – – – – – – 0.43 0.26 0.69 81.12

CE – – – – – 0.47 0.23 0.65 0.53 0.35 0.77 82.84

E – – – – – – – – 1 – – 94.03

Low

ACE

Male 0.38 0.11 0.38 – – – 0.00 0.00 0.05 0.62 0.62 0.82 -817.92

Female 0.72 0.22 0.72 – – – 0.00 0.00 0.08 0.28 0.13 0.60

AE

Male 0.38 0.18 0.59 – – – – – – 0.62 0.41 0.82 -819.92

Female 0.72 0.40 0.87 – – – – – – 0.28 0.13 0.60

CE

Male – – – – – – 0.24 0.07 0.46 0.76 0.54 0.93 -813.94

Female – – – – – – 0.43 0.14 0.66 0.57 0.34 0.86

E

Male – – – – – – – – – 1 – – -804.99

Female – – – – – – – – – 1 – –

ADE

Male 0.00 0.00 0.54 0.38 0.00 0.58 – – – 0.62 0.42 0.80 -819.58

Female 0.00 0.00 0.84 0.74 0.00 0.87 – – – 0.26 0.15 0.54

Moderate

ACE 0.55 0.00 0.73 – – – – 0.00 0.59 0.45 0.27 0.70 -34.36

AE 0.55 0.30 0.73 – – – – – – 0.45 0.27 0.70 -34.36

CE – – – – – – 0.46 0.22 0.64 0.54 0.36 0.78 -34.29

E – – – – – – – – – 1 – – -23.52

ADE 0.27 0.00 0.72 0.29 0.00 0.73 – – – 0.44 0.27 0.70 -34.44

High

ACE 0.47 0.00 0.72 – – – 0.00 0.00 0.30 0.53 0.28 0.88 38.48

AE 0.47 0.12 0.72 – – – – – – 0.53 0.28 0.88 36.48

CE – – – – – – 0.23 0.00 0.47 0.77 0.53 1.00 40.28

E – – – – – – – – – 1 – – 41.30

ADE 0.00 0.00 0.65 0.55 0.00 0.74 – – – 0.45 0.26 0.79 36.34

Compared with ACE model

-2LL df Dv2 df D AIC P value

HPA

ACE 287.11 102 – – – –

AE 287.12 103 0.00 1 -2.00 0.95

CE 288.49 103 1.74 1 -0.26 0.19

E 302.03 104 14.92 2 10.92 0.001

Low

ACE

Male -615.92 101 – – – –

Female

415 Page 6 of 12 Genes Nutr (2014) 9:415

123



Moderate-intensity physical activity

For the time spent on moderate-intensity physical activity,

the ACE, AE, CE and ADE models were equally parsi-

monious. Only a model in which all variation was explained

by unique environmental factors (E) was rejected.

High-intensity physical activity

For high-intensity physical activity, the CE and E models

fit the data significantly worse than the ACE model. The

AE and ADE models were more parsimonious than the

ACE model, suggesting heritabilities of 47 % under an AE

model (95 % 12–72 %) and 55 % under an ADE model

(95 % CI 0–74 %) (Table 3).

Genetic association

All SNPs were in Hardy–Weinberg equilibrium in both

populations, except for rs1882094 (NRF1) in the twins

(Table 4). Of the covariates examined (see Table 1 for

potential covariates), age contributed significantly to the

variation in the time spent on low- and moderate-intensity

physical activity in the twins and was therefore taken into

account for these phenotypes. No significant SNP * SNP

interactions were observed for HPA or the intensity and

duration of the activities performed.

