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Introduction 

Habitual physical activity and food intake regulation are important determinants of en-

ergy balance. Energy balance can only be maintained when energy intake (EI) matches 

total energy expenditure (TEE). TEE consists of three components: Basal metabolic rate 

(BMR), diet-induced thermogenesis (DIT) and activity-related energy expenditure (AEE). 

DIT and BMR are a constant fraction of TEE and a function of body size, respectively. AEE 

on the other hand is the most variable component of TEE. (Figure 1) (1). A recent study 

performed in monozygotic twins shows that the intra-pair difference in TEE strongly cor-

relates with the intra-pair difference in habitual physical activity (2). Adequate food in-

take regulation on the other hand is essential for EI to match TEE. 

 
 
Figure 1: Components of total energy expenditure (TEE): sleeping metabolic rate (SMR), energy cost 
of arousal, basal metabolic rate (BMR), diet-induced thermogenesis (DIT), activity-related energy ex-
penditure (AEE). Data are for a moderately active male adult weighing 70 kg, with 15% body fat 
(157). 

 
Sufficient habitual physical activity and adequate food intake regulation are crucial to 

preserve health status. A prolonged negative energy balance is shown to result in brady-
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cardia and hypotonia (3), whereas a positive energy balance results in weight gain and 

predisposes to developing obesity. Obesity in turn increases the risk for developing co-

morbidities like type 2 diabetes mellitus, osteoporosis, cardiovascular diseases and sev-

eral types of cancer (4-7). A low level of habitual physical activity also independently in-

creases the risk for developing these morbidities (8-11). 

In our Westernized society with its readily available, high fat foods, many people experi-

ence problems in maintaining energy balance. In the Netherlands, 45% of the adult 

population is currently considered overweight and 10% is obese (12). This implies how-

ever, that there are still many individuals that manage to remain lean, which raises the 

question why some individuals have problems maintaining energy balance whereas oth-

ers do not. Evidently, some people are less physically active than others and some expe-

rience problems matching EI to EE whereas others do not. To understand inter-individual 

differences, more knowledge on the aetiology of habitual physical activity and food intake 

regulation is required. Both parameters of energy balance are subject to genetically and 

environmentally driven physiological variation. Here, the focus is on the physiological and 

genetic aspects of habitual physical activity and food intake regulation (Figure 2). 

 

 
 
Figure 2: Habitual physical activity and food intake regulation are a function of genetic and environ-
mental variation through physiology. In turn, they determine energy balance by affecting total energy 
expenditure (TEE) and energy intake (EI). 
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Habitual physical activity 

Habitual physical activity is defined as body movements resulting from skeletal muscle 

contractions and resulting in energy expenditure (13). It is a complex, multidimensional 

behaviour that is not easy to assess accurately (14). The gold standard for measuring 

habitual physical activity in daily life is measuring TEE using the doubly labelled water 

technique (15) and BMR using a ventilated hood system (16). The physical activity level 

(PAL) is subsequently calculated as the factor by which TEE exceeds BMR (1). PAL is not 

correlated with BMR and is therefore considered a valid index of TEE corrected for BMR 

(17). Due to its high cost, however, the doubly labelled water technique is only applica-

ble in small study populations and can therefore not be used to study the aetiology of 

habitual physical activity. Questionnaires are a much-used alternative to measure habit-

ual physical activity. Yet, these instruments are subject to interpretation, as the outcome 

depends on how the question is asked and what options are offered to respond. Together 

with the complex multidimensional character of the trait, this may explain why validation 

of questionnaires against doubly labelled water so far did not result in an explained 

variation in PAL over 45% (18). 

A more objective alternative to measure habitual physical activity in daily life and for a 

prolonged period of time is using an accelerometer approach. A number of accelerome-

ters are currently commercially available, although many of them have not yet been vali-

dated with doubly labelled water. The triaxial accelerometer for movement registration 

(Tracmor) was originally developed at Maastricht University (19) and was subsequently 

improved in cooperation with Philips Research (Philips Research, Eindhoven, The Nether-

lands). Validation with doubly labelled water shows that Tracmor output together with 

the subject characteristics age, height and body mass explains 83% of the inter-

individual variation in TEE. The output of the accelerometer contributes a significant 19% 

to the model and is solely responsible for 70% of the inter-individual variation in PAL, 

which is the highest value reported so far (20). In addition to providing valid and objec-

tive information about the total level of habitual physical activity, accelerometers also 

provide the opportunity to objectively evaluate the intensity and duration of the activities 

performed. These characteristics make accelerometers especially suitable to study the 

aetiology of habitual physical activity. 

The importance of objectively measuring habitual physical activity becomes evident when 

comparing the results of studies evaluating the association between body composition 

and habitual physical activity. The studies that do not show an association differ from 

those that do show an association with respect to the age of the subjects as well as the 

objectivity of the method used to determine habitual physical activity. It appears that 

with increasing age, the association between body composition and habitual physical ac-

tivity becomes weaker, possibly by compensating energy intake. Ekelund et al. show in 

middle-aged subjects that baseline AEE explains less than 1% of the gain in fat mass 

during a 5.6-year follow-up period. Even the most active quartile gained fat mass during 

follow-up, suggesting that other factors are more important for energy balance in these 

subjects (21). A compensatory mechanism with increasing age is suggested to be higher 

in women than in men, thereby accounting for the lack of association between body 

composition and habitual physical activity in middle-aged women in spite of measuring 
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habitual physical activity using doubly labelled water and a ventilated hood system (22; 

23). As for the methodology, the studies that do not show an association between body 

composition and habitual physical activity used questionnaires to determine the latter 

phenotype (24; 25). Pietilaïnen et al. recently showed in 25 year-old MZ twins discordant 

for body mass index (BMI) that the obese co-twins are significantly less physically active 

than the non-obese co-twins as indicated by the Tracmor. The obese co-twins have less 

than half the activity levels of the non-obese co-twins and avoid high-intensity physical 

activity altogether. Retrospectively, the twins who ultimately became obese had been 

less physically active in adolescence than their non-obese co-twins (2). From age 12-18 

to age 25 years, habitual physical activity declined even further in the subsequently 

obese MZ co-twin (26), suggesting that a sedentary lifestyle leads to obesity, independ-

ent of genetic factors (2). 

Most human traits are a product of genetic and environmental variation. The individual 

contribution of the two can be determined using a twin model. Since MZ twins share 

100% of their genes and a common environment, the extent to which they differ on a 

trait represents the effect of a unique environment in both MZ and DZ pairs (27). If there 

is no correlation within either MZ or DZ pairs, the observed phenotype is solely deter-

mined by the unique environment. An equal and positive within-pair correlation in MZ 

and DZ pairs on the other hand implies that common environmental factors are respon-

sible for the observed behaviour. Finally, a higher within pair correlation in MZ than DZ 

pairs indicates a genetic effect. More specifically, if the within pair correlation in MZ pairs 

is at least twice that of DZ pairs, genetic variation is responsible for all variation of the 

trait. If the within pair correlation in MZ pairs is exactly twice that of DZ pairs, additive 

influences of alleles at different loci are responsible. If the within pair correlation in MZ 

twins is more than twice that of the DZ correlation, alleles within loci interact, resulting in 

non-additive or dominant genetic effects (28). 

Twin studies in which habitual physical activity was measured using questionnaires show 

a range in heritability from 29% to 62% (28-31). Until now, few studies have determined 

the heritability of habitual physical activity by objectively measuring the phenotype. Us-

ing the actiwatch accelerometer, Cai et al. show that 55% of the inter-individual variation 

in habitual physical activity is explained by genetic variation (32). Joosen et al. show an 

additive genetic effect of 78% for habitual physical activity using the Tracmor. Unique 

environmental influences are concluded to account for the remaining variation (33), 

which confirms the results of Carlsson et al. (29). The results suggest a moderate to high 

heritability for habitual physical activity when measured objectively using an accelerome-

ter approach. In other words: genetic variation determines to a large extent whether 

someone is prone to engaging in physical activities. Given the results of Joosen et al. and 

taking the complexity of the phenotype into account, the heritability of habitual physical 

activity is suggested to result from many functional sequence variants at different loci all 

exerting a small effect. So far, studies aiming to identify these variants using objective 

measures for habitual physical activity are scarce (32). 
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Physiological aspects 

One pathway by which genetic variation may affect habitual physical is that of physical 

fitness (34). According to Hedman et al., the capacity to perform physical activity largely 

depends on the degree of physical fitness, usually expressed as the whole body maximal 

oxygen uptake (VO2-max) (35). During high-intensity physical activity, skeletal muscle 

accounts for approximately 70% of TEE (36), suggesting that the quantity of skeletal 

muscle influences VO2-max. Additionally, VO2-max is shown to be associated with the 

quality of skeletal muscle, correlating positively with the proportion of type I muscle fi-

bres and negatively with the proportion of type IIX fibres (37). In untrained subjects, the 

type I fibres are characterized by a higher oxidative and lower glycolytic capacity, a 

higher capillary and mitochondrial density, a less extensive T-tubular system, a smaller 

area of the sarcoplasmic reticulum and thicker Z-lines compared with the type IIX fibres 

(38). Type IIA muscle fibres are intermediate in their contractile speed, but are metaboli-

cally more aligned with type I fibres (39). 

Conclusions concerning the causality of the association between VO2-max and skeletal 

muscle fibre-type distribution remain ambiguous. On the one hand, endurance as well as 

strength training can induce a shift in muscle fibre-type distribution from type IIX to type 

IIA, that is, towards a more oxidative phenotype (39-46). Staron et al. for example show 

in untrained subjects that the proportion of type IIX muscle fibres decreases significantly 

after only four sessions of resistance training performed within two weeks (46). On the 

other hand, twin studies show a heritability of approximately 45% for the proportion of 

type I muscle fibres (47). Training studies either show no change (40; 43; 48; 49) or a 

slight (5-10%) increase (42; 44-46; 50) in the proportion of type I muscle fibres in re-

sponse to a period of endurance or strength training, suggesting that the proportion of 

type I fibres is relatively fixed (51). An increased proportion of type I fibres may thus 

predispose individuals for an increased VO2-max. Consequently, part of the genetic pre-

disposition for habitual physical activity may result from the proportion of type I fibres in 

skeletal muscle. Indeed, positive associations were observed between leisure time physi-

cal activity as measured using questionnaires and interviews, and the proportion of type 

I muscle fibres (11; 35; 51). Whether these associations can be extrapolated to the total 

level of habitual physical activity as objectively measured in daily life using an acceler-

ometer approach remains to be established. 

In spite of VO2-max being associated with skeletal muscle fibre-type distribution, several 

studies suggest that the latter is not a particularly good marker of skeletal muscle oxida-

tive capacity. For example, muscles of athletes who are successful in the same event are 

characterized by a large variation in skeletal muscle fibre-type distribution (52). The 

adaptability of fibres for aerobic metabolism may be more important in training and per-

formance than their basic composition (53). In line with this, type I, IIA and IIX muscle 

fibres all show the ability to adjust their oxidative capacity on demand (54). In fact, en-

durance trained type IIA fibres contain more mitochondria than untrained type I fibres 

and the same is observed for type IIX compared with type IIA fibres (42). Based on these 

and other studies (54-58), it is concluded that mitochondrial capacity is a more accurate 

determinant of skeletal muscle oxidative capacity than fibre-type distribution per se. 
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Bouchard et al. show that 25-50% of the inter-individual variation in the capacity of 

regulatory enzymes from the Kreb’s cycle is explained by genetic variation (59). This im-

plies that a genetic predisposition for a high mitochondrial capacity can be hypothesized 

to predispose individuals to leading a physically active lifestyle. However, while it is obvi-

ous that mitochondrial capacity is higher in trained athletes than in sedentary controls 

(41; 60), it is not known to date whether differences also exist within the range of nor-

mal daily life activities. 

In summary, a genetic predisposition for an increased proportion of type I muscle fibres 

and an increased mitochondrial capacity are hypothesized to predispose individuals to 

leading a physically active lifestyle. One way to test this hypothesis is by evaluating 

whether habitual physical activity is associated with genetic variants in candidate genes. 

According to Franks and Loos, a biologically plausible candidate gene must 1) encode a 

protein that is important for the regulation of the phenotype or encode a protein that 

regulates the expression of other such genes; 2) be responsive to changes in lifestyle 

and 3) be characterized by functional variation within its nucleotide sequence (61). 

Genes that control the activity of many other genes like transcription factors and tran-

scription factor co-activators are anticipated to be especially relevant because functional 

variation in these loci may have large consequences for metabolism (61). Therefore, the 

genes encoding the transcription factor-coactivator peroxisome proliferator-activated re-

ceptor (PPAR)γ-coactivator 1α (PGC-1α) (PPARGC1A) as well as the transcription factors 

PPARδ (PPARD) and nuclear respiratory factor 1 (NRF1) are considered candidate genes 

for habitual physical activity. 

Genetic aspects 

PGC-1α is a master switch in mitochondrial biogenesis that is essential for the transcrip-

tion of many genes required for the expansion and replication of mitochondria (62) (Fig-

ure 3). Among its target genes are NRF1 and NRF2 (63; 64), which bind to and activate 

the promoters of many nuclear genes encoding components of the electron transport 

chain as well as mitochondrial transcription factor A, a key transcriptional activator that 

translocates to the mitochondria and activates the replication and transcription of mito-

chondrial DNA (64; 65) (Figure 3). Overexpression of PGC-1α in skeletal muscle in-

creases the capacity of citrate synthase (CS) (66), which catalyzes the rate-limiting step 

in the Kreb’s cycle and is considered a classic marker for mitochondrial density (53), as 

well as the capacity of enzymes from the electron transport chain (67-69). In fact, 

Irrcher et al. show that over 50% of the variation in the capacity of cytochrome c oxidase 

(COX) is explained by the variation in PGC-1α protein level (70). Overexpression of PGC-

1α also increases the mRNA levels of the insulin sensitive glucose transporter GLUT4 (67) 

and the type I myosin heavy chain isoform (64; 66; 71). These results imply that PGC-1α 

induces a shift towards a more oxidative phenotype. 

PGC-1α is preferentially expressed in tissues with a high oxidative capacity, like heart, 

liver and type I muscle fibres (64; 72; 73). The mRNA levels of PGC-1α are reduced in 

skeletal muscle of type 2 diabetes mellitus patients compared with controls (74-76). Ex-

ercise training (63; 77; 78) and electrical stimulation (70; 78; 79) are able to increase 
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PGC-1α mRNA levels in skeletal muscle. Furthermore, endurance exercise training in-

creases skeletal muscle PGC-1α mRNA and protein levels (80). Furthermore, four weeks 

of one-legged knee-extension training increases the capacity of CS and β-hydroxyacyl-

CoA dehydrogenase (HAD) in the trained leg but not in the untrained leg. This implies 

that mitochondrial biogenesis starts within the 4 weeks of training. Following acute exer-

cise, PGC-1α mRNA levels increase in both legs, but to a higher extent in the trained leg. 

Training apparently increases the acute response in PGC-1α gene expression following 

exercise (63). 

The mechanisms by which exercise stimulates PGC-1α gene expression are schematically 

presented in Figure 3. Briefly, the impact of exercise is largely mediated by phosphory-

lating/activating cAMP response element binding protein (CREB) (81), myocyte en-

hancement factor 2 (MEF2) and p38 mitogen-activated protein kinase (p38 MAPK) (70; 

82). CREB is phosphorylated/activated by exercise-induced increases in β-adrenergic 

stimulation (83), activation of AMP-kinase (AMPK), endothelial nitric oxide synthase 

(eNOS) (78; 84-88) and free intracellular Ca2+ (83; 88; 89). MEF2 is also activated by 

free intracellular Ca2+ (90), whereas p38 MAPK is phosphorylated and hence activated by 

cAMP and cytokines like interleukin 1α, interleukin 1β and tumor necrosis factorα (TNFα) 

(64), which are secreted during and after exercise (64; 91; 92). 

A common and widely studied single nucleotide polymorphism (SNP) in PPARGC1A is the 

1444G>A transition (rs8192678) in exon 8. The SNP results in an amino acid change 

from Glycine (Gly) to Serine (Ser) in codon 482. The minor Ser-encoding allele (A) was 

associated earlier with a lower effect of endurance training on anaerobic threshold com-

pared with the common Gly-encoding allele (93). In line with this, the Ser-encoding al-

lele is underrepresented among endurance-trained male athletes compared with seden-

tary controls (93; 94). Ling et al. observe an age-related decline in PGC-1α mRNA levels 

in skeletal muscle in Ser allele carriers that is not present in subjects homozygous for the 

common Gly-encoding allele (95). In older subjects (aged 58±8 years), Franks et al. 

show that PAL and VO2-max are not significantly different between subjects homozygous 

for the Ser-encoding allele and carriers of the Gly-encoding allele. However, the associa-

tion between VO2-max and PAL is mediated by rs8192678, with subjects homozygous for 

the Ser-encoding allele showing a lower VO2-max than Gly allele carriers when sedentary 

but not when physically active (96). A low level of habitual physical activity may thus ex-

ert a health risk in subjects homozygous for the Ser-encoding allele. Indeed, a meta 

analysis including only older subjects reveals that the odds of having type two diabetes 

mellitus increases with 11% for each Ser-encoding allele (97). 

A lack of association between habitual physical activity and rs8192678 in older subjects 

does not necessarily mean the SNP does not affect habitual physical activity. First of all, 

habitual physical activity is known to decrease with age (98). Secondly, the heritability of 

habitual physical activity is lower in middle-aged subjects than in young adults (29), 

suggesting a decreased effect of additive genetic factors on habitual physical activity with 

increasing age. Both effects may obscure a genotype driven discrepancy in habitual 

physical activity. 

PPARs are nuclear receptors regulating the expression of genes involved in lipid and glu-

cose metabolism in a tissue specific manner. Whereas PPARα and PPARγ are predomi-
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nantly expressed in liver and adipose tissue, respectively, PPARδ is ubiquitously ex-

pressed and is the predominant PPAR isoform in skeletal muscle (99). It influences fatty 

acid oxidation in skeletal muscle and adipose tissue by regulating the transcription of 

genes involved in β-oxidation (100) and energy uncoupling (99). PGC-1α functions as its 

predominant co-activator (99; 101), which explains the positive correlation between 

PPARδ and PGC-1α gene expression (102). PPARδ mRNA levels also correlate positively 

with the expression of type I and IIA myosin heavy chain isoforms (72; 102). 

Rodent studies show that administering a PPARδ agonist increases the capacity for fatty 

acid β-oxidation (99-101; 103; 104) as well as the expression of carnitine palmitoyl 

transferase (CPT)1B (101; 103; 104) and CPT2 (103). Administering a PPARδ agonist 

also switches muscle fuel selection towards decreased carbohydrate and increased lipid 

oxidation (100; 101; 104-107) and increases the expression of uncoupling proteins 

(UCPs) (99-101; 104; 105), thereby uncoupling substrate oxidation from ATP production. 

Muscle fibre-type conversions towards type I (93; 106; 107) have been observed upon 

treatment with a PPARδ agonist, accompanied by an increased running time and distance 

(106; 107). In addition, mice transgenically overexpressing PPARδ in skeletal muscle are 

characterized by a two-fold higher proportion of type I muscle fibres (107) and mito-

chondrial capacity as indicated by the capacity of CS and succinate dehydrogenase (SDH) 

(99; 108; 109). The capacity of enzymes from the β-oxidation is also higher in these 

mice, whilst adipocyte size is lower (108; 109). These metabolic adaptations protect mice 

overexpressing PPARδ from high-fat diet induced obesity (99). The effects appear to be 

independent of PGC-1α, which remains unchanged in some studies (107; 109). PPARδ-

null mice show an approximately 70% reduced running time and distance compared with 

age- and weight matched wild-type controls (107) and gain more weight on a high-fat 

diet (99). In control mice on a high-fat diet, agonists specific for PPARδ double PGC-1α 

mRNA levels in skeletal muscle, increase mitochondrial density and energy expenditure 

and increase insulin sensitivity in spite of similar food consumption (100). The PPARδ 

agonist also attenuates the increase in body fat mass in wild-type mice on a high-fat diet 

(99; 100). 

In humans, PPARδ gene expression is significantly higher in young adults compared with 

older subjects (28±2 versus 62±2 years). In both age groups however, approximately 

60% of the inter-individual variation in PPARδ mRNA levels is explained by genetic varia-

tion (102). Given the ability of PPARδ to stimulate mitochondrial biogenesis and oxidative 

metabolism, Nilsson et al. conclude that PPARδ is an important determinant of insulin re-

sistance during aging (102). In line with this, Carey et al. show a downregulation of 

PPARδ gene expression in skeletal muscle of type 2 diabetes mellitus patients compared 

with controls (74). Exercise increases PPARδ gene expression (72; 93) and protein levels 

(93). The mechanism responsible for the exercise-induced increase in PPARδ is not fully 

elucidated yet, but may result from activation by fatty acids and their metabolites, PGC-

1α, and/or an upstream signalling component like a kinase cascade (99). 

The PPARD gene is characterized by several intronic SNPs that are associated with phe-

notypes relevant for habitual physical activity. Twins homozygous for the common A al-

lele in rs2076168 are characterized by significantly higher PPARδ mRNA levels than their 

co-twins carrying more C alleles (102). As for the rs2267668 SNP in PPARD, G allele car-
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riers show a lower increase in anaerobic threshold and insulin sensitivity in response to 

nine months of self-monitored aerobic exercise training compared with subjects homozy-

gous for the common A allele. During the course of the intervention, VO2-max even de-

creased in subjects carrying the G allele. The effects are independent of the rs8192678 

SNP in PPARGC1A (93). Young adults (aged 26 years) carrying the minor G allele in 

rs2267668 are additionally characterized by a lower mitochondrial capacity in vitro com-

pared with subjects homozygous for the common A allele (93). The results suggest that 

genetic variation in PPARD may influence the likelihood of leading a physically active life-

style. 
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Figure 3: Pathways by which exercise affects skeletal muscle oxidative capacity. Peroxisome prolif-
erator-activated receptor (PPAR)γ-coactivator-1α (PGC-1α), a master switch for mitochondrial bio-
genesis, co-activates nuclear respiratory factor 1 (NRF1), which binds to and activates the promoters 
of many nuclear genes encoding components of the electron transport chain (OXPHOX) as well as mi-
tochondrial transcription factor A (mtTFA), a key transcriptional activator essential for replication and 
transcription of mitochondrial DNA. Expression of TOM20, a protein essential for translocation of mito-
chondrial proteins over the outer mitochondrial membrane, is also controlled by NRF1. PGC-1α also 
coactivates PPARδ, the predominant PPAR isoform in skeletal muscle. PPARδ increases the expression 
of the genes encoding key elements of β-oxidation (β-OX) and electron transport chain as well as car-
nitine palmitoyl transferases 1B and 2. (CPT1+2). Additionally, PPARδ increases the expression of the 
type I myosin heavy chain isoform (MHC I). 
Exercise increases the expression of PGC-1α through p38 mitogen-activated protein kinase (p38 
MAPK), cAMP response element binding protein (CREB), myocyte enhancement factor 2 (MEF2) and 
AMP-kinase (AMPK). AMPK is activated when cellular ATP levels are low. AMPK phosphorylates serine 
1177 within the COOH-terminal tail of nitric oxide synthase (eNOS), thereby activating the enzyme. 
eNOS in turn increases the intracellular concentration of guanosine 3’,5’-monophosphate (cGMP), 
which increases the phosphorylation of Serine 133 in CREB. CREB is also activated by β-adrenergic 
stimulation (ADRB) and increased levels of free intracellular Ca2+. β-adrenergic stimulation increases 
cAMP levels, which activates CREB through protein kinase A (PKA). Ca2+ activates CREB through Ca2+-
calmodulin-dependent protein kinase IV (CaMK IV). Additionally, CaMK IV and the serine-threonine 
calcineurin both activate MEF2 (90), which also increases PGC-1α gene expression and increases the 
expression of the insulin-sensitive glucose transporter GLUT4. p38 MAPK activates PGC-1α in skeletal 
muscle as well. p38 MAPK is activated by cytokines like interleukin 1α, interleukin 1β and tumor ne-
crosis factor α (TNFα) as well as by increased levels of cAMP. 
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Food intake regulation 

Adequate food intake regulation is essential to fine-tune energy intake (EI) to total en-

ergy expenditure (TEE). Food intake regulation consists of a homeostatic and a non-

homeostatic or hedonic component. Homeostatic food intake regulation is mainly a be-

havioural physiological interaction between the individual and the environment, with hy-

pothalamic receptors responding to peripherally released (an)orexigenic hormones like 

leptin, peptide YY (PYY), glucagon-like peptide 1 (GLP-1) and ghrelin. Cognitive aspects 

reflecting the attitude towards eating are also involved in homeostatic food intake regula-

tion. Cognitive aspects can be determined using the three-factor eating questionnaire 

(110). The first factor measures dietary restraint eating, that is, the control of food in-

take by thought and will power. The second factor, disinhibition, represents the incidental 

inability to resist eating cues and can hence be seen as inhibition of dietary restraint. In 

subjects with a healthy body mass, factor 2 represents emotional eating. The third factor 

represents the overall perception of hunger. Hedonic pathways of food intake regulation 

are associated with the rewarding value of food usually expressed as liking and wanting 

of food products in the absence of sheer hunger. Recently, acute stress was shown to 

increase eating in the absence of hunger in individuals with a high disinhibition. Stress 

appears to interfere in hedonic pathways of food intake regulation, such as food reward, 

resulting in a shift of food choice towards high-fat and sweet foods, ultimately resulting 

in an increased EI (111). Without contradicting the importance of the hedonic compo-

nent, the focus here is on the homeostatic component of food intake regulation. 

Physiological aspects 

Leptin is mainly released from adipocytes as a signal of body fat stores (112). It de-

creases food intake through the leptin receptor (LEPR) by acting upon pro-

opiomelanocortin (POMC), cocaine and amphetamine regulated transcript (CART) and 

agouti-related protein (AGRP). POMC expression in the arcuate nucleus of the hypo-

thalamus is increased by leptin, resulting in the excitation of hypothalamic neurons ex-

pressing melanocortin 4 receptor (MC4R) via axons containing α-melanocyte-stimulating 

hormone (α-MSH) (113). CART is also stimulated by leptin, thereby inhibiting feeding 

and antagonizing the feeding response induced by the orexigenic neuropeptide Y (NPY) 

(114). AGRP on the other hand is downregulated by leptin (115; 116), thereby disinhibit-

ing both the MC4R and the NPY 2 receptor (NPY2R). Furthermore, evidence shows that 

physiological levels of leptin stimulate GLP-1 release in humans in a dose dependent 

manner (117). GLP-1 is a gastrointestinal peptide that is secreted by intestinal L cells in 

response to nutrient ingestion (118). It binds to G-protein linked receptors on islet β-cells 

and decreases food intake in healthy and obese subjects (119). PYY, released from gut L 

cells, also reduces appetite and food intake (120). PYY exerts its effect by stimulating 

POMC neurons and inhibiting NPY neurons (121) through the NPY2R (122). In addition, 

infusion of PYY decreases plasma ghrelin levels during the fasting period and abolishes its 

preprandial rise (120). Ghrelin, a stomach derived hormone, is known to increase food 

intake through the ghrelin receptor (GHSR) by activating NPY and AGRP containing neu-
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rons in the hypothalamus (123; 124). The interaction between (an)orexigenic hormones 

and their receptors is schematically presented in Figure 4. 

Genetic aspects 

As was shown for habitual physical activity, the inter-individual variation in parameters of 

food intake regulation is a function of genetic as well as environmental variation. The 

fasting levels of several (an)orexigenic hormones are associated with SNPs in the genes 

encoding them, suggesting a genetic background in homeostatic food intake regulation. 

Seventy-four percent of the variation in fasting serum leptin levels is explained by varia-

tion in fat mass (125). This suggests that factors other than fat mass still account for a 

substantial part of the inter-individual variation in fasting leptin levels. Fried et al. con-

firm this by showing a wide range in fasting leptin levels for any given body fat content 

(126). Part of the residual variation is explained by SNPs in the genes encoding leptin 

(LEP) (127; 128) and its receptor (LEPR) (129). These associations remain after taking 

adiposity into account. The -2548G>A SNP in the coding region of LEP (rs7799039) is 

hypothesized to affect the transcription rate of leptin, as AA carriers are characterized by 

approximately 50% higher fasting leptin levels than GG/GA carriers (127). Food intake 

regulation may be affected, as subjects with the GG genotype are overrepresented 

among extremely obese (130) and overweight individuals (128) compared with normal 

weight controls. 

The functional 668A>G SNP in exon 6 of LEPR (rs1137101) results in an amino acid sub-

stitution from glutamine (Gln) to arginine (Arg) at codon 223. The G allele of rs1137101 

is hypothesized to alter the signalling capacity of leptin, resulting in a leptin resistant 

state (125; 131). Resistance to leptin is known to increase food intake, in extreme cases 

resulting in early-onset morbid obesity (132; 133). Indeed, the G allele in rs1137101 is 

shown to be associated with a higher BMI than the A allele in several studies (131; 134-

136), suggesting a role for this genetic variant in food intake regulation. As for PYY, fast-

ing plasma levels as well as the postprandial response are associated with a rare variant 

in the gene encoding this peptide (PYY) (137). Fasting plasma ghrelin levels appear to be 

associated with the -501A>C SNP (rs26802) in the promoter region of the ghrelin gene 

(GHRL) (138). 

