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1. INTRODUCTION

Noncommunicable diseases (NCDs) e.g., cardiovascular diseases, cancer, diabetes
and chronic respiratory diseases, are leading causes of death globally (World
Health Organization, 2025). Risk factors for NCDs include unhealthy diet, lack
of physical activity, alcohol use, tobacco use, overweight and obesity, high blood
pressure (BP), and elevated cholesterol (CHL) levels (World Health Organiza-
tion, 2025). Overweight and obesity are major public health concerns, which
affected approximately 2.1 billion adults in year 2021 (GBD 2021 Adult BMI
Collaborators, 2025). In 2023, 3.7 million deaths and 136 million disability-
adjusted life-years (DALY's) were attributable to high body mass index (BMI)
(GBD 2023 Disease and Injury and Risk Factor Collaborators, 2025; Institute for
Health Metrics and Evaluation, 2025).

Overweight and obesity are caused by a long-term imbalance between energy
intake and expenditure (Blither, 2019). Obesity displays a wide array of risk
factors, such as genetics (e.g., polygenic obesity), biology (e.g., individual diffe-
rences in physiological processes), psychology (e.g., stress, sensitivity to rewards),
physical (built) environment (e.g., food availability, green spaces for physical
activity, safety), socioeconomic changes (e.g., economics, policy, education, health
awareness, culture), social dynamics (e.g., behaviours of family and friends), and
individual behaviours (e.g., diet, level of physical activity) contributing to its
development (Lee et al., 2017).

Usually, genetic reasons behind common obesity are polygenic, expressed in
hundreds of obesogenic polymorphisms having a small effect (Loos & Yeo,
2022). Gene discovery for polygenic obesity accelerated rapidly with the intro-
duction of genome-wide association studies (GWAS) approximately 20 years ago
(Frayling et al., 2007; Visscher et al., 2017). GWAS have identified hundreds of
genetic variants associated with obesity, however, the causality of these genetic
variants and the underlying mechanisms remain unclear. Further, the effect of
genetic variants may be influenced by demographic factors (e.g., sex, age), the
environment (e.g., built environment, the birth cohort), and individual behaviours
(e.g., diet, physical activity, smoking) (Loos & Yeo, 2022). Genotype-age,
genotype-environment (Robinson et al., 2017), and genotype-birth cohort (Rosen-
quist et al., 2015) interactions in BMI variation have been observed. However,
genotype-environment interaction analyses are challenging to consider in GWAS.

As obesity is a multifactorial condition, several other factors e.g., cognitive
control, regulation of motivation, and sensitivity to reward, contribute to its develop-
ment. As an example, sensitivity to reward, a psychobiological trait to seek re-
warding substances or enjoyment with high reward potential, has been associated
with overeating (Davis, 2013; Loxton & Tipman, 2017; Volkow et al., 2011),
preference for foods high in fat and sugar (Davis et al., 2007; De Decker et al.,
2016), varying levels of physical activity and fitness (Kiive et al., 2025), and use
of addictive substances (Emery & Simons, 2017; Jonker et al., 2014; Tatnell et
al., 2019).
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The current dissertation analyses the association between selected genetic
(i.e., transcription factor AP-2 beta [TFAP2B], fat mass and obesity-associated
[FTO], neuropeptide Y [NPY]), and psychobiological factors (i.e., reward sensiti-
vity) with overweight, obesity, and its related conditions (i.e., insulin resistance)
while considering interactions with age, sex, diet, physical activity, socioecono-
mic status (SES), and the birth cohort during adolescence and young adulthood.
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2. LITERATURE REVIEW

2.1. Overweight, obesity and its related conditions

Rates of overweight and obesity have increased at the global, regional, and
national levels from 1990 to 2021 (GBD 2021 Adult BMI Collaborators, 2025),
and as such, have become a major public health concern. In 2021, approximately
2.11 billion (95% uncertainty interval [UI] 2.09, 2.13) adults aged > 25 years
were overweight or obese, representing 45.1% (95% Ul 44.7, 45.4) of the global
adult population (GBD 2021 Adult BMI Collaborators, 2025). From 1990 to
2021, the combined prevalence of overweight and obesity in children and adoles-
cents aged 5-24 years has increased twofold, while the prevalence of obesity
alone has tripled. In 2021, 18.1% (95% UI 17.5, 18.7) of children aged 5—14 years
and 20.3% (95% UI 19.7, 21.0) of adolescents aged 1524 years were overweight
or obese, corresponding to an estimated 493 million (95% UI 483, 505 million)
individuals (GBD 2021 Adolescent BMI Collaborators, 2025).

According to the Health Behaviour among Estonian Adult Population 2024
study, the prevalence of overweight among individuals aged 16—64 years was
42.0% among men and 32.8% among women, the prevalence of obesity was
20.3% and 19.9%, respectively (Reile et al., 2025). The World Health Organiza-
tion (WHO) Childhood Obesity Surveillance Initiative in Estonia demonstrated
that, during the 2021/22 academic year, the prevalence of overweight and obesity
among first-grade children (aged 7-8 years) was 16.6% and 11.5%, among
fourth-grade children (aged 10-11 years) 20.3% and 14.1%, and among seventh-
grade children (aged 13—14 years) 18.9% and 10.5%, respectively (National Insti-
tute for Health Development, 2023). The 2021/22 Estonian Health Behaviour in
School-aged Children study reported a prevalence of overweight and obesity of
19.3% for children aged 11 years, 21.1% for children aged 13 years, and 19.2%
for children aged 15 years (Piks66t & Oja, 2023).

Overweight and obesity are complex conditions with no single linear cause-
effect relationship, and the interaction between partially overlapping and syner-
gistic factors such as genetics, biology, behaviour, SES, cultural differences, and
the environment contributing to an imbalance between energy intake and expendi-
ture, leading to excessive weight gain (Bray et al., 2016; Hruby & Hu, 2015; Lee
et al., 2017). The prevalence of overweight and obesity varies across sex, race
and ethnicity, increasing with age (Hales et al., 2018). In Central and Eastern
Europe, the prevalence of overweight and obesity was higher in males than
females before 40 years of age, with the prevalence in females surpassing that in
males thereafter. In males, the prevalence of overweight and obesity peaked at
approximately 55-59 years of age, whereas in females it peaked later, at approxi-
mately 60—64 years of age (GBD 2021 Adult BMI Collaborators, 2025).

Currently, the most widely used criterion for defining overweight and obesity
in adults is the BMI. The WHO defines individuals with BMI > 25 kg/m? as over-
weight and with BMI > 30 kg/m?” as obese (Table 1) (World Health Organization,
2000). However, it should be noted that the optimal BMI might differ between

12



younger and older people. Current available evidence is insufficient to provide a
recommendation for optimal BMI amongst the elderly. It has been suggested that
it may be between 23-29 kg/m* (Cloetens and Ellegard, 2023).

Table 1. The WHO classification according to the BMI (World Health Organization,
2000).

Classification BMI (kg/m?) Risk of comorbidities
Underweight <18.5 Low

Normal weight 18.5-24.9 Average

Overweight 25.0-29.9 Increased

Obesity class I 30.0-34.9 Moderate

Obesity class 11 35.0-39.9 Severe

Obesity class 11 >40.0 Very severe

BMI, body mass index; kg/m?, kilogram per square metre; WHO, World Health
Organization

Obesity is characterised by excessive adiposity (Rubino et al., 2025), however,
the BMI does not differentiate between weight associated with muscle and weight
associated with fat, and thus may not correctly distinguish individuals with
normal weight from people with overweight or obesity (World Health Organiza-
tion, 2000). Thus, it has been suggested that excess adiposity should be confirmed
by either direct measurement of body fat, or at least one anthropometric criterion
in addition to BMI (Rubino et al., 2025). The WHO has recommended to use the
waist circumference (WC) and waist-to-hip ratio (WHR) as indicators of ab-
dominal obesity (World Health Organization, 2008, 2000). Another widely used
proxy for characterising abdominal obesity is the waist-to-height ratio (WHtR)
with a cut-off value of 0.5 (Table 2) (Ashwell et al., 2012; Ashwell & Gibson,
2016; Savva et al., 2013). Although newer tools are available to assess the
presence of excessive adiposity e.g., body roundness index (Thomas et al., 2013)
and relative fat mass (Woolcott & Bergman, 2018), the BMI has remained the
main component in assessing the presence of overweight and obesity in both
population and individual level.
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Table 2. Classification of adults into risk of metabolic complication categories according
to WC, WHR and WHtR (Ashwell et al., 2012; Ashwell & Gibson, 2016; Savva et al.,
2013; World Health Organization, 2008, 2000).

Indicator Cut-off points Risk of metabolic
complications
Male Female
WwC >94 cm >80 cm Increased
wC >102 cm > 88 cm Substantially increased
WHR >0.90 > 0.85 units Substantially increased
units
WHtR >0.5units  >0.5 units Increased

WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio; cm,
centimetre

There is more variability in criterion used to define overweight and obesity in
children and adolescents (World Health Organization, 2000). Many countries,
including Estonia, have developed local, country specific reference growth charts
based on weight-for-age and height-for-age. The growth charts currently used in
Estonia were developed using data collected in 1996 and include percentile
curves spanning from the 3rd to the 97th percentile (Griinberg et al., 1998).
However, during the interim period, the rate of growth of Estonian children has
changed. Comparative analysis by Salm et al. (2013) demonstrated that already
between 2006-2009, school-aged children were significantly taller and heavier,
with a significantly increased BMI, compared to children in 1996 (Salm et al.,
2013). The Estonian growth charts need updating, nevertheless, in the meantime,
they remain the most suitable reference for clinical growth assessment reflecting
best the population-specific determinants of growth e.g., genetic background,
environmental exposures, and nutritional status. In addition, WHO has developed
international child growth standards, including weight-for-age, height-for-age,
weight-for-height, and BMI-for-age (World Health Organization, 2009), that are
derived from the WHO Multicentre Growth Reference Study (de Onis et al.,
2004), yet these only apply to children up to 5 years of age. A study by Cole et
al. (2000) developed a definition of child overweight and obesity for children
aged 2—18 years for international use by analysing data on BMI from six large
nationally representative cross-sectional surveys on growth from Brazil, United
Kingdom, Hong Kong, Netherlands, Singapore, and United States (Table 3).
Nevertheless, because these cut off points have been developed using cross-
sectional data, they are limited by describing the population at only one point in
time and thus do not represent individual growth trajectories, account for birth-
cohort effects, or capture secular trends (Cole et al., 2000).
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Table 3. Cut off points for BMI for overweight and obesity by sex from age 2—18 years
(Cole et al., 2000).

BMI 25 kg/m? BMI 30 kg/m?
Age Male Female Male Female
(years)

2 18.41 18.02 20.09 19.81
3 17.89 17.56 19.57 19.36
4 17.55 17.28 19.29 19.15
5 17.42 17.15 19.30 19.17
6 17.55 17.34 19.78 19.65
7 17.92 17.75 20.63 20.51
8 18.44 18.35 21.60 21.57
9 19.10 19.07 22.77 22.81
10 19.84 19.86 24.00 24.11
11 20.55 20.74 25.10 25.42
12 21.22 21.68 26.02 26.67
13 21.91 22.58 26.84 27.76
14 22.62 23.34 27.63 28.57
15 23.29 23.94 28.30 29.11
16 23.90 24.37 28.88 29.43
17 24.46 24.70 29.41 29.69
18 25 25 30 30

BMI, body mass index; kg/m?, kilogram per square metre

Obesity is a critical risk factor for morbidity and mortality (GBD 2023 Disease
and Injury and Risk Factor Collaborators, 2025) particularly in regards to glucose
(GLC) regulation and metabolic disease (Kahn et al., 2006). Insulin resistance, a
defect in insulin-mediated control of GLC metabolism in muscle, fat and liver
tissue, plays a key role in the early manifestation of type 2 diabetes and cardio-
vascular disease (James et al., 2021). Although normal fluctuations in insulin
sensitivity occur during the life cycle e.g., during puberty, pregnancy and with
ageing (Kahn et al., 2006), the expansion of adipose tissue is a risk factor for the
development of insulin resistance (James et al., 2021). Intrinsically, obesity in-
creases the risk of NCDs such as type 2 diabetes, non-alcoholic fatty liver disease,
cardiovascular disease, musculoskeletal disease, mood disorders, and some types
of cancer (Bliiher, 2019). In 2023, high BMI, defined as BMI > 25 kg/m?,
contributed to 3.7 million (95% UI 2.0, 5.2) deaths, and led to 135.8 million (95%
Ul 66.1, 199.7) DALYs (Institute for Health Metrics and Evaluation, 2025).
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2.2. Environmental factors in overweight and obesity
2.2.1. The living environment

The immediate living environment within a country or a geographic region such
as the built environment, transport systems, availability of low-cost, high-calorie,
high-fat foods, opportunities for physical activity, sociocultural determinants of
food choices and body-size perception have been associated with overweight and
obesity (Swinburn et al., 2011). Twin studies have indicated the importance of
shared environment on fast food intake, sedentary lifestyle and obesity (Nelson
et al., 2006). Some authors suggest that overweight and obesity are the result of
a normal reaction to the surrounding obesogenic environment, which imposes a
wide range of barriers to maintaining a healthy weight (Jackson et al., 2020;
Swinburn et al., 2011).

The association between the built environment and obesity has been exten-
sively investigated. Mixed land use, pleasant aesthetics, environment with healthy
food options and greater access to parks and playgrounds have been associated
with lower weight status (Dixon et al., 2021). An analysis of 11,562 children aged
3-S5 years revealed a link between a higher density of street trees and a lower
prevalence of obesity (Lovasi et al., 2013). In addition, access to bike lanes have
been significantly associated with physical activity (Pan et al., 2021). In contrast,
lack of green spaces in the urban environment has been associated with higher
risk of obesity. Poulain et al. (2020) analysed the association between the pro-
portion of streets (sum of railways and streets) and green spaces (sum of
agriculture, lawn, bushes/young trees and trees) in the immediate urban living
area and the risk of overweight and obesity. The authors observed a positive link
between higher percentage of streets within 100 meters of home and increased
odds for overweight and obesity in adolescents (aged 10-19 years) (Poulain et
al., 2020). Further, neighbourhood walkability, defined by residential density,
proximity of shops and services, street connectivity, and proximity to parks and
recreation facilities, and safety have been studied in regards to physical activity
(Hermosillo-Gallardo et al., 2020; Sallis et al., 2018, 2011). Sallis et al. (2018)
reported greater physical activity and less sedentary time and TV time among
adolescents aged 12—16 years (n = 928) living in walkable neighbourhoods (Sallis
et al., 2018). In a study of 4,079 adolescents aged 15—18 years, low perception of
pedestrian safety was associated with lower physical activity, among female
subjects (n = 2074) (Hermosillo-Gallardo et al., 2020). However, most evidence
on the effects of the built environment comes from urban populations in
high-income countries. Corsi et al. (2024) recently analysed 143,338 partici-
pants across 530 communities in countries spanning all income levels. Higher
pedestrian safety (e.g., sidewalks, crosswalks) and community beautification
(e.g., trees, benches, streetlamps) was associated with lower obesity overall and
in urban areas, but not in rural areas. However, bike lanes were associated
with lower obesity in both urban and rural settings. Community disorder (e.g.,
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derelict buildings, graffiti) was associated with higher obesity overall, with
similar associations across urban and rural areas (Corsi et al., 2024).

Furthermore, it has been hypothesised that SES may modify the effect of
living environment on overweight and obesity. A trend for effect modification by
income, demonstrating that lower walkable/lower income neighbourhoods had
the highest percent of obese adolescents (16.7%) whereas lower walkable/higher
income neighbourhoods had the lowest percent of obese adolescents (8.8%), has
been noted (Sallis et al., 2018).

2.2.2. Socioeconomic status

Stunkard (1972) was one of the first to report the inverse relationship between
SES and obesity (Stunkard et al., 1972). Over the years, the same phenomenon
has been reported among both children and adults in other high-income deve-
loped countries, where the highest prevalence of overweight and obesity has been
observed in groups with the lowest SES (Chung et al., 2016; Devaux & Sassi,
2013; McLaren, 2007; Shrewsbury & Wardle, 2008). Moreover, residing in low
SES neighbourhood has been associated with a higher risk of overweight and
obesity regardless of the individual-level SES (Wang et al., 2007). A systematic
review and a meta-analysis by Mohammed et al. (2019) demonstrated that low
SES neighbourhood was associated with a 31% higher odds of overweight, a 45%
higher odds of obesity and a higher mean BMI (by 1.09 kg/m?; 95% confidence
interval [CI] 0.67, 1.50) (Mohammed et al., 2019).