PPARD

Intronic rs2267668 in twins and unrelated participants

tended to be associated with HPA (P \ 0.050) (Fig. 1a,

b). Meta-analysis showed that AG and GG carriers were

less physically active than AA carriers (P = 0.005 and

P = 0.057, respectively) (Table 5). Also, intronic

rs2076168 was associated with HPA in twins

(P = 0.006), whereas a trend toward an association was

observed in unrelated participants (P = 0.091) (Fig. 1c,

d). Meta-analysis showed that AC and CC carriers in

rs2076168 tended to be or were less physically active

Table 3 continued

Compared with ACE model

-2LL df Dv2 df D AIC P value

AE

Male -615.92 102 0 1 -2.00 1

Female

CE

Male -609.94 102 5.99 1 3.99 0.01

Female

E

Male -596.99 103 18.94 3 12.94 0

Female

ADE

Male -617.58 101 – – – –

Female

Moderate

ACE 169.64 102 – – – –

AE 169.64 103 0 1 -2.00 1

CE 171.71 103 2.07 1 0.07 0.15

E 184.49 104 14.85 2 10.85 0.001

ADE 169.56 102 – – – –

High

ACE 242.48 102

AE 242.48 103 0 1 -2.00 1

CE 246.28 103 3.80 1 1.80 0.05

E 249.30 104 6.82 2 2.82 0.03

ADE 240.34 102 – – – –

A, D, C and E, the variance explained by additive and dominant genetic, common and unique environmental variance, respectively; Estimates

include sex and age as covariates. HPA habitual physical activity; Low, Moderate and High, time spent on low-, moderate- and high-intensity

physical activity, respectively; -2LL -2 log likelihood; AIC Akaike’s information criterion
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than AA carriers (P = 0.053 and P = 0.006, respec-

tively) (Table 5).

PPARGC1A

No association was observed between HPA and rs8192678

(Gly482Ser). However, the time spent on high-intensity

physical activity was significantly associated with

rs8192678 in the twins (P = 0.039), whereas a trend

toward an association was observed in the unrelated indi-

viduals (P = 0.065) (Fig. 2). Meta-analysis showed that

AA carriers spent significantly more time on high-intensity

physical activity than GG carriers (P = 0.001) (Table 5).

MTOR and NRF1

No association was observed between physical activity

traits and rs11121691 (MTOR) or rs1882094 (NRF1) in

twins, unrelated individuals or after meta-analysis.

Haplotype analysis

Rs2267668 and rs2076168 were in moderate LD in both

twins (r2 = 0.61) and unrelated individuals (r2 = 0.54).

Three common haplotypes accounted for over 92 % of all

combinations (92 % in twins; 94 % in unrelatedT
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Fig. 1 Habitual physical activity (HPA) and physical activity level

(PAL) as a function of PPARD genotype. a, b Shows the associations

with rs2267668, C-D with rs2076168. Associations were obtained

using linear regression and are shown for twins (a, c) and unrelated

individuals (b, d) assuming an additive model. The number of

individuals within a genotype-group is indicated in the bars. Data

shown are means ± SD. §P \ 0.01, *P \ 0.05, D: P = 0.09
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participants). In the twins, 47 % (N = 51) were AA and

AA, 8 % (N = 9) were AA and AC and 37 % (N = 40)

were AA and GC. In the unrelated individuals, 67 %

(N = 78), were AA and AA, 10 % (N = 12) were AA and

AC and 17 % (N = 20) were AA and GC. HPA tended to

be lower in AA and GC haplotype carriers (PAL = 1.78 in

both twins and unrelated individuals) than in the other two

haplotypes combined (PAL = 1.84 for both haplotype

combinations in twins and unrelated individuals)

(P = 0.135 in twins, P = 0.068 in unrelated individuals).

Meta-analysis showed that AA and GC haplotype carriers

tended to be significantly less physically active than car-

riers of the other two haplotypes combined (P = 0.017)

(Table 5).

Discussion

The current study provides evidence for a modest level of

heritability for the time spent on low- and high-intensity

physical activity and shows that familial resemblance in

HPA and the time spent on moderate-intensity activities

may reflect either a modest level of heritability or an effect

of common environmental factors. Associations of HPA

with variants in PPARD, which were observed in two

independent samples, are in line with a modest heritability

for HPA.

For HPA, the AE model was most parsimonious, sug-

gesting a heritability of 57 %. This is lower than the 78 %

observed earlier by Joosen et al. (Joosen et al. 2005), but is

congruent with the 55 % observed in a twin study with

subjective (Mustelin et al. 2009) measures of physical

activity, but higher than the 37 % of the twin study with

objective measurements (den Hoed et al. 2013). In con-

cordance with earlier studies, the present study suggests

that the residual variance (43 %) is likely accounted for by

unique environmental factors (AE model) (Cai et al. 2006;

Joosen et al. 2005; Mustelin et al. 2009; den Hoed et al.