Most studies showing the association between plasma levels of (an)orexigenic hormones 

and SNPs in candidate genes focus on fasting plasma levels. However, humans are in a 

postprandial state during the largest part of the day, that is, from breakfast onward. This 

implies that postprandial responses of (an)orexigenic hormones are potentially important 

for food intake regulation as well. These postprandial responses are characterized by a 

large inter-individual variation (139) that can only partly be explained by confounders 

like BMI and sex (140; 141). As is shown for fasting plasma levels, genetic variation is 

hypothesized to contribute to the inter-individual variation of the postprandial responses, 

which is endorsed by a heritability of 39% for the postprandial response in hunger (142). 

Common variants in the fat mass and obesity-associated gene (FTO) have recently be-

come of interest in the context of food intake regulation. They are shown to be associ-

ated with the inter-individual variation in adiposity (143-148). The most widely studied 
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SNP in FTO, the rs9939609 variant, explains approximately 1% of the inter-individual 

variation in BMI. Due to the high minor allele (A) frequency of rs9939609, the popula-

tion-attributable risk for obesity associated with rs9939609 is suggested to be as high as 

20% (145). FTO is highly expressed in adipose tissue as well as in the arcuate, paraven-

tricular, dorsomedial and ventromedial nuclei of the hypothalamus (149; 150). These 

sites are involved in food intake regulation, suggesting that FTO may influence adiposity 

by affecting appetite. Indeed, Timpson et al. show in children that energy intake from 

food is higher in TA/AA carriers than in children with the TT genotype (151). In addition, 

Wardle et al. show that children aged 8 to 11 years carrying the TA/AA genotype in 

rs9939609 are characterized by a reduced responsiveness to satiety cues than TT carri-

ers (152), thereby increasing the risk for overeating and developing obesity (153). 

Whether or not FTO affects responsiveness to satiety cues in adults is currently unknown. 

Moreover, the mechanism by which FTO affects appetite remains to be established. 

Gerken et al. show that FTO may regulate the transcription of genes involved in metabo-

lism by catalyzing DNA demethylation (149), whereas Qi et al. suggest that FTO likely 

forms part of a pathway mediating the neuroregulation, with blocking of the leptin signal 

inhibiting downstream changes in adipose tissue that induce the expression of FTO (147). 

Twin studies show that cognitive aspects of the attitude towards eating are moderately 

heritable. The heritability for dietary restraint, disinhibition and perceived hunger ranges 

from 28 to 59%, 0 to 60% and 23 to 45%, respectively (154-156). To our knowledge, no 

studies have yet identified genetic variants that contribute to the inter-individual varia-

tion of dietary restraint, disinhibition or perceived hunger. 
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Figure 4: A model for the physiological regulation of food intake by peripherally released 
(an)orexigenic hormones and their hypothalamic receptors (in grey). GLP-1, Glucagon-like peptide 1; 
GLP-1R, G-protein coupled receptor islet β-cell; PYY, peptide YY; POMC, Pro-opiomelanocortin; AGRP, 
Agouti-related protein; CART, Cocaine and amphetamine-regulated transcript; NPY, Neuropeptide Y; 
α-MSH, Alpha-melanocyte-stimulating hormone; MC4R, Melanocortin 4 receptor; NPY2R, NPY 2 recep-
tor. Bold lines represent excitatory effects, thin lines represent inhibitory effects. 
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Outline of the thesis 

The capacity to perform habitual physical activity largely depends on physical fitness. To 

determine whether the likelihood of leading a physically active lifestyle depends on skele-

tal muscle fibre-type distribution, the association between the latter two variables was 

determined in a population of healthy young adults (chapter two). The association be-

tween habitual physical activity and markers for mitochondrial capacity was determined 

as well (chapter three). To draw conclusions concerning the causality of these correla-

tions, the association between habitual physical activity and single nucleotide polymor-

phisms (SNPs) in genes encoding proteins involved in mitochondrial biogenesis and en-

ergy metabolism (PPARD, PPARGC1A, FRAP1 and NRF1) was determined in unrelated 

subjects as well as in a group of monozygotic and dizygotic same-sex twin pairs. To-

gether with a heritability analysis for habitual physical activity and the intensity and du-

ration of the activities performed, the results are described in chapter four. As the impact 

of habitual physical activity on body composition is still subject to debate, the association 

between percentage body fat and habitual physical activity was determined as well 

(chapter 5). 

Parameters of food intake regulation like fasting concentrations of anorexigenic and 

orexigenic hormones are a function of genetic variation. To determine whether their 

postprandial responses are also subject to genetic factors, the association was deter-

mined between postprandial responses in ghrelin, PYY and GLP-1 as well as hunger and 

satiety with SNPs encoding these hormones and their hypothalamic receptors. Together 

with the associations observed for dietary restraint, disinhibition and perceived hunger, 

the results are described in chapter six. Finally, adiposity is associated with genetic vari-

ants in FTO that were recently suggested to affect appetite. The association between 

postprandial responses in hunger and satiety with a common variant in the FTO gene is 

described in chapter 7. 
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Abstract 

The capacity to perform habitual physical activity largely depends on physical fitness. 

Muscle fibre-type distribution (MuscleFTD) is associated with physical fitness and may in-

fluence the capacity to perform habitual physical activity. The purpose of this study was 

to determine whether habitual physical activity in daily life and MuscleFTD are related. 

Thirty-eight healthy non-athletes (31 women, 7 men) were recruited. Habitual physical 

activity was measured twice for 14 days using a triaxial accelerometer for movement 

registration (Tracmor). From Tracmor output, the proportion of time subjects were physi-

cally active at a low, moderate and high intensity was determined (%Low, %Moderate 

and %High, respectively). A total activity index (PAindex) and sub-scores on work, leisure 

time and sports were obtained using the Baecke questionnaire. MuscleFTD was determined 

using immunofluorescence against respective myosin heavy chain isoforms. No relation-

ship was observed between habitual physical activity and MuscleFTD. %Low, %Moderate 

and %High, as well as PAindex and its sub-scores were not related to MuscleFTD either. The 

time spent on sports was associated with the proportion of type I and IIX fibres (P=0.06 

and P<0.01, respectively). In conclusion, MuscleFTD probably cannot explain why some 

people are more prone to engaging in physical activities than others. 
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Introduction 

Activity-related energy expenditure is the most variable component of total energy ex-

penditure (1) and appears to be an important determinant of energy balance (2). This 

implies that a reduced habitual physical activity is a potentially important contributor to a 

predisposition to obesity (3-7). In a recent twin study, habitual physical activity was de-

termined using a triaxial accelerometer for movement registration. Based on the differ-

ence in intra-pair correlation for habitual physical activity between monozygotic and 

dizygotic twins (R=0.88 and 0.42, respectively), additive genetic factors were concluded 

to explain 78% of the inter-subject variation in habitual physical activity (8). This sug-

gests that genes determine to a large extent whether a person is prone to engaging in 

physical activities. How habitual physical activity is affected by the genotype remains to 

be established. 

One of the potential factors through which the genetic background could affect habitual 

physical activity is skeletal muscle fibre-type distribution (MuscleFTD) (9-13), defined as 

the relative number of type I, IIA and IIX muscle fibres (%Type I, %Type IIA and %Type 

IIX, respectively). Based on monozygotic and dizygotic twin studies, it has been esti-

mated that approximately 45% of the variation in %Type I is associated with inherited 

factors (13). MuscleFTD is strongly associated with physical fitness, usually measured by 

maximal oxygen uptake (VO2-max), and might thereby influence the capacity to perform 

physical activity (14). Indeed, positive associations between leisure time physical activity 

(PAleisure), measured using questionnaires and interviews, and %Type I have been ob-

served (14-16). Considering the aforementioned, it might well be that part of the genetic 

contribution to habitual physical activity results from MuscleFTD. Therefore, the aim of this 

study was to examine the association between habitual physical activity and muscle fi-

bre-type distribution in a population of healthy, young adults. Habitual physical activity 

was hypothesized to be higher in subjects with a MuscleFTD previously associated with a 

higher physical fitness, that is, a higher %Type I and a lower %Type IIX (10). 

 

 
Methods 

Subjects 

Based on an effect size of 0.25, a power calculation indicated that 33 subjects are re-

quired for a power of 0.8 in simple linear regression analyses. Taking a dropout rate of 

15% into account, 38 healthy, non-smoking subjects (31 females, 7 males) aged 20±2 

years were recruited to participate in this study. Subjects were not using any medication 

except for oral contraceptives. Recruitment was carried out using flyers in the university 

building. Subjects spending over 2 h/week on endurance sports, or 5 h on sports in gen-

eral, were excluded from participation to minimize the effect of exercise training on Mus-

cleFTD. The subjects that were recruited either did not participate in sports or met the 

aforementioned criterion. These subjects participated in sports on a recreational basis 

and in a wide range of sports. Information about the purpose and protocol of the study, 
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as well as its risks and discomfort were provided both orally and in writing. All subjects 

provided written informed consent before participating in the study. The study conformed 

to the standards set by the Declaration of Helsinki and the local Ethics Committee ap-

proved the study. Subject characteristics (n=38) are presented in Table 1. 

 
Table 1: Subject characteristics 
 
 Men Women 
n 7 31 
Age (y) 20 ± 2 20 ± 2 
BM (kg) 79.3 ± 14.1 63.1 ± 8.2 # 

Height (m) 1.84 ± 0.06 1.69 ± 0.06 # 

BMI (kg/m2) 23.2 ± 3.0 22.0 ± 2.5 
 
BM, Body mass; BMI, body mass index; Values are means ± SD. Significant sex difference # 
P<0.001. 

Habitual physical activity 

Habitual physical activity was measured using a triaxial accelerometer for movement reg-

istration (Tracmor IV; Philips research, Eindhoven, The Netherlands) sensitive to a wide 

range of body movements. The accelerometer has been validated with doubly labelled 

water, the gold standard for measuring energy expenditure in daily life (17). The 

Tracmor registers accelerations of the trunk along the anterio-posterior, medio-lateral 

and longitudinal axis using three uniaxial piezo-electric accelerometers (details are pro-

vided elsewhere (17)). To ensure a valid reflection of long-term daily life activities, the 

accelerometer was worn for two 14-day periods under free-living conditions. Subse-

quently, habitual physical activity was acquired by summing the output of all three axes 

and is presented as Megacounts per day (MCnts/day). Habitual physical activity was de-

fined as the average of both measurement periods. 

Subjects were instructed to wear the Tracmor from the moment they woke up in the 

morning until they went back to bed at night. To verify whether subjects lived up to this 

instruction, waking hours and clock times of wearing the Tracmor were noted. To make 

sure only representative days were included, the difference between the total time the 

subject was awake and the time the accelerometer was worn was not allowed to exceed 

75 min/day. The few days during which this difference was more than 75 min were ex-

cluded from the analysis. This resulted in an average of 26 representative days per sub-

ject. To make sure the subjects met the inclusion criterion concerning their participation 

in sports, the actual sporting hours were also recorded in the diary. 

Using Tracmor data, the proportion of time subjects were physically active at a low, 

moderate and high intensity (%Low, %Moderate and %High, respectively) was deter-

mined. The cut-off points for the intensity categories were determined in a pilot study 

(n=5). The cut-off point for low-intensity physical activity was set by Tracmor outputs 

associated with walking on a treadmill at 3.5 km/h, which corresponds with approxi-

mately 3 metabolic equivalents (METs). For moderate-intensity physical activity, a 

Tracmor output associated with walking on a treadmill at 5 km/h was used, which corre-

sponds with approximately 4.5 METs (18). All physical activity associated with a Tracmor 
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output higher than the latter cut-off point was considered high-intensity physical activity. 

The relevant Tracmor outputs were 16.0±3.0 Megacounts per minute (MCnts/min) and 

28.9±3.0 MCnts/min, respectively. The proportion of time per intensity category was cal-

culated as the sum of all min per intensity category divided by the total duration of the 

measurement, that is, 28 days minus the number of excluded days. 

Using linear regression analysis in a population similar to the present study with respect 

to habitual physical activity, body composition and age, Plasqui et al. were able to predict 

the physical activity level (PAL) with an explained variation of 70% using only habitual 

physical activity (17). This regression equation was used in the present study to estimate 

PAL. 

Measures for physical activity during work, sports and leisure time were obtained using 

the Baecke questionnaire (19). Summing the scores of each section provided a total ac-

tivity index (PAindex). Like the Tracmor, the Baecke questionnaire has been validated with 

doubly labelled water with the PAindex explaining 45% of the variation in PAL (20). 

Muscle sample analysis 

A muscle biopsy was obtained from the M. Vastus Lateralis under local anaesthesia (xylo-

caine 2%) using a Bergström needle with suction (21). The Vastus Lateralis was selected 

because of the absence of large vessels or nerves in the region, the presence of type I, 

IIA and IIX muscle fibres in an ample amount (22) and the large inter-individual variation 

in MuscleFTD (23; 24). Biopsies were frozen in melting isopentane and stored in a pre-

cooled aluminium cryo-vial at -80°C until analyzed. 

Serial transverse cryosections were cut (5 µm) in a crysostat microtome (Leica; CM 

3050, Rijswijk, The Netherlands) and thaw-mounted on uncoated pre-cleaned glass-

slides. After air-drying for ~120 min, sections were again stored at -80°C until process-

ing for routine immunofluorescent staining against distinct myosin heavy chain (MHC) 

isoforms. 

Muscle fibres were characterized as type I, IIA or IIX using antibodies against the respec-

tive MHC isoforms. Briefly, air-dried cryosections were treated for 5 min with 0.5% triton 

X-100 in PBS and washed for 5 min with PBS. Thereafter, a 0.05% Tween20/PBS dilution 

containing the primary antibody for MHCI diluted 1:50 (A4.840, DSHB; Iowa city, Iowa, 

USA), MHC IIA diluted 1:50 (N2.261, DSHB; Iowa city, Iowa, USA) and Anti-laminin di-

luted 1:200 (L-9393, Sigma; Zwijndrecht, The Netherlands) was applied for 45 min. After 

three 5 minute washes with PBS the appropriate secondary antibodies (Alexa Fluor 555 

Goat anti-Mouse IgM diluted 1:500 (A-21426), Alexa Fluor 488 Goat anti-Mouse IgG1 

diluted 1:200 (A-21121) and Alexa Fluor 350 Goat anti-Rabbit IgG diluted 1:130 (A-

11069) (Molecular Probes Invitrogen; Breda, The Netherlands)) were applied for 45 min 

at room temperature. Again, sections were washed with PBS three times for 5 min and 

embedded in Mowiol 4-88 (475904, Calbiochem; Amsterdam, The Netherlands). 

After 24 h, the slides were examined using a Nikon E800 Fluorescence microscope (Uvi-

kon; Bunnik, The Netherlands). Images were captured using a colour CCD camera (Ba-

sler 113C) with MHCI in red, MHC IIA in green and laminin, a basement membrane 
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marker to identify the myofibre boundary, in blue. All fibres without intracellular staining 

were considered type IIX muscle fibres.  

Digitally captured images (20x magnification) were processed and analyzed using Lucia 

4.8 software (Nikon; Düsseldorf, Germany). Muscle fibre typology was measured semi-

automatically using a custom written macro that identifies individual muscle fibres. Upon 

thresholding, red (MHCI), green (MHC IIA) and unstained fibres (MHC IIX) were identified 

and expressed as percentage of the total number of fibres identified. On average, Mus-

cleFTD was determined in 290±135 fibres per subject. 

Maximal oxygen uptake 

VO2-max was determined during an incremental maximal intensity test on a calibrated 

electromechanically braked cycle ergometer (Lode Excalibur; Lode, Groningen, The Neth-

erlands). The initial workload was set at 100 W for men and 75 W for women. Subjects 

were instructed to maintain their crank rate between 80 and 100 rpm at all times during 

the test. After 5 min of warming-up, workload increased with 50 W every 2.5 min until 

exhaustion. Exhaustion was defined as a sudden drop in crank rate below 60 rpm, usu-

ally resulting in the subjects giving up. Throughout the test, gas exchange was measured 

continuously using an Oxycon β (Oxycon; Mijnhardt, Bunnik, The Netherlands). The ana-

lyser was calibrated daily using a 3 litre calibrated syringe (Sensormedics, Anaheim, CA, 

USA) and a gas mixture of known concentration (5.0% CO2, 95.0% N2). VO2-max was 

determined using a third order polynome fitted through the data. The maximal value ob-

tained by this polynome was considered the VO2-max. 

Body composition 

Fat-free mass (FFM) and fat mass (FM) were determined as subject comparative meas-

ures for body composition. Therefore, anthropometric measurements were carried out in 

the morning after an overnight fast. Body mass was measured on an electric scale (ID 1 

Plus; Mettler Toledo, Giessen; Germany) to the nearest 0.01 kg. Height was measured to 

the nearest 0.1 cm (Mod. 220; SECA, Hamburg, Germany). Body volume was determined 

using the underwater weighing technique while correcting for residual long volume using 

the helium dilution technique (Volugraph VG 2000; Mijnhardt, Bunnik, The Netherlands). 

Total body water was determined overnight using the deuterium dilution technique ac-

cording to the Maastricht protocol (25). Body composition was subsequently calculated 

from body volume and total body water using Siri’s three-compartment model (26). 

Statistics 

Differences between men and women were tested using Student’s t-tests for unpaired 

samples. Differences in habitual physical activity between the two measurement periods 

were evaluated using a Student’s t-test for paired samples. Bivariate correlation was 

used to test the association between parameters of physical activity and MuscleFTD. To 

evaluate the relationship between %Low, %Moderate, %High, and the time spent on 
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sports with MuscleFTD, all variables were natural log (ln) transformed. This transformation 

was applied to obtain a normal distribution of the residuals with homoscedasticity, that 

is, an equal variance over the entire range of predicted values. Statistical analyses were 

carried out using the Statistical Package for Social Sciences (SPSS) version 11 for Macin-

tosh OS X (SPSS Inc.; Chicago, Illinois, USA). Data are expressed as means ± SD. For 

associations, unstandardized coefficients and 95% confidence intervals, as well as P-

values are provided. P-values < 0.05 were considered statistically significant. 

 

 
Results 

Habitual physical activity was not significantly different between the two 14 day meas-

urement periods (P=0.14). Results on habitual physical activity averaged over both peri-

ods, as well as on the proportion of time spent in each intensity category are presented 

in Table 2. PAindex and Baecke sub-scores, as well as the weekly time spent on sports, 

MuscleFTD, VO2-max and body composition are also shown in Table 2. 

Habitual physical activity was comparable for men and women: 4128 versus 3704 

MCnts/day, respectively (Table 2). The proportion of time spent in each intensity cate-

gory was comparable between sexes as well, although %High was significantly higher in 

men: 1.2% versus 0.7% in women (P<0.01). Men and women combined were physically 

active at a low, moderate and high intensity for approximately 97%, 2% and 1% of the 

time, respectively. This corresponds with 30 and 11 min of moderate- and high-intensity 

physical activity per day. Applying the regression equation developed by Plasqui et al. 

(17) to the present population showed that PAL ranged from 1.62 to 2.04. MuscleFTD was 

not significantly different between men and women, which confirms the findings of previ-

ous studies (22; 27-30). When averaged for both sexes, MuscleFTD was approximately 

59% type I, 38% type IIA and 3% type IIX. 

No difference was found between men and women for the PAindex and Baecke sub-scores 

on work and sports (Table 2). Only the Baecke sub-score for physical activity during lei-

sure time was significantly different between sexes: 3.0±0.3 versus 3.4±0.4 for men and 

women, respectively (P<0.05). The weekly time spent on sports did not differ between 

men and women (Table 2). On average, subjects reported to spend approximately 2 

h/week on sports, which corresponds with approximately 17 min/day. 

FFM is the strongest independent predictor of VO2-max, alone explaining 86% of its 

variation (P<0.001). Although VO2-max was significantly higher in men than in women, 

this difference did not remain after adjusting VO2-max for FFM. Based on these results, 

both sexes were combined for further analyses. 

VO2-max expressed per kg FFM was positively associated with %Type I (R2=0.13; 

P<0.05), and correlated borderline significantly with %Type IIX (R2=0.10; P=0.05) (Fig-

ure 1). A trend towards a positive association was observed between habitual physical 

activity and VO2-max adjusted for FFM (P=0.09). Habitual physical activity on the other 

hand was not significantly associated with MuscleFTD (P-values > 0.7) (Figure 1). No as-

sociations were found between %Low, %Moderate and %High with MuscleFTD either (P-

values > 0.2). Moreover, neither the PAindex nor the Baecke sub-scores were significantly 

correlated with MuscleFTD (P-values > 0.2). On the contrary, the time weekly spent on 
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sports was negatively associated with %Type IIX (R2=0.19; P<0.01) and tended to corre-

late positively with %Type I (R2=0.09; P=0.06). (Figure 2). All unstandardized regression 

coefficients, 95% confidence intervals and P-values are provided in Table 3. 

 
Table 2: Results on habitual physical activity, muscle fibre-type distribution and body composition 
 
 Men Women 
HPA (MCnts/day) 4128 ± 636 3704 ± 675 
PAL 1.88 ± 0.10 1.80 ± 0.11 
%Low 96.5 ± 1.0 97.3 ± 1.0 
%Moderate 2.3 ± 0.5 2.1 ± 0.9 
%High 1.2 ± 0.8 0.7 ± 0.4 § 

PAindex 8.1 ± 1.0 8.6 ± 0.9 
Baecke Work 2.0 ± 0.3 2.2 ± 0.3 
Baecke Sport 3.2 ± 0.7 3.0 ± 0.6 
Baecke Leisure 3.0 ± 0.3 3.4 ± 0.4 * 

Sports (h/week) 2.2 ± 1.8 2.1 ± 1.7 
%Type I 56.6 ± 12.9 59.6 ± 10.6 
%Type IIA 39.4 ± 11.6 37.1 ± 10.3 
%Type IIX 3.9 ± 3.9 3.3 ± 5.1 
VO2-max (l/min) 4.0 ± 0.8 2.7 ± 0.4 # 

VO2-max (ml/min/kg BM) 51.1 ± 5.1 42.8 ± 4.7 # 
VO2-max (ml/min/kg FFM) 60.8 ± 4.8 58.4 ± 5.7 
FFM (kg) 66.3 ± 9.9 46.0 ± 4.6 # 

FM (kg) 13.0 ± 6.3 17.1 ± 4.8 
 
HPA, habitual physical activity as measured using a triaxial accelerometer during two periods of two 
weeks; MCnts, Megacounts; PAL, physical activity level, that is, the factor by which total energy ex-
penditure exceeds resting energy expenditure; %Low, %Moderate and %High, proportion of time 
subjects were physically active at a low, moderate and high intensity, respectively; PAindex, total activ-
ity index measured with the Baecke questionnaire; Baecke Work, Sport and Leisure, scores on each 
section of the Baecke questionnaire; Sports, the time spent on sports; FFM, fat-free mass; FM, fat 
mass; %Type I, %Type IIA and %Type IIX, proportion of type I, IIA and IIX muscle fibres; VO2-max, 
maximal oxygen uptake, either absolute, or relative to body mass or FFM; Data are means ± SD. Sig-
nificant sex difference * P<0.05; § P<0.01; # P<0.001. 

 
 
Discussion 

The capacity to perform physical activity was proposed earlier to depend on physical fit-

ness (14; 16). Since MuscleFTD was found to be strongly associated with physical fitness 

(14), the former was considered a candidate to explain (part of) the inter-individual 

variation in habitual physical activity. Therefore, the aim of the present study was to de-

termine whether habitual physical activity was associated with MuscleFTD. To this end, 

habitual physical activity was measured for two periods of 14 days using the Tracmor; a 

validated triaxial accelerometer for movement registration. The associations observed 

earlier between physical activity and VO2-max and between VO2-max and MuscleFTD were 

confirmed in the present study. This affirms MuscleFTD as a candidate to influence the ca-

pacity to perform physical activity. 

To prevent an effect of physical exercise training on MuscleFTD, subjects spending more 

than 2 h/week on endurance sports or more than 5 h/week on sports in general were ex-

cluded from participation. This resulted in an average engagement in sports of 2 h/week. 
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Still, a wide range in habitual physical activity was observed and the range in PAL ob-

served indicates that sedentary as well as physically active subjects were recruited (31; 

32). Subjects spent 30 and 11 min/day on moderate- and high-intensity physical activity, 

respectively. These values are close to those recently reported in other studies that used 

accelerometers in healthy, young adults (33; 34). McClain et al. recruited regular runners 

and obtained a %Moderate similar to that observed in the present study (27 min/day). 

%High on the other hand was more pronounced in the subjects recruited by McClain et 

al. (48 min/day) (35). This indicates that although physically active subjects were evi-

dently recruited in the present study, the proportion of high-intensity physical activity 

was lower than observed previously for people actively engaged in endurance sports. 

 

 

 

Figure 1: Habitual physical activity and maximal oxygen uptake per kg fat-free mass as a function of 
muscle fibre-type distribution. Figures A, B and C show habitual physical activity (HPA) as a function 
of the proportion of type I, IIA and IIX muscle fibres, respectively. Figures D, E and F show maximal 
oxygen uptake (VO2-max) expressed per kg fat-free mass (FFM) as a function of the proportion of 
type I, IIA and IIX muscle fibres, respectively. D: P<0.05; F: P=0.05. 

 

No evidence was found for a relationship between habitual physical activity and Mus-

cleFTD. The accelerometer used in this study was also used by Joosen et al., who showed 

that the largest part of inter-subject variation in habitual physical activity results from 

genetic variation (8). Hence, our results suggest that MuscleFTD probably cannot explain 

the large inter-individual variation in habitual physical activity that results from genetic 

variation. In concurrence with this finding, no association was found between the PAindex 

and MuscleFTD. Moreover, no relationship was observed between %Low, %Moderate and 

%High with MuscleFTD, indicating that MuscleFTD does not affect the proportion of time 

subjects spend in each of the three intensity categories. 
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Figure 2: The time spent on sports as a function of the proportion of type I (A), IIA (B) and IIX (C) 
muscle fibres after natural log (ln) transformation of both variables. A: P=0.06; C: P<0.01. 

 

 

The association between PAleisure and MuscleFTD found by others (14-16) was not affirmed 

in the present study. This discrepancy may partly result from a difference in the health 

status of the subjects. Contrary to our population, which consists of healthy subjects 

only, Hedman et al. recruited subjects from a cohort of 70 year-old men. When perform-

ing the analysis on healthy subjects only, no association between PAleisure and MuscleFTD 

remained (14). In the study of Tikkanen et al. (16) and a recent follow-up study in the 

same population (15) only healthy subjects were recruited. However, the method used in 

these studies to assess PAleisure did not distinguish between physical activity during leisure 

time and sports. As an association between the weekly time spent on sports and Mus-

cleFTD was observed in the present study, we speculate that the relationship between 

PAleisure and MuscleFTD found by Tikkanen et al. and Karjalainen et al. actually resulted 

from sports rather than leisure time per se. 

On average, subjects reported to spend 2 h/week on sports. A significant relationship 

was observed between the time weekly spent on sports and %Type IIX. The power of this 

association was 0.84 (α=0.05, 1 predictor, R2=0.19, n=38). Furthermore, the weekly 

time spent on sports tended to correlate positively with %Type I. Due to the cross-

sectional design of this study, no conclusions about causality can be drawn. However, 

previous studies showed that both endurance and strength training can induce a shift in 

MuscleFTD from type IIX to type IIA, i.e. towards a more oxidative phenotype (11; 24; 36-

40). For example, Staron et al. showed that in untrained subjects, %Type IIX decreased 

significantly already after four sessions of strength training within two weeks (24). This 

implies that even a small difference in training status may have resulted in the relation-

ship found between the time spent on sports and %Type IIX. The decreased %Type IIX is 

therefore considered an effect rather than a cause of an increased time spent on sports. 

Contrary to transitions from type IIX to type IIA, the majority of studies performed did 

not find an increased %Type I following a period of either endurance or strength training 

(24; 36; 37; 39; 41; 42). For example, %Type I was not altered after 24 weeks of inten-

sive endurance training in previously untrained women (39). Therefore, the increased 

time spent on sports may actually result from an increased %Type I. In other words: 

subjects with a higher %Type I may be more prone to engaging in sports. Since the time 
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spent on sports was used as an exclusion criterion, its range was limited. This may ex-

plain why the association with %Type I did not reach significance. 

In conclusion, MuscleFTD probably cannot explain why some people are more prone to en-

gaging in physical activities than others. To generalize the findings, the measurements 

should be replicated. 
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Abstract 

Physical exercise training is a powerful tool to maintain or improve mitochondrial density 

and function (mitochondrial capacity). This study aims to determine whether mitochon-

drial capacity is also associated with habitual physical activity. 

The capacity of classic markers for mitochondrial density, that is, the capacity of citrate 

synthase (CS) and succinate dehydrogenase (SDH), as well the capacity of cytochrome c 

oxidase (COX) and β-hydroxyacyl-CoA dehydrogenase (HAD) was determined in ho-

mogenized muscle biopsy samples obtained from the M. Vastus Lateralis of non-

exercising healthy, young (aged 20±2 years) subjects (31 women, 7 men). Habitual 

physical activity was measured during 2 periods of 14 days using a triaxial accelerometer 

for movement registration. 

CS, SDH and COX were positively associated with habitual physical activity (P<0.05, 

R=0.36, 95% CI: 1.3⋅10-4 to 2.2⋅10-3; P<0.05, R=0.39, 95% CI: 1.1⋅10-5 to 9.9⋅10-5 and 

P<0.05, R=0.33, 95% CI: 7.5⋅10-6 to 3.6⋅10-4, respectively) and HAD tended to correlate 

positively with habitual physical activity (P=0.06, R=0.31, 95% CI: -2.2⋅10-5 to 1.1⋅10-3). 

The population was subsequently stratified based on the intensity of the activities per-

formed. CS was only associated with habitual physical activity in subjects spending more 

time on high-intensity physical activity whereas HAD was only associated with habitual 

physical activity in subjects spending less time on low-intensity physical activity. 