Various mechanisms exist through which individual, and neighbourhood SES
can influence a person’s weight status. Thomas et al. (2019) investigated the
association between area-based SES index and consumption of foods high in fat,
salt and sugar, screen time and health knowledge among 3,348 adolescents (aged
11-19 years) across the United Kingdom. Subjects in the upper quintile of the
deprivation index had greater consumption of foods high in fat, salt and sugar and
lower intake of fruits and vegetables. In addition, deprivation was associated with
greater consumption of sugar-sweetened beverages and higher weekly screen
time, but lower awareness of the associations between obesity and chronic diseases
such as type 2 diabetes, cardiovascular disease and cancer (Thomas et al., 2019).
Schneider and Gruber (2013) observed a higher density of alcohol, tobacco and
fast food outlets in residential areas with low income and high deprivation
(Schneider & Gruber, 2013).

2.3. Behavioural factors in obesity
2.3.1. Diet

Energy requirement has been defined as the amount of energy from food needed
to keep a balance between energy intake and expenditure with the aim of main-
taining body size and composition while getting a desirable amount of physical
activity consistent with long-term good health. Energy requirement consists of
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the following components (Food and Agriculture Organization of the United
Nations et al., 2004):
e basal metabolism;
metabolic response to food;
physical activity;
growth.

Overweight and obesity are a consequence of net positive energy balance i.e., to
gain weight, energy intake must exceed expenditure and vice versa; to lose weight,
energy expenditure must exceed intake. Factors that influence energy balance can
be considered as relating to the host (individual factors), the environment (exter-
nal factors) and the vector (food and drink) (Romieu et al., 2017). A healthy and
a balanced diet is an important factor in maintaining good health, and prevention
or delay of chronic disease. Therefore, most countries or regions develop national
nutrition recommendations. Since Estonian restoration of independence in 1991,
four versions of national nutrition recommendations have been published (Table
4) (Kuivjogi et al., 1995; Pitsi et al., 2025, 2017; Vaask et al., 2006).
Macronutrients i.e., proteins, fats, and carbohydrates, are the energy contri-

buting components of a diet. According to the recent Estonian Nutrition, Physical
Activity, and Sleep Recommendations 2025, proteins should contribute between
10-20%, fats 25—40% and carbohydrates 45—60% of the total daily energy intake
(DEI) (Pitsi et al., 2025). The recommendations are based on the following
average values (Blomhoff et al., 2023):

e 1 gram of protein has an energetic value of 4 kilocalories (kcal) or 16.7

kilojoules (kJ);
e 1 gram of fats has an energetic value of 9 kcal or 37.7 kJ;
e 1 gram of carbohydrates has an energetic value of 4 kcal or 16.7 kJ.

Table 4. Recommended intake of macronutrients and fatty acids from total DEI according
to the Estonian national nutrition recommendations published in years 1995, 2006, 2017,
and 2025 (Kuivjogi et al., 1995; Pitsi et al., 2025, 2017; Vaask et al., 2006)

Macronutrients and Recommended intake as %E
fatty acids
Year 1995  Year 2006 Year 2017  Year 2025

Proteins 10-15 10-15 10-20 10-20
Fats 30-32 25-30 25-35 2540
Saturated fatty acids 10-12 up to 10 up to 10 up to 10
Monounsaturated fatty 10 10-15 1020 10-20
acids

Polyunsaturated fatty 10 5-10 5-10 5-10
acids

Carbohydrates 52-60 55-60 50-60 45-60

DEI, daily energy intake; %E, percentage from DEI.
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High protein intake in young children has been associated with excess weight
gain (Gruszfeld et al., 2016; Pimpin et al., 2016) although the source of proteins
also plays a role (Pimpin et al., 2018). A twin study in children up to 5 years of
age observed that the intake of protein from milk, cheese, and yogurt products,
was associated with greater weight and higher BMI compared to a diet composed
of plant-based milks, pulses, fruit, bread, vegetables, potatoes, pasta, rice and
white meat (Pimpin et al., 2018). Similar findings have been reported in adults.
Moon et al. (2021) observed a positive association between BMI and total protein
intake and protein intake from animal sources among German adults (n = 9,214;
aged 18-80 years). Every additional one percent intake of energy from animal
protein was associated with a 0.19 kg/m? higher BMI in men and 0.06 kg/m?
higher BMI in women at the lowest BMI quantiles and with a 0.32 kg/m? higher
BMI in men and 0.40 kg/m? higher BMI in women at the highest BMI quantiles
(Moon et al., 2021).

Wang et al. (2020) demonstrated that overall fat intake, percentage of DEI
from fats and a high-fat diet were positively associated with weight and BMI.
Further, a high-fat diet increased the risk of overweight and obesity by 13.2%
(relative risk [RR] 1.13; 95% CI 1.04, 1.23) (Wang et al., 2020). Dietary fat com-
position may also play a role. Raatz et al. (2017) observed a positive association
between BMI and total fat intake, intake of saturated fatty acids, and mono-
unsaturated fatty acids, whereas no association was observed between BMI and
polyunsaturated fatty acids (Raatz et al., 2017). Moreover, a systematic review
and a meta-analysis by Hooper et al. (2020) demonstrated that reducing total fat
intake to < 30% from DEI resulted in reduction of weight (mean difference [MD]
-1.4 kg; 95% CI -1.7, -1.1) that also reflected in a reduction of BMI (MD
-0.5 kg/m?; 95% CI1-0.6, -0.3) and WC (MD -0.5 cm; 95% CI -0.7, -0.2) (Hooper
et al., 2020).

Sartorius et al. (2018) did not find any significant association between high-
carbohydrate intake and obesity (odds ratio [OR] 1.04; 95% CI 0.93, 1.15).
Further, no association between total calorie intake from carbohydrates and the
odds of obesity (OR 0.98; 95% CI 0.93, 1.04) was observed (Sartorius et al.,
2018). In recent years, low-carbohydrate diets have been suggested as being more
effective for weight loss, than balanced-carbohydrate diets. A systematic review
and a meta-analysis by Naude et al. (2022) observed that low-carbohydrate
weight-reducing diets compared to balanced-carbohydrate weight-reducing diets
resulted in little to no difference in change in weight over 3—8.5 months (MD
-1.07 kg; 95% CI -1.55, -0.59) and over 1-2 years (MD -0.93 kg; 95% CI -1.81,
-0.04) (Naude et al., 2022).

Measuring DEI and macronutrient composition is challenging; thus, several
dietary habits have been independently identified as obesogenic. These include,
but are not limited to, intake of high energy density foods, daily consumption of
sugar-sweetened beverages and intake of red and processed meats. In contrast,
higher consumption of legumes, wholegrain foods and nuts have been associated
with a lower risk of obesity and weight gain (Romieu et al., 2017). A systematic
review and a meta-analysis by Schlesinger et al. (2019) observed a significantly
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higher risk for overweight and obesity with high consumption of red meat (RR
1.23; 95% CI 1.07, 1.41), processed meat (RR 8.80; 95% CI 1.20, 64.28) and
sugar-sweetened beverages (RR 1.20; 95% CI 1.01, 1.43), compared to low con-
sumption. Further, lower risk for overweight and obesity was noted with high
consumption of whole grains (RR 0.85; 95% CI1 0.79, 0.91), fruits (RR 0.88; 95%
CI 0.80, 0.96), legumes (RR 0.87; 95% CI 0.81, 0.94) and fish (0.75; 95% CI
0.62, 0.89) (Schlesinger et al., 2019). Frequency of fast-food consumption has
also been shown to increase the odds for obesity in a dose-dependent manner
(Anderson et al., 2011).

Several diet patterns and overall diet quality have been studied regarding
overweight and obesity. Li et al. (2022) evaluated the association between diet
quality, BMI, and WC, using the Healthy Eating Index-2015 score. Odds for
overall obesity (BMI > 30 kg/m?) and abdominal obesity (WC of > 102 cm) were
lower in the higher quartiles of the Healthy Eating Index-2015 score (Li et al.,
2022). Fung et al. (2015) used the alternate Mediterranean Diet, the alternate
Healthy Eating Index-2010, and the Dietary Approaches to Stop Hypertension
scores to assess the relationship between diet quality and weight gain among
50,603 women in the Nurses’ Health Study, 22,973 men in the Health Profes-
sionals Follow-Up Study and 72,495 younger women from the Nurses’ Health
Study II. The three diet quality scores moderately and significantly correlated
with each other. During the study period (follow-up of 20 years in Nurses’ Health
Study and Health Professionals Follow-Up Study, and 16 years in Nurses’ Health
Study II), mean weight increased in all three cohorts. Each 1-standard deviation
(SD) increase in the alternate Mediterranean Diet, alternate Healthy Eating Index-
2010 or Dietary Approaches to Stop Hypertension score over a 4 year period was
associated with less weight gain in the same period (Fung et al., 2015).

2.3.2. Physical activity and cardiorespiratory fitness

Physical activity has been defined as “any bodily movement produced by skeletal
muscles that requires energy expenditure” (World Health Organization, 2020a).
Various types of exercise (e.g., aerobic training, resistance training, combined
aerobic plus resistance training, and high-intensity interval training [HIIT]) have
demonstrated positive effects on the cardiometabolic health. A systematic review
and meta-analysis by van Baak et al. (2021) noted that all different training types
(aerobic, resistance, combined aerobic plus resistance, and HIIT) increased cardio-
respiratory fitness (CRF), compared to no exercise. Further, aerobic training,
resistance training and combined aerobic plus resistance training increased muscle
strength; resistance training or combined aerobic plus resistance training in-
creased overall physical fitness (Figure 1) (van Baak et al., 2021).

CRF reflects the ability of the cardiovascular and respiratory systems to
deliver oxygen to skeletal muscles during exercise and is an independent pre-
dictor of cardiometabolic health and cardiovascular disease. CRF is influenced
by both genetic and modifiable factors. In addition to age and sex, engagement in
vigorous physical activity is a key determinant of CRF, with its effects likely
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dependant by the duration, frequency, and intensity of physical activity (Raghu-
veer et al., 2020).

Although physical activity has beneficial effects independent of weight
control, in both obese and non-obese individuals (An et al., 2019; Pojednic et al.,
2022; van Baak et al., 2021), increased physical activity is a common strategy to
create negative energy balance and achieve weight loss (Chin et al., 2016). A
systematic review and network meta-analysis by Song et al. (2026) found that
combined aerobic and resistance exercise, HIIT, and moderate-to-vigorous aerobic
exercise were associated with significant reductions in BMI and body fat per-
centage (BF%) among women with overweight or obesity (Song et al., 2026).
Furthermore, aerobic exercise, resistance exercise, combined aerobic and resis-
tance exercise, and HIIT all significantly reduced BMI and BF% among young
adults with overweight or obesity (Figure 1) (Lv et al., 2026).

ADIPOSITY AND FITNESS

PHYSICAL ACTIVITY
Body mass index |

Aerobic exercise
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| » Waist circumference |
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Body fat mass |
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. Body fat percentage |
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High intensity interval Cardiorespiratory fitness T
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Figure 1. The effect of physical activity to adiposity and fitness (Lv et al., 2026; van
Baak et al., 2021).

The overall beneficial effect of physical activity to health and wellbeing have led
to the development of recommendations for optimal physical activity and
sedentary behaviour (Table 5) (World Health Organization, 2020b). Recommen-
dations regarding physical activity are also incorporated to the latest version of
Estonian Nutrition, Physical Activity, and Sleep Recommendations 2025, pub-
lished in year 2025 (Table 5) (Pitsi et al., 2025).
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Table 5. Physical activity recommendations according to the WHO Guidelines on
Physical Activity and Sedentary Behaviour and Estonian Nutrition, Physical Activity, and
Sleep Recommendations 2025 (Pitsi et al., 2025; World Health Organization, 2020b).

WHO Guidelines on Physical Activity
and Sedentary Behaviour (2020)

Estonian Nutrition, Physical Activity,
and Sleep Recommendations 2025
(2025)

Children (aged 5-17 years)
At least an average of 60 min per day of
moderate to vigorous-intensity, mostly
aerobic, physical activity.
Vigorous-intensity aerobic activities, as
well as those that strengthen muscle and
bone at least 3 days per week.
Limit the amount of time spent being
sedentary, particularly the amount of
recreational screen time.

Children (aged 7-18 years)
At least an average of 60 min per day of
moderate to vigorous-intensity physical
activity.
Muscle- and bone-strengthening activities
at least 3 days per week.

Limit non-school-related screen time to
less than 2 hours per day.

Adults (aged 18-64 years)
Physical activity should be performed
regularly.

At least 150-300 min of moderate-
intensity aerobic physical activity per
week; or at least 75—-150 min of
vigorous-intensity aerobic physical
activity per week; or an equivalent
combination of moderate- and vigorous-
intensity activity per week.

Muscle strengthening activities at
moderate or greater intensity involving
all major muscle groups on 2 or more
days per week.

Moderate intensity aerobic physical
activity may be increased to more
than 300 min per week; or more than
150 min of vigorous-intensity aerobic
physical activity per week; or an equi-
valent combination of moderate- and
vigorous-intensity activity per week.

Limit sedentary time. Replace sedentary
time with physical activity of any
intensity (including light intensity).
Aim for more than the recommended

levels of moderate- to vigorous-
intensity physical activity.

Adults (from age 19 years)
Physical activity should be performed
regularly, preferably for at least 30 min
every day.

At least 150-300 min of moderate-
intensity physical activity per week; or
75—150 min of vigorous-intensity physical
activity per week; or an equivalent
combination of moderate- and vigorous-
intensity physical activity per week.

Muscle strengthening activities involving
all major muscle groups at least 2 days
per week and balance and flexibility
exercises at least 3 days per week.

Limit sedentary and screen time.
Standing and stretching breaks should be
performed at least once every hour.

h, hour; min, minute; WHO, World Health Organization
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2.4. Birth cohort effects

A birth cohort consists of individuals born at a specific point in time or roughly
in a similar time period (Canizares et al., 2018; Yoo, 2023). It should not be
confused with age effect, which is the effect of growing older, or period effect,
the variations across time periods that simultaneously affect all age groups (Cani-
zares et al., 2018). Birth cohort effects have been noticed in several areas e.g.,
psychological dimensions such as agreeableness, perceived distress, and de-
pression (Keyes et al., 2014; Kiive et al., 2023; Yoo, 2023), but also on BMI,
overweight, obesity (Allman-Farinelli et al., 2008; Keyes et al., 2010; Robinson
et al., 2013; Schramm et al., 2023; Yoo & Chung, 2020), and alcohol consump-
tion (Pabst et al., 2010; Vaht et al., 2014; Virtanen et al., 2019). Individual birth
cohorts experience different social and environmental factors, which may lead to
differences in psychological and social development, and health related be-
haviour (Yoo, 2023). However, the differentiation of independent effects of the
birth cohort, age, and time period is complex, because they are linearly dependent
(Canizares et al., 2018).

The effects of the birth cohort may be especially relevant during a period of
rapid change in societies, e.g., transitioning from the Soviet era. In the 1990-ies
Estonia possibly experienced the fastest transition among the Countries of Central
and Eastern Europe. The post-Soviet era was characterised by moving towards a
meritocratic society, rapid changes in economy, equal access to education and
occupation, and gender equality (Rimfeld et al., 2018). Many other changes, from
value systems to customary food and eating habits, were also to change.

2.5. Central and peripheral regulators of appetite and
energy homeostasis

Energy intake and expenditure is a homeostatic process where the regulation of
appetite and feeding is controlled by the central nervous system (CNS) via
integration of external signals from the environment together with internal signals
from peripheral regulators such as leptin, insulin (INS) and several gastrointes-
tinal (GI) hormones in a rather complex manner (Hall et al., 2022). The main
central and peripheral regulators of appetite have been presented in Figure 2
(Austin & Marks, 2009; Lean & Malkova, 2016).
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Figure 2. Main central and peripheral regulators of appetite (Austin & Marks, 2009; Lean
& Malkova, 2016). AgRP, agouti-related peptide; o-MSH, melanocyte-stimulating
hormone; CART, cocaine- andamphetamine regulated transcript; CCK, cholecystokinin;
G, gastrointestinal, GLP1, glucagon-like peptide-1; INS, insulin; MC3R, melanocortin-
3 receptor; MC4R, melanocortin-4 receptor; NPY, neuropeptide Y; POMC, proopio-
melanocortin; PYY, peptide tyrosine tyrosine (Figure design by Mette Mari Kaljas)

Hypothalamus, a small area of the brain located just below the thalamus, is a
centre for appetite and energy homeostasis (Timper & Briining, 2017). A key
region involved in the central regulation of appetite and feeding is the arcuate
nucleus (ARC) of the hypothalamus, where the appetite-inhibiting (i.e., anorexi-
genic) proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated
transcript (CART) expressing neurons, and the appetite-stimulating (i.e., orexi-
genic) NPY and agouti-related peptide (AgRP) co-expressing neurons are located
(Farr et al., 2016; Timper & Briining, 2017). Both POMC/CART and AgRP/NPY
neurons express receptors for peripheral regulators e.g., INS and leptin (Timper
& Briining, 2017) which act in the hypothalamus to inhibit or excite these neurons
and modify appetite (Farr et al., 2016).
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The anorexigenic cells in the ARC activate the paraventricular nucleus (PVN)
(Yu & Kim, 2012). PVN has an inhibitory role on food intake by inhibiting the
lateral hypothalamic area (LHA). PVN neuron groups, particularly the PVN single-
minded homolog 1 (SIM1) neurons, play an important role in satiety. PVN
melanocortin-4 receptor-expressing (MC4R) neurons together with PVN
prodynorphin-expressing neurons comprise the totality of PVN SIM1 neuron-
mediated satiety. Thus, silencing the PVN MC4R or PVN prodynorphin-ex-
pressing neurons promotes food intake (Li et al., 2019). One of the most frequent
genetic causes of obesity is the loss of MC4R function (Obradovic et al., 2021).
Further, it has been demonstrated that PVN lesions (Leibowitz et al., 1981) and
haploinsufficiency of SIMI1 transcription factor, which is necessary for the
development of PVN, cause hyperphagia and obesity (Holder et al., 2000;
Michaud et al., 2001).