2013). However, a role for common environmental factors

(ACE model) cannot be excluded, as approximately 262

twin pairs are required to detect such an effect with an

additive genetic effect of 60 %, a confidence level of 0.05

and a power of 80 % (Visscher et al. 2008). A CE model in

which variation in HPA is explained by common and

unique environmental factors cannot be rejected either. The

familial resemblance of HPA could thus also result from

common environmental factors. At childhood, the variance

may best be explained by (common and unique) environ-

mental factors (Fisher et al. 2010), whereas later in life the

influence of common environmental factors has disap-

peared and genetic factors become more important (den

Hoed et al. 2013).

For the time spent on low- and high-intensity physical

activity, models only allowing for environmental factors

(CE and E) fit the data significantly worse when compared

with a model that additionally allowed for an additive

genetic contribution (ACE), confirming a heritable com-

ponent. For low- and high-intensity physical activity, the

Table 5 Associations between parameters of habitual physical activity and SNPs in PPARD and PPARGC1A obtained by meta-analysis

Phenotype Gene SNP Genotype/Haplotype Beta P value Heterogeneity

HPA PPARD rs2267668 AG -384.3 0.005 0.41

GG -684.6 0.057 0.15

PPARD rs2076168 AC -247.5 0.053 0.68

CC -801.1 0.006 0.43

PPARD Haplotype AA and GC -348.4 0.017 0.96

High PPARGC1A rs8192678 GA -0.139 0.27 0.49

AA 0.671 0.001

HPA, habitual physical activity in Mcnts/day; %High, the time spent on high-intensity physical activity in min/d; for rs2267668 and rs2076168

in PPARD, AA carriers are the reference group; for the haplotype analysis, AA AA and AA AC haplotype carriers are the reference group; for

rs8192678 in PPARGC1A, GG carriers are the reference group. High was natural log transformed. Heterogeneity refers to the P value of Q

statistic

A B

Fig. 2 Time spent on high-intensity physical activity (High) as a

function of PPARGC1A genotype. Associations obtained using linear

regression are shown for twins (a) and unrelated participants

(b) assuming an additive model. The number of individuals within

a genotype-group is indicated in the bars. Data shown are median and

inter-quartile range. *P \ 0.05, b P = 0.06
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AE and ADE models were most, but equally, parsimoni-

ous. For the time spent on moderate-intensity physical

activity, the ACE, AE, CE and ADE models were equally

parsimonious. This implies that a model allowing for

common and unique environmental factors (CE) fit the data

equally well when compared with a model that allowed for

additive genetic and unique environmental factors (AE).

Hence, structural equation modeling did not confirm or

refute a role of genetic factors for the time spent on

moderate-intensity physical activity.

Part of the variance in physical activity-related traits

was explained by variants in PPARD (HPA) and

PPARGC1A (high-intensity physical activity). PPARGC1A

encodes PGC-1a, a transcription factor co-activator that is

essential for the transcription of many genes required for

the expansion and replication of mitochondria (McCarty

2005). PPARd, the predominant PPAR isoform in skeletal

muscle, is co-activated by PGC-1a (Wang et al. 2003).

Much like PGC-1a, PPARd regulates fatty acid oxidation

via the transcription of genes involved in b-oxidation and

energy uncoupling (Tanaka et al. 2003; Wang et al. 2003).

In addition, PPARd is involved in regulating bone turnover

(Scholtysek et al. 2013). Altogether, it is clear that both

these genes have an essential function in development and

performance of the locomotive system.

The C allele in the intronic rs2076168 SNP in PPARD

was associated earlier with lower PPARd mRNA levels

(Nilsson et al. 2007). AC/CC carriers may thus be

genetically predisposed for a lower mitochondrial capac-

ity than AA carriers. In line with this, young AG/GG

carriers in the intronic rs2267668 SNP in PPARD were

characterized earlier by a lower mitochondrial capacity

in vitro than AA carriers (Stefan et al. 2007). The present

study shows that carriers of the AG/GG and AC/CC

genotypes in these variants had a lower level of HPA

compared with AA carriers. Results from genotype and

haplotype analyses were consistent and the associations

were stronger after meta-analysis. There was no evidence

for heterogeneity of effect size between the two groups, in

spite of differences in allele frequencies, body composi-

tion, and intensity and duration of the activities performed

(Tables 1, 4). This suggests that these associations were

robust and independent of both measured and unmeasured

confounders.