We are the first to report that even within the range of normal daily life activities, mito-

chondrial capacity is positively associated with the level of habitual physical activity in 

daily life. Thus, an active lifestyle may help to maintain or improve mitochondrial capac-

ity. 
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Introduction 

In Westernized societies, the prevalence of type 2 diabetes and obesity has increased 

significantly over the last few decades (1; 2). A decreased physical activity has been as-

sociated with both type 2 diabetes (3; 4) and obesity (5). Part of the pathophysiology 

related to these diseases has been attributed to a reduced mitochondrial capacity: the 

product of mitochondrial density and function (6-8). 

Mitochondria are vital organelles in the oxidative degradation of macronutrients to main-

tain cellular ATP levels. Mitochondrial aberrations, resulting in a reduced mitochondrial 

capacity, may therefore seriously impair normal energy and substrate metabolism. Mito-

chondrial aberrations have not only been reported for metabolic disorders like type 2 

diabetes and obesity but also in diseases like chronic heart failure and chronic obstructive 

pulmonary disease (9; 10). 

Proper mitochondrial function and maintenance of mitochondrial capacity rely on a deli-

cate balance between mitochondrial biogenesis and degradation. While the precise 

mechanisms of mitochondrial biogenesis and degradation are not fully elucidated yet, it 

has been known for decades that one of the most potent triggers to improve or maintain 

mitochondrial capacity is physical exercise (11). Engagement in physical exercise pro-

grams results in increased mitochondrial biogenesis and improved mitochondrial function 

in healthy controls (12; 13) and is even capable of restoring mitochondrial capacity in 

diseased states like type 2 diabetes and obesity (14; 15). Unfortunately, long-term ad-

herence to strenuous exercise programs is limited (16) and life-long engagement in 

sports and exercise to prevent mitochondrial aberrations may be an unrealistic goal in 

Westernized societies. If, however, mitochondrial capacity can also be maintained by 

high levels of habitual physical activity in daily life, the goal of maintaining mitochondrial 

capacity and preventing mitochondrial aberrations by physical activity may become fea-

sible.  

Interestingly, wide ranges in habitual physical activity have been reported (17) with the 

most active people showing daily life activity levels approaching those reported for peo-

ple actively engaged in endurance sports (18). While it is obvious that mitochondrial ca-

pacity is higher in trained athletes than in sedentary controls, it is not known to date 

whether differences also exist within the ranges of normal daily life activities. The aim of 

the present study was therefore to examine the association between markers of mito-

chondrial capacity with habitual physical activity in daily life in a young and healthy 

population. To this end, classic markers for muscle mitochondrial density; the capacity of 

citrate synthase (CS) and succinate dehydrogenase (SDH) (19) were measured along 

with the capacity of cytochrome c oxidase or complex IV (COX) from the electron trans-

port chain and β-hydroxyacyl-CoA dehydrogenase (HAD) from the β-oxidation (20; 21). 

Habitual physical activity was recorded using our validated non-invasive triaxial acceler-

ometer approach (17). We hypothesized a higher mitochondrial enzymatic capacity in 

subjects with a higher habitual physical activity. 
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Methods 

Subjects 

Thirty-eight healthy, non-smoking subjects (31 females, 7 males) aged 20±2 years  

(means ± SD) gave written informed consent to participate in this study. To minimize 

the effect of physical exercise training, subjects spending over 2 h/week on endurance 

sports or 5 h/week on sports in general were excluded from participation. Information 

about the purpose and protocol of the study, as well as its risks and discomfort were 

provided both orally and in writing. The study conformed to the standards set by the 

Declaration of Helsinki and the local Ethics Committee approved the study. 

Habitual physical activity 

Habitual physical activity was measured using a triaxial accelerometer for movement 

registration (Tracmor IV; Philips research, Eindhoven, The Netherlands) sensitive to a 

wide range of body movements. The accelerometer has been validated with doubly la-

belled water, the gold standard for measuring energy expenditure in daily life (17). The 

Tracmor registers accelerations of the trunk along the anterio-posterior, medio-lateral 

and longitudinal axis using three uniaxial piezo-electric accelerometers (details are pro-

vided elsewhere (17)). To ensure a valid reflection of long-term daily life activities, the 

accelerometer was worn for two 14-day periods under free-living conditions. Subse-

quently, habitual physical activity was defined as the average of both measurement peri-

ods. 

Subjects were instructed to wear the Tracmor from the moment they woke up in the 

morning until they went back to bed at night. To verify whether subjects lived up to this 

instruction, waking hours and clock times of wearing the Tracmor were noted. To make 

sure only representative days were included, the difference between the total time the 

subject was awake and the time the accelerometer was worn was not allowed to exceed 

75 min/day. The few days during which this difference exceeded 75 min were excluded 

from the analysis. This resulted in an average of 26 representative days per subject. To 

ensure that subjects met the inclusion criterion concerning their participation in sports, 

the actual sporting hours were also recorded in the diary. 

Habitual physical activity was acquired by summing the output of all three axes and is 

presented as Megacounts per day (MCnts/day). Using Tracmor data, the proportion of 

time subjects were physically active at a low, moderate and high intensity (%Low, 

%Moderate and %High, respectively) was determined. The cut-off points for the intensity 

categories were determined in a pilot study (n=5). The cut-off point for low-intensity 

physical activity was set by Tracmor outputs associated with walking on a treadmill at 

3.5 km/h, which corresponds with approximately 3 metabolic equivalents (METs), i.e. 

three times basal metabolic rate. For moderate-intensity physical activity, a Tracmor 

output associated with walking on a treadmill at 5 km/h was used, which corresponds 

with approximately 4.5 METs (22). The relevant Tracmor outputs were 16.0±3.0 Mega-
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counts per minute (MCnts/min) and 28.9±3.0 MCnts/min, respectively. All physical activ-

ity associated with a Tracmor output higher than the latter cut-off point was considered 

high-intensity physical activity. The proportion of time per intensity category was calcu-

lated as the sum of all min per intensity category divided by the total duration of the 

measurement, that is, 28 days minus the number of excluded days. 

Using linear regression analysis in a population similar to the present study with respect 

to habitual physical activity, body composition and age, Plasqui et al. were able to predict 

the physical activity level (PAL), i.e. the factor by which average daily metabolic rate ex-

ceeds basal metabolic rate, with an explained variation of 70% using only MCnts/day 

(17). Whereas the MET score represents the factor by which energy expenditure exceeds 

basal metabolic rate for a certain pre-defined physical activity, PAL represents the factor 

by which energy expenditure exceeds basal metabolic rate during 24 h. For a proper re-

flection of 24 h daily life energy expenditure under free-living conditions, PAL thus pro-

vides a more valid reflection than MET scores, which in turn provide a more valid reflec-

tion of energy expenditure when considering predefined physical activities. The regres-

sion equation developed by Plasqui et al. was used in the present study to estimate PAL. 

Muscle biopsies 

A muscle biopsy was obtained after an overnight fast with subjects refraining from 

strenuous physical activity for 24 h before the collection. The biopsy was obtained from 

the M. Vastus Lateralis under local anaesthesia (xylocaine 2%) using a Bergström needle 

with suction (23). After muscle samples were freed from blood, visible fat and connective 

tissue they were immediately frozen in liquid nitrogen and stored at -80°C until analyzed. 

Measurements of enzyme activities 

SET buffer was prepared by dissolving 8.557 g sucrose (250 mM), 0.211 g tris (10 mM) 

and 0.0744 g EDTA (2 mM) in 80 ml distilled water. pH was adjusted to 7.4 and distilled 

water was added to a final volume of 100 ml. Muscle samples were weighed (means ± 

SD: 39.0±18.8 mg) and homogenized in 1 ml of SET buffer using a Polytron homoge-

nizer (Polytron-Aggregate; Kinematica, Littau, Luzern, Switzerland). Homogenates were 

frozen and thawed two additional times using liquid nitrogen to break mitochondrial 

membranes and were subsequently stored at -80°C until analyzed. 

Upon analysis, muscle homogenates were centrifuged at 13,000g for 2 min. Supernatant 

was used for analysis. Absorbance changes for all enzyme assays were measured in a 

COBAS-FARA semiautomatic analyzer (COBAS-FARA; Roche, Basel, Switzerland). The 

molar extinction coefficients used were 13,600 l/mol/cm for Coenzyme A-DTNB at 412 

nm for CS, 21,000 l/mol/cm for dichlorophenol indophenol (DCPIP) at 600 nm for SDH, 

15,300 l/mol/cm for reduced cytochrome c at 550 nm for COX and 63,000 l/mol/cm for 

nicotinamide-adenine dinucleotide (NADH) at 340 nm for HAD. Enzyme capacities were 

expressed as µmol/min/g wet weight. The composition of the assay solutions was as fol-

lows: 
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I) CS: For reagent 1, 1.21 g tris (100 mM), 4 mg DTNB (100 µM) and 4.2 mg acetyl CoA 

(50 µM) were dissolved in 80 ml distilled water, pH was adjusted to 8.0 and distilled wa-

ter was added to a total volume of 100 ml. For reagent 2 (starting reagent), 3.3 mg ox-

alo-acetate was dissolved in 1 ml distilled water. 

II) SDH: For NaPi 50 mM buffer, 0.890 g Na2HPO4⋅2H2O (50mM) (A) and 0.780 g 

NaH2PO4⋅2H2O (50mM) (B) were both dissolved in 100 ml distilled water. Subsequently B 

was added to A until the pH was 7.4. For reaction reagent, 6.5 mg KCN (1 mM), 1.7 mg 

2,6 DCPIP (0.06 mM), 162 mg sodium succinate (10mM) and 50 mg albumin were dis-

solved in 100ml KPi buffer. 

III) COX: For KPi 50 mM buffer, 0.684 g KH2PO4 (50mM) and 1.14 g K2HPO4 (50mM) 

were both dissolved in 100 ml distilled water. Subsequently, both solutions were mixed 

and pH was adjusted to 7.4 using KOH. For reduced Cytochrome c solution, 17.6 mg 

ascorbic acid was added to 10 ml KPi 50mM buffer and pH was adjusted to 7.4 using 

NaOH 1M. One hundred microlitres of this ascorbic acid solution and 25 mg cytochrome C 

were mixed. This mixture was incubated at 25°C for 5 min before 900 µl KPi 50 mM 

buffer was added. The solution was kept on ice until analyzed. MgCl2 solution: 566 mg 

MgCl2 was dissolved in 10 ml distilled water (final volume). For reaction reagent, 10 ml 

KPi 50 mM buffer, 200 µl MgCl2 solution and 400 µl reduced cytochrome C solution were 

mixed. Fifty microlitres supernatant was mixed with 200 µl KPi 50 mM buffer, which was 

kept on ice for 10 min before analysis. 

IV) β-hydroxyacyl-CoA dehydrogenase: For buffer: 3.3 g tetra-sodium pyrophosphate 

(100 mM) was dissolved in 80 ml distilled water, pH was adjusted to 7.3 and distilled wa-

ter was added to a total volume of 100 ml. For NADH solution, 8.0 mg NADH was dis-

solved in 1 ml distilled water. For reagent 1, 10 ml buffer and 200 µl NADH solution were 

mixed. For reagent 2 (starting reagent), 5.0 mg acetoacetyl-CoA was dissolved in 2.5 ml 

distilled water. 

All analyses for a given enzyme were performed simultaneously at 37°C. Enzyme capaci-

ties were measured twice on the same homogenate for each subject. Intra-assay coeffi-

cients of variation were 2.0% for CS, 2.1% for SDH, 5.0% for COX and 1.7% for HAD, 

indicating that the capacity of mitochondrial enzymes was reproducibly determined. 

Body composition 

Body mass and height were measured in the morning after an overnight fast (ID 1 Plus; 

Mettler Toledo, Giessen, Germany & Mod. 220; SECA, Hamburg, Germany). Body volume 

was determined using the underwater weighing technique while correcting for residual 

lung volume using the helium dilution technique (Volugraph VG 2000; Mijnhardt, Bunnik, 

The Netherlands). Total body water was determined overnight using the deuterium dilu-

tion technique (24). %BF was subsequently calculated using Siri’s three-compartment 

model (25). 
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Statistics 

Differences in habitual physical activity, the capacity of mitochondrial enzymes and body 

composition between men and women were tested using Student’s t-tests for unpaired 

samples. Simple linear regression was used to test the association between CS, SDH, 

COX and HAD on the one hand and habitual physical activity on the other hand. Multiple 

linear regression analyses were used to test the interaction between sex and habitual 

physical activity for the capacity of the mitochondrial enzymes. Backward multiple linear 

regression analyses were used to correct the associations between the capacity of mito-

chondrial enzymes and habitual physical activity for sex, age and body mass index 

(BMI). On log transformation, the association between habitual physical activity and the 

capacity of the mitochondrial enzymes with %Low, %Moderate and %High was deter-

mined using simple linear regression analyses. 

Statistical analyses were carried out using the Statistical Package for Social Sciences 

(SPSS) version 11 for Macintosh OS X (SPSS Inc.; Chicago, Illinois, USA). Data are ex-

pressed as means ± SD. P-values < 0.05 were considered statistically significant. 95% 

confidence intervals (95% CI) are provided. 

 

 
Results 

Habitual physical activity was similar between men and women (Table 1). The proportion 

of time subjects were physically active at a low, moderate and high intensity was also 

comparable between sexes, although %High was significantly higher in men: 18 min/day 

versus 9 in women (P<0.01, 95% CI: 2.4 to 14.3). No significant differences between 

men and women were found for CS, SDH, COX or HAD, which confirms the findings of 

previous studies (13; 26; 27). Furthermore, no interaction was observed between sex 

and habitual physical activity for the capacity of the mitochondrial enzymes. Hence, both 

sexes were combined for further analyses. 

Capacity of mitochondrial enzymes and habitual physical activity 

Applying the regression equation developed by Plasqui et al. (17) to the present popula-

tion showed that the physical activity level, PAL, ranged from 1.62 to 2.04. Positive asso-

ciations were observed between CS, SDH and COX with habitual physical activity 

(P<0.05, R=0.36, 95% CI: 1.3⋅10-4 to 2.2⋅10-3; P<0.05, R=0.39, 95% CI: 1.1⋅10-5 to 

9.9⋅10-5 and P<0.05, R=0.33, 95% CI: 7.5⋅10-6 to 3.6⋅10-4, respectively). HAD tended to 

correlate positively with habitual physical activity (P=0.06, R=0.31, 95 %CI: -2.2⋅10-5 to 

1.1⋅10-3) (Figure 1). These associations remained when sex, age and/or BMI were taken 

into account. 

Habitual physical activity was positively associated with %Moderate and %High 

(P<0.001, R=0.74, 95 %CI: 3.3⋅10-1 to 6.3⋅10-1 and P<0.001, R=0.74, 95 %CI: 1.4⋅10-1 

to 2.6⋅10-1, respectively) and negatively with %Low (P<0.001, R=0.86, 95 %CI: -20.4 to 

-13.7). CS and HAD tended to correlate positively with %High (P=0.06, R=0.31, 95% CI: 
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-4.5⋅10-3 to 2.6⋅10-1 and P=0.07, R=0.30, 95% CI: -1.0⋅10-2 to 2.5⋅10-1, respectively). 

COX and SDH on the other hand correlated positively with %Moderate (P<0.05, R=0.37, 

95% CI: 1.1⋅10-1 to 1.3⋅100 and P<0.05, R=0.37, 95% CI: 2.6⋅10-2 to 3.3⋅10-1, respec-

tively). To examine if the associations between markers for mitochondrial capacity and 

habitual physical activity were influenced by the intensity of the activities performed, the 

population was subsequently stratified based on the intensity of the activities measured. 
 
Table 1: Results 
 
 Men Women 
N 7 31 
Age (y) 20 ± 2 20 ± 2 
Body mass (kg) 79.3 ± 14.1 63.1 ± 8.2 # 
Height (m) 1.84 ± 0.06 1.69 ± 0.06 # 
BMI (kg/m2) 23.2 ± 3.0 22.0 ± 2.5 
%BF 15.9 ± 5.8 26.7 ± 4.6 
HPA (MCnts/day) 4128 ± 636 3704 ± 675 
%Low (min/day) 1390 ± 15 1401 ± 15 
%Moderate (min/day) 33 ± 8 30 ± 13 
%High (min/day) 18 ± 11 9 ± 6 § 

PAL 1.88 ± 0.10 1.80 ± 0.11 
CS (µmol/min/g) 9.30 ± 1.75 8.05 ± 2.33 
SDH (µmol/min/g) 0.70 ± 0.11 0.73 ± 0.10 
COX (µmol/min/g) 0.67 ± 0.30 0.77 ± 0.39 
HAD (µmol/min/g) 5.10 ± 1.47 4.79 ± 1.20 
 
BMI, body mass index; %BF, percentage body fat; HPA, habitual physical activity as measured in 
daily life using a triaxial accelerometer during two periods of two weeks; MCnts, Megacounts; %Low, 
%Moderate and %High, proportion of time subjects were physically active at a low, moderate and 
high intensity, respectively; PAL, physical activity level, that is, the factor by which total energy ex-
penditure exceeds resting energy expenditure; CS, SDH, COX and HAD, capacity of citrate synthase, 
succinate dehydrogenase, Cytochrome C oxidase and β-hydroxyacyl-CoA dehydrogenase, expressed 
as micromole substrate converted per minute per gram wet muscle weight. Data are means ± SD. 
Significant sex difference: § P<0.01; # P<0.001. 

Capacity of mitochondrial enzymes and habitual physical activity stratified 

based on the intensity and duration of the activities performed 

Stratification of the population based on the median of %High resulted in a cut-off point 

of 8 min/day. Within the population stratified based on %High, CS was only associated 

with habitual physical activity in the sub-group spending more than 8 min/day on high-

intensity physical activity (P<0.05, 95% CI: 7.5⋅10-5 to 2.9⋅10-3). SDH also correlated 

positively with habitual physical activity in the sub-group spending more than 8 min/day 

on high-intensity physical activity but tended to correlate positively with habitual physical 

activity in the sub-group spending less time on high-intensity physical activity as well 

(P<0.01, 95% CI: 2.4⋅10-5 to 1.2⋅10-4 and P=0.07, 95% CI: -1.1⋅10-5 to 2.1⋅10-4, respec-

tively). COX tended to correlate positively with habitual physical activity in both the sub-

group spending more and less than 8 min/day on high-intensity physical activity 

(P=0.06, 95% CI: -1.3⋅10-5 to 4.5⋅10-4 and P=0.09, 95% CI: -7.2⋅10-5 to 7.7⋅10-4, respec-

tively) and HAD was not associated with habitual physical activity in either the sub-group 

spending more or less time on high-intensity physical activity (Figure 2). 
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Figure 1: Capacity of CS (A), SDH (B), COX (C) and HAD (D) as a function of habitual physical activ-
ity (HPA), measured using a triaxial accelerometer for movement registration, for men and women 
combined. A, B and C: P<0.05; D: P =0.06. MCnts, Megacounts. 

 
 
Stratification of the population based on the median of %Moderate resulted in a cut-off 

point of 29 min/day. Within the population stratified based on %Moderate, no associa-

tions were observed between markers for mitochondrial capacity and habitual physical 

activity in either the sub-group spending more or less time on moderate-intensity physi-

cal activity. 

Stratification of the population based on the median of %Moderate and %High combined 

resulted in a cut-off point of 39 min/day. Within the population stratified based on the 

proportion of moderate- and high-intensity physical activity, CS and HAD were only posi-

tively associated with habitual physical activity in the sub-group spending more time on 

moderate- and high-intensity physical activity (P<0.05, 95% CI: 1.9⋅10-4 to 4.1⋅10-3 and 

P<0.01, 95% CI: 5.7⋅10-4 to 2.6⋅10-3, respectively). SDH and COX were positively associ-

ated with habitual physical activity in both the sub-group spending more and less time on 

moderate- and high-intensity physical activity (P<0.01, 95% CI: 3.8⋅10-5 to 1.7⋅10-4 and 

P<0.05, 95% CI: 1.1⋅10-5 to 2.4⋅10-4 for SDH, P<0.05, 95% CI: 2.2⋅10-5 to 6.0⋅10-4 and 

P<0.05, 95% CI: 8.4⋅10-5 to 9.6⋅10-4 for COX) (Figure 3). 
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Figure 2: Capacity of CS (A and B), SDH (C and D), COX (E and F) and HAD (G and H) as a function 
of habitual physical activity (HPA), measured using a triaxial accelerometer for movement registra-
tion, stratified based on the proportion of time subjects were physically active at a high intensity. A, 
C, E and G show the association for subjects spending 2 to 8 min/day on high-intensity physical activ-
ity and B, D, F and H for subjects spending 9 to 34 min/day on high-intensity physical activity. B: 
P<0.05; C: P=0.07; D: P<0.01; E: P=0.09; F: P=0.06. 
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Figure 3: Capacity of CS (A and B), SDH (C and D), COX (E and F) and HAD (G and H) as a function 
of habitual physical activity (HPA), measured using a triaxial accelerometer for movement registra-
tion, stratified based on the proportion of time subjects were physically active at a moderate and high 
intensity. A, C, E and G show the association for subjects spending 18 to 39 min/day on moderate- 
and high-intensity physical activity and B, D, F and H for subjects spending 39 to 72 min/day on 
moderate- and high-intensity physical activity. B, C, E and F: P<0.05; D and H: P<0.01. 
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Discussion 

We are the first to show that within the range of normal daily life activities, mitochondrial 

capacity, measured as the capacity of CS, SDH and COX, correlates positively with habit-

ual physical activity and HAD capacity tends (P=0.06) to correlate positively with habit-

ual physical activity. These associations are independent of sex, age and BMI. 

PAL can vary from 1.2 to 2.5 in sustainable lifestyles with 1.2 observed in bed-bound 

subjects that are still eating and 2.5 being defined as a highly physically active lifestyle 

(28). In extreme situations, such as the Tour the France cycling competition, PAL has 

been shown to increase up to 5 (29). The range in PAL obtained in the current study was 

1.6 to 2.0, so lower than the 2.5 observed for highly physically active lifestyles. A PAL of 

1.6 is regarded to reflect a sedentary lifestyle (28) and a PAL of 2.1 represents a physi-

cally active lifestyle (30). Thus, our subjects covered the range of normal daily life activ-

ity levels as reflected in PAL but were not highly physically active. 

The normal range of daily life activities in the present population is confirmed by the pro-

portion of time that subjects on average spent on moderate- and high-intensity physical 

activity, i.e. 30 and 11 min, respectively. These proportions are close to those recently 

reported in other studies that used accelerometry in healthy, young adults (31; 32). 

McClain et al. on the other hand recruited regular endurance runners and although 

%Moderate was similar in their study (27 min/day), %High was more pronounced (48 

min/day) compared with the present population (33). This suggests that although physi-

cally active subjects were evidently recruited in the present study, the proportion of 

high-intensity physical activity was much lower than observed previously for people ac-

tively engaged in endurance sports. 

Habitual physical activity correlated positively with %Moderate and with %High. Fur-

thermore, positive associations were observed between markers for mitochondrial capac-

ity and both %Moderate and %High. This suggests that the intensity of the activities per-

formed may have affected the association between our markers for mitochondrial capac-

ity and habitual physical activity. Indeed, stratification of the population based on the 

intensity of the activities performed made the association between markers for mito-

chondrial capacity and habitual physical activity more prominent. Evidently, as a classic 

marker for mitochondrial density, CS was only associated with habitual physical activity 

in the sub-group spending more than 8 min/day on high-intensity physical activity. Im-

portantly, this suggests that although CS was associated with habitual physical activity in 

the entire population, there may be a lower limit for the time spent on high-intensity 

physical activity that should be met for the association to become apparent. Since habit-

ual physical activity and %High were both significantly higher in the sub-group spending 

more time on high-intensity physical activity (data not shown), the association found 

could theoretically also result from an increased habitual physical activity. However, 

stratification of the population based on %Moderate did not reveal an association be-

tween CS or any other marker for mitochondrial capacity and habitual physical activity in 

either the sub-group spending more or less than 29 min/day on moderate-intensity 

physical activity. Therefore, we conclude that high-intensity physical activity may be a 

prerequisite for a positive association between CS and habitual physical activity. 
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Within the population stratified based on the median of the time spent on moderate- and 

high-intensity physical activity combined, HAD showed a positive association with habit-

ual physical activity in subjects spending more but not in subjects spending less than 39 

min/day on moderate- and high-intensity physical activity. On first thought, this seems 

inconsistent since HAD was not associated with habitual physical activity within the popu-

lation stratified based on %Moderate or %High separately. However, the time spent on 

moderate- and high-intensity physical activity combined is by definition the inverse of 

the time spent on low-intensity physical activity. In other words, the association ob-

served between HAD and habitual physical activity in subjects spending more than 39 

min/day on moderate- and high-intensity physical activity probably results from a de-

creased time spent on low-intensity physical activity. This implies that the capacity to 

oxidize fatty acids is positively associated with habitual physical activity in daily life if the 

latter is accompanied by a decreased time spent on low-intensity physical activity. 

For SDH and COX, a positive association with habitual physical activity was found both in 

subjects spending more and less than 39 min/day on moderate- and high-intensity 

physical activity. Comparable results were obtained within the population stratified based 

on %High, suggesting that SDH and COX are associated with habitual physical activity in 

daily life irrespective of the intensity of the activities performed. 

In general, it can be concluded that a sedentary lifestyle does not result in positive asso-

ciations with mitochondrial capacity, whilst an active lifestyle does. The intensity of the 

activities performed influences the association with habitual physical activity differently 

for different markers of mitochondrial capacity; it does not appear to affect the associa-

tion between SDH and COX with habitual physical activity whereas a limited time spent 

on low-intensity physical activity appears to be a prerequisite for a positive association 

between HAD and habitual physical activity. CS on the other hand only correlated posi-

tively with habitual physical activity in subjects spending more time on high-intensity 

physical activity. Interestingly though, spending more than 8 min/day on high-intensity 

physical activity already resulted in a positive association between CS and habitual 

physical activity in healthy young subjects. Whether or not the positive association be-

tween mitochondrial capacity and habitual physical activity persists in populations at risk 

for developing type 2 diabetes and obesity remains to be established. More importantly, 

it should be examined if spending more than 8 min/day on high-intensity physical activity 

accompanied by a high level of habitual physical activity suffices to maintain or improve 

proper mitochondrial capacity in populations at risk for developing type 2 diabetes and 

obesity. It should be stressed that even if this association holds in populations at risk, no 

extrapolations to prevention of type 2 diabetes and obesity can be made. In fact, based 

on previous studies, 8 min of high-intensity physical activity per day is unlikely to be suf-

ficient to delay the development of type 2 diabetes and obesity (34; 35). 

In conclusion, evidence was found for a positive association between CS, SDH and COX 

with habitual physical activity and a trend towards a positive association between HAD 

and habitual physical activity irrespective of sex, age and BMI. With CS and SDH as clas-

sic markers for mitochondrial density, mitochondrial capacity was found to be positively 

associated with habitual physical activity. Thus, in our population of healthy young 

adults, an active lifestyle within the range of normal daily life activities is associated with 
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a higher mitochondrial capacity than a sedentary lifestyle and may help to maintain or 

improve mitochondrial capacity. 
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Abstract 

Objective: Twin studies suggest a high heritability for habitual physical activity. This 

study aims to replicate this finding and to identify relevant genetic variants. Single nu-

cleotide polymorphisms (SNPs) in PPARD, PPARGC1A, NRF1 and FRAP1 were considered 

candidates. 

Research Design and Methods: Habitual physical activity was measured for 14 days with 

a validated triaxial accelerometer (Tracmor). Fifty-two and 65 unrelated men and women 

(aged 21±2 years, BMI 22.0±2.5 kg/m2) as well as 28 monozygotic and 24 dizygotic 

same-sex twin pairs (aged 22±5 years, BMI 21.8±3.4 kg/m2, 21 male and 31 female 

pairs) were included. 

Results: A heritability of 57% is observed for habitual physical activity. In both groups, 

AG/GG carriers in rs2267668 and AC/CC carriers in rs2076168 (PPARD) were less physi-

cally active than AA carriers (additive model, P<0.05). In addition, carriers of the AA CG 

haplotype in these SNPs tended to be less physically active than carriers of the AA AA 

haplotype. The risk alleles were associated earlier with a reduced mitochondrial capacity 

in vitro and reduced PPARδ mRNA levels. GA/AA carriers in rs8192678 (PPARGC1A), who 

have an increased the risk for type 2 diabetes, spend more time on high-intensity physi-

cal activity than GG carriers in both groups (P<0.05). No associations were observed 

with SNPs in NRF1 and FRAP1. 

Conclusions: SNPs in genes involved in mitochondrial biogenesis contribute to the inter-

individual variation in habitual physical activity. One pathway shows a genetic predisposi-

tion to physiologically limited habitual physical activity; another pathway shows the re-

quirement of high-intensity physical activity to prevent or delay the genetically predis-

posed development of type 2 diabetes. 
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Introduction 

Activity-related energy expenditure is the most variable component of total energy ex-

penditure (1) and an important determinant of energy balance (2). As such, a reduced 

habitual physical activity is a potentially important contributor to the development of 

obesity (3; 4). Moreover, a low level of habitual physical activity is an independent risk 

factor for developing cardiovascular diseases (5; 6), osteoporosis (7; 8) and type 2 dia-

betes (9-11). Maintaining a reasonable level of habitual physical activity therefore ap-

pears a prerequisite to prevent or delay these causes of morbidity and mortality. 