LHA acts as a feeding centre that contains two neuronal populations producing
orexigenic neuropeptides, the melanin concentrating hormone and orexin.
Damage to the LHA leads to hypophagia and weight loss (Yu & Kim, 2012).
Ventromedial hypothalamus (VMH) plays a role in GLC homeostasis, where it
is involved in the release of gluconeogenic hormones during INS-induced hypo-
glycaemia, but also in hepatic GLC production during euglycaemia (Hirschberg
et al., 2020). VMH inhibits feeding, and damage to the VMH causes hyperphagia
and obesity (Shimizu et al., 1987).

FTO protein is a ribonucleic acid (RNA) demethylase that belongs to a non-
heme iron(Il) and a-ketoglutarate dependent dioxygenase AlkB family (Gerken
et al., 2007; Jia et al., 2011, 2008). FTO can bind to multiple RNA types and
demethylate internal N®-methyladenosine (m°A) and cap 2-O-dimethyladenosine
(m®Arm) in mRNA, internal m°A in U6 RNA, internal and cap m®A,, in snRNAs,
and N1-methyladenosine (m'A) in tRNA (Wei et al., 2018). However m°A, the
most common modification of mRNA, is the most favourable nucleobase sub-
strate of FTO (Zhang et al., 2019) and modulates several cellular processes such
as RNA splicing, stability, translation, transportation and degradation (Azzam et
al., 2022; Lan et al., 2020). Studies have demonstrated the potential role of FTO
in the regulation of ghrelin (Karra et al., 2013), lipid accumulation (Tuck et al.,
1999; Wang et al., 2015), adipogenesis and pre-adipocyte differentiation (Wu et
al., 2018b, 2018a; Zhang et al., 2015; Zhao et al., 2014).

The more specific feeding control circuits are moderated by the mono-
aminergic systems that originate from the brainstem. Dopaminergic neurotrans-
mission provides general motivating force, and the net effect of serotonin appears
to be inhibition of feeding as depletion of serotonin generally increases food
intake. The TFAP2B is a member of the AP-2 family of transcription factors
(Raap et al., 2021). TFAP2B has an effect on both the serotonin and dopamine
systems: we have previously demonstrated a strong correlation between TFAP2B
levels in the raphe, where the serotonergic perikarya are located, and serotonin
turnover in the frontal cortex (Damberg et al., 2001). Further, TFAP2B genotype
has been associated with striatal dopamine D2-receptor availability as measured
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by positron emission tomography as well as with the cerebrospinal fluid levels of
homovanillic acid, a major metabolite of dopamine (Damberg et al., 2004).

Both the GI tract and adipose tissue have endocrine functions (Alhabeeb et al.,
2021; Lean & Malkova, 2016). The gut-brain axis, a bidirectional communication
network between the GI tract and CNS, is the physiological driver of satiation.
GI and adipose tissue hormones are important peripheral regulators of energy
control and interaction between the peripheral regulators and hypothalamic and
brainstem centres represents a collective regulatory system for appetite, feeding
and energy balance (Lean & Malkova, 2016).

Ghrelin, an orexigenic gut hormone, mostly secreted from the stomach during
a period of food deprivation, increases appetite and feeding via direct effects on
PVN and by activating AgRP/NPY neurons and inhibiting POMC neurons
(Alhabeeb et al., 2021; Timper & Briining, 2017). Other GI hormones, such as
cholecystokinin, glucagon-like peptide 1 (GLP1), and peptide tyrosine tyrosine
are released from the intestine and wield anorexigenic effects in various regions
of the brain (e.g., ARC, PVN) (Timper & Briining, 2017). Cholecystokinin facili-
tates nutrient absorption, stimulates gall bladder contraction, enhances pancreatic
enzyme secretion and delays gastric emptying (Alhabeeb et al., 2021; Lean &
Malkova, 2016). It also has a stimulating effect on the vagus nerve (Alhabeeb et
al., 2021). GLP1 acts as an incretin, stimulating INS release and at the same time
inhibiting glucagon release. Further, GLP1 delays gastric emptying leading to
enhanced satiety (Lean & Malkova, 2016). Peptide tyrosine tyrosine is co-
secreted with GLP1 and exerts its anorexigenic functions through inhibiting NPY
neurons and promoting POMC neurons. This leads to reduced gastric motility
and delayed gastric emptying (Alhabeeb et al., 2021; Lean & Malkova, 2016).

INS, a peptide hormone produced by the pancreatic B-cells, has an important
role in GLC metabolism and appetite. INS enters the brain by either penetrating
the blood-brain barrier or crossing the vascular endothelium via transport pro-
teins. In the brain, INS exerts its anorexigenic effect by altering the expression of
NPY, AgRP, POMC and CART in the ARC (Agrawal et al., 2021).

Leptin is mainly produced in the white adipose cells and has a variety of
functions (e.g., regulation of food intake, body mass, and reproductive function;
role in foetal growth, proinflammatory immune responses, angiogenesis and lipo-
lysis). In feeding regulation, leptin affects the transcription of POMC which can
be converted to a-MSH; a-MSH is then released into the synapse to activate
neurons via binding to the melanocortin receptors leading to a supressed appetite.
Further, in neurons, leptin inhibits NPY and AgRP synthesis (Obradovic et al.,
2021). The molecular mechanisms involved in the regulation of appetite and
energy homeostasis are complex and include different central and peripheral
regulators. Therefore, the pathways to dysregulation of energy homeostasis, that
may lead to overweight and obesity, are diverse.
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2.6. The reward system and obesity

CNS has multiple roles in the development of obesity. A variety of factors related
to cognitive control, regulation of motivation, and reward contribute to its
development (Mansur et al., 2015). Individual variation in the functioning of the
reward system has most influentially been conceptualised in Gray’s Reinforce-
ment Sensitivity Theory (RST) (Gray, 1994; Smillie et al., 2006). The original
RST consisted of a reward system, a punishment system, and a threat-response
system known as the Behavioural Approach System (BAS), the Behavioural
Inhibition System (BIS), and the Fight/Flight System (FFS), where BIS was
thought to generate responses to conditioned signals of punishment and non-
reward, BAS responses to conditioned signals of reward and non-punishments
and FFS responses to unconditioned aversive stimuli (Smillie et al., 2006). When
testing the original RST, various issues emerged leading Gray and McNaughton
(2000) to revise the RST (Gray & McNaughton, 2000). The BAS remained
largely unaltered mediating reactions to all appetitive stimuli; BIS was now
responsible for resolving goal conflict in general; FFS was renamed as the Fight
Flight and Freeze System mediating reactions to all aversive stimuli (Corr, 2008;
Gray & McNaughton, 2000; Smillie et al., 2006).

Reward sensitivity, a psychobiological trait to seek rewarding substances or
enjoyment with high reward potential, has been associated with overeating
(Davis, 2013; Loxton & Tipman, 2017; Volkow et al., 2011), preference for foods
high in fat and sugar (Davis et al., 2007; De Decker et al., 2016), and use of
addictive substances (Emery & Simons, 2017; Jonker et al., 2014; Tatnell et al.,
2019). Several neurotransmitter systems, most overwhelmingly dopamine and
serotonin, regulate the rewarding effects of food (Volkow et al., 2011). Both
palatable foods and substance use activate the dopaminergic pathways in the
brain, indicating a higher response to reward (Davis, 2013). In addition, low sero-
tonin levels are a known inclination for the development of depression, anxiety
disorders, and addiction (Fischer & Ullsperger, 2017). Therefore, it has been
suggested that obese individuals may differ from people with normal weight
regarding reward sensitivity.

A study among 346 Dutch children (aged 6—13 years) found that children with
obesity had higher scores of reward responsiveness, compared to children with
overweight, normal weight, or underweight. Further, obese children had greater
impulsivity and fun seeking scores, compared to normal weight and underweight
children (Berg et al., 2011). A study investigating food addiction, over-eating,
and reward sensitivity in women (n = 374), demonstrated an association between
higher reward sensitivity and symptoms of food addiction, mediated by binge-
eating, emotional eating, and food availability (Loxton & Tipman, 2017). Merchan-
Clavellino et al. (2020) observed a significant correlation between reward sensi-
tivity and alcohol consumption among 384 Spanish university students
(Merchan-Clavellino et al., 2020).

Despite growing evidence supporting the presence of a relationship between
reward sensitivity and obesity, the inner structure of reward sensitivity has not
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been sufficiently understood (Corr, 2008; Corr & Krupic, 2017), and the associa-
tion between components of reward sensitivity and weight remains unexplored.
Pulver et al. (2020) differentiated reward sensitivity into Openness to Rewards,
the strive towards multiplicity of rewards, and Insatiability by Reward, a fixation
to a particular reward (Pulver et al., 2020). These two aspects of reward sensitivity
diverge in their relationship with basic personality dimensions and symptoms of
attention deficit hyperactivity disorder, a condition that is often co-morbid with
obesity (Chen et al., 2018).

2.7. Candidate genes of interest in overweight and obesity

Genetic reasons behind obesity can broadly be classified into monogenic reasons,
caused by a single gene mutations primarily located in the leptin-melanocortin
pathway, syndromic reasons, where severe obesity is associated with other pheno-
types such as neurodevelopmental abnormalities, or organ/system malformations
(e.g., Bardet-Biedel Syndrome, Prader Willi Syndrome), and polygenic reasons,
caused by cumulative contribution of multiple genetic variants whose effect is
usually amplified by the obesogenic environment (Thaker, 2017).

The application of GWAS approximately 20 years ago enabled to find associa-
tions between several genetic variants and different traits (Frayling et al., 2007,
Visscher et al., 2017). More than 3000 height-associated and 900 BMI-associated
single nucleotide polymorphisms (SNP) have been identified in GWAS (Yengo
et al., 2018). However, it is difficult to estimate the contribution of genes to BMI
variability as heritability estimates of BMI differ, and range from 0.24 to 0.81 in
family studies and 0.47 to 0.90 in twin studies (Elks et al., 2012). There is also
evidence of genotype-age, genotype-environment (Robinson et al., 2017), and
genotype-birth cohort interactions (Rosenquist et al., 2015) contributing to BMI
variation. It is likely that obesity occurs from interactions between a polygenetic
risk profile and external factors (e.g., intrauterine environment, medications,
SES, physical activity, insufficient sleep, endocrine disruptions, and the micro-
biome) (Goodarzi, 2018). However, the pathways and molecular mechanisms
through which obesity develops, are not fully understood and detailed mecha-
nistic understanding of how genetic variations influence the phenotype is required
(Goodarzi, 2018; Loos & Yeo, 2022). This has led to a need to again study
candidate genes separately to reveal etiopathogenetic pathways; likely, there are
many.

2.7.1. TFAP2B and implication of the TFAP2B gene

TFAP2B gene is located on chromosome 6p12 and is composed of 7 exons (Raap
etal., 2021). TFAP2B encodes a transcription factor expressed in the neural crest,
the nervous system, and surface epithelium (Eckert et al., 2005; Mitchell et al.,
1991). TFAP2B regulates cell survival, promotes cell proliferation and sup-
presses differentiation and has a role in the development of different tissues and
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organs of ectodermal, neuroectodermal and mesodermal origin such as the
kidneys, the CNS, and peripheral nervous system (Eckert et al., 2005; Raap et al.,
2021). Further, TFAP2B influences both the serotonin and dopamine systems
(see Section 2.5.). Overexpression of TFAP2B in 3T3-L1 adipocytes decreased
the expression and secretion of adiponectin, by directly inhibiting adiponectin
gene expression (lkeda et al., 2006). Moreover, overexpression of TFAP2B caused
adipocyte cell enlargement, stimulation of GLC transport activity, triglyceride
(TRG) accumulation and insulin resistance (Tao et al., 2006).

A meta-analysis of GWAS in individuals of European and non-European
descent and Metabochip studies, with a total of 339,224 individuals, identified 97
loci, including the TFAP2B gene, associated with BMI (Locke et al., 2015). A
meta-analysis of GWAS in children (aged 2—10 years) produced similar results:
It included 20 studies (n = 35,668) in the discovery phase and 13 studies (n =
11,873) in the replication phase; 15 loci, including TFAP2B, reached genome-
wide significance and were thus reliably associated with childhood BMI (Felix et
al., 2016).

Earlier studies have shown that polymorphisms in the first intron of 7FAP2B
affect the transcriptional activity of the gene (Tsukada et al., 2006). Moreover,
polymorphism in the second intron of the TFAP2B was associated with ab-
dominal obesity and insulin resistance in male subjects at 15 years of age (Nord-
quist et al., 2009).

2.7.2. FTO and FTO rs1421085

The gene encoding the FTO was originally identified in 1999 in a fused-toe
mouse model, and called Fatso because of its size (Peters et al., 1999). It is
located on chromosome 16q12.2 and has a total length of 410.50 kb including 9
exons and 8 introns (Lan et al., 2020). FTO acts as an RNA demethylase (see
Section 2.5.).

In year 2007, a GWAS by Frayling et al. (2007) first demonstrated the associa-
tion between FTO r$9939609 and obesity (Frayling et al., 2007). In the same year,
these findings were confirmed by two other research groups (Dina et al., 2007,
Scuteri et al., 2007). Subsequently, several GWAS have affirmed the association
between different 70O SNP-s and BMI in children and adults (Felix et al., 2016;
Locke et al., 2015; Yengo et al., 2018). Some of the F7TO variants, e.g., rs1421085,
1517817449 and rs9939609, are in strong linkage disequilibrium (pairwise 1>
0.85-97) (Price et al., 2008; Villalobos-Comparan et al., 2008).

The association between F'TO variants and eating behaviour has been suggested.
Stutzmann et al. (2009) did not find any association between FTO rs1421085
genotype and snacking or eating large amounts of food in adolescents and adults
with European ancestry (Stutzmann et al., 2009), whereas Wardle et al. (2009)
found that the FTO 1s9939609 T-allele was protective of overeating among
children aged 4-5 years (Wardle et al., 2009). FTO rs1421085 C allele has been
associated with higher perceived hunger score (Harbron et al., 2014), but FTO
1s9939609 was not associated with altered postprandial responses in hunger
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hormones and metabolic flexibility (Danaher et al., 2019). Inversely, FTO
r$9939609 risk allele has been associated with lower energy intake and lower fat
and protein intake, when adjusted to weight (Livingstone et al., 2015).

Another mechanism was proposed by Claussnitzer et al. (2015), who demon-
strated that FTO rs1421085 increased /RX3 and IRX5 expression in preadipo-
cytes, promoting white adipocyte differentiation and resulting in reduced mito-
chondrial thermogenesis (Claussnitzer et al., 2015). There is also evidence of an
effect modification by the environment. Foraita et al. (2015) observed an inter-
action between SES and FTO 1s9939609 in childhood obesity (Foraita et al.,
2015).

2.7.3. NPY and variants in the NPY gene

NPY is a 36 amino-acid neuropeptide first isolated from porcine brain in 1982 by
Tatemoto and Mutt (Tatemoto et al., 1982). The gene encoding NPY is located
on chromosome 7p15.3 and has 4 exons (Cattaneo et al., 2021). NPY is widely
expressed throughout the central and peripheral nervous system with higher
concentrations in the ARC, the PVN, the supraoptic nucleus, the superior nucleus,
median eminence, dorsal medial hypothalamic nucleus, paraventricular thalamic
nucleus, amygdala, and hippocampus. NPY biological actions are exerted via its
G-protein coupled receptors. Four functional NPY receptors are expressed in
humans: Y1, Y2, Y4, and Y5 (Cattaneo et al., 2021; Huang et al., 2021). NPY
has a critical role in the feeding behaviour, with Y1 and Y5 most strongly im-
plicated in mediating the hyperphagic effects (Nguyen et al., 2012). It was
observed that overexpression of NPY in the brain led to overweight (Kaga et al.,
2001) and central administration of NPY markedly increased food intake (Clark
et al., 1984; Stanley et al., 1986).