Our group has reported previously a positive association

between mitochondrial capacity and HPA and concluded

that an active lifestyle may increase mitochondrial capacity

(den Hoed et al. 2008). The results from the present study

suggest that the latter association may also result from a

genetic predisposition, with individuals genetically pre-

disposed for a lower mitochondrial capacity leading a less

physically active lifestyle than individuals genetically

predisposed for a higher mitochondrial capacity.

Carriers of the GA/AA genotype in rs8192678

(PPARGC1A) spent significantly more time on high-

intensity physical activity than GG carriers. High-intensity

physical activity is known to increase skeletal muscle

PGC-1a protein content (Franks and Loos 2006; Pilegaard

et al. 2003), mitochondrial capacity (Tarnopolsky et al.

2007; Tonkonogi and Sahlin 2002) and maximal oxygen

uptake (Gavin et al. 2007). Hence, the GA/AA genotypes

could be anticipated to reduce the risk for cardiovascular

diseases and type 2 diabetes mellitus. However, meta-

analysis of results from older individuals previously

showed that the odds of having type 2 diabetes increased

by 11 % with each additional A allele in rs8192678

(Barroso et al. 2006). Older AA carriers in rs8192678 were

also shown to be less physically fit compared with GG

carriers when sedentary, but not when physically active

(Franks et al. 2003). This suggests that the association

between rs8192678 and the risk for developing type 2

diabetes may be modified by physical activity (Franks et al.

2003). Physical activity and, especially, its high-intensity

component are known to be lower in the elderly (Meijer

et al. 2001). Hence, in young adults, the increased risk for

developing type 2 diabetes associated with the GA/AA

genotypes in rs8192678 may be compensated for by an

increased time spent on high-intensity physical activity

(Ling et al. 2004).

An important aspect to consider here is the possibility

of geneXenvironment interaction. A review of Lee et al.

shows that physical activity is often involved in such

complex interactions (Lee et al. 2011). Influence of the

genotype on the level or type of physical activity can

directly relate to parameters of health such as body com-

position or risk for cardiovascular defects or type 2 dia-

betes. Clear examples exist already for PPARGC1A of

which the 482Ser allele is associated with increased risk for

obesity in elderly men, when they refrain from physical

activity (Ridderstrale et al. 2006). On the other hand, obese

carriers of this allele seem to have more benefit of diet-

induced weight loss with regard to insulin sensitivity

(Goyenochea et al. 2008). Our present study points also to

the possible involvement of PPARD in such complex

interactions with physical activity and parameters of health

or risk for disease. This should now be investigated.

Strengths of the present study are the objective mea-

surement of HPA using a validated triaxial accelerometer,

its multidisciplinary approach and confirmation of genetic

associations in an independent population. Physical activity

was measured with a triaxial accelerometer for movement

registration (Tracmor). Although every method has its

intrinsic limitations, the Tracmor is one of the two most

extensively validated accelerometers where the best results

were found for the Tracmor as compared with doubly

labeled water (Plasqui and Westerterp 2007). Doubly
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labeled water has become the gold standard for the vali-

dation of methods of assessing physical activity behavior

(Melanson and Freedson 1996). Because of the relatively

small sample size, confidence intervals of heritability

estimates remain wide. Association studies with larger

sample sizes are required to replicate our findings. In this

regard, it should be noted that we did not apply multiple

testing correction in order to avoid losing information. As

can be seen from Tables 4 and 5, all of our significant

results have P values \0.02, which would remain signifi-

cant after correcting for testing of the four unrelated

polymorphic sites. Although the SNPs analyzed in this

study were carefully selected based on the demonstrated

relevance of the genes for the proper function of muscle

and bone and as such for physical activity, many other

genes and their polymorphisms should be investigated as

well. This argues for a genome-wide genetic analysis, for

which our present study population is too small. Results of

such a study may eventually be used to determine physical

activity limits in individuals, which could be helpful for

career planning or for preventing loss of sufficient physical

activity during later life.

In summary, this small scale twin study with objective

measurements for physical activity confirms a modest level

of heritability for the time spent on low- and high-intensity

physical activity and suggests a modest level of heritability

for HPA. Variation in the PPARD and PPARGC1A genes

contributes to the inter-individual variation in HPA and the

time spent on high-intensity physical activity. One pathway

shows compliance with a genetic predisposition in PPARD

for physiologically limited HPA, another pathway is con-

sistent with a protective effect of high-intensity physical

activity for the genetically predisposed development of

type 2 diabetes in PPARGC1A.
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