Twin studies in which habitual physical activity was assessed using questionnaires show a 

heritability between 29% and 62% (12-14). However, questionnaires are subject to in-

terpretation and may, together with the complex multidimensional character of the phe-

notype, result in misreporting. Accelerometers provide an objective alternative to meas-

ure habitual physical activity. They can be used for a prolonged period of time in free liv-

ing conditions and additionally provide information about the intensity and duration of 

the activities performed. Until now, few studies have determined the heritability of habit-

ual physical activity as measured objectively using an accelerometer approach. Using a 

uniaxial device, Cai et al. show in siblings that 55% of the inter-individual variation in 

habitual physical activity is explained by genetic variation (15). In a twin study, Joosen 

et al. show an additive genetic effect of 78% for habitual physical activity using the 

triaxial Tracmor accelerometer (Philips Research, Eindhoven, The Netherlands). Unique 

environmental influences were concluded to account for the remaining variation (16), 

which was later confirmed by the results of Carlsson et al. (12). The results suggest a 

moderate to high heritability for habitual physical activity when measured objectively us-

ing an accelerometer approach. In other words: genetic variation determines to a large 

extent whether someone is prone to engaging in physical activities. Given the results of 

Joosen et al. (16) and taking the complexity of the phenotype into account, the heritabil-

ity of habitual physical activity is suggested to result from many functional sequence 

variants at different loci all exerting a small effect. So far, studies aiming to identify 

these variants using objective measures for habitual physical activity are scarce (15). 

We showed earlier that within the range of normal daily life activities, habitual physical 

activity correlates positively with markers for mitochondrial capacity (17). As 25-50% of 

the variation in the capacity of regulatory enzymes of the Kreb’s cycle can be explained 

by genetic variation (18), single nucleotide polymorphisms (SNPs) in genes encoding 

proteins involved in mitochondrial biogenesis and energy metabolism are considered 

candidates to contribute to the inter-individual variation in habitual physical activity. Per-

oxisome proliferator-activated receptor (PPAR)γ co-activator 1α (PGC-1α), PPARδ, nuclear 

respiratory factor (NRF)1 and mammalian target of rapamycin (mTOR) are such proteins. 

PGC-1α is a transcription factor co-activator that is essential for the transcription of many 

genes required for the expansion and replication of mitochondria (19). One of its targets 

is NRF1 (20; 21), which binds to and activates the promoters of nuclear genes encoding 

for components of the electron transport chain (22) as well as for mitochondrial tran-

scription factor A (21). Ultimately, PGC-1α is able to drive a muscle fiber type transition 

from type II to I, that is, towards a more oxidative phenotype (23; 24). PPARδ, the pre-

dominant PPAR isoform in skeletal muscle, is also co-activated by PGC-1α (25). Much like 
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PGC-1α, PPARδ regulates fatty acid oxidation via the transcription of genes involved in β-

oxidation and energy uncoupling (25; 26). In addition, PPARδ is able to induce a muscle 

fiber type switch from type II to I, independent of PGC-1α (27). As for mTOR, Schieke et 

al. show that the mTOR-raptor complex directly associates with the mitochondria and 

that its disruption reduces the oxidative capacity of the cell, which reflects intrinsic mito-

chondrial properties (28). Cunningham et al. show that treating mTOR-raptor with ra-

pamycin, a specific mTOR inhibitor, suppresses the expression of many mitochondrial 

genes that are induced by PGC-1α. Apparently, mTOR controls mitochondrial gene ex-

pression by directly altering the physical interaction between PGC-1α and YY1, a tran-

scription factor that binds directly to mitochondrial gene promoters (29). 

The aim of the present study was to confirm the heritability of habitual physical activity 

as objectively measured using a triaxial accelerometer. In addition, we aimed to identify 

genetic factors that contribute to the inter-individual variation in habitual physical activ-

ity. Considering the role that PPARδ, PGC-1α, NRF1 and mTOR play in mitochondrial bio-

genesis and energy metabolism, SNPs in the genes encoding these proteins (PPARD, 

PPARGC1A, NRF1 and FRAP1) were hypothesized to contribute to the inter-individual 

variation in habitual physical activity as well as the intensity and duration of the activities 

performed. 

 

 
Methods 

Subjects 

Associations were tested in two healthy populations: 1) a group of 117 healthy, unrelated 

adults (65 women, 52 men, aged 21±2 years, BMI 22.0±2.5 kg/m2); 2) A group of 51 

same-sex twin pairs and one same-sex (male) triplet of similar age and BMI (16 mono-

zygotic (MZ) female, 15 dizygotic (DZ) female, 12 MZ male and 8 DZ male pairs, aged 

22±5 years, BMI 21.8±3.4 kg/m2). Thirty-five twin pairs as well as the triplet were con-

tacted and recruited by the East-Flanders Prospective Twin Survey (EFPTS) (30). The 

remaining sixteen pairs were recruited earlier by Joosen et al. (16). All subjects 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 and 

the local Ethics Committee approved the study. All subjects provided written informed 

consent before participating. 

Habitual physical activity 

Habitual physical activity, as well as the intensity and duration of the activities perfor-

med, were measured using a triaxial accelerometer for movement registration (Tracmor 

IV; Philips research, Eindhoven, The Netherlands). The Tracmor registers accelerations of 

the trunk along the anterio-posterior, medio-lateral and longitudinal axis using three 

unaxial piezo-electric accelerometers (details are provided elsewhere (31)). The Tracmor 
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has been validated with doubly labelled water (31). To ensure a valid reflection of long-

term daily life activities, the accelerometer was worn for 14 days under free-living condi-

tions. Subjects wore the Tracmor from the time they woke up in the morning until they 

went back to bed at night. Habitual physical activity was subsequently acquired by sum-

ming the output of all three axes and is presented as Megacounts per day (Mcnts/d). 

Using Tracmor data, the time spent on low-, moderate- and high-intensity physical acti-

vity was determined. More detailed information on the protocol used to measure habitual 

physical activity as well as on the cut-off points for the intensity categories is provided 

elsewhere (32). 

Using linear regression analysis in a population similar to that of the present study with 

respect to habitual physical activity, body composition and age, Plasqui et al. were able 

to predict the physical activity level (PAL) with an explained variation of 70% using only 

the Tracmor output (31). This regression equation was used in the present study to esti-

mate PAL. 

Body Composition 

In the unrelated subjects, 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). %BF was determined by hydrostatic weighing and deuterium diluti-

on according to Siri’s three-compartment model (33). More information on these techni-

ques is provided elsewhere (32). 

In the twins, body mass was measured to the nearest 0.1 kg (HF380, Philips, Eindhoven, 

The Netherlands) and height to the nearest 0.1 cm using a tape measure. %BF was de-

termined using deuterium dilution. 

DNA isolation and SNP genotyping 

Genomic DNA was isolated from peripheral blood leukocytes (unrelated subjects) 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, FRAP1 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). Only tag SNPs or SNPs that were associated earlier 

with relevant phenotypes including mRNA or protein level, BMI or VO2-max were conside-

red. This resulted in the selection of five SNPs in four genes (Table 1). 

Genotyping was performed using commercially available TaqMan SNP genotyping assays 

from Applied Biosystems (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. 
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Statistical analysis 

Descriptive statistical analysis 

The time spent on low-, moderate- and high-intensity physical activity was log trans-

formed to obtain a normal distribution of the residuals. Results are presented as means 

± SD (median ± SD for the variables that were log transformed). A χ2-test 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 in the as-

sociation analyses as a DZ male pair and one solitary individual. 

 
Table 1: Genotypic and allelic distributions per single nucleotide polymorphism for unrelated subjects 
 
Gene SNP G FU 

(N) 
FU 
(%) 

FT 
(N) 

FT 
(%) 

Allele FU 
(%) 

FT 
(%) 

HWEU HWET 

PPARD rs2267668 AA 91 77.8 56 54.4 A 87.6 76.2 0.31 0.12 
 A>G AG 23 19.7 45 43.7 G 12.4 23.8   
 (Intron) GG 3 2.6 2 1.9      
 rs2076168 AA 80 68.4 53 51.5 A 82.1 73.8 0.44 0.26 
 A>C AC 32 27.4 46 44.7 C 17.9 26.2   
 (Intron) CC 5 4.3 4 3.9      
PPARGC1A rs8192678 GG 47 40.2 25 25.3 G 65.8 54.0 0.13 0.14 
 1444G>A GA 60 51.3 57 57.6 C 34.1 46.0   
 (Gly482Ser) AA 10 8.5 17 17.2      
FRAP1 rs11121691 CC 60 51.3 52 57.1 C 73.9 76.4 0.06 0.65 
 6909C>T CT 53 45.3 35 38.5 T 26.1 23.6   
 (Leu2303Leu) TT 4 3.4 4 4.4      
NRF1 rs1882094 TT 63 53.8 33 36.2 T 73.5 61.2 0.16 0.01 
 141T>G TG 46 39.3 60 65,9 G 26.5 38.8   
 (Ser47Ser) GG 8 6.8 10 11.0      
 
G, genotype; F, Frequency, both absolute (n) and relative (%); P-values obtained from the χ2 test of 
Hardy Weinberg equilibrium (HWE) in unrelated subjects (U) and twins (T). 

Heritability analysis 

The heritability of habitual physical activity as well as of the intensity and duration of the 

activities performed was determined as described in detail by Joosen et al. (16). Briefly, 

structural equation modeling was used to separate and quantify the observed phenotypic 

variance (Vtot) in habitual physical activity and the time spent on low-, moderate- and 

high-intensity physical activity into its different components: additive genetic contribution 

(a2=VA/Vtot), dominant genetic contribution (d2=VD/Vtot), common environmental contri-

bution (c2=VC/Vtot) and unique environmental contribution (e2=VE/Vtot) using Mx software 

(34). First, we tested whether the unstandardized path coefficients (VA, VD, VC and VE) 

were equal for men and women. Alternative univariate models (ACE, CE, AE and E; ADE, 

AE and E) with sex and age as explanatory variables were fitted to the raw data. For mo-

dels, a maximum likelihood approach with accompanying Akaike’s information criterion 

(AIC) was used (35). The model with the lowest AIC reflects the best model in which the 
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pattern of variance and covariance is explained by the smallest number of measurements 

possible. The goodness of fit was additionally evaluated by hierarchical χ2-tests. When 

the χ2 was not statistically significant (P>0.05) the most parsimonious model was selec-

ted, that is, the model with the best fit given the number of degrees-of-freedom. 

Association analysis 

Before the association analysis was performed, the effects of potential covariates was 

evaluated for habitual physical activity as well as for the time spent on low-, moderate- 

and high-intensity physical activity. The influence of sex, age and seasonality was evalu-

ated, whereas zygosity was additionally taken into account in the twin population. Co-

variates were incorporated into the model when P<0.05. A general association test was 

performed without assuming a mode of inheritance by entering the genotype in the op-

timized model (with the significant covariates) as class variables. The mode of inheri-

tance was further investigated by testing additive, dominant and recessive models. 

In the unrelated subjects, (multiple) linear regression was used (SPSS version 13 for 

Macintosh OS X, SPSS Inc.; Chicago, Illinois, USA). In the twins, multilevel analysis (proc 

mixed) was performed taking clustering of the twin pairs into account by adding a ran-

dom effect to the model. The intercept of each twin pair was modeled as a function of the 

population intercept plus a unique contribution of the pair. The variance-covariance 

structure was allowed to differ between MZ and DZ pairs (SAS package version 9.1, SAS 

Institute Inc., Cary, NC, USA). 

Linkage disequilibrium (LD) was evaluated for the two SNPs in PPARD using Haploview 

(36). Haplotypes were estimated using PHASE (37). Haplotype analyses were subse-

quently performed in SAS using linear regression or multilevel analysis (proc mixed) ana-

logue to the analyses mentioned above. 

 

 
Results 

Descriptive analysis 

Subject characteristics are shown in Table 2. Habitual physical activity as well as the in-

tensity and duration of the activities performed are similar in men and women in both 

groups, except for the male twins spending more time on moderate-intensity physical 

activity than their female counterparts (P<0.05). PAL ranges from 1.5 to 2.2 in both po-

pulations. 

Heritability 

Pearson’s intra-pair correlation coefficients for habitual physical activity are higher in MZ 

than DZ pairs (0.64 versus 0.36), indicating that genetic factors contribute to the inter-
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individual variation in habitual physical activity. Similar results are obtained for the inten-

sity and duration of the activities performed. 

A model including additive genetic as well as unique environmental factors provides the 

best model for all four parameters of physical activity (Table 3). Taking sex and age into 

account, 57% of the inter-individual variation in habitual physical activity is explained by 

additive genetic factors. Similar values are obtained for the time spent on moderate- 

(55%) and high-intensity physical activity (47%). For habitual physical activity as well as 

the time spent on low-, moderate- and high-intensity physical activity, unstandardized 

additive genetic path coefficients (VA) are equal for men and women. The contribution of 

additive genetic factors (a2) to the time spent on low-intensity physical activity is lower in 

men than in women (38% versus 72%, respectively), resulting from the unstandardized 

unique environmental path coefficient (VE) for low-intensity physical activity being lower 

in women than in men. 

 
Table 2: Subject characteristics 
 
 Unrelated subjects Twins 
 Men Women Men Women 
N 52 65 43 

(21 pairs 
1 individual) 

62 
(31 pairs) 

Age (years) 21 ± 2 21 ± 2 22 ± 4 23 ± 5 
Body mass (kg) 76.0 ± 10.1 63.4 ± 7.9 # 72.4 ± 12.1 62.4 ± 10.4 # 
Height (m) 1.85 ± 0.06 1.70 ± 0.06 # 1.82 ± 0.08 1.69 ± 0.07 # 
BMI (kg/m2) 22.3 ± 2.4 21.8 ± 2.6 21.9 ± 3.0 21.8 ± 3.6 
%BF 13.9 ± 5.5 26.3 ± 4.9 # 19.1 ± 6.9 29.4 ± 7.5 # 
HPA (MCnts/day) 3761 ± 813 3796 ± 718 3871 ± 991 3666 ± 1016 
PAL 1.82 ± 0.13 1.83 ± 0.12 1.84 ± 0.16 1.80 ± 0.17 
%Low (min/day) 1403 ± 17 1399 ± 15 1402 ± 25 1411 ± 20 
%Moderate (min/day) 27 ± 12 29 ± 12 31 ± 21 23 ± 15 * 
%High (min/day) 9 ± 8 8 ± 6 5 ± 8 6 ± 9 
 
BMI, body mass index; %BF, percentage body fat; HPA, Habitual physical activity as measured with a 
triaxial accelerometer for a period of two weeks; MCnts, Megacounts; PAL, physical activity level; 
%Low, %Moderate and %High, proportion of time subjects were physically active at a low, moderate 
and high intensity, respectively; Values are means ± SD (Median ± SD for %Low, %Moderate and 
%High). Significant difference between men and women within a population: * P<0.05, # P<0.001. 

Genetic association 

The genotypic and allelic distributions of the determined SNPs are provided in Table 1. All 

SNPs are in Hardy-Weinberg equilibrium in both populations, except for the rs1882094 

SNP (NRF1) in the twins. Of the covariates evaluated, age contributes significantly to the 

explained variation in the time spent on low- and moderate-intensity physical activity in 

the twins and is therefore taken into account for these phenotypes. No significant inter-

actions were observed between SNPs. 
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PPARD 

General association tests show a significant association between habitual physical activity 

and the intronic rs2267668 SNP in the unrelated subjects (P=0.034) and a trend towards 

an association in the twins (P=0.120). An additive model fits the data best, with habitual 

physical activity being significantly lower in AG/GG carriers compared with AA carriers 

(P=0.012 in unrelated subjects, P=0.050 in twins; Figure 1A-B). Given the small number 

of GG carriers, a dominant model was evaluated as well (P=0.009 in unrelated subjects, 

P=0.099 in twins). Similar associations were observed for the intronic rs2076168 SNP in 

the same gene, with AC/CC carriers leading a less physically active lifestyle than AA car-

riers under an additive model (P=0.091 in unrelated subjects, P=0.006 in twins; Figure 

1C-D). Again, a dominant model was additionally evaluated (P=0.148 in unrelated sub-

jects, P=0.023 in twins). 

As the rs2267668 and rs2076168 SNPs are in strong LD in both groups (D’=0.91 and 

R2=0.54 in unrelated subjects, D’=0.84 and R2=0.61 in twins), haplotype analyses were 

additionally performed. In both groups, three common haplotype combinations accounted 

for over 92% of all combinations (unrelated individuals 94%; twins 92%): 1) AA and AA 

carriers; 2) AA and CA carriers; and 3) AA and CG carriers. In the unrelated individuals, 

67% (n=78) were AA and AA, 10% (n=12) were AA and CA and 17% (n=20) were AA 

and CG. In the twins, 47% (n=51) were AA and AA, 8% (n=9) were AA and CA and 37% 

(n=40) were AA and CG. Habitual physical activity tends to be lower in AA and CG haplo-

type carriers (PAL=1.78 in unrelated subjects and twins) than in the other two haplotype 

combinations (PAL=1.84 for both haplotype combinations in unrelated subjects and 

twins) (P=0.068 in unraleted subjects, P=0.135 in twins). 

 

 
 
Figure 1: Habitual physical activity (HPA) and the physical activity level (PAL) as a function of PPARD 
genotype. Figures A-B show the associations with the intronic rs2267668 SNP, C-D with the 
rs2076168 SNP. Associations are shown for unrelated subjects (A and C) and twins (B and D) assum-
ing an additive model. The number of subjects within a genotype-group is indicated in each bar.  * 
P<0.05, § P<0.01. 

PPARGC1A 

No association was observed between habitual physical activity and the rs8192678 SNP 

(Gly482Ser). However, a general association test reveals a significant association be-

tween the time spent on high-intensity physical activity and the rs8192678 SNP in the 
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unrelated subjects (P=0.017) and a trend towards an association in the twins (P=0.080). 

An additive model shows that GA/AA carriers spend more time on high intensity physical 

activity than GG carriers (P=0.065 and P=0.039 for unrelated subjects and twins, re-

spectively). The best fit however is obtained with a recessive model in the unrelated sub-

jects (P=0.004) and a dominant model in the twins (P=0.036). 

 

 
 
Figure 2: The time spent on high-intensity physical activity (%High) as a function of PPARGC1A 
genotype. Associations are shown for unrelated subjects (A) and twins (B) with an additive model. 
The number of individuals within a genotype-group is indicated in each bar. * P<0.05. 

FRAP1 

No significant association was observed between habitual physical activity and 

rs11121691 in either the general association test or when assuming a mode of inheritan-

ce. The time spent on high-intensity physical activity on the other hand tends to be asso-

ciated with the rs11121691 SNP in twins (P=0.090). A dominant model fits the data best, 

with twins with the CC genotype in rs11121691 spending significantly more time on high-

intensity physical activity than CT/TT carriers (P=0.032). This association is not observed 

in the unrelated subjects. 

NRF1 

General association tests do not reveal significant associations between either habitual 

physical activity or the intensity and duration of the activities performed and the 

rs1882094 SNP in either group. No associations are observed with an additive, dominant 

or recessive model either. 
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Discussion 

This study confirms that genetic variation is responsible for the largest part of the inter-

individual variation in habitual physical activity as measured with a validated triaxial ac-

celerometer (16). Wer are the first to show that part of the inter-individual variation in 

habitual physical activity is accounted for by variants in genes involved in mitochondrial 

biogenesis and energy metabolism in two independent populations. 

The heritability of 57% observed in the present population is somewhat lower than the 

78% observed by Joosen et al. (16) but agrees well with the 55% observed by Cai et al. 

(15). In concordance with other twin studies, the present study shows that the residual 

variation in habitual physical activity (43%) is explained by unique environmental varia-

tion (12; 16). 

The results show that part of the additive genetic variation associated with habitual 

physical activity is located in the PPARD gene, whereas the time spent on high-intensity 

physical activity is associated with variation in the PPARGC1A gene. Nilsson et al. show 

an additive genetic effect for PPARδ mRNA levels in young (h2=0.59) and elderly twins 

(h2=0.63). Moreover, twins carrying more C alleles in the intronic rs2076168 SNP in 

PPARD have significantly lower PPARδ mRNA levels than their co-twins carrying more 

common A alleles at this position (38). Given the role that PPARδ plays in mitochondrial 

energy metabolism, AC/CC carriers appear to be genetically predisposed to a lower mito-

chondrial capacity than subjects with the AA genotype. In line with this, Stefan et al. 

show for the intronic rs2267668 SNP in PPARD, that young AG/GG carriers are character-

ized by a lower mitochondrial capacity in vitro compared with AA carriers (39). The pre-

sent study shows that carriers of the AG/GG and AC/CC genotypes, that is, the geno-

types predisposing to a reduced mitochondrial capacity in vitro and reduced PPARD 

mRNA levels, are characterized by a lower level of habitual physical activity compared 

with carriers of the AA genotype. We previously showed a positive association between 

mitochondrial capacity and habitual physical activity and concluded that an active life-

style may increase mitochondrial capacity (17). The results from the present study imply 

that the latter association may also result from a genetic predisposition, with subjects 

genetically predisposed to a lower mitochondrial capacity leading a more sedentary life-

style than subjects genetically predisposed to a higher mitochondrial capacity. No conclu-

sions can be drawn concerning the mode of inheritance, as both additive and dominant 

models reveal significant associations. Future studies with larger populations will have to 

address this issue. 

Carriers of the GA/AA genotype in rs8192678 (PPARGC1A) spend significantly more time 

on high-intensity physical activity than GG carriers. High-intensity physical activity is 

known to increase skeletal muscle PGC-1α protein content (20; 40), mitochondrial capac-

ity (41; 42) and maximal oxygen uptake (VO2-max) (43). Based on these associations, 

the GA/AA genotypes are anticipated to protect against developing morbidities like car-

diovascular diseases and type 2 diabetes. However, GA/AA carriers have an increased 

risk for developing type 2 diabetes (40; 44). In fact, Barroso et al. show that the odds of 

having type 2 diabetes increases with 11% for each Ser encoding allele (A) (44). This 

paradox can be explained by the results of Barroso et al. being based on a meta analysis 

performed in older subjects (44). Ling et al. also show that in older subjects, the Ser en-
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coding allele is associated with reduced basal skeletal muscle PGC-1α mRNA levels and a 

lower VO2-max (45). However, they did not observe this association in younger subjects 

and conclude that age modifies the genetic susceptibility for type 2 diabetes. Franks et 

al. refine this by showing in older subjects that those homozygous for the Ser encoding 

allele are less physically fit than those homozygous for the common Gly encoding allele 

(GG) when sedentary, but not when physically active (46). This means that physical ac-

tivity and not age itself mediates the association between the risk for developing type 2 

diabetes and the Ser encoding allele in rs8192678 (46). Physical activity, and especially 

high-intensity physical activity, are known to decrease with age (47). This implies that at 

a younger age, the increased risk for developing type 2 diabetes in GA/AA carriers may 

be compensated for by an increased time spent on high-intensity physical activity. The 

decrease in high-intensity physical activity with age probably explains why the increased 

risk for developing type 2 diabetes associated with the Ser encoding allele only becomes 

evident at a later stage in life (45), when little high-intensity physical activity remains. In 

addition to the results of Franks et al., the results of the present study stress the impor-

tance for GA/AA carriers to remain participating in high-intensity physical activity 

throughout life to prevent or delay the onset of type 2 diabetes. 

Twins with the common CC genotype in rs11121691 (FRAP1) spent significantly more 

time on high-intensity physical activity than CT/TT carriers. mTOR, the protein encoded 

by FRAP1, is thought to control mitochondrial gene expression by directly altering the 

physical interaction between YY1 and PGC-1α, thereby inhibiting their function and de-

creasing the expression of mitochondrial genes like NRF1 (29). Based on the association 

between the time spent on high-intensity physical activity and the rs11121691 SNP in 

twins, the latter is anticipated to affect mitochondrial gene expression. To our knowledge 

however, no studies have yet evaluated the functional relevance of this SNP or any other 

polymorphism in FRAP1 on gene expression or protein level. To increase our understand-

ing on the role of mTOR in mitochondrial biogenesis and energy metabolism, such stud-

ies are essential. The association between the time spent on high-intensity physical ac-

tivity and rs11131691 in twins was not observed in the unrelated subjects. This suggests 

that the association in twins may reflect a false positive result. The association should be 

replicated before definite conclusions can be drawn concerning the role of genetic vari-

ants in FRAP1 on habitual physical activity. 

Taken together, the present study confirms the degree of heritability of objectively 

measured habitual physical activity and shows that variation in the PPARD and 

PPARGC1A genes contributes to the inter-individual variation in habitual physical activity 

and the intensity and duration of the activities performed. The genotypes in PPARD that 

predispose individuals for a decreased mitochondrial capacity and reduced PPARδ mRNA 

levels are associated with lower levels of habitual physical activity. On the other hand, 

high intensity physical activity appears to mediate the association between the onset of 

type 2 diabetes and a genetic predisposition in PPARGC1A. In conclusion, one pathway 

shows compliance with a genetic predisposition of physiologically limited habitual physi-

cal activity; another pathway shows the requirement of high-intensity physical activity to 

prevent or delay the genetically predisposed development of type 2 diabetes. 
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Abstract 

Background: Activity-related energy expenditure is the most variable component of total 

energy expenditure and thus an important determinant of energy balance. 

Objective: To determine whether body composition is related to habitual physical activity 

in both men and women. 

Design: A total of 134 healthy subjects were recruited (80 women, 54 men; aged 21±2 

years; BMI 22.0±2.4 kg/m2). Habitual physical activity was measured for a period of 2 

weeks using a triaxial accelerometer for movement registration (Tracmor). Percentage 

body fat (%BF) was determined by underwater weighing and deuterium dilution accord-

ing to Siri’s three-compartment model. 

Results: The subject characteristics body mass, height and sex together explained a sub-

stantial part of the variation in %BF (R2=0.75, SEE=4.0%). Adding habitual physical ac-

tivity to the model increased the explained variation in %BF with 4% (R2=0.79, 

SEE=3.7%, P<0.001). Taking seasonality into account by adding the number of daylight 

hours as an independent variable further increased the explained variation with 1% 

(R2=0.80, SEE=3.7%, P<0.05). In analogy, the association was evaluated for both sexes 

separately. In women, %BF and habitual physical activity were significantly associated 

(P<0.001). In men, %BF was only associated with habitual physical activity when sea-

sonality was taken into account as well (P<0.05). This probably resulted from men par-

ticipating more in season bound sports, because an association was found without ad-

justing for seasonality when only men with a consistent year-round participation in sports 

were considered. 

Conclusion: Evidence was found for an association between body composition and habit-

ual physical activity in both men and women. A consistent year-round degree of habitual 

physical activity appears to be a prerequisite to reveal the association. Moreover, 

Tracmor assessed habitual physical activity improves the estimate of %BF when a sub-

ject’s characteristics are taken into account. 
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Introduction 

In Westernized societies, the prevalence of obesity is still increasing (1; 2), thereby in-

creasing the population’s risk for secondary diseases like type 2 diabetes mellitus, car-

diovascular diseases and several types of cancer (3-6). Obesity develops when energy 

intake exceeds energy expenditure for a prolonged period of time. In free-living humans, 

activity-related energy expenditure is the most variable component of total energy ex-

penditure (7). The physical activity level (PAL), that is, the factor by which total energy 

expenditure exceeds resting energy expenditure, was shown to range from 1.2 to 2.5 for 

completely sedentary and very physically active lifestyles, respectively (8; 9). Habitual 

physical activity thus sets the upper limit for total energy expenditure (10). Conse-

quently, a reduced habitual physical activity is a potentially important risk factor for a 

positive energy balance that could ultimately result in the onset of obesity (11-16). 

Previously, an association between body composition and activity-related energy expen-

diture has been shown in men but not in women (17; 18). Westerterp and Goran con-

cluded that the association was probably not observed in women due to an increased en-

ergy intake to compensate for a higher degree of habitual physical activity. Furthermore, 

a 16 months exercise intervention resulted in a significant loss of fat mass in men, 

whereas fat mass was not decreased in women (19). This supports the idea that women 

compensate for an increased total energy expenditure by increasing their energy intake 

more than men do (17). However, Westerterp and Goran recruited women aged 19-49 

(18) and Paul et al. recruited women with an average age of 48±10 years (17). When 

Stubbs et al. increased energy expenditure over a period of 7 days by implementing 80 

min of exercise per day in women aged 23±0.6 years, they did not find any compensa-

tion in energy intake (20). This suggests that whether or not women compensate their 

energy intake to meet energy expenditure may depend on age. Consequently, the lack of 

association between body composition and activity-related energy expenditure in women 

may represent an age effect. Therefore, the aim of the present study was to determine 

the association between %BF and habitual physical activity in a population of young men 

and women, with habitual physical activity measured objectively during a prolonged pe-

riod of time using a validated triaxial accelerometer. 

 

  
Methods 

Subjects 

A total of 134 healthy, non-smoking subjects (80 females, 54 males) aged 21±2 years 

were recruited to participate in this study. Subjects were weight stable for at least 6 

months and were not using any medication except for oral contraceptives. Recruitment 

was carried out using flyers in the university building. Information about the purpose and 

protocol of the study was provided both orally and in writing. All subjects provided writ-

ten informed consent before participating in the study. The study conformed to the stan-

dards set by the Declaration of Helsinki and the local Ethics Committee approved the 
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study. We certify that all applicable institutional and governmental regulations concern-

ing the ethical use of human volunteers were followed during this research. Subject 

characteristics (n=134) are presented in Table 1. 
 