Zhou et al. (2008) demonstrated that NPY rs16147, located in the promoter
region of the gene, altered NPY expression in vitro and accounted for more than
half of the variation in expression in vivo. NPY rs16147 C allele was associated
with decreased expression of mRNA in post-mortem brain and lymphoblasts
(Zhou et al., 2008), and lower levels of plasma NPY (Shah et al., 2009; Zhou et
al., 2008). Kallio et al. (2001) was the first to report the functional consequences
of the NPY rs16139 (T>C) substitution, demonstrating a higher overall plasma
NPY concentration and faster heart rate in C allele carriers (Kallio et al., 2001).
Mitchell et al. (2008) replicated the results, showing that NPY rs16139 (T>C) led
to an increase in the levels of prohormone and elevated NPY secretion in C allele
carriers (Mitchell et al., 2008).

However, the effect of NPY gene variations on overweight and obesity, GLC
metabolism, and lipid metabolism is inconclusive. Zain et al. (2015) demon-
strated that NPY rs16147 TT homozygotes had higher odds (OR 1.27; 95% CI
1.04, 1.55) for obesity, compared to CC homozygotes, and NPY rs5574 TT homo-
zygotes had lower odds (OR 0.76; 95% CI 0.61, 0.96) for obesity, compared to
CC homozygotes (Zain et al., 2015). Yeung et al. (2011) did not observe any
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association between NPY rs16147 and obesity among 2,071 women from the
Nurses” Health Study and 1,268 men from Health Professionals Follow-Up
Study. However, they reported higher odds (OR 1.72; 95% CI 1.20, 2.47) for
obesity in NPY rs17149106 heterozygotes compared to GG homozygotes. Further,
carriers of the NPY rs16139 C allele had higher odds (OR 1.79; 95% CI 1.24,
2.60) for obesity, compared to TT homozygotes. Findings were similar when
comparing the mean difference in BMI by NPY genotype over the follow-up
period (years 1986-2006) (Yeung et al., 2011). NPY rs16139 (T>C) was
associated with higher BMI values in both men (van Rossum et al., 2006) and
women (Ding et al., 2005; van Rossum et al., 2006), while CHL, TRG and BP
did not differ between genotype groups (Ding et al., 2005). Another study by
Karvonen et al. (2006) did not find any association between NPY rs16139 and
weight in children, but observed an association with TRG levels (Karvonen et al.,
2006). GWAS has not revealed a role for NPY in obesity, that is surprising given
its physiological function.

2.8. Summary of the literature review

Overweight and obesity are major public health concerns, increasing the risk for
several NCDs e.g., cardiovascular disease, diabetes, chronic kidney disease, cancer,
and musculoskeletal disorders, and have a wide array of causes. Even though
GWAS have identified hundreds of genetic variants associated with overweight
and obesity, the specific contributions of these genetic variants and the underlying
mechanisms need to be investigated. Further, several other factors e.g., cognitive
control, regulation of motivation, and sensitivity to reward, contribute to excess
weight gain. In addition, as the effect of specific genetic variants may be in-
fluenced by sex, age, physical environment, birth cohort, and individual be-
haviours, more should be known about their potential interactions.
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3. AIMS OF THE THESIS

The main aim of this research was to explore the longitudinal association between
selected genetic, behavioural and environmental factors in the development of
obesity and related conditions from adolescence to young adulthood in a sample
representative of birth cohorts. The following specific aims were formulated:

1.

To describe the longitudinal change in measures of obesity and dietary
intake in the Estonian Children Personality Behaviour and Health Study
(ECPBHS) subjects, considering possible differences between the birth
cohorts (Paper V).

To investigate the effect of TFAP2B intron 2 genotype on measures of
obesity and insulin resistance (Paper I).

To analyse the association between F7O rs1421085 polymorphism and
measures of obesity, dietary intake, CRF, physical activity, and SES
(Paper 1II).

To analyse the association between NPY variants and measures of
obesity, dietary intake, physical activity, BP, GLC, and lipid metabolism
(Paper IV).

To evaluate the association between reward sensitivity and measures of
obesity, paying attention to the inner structure of reward sensitivity
(Paper III).
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4. SUBJECTS AND METHODS

4.1. Subjects and study design

The study sample was originally formed for the European Youth Heart Study
(EYHS) in 1998/99 and was later incorporated into the ECPBHS. The study
procedure and the selection of the original sample has been described in detail
elsewhere (Harro et al., 2026). In brief, ECPBHS is a longitudinal birth cohort
study with a population representative sample of participants, all European
descent, with school as the sampling unit. All schools of Tartu County, Estonia
that agreed to participate (54 of the total of 56) were included into the sampling
and 25 schools were selected using probability proportional to eligible sample
size at school. All children from grades 3 (aged 9 years) and grades 9 (aged 15
years) were invited to participate and 79.1% of the invited subjects participated
in the original study (n = 583 and 593, respectively). The selected age groups
reflected key stages of sexual maturation, with 9-year-olds typically corresponding
to the prepubertal stage and 15-year-olds representing the late stages of pubertal
development. Follow-up studies for the younger birth cohort took place in year
2004 at age 15 years (n = 483), in year 2007 at age 18 years (n = 454), in year
2014 at age 25 years (n = 441) and in year 2022 at age 33 years (n = 428) and for
the older birth cohort in year 2001 at age 18 years (n = 417 + additional 62
subjects), in year 2008 at age 25 years (n = 541) and in year 2016 at 33 years
(n=504) (Figure 3).

year 2011/2013
parents of the
younger birth cohort

n =665
Younger birth cohort
year 1998/1999 year 2004 year 2007 year 2014 year 2022
age 9years age 15 years age 18 years age 25years age 33 years
n=583 n=483 n=454 n=441 n=428
2001
year 1998/1999 a;:alrg e year 2008 year 2016
age 15years T age 25years age 33 years
e additional n = 62 n=541 =t
Older birth cohort
year 2011/2013

parents of the older
birth cohort
n=762

Figure 3. Timeline of the ECPBHS study waves.
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4.2. Methods

4.2.1. Anthropometric measurements and blood pressure

Height was measured to the nearest 1 millimetre, and weight was measured to the
nearest 0.1 kilogram. BMI was calculated as weight in kilograms / height in
meters squared (kg/m?). The WHO classification (Table 1) was used to define
overweight and obesity in adults (World Health Organization, 2000) and the
definition by Cole et al. (2000) (Table 3) was used to define overweight and
obesity in children (Cole et al., 2000). A Harpenden calliper (Baty, West Sussex,
England) was used to measure skinfold thickness from the left side of the body at
the biceps, triceps, subscapular, suprailiac and medial calf areas. BF% was calcu-
lated based on values of skinfold thickness (biceps, triceps, subscapular, and
suprailiac) using age-appropriate equations (Durnin and Womersley, 1974; Durnin
and Rahaman, 1967). WC was measured to the nearest 1 millimetre between the
lower rib margin and the iliac crest, at the end of gentle expiration. Hip circum-
ference (HC) was measured to the nearest 1 millimetre over the buttocks, at the
level of the great trochanter. WHR and WHtR were calculated. All anthropo-
metrical measurements were taken twice, and a mean value was used in the ana-
lysis (Papers I to V).

Resting systolic BP and diastolic BP was measured in a laboratory setting
from the left arm in a sitting position with an automatic oscillometric method.
Five consecutive measurements were made at 2 min intervals, and the mean value
was used in the analysis (Papers I and IV).

4.2.2. Biochemical measures

Venous blood samples were taken after an 8—12 h fast and analysed in a certified
clinical laboratory. Insulin resistance was estimated, using the Homeostatic
Model Assessment (HOMA) index, which was calculated as fasting GLC
(mmol/1) x fasting INS (mU/1) / 22.5 (Matthews et al., 1985) (Papers I, IV and V).

4.2.3. Dietary intake

The subjects were asked to complete a 24-hour (year 1998), 48-hour (years 2001,
2004, and 2007), or 72-hour (years 2008 and 2014) diet record at home during
the day(s) before the study day. On the study day, a face-to-face interview, using
pictures of portion sizes (Haapa et al., 1985), was conducted to specify portion
sizes that were not recorded in the food diary. For the 24-hour dietary record,
subjects recorded their dietary intake on the day preceding the study day. For the
48-hour dietary record, subjects recorded intake on one weekday and one
weekend day. For the 72-hour dietary record, subjects recorded intake on two
weekdays and one weekend day. Where data on two or three days were available,
the mean consumption was calculated.

To assess dietary intake the Finnish Micro-Nutrica Nutritional Analysis pro-
gramme (Estonian version 2.0, Tallinn University of Technology, Food Pro-
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cessing Institute, Estonia) and the Estonian NutriData food consumption database
(versions 4.0—7.0, National Institute for Health Development, Estonia) were used.
NutriData is an evidence-based food composition database, established by the
National Institute for Health Development, and based on the Micro-Nutrica
software. Over the years, the food list of Micro-Nutrica has been updated with
local food data (Papers I to V).

4.2.4. Reward sensitivity

Reward sensitivity was assessed using the Reward Openness and Insatiability
Scale (ROIS), which specifies the inner structure of reward sensitivity. The con-
struction and description of ROIS has been described in detail elsewhere (Pulver
et al., 2020). In brief, the ROIS was constructed post hoc making use of pre-
viously collected information on personality. Items thought to reflect reward
sensitivity were extracted from the Estonian versions of International Personality
Item Pool NEO, Barratt Impulsiveness Scale, the brief version of the Affective
Neuroscience Personality Scale, Spielberger State-Trait Anxiety Inventory, and
Adaptive and Maladaptive Impulsivity Scale. Out of the initial item pool, 28
items were selected based on factor loadings, communalities, and internal homo-
geneity. ROIS comprises of 28 items, divided equally between two higher-order
factors — Openness to Rewards, a strive toward multiplicity of rewards and Insati-
ability by Reward, characterised by an excessive fixation to a particular reward
(Supplementary table 1). Openness to Rewards (Cronbach a = 0.82) includes
Excitement and Novelty (Cronbach a = 0.79), with items reflecting the search for
new experiences and excitement and Social Experiences (Cronbach o = 0.75),
with items largely associated with sociability and social exchange. Insatiability
by Reward (Cronbach a = 0.86) comprises of Excessive Spending (Cronbach o =
0.85), with items related to impulsive buying and excessive spending and Giving
in to Cravings (Cronbach o = 0.77), with items related to low self-control and
trouble in resisting to temptations. Personality information for analysis by ROIS
was collected at age 25 or 33 years. The mean item score was used in statistical
analysis (Paper III).

4.2.5. Physical activity and cardiorespiratory fitness

Physical activity levels were evaluated using self-reported and parent-reported
questionnaires. At 9 and 15 years, the questions included participation in training
groups (e.g., Do you participate in organised sports?) and physical activity
lessons (e.g., To what extent have you participated in physical education classes
during this school year?) and self-evaluated physical activity patterns (e.g., I am
not physically active and do not intend to become physically active in the near
future / I am not physically active, but I intend to become physically active / [ am
physically active on a regular basis, but have only recently started / I have been
physically active on a regular basis for more than 6 months / [ was physically
active on a regular basis for more than 6 months, but am no longer physically
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active). Questions reflecting participation in training groups and parent-reported
physical activity patterns (e.g., Much less physically active than their peers /
Somewhat less physically active than their peers / About as physically active as
their peers / Somewhat more physically active than their peers / Much more
physically active than their peers) were included for subjects at 18 years. At 25
and 33 years, questions including the number of days during the previous week
when participants were active for at least 30 minutes and number of days when
participants were involved in work-related moderate to vigorous physical activity
were used. For each answer option a numerical value was given, and individual
physical activity scores were computed. The number of questions, and thus the
maximum possible physical activity score, varied by age. To account for it, the
physical activity scores were standardised, and z-scores were used in longitudinal
analysis (Papers II to IV).

CRF was defined as the maximum power output (MPO) per kilogram of body
weight (MPO/kg) and determined by a maximum cycle-ergometer test. The
protocol for CRF originates from the EYHS and has been validated against the
direct measurement of VOamax. The correlation between VOzmax measurements
and the MPO was 0.96 (Klasson-Heggebg et al., 2006). The procedure of the
cycle-ergometer test has been described in detail elsewhere (Litt et al., 2018). In
short, after a warming up period of 3 min, subjects pedalled at a self-selected rate
between 60 and 80 rpm. The initial workload for male subjects was set at 50 W,
increasing by 50 W every 3 min and the initial workload for female subjects was
set at 40 W, increasing by 40 W every 3 min until exhaustion. Participants were
encouraged by the researcher throughout the cycle-ergometer test and monitored
by medical personnel to safely achieve their maximal performance. The fol-
lowing formula was used to calculate MPO: W1 + (W2 x t / 180), where W1 is
the work rate at the last fully completed stage, W2 is the work rate increment at
the final incomplete stage, and t is the time in seconds at the final incomplete
stage (Papers II, IV and V).

4.2.6. Socioeconomic status

Self-reported and parent-reported questionnaires were used to assess SES at ages
15, 18, and 25 years. To calculate an SES score, at 15 years and 18 years questions
about parental education level (e.g., Primary or basic education / Secondary
education / Vocational education / Incomplete higher education / Higher edu-
cation), total household income (divided into income groups) and self-assessed
or parent-assessed SES (whichever was highest) compared to peers (e.g., We are
poor / We are not poor, but we are on the verge of poverty / We are neither wealthy
nor poor / We are not wealthy, but are financially secure / I believe we are among
the most wealthiest families in Estonia) were used. At age 25 years, questions about
the level of education of the subject, total household income, and self-reported SES
assessment compared to peers was used. Individual SES scores were calculated by
matching a numerical value for each answer option. SES scores were standardised
(sSES) and z-scores were used in longitudinal analysis (Paper II).
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4.2.7. Genotyping

4.2.7.1. Genotyping of TFAP2B variable number tandem repeat
polymorphism

Genotyping of TFAP2B intron 2 variable number tandem repeat (VNTR) (a tetra-
nucleotide repeat, 4-5 times) polymorphism (Papers I and III) was conducted
at the Department of Neuroscience, Uppsala University. It yielded the following
frequencies: 4/4=89, 4/5=407, 5/5=619). PCR amplification of the TFAP2B
polymorphism was carried out using the oligonucleotides: intron 2-F cct acc acc
aga gcc agg acc ¢; intron 2-R ccc ccce ctc cag aag cat tee t. PCR reactions were set
up and run accordingly: 1x Taq gold PCR buffer, 250 pmol/l deoxynucleotide
triphosphates (Amersham Biosciences, Uppsala, Sweden), 2 mmol/l MgCl,,
1 umol/l of each primer, 1 U AmpliTaq Gold (Applied Biosystems, Foster City,
CA), and 20 ng genomic DNA, in a 20 pl reaction volume, were amplified in an
ABI 7900 genetic analyser (Applied Biosystems) with the temperature cycling
program; 94 °C for 10 min, followed by 35 cycles of 94 °C for 45 s, 57 °C for
45 s, 72 °C for 90 s, ending with 72 °C for 10 min. Products were analysed on an
ABI 730 sequence detector (Applied Biosystems) and genotypes assessed using
GeneMarker (SoftGenetics, State College, PA) software. All genotypes were
manually checked on chromatograms to detect inconsistencies, and where needed,
amplified and scored a second time. Genotype frequencies were in Hardy—Wein-
berg equilibrium.

4.2.7.2. Genotyping of FTO rs1421085

Genotyping of the FTO rs1421085 was conducted at the Chair of Neuropsycho-
pharmacology, University of Tartu. Genomic DNA was extracted from venous
blood samples using Qiagen QIAamp® DNA Blood Midi Kit. The real-time
polymerase chain reaction (RT-PCR) for genotyping the FTO rsi1421085 poly-
morphism (Paper II) was performed using a TagMan Pre-Designed SNP Geno-
typing Assay (Applied Biosystems; Foster City, CA, USA) C__ 8917103 10
containing primers and fluorescent probes. Genotyping reactions were performed
in a total volume of 10 pl with ~25 ng of template DNA. RT-PCR reaction com-
ponents and final concentrations were as follows: 1:5 5 x HOT FIREPol® Probe
gPCR Mix Plus (ROX) (Solis BioDyne) and 1:20 80 x TagMan Primers Probe.
Context sequence [VIC/FAM] was as follows: TAGCAGTTCAGGTCCTAAG
GCATGA[C/TIATTGATTAAGTGTCTGATGAGAATT. Reactions were per-
formed on the Applied Biosystems ViiA™ 7 Real-Time PCR System. The
amplification procedure consisted of an initial denaturation step at 95 °C for
12 min and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Positive and negative
controls were added to each reaction plate. No inconsistencies occurred. Geno-
typing was performed blind to all phenotypic data. Genotype frequencies were in
Hardy—Weinberg equilibrium.

37



4.2.7.3. Genotyping of NPY rs5574, rs16147,rs16139 and rs17149106

NPY 155574, 1516147, rs16139, and rs17149106 were genotyped at the Chair of
Neuropsychopharmacology, University of Tartu. Genomic DNA was extracted
from venous blood samples using Qiagen QIAamp® DNA Blood Midi Kit. The
real-time polymerase chain reaction (RT-PCR) for genotyping the NPY rs5574,
rs16147, rs16139 and rs17149106 polymorphisms (Paper IV) was performed
using a TagMan Pre- Designed SNP Genotyping Assay (Applied Biosystems;
Foster City, CA, USA) containing primers and fluorescent probes. Context
sequence [VIC/FAM] for rs5574 was as follows: TTTTTTCCAGATATGGAA
AACGATC[C/T]AGCCCAGAGACACTGATTTCAGACC; for 1s16147:
GCTTCCTACTCCGGCACCCAGTGGG[C/TITGGTAGTCCTGTTGGCAGG
AGACAA; for 1516139: CTGCAGATGCTAGGTAACAAGCGAC[C/TIGGG
GCTGTCCGGACTGACCCTCGCC; for rs17149106: CCCCTGAAACCACG
GGCGGGGGTGG[G/TIGTGGGGAGCGCAGCTTTGGGACCCT. Genotyping
reactions were performed in a total volume of 10 pL with ~25 ng of template DNA.
RT-PCR reaction components and final concentrations were as follows: 1:5 5 x
HOT FIREPoI® Probe qPCR Mix Plus (ROX) (Solis BioDyne) and 1:20 80 x
TagMan Primers Probe. Reactions were performed on the Applied Biosystems
ViiA™ 7 Real-Time PCR System. The amplification procedure consisted of an
initial denaturation step at 95 C for 12 min and 40 cycles of 95 C for 15 s and
60 °C for 1 min. Positive and negative controls were added to each reaction plate.
No inconsistencies occurred. Genotyping was performed blind to all phenotypic
data. Allele frequencies agreed with National Centre for Biotechnology Informa-
tion database and published reports. Genotype frequencies were in Hardy—Wein-
berg equilibrium.

4.2.8. Statistical analysis

All statistical analysis was performed with Stata software, versions 13 and 14
(StataCorp LP, College Station, Texas, USA). Significance level was set at 0.05.
Linear mixed-effects regression models with random intercept and random
slope were used for longitudinal analysis. Linear mixed-effects regression models
consider the correlations between repeated measurements within each subject and
use all available observations and assume that the missingness is independent of
unobserved measurements, but dependent on the observed measurements, and
thus random (Detry and Ma, 2016). Models with random intercept and slope
allow individual variation not only in baseline values, but also in terms of mean
response over time, giving the model more flexibility to fit the data (Harrison et
al., 2018). Time was treated as a continuous variable. The likelihood-ratio test
was used to assess the goodness of fit of the statistical models. Where interaction
with time was not significant and the likelihood-ratio test did not show superiority
of the more complicated model, interaction with time was not included in the final
models. Unstructured covariance structure and restricted maximum likelihood
method was used. Heteroscedasticity was not detected based on the graphical
examination of standardised residual versus fitted values plot (Papers I to V).
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Continuous variables are presented as means and SDs. Differences in anthropo-
metric measurements, biochemical measures, dietary intake, CRF and physical
activity at ages 9, 15, 18, 25 and 33 years were assessed by one-way ANOVA.
The p values obtained from the pairwise comparisons were corrected by the
Bonferroni method (Papers II and IV) or the Sidak method using the following
equation p*=1—(1-p)3 where p* is compared with significance level 0.05 (Papers
I and III). Independent group t-test was used to test differences by sex (Paper
1) and birth cohort (Paper V).

4.2.9. Ethical considerations

Before participation, written informed consent was obtained from the subjects
and, in case of minors (aged < 18 years), also from their parent. The study was
approved by the Ethics Review Committee on Human Research of the University
of Tartu and conducted in accordance with the Declaration of Helsinki. Ethics
approvals relevant to this thesis include: EYHS protocol number (pr. no) 49/30,
date 25.08.1997; ECPBHS pr. no 151/11, date 21.08.2006; ECPBHS phase II pr.
no 197T-14, date 03.11.2010; neurobiological and environmental factors in
ADHD pr. no 197T-13, date 03.11.2010; ECPBHS II pr. no 235/M-20, 17.03.
2014; AGGRESSOTYPE (University of Tartu) pr. no 236/T-21, date 21.04.2014;
Horizon 2020 CoCA (University of Tartu) pr. no 262/T-19, 19.09.2016; Horizon
2020 Eat2beNICE (University of Tartu) pr. no 280/T-4, date 04.04.2018; ECPBHS
study wave for younger cohort at 33 years pr. no 365/T-7, date 13.06.2022, and
pr. no 377/M-2, date 15.05.2023, and pr. no 394/M-8, date 21.10.2024.

The central database for ECPBHS is located at the National Institute for Health
Development, Tallinn, Estonia. Pseudonymised data were used in the analysis.
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5. RESULTS

5.1. Anthropometric measurements, metabolic biomarkers,
dietary intake and cardiorespiratory fitness of the Estonian
Children Personality Behaviour and Health Study sample
from childhood to adulthood (Paper V)

Weight, BMI, WC, and HC increased from age 9-33 years. In addition, prevalence
of overweight and obesity (combined), assessed by BMI, increased over time
across both birth cohorts and sexes (Figure 4 and Table 6).

CHL, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), TRG, and GLC showed no significant change between ages
9-33 years. INS levels doubled between age 9—15 years. From age 15 years INS
started to decrease and plateaued between ages 18—33 years (Table 6).

DEI increased from age 9-15 years, peaking at age 15 years. DEI did not
change significantly between ages 15—18 years. From age 18 years DEI started to
decrease and plateaued between ages 25-33 years (Table 6).

CRF, as assessed by MPO/kg, peaked at age 15 years in males and age 9 years
in females, after which began to decline (Table 6).
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Figure 4. Distribution of individuals in the normal weight, overweight and obesity
category in the birth cohorts of the ECPBHS at age 9, 15, 18, 25 and 33 years by birth
cohort and sex using the BMI.
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5.2. Genetic factors associated with the development of
overweight, obesity and insulin resistance

5.2.1. TFAP2B intron 2 variable number tandem repeat genotype
and measures of obesity, insulin resistance, and dietary intake
(Paperl)

5.2.1.1. Association between measures of obesity and TFAP2B genotype

According to the linear mixed-effects regression models, male TFAP2B 5-repeat
homozygotes had significantly greater (p < 0.05) weight, BMI, sum of 5 skin-
folds, and BF%, compared to heterozygotes, at each time-point from 15-25 years.
In female subjects TFAP2B x time interaction was observed, where the rate of
change per year in weight, and BMI was significantly larger (p < 0.05 for inter-
action) in 5-repeat homozygotes compared to heterozygotes (Figure 5).
According to one-way ANOVA test, at 33 years, male 5-repeat homozygotes
had greater weight compared to heterozygotes and 4-repeat homozygotes (p <
0.05). BMI was higher in male 5-repeat homozygotes at 15 years and 18 years,
compared to heterozygotes and at 33 years compared to heterozygotes and 4-
repeat homozygotes (p < 0.05). Sum of 5 skinfolds was greater in male 5-repeat
homozygotes at 18 years, compared to heterozygotes and at 33 years compared
to heterozygotes and 4-repeat homozygotes (p < 0.05). Male 5-repeat homo-
zygotes had higher BF% at 15 years and 18 years, compared to heterozygotes and
at 33 years compared to heterozygotes and 4-repeat homozygotes (p < 0.05). In
female subjects, no significant associations between weight, BMI, sum of 5 skin-
folds, BF%, and TFAP2B genotype were identified at 15, 18, 25 and 33 years.
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Figure 5. Association between TFAP2B intron 2 VNTR genotype and weight, BMI, and
BF% from 15-25 years in male (panel A) and female (panel B) subjects of the ECPBHS
sample. BF%, body fat percentage; BMI, body mass index.
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5.2.1.2. Association between measures of abdominal obesity and TFAP2B
genotype

According to the linear mixed-effects regression models, male TFAP2B 5-repeat
homozygotes had greater (p < 0.05) WC, HC, subscapular skinfold thickness,
WHR, and WHItR, compared to heterozygotes, at each time-point from age 15—
25 years. In female subjects TFAP2B x time interaction was observed, where the
rate of change per year in HC was significantly larger in 5-repeat homozygotes
compared to heterozygotes (p < 0.05 for interaction) (Figure 6).

According to one-way ANOVA test, male 5-repeat homozygotes had higher
WC at 15 years, and 18 years compared to heterozygotes and at 33 years com-
pared to heterozygotes and 4-repeat homozygotes (p < 0.05). HC was higher in
male 5-repeat homozygotes at 18 years and 33 years, compared to heterozygotes
(p < 0.05). Subscapular skinfold thickness was greater at 15 years and 18 years
in male 5-repeat homozygotes compared to heterozygotes and at 33 years com-
pared to heterozygotes and 4-repeat homozygotes (p < 0.05). Male 5-repeat
homozygotes had higher WHR at 18 years and 33 years, compared to hetero-
zygotes (p < 0.05). 5-repeat homozygotes had higher WHtR at 15 years, 18 years,
and 33 years, compared to heterozygotes (p < 0.05). Female 5-repeat homozygotes
had lower WHR at age 18 years compared to 4-repeat homozygotes (p < 0.05).
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Figure 6. Association between TFAP2B intron 2 VNTR genotype and waist circumfe-
rence, WHR, and WHIR from 15-25 years in male (panel A) and female (panel B) sub-
jects of the ECPBHS sample. WHR, waist-to-hip ratio; WHtR, waist-to-height ratio.
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5.2.1.3. Association between insulin resistance and TFAP2B genotype

According to the linear mixed-effects regression models, male TFAP2B 5-repeat
homozygotes had greater (p < 0.05) fasting INS and HOMA index, compared to
heterozygotes, at each time-point from 15-25 years. In female subjects, fasting
INS, fasting GLC, and HOMA index did not differ between TFAP2B genotype
from 15-25 years (Figure 7).

According to one-way ANOVA test, at 15 years, male 5-repeat homozygotes
had higher fasting INS and HOMA, compared to heterozygotes. In female sub-
jects, significant associations between GLC, INS, HOMA, and TFAP2B genotype
were not identified at any age.
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Figure 7. Association between TFAP2B intron 2 VNTR genotype and fasting glucose,
fasting insulin, and HOMA index, from 15-25 years in male (panel A) and female (panel
B) subjects of the ECPBHS sample. HOMA, Homeostatic Model Assessment.

5.2.1.4. Association between dietary intake and TFAP2B genotype

In male subjects TFAP2B x time interaction was observed, where the rate of
change per year in DEI was significantly larger in 5-repeat homozygotes com-
pared to heterozygotes (p = 0.023 for interaction) the former having a larger
decrease in the rate of change per year in DEI from 15-25 years. In female sub-
jects, DEI did not differ between TFAP2B genotypes from 15-25 years. A dif-
ference in protein, lipid and carbohydrate intake in grams per kilogram of body
weight (g/kg) or protein, lipid and carbohydrate intake as a percentage from DEI
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(E%) was not observed between TFAP2B genotype in male or female subjects
from 15-25 years (Figure 8).

According to one-way ANOVA test, at 25 years, male heterozygotes had
higher DEI compared to 5-repeat homozygotes and 4-repeat homozygotes (p <
0.05). Lipid intake (g/kg) was greater in male heterozygote at age 25 years and
33 years compared to S-repeat homozygotes (p < 0.05). At age 25 years and 33
years, male heterozygotes had higher carbohydrate intake (g/kg) compared to 5-
repeat homozygotes (p < 0.05). In female 4-repeat homozygotes, protein intake
(E%) was greater at age 33 years compared to heterozygotes and 5-repeat homo-
zygotes (p < 0.05).
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Figure 8. Association between TFAP2B intron 2 VNTR genotype and daily energy
intake, lipid intake per body weight and carbohydrate intake per body weight, from 15—
25 years of age in male (panel A) and female (panel B) subjects of the ECPBHS sample.

5.2.2. Association of FTO rs1421085 with measures of obesity,
dietary intake, physical activity, and socioeconomic status

5.2.2.1. Association between measures of obesity, abdominal obesity, and
FTO rs1421085 genotype

According to the linear mixed-effects regression models, male F7O rs1421085
TC heterozygotes had significantly higher weight, and TC heterozygotes and CC
homozygotes had higher BMI, sum of 5 skinfolds, BF%, and HC, compared to
TT homozygotes, at each time-point from 15-25 years. Similar effect was ob-
served in models adjusted for DEI, standardised physical activity score and F 7O
x sSES interaction. In female subjects, WHR was significantly greater in CC
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homozygotes, compared to TT homozygotes. In the adjusted model, the rate of
change in weight, sum of 5 skinfolds, WC, HC, and WHtR per one unit rise in
the sSES score differed significantly between TT homozygotes and CC homo-
zygotes in the adjusted model (Table 7 and Table 8).

Interaction terms for sex x FTO were significant for sum of 5 skinfolds, BF%,
HC, WHR. The interaction terms for sex x time were significant for weight, BMI,
sum of 5 skinfolds, BF%, WC, HC, WHR, and WHtR.

According to one-way ANOVA test, at 9 years, male CC homozygotes had
significantly higher BMI and HC, compared to TT homozygotes, and greater sum
of 5 skinfolds, compared to TC heterozygotes and TT homozygotes (p < 0.05).
At age 15 years, male TC heterozygotes had higher sum of 5 skinfolds and BF%,
compared to TT homozygotes (p < 0.05). At age 18 years, CC homozygotes and
TC heterozygotes had higher sum of 5 skinfolds and BF % and TC heterozygotes
had larger HC, compared to TT homozygotes (p < 0.05). No statistically signifi-
cant associations were observed by one-way ANOVA between FTO rs1421085
genotype and measures of obesity or abdominal obesity in female subjects.

5.2.2.2. Association between dietary intake and FTO rs1421085 genotype

According to the linear mixed-effects regression models, male F70 rs1421085
TC heterozygotes had significantly lower protein and lipid intake (g/kg), and
lower lipid intake (E%), compared to TT homozygotes. In female subjects, a
significant difference in the rate of change per year in DEI (kcal) and lipid intake
(g/kg) was observed, between female CC homozygotes and TT homozygotes, the
former having a larger decrease in the rate of change per year in both DEI (kcal)
and lipid intake (g/kg) (Table 9 and Table 10).

According to one-way ANOVA test, at age 25 years, female CC homozygotes
had significantly higher protein intake (E%) compared to TT homozygotes (p <
0.05). One-way ANOVA did not identify statistically significant associations
between FTO rs1421085 genotype in male subjects.
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Table 8. The rate of change per sSES score unit in anthropometric measurements (mean
and 95% CI) in the female subjects of the ECPBHS sample according to the linear mixed
effects regression model with F70 rs1421085 genotype x sSES interaction.

TT genotype

TC genotype

CC genotype

Weight (kg)

BMI (kg/m?)

Sum of 5 skinfolds
(mm)

BF (%)

WC (cm)

HC (cm)

WHR (units)
WHIR (units)

0.176 (—0.646; 0.998) °
0.052 (-0.223; 0.328) ®
2.510 (=0.270; 5.290)*

0.429 (~0.047; 0.905)°
0.505 (=0.177; 1.187)*
0.266 (<0.392; 0.923)*

0.0018 (0.0026; 0.0061)® —0.0028 (~0.0063; 0.0008)
0.0028 (=0.0012; 0.0067)* 0.0006 (=0.0027; 0.0039)

0.240 (~0.445; 0.925)

-0.025 (=0.255; 0.204)

1.058 (~1.227; 3.344)

0.250 (—0.141; 0.641)
0.282 (—0.280; 0.844)
0.419 (—0.122; 0.959)

—1.224 (-2.299; -0.149)*
—0.339 (—0.697; 0.018) ®
—2.774 (—6.303; 0.754)*

~0.283 (~0.884; 0.318)"
~0.968 (~1.836; -0.101)*
~0.807 (—1.645; 0.031)°
~0.0051 (~0.0105; 0.0003)"
~0.0045 (=0.0095; 0.0006)*

BMI, body mass index; BF%, body fat percentage; HC, hip circumference, sSES, standardised socioeconomic
status; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio.

* p <0.05 significant difference in the rate of change between F70 rs1421085 genotypes TT and CC.

®0.05 < p <0.10 trend in the rate of change between FTO rs1421085 genotypes TT and CC.

Table 9. Estimated main effects in male subjects and estimated main and interaction
effects in female subjects of the ECPBHS sample in DEI (kcal), nutrient intake (g/kg,
E%) (mean and 95% CI) from 15-25 years between F70 rs1421085 genotype according
to the linear mixed effects regression model.

MALE ? FEMALE ?