Table 1: Subject characteristics 
 
 Men Women 
N 54 80 
Age (years) 21 ± 2 21 ± 2 
Body mass (kg) 76.1 ± 9.9 63.1 ± 7.9 # 
Height (m) 1.85 ± 0.06 1.70 ± 0.06 # 

BMI (kg/m2) 22.3 ± 2.4 21.8 ± 2.5 
%BF 14.0 ± 5.5 26.3 ± 5.1 # 
HPA (MCnts/day) 3789 ± 813 3773 ± 816 
PAL 1.82 ± 0.13 1.82 ± 0.13 
%Low 97.3 ± 1.2 97.0 ± 1.2 
%Moderate 2.0 ± 0.8 2.3 ± 0.9 
%High 0.7 ± 0.6 0.7 ± 0.5 
Sports (h/week) 2.9 ± 2.2 2.4 ± 1.9 
 
BMI, body mass index; %BF, percentage body fat; HPA, Habitual physical activity as measured in 
daily life using a triaxial accelerometer during a period of two weeks; MCnts, Megacounts; PAL, physi-
cal activity level; %Low, %Moderate and %High, proportion of time subjects were physically active at 
a low, moderate and high intensity, respectively; Sports, time spent on sports; Values are means ± 
SD. Significant difference between sexes: # P<0.001. 

Body composition 

%BF was determined as a measure for body composition. Therefore, anthropometric 

measurements were carried out in the morning after an overnight fast. Body mass was 

measured on an electric scale (ID 1 Plus; Mettler Toledo, Giessen, Germany) to the near-

est 0.01 kg. Height was measured to the nearest 0.1cm (Mod. 220; SECA, Hamburg, 

Germany). Body volume was determined using the underwater weighing technique while 

correcting for residual long volume using the helium dilution technique (Volugraph VG 

2000; Mijnhardt, Bunnik, The Netherlands). Total body water was determined overnight 

using the deuterium dilution technique according to the Maastricht protocol (21). Body 

composition was subsequently calculated from body volume and total body water using 

Siri’s three-compartment model (22). 

Habitual physical activity 

Habitual physical activity was measured using a triaxial accelerometer for movement 

registration (Tracmor IV; Philips research, Eindhoven, The Netherlands) sensitive to a 

wide range of body movements. The accelerometer has been validated with doubly la-

belled water, the gold standard for measuring energy expenditure in daily life (23). The 

Tracmor registers accelerations of the trunk along the anterio-posterior, medio-lateral 

and longitudinal axis using three uniaxial piezo-electric accelerometers (details are pro-

vided elsewhere (23)). To ensure a valid reflection of long-term daily life activities, the 

accelerometer was worn for 14 days under free-living conditions. 
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Subjects were instructed to wear the Tracmor from the moment they woke up in the 

morning until they went back to bed at night. To verify whether subjects lived up to this 

instruction, waking hours and clock times of wearing the Tracmor were noted. To make 

sure only representative days were included, the difference between the total time the 

subject was awake and the time the accelerometer was worn was not allowed to exceed 

75 min/day. The few days during which this difference exceeded 75 min were excluded 

from the analysis. 

Habitual physical activity was acquired by summing the output of all three axes and is 

presented as Megacounts per day (MCnts/day). Using Tracmor data, the proportion of 

time subjects were physically active at a low, moderate and high intensity (%Low, 

%Moderate and %High, respectively) was determined. The cut-off points for the intensity 

categories were determined in a pilot study (n=5). The cut-off point for low-intensity 

physical activity was set by Tracmor outputs associated with walking on a treadmill at 

3.5 km/h, which corresponds with approximately 3 metabolic equivalents (METs). For 

moderate-intensity physical activity, a Tracmor output associated with walking on a 

treadmill at 5 km/h was used, which corresponds with approximately 4.5 METs (24). The 

relevant Tracmor outputs were 16.0±3.0 Megacounts per minute (MCnts/min) and 

28.9±3.0 MCnts/min, respectively. All physical activity associated with a Tracmor output 

higher than the latter cut-off point was considered high-intensity physical activity. The 

proportion of time per intensity category was calculated as the sum of all minutes per 

intensity category divided by the total duration of the measurement, that is, 14 days mi-

nus the number of excluded days. 

Using linear regression analysis in a population similar to the present study with respect 

to habitual physical activity, body composition and age, Plasqui et al. were able to predict 

the physical activity level (PAL) with an explained variation of 70% using only Tracmor 

output (23). This regression equation was used in the present study to estimate PAL. 

Statistics 

Differences between sexes were tested using Student’s t-tests for unpaired samples. 

Multiple linear regression analysis was used to test the association between %BF and ha-

bitual physical activity. Body mass, height and sex were taken into account as known 

predictors (25). Furthermore, Plasqui et al. previously showed that PAL is higher in 

summer than in winter. In the present study habitual physical activity was monitored 

year-round. Therefore, the effect of seasonality was taken into account using the number 

of relevant daylight hours for the two weeks monitored (26). The association between 

%BF and the proportion of time subjects were physically active at a low, moderate and 

high intensity was determined using multiple linear regression. The association between 

%BF and habitual physical activity was additionally determined for men and women 

separately taking body mass and height into account. The models obtained using multi-

ple linear regression were checked for (multi-)collinearity using the variance inflation fac-

tor. 
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Statistical analysis was carried out using the Statistical Package for Social Sciences 

(SPSS) version 11 for Macintosh OS X (SPSS Inc.; Chicago, Illinois, USA). Data are ex-

pressed as means ± SD. P-values < 0.05 were considered statistically significant. 

 

 
Results 

There was no significant difference between the habitual physical activity of men and 

women (Table 1). However, the number of daylight hours during the two weeks moni-

tored was significantly higher in women: 11.7±2.9 versus 9.5±2.0 h/day (P<0.001). Af-

ter adjusting for seasonality, habitual physical activity was significantly higher in men 

(P<0.001). PAL values ranged from 1.50 to 2.27 with a mean of 1.82±0.13 (Table 1). 

There was no difference between the proportion of time spent in each intensity category 

for men and women. Body mass and height were significantly higher in men (P<0.001). 

Whereas BMI was comparable between sexes, %BF was significantly higher in women 

(P<0.001) (Table 1). 

The subject characteristics body mass, height and sex together explained a large part of 

the variation in %BF (R2=0.75, SEE=4.0%). Still, adding habitual physical activity to the 

model significantly increased the explained variation in %BF with 4% (R2=0.79, 

SEE=3.7%, P<0.001) with %BF beingnegatively associated with habitual physical activity 

(Figure 1). A significant positive association was observed between habitual physical ac-

tivity and the number of daylight hours during the two weeks monitored (P<0.01). Add-

ing the number of daylight hours to the model to take seasonality into account further 

increased the explained variation in %BF with 1% (Table 2). 

 
 
Figure 1: The residual of percentage body fat (%BF) that cannot be explained by body mass, height, 
sex and seasonality as a function of habitual physical activity (HPA) (P<0.001). BM, body mass in kg; 
height in m; sex, 0 for women, 1 for men; seasonality, the average number of daylight hours during 
the two weeks monitored; MCnts, Megacounts. 
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Table 2: Unstandardized regression coefficients, 95% confidence intervals and P-values with percent-
age body fat as the dependent variable 
 
 B 95% CI for B P 
 R2=0.80, SEE=3.7% 
Constant 58.5    
Body mass (kg) 0.5 0.4 0.6 2.3⋅10-20 # 
Height (m) -33.5 -45.1 -22.0 6.7⋅10-8 # 
Sex (w=0, m=1)  -13.1 -15.1 -11.0 6.8⋅10-24 # 
HPA (MCnts/day) -2.4⋅10-3 -3.0⋅10-3  -2.0⋅10-3 8.3⋅10-7 # 
Seasonality (daylight h) 0.3 0.1 0.6 1.9⋅10-2 * 
 R2=0.77, SEE=3.9% 
Constant -54.0    
Body mass (kg) 0.5 0.4 0.5 1.4⋅10-17 # 
Height (m) -32.2 -44.5 -19.9 8.4⋅10-7 # 
Sex (w=0, m=1)  -13.8 -15.9 -11.7 1.0⋅10-24 # 
%Low 1.1 0.5 1.7 3.3⋅10-4 # 
 R2=0.76, SEE=4.0% 
Constant  53.3    
Body mass (kg) 0.4 0.4 0.5 1.6⋅10-16 # 
Height (m) -30.8 -16.0 -11.6 3.9⋅10-6 # 
Sex (w=0, m=1)  -13.3 -15.6 -11.1 7.4⋅10-24 # 
%Moderate -1.1 -2.0 -0.3 6.7⋅10-3 § 
 R2=0.77, SEE=3.9% 
Constant 59.5    
Body mass (kg) 0.5 0.4 0.6 2.7⋅10-18 # 
Height (m) -36.0 -48.3 -23.6 6.1⋅10-8 # 
Sex (w=0, m=1)  -13.2 -15.3 -11.1 9.4⋅10-24 # 
%High -2.6 -3.9 -1.2 2.4⋅10-4 # 
 
B, Unstandardized regression coefficient; 95% CI for B, 95% confidence interval for B; HPA, habitual 
physical activity as measured in daily life using a triaxial accelerometer during a period of two weeks; 
MCnts, Megacounts; Seasonality, the average number of daylight hours during the two weeks moni-
tored; %Low, %Moderate and %High, proportion of time subjects were physically active at a low, 
moderate and high intensity, respectively; Statistically significant association: * P<0.05; § P<0.01; # 
P<0.001. 

 

 

Adding %Low, %Moderate or %High to a regression model with body mass, height and 

sex as independent variables significantly increased the explained variation in %BF for 

each intensity category (P<0.001, P<0.01 and P<0.001, respectively). %BF was posi-

tively associated with %Low and negatively with %Moderate and %High (Figure 2). Of 

the three intensity categories, only %Low and %Moderate were significantly associated 

with seasonality (negatively, P<0.001 and positively, P<0.001, respectively). 

When analyzing both sexes separately, a discrepancy was observed in the association 

between habitual physical activity and seasonality. In women, no association was found 

(P=0.2) whereas in men there was (P<0.001). In women, body mass and height to-

gether explained 41% of the variation in %BF (R2=0.41, SEE=3.9%). Adding habitual 

physical activity to the model significantly increased the explained variation in %BF with 

17% (Table 3). Adding the number of daylight hours as an independent variable did not 

further improve the model. In men, 46% of the variation in %BF can be explained by 

body mass and height (Table 3). Adding habitual physical activity only improved the 

model if seasonality was taken into account as well (Table 3). Approximately two out of 
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three sports practiced by men were highly season bound with a peak in the summer sea-

son, compared with one out of three in women. When the analysis was repeated for men 

who either did not participate in sports or who participated for at least nine months per 

year (n=30), adding habitual physical activity to a model with body mass and height sig-

nificantly improved the explained variation in %BF with 7% without taking seasonality 

into account (R2=0.60; SEE=4.3%; P<0.05). When only data for the remaining men was 

analyzed, that is, those participating in sports but for less than nine months per year 

(n=24), habitual physical activity did not contribute to the explained variation in %BF 

(P>0.9). 

 
Table 3: Unstandardized regression coefficients, 95% confidence intervals and P-values with percent-
age body fat as the dependent variable for both sexes separately 
 
 B 95% CI for B P 
Women R2=0.58, SEE=3.3% 
Constant 48.1    
Body mass (kg) 0.4 0.4 0.6 2.4⋅10-12 # 
Height (m) -23.7 -36.7 -10.6 5.6⋅10-4 # 
HPA (MCnts/day) -2.6⋅10-3 -4.0⋅10-3 -2.0⋅10-3 2.7⋅10-7 # 
Men R2=0.52, SEE=3.9% 
Constant 58.1    
Body mass (kg) 0.5 0.3 0.6 7.2⋅10-9 # 
Height (m) -42.7 -63.6 -21.9 1.4⋅10-4 # 
Seasonality (daylight h) 0.6 -1.5⋅10-2 1.2 5.5⋅10-2 
Physical activity 
(MCnts/day) 

-1.9⋅10-3 -3.0⋅10-2 0 2.2⋅10-2 * 

 
B, Unstandardized regression coefficient; 95% CI for B, 95% confidence interval for B; HPA, habitual 
physical activity as measured in daily life using a triaxial accelerometer during a period of two weeks; 
MCnts, Megacounts; Seasonality, the average number of daylight hours during the two weeks moni-
tored; Statistically significant association: * P<0.05; # P<0.001. 

 

Discussion 

The aim of this study was to determine whether body composition is associated with ha-

bitual physical activity in both sexes. Therefore, %BF was determined in a population of 

134 young adults using underwater weighing and deuterium dilution according to Siri’s 

three-compartment model. Habitual physical activity was determined in daily life during a 

prolonged period of time using a triaxial accelerometer for movement registration. Evi-

dence was found for an association between %BF and habitual physical activity in both 

men and women. 

In a study population consisting of 747 adults, Deurenberg et al. previously showed that 

the subject characteristics BMI, age and sex together explained 79% of the variation in 

%BF measured by underwater weighing (25). Similar results were obtained here, al-

though in the present study, age did not contribute significantly to the model. A small 

range in age in the present study population can explain this discrepancy. As habitual 

physical activity is known to decrease with increasing age (8; 27), the age range of 18-

27 can probably also explain why the average PAL of 1.82 found here is higher than the 

previously reported population average of 1.77 (8; 28). In a population with a compara-
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ble range in age, Plasqui et al. also found an average PAL of 1.82 (29). The range in PAL 

from 1.50 to 2.27 found in the present population indicates that both sedentary and 

physically active subjects were included. 

 
 

Figure 2: The residual of percentage body fat (%BF) that cannot be explained by body mass, height 
and sex as a function of the proportion of time subjects were physically active at a low (A, P<0.001), 
moderate (B, P<0.01) and high intensity (C, P<0.001) (%Low, %Moderate and %High, respectively). 
BM, body mass in kg; height in m; sex, 0 for women, 1 for men. 
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Adding habitual physical activity to a model with body mass, height and sex as inde-

pendent variables added a significant 4% to the explained variation in %BF. This implies 

that with basic subject characteristics taken into account, %BF was significantly associ-

ated with habitual physical activity. %BF was also positively associated with %Low and 

negatively with %Moderate and %High. In other words, %BF was negatively associated 

with all physical activity with a higher intensity than that associated with walking at 3.5 

km/h. Exchanging habitual physical activity for PAL in the model in Table 2 indicates that 

when assuming causality, an increase of 0.1 in PAL, decreases %BF with 1.5% (data not 

shown). As was shown in table 1, the distribution of BMI in the present population was 

quite narrow. It can be argued that with a higher range in BMI, the association between 

%BF and habitual physical activity would have been even stronger. 

Adjusting the association between %BF and habitual physical activity for seasonality by 

adding the number of daylight hours as an independent variable further increased the 

explained variation in %BF with 1%. Habitual physical activity was monitored year-round 

and was previously shown to be higher in summer than in winter (29). The longitudinal 

results from Plasqui et al. were confirmed here, because a significant, positive associa-

tion was observed between habitual physical activity and the number of daylight hours 

during the two weeks monitored. 

Analyzing the results for both sexes separately showed an association between %BF and 

habitual physical activity in women but not in men. However, seasonal differences in ha-

bitual physical activity were previously shown to be higher in men than in women (29). 

In the present population, analyzing the data for men and women separately resulted in 

an association between habitual physical activity and the number of daylight hours in 

men only. Consequently, taking seasonality into account by adding the number of day-

light hours to a model with body mass, height and habitual physical activity as independ-

ent variables did not increase the explained variation in %BF in women. In men on the 

other hand, taking seasonality into account was a prerequisite for an association between 

%BF and habitual physical activity to be revealed. Plasqui et al. attributed the higher 

seasonal differences in habitual physical activity in men compared with women to a 

higher PAL for men in the summer season. Furthermore, they concluded from their data 

that the more active subjects were in summer, the less likely it was they maintained 

their activity level in the winter season (29). Due to the cross sectional design of the pre-

sent study, no conclusions about intra-individual seasonal differences in habitual physical 

activity can be drawn. However, approximately two out of three sports practiced by men 

were highly season bound with peaks in the summer season, compared with only one out 

of three in women. This difference may explain why, in the present study, habitual physi-

cal activity was only associated with seasonality in men and why taking seasonality into 

account was required for the association between %BF and habitual physical activity to 

be revealed in men. Indeed, when repeating the analysis for men with a consistent year-

round participation in sports, that is, those either not participating in sports or doing so 

for at least 9 months per year, a significant association between %BF and habitual physi-

cal activity was shown without taking seasonality into account. This association was not 

observed when the analysis was repeated for the remaining men, that is, those partici-

pating in sports but for less than 9 months per year. The results suggest that %BF is 
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only negatively associated with habitual physical activity in subjects with a consistent 

year-round participation in sports. In other words, a variable year-round degree of habit-

ual physical activity obscures the association between %BF and habitual physical activity. 

As described earlier, the discrepancy between sexes in the association between body 

composition and activity-related energy expenditure shown in previous studies was con-

cluded to result from an increased energy intake to compensate for a higher energy ex-

penditure in women compared with men (18). Given that in young women, no compen-

sation in energy intake was shown in response to an increase in energy expenditure 

(20), we hypothesized an age effect for this compensatory mechanism. This hypothesis is 

affirmed by the association between body composition and habitual physical activity 

shown in the present study. 

In conclusion, evidence was found for a negative association between %BF and habitual 

physical activity in both men and women. A consistent year-round degree of habitual 

physical activity appears to be a prerequisite to reveal the association. Finally, Tracmor 

assessed habitual physical activity improves the estimate of %BF when a subject’s char-

acteristics are taken into account. 
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Abstract 

Background: The postprandial responses in (an)orexigenic hormones and feelings of 

hunger are characterized by large inter-individual differences. Food intake regulation was 

shown earlier to be partly under genetic control. 

Objective: This study aimed to determine whether the postprandial responses in 

(an)orexigenic hormones and parameters of food intake regulation are associated with 

single nucleotide polymorphisms (SNPs) in genes encoding these hormones and their re-

ceptors. 

Design: Peptide YY (PYY), Glucagon-like peptide 1 (GLP-1) and ghrelin levels as well as 

feelings of hunger and satiety were determined pre- and postprandially in 62 women and 

41 men (aged 31±14 years; body mass index 25.0±3.1 kg/m2). Dietary restraint, disin-

hibition and perceived hunger were determined using the three-factor eating question-

naire (TFEQ). SNPs were determined in the GHRL, GHSR, LEP, LEPR, PYY, NPY, NPY2R 

and CART genes. 

Results: The postprandial response in plasma ghrelin levels was associated with SNPs in 

PYY (215G>C, P<0.01) and LEPR (326A>G and 688A>G, P<0.01), and in plasma PYY 

levels with SNPs in GHRL (-501A>C, P<0.05) and GHSR (477G>A, P<0.05). The post-

prandial response in feelings of hunger was characterized by a SNP-SNP interaction in-

volving SNPs in LEPR and NPY2R (668A>G and 585T>C, P<0.05). Dietary restraint and 

disinhibition were associated with a SNP in GHSR (477G>A, P<0.05), and perceived hun-

ger with SNPs in GHSR and NPY (477G>A and 204T>C, P<0.05). 

Conclusions: Part of the inter-individual variability in postprandial responses in 

(an)orexigenic hormones can be explained by genetic variation. These postprandial re-

sponses represent either long-term physiological adaptations that facilitate homeostasis 

or reinforce direct genetic effects. 
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Introduction 

Energy balance is maintained when energy intake matches energy expenditure. To fine-

tune energy intake to energy expenditure, an adequate food intake regulation is crucial. 

Food intake regulation is mainly a behavioural-physiological interaction between the indi-

vidual and the environment, with hypothalamic receptors responding to peripherally re-

leased (an)orexigenic hormones like leptin, peptide YY (PYY), glucagon-like peptide 1 

(GLP-1) and ghrelin. Leptin decreases food intake through the leptin receptor (LEPR) by 

acting upon pro-opiomelanocortin (POMC), cocaine and amphetamine regulated tran-

script (CART) and agouti-related protein (AGRP). POMC expression in the arcuate nucleus 

is increased by leptin, resulting in the excitation of hypothalamic neurons expressing 

melanocortin 4 receptor (MC4R) through axons containing α-melanocyte-stimulating 

hormone (α-MSH) (1). CART is also stimulated by leptin, thereby inhibiting feeding and 

antagonizing the feeding response induced by the orexigenic neuropeptide Y (NPY) (2). 

AGRP on the other hand is downregulated by leptin (3; 4), thereby disinhibiting both the 

MC4R and the NPY 2 receptor (NPY2R). Furthermore, there is evidence that physiological 

levels of leptin stimulate GLP-1 release in humans in a dose dependent manner (5). GLP-

1 binds to G-protein linked receptors on islet β-cells and decreases food intake in healthy 

and obese subjects (6). PYY also reduces appetite and food intake (7), by stimulating 

POMC neurons and by inhibiting NPY neurons (8) through the NPY2R (9). In addition, in-

fusion of PYY decreased plasma ghrelin levels during the fasting period and abolished its 

preprandial rise (7). Ghrelin is known to increase food intake through the ghrelin recep-

tor (GHSR) by activating NPY and AGRP-containing neurons in the hypothalamus (10; 

11). The interaction between these (an)orexigenic hormones and their receptors is 

schematically presented in figure 1. 

Fasting levels of several (an)orexigenic hormones were shown to be strongly genotype 

dependent, suggesting a genetic background in the physiological regulation of food in-

take. Fasting leptin levels were associated with the -2548G>A single nucleotide polymor-

phism (SNP) in the coding region of the leptin gene (LEP) and the 668A>G SNP in the 

leptin receptor gene (LEPR) (12-14), fasting plasma PYY levels were associated with a 

rare variant in the PYY gene (PYY) (15) and fasting plasma ghrelin levels appeared to be 

associated with the -501A>C SNP in the promoter region of the ghrelin gene (GHRL) 

(16). 

Cognitive aspects, such as dietary restraint, disinhibition and perceived hunger, also play 

a role in food intake regulation. A genetic component has been shown in this respect as 

well, with the heritability for dietary restraint, disinhibition and perceived hunger ranging 

from 23% to 59%, 0% to 60% and 23% to 45%, respectively (17-19). The genes in-

volved in these predispositions have not yet been identified. 
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Figure 1: A model for the physiological regulation of food intake by peripherally released 
(an)orexigenic hormones and their hypothalamic receptors (in grey). GLP-1, Glucagon-like peptide 1; 
GLP-1R, G-protein coupled receptor islet β-cell; PYY, peptide YY; POMC, Pro-opiomelanocortin; AGRP, 
Agouti-related protein; CART, Cocaine and amphetamine-regulated transcript; NPY, Neuropeptide Y; 
α-MSH, Alpha-melanocyte-stimulating hormone; MC4R, Melanocortin 4 receptor; NPY2R, NPY 2 recep-
tor. Bold lines represent excitatory effects, thin lines represent inhibitory effects. 

 

 

Most studies in which the associations between plasma levels of (an)orexigenic hormones 

and genetic polymorphisms were determined focused on fasting hormone levels. How-

ever, humans are in a postprandial state during the largest part of the day, that is, from 

breakfast onward. Therefore, the postprandial responses of these hormones are poten-

tially important for the physiological regulation of food intake as well. These postprandial 

responses are characterized by a large inter-individual variability (20) that can only 

partly be explained by confounders like body mass index (BMI) and sex (21; 22). We hy-

pothesized that part of this variability can be explained by genetic variation. To increase 

our understanding of food intake regulation, the objective of this study was to determine 

whether the postprandial responses in (an)orexigenic hormones and feelings of hunger 

and satiety are associated with SNPs in genes encoding these proteins and their recep-

tors. Moreover, possible associations between dietary restraint, disinhibition and per-

ceived hunger, measured using the three-factor eating questionnaire (TFEQ), and these 

SNPs were investigated. 
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Methods 

Data were collected from intervention studies on the effect of proteins and/or protein 

contents on the postprandial responses in plasma PYY, GLP-1 and ghrelin levels as well 

as feelings of hunger and satiety. Subjects came to the university in the morning and re-

ceived fixed meals in energy balance and according to energy requirement as calculated 

using the formula of Harris and Benedict (23). The meals contained 27, 45 and 28 per-

cent of energy from protein, carbohydrate and fat, respectively. 

Subjects 

Subjects were recruited using flyers in the university building and advertisements in a 

local newspaper. Postprandial responses of (an)orexigenic hormones and feelings of hun-

ger and satiety were determined in a total of 103 subjects of Western European descent 

(62 women and 41 men, age 31±14 years, BMI 25.0±3.1 kg/m2). For plasma PYY, GLP-1 

and ghrelin levels and feelings of hunger and satiety, 60, 78, 70, 102 and 103 subjects, 

respectively were available. The study conformed to the standards set by the Declaration 

of Helsinki and the local Ethics Committee approved the study. Subjects provided written 

informed consent before participating. 

Phenotypes 

Plasma concentrations of PYY (3-36), active GLP-1 and active ghrelin were determined 

pre- and postprandially as described previously (24). Feelings of hunger and satiety were 

determined using visual analogue scales. After adjusting for baseline levels, the post-

prandial responses of plasma PYY (increases), GLP-1 (increases) and ghrelin (decreases) 

levels as well as of feelings of hunger (decreases) and satiety (increases) were deter-

mined. For all responses, subjects were characterized as responders or non-responders 

on 1) the initial rate of the response; 2) the absolute response, that is, the difference be-

tween the baseline level and the maximal/minimal postprandial level obtained and 3) the 

postprandial area under the curve, measured until 3-4.5 h postprandially. A high post-

prandial response can either refer to a strong postprandial increase (for plasma PYY and 

GLP-1 levels as well as for feelings of satiety), or a strong postprandial decrease (for 

plasma ghrelin levels and for feelings of hunger). Subjects were dichotomized using sex- 

and study-specific median values, resulting in an approximately equal number of re-

sponders and non-responders per phenotype, meanwhile taking possible sex differences 

into account. 

Attitude towards eating was determined using the Dutch translation of the Three-Factor 

Eating Questionnaire (TFEQ) (25). The first factor measures dietary restraint eating, that 

is, the control of food intake by thought and will power. The second factor, disinhibition, 

represents the incidental inability to resist eating cues and can also be seen as inhibition 

of dietary restraint; in normal weight subjects it represents emotional eating. Factor 

three represents the overall feeling of hunger. 
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DNA isolation and SNP genotyping 

Genomic DNA was isolated from peripheral blood leukocytes using the QIAamp blood kit 

from Qiagen (Amsterdam, The Netherlands). SNPs in genes encoding proteins that exert 

or mediate (an)orexigenic effects were selected. To ensure an ample number of subjects 

are homozygous for the minor alleles, candidate SNPs should have a minor allele fre-

quency in Europeans of at least 25% as indicated by the SNP public database (dbSNP; 

http://www.ncbi.nlm.nih.gov/SNP). Moreover, only SNPs that were associated earlier 

with relevant phenotypes, such as BMI or body composition, were considered. This re-

sulted in the selection of nine SNPs in eight genes (Table 1): the -501A>C SNP in the 

promoter region of GHRL (rs26802); the silent 477G>A SNP in codon 159 (Arg) of the 

ghrelin receptor gene (GHSR) (rs572169); the -2548G>A SNP in the coding region of LEP 

(rs7799039); the 326A>G and 668A>G SNPs in LEPR resulting in amino acid substitu-

tions Lys109Arg and Gln223Arg (rs1137100 and rs1137101, respectively); the 215G>C 

SNP in PYY resulting in the non-synonymous amino acid substitution Arg72Thr 

(rs1058046); the silent 204T>C SNP in codon 68 (Ser) of the neuropeptide Y gene (NPY) 

(rs5574); the silent 585T>C SNP in codon 195 (Ile) of the neuropeptide Y 2 receptor 

gene (NPY2R) (rs1047214) and the -156A>G SNP in the promoter region of the cocaine 

and amphetamine regulated transcript gene (CART) (rs35862863). 

Genotyping was performed using commercially available TaqMan SNP genotyping assays 

from Applied Biosystems (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. Results for SNPs that were de-

termined in reversed direction are reported as if performed forward, i.e. in accordance 

with the literature. 

Statistics 

Data for the postprandial responses were analyzed with dichotomized responses per 

phenotype (‘0’=non-responder, ‘1’=responder) as dependent variables. For dichotomized 

responses per phenotype, logistic regression analyses with two dummy variables per SNP 

were used to determine parameter estimates for the heterozygous and homozygous mu-

tant genotypes. Subjects homozygous for the common allele were used as the reference 

group. When six or less subjects were homozygous for the minor allele, carriers of the 

minor allele were pooled to decrease the chance of false positive results. This was the 

case for the postprandial response in plasma PYY levels in 477G>A in GHSR and for the 

326A>G SNP in LEPR. 

As age and BMI were not normally distributed among subjects, the Kruskal Wallis and 

Mann-Whitney U tests were used to determine the associations between BMI and the 

SNPs and between the postprandial responses and BMI, respectively. 

For the postprandial response in feelings of hunger and satiety, the number of subjects 

was sufficient to test for epistatic interactions. To identify these interactions, the multi-

factor dimensionality reduction (MDR) method was used. MDR is a frequently used multi-
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locus method (26-28) that was applied as described earlier by Heidema et al. (29). 

Briefly, we applied the MDR software (http://www.epistasis.org) to our dataset using 10-

fold cross-validation to determine the best model for main SNP-SNP effects. The 10-fold 

cross-validation was repeated 10 times, using a different seed value each time to protect 

against chance divisions of the dataset. Finally, applying the MDR permutation module, 

we tested the significance of the testing accuracy of the best model by forming a 1000 

datasets with the case status permuted randomly. This way, we validated for each phe-

notype whether the model was significantly associated with responder status. Subse-

quently, logistic regression was used for the significant models to obtain a statistical in-

terpretation (29). 