Coefficient ' 95% CI p value Coefficient > 95% CI p value
DEI (kcal)
TC genotype —103.172 —231.644;25.301 0.115  234.711 —74.469; 543.892 0.137
CC genotype —43.858 —203.413; 115.697 0.590  402.881 23.857;781.904 0.037
TC genotype x time —12.441 —28.445;3.563  0.128
CC genotype X time —20.426 —39.967; —0.885  0.040
Protein (g/kg)
TC genotype —0.089 —0.166; —0.013 0.022 0.194 —0.019; 0.407 0.075
CC genotype —0.081 —0.176; 0.015 0.097 0.164 —0.098; 0.425 0.221
TC genotype x time —0.010 —0.020; 0.001 0.063
CC genotype X time —0.008 —0.020; 0.005 0.219
Lipids (g/kg)
TC genotype —-0.137 —0.224; -0.051 0.002 0.136 —0.156; 0.427 0.361
CC genotype —0.055 —0.163; 0.052 0313  0.367 0.010; 0.724 0.044
TC genotype x time -0.007 —0.022; 0.008 0.338
CC genotype X time —0.020 —0.038; —0.001  0.035
Carbohydrates
(g/kg)
TC genotype -0.214 —0.475; 0.047 0.108  0.576 —0.213; 1.364 0.153
CC genotype —-0.219 —0.544; 0.106 0.187  0.798 -0.171; 1.767 0.106
TC genotype x time —-0.030 —0.067; 0.006 0.102
CC genotype X time —0.044 —0.089; 0.001 0.053
Protein E%
TC genotype —0.152 —0.616; 0.311 0.520  0.568 —1.196; 2.333 0.528
CC genotype —0.286 —0.863; 0.291 0332 —0.793 —2.954; 1.367 0.472
TC genotype x time -0.015 —0.109; 0.078 0.746
CC genotype X time 0.076 —0.038; 0.190 0.189
Lipids E%
TC genotype -1.018 —1.990; —0.046 0.040 —0.178 —4.137;3.782 0.930
CC genotype —0.102 —1.309; 1.105 0.869  3.044 —1.815; 7.904 0.219
TC genotype x time 0.008 —0.189; 0.204 0.939
CC genotype X time —0.154 —0.394; 0.087 0.210
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MALE ? FEMALE ?

Coefficient 95% CI p value Coefficient 2 95% CI p value
Carbohydrates E%
TC genotype 0.839 —0.342; 2.020 0.164  -0.079 —4.460; 4.302 0.972
CC genotype 0.424 —1.043; 1.892 0.571  —1.506 —6.877; 3.865 0.583
TC genotype x time —-0.014 —0.239;0.212 0.906
CC genotype X time 0.043 —0.233; 0.318 0.762

! Coefficient can be interpreted as the mean difference in daily energy intake (DEI) (kcal), nutrient intake (g/kg)
and nutrient intake as a percentage from daily energy intake (E%) between FTO rs1421085 TC and TT genotype
or between CC and TT genotype at each timepoint.

2 Difference in the rate of change in DEI (kcal), nutrient intake (g/kg) and nutrient intake as a percentage from
DEI (E%) between FTO rs1421085 TC and TT genotype or between CC and TT genotype can be calculated as
the sum of main effect coefficient and time x interaction coefficient at given timepoint.

3 Sample size by sex and FTO rs1421085 genotype at age 15, 18, and 25 years: male subjects TT = 153/119/128,
CT =231/200/204, CC = 97/81/86; female subjects TT = 182/154/155, CT = 288/256/244, CC = 123/103/109,
respectively.

Table 10. The rate of change per year in DEI (kcal), nutrient intake (g/kg, E%) (mean
and 95% CI) in the female subjects of the ECPBHS sample according to the linear mixed
effects regression model with F7O rs1421085 genotype x time interaction.

TT genotype TC genotype CC genotype
DEI (kcal/kg) —11.362 (-23.903; 1.179)* —23.803 (—33.746; —13.861) —31.788 (—46.774; —16.802)*
Protein (g/kg) 0.004 (—0.004; 0.012) " -0.006 (-0.012; 0.001)® —0.004 (—0.013; 0.006)
Lipids (g/kg) —0.017 (—0.029; —0.005)*  —0.024 (—0.034; —0.015) —0.037 (-0.051; —0.022)*
Carbohydrates —0.089 (—0.118; 0.061) —0.120 (—0.142; —0.097)®  —0.133 (—0.168; —0.099)"®
(g/kg)
Protein E% 0.274 (0.201; 347) 0.259 (0.201; 0.316) 0.350 (0.263; 0.437)
Lipids E% 0.088 (—0.066; 0.243) 0.096 (—0.026; 0.218) —0.065 (—0.250; 0.119)
Carbohydrates E% —0.048 (—0.657; —0.304)  —0.494 (—0.634; —0.354) —0.438 (—0.649; —0.226)

DE]I, daily energy intake; E%, nutrient intake as a percentage from DEI.
* p <0.05 significant difference in the rate of change between F70 rs1421085 genotype TT and CC.
©0.05 < p <0.10 trend in the rate of change between FTO 151421085 genotype TT and TC or TT and CC.

5.2.2.3. Association between cardiorespiratory fitness, physical activity, and
FTO rs1421085 genotype

According to the linear mixed-effects regression model with quadratic trends, a
trend in MPO/kg between FTO rs1421085 TC heterozygotes and TT homozygotes
was observed, but with opposite direction in male and female subjects. Physical
activity score was 0.162 units (95% CI 0.003, 0.321) greater in female CC
homozygotes compared to TT homozygotes in every fixed timepoint (Table 11).

One-way ANOVA test at ages 9, 15, 18 and 25 years did not demonstrate a
statistically significant difference in CRF or physical activity score between F70O
rs1421085 genotypes in male or female subjects.
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Table 11. Estimated main effects (mean and 95% CI) of the ECPBHS sample in MPO
per kg and standardised physical activity score from 15-25 years between F7O rs1421085
genotype according to the non-linear mixed effects regression model.

MALE * FEMALE 2
Coefficient ' 95% CI p value _ Coefficient ' 95% CI p value

MPO per kg

TC genotype —0.095 —0.201; 0.011 0.080 0.058 —0.010;0.126  0.092

CC genotype —0.088 —0.220; 0.044 0.192 -0.001 —0.085;0.082  0.975
Standardised physical activity score

TC genotype —0.040 —0.178; 0.097 0.563 0.103 —0.025;0.232  0.116

CC genotype 0.099 —0.072; 0.270 0.255 0.162 0.003; 0.321  0.046

! Coefficient can be interpreted as the mean difference in maximum power output per kilogram body mass (MPO
per kg) and standardised physical activity score between FTO rs1421085 TC and TT genotype or between CC
and TT genotype at every fixed timepoint.

2 Sample size by sex and FTO 151421085 genotype at age 15, 18, and 25 years: male subjects TT = 153/119/128,
CT =231/200/204, CC=97/81/86; female subjects TT = 182/154/155, CT = 288/256/244, CC = 123/103/109,
respectively.

5.2.2.4. Association between socioeconomic status and FTO rs1421085
genotype

According to the linear mixed-effects regression models, male F70 rs1421085
TC heterozygotes and CC homozygotes had higher sSES score at each time point.
No difference was found among female subjects (Table 12).

According to one-way ANOVA test, at age 25 years, male CC homozygotes
had significantly higher sSES score, compared to TT homozygotes (p < 0.05). No
statistically significant associations between F7O 1s1421085 genotypes were
identified in female subjects by one-way ANOVA.

Table 12. Estimated main effects (mean and 95% CI) in male and female subjects of the
ECPBHS sample in sSES score from 15-25 years between F70 rs1421085 genotype
according to the linear mixed effects regression model.

MALE ? FEMALE ?
Coefficient ! 95% CI p value Coefficient!  95% CI p value
Standardised SES score
TC genotype 0.198 0.038; 0.358 0.015 —-0.032 —0.196 0.132
CC genotype 0.240 0.038; 0.441  0.020 0.075 -0.127 0.277

! Coefficient (Coeff.) can be interpreted as the mean difference in standardised socioeconomic status (sSSES)
score between F70 rs1421085 TC and TT genotype or between CC and TT genotype at each timepoint.

2 Sample size by sex and FTO rs1421085 genotype at age 15, 18, and 25 years: male subjects TT = 153/119/128,
CT = 231/200/204, CC= 97/81/86; female subjects TT = 182/154/155, CT = 288/256/244, CC = 123/103/109,
respectively.
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5.2.3. Neuropeptide Y gene variants and measures of obesity,
dietary intake, blood pressure, lipid and glucose metabolism

5.2.3.1. Association between measures of obesity, abdominal obesity and
NPY gene variants

In linear mixed-effects regression models with time x NPY rs5574 interaction a
smaller increase per year in WHR was observed in TT homozygotes compared to
CC homozygotes from 15-25 years. Rs16147 CC homozygotes compared to TT
homozygotes had lower weight. A smaller increase in sum of 5 skinfolds, WHR,
and WHIR per year was observed in heterozygotes and CC homozygotes, com-
pared to TT homozygotes in models with time x NPY rs16147 interaction. Hetero-
zygotes compared to TT homozygotes had a smaller increase per year in WC. No
longitudinal association between measures of obesity or abdominal obesity and
rs16139 or rs17149106 was observed (Figure 9).

According to one-way ANOVA test, rs16147 CC homozygotes had lower
weight at 15, 18, and 25 years, compared to TT homozygotes. At 25 years CC
homozygotes had lower BMI and WC, and both heterozygotes and CC homo-
zygotes had smaller WHR compared to TT homozygotes, respectively (p < 0.05).
An association between obesity, abdominal obesity and rs5574, rs16139 or
rs17149106 was not observed by one-way ANOVA at 15, 18, and 25 years.
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Figure 9. Association between NPY gene variants and measures of abdominal obesity in
subjects of the ECPBHS sample from 15-25 years of age.
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5.2.3.2. Association between blood pressure, metabolic biomarkers and
NPY gene variants

In models with time x NPY rs5574 and time X NPY rs16147 interaction a smaller
increase per year in diastolic BP was observed in rs5574 TT homozygotes,
compared to CC homozygotes and rs16147 CC homozygotes, compared to TT
homozygotes. Rs5574 heterozygotes compared to CC homozygotes had lower
GLC. Both rs16147 heterozygotes and CC homozygotes had lower GLC com-
pared to TT homozygotes, at each time-point from 15-25 years. CHL and HDL-
C levels were higher in rs5574 heterozygotes compared to CC homozygotes and
inrs16147 heterozygotes, compared to TT homozygotes (p < 0.05). Bothrs16139
and rs17149106 heterozygotes had lower systolic and diastolic BP at each time-
point from 15-25 years, compared to TT homozygotes and GG homozygotes.
Rs17149106 heterozygotes had higher CHL, compared to GG homozygotes.
Models with time x NPY rs16139 and time x NPY rs17149106 interaction ob-
served a greater increase per year in TRG among heterozygotes (Figure 10).

According to one-way ANOVA, at 18 years, rs16139 heterozygotes had
significantly lower diastolic BP. Rs5574 heterozygotes had higher CHL com-
pared to CC homozygotes, and rs16139 heterozygotes had higher CHL and LDL-
C, compared to TT homozygotes. Rs17149106 heterozygotes had higher CHL
and LDL-C, compared to GG homozygote (p < 0.05).
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Figure 10. Association between NPY gene variants and blood pressure in subjects of the
ECPBHS sample from 15-25 years of age.
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5.2.3.3. Association between dietary intake, CRF, physical activity and
NPY gene variants

Models with time x rs5574 interaction showed a difference in the rate of change
per year in DEI (kcal) and carbohydrate intake (g) between CC and TT homo-
zygotes. Models with time % rs16139 and time x rs17149106 showed a smaller
increase in protein (E%) intake in heterozygotes compared to TT and GG homo-
zygotes. Rs5574 heterozygotes had lower protein intake (E%), compared to CC
homozygotes at each time-point from 15-25 years. Rs16147 CC homozygotes
had greater carbohydrate intake (g), compared to TT homozygotes, and both
rs16147 heterozygotes and CC homozygotes had greater carbohydrate intake
(E%), compared to TT homozygotes. Rs16147 heterozygotes had lower protein
(E%) intake, versus TT homozygotes. Rs16139 and rs17149106 heterozygotes
had lower protein intake compared to TT and GG homozygotes. No associations
between MPO, physical activity and rs5574, rs16147, rs16139, and rs17149106
were identified (Figure 11).

According to one-way ANOVA, at 15 years, 155574 CC homozygotes had
lower DEI (kcal) and carbohydrate intake (g), compared to TT homozygotes. At
18 years, rs5574 heterozygotes, had lower protein intake (E%), compared to CC
homozygotes. Rs16147 heterozygotes had lower protein intake (E%), compared
to TT homozygotes. Both heterozygotes and CC homozygotes had larger carbo-
hydrate intake (E%), compared to TT homozygotes. Rs16139 heterozygotes had
lower protein intake (g), compared to TT homozygotes at 15 years and 25 years.
At 25 years, 1517149106 heterozygotes had lower protein intake (g and E%) com-
pared to GG homozygotes. Rs16139 heterozygotes had lower MPO (per kg)
compared to GG homozygotes, at 25 years.
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Figure 11. Association between NPY gene variants and daily energy intake, protein intake
(E%), and carbohydrates intake (E%) in subjects of the ECPBHS sample from 15-25
years of age.
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5.3. The role of reward sensitivity in obesity

Linear mixed effects regression models adjusted for physical activity and DEI
(kcal) demonstrated a significant relationship between Insatiability by Reward
and its subscales and weight, BMI, sum of 5 skinfolds, WC, HC, and WHtR
(Table 13).

According to one-way ANOVA test, at 9 years, a significant difference between
weight categories, in Giving in to Cravings score, was observed (p = 0.011). At
15 years, overweight subjects had higher Giving in to Cravings score, compared
to normal weight subjects (p = 0.015). At 18 years, overweight subjects had
greater Excitement and Novelty score (p = 0.020), and obese subjects had higher
Insatiability by Reward (p = 0.017), especially Excessive Spending score (p =
0.035), compared to normal weight individuals. At 25 years, both overweight and
obese subjects had greater Insatiability by Reward scores, compared to normal
weight subjects (p < 0.001). Further, obese subjects compared to normal weight
subjects had also higher Excessive Spending (p = 0.002) and overweight subjects
compared to normal weigh subjects had higher Giving in to Cravings scores (p =
0.001), compared to normal weight individuals. At 33 years, overweight and
obese subjects, compared to normal weight individuals had higher Insatiability
by reward (p = 0.002), especially Giving in to Cravings score (p = 0.001), respec-
tively (Table 14).
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5.4. The effect of the birth cohort

5.4.1. Birth cohort effects on measures of obesity, glucose
metabolism, dietary intake, and cardiorespiratory fitness (Paper V)

5.4.1.1. Association between measures of obesity and the birth cohort

In a linear mixed-effects regression models with a time X cohort interaction,
males from the older cohort showed a significantly greater increase per year in
weight, BMI, WC, HC, WHR, and WHtR from 15-25 years, compared to those
from the younger cohort. Similarly, females from the older cohort showed a
significantly greater annual increase in WC, WHR, and WHtR compared to those
from the younger cohort (Table 15 and Table 16).

According to an independent t-test, at 15 years, females in the younger cohort
had significantly higher weight, BMI, WC, WHR, and WHtR, compared to those
in the older cohort (p < 0.05). No significant differences were observed between
the birth cohorts among male subjects at the same age. At 18 years, males in the
younger cohort had higher WC, HC, and WHtR compared to the older cohort.
Additionally, females in the younger cohort showed higher weight, BMI, WC,
HC, WHR, and WHtR than those in the older cohort (p < 0.05). In contrast, at 25
years, males in the younger cohort had lower WHR, compared to the older cohort,
while females had higher weight, BMI, and HC, but lower WHR (p < 0.05).

5.4.1.2. Association between dietary intake and the birth cohort

Linear mixed-effects regression models with quadratic trends showed significant
between-cohort differences in the slopes and rates of change in DEI (kcal) and
lipid intake (g) in male participants from 15-25 years. Among females, a
significant difference between cohorts was found in the slopes and rate of change
in protein intake (g) (Table 15 and Figure 12).

According to the models with a time x cohort interaction, males in the younger
cohort demonstrated a greater increase per year in protein (g and E%) and lipid
intake (E%) but a greater decrease in carbohydrate intake (E%) from 15-25 years,
compared to the older cohort. Similarly, females in the younger cohort demon-
strated a greater increase in lipid intake (g and E%) and protein intake (E%), but
a greater decrease in carbohydrate intake (E%) compared to the older cohort
(Table 15 and Table 16).

At 15 years, males of the younger cohort had significantly lower DEI (kcal),
protein (g), lipid (g and E%), and carbohydrate (g) intake, but higher protein (E%)
intake, compared to those in the older cohort. Similarly, at 15 years, females of
the younger cohort had lower DEI (kcal), protein intake (g) and lipid (g and E%)
intake, but higher carbohydrate (E%) intake (p < 0.05). At 18 years, both males
and females of the younger cohort had higher protein (E%) intake, and lower
carbohydrate (g and E%) intake at age 18 years, compared to the older cohort (p
< 0.05). At 25 years, males of the younger cohort had lower DEI (kcal) and
carbohydrate (g and E%) intake, but higher lipid (E%) intake, compared to the
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older cohort. Females of the younger cohort had lower DEI (kcal) and carbo-
hydrate (g and E%) intake, but higher protein (E%) and lipid (E%) intake (p <
0.05).
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Figure 12. Association between birth cohort and dietary intake, in male (panel A) and
female (panel B) subjects of the ECPBHS sample from 15-25 years. Ybc, younger birth
cohort; Obc, older birth cohort

5.4.1.3. Association between glucose metabolism and
the birth cohort

Linear mixed-effects regression models with quadratic trends showed significant
between-cohort differences in the slopes and rates of change in GLC and INS
levels in both males and females (Table 15 and Figure 13).