As dietary restraint, disinhibition and perceived hunger were not normally distributed 

among subjects, the Kruskal Wallis test was used to determine the association between 

these phenotypes and the relevant SNPs. Age, BMI, dietary restraint, disinhibition and 

perceived hunger were subsequently log-transformed for further analyses. Multiple linear 

regression analyses were used to test for associations between dietary restraint, disin-

hibition and perceived hunger with the selected SNPs taking subject characteristics into 

account. P-values < 0.05 were considered statistically significant. 

 

 
Results 

The genotypic and allelic distributions of the determined SNPs are provided in Table 1. All 

SNPs were in Hardy Weinberg equilibrium. The 326A>G SNP and the 668A>G SNP 

(LEPR) were in linkage disequilibrium (LD) (R=0.66, P<0.0001), indicating that the in-

formation these SNPs provide overlaps. Both SNPs were included for further analyses. 

For all SNPs, BMI was similar between genotypes (P>0.05). BMI was also similar be-

tween responders and non-responders for all postprandial responses (P>0.05). Correct-

ing the associations for age and BMI did not change the results. The associations be-

tween postprandial responses in plasma PYY, GLP-1 and ghrelin levels with the SNPs de-

termined are described below and are shown in Figure 3. 

Postprandial responses in plasma PYY, GLP-1 and ghrelin levels as well as feel-

ings of hunger and satiety: single-SNP associations 

Baseline values for plasma PYY, GLP-1 and ghrelin levels, as well as for feelings of hun-

ger and satiety were similar between genotypes (P>0.05) (Table 2). Subjects with a high 

postprandial response in plasma PYY levels were overrepresented among the CC and AC 

genotypes of the -501A>C SNP (GHRL) compared with the AA genotype (P<0.05). Sub-

jects with a high postprandial response in plasma PYY levels were also more frequently 

homozygous for the common G allele of the 477G>A SNP (GHSR) than expected based 

on chance (P<0.05) (Table 3). No associations were found between the postprandial re-

sponse in plasma GLP-1 levels and any of the SNPs determined. 
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Table 1: Genotypic and allelic distributions per single nucleotide polymorphism 
 
Gene SNP Genotype F (n) F (%) Allele F (%) HWE 
GHSR 477G>A 

(Arg159Arg) 
GG  
GA 
AA 

38 
51 
14 

36.9 
49.5 
13.6 

G 
A 

61.7 
38.3 

0.63 

GHRL -501A>C AA 
AC 
CC 

46 
44 
13 

44.7 
42.7 
12.6 

A 
C 

66.0 
34.0 

0.63 

AA 
AG 
GG 

45 
52 
6 

43.7 
50.5 
5.8 

A 
G 

68.9 
31.1 

0.07 LEPR 326A>G 
(Lys109Arg) 
 
668A>G 
(Gln223Arg) 

AA 
AG 
GG 

29 
51 
23 

28.2 
49.5 
22.3 

A 
G 

52.9 
47.1 

0.95 

LEP -2548G>A GG 
GA 
AA 

29 
47 
27 

28.2 
45.6 
26.2 

G 
A 

51.0 
49.0 

0.38 

PYY 215G>C 
(Arg72Thr) 

GG 
GC 
CC 

38 
52 
13 

36.9 
50.5 
12.6 

G 
C 

62.1 
37.9 

0.46 

NPY 204T>C 
(Ser68Ser) 

TT 
TC 
CC 

30 
50 
23 

29.1 
48.5 
22.3 

T 
C 

53.4 
46.6 

0.80 

NPY2R 585T>C 
(Ile195Ile) 

TT 
TC 
CC 

34 
46 
23 

33.0 
44.7 
22.3 

T 
C 

55.3 
44.7 

0.33 

CART -156A>G AA 
AG 
GG 

26  
57  
20 

25.2 
55.3 
19.4 

A 
G 

52.9 
47.1 

0.26 

 
F, Frequency, either absolute (n) or relative (%); HWE, P-value obtained from the χ2 test of Hardy 
Weinberg equilibrium. For all single nucleotide polymorphisms (SNPs), a 100% success rate was ac-
complished. 

 

 

Subjects with a high postprandial response in plasma ghrelin levels were overrepresented 

among carriers of 109Arg-encoding allele of the 326A>G SNP (LEPR) compared with sub-

jects homozygous for the common 109Lys-encoding allele (P<0.01). Furthermore, sub-

jects with a high postprandial response in plasma ghrelin levels were overrepresented 

among those homozygous for the 223Arg-encoding allele of the 668A>G SNP (LEPR) 

compared with those homozygous for the 223Gln-encoding allele (P<0.01). The post-

prandial response in plasma ghrelin levels was also associated with the 215G>C SNP 

(PYY); subjects with a high postprandial response were more frequently homozygous for 

the 72Thr-encoding allele than expected based on chance. As none of the subjects ho-

mozygous for the 72Thr-encoding allele was characterized by a low postprandial re-

sponse in plasma ghrelin levels, it was not possible to obtain a parameter estimate for 

this association by logistic regression. Therefore, the Fisher’s exact test was used instead 

(P<0.01) (Table 3). 

Subjects with a high postprandial response in feelings of hunger were overrepresented 

among subjects homozygous for the common G allele of the -2548G>A SNP (LEP) com-

pared with heterozygous subjects (P<0.05) but not compared with subjects homozygous 

for the A allele. Similarly, subjects with a high postprandial response in feelings of hun-
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ger were overrepresented among subjects homozygous for the common 223Gln-encoding 

allele of the 668A>G SNP (LEPR) compared with heterozygous subjects (P<0.05) but not 

compared with subjects homozygous for the 223Arg-encoding allele. No associations we-

re observed between the postprandial response in feelings of satiety and any of the SNPs 

determined. An overview of all significant associations with odds ratios, 95% confidence 

intervals and P-values is provided in Table 3. 
 
Table 2: Baseline PYY, GLP-1 and ghrelin levels per genotype 
 
Gene SNP Genotypes PYY (pmol/L) GLP-1 (pmol/L) Ghrelin (pmol/L) 

477G>A GG 32.8 ± 7.6 (25) 3.3 ± 3.5 (30) 26.0 ± 17.5 (26) 
GA 31.0 ± 6.6 (30) 2.6 ± 3.6 (39) 27.7 ± 24.6 (32) 

GHSR 
(Arg159Arg) 

AA 29.4 ± 3.9 (5) 2.4 ± 2.0 (9) 22.8 ± 17.6 (12) 
AA 32.8 ± 7.3 (25) 2.0 ± 2.8 (32) 26.4 ± 21.8 (31) 
AC 32.2 ± 5.9 (25) 3.5 ± 3.8 (34) 23.4 ± 14.7 (31) 

GHRL -501A>C 

CC 27.4 ± 7.1 (10) 3.1 ± 3.6 (12) 36.4 ± 34.2 (8) 
326A>G AA 32.0 ± 6.9 (31) 3.2 ± 3.9 (38) 26.5 ± 19.3 (27) 

AG 30.6 ± 6.7 (25) 2.7 ± 3.0 (36) 26.9 ± 22.2 (41) (Lys109Arg) 
GG 35.2 ± 8.3 (4) 1.1 ± 0.3 (4) 08.8 ± 2.9 (2) 

668A>G AA 32.0 ± 7.3 (21) 3.4 ± 4.0 (26) 30.4 ± 21.4 (19) 
AG 30.6 ± 6.6 (29) 2.2 ± 2.5 (35) 25.5 ± 22.3 (33) 

LEPR 

(Gln223Arg) 
GG 33.7 ± 6.8 (10) 3.3 ± 4.0 (17) 23.0 ± 17.7 (18) 

GG 30.7 ± 7.2 (18) 2.5 ± 2.6 (21) 31.5 ± 30.4 (16) 
GA 31.3 ± 7.7 (25) 2.4 ± 3.4 (34) 26.6 ± 20.2 (34) 

LEP -2548G>A 

AA 33.2 ± 5.3 (17) 3.9 ± 3.9 (23) 21.4 ± 9.7 (20) 
215G>C GG 32.8 ± 8.5 (25) 3.2 ± 4.1 (32) 25.3 ± 12.4 (25) 

GC 30.7 ± 5.6 (27) 2.8 ± 3.1 (36) 24.6 ± 22.0 (27) 
PYY 

(Arg72Thr) 
CC 31.2 ± 5.0 (8) 1.8 ± 1.2 (10) 36.6 ± 34.5 (8) 

204T>C TT 28.5 ± 6.6 (19) 2.8 ± 3.7 (27) 33.6 ± 27.0 (21) 
TC 33.3 ± 7.7 (24) 2.6 ± 2.6 (31) 21.9 ± 18.7 (36) 

NPY 
(Ser68Ser) 

CC 32.8 ± 4.8 (17) 3.3 ± 4.1 (20) 26.3 ± 10.7 (13) 
585T>C TT 30.5 ± 6.4 (23) 2.4 ± 3.1 (28) 31.0 ± 21.2 (18) 

TC 33.4 ± 8.2 (24) 3.0 ± 3.5 (35) 25.9 ± 20.9 (34) 
NPY2R 

(Ile195Ile) 
CC 30.3 ± 4.1 (13) 3.3 ± 3.9 (15) 22.1 ± 20.8 (18) 
AA 32.4 ± 6.3  (16) 3.0 ± 4.1 (21) 23.7 ± 21.8 (16) 
AG 31.8 ± 8.2 (29) 3.0 ± 3.6 (40) 25.2 ± 18.5 (44) 

CART -156A>G 

GG 30.5 ± 4.5 (15) 2.3 ± 1.8 (17) 34.7 ± 28.5 (10) 
 
No significant differences in plasma PYY, GLP-1 and ghrelin levels were observed between genotypes. 
Data are presented as means ± SD (number of subjects). 

Postprandial responses in plasma PYY, GLP-1 and ghrelin levels as well as feel-

ings of hunger and satiety: epistatic interactions 

MDR revealed a significant epistatic interaction for the postprandial response in feelings 

of hunger involving the 668A>G SNP (LEPR) and the 585T>C SNP (NPY2R) (Figure 2A). 

The prediction accuracy of the model was 66.1% (P=0.05). Logistic regression subse-

quently showed that subjects with a high postprandial response in feelings of hunger 

were overrepresented among subjects homozygous for the common allele in both SNPs 

compared with subjects carrying at least one 223Arg-encoding allele in 668A>G and at 

least one C allele in 585T>C (P<0.05) (Figure 2B). 
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Table 3: Associations between postprandial responses and single nucleotide polymorphisms 
 
Gene SNP Response Genotype OR 95% CI P-value 
GHRL -501A>C PYYABS AC 

CC 
3.27 
10.29 

1.01 
1.74 

10.62 
60.90 

0.05 
0.01 

GHSR 477G>A PYYABS GA/AA  0.33 0.11 0.97 0.04 
LEPR 326A>G 

 
GhrelinABS 

GhrelinAUC 

AG/GG 
AG/GG 

4.01 
4.01 

1.43 
1.43 

11.25 
11.25 

0.01 
0.01 

 668A>G 
 

GhrelinAUC 
 
HungerABS 
 
HungerAUC 
 

AG 
GG 
AG 
GG 
AG 
GG 

2.98 
7.28 
0.34 
1.13 
0.26 
0.37 

0.87 
1.71 
0.13 
0.35 
0.09 
0.11 

10.2 
31.08 
0.88 
3.67 
0.72 
1.26 

0.08 
0.01 
0.03 
0.84 
0.01 
0.11 

PYY 215G>C  GhrelinAUC GC/CC - - - 0.01a 
LEP -2548G>A HungerRATE GA 

AA 
0.30 
0.84 

0.11 
0.28 

0.79 
2.53 

0.01 
0.76 

 
Response, dependent variable; Genotype, independent variable; OR, odds ratio; 95% CI, 95% confi-
dence interval for odds ratio; ABS, Absolute postprandial response, i.e. the absolute difference be-
tween the baseline value and the minimal/maximal postprandial value; AUC, postprandial area under 
the curve; RATE, initial postprandial rate of response. All responses were dichotomized (‘0’=non-
responders; ‘1’=responders) and models were obtained using logistic regression. For all SNPs, the 
effects shown are relative to the subjects homozygous for the wildtype allele (reference group). For 
477G>A and 326A>G, data were pooled for the least frequent allele. For 215G>C, subjects homozy-
gous for the minor allele (C) were not represented among the non-responders. Consequently, the P-
value of the Fisher’s exact test was used for this SNP (a). 
 

 

 
 
Figure 2: SNP-SNP interaction for the postprandial response in feelings of hunger (area under the 
curve) involving the 668A>G SNP (LEPR) and the 585T>C SNP (NPY2R). In each segment, the bar on 
the left represents the number of responders, i.e. the subjects with a high postprandial response in 
feelings of hunger, and the bar on the right represents the number of non-responders. A shows the 
output obtained using Multifactor Dimensionality Reduction (MDR) (P=0.05). B provides the statistical 
interpretation of the model obtained using logistic regression with AATT carriers as the reference 
group. Carriers of the 223Arg-encoding allele G in 668A>G and carriers of the C allele in 585T>C 
were pooled (AG/GG and TC/CC, respectively). For each segment, the 95% confidence interval is 
shown in the left upper corner and the odds ratio in the right upper corner. * P<0.05. 
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Dietary restraint, disinhibition and perceived hunger: single-SNP associations 

Values obtained for dietary restraint, disinhibition and perceived hunger were 5.1±2.8, 

4.5±2.4 and 4.3±2.7, respectively. Dietary restraint and disinhibition were higher in GA 

and AA carriers of the 477G>A SNP (GHSR) than in subjects homozygous for the com-

mon G allele (5.6±2.8 versus 4.2±2.5 and 4.9±2.4 versus 3.6±2.2 for dietary restraint 

and disinhibition, respectively (P<0.05)). Perceived hunger was significantly associated 

with the 477G>A SNP (GHSR) and the 204T>C SNP (NPY) considered together, with per-

ceived hunger being higher in subjects carrying the A allele in 477G>A and the C allele in 

204T>C compared with subjects homozygous for the G and T alleles, respectively 

(P<0.05, R2=0.13) (Table 4). 

Dietary restraint was significantly associated with sex and BMI (P<0.001, R2=0.15). Add-

ing the 477G>A SNP (GHSR) to a model with sex and BMI significantly increased the ex-

plained variation to 20% (P<0.05), indicating an additional effect (Table 4). Disinhibition 

and perceived hunger were not associated with sex, age or BMI. As a result, correcting 

the associations for these variables did not change the results. 

 
Table 4: Associations between dietary restraint, disinhibition and perceived hunger with single nu-
cleotide polymorphisms 
 
Gene(s) SNP Response Parameter B 95% CI P-value 
GHSR 477G>A Dietary restraint GA 

AA 
Sex 
BMI 

0.30 
0.35 
-0.36 
1.61 

0.03 
-0.04 
-0.61 
0.61 

0.57 
0.73 
-0.11 
2.61 

0.03 
0.08 
0.006 
0.002 

GHSR 477G>A Disinhibition GA 
AA 

0.36 
0.43 

0.10 
0.05 

0.62 
0.82 

0.01 
0.03 

GHSR 
 
NPY 

477G>A 
 
204T>C 
 

Perceived hunger GA 
AA 
TC 
CC 

0.33 
0.54 
0.44 
0.42 

0.03 
0.08 
0.11 
0.02 

0.64 
1.00 
0.78 
0.83 

0.03 
0.02 
0.01 
0.04 

 
Response, dependent variable; Parameter, independent variable; B, unstandardized regression coeffi-
cient; 95% CI, 95% confidence interval for B. Models were obtained using linear regression analyses. 
For all SNPs, the effects shown are relative to the subjects homozygous for the common allele (refer-
ence group).  

 

Discussion 

Single SNP associations were observed between the postprandial response in plasma PYY 

levels and SNPs in GHRL and GHSR and between the postprandial response in plasma 

ghrelin levels and SNPs in PYY and LEPR. An epistatic interaction for the postprandial re-

sponse in feelings of hunger was observed involving SNPs in LEPR and NPY2R. Dietary 

restraint and disinhibition were associated with a SNP in GHSR. Perceived hunger was 

associated with SNPs in GHSR and NPY. 

C allele carriers of the -501A>C SNP (GHRL) were shown earlier to have higher fasting 

ghrelin levels than subjects with the AA genotype (16). Increased plasma ghrelin levels 

are known to initiate meals (30) and increase food intake (31) in humans. Based on fast-
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ing plasma ghrelin levels, CC carriers are thus at increased risk for overeating. However, 

subjects homozygous for the C allele had a lower BMI and tended to have a lower waist 

circumference than AA and AC carriers (16), suggesting an adequate food intake regula-

tion. This paradox may be explained by an association observed in the present study; 

subjects with a high postprandial response in the anorectic hormone PYY were overrepre-

sented among subjects homozygous for the C allele compared with subjects homozygous 

for the common A allele. This association can be regarded as a long-term physiological 

adaptation required to facilitate homeostasis in these subjects at increased risk for over-

eating since they are homozygous for the C allele in -501A>C. 

 

 
 
Figure 3: A model for the association between the postprandial response (PPR) in plasma ghrelin and 
PYY levels and feelings of hunger, as well as cognitive aspects of food intake regulation (in grey) with 
SNPs encoding (an)orexigenic hormones and their receptors. F1,2,3, Scores on dietary restraint, dis-
inhibition of dietary restraint and perceived hunger as obtained using the Three-Factor Eating Ques-
tionnaire. Bold lines represent excitatory effects, thin lines represent inhibitory effects. The effects 
represent the genotypes shown compared with subjects homozygous for the common allele. 

 

 

The idea of genotype-related long-term physiological adaptations that facilitate homeo-

stasis is supported by another observation. The 668A>G SNP (LEPR) was hypothesized 

earlier to affect the functionality of the leptin receptor, with the variant G allele (Arg) re-

sulting in a leptin resistant state (14; 32). Resistance to leptin is known to increase food 
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intake, in extreme cases resulting in early-onset morbid obesity (33; 34). However, sub-

jects homozygous for the 223Arg-encoding allele had a higher BMI than subjects homo-

zygous for the common 223Gln-encoding allele in some (14; 35; 36), but not all studies 

(37; 38). Again, long-term physiological adaptations required to facilitate homeostasis 

may be involved. First of all, subjects homozygous for the 223Arg-encoding allele were 

shown earlier to have higher plasma leptin levels (14; 35). Moreover, in the present 

study, subjects with a high postprandial response in plasma ghrelin levels were over-

represented among subjects homozygous for the 223Arg-encoding allele compared with 

subjects homozygous for the 223Gln-encoding allele. Both effects protect subjects homo-

zygous for the 223Arg-encoding allele from overeating, thereby facilitating homeostasis. 

Analogous to the association shown for 668A>G, subjects with a higher postprandial re-

sponse in plasma ghrelin levels were overrepresented among carriers of the 109Arg-

encoding allele (G) of the 326A>G SNP (LEPR) compared with subjects homozygous for 

the common 109Lys-encoding allele (A). These SNPs were in LD, as was observed by 

others (35; 37; 39). The association reduces the risk for overeating in subjects homozy-

gous for the 109Arg-encoding allele, consistent with results from Rosmond et al. who 

showed a lower BMI and abdominal sagittal diameter in subjects with this genotype (38). 

The association between the postprandial response in plasma ghrelin levels and the 

326A>G SNP thus seems to reflect a long-term physiological adaptation that facilitates 

homeostasis as well. However, in spite of their LD, no association was observed earlier 

between fasting plasma leptin levels and the 326A>G SNP (14; 35). 

Two cases in which the postprandial responses in (an)orexigenic hormones actually rein-

force direct effects were also identified in the present study. First of all, the A allele of 

the 477G>A SNP (GHSR) was shown earlier to increase the risk for obesity between 41% 

and 56% (40). Baessler et al. concluded that the promoter regulatory elements of tran-

scriptional initiation were probably affected. This way, genetic variation in GHSR alters 

expression of the ghrelin receptor protein, which affects ghrelin signalling and ultimately 

food intake regulation. We showed that the increased risk for obesity in A allele carriers 

was reinforced by a reduced postprandial response in plasma PYY levels in subjects with 

this genotype. A cognitive component may also be involved, since A allele carriers of the 

477G>A SNP had a higher dietary restraint, disinhibition and perceived hunger than sub-

jects homozygous for the G allele. Restrained eaters were shown earlier to consume less 

energy, take fewer meals and show a higher preference for low-calorie foods than unre-

strained eaters (41; 42). This suggests that subjects carrying the A allele may be at re-

duced risk for overeating. However, energy balance can only be maintained when a high 

score on dietary restraint is combined with a low score on disinhibition (43). Further-

more, subjects suffering from feelings of hunger were previously concluded to be espe-

cially vulnerable to disinhibit dietary restraint (44). In subjects carrying the A allele, a 

high score on dietary restraint is accompanied by high scores on disinhibition and per-

ceived hunger, thereby providing a cognitive explanation for an increased risk for over-

eating in these subjects, which is in line with the SNP’s direct effect on ghrelin signalling. 

Secondly, subjects homozygous for the common 72Arg-encoding allele (G) in the 

215G>C SNP (PYY) were previously shown to have 20% lower fasting plasma PYY levels 

than subjects homozygous for the minor 72Thr-encoding allele (C) (45). Considering the 
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role of PYY as an anorectic hormone, this is anticipated to increase the risk for overeating 

in subjects homozygous for the 72Arg-encoding allele. Indeed, these subjects had a 

higher risk for developing obesity than carriers of the 72Thr-encoding allele (45). The 

present study showed that subjects with a higher postprandial response in plasma ghre-

lin levels were overrepresented among subjects homozygous for the 72Thr-encoding al-

lele compared with subjects homozygous for the common 72Arg-encoding allele. This 

provides subjects homozygous for the 72Thr encoding allele with additional protection 

against overeating compared with subjects homozygous for the 72Arg-encoding allele. 

Subjects with a high postprandial response in feelings of hunger were overrepresented 

among subjects homozygous for the common 223Gln-encoding allele in 668A>G (LEPR) 

compared with heterozygous subjects. However, subjects with a high postprandial re-

sponse in feelings of hunger were equally distributed among subjects homozygous for 

the 223Gln- and 223Arg-encoding alleles, making it difficult to explain this finding. A 

previously unidentified epistatic interaction for the postprandial response in feelings of 

hunger, involving the 668A>G (LEPR) and 585T>C (NPY2R) SNPs provided more insight; 

subjects with a high postprandial response in feelings of hunger appeared to be over-

represented among subjects homozygous for the common 223Gln-encoding allele (A), 

irrespective of the 585T>C SNP (Figure 2B). In contrast, in subjects carrying at least one 

223Arg-encoding allele (G), subjects with a high postprandial response in feelings of 

hunger were overrepresented among subjects homozygous for the common T allele in 

585T>C compared with subjects carrying at least one C allele. Since the 585T>C SNP is 

a silent transition, this SNP is likely to be in LD with a functional variant in the NPY2R lo-

cus (46). To summarize, the 223Arg-encoding allele may increase food intake by de-

creasing leptin sensitivity, it may decrease food intake by increasing plasma leptin levels 

and by increasing the postprandial response in plasma ghrelin levels, and it may either 

increase or decrease food intake by influencing the postprandial response in feelings of 

hunger depending on the 585T>C SNP (NPY2R). 

As the phenotypes determined in the present study were not independent and two of the 

SNPs evaluated were in LD, correcting for multiple comparisons in a conventional way 

may discard true associations. Moreover, the study was explorative in nature: associa-

tions between the postprandial responses in (an)orexigenic hormones as well as feelings 

of hunger and satiety with genes encoding these proteins and their receptors have not 

been reported before. Therefore, we did not correct for multiple testing. 

In conclusion, we are the first to show that the postprandial responses in (an)orexigenic 

hormones and feelings of hunger to fixed meals provided in energy balance are associ-

ated with SNPs in genes encoding these proteins and their receptors. Indeed, part of the 

large inter-individual variability in these postprandial responses can thus be explained by 

genetic variation. Postprandial responses in (an)orexigenic hormones either represent 

long-term physiological adaptations that facilitate homeostasis or reinforce direct genetic 

effects. Finally, the present study shows that evaluating SNP-SNP interactions in addition 

to the conventional single-SNP associations can elucidate findings that would otherwise 

remain inexplicable. 
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Abstract 

Background: The common rs9939609 single nucleotide polymorphism (SNP) in FTO is 

associated with adiposity, possibly by affecting satiety responsiveness. The current study 

aims to determine whether postprandial responses in hunger and satiety are associated 

with rs9939609, taking variation in other relevant candidate genes into account. 

Methodology/ Principal findings: Sixty-two women and 41 men (age 31±14 years; BMI 

25.0±3.1 kg/m2) were genotyped for five SNPs in FTO, DNMT1, DNMT3B, LEP and LEPR. 

Subjects subsequently received fixed meals provided in energy balance. Hunger and sa-

tiety were determined pre- and postprandially using visual analogue scales. A general 

association test shows a significant association between postprandial responses in hunger 

and satiety with rs9939609 (P=0.036 and P=0.050, respectively). Subjects with low 

postprandial responses in hunger and satiety are significantly overrepresented among 

carriers of the TA/AA genotype in rs9939609 (FTO) compared with carriers of the TT 

genotype (dominant model, P=0.013 and additive model, P=0.020, respectively). Moreo-

ver, multifactor dimensionality reduction shows epistatic interactions for the postprandial 

response in hunger involving rs9939609 (FTO) and rs992472 (DNMT3B) as well as 

rs9939609 (FTO) and rs1137101 (LEPR) (P=0.050 and P=0.040, respectively). Logistic 

regression subsequently shows that subjects with a low postprandial response in hunger 

are overrepresented among carriers of the TA/AA, CC/CA and AG/GG genotypes in 

rs9939609 (FTO), rs992472 (DNMT3B) and rs1137101 (LEPR), respectively (n=39), 

compared with subjects homozygous for at least one protective allele (the TT, AA and AA 

genotypes, respectively) (P=0.00001). Each SNP has an additional effect. 

Conclusions/ significance: Our results confirm a role for FTO in responsiveness to hunger 

and satiety cues in adults in an experimental setting. The epistatic interaction involving 

SNPs in FTO, DNTM3B and LEPR for the postprandial response in hunger suggests that 

DNA methylation, an epigenetic process, affects appetite. 
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Introduction 

Twin studies show a heritability of 70-80% for obesity related phenotypes (1; 2). This 

implies that genetic variation determines to a large extent whether an individual is prone 

to develop obesity when food availability is not limited. Since obesity is a complex meta-

bolic disorder, a genetic predisposition for obesity is anticipated to consist of many nu-

cleic variants all exerting a small effect.  In line with this, Frayling et al. show that the 

variance in BMI explained by a variant in the fat mass and obesity-associated gene (FTO) 

(rs9939609) is approximately 1% (3). However, the minor allele frequency of this single 

nucleotide polymorphism (SNP) is as high as 39%, resulting in a population attributable 

risk for obesity and overweight of approximately 20% and 13%, respectively (3). Since 

then, the association between adiposity and SNPs in FTO has been confirmed in many 

genome wide association (4; 5) and candidate gene studies (6-8), together comprising 

over 38,000 individuals. 

Frayling et al. show that the A allele in rs9939609 is not associated with fetal growth, but 

with increases in BMI and obesity in children from the age of 7 onward, persisting into 

the prepubertal period and beyond (3). In young children, the association of the A allele 

with body mass is almost exclusively attributable to changes in fat mass (3). In adults, 

individuals with the AA genotype on average weigh 3 kg more than those with the TT 

genotype and each A allele increases BMI with approximately 0.4 kg/m2 (3).  

The physiological pathway by which variation in the FTO gene influences the risk for de-

veloping obesity largely remains to be established. Recent studies show that FTO is 

highly expressed in adipose tissue as well as in the arcuate, paraventricular, dorsomedial 

and ventromedial nuclei of the hypothalamus (9-11). These sites are involved in food in-

take regulation, suggesting that FTO may influence adiposity by affecting appetite. In-

deed, energy intake from food is higher in children carrying the TA/AA genotype than in 

children with the TT genotype (12; 13). In addition, Wardle et al. show that children 

aged 8 to 11 years carrying the TA/AA genotype in rs9939609 are characterized by a re-

duced responsiveness to satiety cues (14; 15), thereby increasing the risk for overeating 

and developing obesity (16). 

Whether or not FTO affects responsiveness to satiety cues in adults is currently unknown. 

Moreover, the mechanism by which FTO affects appetite remains to be established. 

Gerken et al. show that FTO may regulate the transcription of genes involved in metabo-

lism by catalyzing DNA demethylation (10). Moreover, Qi et al. suggest that FTO likely 

forms part of a pathway mediating the neuroregulation, with blocking of the leptin signal 

inhibiting downstream changes in adipose tissue that induce the expression of FTO (8). 

The aim of the present study is to find out whether the common rs9939609 variant in 

FTO is associated with hunger and satiety responsiveness in adults. Given the proposed 

role of FTO as a DNA demethylation catalyst and the anticipated interaction between FTO 

and leptin, common variants in the genes encoding DNA methyltransferases (DNMT)1 

and 3B, as well as for leptin (LEP) and the leptin receptor (LEPR) are taken into account. 

The rationale for the SNPs chosen is provided in the methods section. 
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Results 

The genotypic and allelic distributions of the determined SNPs are provided in Table 1. All 

SNPs are in Hardy Weinberg equilibrium and BMI is similar between genotypes for all 

SNPs, including the rs9939609 variant in FTO. BMI is also similar between responders 

and non-responders for the postprandial responses in hunger and satiety. Correcting the 

associations for age and/or BMI does not change the results. 

 
Table 1: Genotypic and allelic distributions per single nucleotide polymorphism 
 
Gene SNP Genotype F (n) F (%) Allele F (%) HWEa 
FTO rs9939609 

T>A 
TT 
TA 
AA 

38 
49 
16 

36.9 
47.6 
15.5 

T 
A 

60.7 
39.3 

0.97 

DNMT1 rs2290684 
G>A 

GG 
GA 
AA 

30 
51 
22 

29.1 
49.5 
21.4 

G 
A 
 

53.9 
46.1 

0.97 

DNMT3B rs992472 
C>A 

CC 
CA 
AA 

38 
48 
17 

36.9 
46.6 
16.5 

C 
A 

60.2 
39.8 

0.78 

LEP rs7799039 
-2548G>A 

GG 
GA 
AA 

29 
47 
27 

28.2 
45.6 
26.2 

G 
A 

51.0 
49.0 

0.38 

LEPR rs1137101 
668A>G 
Gln223Arg 

AA 
AG 
GG 

29 
51 
23 

28.2 
49.5 
22.3 

A 
G 

52.9 
47.1 

0.95 

 
F, Frequency, either absolute (n) or relative (%); a P-value obtained from the χ2 test of Hardy Wein-
berg equilibrium (HWE). For all single nucleotide polymorphisms (SNPs), a 100% success rate was 
accomplished. 

Single-SNP associations for rs9939609 

Baseline values for hunger and satiety are similar between genotypes. A general associa-

tion test reveals a significant association between the postprandial response in hunger 

(area under the curve) and the rs9939609 SNP (P=0.036). Although we cannot exclude 

an additive mode of inheritance (P=0.051), a dominant model fits the data best, with 

subjects with a low postprandial response (decrease) in hunger being overrepresented 

among carriers of the TA/AA genotype compared with subjects with the TT genotype 

(P=0.013, Table 2, Figure 1A). A significant association is also observed between the ab-

solute postprandial response in satiety (absolute increase) and rs9939609 (P=0.050). An 

additive model fits the data best, with subjects with a low postprandial response (in-

crease) in satiety being overrepresented among subjects with the TA/AA genotype in 

rs9939609 compared with the TT genotype (P=0.020, Table 2, Figure 1B). However, a 

dominant (P=0.065) or recessive (P=0.049) model cannot be excluded for the latter as-

sociation. 
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Table 2: Associations between postprandial responses in hunger and satiety with rs9939609 obtained 
using (multiple) logistic regression 
 
SNP Phenotype MOI/ 

Genotype 
OR 95% CI P-value 

rs9939609 (FTO) Hunger Dominant 0.33 0.14 0.79 1.3·10-1 

rs9939609 (FTO) Satiety Additive 0.49 0.27 0.90 2.0·10-2 

rs9939609 (FTO) & 
rs992472 (DNMT3B) 

Hunger TA/AA & 
CC/CA 

0.20 0.08 0.48 2.5·10-4 

rs9939609 (FTO) & 
rs1137101 (LEPR) 

Hunger TA/AA & 
AG/GG 

0.18 0.08 0.44 1.3·10-4 

rs9939609 (FTO) & 
rs992472 (DNMT3B) & 
rs1137101 (LEPR) 

Hunger TA/AA & 
CC/CA & 
AG/GG 

0.12 0.05 0.32 1.3·10-5 

rs9939609 (FTO) 
rs992472 (DNMT3B) 
rs1137101 (LEPR) 

Hunger TA/AA 
CC/CA 
AG/GG 

0.26 
0.25 
0.32 

0.10 
0.07 
0.11 

0.67 
0.91 
0.90 

5.2·10-3 
3.6·10-2 
3.0·10-2 

 
SNP, the single nucleotide polymorphism included in the model; Hunger, the postprandial area under 
the curve for hunger; Satiety, the absolute postprandial response in satiety, that is, the absolute dif-
ference between the baseline value and the maximal postprandial value; MOI, mode of inheritance; 
OR, odds ratio; 95% CI, 95% confidence interval for odds ratio; For epistatic interactions, the effects 
shown are relative to the subjects with the TT genotype (for FTO) and the AA genotype (for DNMT3B 
and LEPR). P-values < 0.05 were considered statistically significant. 

 

 

 
 
Figure 1. Postprandial responses in hunger and satiety as a function of the rs9939609 SNP in FTO. 
The number of subjects with a high and low postprandial response in hunger (Figure 1A, dominant 
model) and satiety (Figure 1B, additive model) expressed as a function of genotype in rs9939609. * 
P<0.05. 

Epistatic interactions involving rs9939609 

Multifactor dimensionality reduction (MDR) reveals two significant epistatic interactions 

for the postprandial response in hunger (area under the curve) involving rs9939609. One 

interaction is shown with rs992472 (DNMT3B), the other with rs1137101 (LEPR) (Predic-

tion accuracy 66%%, P=0.05 and 68%%, P=0.04, respectively). Logistic regression 
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shows that subjects with a low postprandial response in hunger are overrepresented 

among subjects carrying the TA/AA genotype in rs9939609 and the CC/CA genotype in 

rs992472 (DNMT3B) compared with subjects with the TT and/or AA genotypes in these 

SNPs, respectively (P=0.00025) (Table 2, Figure 2). Subjects with a low postprandial re-

sponse in hunger are also overrepresented among individuals carrying the TA/AA geno-

type in rs9939609 and the AG/GG genotype in rs1137101 (LEPR) compared with subjects 

with the TT and/or AA genotype in these SNPs, respectively (P=0.00013) (Table 2, Figure 

3). When evaluating the combined effect of the three SNPs, subjects with a low post-

prandial response in hunger are significantly overrepresented among carriers of the risk 

allele in all three SNPs, that is, subjects with the TA/AA, CC/CA and AG/GG genotypes in 

rs9939609, rs992472 and rs1137101, respectively, compared with subjects homozygous 

for at least one protective allele (TT, AA or AA, respectively) (P=0.000013) (Table 2, Fig-

ure 4). Each SNP has an additional effect (Table 2). 

 

 
 
Figure 2. Epistatic interaction for the postprandial response in hunger involving rs9939609 (FTO) and 
rs992472 (DNMT3B). Figure 2A shows the output obtained using Multifactor Dimensionality Reduction. 
The squares represent possible combinations of genotypes with the bars on the left representing the 
number of subjects with a strong postprandial decrease in hunger and the bars on the right the num-
ber of subjects with a low postprandial decrease. Figure 2B shows the statistical interpretation of the 
model obtained using logistic regression. Subjects with the TA/AA genotype in rs9939609 and the 
CC/CA genotype in rs992472 are compared with subjects with the TT and/or AA genotype in these 
SNPs, respectively. # P<0.001. 

 
Discussion 

The main result of the present study is that adult subjects with low postprandial re-

sponses in hunger and satiety are overrepresented among carriers of the TA/AA geno-

type in rs9939609 (FTO) compared with subjects with the TT genotype, independent of 

BMI. This implies that the results of Wardle et al., who show a reduced sensitivity to sati-

ety cues in children with the AA compared with the TT genotype (14), are replicated in 

adults in an experimental setting. The increased adiposity associated with the TA and AA 
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genotypes in rs9939609 can thus at least partly be explained by reduced postprandial 

responses in hunger and satiety, which increases the risk for overeating (16). The 

strength of the present study lies in the valid and accurate measurement of the pheno-

type, that is, the postprandial responses of hunger and satiety. Future studies with larger 

samples are required to draw firm conclusions about the most appropriate mode of in-

heritance. 

In addition to the univariate associations shown for the rs9939609 SNP, a significant in-

teraction is observed for the postprandial response in hunger, involving the rs9939609 

SNP in FTO together with SNPs in the DNMT3B and/or LEPR genes. Subjects with a low 

postprandial response in hunger are significantly overrepresented among carriers of the 

TA/AA genotype in rs9939609 who also carry the CC/CA genotype in rs992472 

(DNMT3B) and/or the AG/GG genotype in rs1137101 (LEPR), compared with subjects 

homozygous for one or more protective alleles in these SNPs. 

Gerken et al. recently showed that FTO catalyzes Fe(II) and 2-oxoglutarate dependent 

DNA demethylation. This implies that FTO may regulate the transcription of genes in-

volved in metabolism via DNA demethylation (10). DNA methylation is a major epigenetic 

modification that consists of the addition of a methyl group to the 5-position of cytosine 

within a CpG dinucleotide, thereby altering gene activity (17). Hypermethylation of the 

promoter and coding region of a gene decreases its transcription, which silences the 

gene. Hypomethylation on the other hand enhances the binding of transcription factors, 

thereby improving gene transcription (18). 

Cellular DNA methylation is mediated by a complex interplay of the DNA methyltrans-

ferases (DNMTs) DNMT1, 3A and 3B. DNMT1 was originally thought to be responsible for 

the maintenance of pre-existing methylation patterns after DNA replication, whereas 

DNMT3A and 3B were considered essential for de novo DNA methylation after embryo 

implantation (17-19). More recent evidence suggests that DNMT1 and DNMT3B are 

jointly responsible for both maintenance of DNA methylation profiles and de novo DNA 

methylation (17; 20; 21). DNA methylation appears to play a role in body weight regula-

tion as well: Waterland et al. show that providing a hypermethylating dietary supplement 

to Agouti (Avy) mice prevents the transgenerational increase in body weight that occurs 

without supplementation (22). Given the role of FTO as a DNA demethylation catalyst 

(10) and given the apparent role of DNA methylation in body weight regulation, the as-

sociation between the postprandial response in hunger and satiety and the rs9939609 

variant in FTO was additionally determined whilst taking variants in DNMT1 and DNMT3B 

into account. Of these variants, the rs992472 variant in DNMT3B appears to be relevant 

for the effect of rs9939609 in FTO on the postprandial response in hunger. 

Subjects with a low postprandial response in hunger are overrepresented among carriers 

of the TA/AA genotype in rs9939609 (FTO) who also carry the CC/CA genotype in 

rs992472 (DNMT3B), compared with subjects with the TT and/or AA genotype in these 

SNPs, respectively. The rs992472 SNP in DNMT3B is located in the same linkage dise-

quilibrium (LD) block as the rs2424913 C>T SNP in the same gene, for which the minor 

allele (T) is associated with an increased DNMT3B promoter activity. Additionally, the mi-

nor allele in rs2424913 is associated with the risk for developing various types of cancer, 

probably by aberrant de novo methylation of CpG islands in some tumor suppressor 
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genes (23). Given the LD between rs992472 and rs2424913, a post hoc analysis was 

performed to determine whether the epistatic interaction involving rs9939609 and 

rs992472 for the postprandial response in hunger was confirmed for rs9939609 and 

rs2424913. As this interaction was observed (P=0.002, data not shown), it is tempting to 

speculate that a genotype-driven decrease in the capacity for de novo DNA methylation 

together with an increased capacity for DNA demethylation underlies the reduced post-

prandial response in hunger in subjects carrying the CC/CA genotype in rs992472 and 

the TA/AA genotype in rs9939609, respectively. Whether overall DNA methylation status 

is indeed lower in subjects with this genetic predisposition will have to be addressed in 

future studies. Nevertheless, the interaction involving rs9939609 and rs992472/ 

rs2424913 suggests that DNA methylation is a relevant process for food intake regulation 

in vivo. 

 

 
 
Figure 3. Epistatic interaction for the postprandial response in hunger involving rs9939609 (FTO) and 
rs1137101 (LEPR). Figure 3A and 3B are analogue to Figure 2A and 2B. In Figure 3B, subjects with 
the TA/AA genotype in rs9939609 and the AG/GG genotype in rs1137101 are compared with subjects 
with the TT and/or AA genotype in these SNPs, respectively. # P<0.001. 
 
 

The rs1137101 SNP in LEPR, resulting in amino acid substitution Gln223Arg, was hy-

pothesized earlier to affect the functionality of the leptin receptor, with the G allele (Arg) 

resulting in a reduced leptin sensitivity (24; 25). Resistance to leptin is known to in-

crease food intake, in extreme cases resulting in early-onset morbid obesity (26; 27). 

The present study shows that the AG and GG genotypes in rs1137101 are more fre-

quently present among subjects with a low postprandial response in hunger than would 

be expected based on chance when accompanied by the TA or AA genotype in rs9939609 

(FTO). In other words, subjects hypothesized to be leptin resistant are characterized by a 

blunted postprandial response in hunger when also carrying the risk allele in rs9939609. 

This role for leptin is in line with results from Westerterp-Plantenga et al., who show in 

obese men on an energy-restricted diet that intravenous administration of leptin in-
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creases serum leptin levels and decreases postabsorptive as well as general feelings of 

hunger compared with placebo (28). As for the role of FTO; Qi et al., hypothesized that 

blocking leptin may inhibit downstream changes in adipose tissue inducing the expres-

sion of FTO. This is in line with the results of Stratigopoulos et al., who show a decreased 

FTO expression in the hypothalamus after fasting. However, the fasting-induced decrease 

in FTO expression observed by Stratigopoulos et al. was not mediated by leptin (11). Our 

results suggest that a decreased leptin sensitivity only functionally affects FTO expres-

sion in subjects with the TA/AA genotype in rs9939609. 

The interaction between rs9939609 and rs1137101 probably affects the postprandial re-

sponse in hunger via a mechanism other than DNA methylation. After all, if blocking 

leptin indeed decreases FTO expression (8), the catalytic capacity for DNA demethylation 

will be decreased, thereby increasing the relative capacity for DNA methylation. Based on 

the results of Waterland et al., this is anticipated to reduce the risk for obesity, which is 

the exact opposite of what is expected when the postprandial response in hunger is de-

creased. This implies that the impact of this alternative mechanism on the postprandial 

response in hunger should not be underestimated. Regardless of the mechanism respon-

sible however, combining an increased drive to eat resulting from a reduced postprandial 

response in hunger with the current obesogenic environment of Westernized societies in 

which high-fat foods are abundant and readily available (29) provides a perfect recipe for 

the first obesity epidemic in human history. 

 

 

 
 
Figure 4. Three-way interaction for the postprandial response in hunger. In Figure 4A, the panel on 
the left shows the epistatic interaction for the postprandial response in hunger involving the rs992472 
and rs1137101 SNPs (DNMT3B and LEPR, respectively) for subjects with the TT genotype in 
rs9939609 (FTO). The panel on the right shows the interaction for subjects with the TA/AA genotype 
in rs9939609. In Figure 4B, subjects with the TA/AA genotype in rs9939609, the CC/CA genotype in 
rs992472 and the AG/GG genotype in rs1137101 were compared with subjects homozygous for at 
least one protective allele in these SNPs, that is, the other combinations combined. P<0.0001. 
 
 
We did not confirm the association between BMI and the rs9939609 variant shown in 

previous studies. This can be explained by the range in BMI in our population, as well as 

by the character of the study and its concomitant sample size. In the current experimen-
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tal study, 103 subjects were recruited with a BMI ranging from 19 to 31. In fact, only 

five subjects with a BMI over 30 were included. This contrasts sharply with case-control 

studies (4; 7) as well as cohort studies (3; 5) in which the association between BMI and 

rs9939609 was evaluated. In fact, the lack of association between BMI and the 

rs9939609 SNP is consistent with the results from Frayling et al., who did not observe a 

significant association between BMI and rs9939609 genotype in samples comprising less 

than 1000 individuals (3). This suggests that BMI, which incorporates both fat mass and 

fat-free mass, is probably not a suitable parameter for adiposity in genetic studies with a 

relatively small sample size. 

In conclusion, evidence is provided for an association between postprandial responses in 

hunger and satiety with the rs9939609 SNP in FTO, with the TA/AA genotype predispos-

ing individuals to a reduced postprandial response in hunger and satiety. The effect of 

the variant in FTO on the postprandial response in hunger appears to be mediated by an 

epistatic interaction involving variants in DNMT3B and LEPR. The latter interaction sug-

gests that DNA methylation, an epigenetic process, is involved in food intake regulation. 

 

 
Methods 

Data were collected from intervention studies on the effect of proteins and/or protein 

contents on the postprandial responses in (an)orexigenic hormones as well as hunger 

and satiety (30-32). Subjects came to the university in the morning and received fixed 

meals provided in energy balance and according to energy requirement as calculated us-

ing the formula of Harris and Benedict (33). On average, the meals contained 27, 45 and 

28 percent of energy from protein, carbohydrate and fat, respectively. The study con-

formed to the standards set by the Declaration of Helsinki and the local Ethics Committee 

approved the study. Subjects provided written informed consent before participating. 

Subjects and phenotypes 

Postprandial responses in hunger and satiety were determined in 103 subjects of West-

ern European descent (62 women, 41 men, aged 31±14 years, BMI 25.0±3.1 kg/m2) us-

ing visual analogue scales. After adjusting for baseline levels, the postprandial responses 

in hunger and satiety were determined. For both hunger and satiety, subjects were char-

acterized as having a high or low postprandial response based on 1) the initial rate of the 

response; 2) the absolute response, that is, the difference between the baseline level 

and the minimal/maximal postprandial level obtained; 3) the postprandial area under the 

curve, measured until 3-4.5 h postprandially. For 6 subjects, the postprandial area under 

the curve could not be determined for hunger due to a lack of sufficient data. This im-

plies a total of 97 subjects for this phenotype. A high postprandial response can either 

refer to a strong postprandial decrease (for hunger) or increase (for satiety). 
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DNA isolation and SNP genotyping 

Genomic DNA was isolated from peripheral blood leukocytes using the QIAamp blood kit 

from Qiagen (Amsterdam, The Netherlands). Besides the rs9939609 SNP in FTO, SNPs 

were selected in the DNMT1, DNMT3B, LEP and LEPR genes. To ensure an ample number 

of subjects are homozygous for the minor alleles, SNPs were only considered candidates 

when the minor allele frequency in Europeans was at least 25% as indicated by the SNP 

public database (dbSNP; http://www.ncbi.nlm.nih.gov/SNP). SNPs that were associated 

earlier with relevant phenotypes, such as gene expression, protein levels or protein activ-

ity, were favoured in the selection process. This resulted in the selection of five SNPs 

(Table 1): the aforementioned intronic A>T SNP in FTO (rs9939609) (3-5; 8; 12-14); an 

intronic A>G SNP in DNMT1 (rs2290684), an intronic C>A SNP in DNMT3B (rs992472), 

the -2548G>A SNP in the coding region of LEP (rs7799039) (34; 35) and the 668A>G 

SNP in LEPR, resulting in amino acid substitution Gln223Arg (rs1137101) (24; 25; 36);  

Genotyping was performed using commercially available TaqMan SNP genotyping assays 

from Applied Biosystems (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. 

Statistics 

Descriptive analysis 

Postprandial responses were dichotomized using sex- and study-specific median values, 

resulting in an approximately equal number of subjects with a high and low postprandial 

response for each phenotype, meanwhile taking sex into account (‘0’ = low postprandial 

response, ‘1’ = high postprandial response). 

Age and BMI were not normally distributed among subjects. Therefore, the Kruskal Wallis 

and Mann-Whitney U tests were used to determine the associations between BMI and 

rs9939609 and between the postprandial responses and BMI, respectively. These vari-

ables were subsequently log-transformed for further analyses. 

Association analysis 

Before the association analyses were performed, the effects of potential covariates were 

evaluated for the postprandial responses in hunger and satiety. The influence of age and 

BMI was evaluated. Covariates were incorporated into the model when P<0.05. A general 

association test was performed without assuming a mode of inheritance by entering the 

genotype in the optimized model (with the significant covariates) as two class (dummy) 

variables. The mode of inheritance was further investigated by testing an additive, domi-

nant and recessive model. 

To identify epistatic interactions, the multifactor dimensionality reduction method (MDR) 

was used. MDR is a frequently used multi-locus method that was applied as previously 
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described by Heidema et al. (37). Briefly, we applied the MDR software 

(http://www.epistasis.org) to our dataset using 10-fold cross-validation to determine the 

best model for main SNP-SNP effects. The 10-fold cross-validation was repeated 10 

times, using a different seed value each time to protect against chance divisions of the 

dataset. Finally, applying the MDR permutation module, we tested the significance of the 

testing accuracy of the best model by forming a 1000 datasets with the case status per-

muted randomly. This way, we validated for each phenotype whether the model was sig-

nificantly associated with responder status. Subsequently, logistic regression was used 

for the significant models to obtain a statistical interpretation of the results (37). P-

values < 0.05 were considered statistically significant. 
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Discussion 

Habitual physical activity and food intake regulation are the most important determinants 

of energy balance and are essential for preserving health status. Both parameters are 

characterized by a large inter-individual variation that can party be explained by genetic 

factors. To increase our knowledge on the aetiology of habitual physical activity and food 

intake regulation, this thesis aims to confirm the degree of heritability shown earlier for 

habitual physical activity as well as to identify physiological parameters and genetic vari-

ants that contribute to the inter-individual variation of habitual physical activity and food 

intake regulation. 

 

 
Habitual physical activity 

In a group of 28 monozygotic and 24 dizygotic same-sex twin pairs, 57% of the inter-

individual variation in habitual physical activity as measured objectively using a validated 

triaxial accelerometer is explained by additive genetic factors. The remaining variance is 

confirmed to result from unique environmental variation (1; 2). In addition, additive ge-

netic factors contribute 55% and 47% to the explained variation of the time spent on 

moderate- and high-intensity physical activity, respectively. For both habitual physical 

activity and the time spent on low-, moderate- and high-intensity physical activity, un-

standardized additive genetic path coefficients are equal for men and women. 

As described in chapter 4, part of the inter-individual variation in habitual physical activ-

ity can be explained by single nucleotide polymorphisms (SNPs) in the gene encoding 

peroxisome proliferator-activated receptor (PPAR)δ (PPARD). PPARδ increases the capac-

ity for β-oxidation and oxidative phosphorylation (3; 4), the capacity for endurance exer-

cise (5; 6) as well as the proportion of type I muscle fibres (5-7). AC/CC carriers in 

rs2076168 are characterized by a lower level of habitual physical activity as measured 

objectively using the Tracmor compared with subjects carrying the AA genotype. AG/GG 

carriers in rs2267668 are also characterized by a less physically active lifestyle compared 

with subjects homozygous for the common A allele. Furthermroe, haplotype analysis re-

veals that carriers of the AA CG haplotype tend to be less physically active than carriers 

of the common AA AA haplotype. The minor C and G alleles in these SNPs were associ-

ated earlier with reduced PPARδ mRNA levels (8) and a reduced mitochondrial capacity in 

vitro (7), respectively. This implies that a genetic predisposition for a reduced skeletal 

muscle oxidative capacity decreases the likelihood of individuals leading a physically ac-

tive lifestyle, which is confirmed on the protein level for mitochondrial capacity (chapter 

3) but not for skeletal muscle fibre-type distribution (chapter 2). 

A positive association is observed between habitual physical activity and the capacity of 

citrate synthase (CS), succinate dehydrogenase (SDH) and cytochrome c oxidase (COX). 

Furthermore, a trend towards a positive association is observed between habitual physi-

cal activity and the capacity of β-hydroxyacyl-CoA dehydrogenase (HAD). For CS and 

HAD, the associations appear to be mediated by the intensity and duration of the activi-

ties performed. The association between habitual physical activity and CS is only ob-

served in subjects spending more than 9 min/day on high-intensity physical activity, 
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whereas the association between habitual physical activity and HAD is only revealed in 

subjects spending more than 39 min/day on moderate- and high-intensity physical activ-

ity combined. Although no direction of causality can be concluded based on cross-

sectional observations alone, the results confirm a genetic predisposition for habitual 

physical activity via SNPs in PPARD at the protein level. 

Habitual physical activity is lower in AC/CC carriers in rs20761668 (PPARD), which was 

associated earlier with lower PPARδ mRNA levels, than in subjects homozygous for the 

common A allele. Given the ability of PPARδ to increase the expression of the type I my-

osin heavy chain isoform, an association between habitual physical activity and skeletal 

muscle fibre-type distribution was anticipated. However, the associations between VO2-

max and the time spent on sports with muscle fibre-type distribution cannot be extrapo-

lated to habitual physical activity (chapter 2). 

Most studies either do not show an effect of endurance or strength training on the pro-

portion of type I muscle fibres (9-12) or observe only a small increase (5-10%) (13-17). 

In the present study, the time spent on sports was used as an exclusion criterion. Con-

sequently, the time spent on high-intensity physical activity is lower than observed ear-

lier in endurance runners (11 versus 39 min/day, respectively) (18). An increase in the 

proportion of type I muscle fibres resulting from sports participation is therefore consid-

ered unlikely to explain the associations observed between VO2-max and the time spent 

on sports with the proportion of type I muscle fibres. This implies that an increased pro-

portion of type I muscle fibres may predispose individuals to a higher VO2-max and 

sports participation instead. In conclusion, the results presented in chapters 2 and 4 

show that a genetic predisposition for an increased proportion of type I muscle fibres 

predisposes individuals to leading a physically active lifestyle. The association is not con-

firmed at the protein level, which may be due to exclusion of subjects based on their par-

ticipation in sports. Given that an association between habitual physical activity and mi-

tochondrial capacity is confirmed at the protein level, the latter indeed appears to be a 

more accurate determinant of skeletal muscle oxidative capacity than fibre-type distribu-

tion per se (19-23). 

The GA/AA genotypes in rs8192678 (PPARGC1A) are associated with more time spent on 

high-intensity physical activity compared with the common GG genotype. This contrasts 

sharply with the reduced skeletal muscle PGC-1α mRNA levels and VO2-max (24) and in-

creased risk for developing type 2 diabetes (25) in carriers of the Ser-encoding allele (A) 

compared with subjects homozygous for the common Gly-encoding allele (G). However, 

detrimental associations with the Ser-encoding allele were all observed in older subjects. 

More specifically, Ling et al. do not observe a genotype driven discrepancy in PGC-1α 

mRNA levels and VO2-max in young adults (aged 28±0.2 years) and conclude that age 

modifies the genetic susceptibility for developing type 2 diabetes (24). Franks et al. on 

the other hand show that older subjects (aged 58±7 years) homozygous for the Ser-

encoding allele are less physically fit than carriers of the Gly-encoding allele when seden-

tary but not when physically active (26). This suggests that a high level of habitual 

physical activity compensates for the detrimental effects associated with the Ser-

encoding allele. Habitual physical activity and especially high-intensity physical activity 

are known to decrease with age (27), which may explain why the increased risk for de-
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veloping type 2 diabetes associated with the Ser-encoding allele only becomes evident at 

a later stage in life, when little high-intensity physical activity remains. The results stress 

the importance for GA/AA carriers to remain physically active throughout their lifespan in 

order to prevent or delay the genetically predisposed development of type 2 diabetes. In 

addition, physical activity interventions may be more beneficial for health status in mid-

dle-aged carriers of the Ser-encoding allele than in those homozygous for the common 

Gly-encoding allele. Future research should focus on this issue. 

Taking body mass and height into account, habitual physical activity contributes a signifi-

cant 17% to the explained variation of percentage body fat (%BF) in young women. The 

lack of association between %BF and habitual physical activity in middle-aged women 

observed by others is anticipated to result from women compensating a higher energy 

expenditure by increasing their energy intake more than men do (28). In young women, 

no compensation in energy intake was previously observed in response to an increased 

energy expenditure (29). Together with the association between %BF and habitual physi-

cal activity observed in the study described in chapter 5, this suggests that the compen-

satory mechanism is age-dependent. In men, no association was initially observed be-

tween %BF and habitual physical activity. However, two out of three men were partici-

pating in season-bound sports with peak activity levels in the summer season. Taking 

seasonality into account reveals the association between %BF and habitual physical ac-

tivity in men as well, with habitual physical activity increasing the explained variation in 

%BF with 6%. 

Habitual physical activity is concluded to significantly contribute to the inter-individual 

variation in body composition in young men and women with a continuous year-round 

level of habitual physical activity. Body mass, height, sex, seasonality and habitual 

physical activity together explain 80% of the inter-individual variation in %BF, implying 

that other contributing variables remain to be identified. One is suggested by the model’s 

positive coefficient for seasonality, that is, the number of daylight hours during the pe-

riod in which habitual physical activity was assessed. A positive coefficient for seasonality 

shows that on average, %BF is higher in subjects participating in summer than in winter, 

in spite of higher levels of habitual physical activity in summer. This paradox may partly 

be explained by sleeping metabolic rate being lower in summer than in winter (30). 

However, this discrepancy is too small to explain the observed phenomenon. The only 

plausible explanation remaining is that in spite of %BF being negatively associated with 

habitual physical activity and the latter being higher in the summer season, the effect is 

compensated for by a higher energy intake in summer than winter. This pinpoints the 

importance of food intake regulation for maintaining energy balance. 

 

 
Food intake regulation 

Homeostatic food intake regulation is mainly a behavioural physiological interaction be-

tween the individual and the environment with hypothalamic receptors responding to pe-

ripherally released anorexigenic and orexigenic hormones. The fasting levels of these 

hormones are a function of genetic variation in the genes encoding them (31-35). How-

ever, humans are in a postprandial state during the largest part of the day and the post-



General discussion 

 135 

prandial responses of the (an)orexigenic hormones are therefore considered important 

for food intake regulation as well. Evidence is found for an association between post-

prandial responses in (an)orexigenic hormones and SNPs in the genes encoding both 

hormone and receptor. Some associations are anticipated to represent genotype-related 

long-term physiological adaptations required to facilitate homeostasis, others reinforce 

direct genetic effects (chapter 6). 