At 15 years, both males and females of the younger cohort had significantly
lower GLC levels, compared to the older cohort. INS levels did not differ between
the birth cohorts at that age (p < 0.05). In contrast, at 18 years, both males and
females of the younger cohort had significantly higher GLC levels, compared to
the older cohort. Females of the younger cohort had lower INS levels, compared
to the older cohort (p < 0.05). At 25 years, males of the younger cohort had
significantly lower GLC but higher INS levels, compared to the older cohort.
Similarly, females of the younger cohort had higher INS levels, compared to the
older cohort (p < 0.05).
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5.4.1.4. Association between cardiorespiratory fitness and
the birth cohort

Linear mixed-effects regression models with quadratic trends showed significant
between-cohort differences or trends toward significance in the slopes and rates
of change in MPO/kg in both males and females (Table 15 and Figure 13).

At 15 years, both males and females of the younger cohort had significantly
lower MPO/kg, compared to the older cohort (p < 0.05). At 18 years, males of
the younger cohort had significantly lower MPO/kg, compared to the older cohort
(p < 0.05). No significant differences were observed between the birth cohorts
among female subjects at age 18. No differences in MPO/kg were observed
between the birth cohorts at age 25.
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Figure 13. Association between birth cohort and glucose metabolism and CRF, in male
(panel A) and female (panel B) subjects of the ECPBHS sample from 15-25 years. CRF,
cardiorespiratory fitness; Obc, older birth cohort; Ybc, younger birth cohort.

60



100°0> 8500~ :0ST°0— 7010~ 1€0°0 L00'0— “€€T°0~ 0L0°0— U} x oW} x }0YO0 YHIq JOP[O
100°0> S0T'0 “0¥1°0 TLT0 100°0> 681°0°101°0 SP1°0 aw x dw],
100°0> 965°G “€68'1 ShL'E ¥+0°0 S0T'S “1L0°0 8€9'C awy x HOY0d Iq 13P|O
100°0> STO¥I—€L667— 6661~ 9500 0590 “LLO 61— vITYT- H0Y0 YIq P[0
(/nur) winsuy
100°0> 7€0°0 79200 620°0 100°0> LEO0 8200 T€0°0 awn x AW x HOYOO YUIq P[0
100°0> €00°0— *800°0— S00°0— 100°0> #00°0— 0100~ L00°0- awn x ou],
100°0> SE0T—€0E - 691 1— 100°0> 0CI'T-¥9t'1- 6T 11— awy x 110109 YuIq 19p[O
100°0> 9TS'TI 1€6'6 6CT11 100°0> 688°€T “85S°01 ¥TTTl 10409 yi1q 19P[O
(7/10wur) 3s0dIn|H)
0£0°0 6100°0 “1000°0 01000 100°0> ¥200°0 *8000°0 91000 awy x 11010 YHIq P[0
100°0> 0S10°0- “TSt0°0- 10€0°0- 100°0> €610°0— ‘89¥0°0— 0€£0°0— 10409 yi1q 19P|O
(S)1un) WHA
100°0> 9€00°0 *8100°0 LT00°0 100°0> L2000 *8000°0 8100°0 Swil} x HOY0d 131q JP]O
100°0> TI¥0°0— *LTLO0- 6950°0— 100°0> L¥10°0— *0050°0— ¥T€0°0— 1040 YuIq P[0
(sy1un) YHM
6970 LS00 €070~ €L0°0~ S00°0 $87°0 “150°0 891°0 I} x HOY0d YHIq 0P[O
6250 809°T “T€1'¢~ 19L°0— 100°0 129'1-:22C9~ TT6°E- 1040 YuIq P[0
(u) DH
110°0 0S€0 '8¥0°0 661°0 100°0> 690 ‘1810 STE0 aun} x 110Y0d [Iq 10P]0
100°0> LES €~ L99°8~ 01°9— 100°0> 12TH 0116~ 999'9— 110409 YIq P[0
(und) DAL
YIv0 €€0°0 “080°0— ¥20°0— S00°0 0Z1°0°120°0 1L0°0 I} x H0Y0d YHIq 0P[O
Y670 169°0 ‘6¥€'1— 6¥€ 0~ 200°0 7650~ 8¥ET- oy 1- 1040 YuIq P[0
(;w/3Y) INI
7€8°0 8Y1°0 *€LT0— €100~ 200°0 €9t°0 “801°0 9870 I} x H0Y0d YHIq 0P[O
€L0°0 €E1°0 61L°S— €6L°CT 100°0 SIST— ¥8T 6 6685~ 10Y0 YIq P[0
(33) 1SPA
anfeA g 1D %S6 U0 anfeA 4 1D %S6 U0
drewd | ACIN

‘S[opOUI UOISSAIFAI S1091J0-PAXIW JeAUI] Y 0} SUIPIOOIE 1I0Y0D YiIIq JOP[O pue JoFunok
o} UoaM)aq SIBA G7—¢ woiy ojdwes SHGJDH o Jo s100lqns o[etwo) pue ofew Ul YD) PUL ‘Oxejul AIejoIp ‘SIONIBWOI] O1[0qRIOW ‘SJUSUIAINS
-eow orowodonpue ul ([D 9%S6 PUL UedW) S} UOIOBISIUI PUB UIBW PIjewnsd pue ([ %56 PU. UBOW) S}001J0 Ul pajewnsy ST d[qeL



"P10q ur payySIYSIY oIk SHOYOD YHIq A} UM} SIOUIRJJIP JUBOYTUSTIS PUL G()°() I 1S AIOM S[AJ] 20ULITUSIS

‘o1jel YS19Yy-0)

-stem YPIHM ‘oner dig-03-1stem YHM 90UIJWINIIID IsTem ‘DAn Indino 1omod winwixew ‘QOJA @oudiyunond diy QY ssawyy A1ojeridsororpied ‘.3 <xopul ssew Apoq ‘TINF

L2700 8000 -S000°0 ¥00°0 P00 20000~ *CT10°0~ 900°0— W) x AW} x JHOYOJ YIq Ip[O
100°0> #10°0 :600°0 1100 100°0> 1200 <€10°0 L10°0 i x dWIL ],
600°0 1600~ ‘9S€°0— 0T 0~ 0900 99%°0 *600°0— 8CT0— Ul x HOYOd IIq I9PIO
200°0 118°€ :898°0 6£€°C 6600 19€°0 <STTH— (4 N 310103 YI1q I3p[O
(331/M) 31/0dIN
100°0> 128°0 “9%%°0 7€9°0 100°0> 929°0 ‘881°0 LO¥'0 QUi x HOYO0d IIq I9PIO
100°0> PSU'L— 1S9 ¥1— 206°01— €00°0 67T T 8TL01— 6Ly 9~ H0Y02 Y1q I9p[O
o, sdeIpAyoqae)
100°0> 06€°0— €TL0— 9660~ 10070 €E1°0— €050~ 81¢€0— QUi x HOYO0d IIq I9PIO
100°0> LYS €1 :008°9 €L1°01 100°0 9966 ‘8EY'T 2029 10Y03 Y1q I3p[O
%3 spidrg
900°0 1€0°0— 6810~ 0rro— 100°0> ¥80°0— *€LT0— 181°0— Aui x J10Y0d YI1q I9p[O
SP1°0 €€9'C88€°0— (44! $20°0 $78°€ L9T0 S¥0°C 104093 yIq I3p[O
% U101g
$01°0 EPEEIIE0 91¢S'1 9590 LST'T YTy e~ ¥€9°0— QW) x J10Y0J YIq I9p[O
wso 6LY' T 795 91— 70 11— ¥L0°0 9EVIL “S0T'S— 0LS¥S 1003 yIq I13p[O
(3) sayeapAyoqae)
100°0> 0€T'1 “€0€°0 99L°0 Wi} x AW x MOY0J yuMIq _p[O
100°0> 00— " 1S0° 1~ 9CL 0~ Wy x WL,
100°0> OvL'0— 911 8TY' 11— 100°0> 798°€1-90% 15— y€9°Ce— QUi x {009 IIq I9PIO
100°0> €T1°9% 196S°L1 0r8'1€ 100°0> 6V6'€7S “897°091 601°TH€ 11040 YiIIq JOP[O
(8) sprdry
020°0 L9¥'0 *6€0°0 €570 W x AW x J0Y0d YUIq P[0
¥66'0 €510 HST°0— 100°0— i x dwI],
S10°0 70T :99€°61— SOL 01— $00°0 00— "€0€CT— ILET— W x J0Y0d YIq 19p[O
710°0 ¥00°T61 “8LOVT 1¥0'801 €00°0 LIL'SY ¥€9°6 00L°LT 310103 Y)I1q I3p[O
(8) urdyoag
100°0> ¥99°$T -00€°L 8¥91 S} x W} x JI0Y0J YIq ISP[O
100°0> LYT'8— 1801 99 ¥ 1— wmy x dWL,
9€€0 789°9 \L¥S 61— €EV'9— 100°0> 020 #1€S8ELSOI— 0L°S89— QU x 30Y0d 3I1q I9pIO
SLOO S6S°9TS ‘86T ST 879°0S¢C 100°0> 0€€° 16901 :$89°06¥€ 900°160L 110103 YI1q I3p[O
(1eay) avejur A3a9ud A[req

anfea 4 1D %S6 JUIDYJI0) nfea 4 1D %S6 JUIDYJI0)

Jrewd y BT




"110400 YHIq JOP[O PUE 1I0Y0O YIIq 10FUNoA oY) JO $109[qns S[BWdY UIMIaG dFURYD JO )R 3Y) UL USIIPIP Jueayrudis ¢0'0 > d
*}10U09 Y311q JOP[O PU. }10Y09 [Iq JoFUNoA oY) Jo $309[qns oJewr usom)oq 95ueyd Jo djel Ay} Ul dOUIYIP ueoyiudis ¢0'0>d,
‘o1jel WYS10Y-03-)sTem YIHM ‘onel diy-03-1stem YHAM QUIJWNIILD ISTEM ‘DA ‘2oua1djunoid diy ‘O fxapurl ssewr Apoq ‘TINYG

A(1L0'0—*61€°0-) S61°0— 1(689°0—696'0-) 6780~ (€2€0—L19°0-) 0LV 0— (91L°0—6£0°T-) LLY'O— % syeIpAyoqie)
a(LLO'0—"86T°0-) 881°0— a(€6Y°0 HbT°0) 89€°0 (010°0—65T°0-) SET°0— (02€°0 °L¥0°0) €81°0 %d sprdr
4(887°0 1T81°0) S€T°0 1010 1987°0) S+€°0 (81€°0 °L8T°0) £5T°0 (9050 ‘79€°0) v€F0 %4 urejoId
a(6TL°0~ €49 T-) 98T T~ a(9SL°0 °TLT0-) THTO VN VN (8) spidry
VN VN (€9T°T '800°0) $£9°0 (969 81€'T) L00T (8) wzr01q
(250070 °6£00°0) $+00°0 4(8200°0 °6200°0) S£00°0 «(8L00°0 ££900°0) €L00°0 (€900°0 <1500°0) LS00°0 (Syun) WPWHM
(870070 “9€00°0) T+00°0 (220070 °6000°0) 9100°0 2(£900°0 °€500°0) 0900°0 <(6¥00°0 °$£00°0) TH00°0 (symun) YHM
VN VN (b8TT5STI'T) SOT'T (TTI'T °0$6'0) 9€0°T (wo) OH
1(696°0 9L°0) L98°0 «18L°0°655°0) 0L9°0 (9891 “06%'1) 885'1 (69€T 8ST' 1) ¥9T'1 (wo) DM
VN VN (€750 °$S¥°0) 68770 (SS¥°0 1T8€°0) 810 (u/3) ING
VN VN (T8I 0F6'T) 190°T S06'T SSLL'T) SLL'T (33) wSrom
310409 Y)IIq J_PIO 310Y0d yyaiq J193Uno A 310409 ylIiq PO 310400 yyaiq J93Uno A
ETEER] JBIA

“UOTJORIDIUI QWL x 1I0Y0O [IQ [PIM S[OPOW UOISSIITOI S)09JJ PIxXIW Jeaul] oy 03 Surpiodoe sjdwes SHIJDH 2 JO s100[qns o[ewo]

pue orew ut ([D %66 PUB UBdW) deIul AIRIQIp ‘SIONIBWOIq JIjoqejow ‘sjuowarnseawr drowodoryiue ur Jeak 1od oSueyo Jo oje1 oy 9] dqeL



6. DISCUSSION

This dissertation explored the effects of selected genetic (i.e., TFAP2B, FTO,
NPY), and psychobiological factors (i.e., reward sensitivity) with measures of
overweight, obesity, and its related conditions (i.e., insulin resistance) while con-
sidering interactions with age, sex, diet, physical activity, SES, and the birth
cohort. Data from the longitudinal ECPBHS cohort study was utilised to assess
changes over time. Effects were explored during a critical time of growth and
maturation from childhood to early adulthood (9-33 years of age).

Associations between TFAP2B intron 2 VNTR genotype and measures of obe-
sity and insulin resistance were observed independently of dietary intake (Paper
I). FTO rs1421085 was linked with measures of obesity with evidence of FTO X
SES interaction, but not with diet or physical activity (Paper II). NPY poly-
morphisms (rs16139, rs5574, rs16147 and rs17149106) were associated with
measures of obesity in an age-dependent manner (Paper IV). Reward sensitivity
and measures of obesity were associated through its reward fixation component
(Paper III). Notably, an association between birth cohort, measures of obesity,
and metabolism which was at least partly driven by higher DEI, particularly from
carbohydrates, was detected (Paper V).

6.1. TFAP2B intron 2 variable number tandem repeat
genotype was associated with measures of obesity and
insulin resistance, but not with dietary intake (Paper I)

TFAP2B is a susceptibility locus for obesity-related phenotypes. GWAS have
repeatedly identified TFAP2B as being associated with BMI, WC, and WHR
(Felix et al., 2016; Locke et al., 2015; Yengo et al., 2018).

We demonstrated that the TFAP2B intron 2 VNTR polymorphism was as-
sociated with measures of obesity, abdominal obesity, and insulin resistance in
male and female subjects of the ECPBHS from 15-25 years. Male 5-repeat homo-
zygotes had significantly higher body weight, BMI, sum of 5 skinfolds, BF%,
WC, HC, WHR, WHtR, fasting INS and HOMA index. Female 5-repeat homo-
zygotes had significantly larger increase in the rate of change per year in body
weight, BMI and HC from 15-25 years.

Interestingly, the effect of TFAP2B intron 2 VNTR polymorphism on mea-
sures of obesity and insulin resistance differed between sexes. In males, the
association was present throughout adolescence to young adulthood, however, in
females, it appeared later, in young adulthood. The difference in the effect of
TFAP2B on body weight between sexes has been further explored by Kulberg
(2024) in the Estonian Biobank cohort, where TFAP2B rs2207139 was associated
with body weight only in females aged < 30 years. Homozygotes for the G allele
weighed on average 2.81 kg more than non-carriers after adjustment for lifestyle
and demographic covariates. No association between TFAP2B rs2207139 geno-
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type and body weight was identified in male subjects at any age (i.e., < 30 years,
3045 years, 46—65 years, 66 + years) (Kulberg, 2024).

The pathways through which TFAP2B influences the development of obesity
and insulin resistance remain unclear. We hypothesised that the association may
be mediated by dietary intake. However, we found that male 5-repeat homo-
zygotes had a larger decrease in the rate of change per year in DEI in MJ (1 kcal =
0.0042 MJ) compared to heterozygotes. Thus, our results indicated that the effect
of TFAP2B on obesity was not mediated by dietary intake and other biological
mechanisms should be considered.

6.2. FTO rs1421085 was associated with measures of obesity,
with evidence of FTO x SES interaction, but not with diet or
physical activity (Paper Il)

Frayling et al. (2007) was the first to link F70 variants to obesity (Frayling et al.,
2007). Subsequently, several GWAS have affirmed the association between
different FTO SNPs and BMI in children and adults (Felix et al., 2016; Locke et
al., 2015; Yengo et al., 2018).

We demonstrated that F70 rs1421085 was associated with measures of
obesity and abdominal obesity in male and female subjects of the ECPBHS from
15-25 years. We found that male F7O rs1421085 C allele carriers had signi-
ficantly higher BMI, sum of 5 skinfolds, BF%, and HC from 15-25 years.
Findings were similar at 9 years. Female F70 rs1421085 CC homozygotes had
significantly greater WHR from 15-25 years.