One example of a genotype-related long-term physiological adaptation required to facili-

tate homeostasis is shown for rs26802 in GHRL. The minor C allele was shown earlier to 

increase fasting plasma ghrelin levels (34), thereby increasing the risk for overeating 

(36; 37). The study described in chapter 6 shows that subjects with a high postprandial 

response (increase) in plasma peptide YY (PYY) levels are overrepresented among CC 

carriers compared with AA carriers. Higher postprandial levels of PYY are anticipated to 

counteract the increased risk for overeating in subjects with the CC genotype by decreas-

ing the subsequent preprandial rise in plasma ghrelin levels (38) and by switching from 

homeostatic to hedonic food intake regulation (39). Another example of a genotype-

related long-term physiological adaptation that facilitates homeostasis is shown for 

rs1137101 (LEPR). The minor Arg-encoding allele (G) results in a leptin resistant state 

(40; 41), thereby increasing the risk for overeating (42; 43). This is counteracted by in-

creased plasma leptin levels in subjects with the GG compared with the AA genotype 

(41; 44). In addition, subjects with a high postprandial response (decrease) in plasma 

ghrelin levels are overrepresented among GG carriers compared with AA carriers, which 

decreases the likelihood of initiating a new meal fast (36). 

Whereas some associations between postprandial responses in (an)orexigenic hormones 

and SNPs in genes encoding hormones and receptors counteract direct genetic effects, 

other associations reinforce them. Subjects with the GG genotype in rs1058046 (PYY) for 

example are characterized by 20% lower fasting plasma PYY levels compared with CC 

carriers (45), which increases the risk for overeating. In addition, subjects with a low 

postprandial response (decrease) in plasma ghrelin levels are overrepresented among 

those with the GG compared with the CC genotype, thereby further increasing the risk 

for overeating and developing obesity in subjects with the GG genotype (45). Another 

example of a postprandial response that reinforces a direct genetic effect is shown for 

rs572169 (GHSR). The A allele was shown earlier to increase the risk for developing obe-

sity, probably by 1) increasing ghrelin signalling; 2) increasing the response to ghrelin or 

3) impairing the capacity to counterbalance inhibitory signals (46). In the present study, 

subjects with a low postprandial response (increase) in plasma PYY levels are overrepre-

sented among GA/AA carriers in rs572169 compared with GG carriers. Lower post-

prandial PYY levels are anticipated to disinhibit the subsequent preprandial rise in plasma 

ghrelin levels in GA/AA carriers (38), which may either represent the mechanism sug-

gested by Baessler et al. (46) or provide an alternative mechanism reinforcing a yet uni-

dentified direct genetic effect of rs572169 on ghrelin receptor function. A cognitive com-

ponent may also increase the susceptibility for overeating in GA/AA carriers in rs572169, 

as they are characterized by a higher dietary restraint, disinhibition and perceived hun-

ger compared with subjects with the GG genotype (47; 48). 
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Ghrelin, PYY and glucagon-like peptide 1 (GLP-1) are generally referred to as ‘hunger’ 

and ‘satiety’ hormones and their effect on food intake regulation has been described in 

detail (38; 49-53). However, postprandial responses in hunger and satiety do not always 

coincide with changes in plasma hormone levels (54), suggesting that important informa-

tion regarding food intake regulation is ignored when solely focussing on the postprandial 

responses of hormones. Therefore, the association between postprandial responses in 

hunger and satiety with SNPs in genes encoding the aforementioned (an)orexigenic hor-

mones and their receptors was determined as well. 

SNPs in the fat mass and obesity-associated gene (FTO) are strongly associated with adi-

posity (55-60). FTO is highly expressed in the arcuate, paraventricular, dorsomedial and 

ventromedial regions of the hypothalamus, areas of the brain that are involved in food 

intake regulation (61; 62). In line with this, Wardle et al. suggest that FTO may affect 

body composition by influencing responsiveness to satiety cues (63). Indeed, univariate 

analyses show that postprandial responses in hunger and satiety are significantly lower in 

TA/AA carriers in rs9939609 (FTO) under a dominant and additive model, respectively. 

Since FTO is suggested to be activated via a pathway downstream of leptin (59) and 

since FTO exerts its function by catalyzing DNA demethylation (61), SNPs in relevant 

candidate genes were subsequently taken into account using a multi-locus method. 

Subjects with a low postprandial response (decrease) in hunger are overrepresented 

among TA/AA carriers in rs9939609 (FTO) when accompanied by the CC/CA genotype in 

rs992472 (DNMT3B) and/or the AG/GG genotype in rs1137101 (LEPR) compared with 

subjects homozygous for at least one of the protective alleles. Each SNP has an addi-

tional effect. DNA methyltransferase 3B (DNMT3B) is essential for de novo DNA methyla-

tion after embryo implantation (64-66) but is probably also required for maintenance of 

DNA methylation profiles (65). The rs992472 SNP in DNMT3B is located in the same link-

age disequilibrium block as rs2424913, for which the common C allele was associated 

earlier with a decreased DNMT3B promoter activity compared with the minor T allele 

(67). The interaction with rs9939609 (FTO) is confirmed for rs2424913 (DNMT3B), sug-

gesting that the postprandial response in hunger is lower in subjects with a lower capac-

ity for de novo DNA methylation. In line with this, Waterland et al., show that providing 

Agouti mice (Avy) with a hypermethylating dietary supplement prevents the transgenera-

tional increase in body mass that occurs without supplementation (68). Given the results, 

it is tempting to speculate that a relative decrease in the capacity for DNA methylation 

resulting from an increased capacity for DNA demethylation (TA/AA genotype rs9939609) 

and a decreased capacity for de novo DNA methylation (CC/CA or CC/CT genotype in 

rs992472 or rs2424913, respectively) underlies the interaction for the postprandial re-

sponse in hunger. Whether the capacity for DNA demethylation is indeed higher in TA/AA 

carriers in rs9939609 will have to be addressed in future studies. Furthermore, to our 

knowledge, no genes involved in food intake regulation that are susceptible to DNA 

methylation have yet been identified. 

The additional effect of the Arg-encoding allele (G) in rs1137101 (LEPR) on the interac-

tion between SNPs in FTO and DNMT3B probably affects the postprandial response in 

hunger via a mechanism other than DNA methylation. After all, the minor G allele in 
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rs1137101 results in a leptin resistant state (40; 41) and blocking leptin decreases FTO 

expression (59). A decreased FTO expression would decrease the capacity for DNA de-

methylation, thereby increasing the relative capacity for DNA methylation. Based on the 

results of Waterland et al., a reduced risk for obesity is than anticipated, which is the ex-

act opposite of what is expected when the postprandial response in hunger is decreased. 

One option is that FTO may additionally affect food intake regulation via pathways other 

than DNA methylation. Alternatively, leptin resistance may affect the postprandial re-

sponse in hunger via the epistatic interaction with rs1047214 in the gene encoding the 

neuropeptide 2 receptor (NPY2R), as is discussed in chapter 6. 

Subjects with a low postprandial response (decrease) in hunger are overrepresented 

among AG/GG carriers in rs1137101 (LEPR) when accompanied by the TC/CC genotype 

in rs1047214 (NPY2R) compared with subjects homozygous for the protective allele in at 

least one of the SNPs. Both the G allele in rs1137101 (41; 44; 69) and the C allele in 

rs1047214 (70) were associated earlier with a higher BMI than the protective alleles. The 

rs1047214 SNP is a silent T to C transition in codon 195 of the NPY2R gene. No non-

synonymous SNPs were previously observed in the gene, suggesting that the functional 

polymorphism in linkage disequilibrium with rs1047214 is an intronic or intergenic poly-

morphism that regulates transcription or splicing of NPY2R (70). If replicated, the inter-

action for the postprandial response in hunger involving rs1137101 and rs1047214 rep-

resents a relevant mechanism for food intake regulation in vivo, as 44% of the subjects 

carried both risk alleles and the prediction accuracy for the postprandial response in hun-

ger was 66.1%. 

Combining a reduced postprandial response in hunger with the current obesogenic envi-

ronment of Westernized societies in which high-fat foods are abundant and readily avail-

able (71) predisposes individuals to overeating, ultimately resulting in the onset of obe-

sity. The thrifty gene hypothesis argues that the alleles currently predisposing individuals 

for obesity once protected us from starvation during periods of famine (72). We specu-

late that the combined high-risk alleles in FTO, DNMT3B and LEPR probably do not meet 

this classification. First of all, diseases resulting from disastrous hunger-driven choices in 

food selection rather than starvation itself were recently concluded to increase mortality 

during famines (73). Given their reduced postprandial response in hunger, subjects car-

rying the high-risk alleles in rs9939609, rs992472 and rs1137101 are genetically predis-

posed to make such poor choices in food selection. In other words, the genotypes that 

are currently associated with an increased risk for overeating and developing obesity 

may have had a deleterious rather than a protective effect on survival during periods of 

famine. Furthermore, the human hypothalamic-pituitary-gonadal axis is exquisitely sen-

sitive to maternal energy status mediated by circulating leptin levels (74). The combined 

effect of a famine-driven decrease in maternal leptin levels and a genotype driven reduc-

tion in leptin sensitivity are anticipated to decrease rather than increase fertility in 

AG/GG carriers in rs1137101 compared with subjects with the AA genotype. The com-

bined TA/AA, CC/CA and AG/GG genotypes in rs993909, rs992472 and rs1137101 are 

thus anticipated to negatively affect both the chance on survivial and fertility during peri-

ods of famine. 
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Conclusions 

Physiological and genetic aspects of habitual physical activity and food intake regulation, 

the two main determinants of energy balance, were studied. A genetic predisposition for 

a reduced mitochondrial capacity in PPARD is associated with a less physically active life-

style. This association is confirmed on the protein level for markers of mitochondrial ca-

pacity but not skeletal muscle fibre-type distribution. Body composition is associated with 

habitual physical activity and the latter appears to mediate the association between a 

genetic predisposition in PPARGC1A and the onset of type 2 diabetes mellitus. As for food 

intake regulation, postprandial responses in (an)orexigenic hormones are shown to either 

represent genotype-related long-term physiological adaptations required to facilitate ho-

meostasis or reinforce direct genetic effects. The genotypes in rs9939609 (FTO) that 

predispose individuals to develop obesity (TA/AA) are shown to increase postprandial 

hunger and decrease postprandial satiety compared with the common TT genotype. The 

effect of the rs9939609 variant in FTO on the postprandial response in hunger appears to 

be mediated by an epistatic interaction involving variants in DNMT3B and LEPR. The in-

teraction suggests that DNA methylation, an epigenetic process, is involved in food in-

take regulation. 
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Future research 

The aim of this thesis is to identify physiological parameters and genetic variants that 

contribute to the inter-individual variation of habitual physical activity and food intake 

regulation. Three relatively small populations were extensively phenotyped using objec-

tive and valid measurement techniques. For habitual physical activity, physiological pa-

rameters and SNPs in candidate genes within the pathway of physical fitness were se-

lected. Other pathways like reward sensitivity and the hypothalamic regulation of energy 

expenditure were not included in the present analyses but are still anticipated to contrib-

ute to the inter-individual variation in habitual physical activity. These pathways should 

be studied in relation to habitual physical activity in the future. As for food intake regula-

tion, the associations shown here should be replicated before firm conclusions can be 

drawn. The results suggest that DNA methylation, an epigenetic process, plays a role in 

food intake regulation. The functional relevance of the variants in FTO that are associated 

with adiposity however, are currently not clear. If shown to be relevant for DNA methyla-

tion status, genes involved in food intake regulation that are susceptible for DNA methy-

lation should be identified. 

Future studies should be based on larger populations while holding on to objectively and 

validly determining the phenotype. Such studies would enable more confident conclu-

sions concerning epistatic interactions without sacrificing statistical power. In addition, 

combining candidate gene studies as performed here with genome-wide association 

scans is anticipated to increase our knowledge on the aetiology of both habitual physical 

activity and food intake regulation most. Candidate gene studies contribute by providing 

more insight in the relative importance of proteins within a pathway, whereas genome-

wide association scans can reveal pathways that were previously not anticipated to be 

associated with the phenotype of interest. 

Intervention studies on physical activity, food intake regulation and body weight regula-

tion should be performed with subjects genetically characterized beforehand with respect 

to relevant polymorphisms. The response of more and less vulnerable subjects can than 

be contrasted, resulting in more statistical power compared with post-hoc discrimination. 
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Habitual physical activity and food intake regulation are the main determinants of energy 

balance and important for preserving health status. Twin studies show a moderate to 

high heritability for both variables, suggesting that genetic variation determines to a 

large extent whether someone is likely to lead a physically active lifestyle and to ade-

quately match energy intake to energy expenditure. So far, the search for susceptibility 

genes has mainly focused on phenotypes related to adiposity, such as body mass index 

(BMI) and (relative) fat mass. The main aim of this thesis is to identify physiological and 

genetic parameters that contribute to the inter-individual variation of both habitual 

physical activity and food intake regulation. 

To unravel the physiological and genetic background of habitual physical activity, the as-

sociation was determined between this component of energy expenditure and skeletal 

muscle fibre-type distribution, mitochondrial capacity and single nucleotide polymor-

phisms (SNPs) in genes involved in mitochondrial biogenesis and energy metabolism 

(PPARD, PPARGC1A, NRF1 and FRAP1). The SNPs in PPARD and PPARGC1A were associ-

ated earlier with mitochondrial capacity and the risk for having type 2 diabetes. Fifty-two 

twins pairs of Western European descent (16 monozygotic (MZ) female, 15 dizygotic 

(DZ) female, 12 MZ male and 9 DZ male pairs (age 22±5 years, BMI 21.8±3.4 kg/m2) 

and 117 non-related individuals (65 women, 52 men, age 21±2 years, BMI 22.0±2.5 

kg/m2) were recruited. Habitual physical activity was measured for two weeks with a 

triaxial accelerometer for movement registration (Tracmor). The Tracmor registers accel-

erations of the trunk along three axes, stores data on a minute-by-minute basis and pro-

vides accurate, detailed and reproducible information about the total level of habitual 

physical activity as well as the intensity and duration of the activities performed. The ac-

celerometer has been validated with doubly labelled water. Body composition was deter-

mined as a subject comparative measure by hydrostatic weighing and deuterium dilution 

according to Siri’s three-compartment model. Muscle fibre-type distribution and mito-

chondrial capacity were determined in a biopsy obtained from the M. Vastus Lateralis. 

Data obtained in intervention studies were used to identify genetic variants affecting food 

intake regulation. One-hundred-and-three non-related individuals of Western European 

descent were included (62 women, 41 men, aged 34±14 years, BMI 25.0±3.1 kg/m2). 

Subjects received standardized meals provided in energy balance as determined using 

the Harris and Benedict equation. Meals consisted of 27, 45 and 28 energy percent of 

proteins, carbohydrates and fat, respectively. Immediately before and at 4-7 moments 

after the meal, plasma ghrelin, peptide YY (PYY) and glucagon-like peptide 1 (GLP-1) 

levels were determined. In addition, hunger and satiety were measured using a visual 

analogue scale. For each parameter, the postprandial response was determined based on 

three characteristics: the rate of the initial response, the absolute response and the 

postprandial area under the curve. For each parameter, subjects were characterized as 

being a high- or a low responder based on the study- and sex-specific median value. The 

association between postprandial responses and SNPs in genes encoding the aforemen-

tioned hormones and their hypothalamic receptors was subsequently determined (GHRL, 

GHSR, LEP, LEPR, PYY, NPY, NPY2R, CART, FTO). 
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Fifty seven percent of the inter-individual variation in habitual physical activity can be 

explained by genetic variation. Amongst the genes involved is PPARD, with SNPs predis-

posing individuals for a reduced mitochondrial capacity (the rs2267668 and rs2076168 

variants). In a sub-population, this association was confirmed on the protein level: habit-

ual physical activity correlates positively with markers for mitochondrial capacity like cit-

rate synthase, succinate dehydrogenase and cytochrome c oxidase. No association was 

observed between habitual physical activity and skeletal muscle fibre-type distribution, 

which may be due to the exclusion of subjects based on their participation in sports. 

Individuals with a genetic predisposition for an increased risk of having type 2 diabetes in 

the PPARGC1A gene are characterized by an increased time spent on high intensity phy-

sical activity compared with individuals without this predisposition. As (high intensity) 

physical activity decreases with age, it is suggested to mediate the association between 

the onset of type 2 diabetes and a genetic predisposition in PPARGC1A in our healthy 

young adults. Body composition is associated with habitual physical activity in men and 

women with a constant year-round activity pattern. 

Postprandial responses in plasma PYY and ghrelin levels are associated with single nu-

cleotide polymorphisms (SNPs) in the GHRL (rs26802) and LEPR (rs1137101) genes, re-

spectively. The associations are anticipated to reflect genotype-driven long-tem physio-

logical adaptations required to facilitate homeostasis in individuals who are at-risk for 

overeating based on a direct genetic effect. Postprandial responses in plasma PYY and 

ghrelin levels are associated with SNPs in the GHSR (rs572169) and PYY (rs1058046) 

genes, respectively. Instead of counteracting, the latter associations are anticipated to 

reinforce direct genetic effects on food intake regulation. 

The TA and AA genotypes in rs9939609 (FTO) are known to increase the risk for develop-

ing obesity compared with the TT genotype. This association can at least partly be ex-

plained by an effect on postprandial responses in appetite, with subjects with low post-

prandial responses in hunger and satiety being overrepresented among carriers of the TA 

and AA genotypes compared with subjects with the TT genotype. The postprandial re-

sponse in hunger is additionally characterized by an epistatic interaction involving vari-

ants in DNMT3B and LEPR, with each SNP having an additional effect. This interaction 

suggests that DNA methylation, an epigenetic process, is involved in food intake regula-

tion. 

In conclusion, a genetic predisposition for a reduced mitochondrial capacity is associated 

with a less physically active lifestyle. Additionally, high intensity physical activity appears 

to mediate the association between the onset of type 2 diabetes and a genetic predispo-

sition in PPARGC1A. As for food intake regulation, postprandial responses in 

(an)orexigenic hormones are associated with genetic variants in the genes encoding 

these proteins and their hypothalamic receptors. Finally, the increased risk for develop-

ing obesity associated with the TA and AA genotypes in the rs9939609 SNP (FTO) can at 

least partly be explained by reduced postprandial responses in hunger and satiety. 
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Handhaving van de energiebalans en het voorkomen van metabole aandoeningen als 

obesitas, type 2 diabetes en hart-en-vaatziekten wordt in belangrijke mate bepaald door 

regulatie van de voedselinname en lichamelijke activiteit. De capaciteit om energie in-

name af te stemmen op energiegebruik en het al dan niet leiden van een actieve levens-

stijl worden beïnvloed door genetische aanleg en omgevingsfactoren. Tot nu toe is bij 

studies naar genen die een rol spelen bij de regulatie van de energiebalans vooral geke-

ken naar verbanden met fenotypes als body mass index (BMI) en (relatieve) vetmassa. 

Het doel van dit proefschrift is het identificeren van fysiologische en genetische parame-

ters die bijdragen aan de interindividuele variatie van zowel lichamelijke activiteit als de 

regulatie van voedselinname. 

Om de fysiologische en genetische achtergrond van lichamelijke activiteit te achterhalen 

is gekeken in hoeverre fenotypische variantie verklaard kan worden door spiervezelsa-

menstelling, mitochondriale capaciteit en single nucleotide polymorphisms (SNPs) in ge-

nen die betrokken zijn bij de mitochondriale biogenese (PPARD, PPARGC1A, NRF1, 

FRAP1). De SNPs in PPARD en PPARGC1A zijn eerder in verband gebracht met respectie-

velijk mitochondriale capaciteit en het risico op type 2 diabetes. Tweeënvijftig tweeling-

paren (16 monozygoot (MZ) vrouwelijke, 15 dizygoot (DZ) vrouwelijke, 12 MZ mannelij-

ke en 9 DZ mannelijke paren, leeftijd 22±5 jaar, BMI 21,8±3,4 kg/m2) en 117 niet-

verwante individuen (65 vrouwen, 52 mannen, leeftijd 21±2 jaar, BMI 22,0±2,5 kg/m2) 

van West-Europese afkomst zijn geïncludeerd. Lichamelijke activiteit is gedurende twee 

weken gemeten met behulp van een met tweevoudig gemerkt water gevalideerde, drie-

assige versnellingsopnemer (Tracmor). De Tracmor geeft zowel informatie over de totale 

hoeveelheid lichamelijke activiteit als over de intensiteit en duur van de verrichte activi-

teiten. Om proefpersonen onderling te kunnen vergelijken is de lichaamssamenstelling 

gemeten door bepaling van lichaamsvolume en lichaamswater volgens het drie-

compartimenten model van Siri. Spiervezelsamenstelling en mitochondriale capaciteit 

werden gemeten in een biopt uit de M. Vastus Lateralis. 

Om genetische varianten te identificeren die van invloed zijn op regulatie van de voedsel-

inname is gebruik gemaakt van data verkregen uit interventiestudies. Honderddrie niet-

verwante individuen van West-Europese afkomst zijn geïncludeerd (62 vrouwen, 41 

mannen, leeftijd 34±14 jaar, BMI 25,0±3,1 kg/m2).  Proefpersonen kregen een gestan-

daardiseerde maaltijd in energiebalans die gemiddeld voor 27, 45 en 28 energieprocent 

uit eiwitten, koolhydraten en vetten bestond. Direct voor en op 4 tot 7 tijdstippen na de 

maaltijd werden plasma ghreline, peptide YY (PYY) en glucagon-like peptide 1 (GLP-1) 

concentraties gemeten. Honger en verzadiging werden op dezelfde tijdstippen gemeten 

met behulp van een visuele analoge schaal. Voor elke parameter werd de snelheid van 

de initiële respons, de absolute respons en de oppervlakte onder de curve berekend. De 

postprandiale respons werd vervolgens gedichotomiseerd op basis van de geslachts- en 

studiespecifieke mediaan. Deze responsiviteit is in verband gebracht met SNPs in genen 

die coderen voor eerder genoemde hormonen en hun hypothalamische receptoren 

(GHRL, GHSR, LEP, LEPR, PYY, NPY, NPY2R, CART, FTO). 

Zevenenvijftig procent van de variatie in lichamelijke activiteit tussen personen kan ver-

klaard worden door genetische variatie. Één van de genen die hierbij een rol speelt is 

PPARD, met SNPs die predisponeren tot een lage mitochondriale capaciteit (de 
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rs2267668 en rs2076168 varianten). In een subpopulatie is deze relatie bevestigd op ei-

witniveau: lichamelijke activiteit is positief gecorreleerd met mitochondriale capaciteit, 

gemeten als de capaciteit van citraat synthase, succinaat dehydrogenase en cytochroom 

c oxidase. Lichamelijke activiteit is niet gerelateerd aan spiervezelsamenstelling, wat 

mogelijk verklaard kan worden door het in deze subpopulatie gehanteerde exclusiecrite-

rium voor sportparticipatie. Proefpersonen met een verhoogd risico op het ontstaan van 

type 2 diabetes als gevolg van een genetische variant in het PPARGC1A gen (rs8192678) 

worden gekenmerkt door meer hoog-intensieve lichamelijke activiteit dan individuen 

zonder deze variant. Gezien de leeftijd van de proefpersonen en het feit dat (hoog-

intensieve) lichamelijke activiteit daalt met de leeftijd kan op basis van deze studie en de 

literatuur worden verondersteld dat hoog-intensieve lichamelijke activiteit het ontstaan 

van type 2 diabetes in individuen met een genetische predispositie in het PPARGC1A gen 

kan voorkomen of vertragen. Lichaamssamenstelling is bij zowel mannen als vrouwen 

gerelateerd aan lichamelijke activiteit, mits het activiteitenpatroon gedurende het jaar 

constant is. 

De respons van plasma PYY en ghreline concentraties na de maaltijd is geassocieerd met 

SNPs in respectievelijk de GHRL (rs26802) en LEPR (rs1137101) genen. Deze associaties 

lijken fysiologische adaptaties te zijn die homeostase op de lange termijn mogelijk maakt 

in individuen die als gevolg van hun genotype een verhoogd risico lopen op overeten. 

Daarnaast is de respons van plasma PYY en ghreline concentraties na de maaltijd geas-

socieerd met SNPs in respectievelijk de GHSR (rs572169) en PYY (rs1058046) genen. In 

tegenstelling tot de eerdere associaties lijken deze relaties directe genetische effecten te 

versterken in plaats van ze te compenseren. 

Van de rs9939609 SNP in het FTO gen is bekend dat de TA en AA genotypes geassoci-

eerd zijn met een hoger risico op het ontstaan van obesitas dan het TT genotype. Deze 

associatie kan tenminste deels verklaard worden door een effect op de postprandiale 

respons in honger en verzadiging: Individuen met een lage daling van honger en stijging 

van verzadiging na de maaltijd komen significant meer voor onder dragers van de TA en 

AA genotypes vergeleken met dragers van het TT genotype. De postprandiale respons in 

honger wordt daarbij nog gekenmerkt door een epistatische interactie tussen SNPs in de 

FTO, DNMT3B en LEPR genen. Op basis van deze interactie lijkt DNA methylatie, een epi-

genetisch proces, een rol te spelen bij de regulatie van de voedselinname. 

Uit het onderzoek beschreven in dit proefschrift kan worden geconcludeerd dat geneti-

sche aanleg voor een lage mitochondriale capaciteit is geassocieerd met minder lichame-

lijke activiteit in het dagelijks leven. Verder lijkt hoog-intensieve lichamelijke activiteit de 

relatie tussen genetische aanleg in PPARGC1A en het ontstaan van type 2 diabetes te 

beïnvloeden. Voor de regulatie van de voedselinname kan geconcludeerd worden dat de 

postprandiale respons in honger- en verzadigingshormonen wordt beïnvloed door geneti-

sche varianten in de genen die coderen voor deze hormonen en hun hypothalamische 

receptoren. Tenslotte kan worden geconcludeerd dat aanleg voor het ontstaan van obesi-

tas als gevolg van een genetische variant in het FTO gen tenminste deels verklaard kan 

worden door een verlaagde postprandiale respons in honger en verzadiging. 
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Een keer knipperen met je ogen... Zo snel ongeveer lijken de afgelopen vier jaar voorbij 

te zijn gevlogen. In die vier jaar is er geen werkdag geweest dat ik niet met plezier van 

Geldrop naar Maastricht ben gereden. Om deze reden en omdat het onmogelijk is om 

een promotietraject binnen de daartoe gestelde termijn af te ronden zonder de nadruk-

kelijke hulp van anderen is het nu de hoogste tijd om een aantal mensen te bedanken. 

Laat ik beginnen bij de mensen zonder wie de in dit proefschrift beschreven studies niet 

verder zouden zijn gekomen dan hypotheses: de vrijwilligers die zich door mijn adver-

tenties aangesproken voelden en zich voor een geringe vergoeding in hebben gezet voor 

de wetenschap. Zeker in het geval van de deelnemers aan de bioptstudie was dat geen 

sinecure. Daarom: ontzettend bedankt voor jullie bijdrage. 

Daarnaast wil ik van deze gelegenheid gebruik maken om mijn promotoren te bedanken 

voor de steun die ik van hen heb gekregen bij het tot stand komen van dit proefschrift. 

Klaas, bedankt voor de efficiënte manier waarop je me de afgelopen jaren hebt begeleid. 

Je hebt me de vrijheid en de tijd gegeven om mijn hypotheses te kunnen toetsen en hebt 

daarbij steeds zowel de grote lijn van het project als de wekker in de gaten gehouden. Ik 

heb veel van je geleerd, bedankt daarvoor. Margriet, bedankt voor het scheppen van de 

randvoorwaarden die noodzakelijk zijn om ideeën om te kunnen zetten in resultaten. Be-

dankt ook voor het onwaarschijnlijke tempo waarmee bij jou ingeleverde manuscripten 

voorzien van (kritisch) commentaar hun weg terug vonden naar de auteur. Edwin ten-

slotte, bedankt voor de rust en humor waarmee je aan het tot stand komen van dit 

proefschrift hebt bijgedragen. Je keek met een andere bril naar de ingeleverde manu-

scripten en je deur stond altijd open, dat waardeer ik zeer. 

Ook de leescommissie, voorgezeten door Prof. Dr. Frederik-Jan van Schooten en verder 

bestaande uit Prof. Dr. Joep Geraedts, Prof. Dr. Harm Kuipers, Prof. Dr. Roger Adan  en 

Prof. Dr. Nick Wareham, wil ik bedanken voor hun kritische evaluatie van dit proefschrift. 

Wetenschap is een teamsport en als zodanig onmogelijk zonder de input van coauteurs. 

In chronologische volgorde wil ik graag als eerste Matthijs bedanken. In de beginfase van 

het project heb je ogenschijnlijk belangeloos meegedacht om te komen tot de juiste on-

derzoeksopzet. Vervolgens heb je na het afronden van het praktische werk geschaafd en 

meegeschreven aan de artikelen die hier hoofdstuk 2 en 3 heten totdat ze uiteindelijk 

rijp waren voor publicatie. In beide gevallen gingen er een aantal versies overheen voor 

het zover was; bedankt voor je hulp en je geduld. Gerrit, bedankt voor je bijdrage aan 

het meten van de capaciteit van de mitochondriale enzymen in het gehomogeniseerde 

bioptmateriaal, biopten die zonder de hulp van Luc, Milou, René en Ralph niet verzameld 

hadden kunnen worden; ook jullie bedankt. 

Margriet, Ananda, Astrid, Kristel en Manuela, als jullie je data verkregen uit (arbeidsin-

tensieve) interventiestudies niet beschikbaar hadden gesteld, zou ik op dit moment  

waarschijnlijk nog steeds mensen aan het voeden zijn geweest. Bedankt voor jullie prak-

tische bijdrage aan het tot stand komen van de hoofdstukken 6 en 7. Freek, bedankt 

voor je duidelijke instructies en hulp bij het isoleren van DNA uit buffy coats, wang-

schraapsels en zelfs placentaweefsel. Ook voor het genotyperen zelf zou ik nergens ge-

weest zijn zonder jouw uitleg. Geert, je hebt me geïntroduceerd in de wereld van de 
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