We explored whether the obesity-promoting effect of F70 may be explained
through differences in lifestyle factors e.g., dietary intake and physical activity,
as indicated by several studies (Al-Jawadi et al., 2021; Harbron et al., 2014;
Kilpeldinen et al., 2011; Poosri et al., 2024). However, we observed a greater
decrease in the rate of change in DEI (kcal) and lipid intake (g/kg) per year in
female F70 rs1421085 CC homozygotes, compared to TT homozygotes and a
lower protein (g/kg) and lipid (g/kg; E%) intake in male heterozygotes compared
to TT homozygotes from 15-25 years. Female F7O rs1421085 CC homozygotes
also had greater physical activity scores compared to TT homozygotes from 15—
25 years in every fixed time point.

Notably, we observed an interaction between F70 rs1421085 genotype and
sSES score in female subjects, where increasing SES led to an increase in mea-
surements of obesity in TT homozygotes, but to a decrease in CC homozygotes.
A study by Foraita et al (2015) has previously shown an interaction between
SES and FTO with respect to childhood obesity (Foraita et al., 2015), however,
the evidence on FTO X SES interaction is relatively limited and needs further
research.

Claussnitzer et al. (2015) showed that the F70O rs1421085 risk allele causes
dysregulation of /RX3 and IRX) expression, resulting in increased lipid storage,
reduced adipocyte browning, and impaired mitochondrial thermogenesis (Clauss-
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nitzer et al., 2015). Our findings are consistent with the aforementioned hypo-
thesis, as being the main mechanism behind increased risk of obesity.

6.3. NPY gene variants were associated with measures of
obesity in an age-dependent manner (Paper IV)

NPY has an extensive physiological and homeostatic role in the mammalian
organism including, but not limited to, feeding behaviour (Nguyen et al., 2012),
immune homeostasis (Farzi et al., 2015), mood disorders (Mickey et al., 2011),
vasomotion, angiogenesis and cardiac remodeling (Tan et al., 2018). However,
studies describing the association between NPY genetic variants and weight gain
or obesity have been inconclusive. We assessed the association between four NPY
polymorphisms rs16139, rs5574, rs16147 and rs17149106 (of which two pairs
rs16147 with rs5574 and rs17149106 with rs16139 are in strong linkage di-
sequilibrium) and measures of obesity, dietary intake, physical activity, BP and
GLC and lipid metabolism.

We demonstrated that NPY 1s5574 and rs16147 were associated with measures
of obesity and abdominal obesity in subjects of the ECPBHS from 15-25 years.
We found that NPY rs5574 CC homozygotes had significantly higher measure of
abdominal obesity i.e., a greater increase per year in WHR from 15-25 years.
NPY rs16147 TT homozygotes had significantly higher measure of both obesity
and abdominal obesity i.e., higher body weight throughout the study period and
a greater increase in sum of 5 skinfolds, WC, WHR and WHtR from 15-25 years.
No association between NPY rs16139 or NPY rs17149106 and measures of
obesity and abdominal obesity were detected. These findings align with previous
studies where NPY rs16147 and rs5574 have been associated with measures of
obesity in children and adolescence (Olza et al., 2013; Zain et al., 2015) and NPY
rs16139 or NPY rs17149106 in adults and middle-age populations (Ding et al.,
2005; van Rossum et al., 2006; Zain et al., 2015) suggesting the effect of NPY
variants on measures of obesity may be age-related.

However, our findings did not reveal a clear mechanism in terms of increased
weight gain through lifestyle factors e.g., dietary intake or physical activity. We
observed a smaller decrease in DEI (kcal/day) and carbohydrate intake (g) per
year in NPY 1s5574 CC homozygotes from 15-25 years. Inversely, a lower
carbohydrate intake at every timepoint in NPY rs16147 TT homozygotes from 15—
25 years; however, the overall DEI was not different between genotypes. Further-
more, we did not identify any association between NPY SNP-s and physical acti-
vity. However, NPY rs16139 heterozygotes compared to GG homozygotes had a
lower MPO, at 25 years, indicating a poorer CRF.

All four NPY SNP-s were associated with BP. NPY rs5574 CC homozygotes,
and rs16147 TT homozygotes had a higher increase in diastolic BP from 15-25
years, and NPY rs16139 heterozygotes and rs17149106 heterozygotes had lower
systolic and diastolic BP as compared to the TT and GG homozygotes. In
contrast, Sianturi et al. (2022) observed a higher average systolic BP in NPY
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rs16147 C allele carriers among adults with a median age 51,5 years (22-83
years). Although evidence on the relationship between NPY and BP is limited,
this may indicate another age-dependent effect (Sianturi, et al., 2022).

6.4. Reward sensitivity and measures of obesity are associated
through its reward fixation component (Paper Ill)

Sensitivity to reward is a psychobiological trait to seek rewarding substances or
enjoyment with high reward potential (Loxton & Tipman, 2017). Findings on the
association between reward sensitivity and obesity have been inconsistent, with
some studies reporting a positive association (De Decker et al., 2016) and others
reporting no association (Jonker et al., 2019, 2016). However, most studies have
not considered the inner structure of reward sensitivity.

We demonstrated that reward sensitivity was associated with measures of
obesity and abdominal obesity through its reward fixation component among
ECPBHS subjects from 15-25 years. We observed that higher Insatiability by
Reward and its subscale scores, which consist of items reflecting trouble resisting
temptations and cravings, overindulging, excessive spending and impulsivity,
were associated with higher measures of overall and abdominal obesity from 15—
25 years. Moreover, at 9 years, a trend in Giving in to Cravings score, between
normal weight and overweight subjects, and at 33 years, a dose-response relation-
ship for Insatiability by Reward, particularly the Giving in to Cravings score
(reward sensitivity score increased together with BMI category) was observed. In
contrast, no longitudinal association between obesity and Openness to Rewards,
including items such as openness to new things and experiences, adventures and
social situations, were detected.

Furthermore, we later demonstrated that Openness to Rewards was associated
with higher physical activity and lower BP and serum GLC, INS, and CHL,
whereas Insatiability by Reward was associated with higher serum TRG levels
and DEI and CRF (Kiive et al., 2025).

Our findings highlight how the two facets of reward sensitivity relate to mea-
sures of obesity and energy expenditure and may explain the variable findings in
literature.

6.5. Birth cohort was associated with measures of obesity
through dietary intake (Paper V)

A birth cohort refers to a group of individuals born at a specific time point or within
a similar time period who are exposed to shared socioeconomic and environmental
factors (Canizares et al., 2018). Separate birth cohorts experience different social
and environmental factors, which may lead to differences in psychological and
social development, and health-related behaviour (Yoo, 2023).
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We observed an overall increase in the prevalence of overweight and obesity
over time across both birth cohorts and sexes of the ECPBHS. Prevalence of
overweight and obesity was higher in male subjects. Our results align with national
(National Institute for Health Development, 2025) and regional data, which has
demonstrated that the prevalence of overweight and obesity in Central and
Eastern Europe is higher in males than in females before age 40 years, however
the prevalence in females surpasses that of males thereafter (GBD 2021 Adult
BMI Collaborators, 2025).

Notably, subjects from the older cohort had lower weight during childhood
but experienced more rapid increases in obesity-related measures from 15-25
years. Moreover, both male and female subjects from the older cohort had higher
DEI (kcal) at ages 15 and 25 compared to the younger cohort. Additionally, sub-
jects from the younger cohort had a significantly higher protein intake (E%) and
a lower carbohydrate intake (E%).

Our findings suggest a clear association between birth cohort, measures of
obesity, and metabolism that emerged during a period of socioeconomic transi-
tion at a critical stage of development. This relationship may be partly driven by
higher energy intake, particularly from carbohydrates.

6.6. Strengths and limitations of the study (Papers I-V)

Results reported in this dissertation are based on the ECPBHS sample. The
ECPBHS is a longitudinal birth cohort study with a population representative
sample, with schools serving as the sampling unit. The original sample (1998/99)
had a high participation rate, with 79.1% of the individuals invited to participate
enrolling in the study. Moreover, subsequent attrition at follow-up waves has
been relatively low, and it is estimated that population representativeness has
been maintained. The methodology of the study has been consistent throughout
the study waves (some measurements even taken by the very same investigator).
Due to its school-based recruitment strategy, the ECPBHS has a unique birth
cohort representative and homogenous study sample. Subjects from the younger
and older birth cohorts lived in the same area and attended the same schools. This
allows for a clearer observation and analysis of the independent effect of birth
cohort.

However, there are some limitations to our study. The ECPBHS comprises a
homogeneous sample of individuals of European ancestry, therefore, it is not
known whether the results can be extrapolated to other ethnicities. ECPBHS
sample is, for the time being, limited with the age 33 being the last point of
observation. Because of the size of the sample, the ECPBHS study has limited
statistical power. Adiposity and central adiposity were assessed using indirect
measures such as BMI, WC, WHR, and WHtR as data from dual-energy X-ray
absorptiometry, computed tomography, or magnetic resonance imaging were not
available. The ROIS instrument (Pulver et al., 2020), used for the assessment of
reward sensitivity, was developed post hoc, applied in a Finnic language, and
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requires further development and characterisation together with related instru-
ments. Dietary intake was assessed using self-reported data, which are susceptible
to measurement error and systematic underreporting of food and energy intake.
To reduce these limitations, on the study day, subjects completed a face-to-face

interview, using portion size photographs, to specify portion sizes that were not
recorded in the food diary.
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7. CONCLUSIONS

1. The TFAP2B intron 2 VNTR polymorphism was associated with measures of
obesity, abdominal obesity, and insulin resistance. In males, the association
was present throughout adolescence to young adulthood, however, in females,
it appeared later, in young adulthood. This effect was not mediated by dietary
intake, and other biological mechanisms should be considered.

2. FTO rs1421085 was associated with measures of obesity, however, this was
not mediated by dietary intake and/or physical activity. An interaction between
FTO 131421085 genotype and SES was identified in female subjects, where
increasing SES was associated with higher measures of obesity in TT homo-
zygotes, but lower measures of obesity in CC homozygotes.

3. NPY gene variants were associated with measures of obesity in an age-depen-
dent manner. Notably, all four NPY SNP-s were associated with BP. However,
a clear mechanism in terms of increased weight gain through dietary intake
and/or physical activity was not identified.

4. The inner structure of reward sensitivity should be considered when studying
the relationship between reward sensitivity and measures of obesity. We
demonstrated that measures of obesity were associated with reward sensitivity
only through its reward fixation component.

5. A clear association was observed between birth cohort and measures of
obesity and metabolism during a period of socioeconomic transition at a
critical stage of development. This relationship was at least partly driven by
higher DEI, particularly from carbohydrates.
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SUMMARY IN ESTONIAN

Geneetilised, kaitumuslikud ja elukeskkonnast tulenevad tegurid
ulekaalu, rasvumise ja insuliinresistentsuse valjakujunemisel

Mittenakkushaigused, nagu siidame-veresoonkonnahaigused, vihk, diabeet ja
kroonilised hingamisteede haigused, on iilemaailmselt peamised surmapdhjused.
Mittenakkushaiguste riskitegurite hulka kuuluvad ebatervislik toitumine, véihene
kehaline aktiivsus, alkoholi tarvitamine, tubaka- ja nikotiinitoodete tarvitamine,
iilekaal ja rasvumine, korgenenud vererdhk ning suurenenud vere kolesterooli-
sisaldus. Ulekaal ja rasvumine on olulised rahvatervise probleemid. 2021. aastal
oli ligikaudu 2,1 miljardit tdiskasvanut iilekaalulised vdi rasvunud. Samal aastal
seostati tilekaaluga 3,7 miljonit surmajuhtu ja 129 miljonit tervisekaoga kohan-
datud eluaastat.

Ulekaal ja rasvumine kujuneb kui energiatarbimine ja energiakulutamine ei ole
tasakaalus. Ulekaalu ja rasvumise viljakujunemisse panustavad erinevad tegurid
sh geneetilised-, bioloogilised-, psithholoogilised-, elukeskkonnast tulenevad-,
sotsiaal-majanduslikud-, ja kaitumuslikud tegurid.

Kéesolevas doktoritdos analiilisisime valitud geneetiliste- (transkriptsiooni-
faktor AP-2 beeta [TFAP2B], rasvamassi ja rasvumisega seotud geen [F'70O] ning
neuropeptiid Y [NPY]) ja psithhobioloogiliste tegurite (hiivehimulisus) seoseid
tilekaalu ja rasvumise ning nendega seotud seisunditega (nt insuliiniresistentsus),
arvestades samaaegselt vanuse, soo, toitumise, kehalise aktiivsuse, sotsiaal-
majandusliku staatuse ja siinnikohordi vdimalikke koosmojusid.

Uuringu valim moodustati algselt Euroopa Noorte Siidameuuringu (ENSU)
tarbeks 1998/1999 ning kaasati hiljem longituudsesse Eesti laste isiksuse, kditu-
mise ja tervise uuringusse (ELIKTU). ENSU valimi moodustamise iihikuks olid
koolid. Valimisse kaasati kdik Tartu maakonna koolid, kes ndustusid uuringus
osalema (54 kooli 56-st), ning neist valiti 25 kooli (tdoendosusliku valimi pShi-
mottel). Uuringusse kutsuti valitud koolidest kdik 3. klassi (9-aastased) ja 9.
klassi (15-aastased) dpilased; algses uuringus osales 79,1% kutsututest (vastavalt
n = 583 ja n = 593). Noorema siinnikohordi jargmised uuringulained toimusid
2004. aastal (15-aastased, n = 483), 2007. aastal (18-aastased, n = 454), 2014.
aastal (25-aastased, n = 441) ning 2022. aastal (33-aastased, n = 428). Vanema
siinnikohordi jargmised uuringulained toimusid 2001. aastal (18-aastased, n =
417, lisaks kaasati 62 uut uuritavat), 2008. aastal (25-aastased, n = 541) ning
2016. aastal (33-aastased, n = 504).

TFAP2B geeni teises intronis paiknev VNTR-poliimorfism oli seotud rasvu-
mist, kohupiirkonna rasvumist ja insuliiniresistentsust peegeldavate néitajatega
nii mees- kui ka naissoost uuritavatel. Seos ei olnud tingitud erinevusest toidu-
energi tarbimises, mis viitab vajadusele kisitleda muid bioloogilisi mehha-
nisme. F70 rs1421085 poliimorfism oli seotud rasvumist peegeldavate néitaja-
tega, kuid see seos ei olnud pdhjendatav erinevusega toiduenergia tarbimises
ja/voi kehalises aktiivsuses. Naissoost uuritavatel ilmnes F70 rs1421085 geno-
tiilibi ja sotsiaal-majandusliku staatuse vaheline koostoime. NPY geenivariandid
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olid seotud rasvumist peegeldavate néitajatega vanusest sdltuval moel. Koik neli
uuritud NPY iiksiknukleotiidi poliimorfismi olid seotud vererdhuga. Seos ei olnud
pohjendatav erinevusega toiduenergi tarbimises ja/voi fiilisilises aktiivsuses.
Tulevastes hiivehimulisust kisitlevates uuringutes tuleks arvesse votta selle
sisemist struktuuri. Meie tulemuste kohaselt olid rasvumist peegeldavad néitajad
seotud hiivehimulisuseg iiksnes selle hiivedele kiillastamatuse komponendi
kaudu. Lisaks leidsime seose siinnikohordi, rasvumist peegeldavate néitajate ja
ainevahetuse vahel. Seda seost selgitas vihemalt osaliselt suurem péevane toidu-
energia tarbimine, eriti suurem siisivesikute osakaal pdevasest toiduenergiast.
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APPENDICES

Supplementary table 1. The Reward Openness and Insatiability Scale (ROIS) by
subscales, with original sources for related items (Pulver et al., 2020)

Openness to Reward scale

Original source

Excitement and Novelty subscale

1. Enjoys exciting adventures AMIS
2. Gets thrilled easily IPIP
3. Is fascinated by novelty IPIP
4. Is open to new things IPIP
5. Enjoys new experiences ANPS
6. Dislikes routine IPIP
7. Avoids dangerous activities IPIP
Social experiences subscale
8. Is modest in socializing IPIP
9. Uneasy in social situations IPIP
10. Enjoys big parties IPIP
11. Is easily amused ANPS
12. Does not enjoy playing games with others ANPS
13. Is action-oriented AMIS
14. Does not enjoy joking around ANPS
Insatiability by Reward scale
Excessive spending subscale
15. Spends more than earns BIS
16. Has spending under control IPIP
17. Spends more than can afford BIS
18. Is saving oriented BIS
19. Does not spend extravagantly IPIP
20. Spends money pointlessly AMIS
21. Spends money on impulse BIS
Giving in to cravings subscale
22. Succumbs to ones’s cravings AMIS
23. Finds it difficult to set limits IPIP
24. Has strong self-control IPIP
25. Has insufficient control of appetite AMIS
26. Gets addicted easily IPIP
27. Is prone to overindulgence IPIP
28. Keeps cravings under control BIS

AMIS, Adaptive and Maladaptive Impulsivity Scale; ANPS, Affective Neuroscience
Personality Scale; BIS, Barratt Impulsivity Scale; IPIP, International Personality Item

Pool NEO
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