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Abstract
Non-communicable diseases, chiefly cardiovascular diseases and type 2 diabetes (T2D), are major
causes of mortality and morbidity worldwide. The literature expands on multifactorial risks that
extend beyond biological dimension, including interplays with social, psychological and
environmental factors, setting in place the foundations for shaping future health outcomes.
However, the link between genetic and environmental causative mechanisms and temporal
trajectories since gestation is poorly understood.
In this thesis, a holistic approach was achieved by assessing the: 1) Variations in DNA
methylation at the GFI1 locus in relation to smoking to build the epigenetic link, mediating the
latent association of maternal smoking on offspring’s cardiometabolic health in adulthood; 2)
Synergy between maternal prenatal biological, psychological and social factors in cumulatively
influencing offspring’s birth outcomes and; 3) Early origins of T2D tracked through longitudinal
risk of adiposity and modulating associations of lifestyle factors. Studies were primarily
conducted in the Northern Finland Birth Cohorts 1966 and 1986, and multiple cohorts were
included in studiesI & II to enable robustness and generalizability. The first study showed
associations of the hypomethylation of epigenetic sites at the GFI1 locus, associated with fetal
exposures to maternal smoking, on adult triglyceride, adiposity, and blood pressure levels. The
second study yielded a four factor structure between the biopsychosocial variables thata clustered
into biological and psychosocial factors and showed comparable associations with birth outcomes.
The third study provided clear evidence that in a contemporary birth cohort, lower birth weight
remains a major risk for T2D. Overweight patterns in childhood associated with increased risks of
developing T2D when continued into adulthood.
This research serves as a proof of concept for the ongoing debate of the lifecourse
consequences of early life adversities. The body of evidence inferred that the adversities
intermingle at multiple levels from in-utero to adulthood, and biological to psychological to
social; showing an immediate influence on birth outcomes and on the development of
cardiometabolic risk factors later. DNA methylation emerged as a biomarker linking smoking with
the development of hypertension, hypertriglyceridemia, and adiposity.

Keywords: biopsychosocial, birthweight, cardiometabolic risk factors, early adversities,
maternal prenatal health, maternal smoking, smoking

Choudhary, Priyanka, Kardiometabolisten riskitekijöiden varhainen alkuperä.
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Tiivistelmä
Pitkäaikaissairaudet, kuten sydän- ja verisuonisairaudet sekä tyypin 2 diabetes ovat maailmanlaajuisesti merkittäviä sairastavuuden ja kuolleisuuden taustatekijöitä. Biologisia tekijöitä laajemmalle ulottuvat monitekijäiset riskit ovat saaneet kirjallisuudessa paljon huomiota. Näihin
riskeihin kuuluvat esimerkiksi sosiaalisten, psykologisten ja ympäristötekijöiden väliset vuorovaikutukset, jotka luovat perustaa myöhemmin elämässä kohdattaville terveysongelmille. Raskausaikana syntyviä perinnöllisiä ja ympäristöllisiä mekanismeja ymmärretään huonommin.
Tämä väitöskirja keskittyi kokonaisvaltaisen lähestymisen kautta-seuraaviin kokonaisuuksiin: 1) tupakointiin liittyvä DNA-metylaatio vaihtelu GFI1-geenin alueella. Tämä epigeneettinen linkki välittää äidin raskausajan tupakoinnin vaikutuksia syntyvän lapsen aikuisiän sydän- ja
verisuonisairauksien puhkeamisriskiin, 2) Raskausajan biologisten, psykologisten ja sosiaalisten
tekijöiden kumulatiivinen vaikutus syntyvän lapsen terveyteen, sekä, 3) Tyypin 2 diabeteksen
varhainen puhkeaminen pitkäaikaisen lihavuuden sekä elämäntyyliin liittyvien tekijöiden kautta. Tutkimuksen aineistona käytettiin Pohjois-Suomen syntymäkohortteja 1966 ja 1986, ja lisäksi osajulkaisuissa I ja II käytettiin useiden muiden kohorttien aineistoja tulosten validointiin.
Ensimmäisessä osajulkaisussa havaittiin, että sikiöaikana tupakoinnille altistuneiden lasten
GFI1-geenissä oli vähemmän metyloituneita kohtia verrattuna tupakoimattomien äitien lapsiin.
GFI1-geenin metylaatio assosioi myös aikuisiän triglyseridiarvojen, lihavuuden ja verenpaineen
kanssa. Toisessa osajulkaisussa löydettiin nelitekijäinen mekanismi, joka ryhmittyi biologisiin ja
psykososiaalisiin tekijöihin, joiden vaikutukset puolestaan olivat pääosin yhdenmukaisia kahdessa etnisesti erilaisessa populaatiossa. Kolmannessa osajulkaisussa osoitettiin, että matala syntymäpaino on yhä merkittävä tyypin 2 diabeteksen riskitekijä. Lisäksi lapsuudesta aikuisuuteen
jatkuva lihavuus on yhteydessä korkeampaan tyypin 2 diabeteksen puhkeamisriskiin.
Tämä tutkimus osoittaa varhaisten tekijöiden merkityksen elämänmittaiseen terveyteen.
Tulokset viittaavat siihen, että riskitekijät kietoutuvat eri tasoilla toisiinsa kohdusta aikuisuuteen
biologisten, psykologisten ja sosiaalisten tekijöiden kautta. Nämä riskitekijät vaikuttavat yksilön kehitykseen ja sydän- ja verisuonitautien puhkeamisriskiin aikuisiässä. DNA-metylaatiosta
muodostui biomarkkeri, joka yhdisti tupakoinnin verenpainetautiin, hypertriglyseridemiaan ja
lihavuuteen.

Asiasanat: aineenvaihduntasairaudet riskitekijät, biopsykososiaalisuus, syntymäpaino,
tupakointi, varhaiset riskitekijät, äidin raskaudenaikainen terveys, äidin raskausajan
tupakointi

Absence of evidence is not the evidence of absence ~ Martin Rees

To all my loved ones
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1

Introduction

The burden of cardiometabolic diseases chiefly type 2 diabetes (T2D) is growing
at an alarming rate (Bloom et al., 2012). The global prevalence of T2D has risen
from 4.7% in 1980 to 8.5% in 2014 (WHO, 2019), fueled by the steep rise in obesity.
In parallel, over 23% of children worldwide are obese (Ng et al., 2014). Obesity in
early life often continues into adulthood and has an unwavering relationship with
adult health, social disadvantage and psychological well-being (Lloyd et al., 2010).
The development of cardiometabolic diseases in adulthood is speculated to be
partly programmed in-utero, as a result of adverse intrauterine conditions, as per
the fetal origins of diseases hypothesis (David J P Barker et al., 2005; Gluckman &
Hanson, 2004). This hypothesis is underpinned by multifactorial mechanisms and
pathways through which early life conditions modulated by life course experiences
affect health.
In recent decades, voluminous evidence has supported the associations
between early life adversities, particularly but not exclusively with low birth weight
and adult disease outcomes (T. Harder et al., 2007; Horikoshi et al., 2016c;
Jornayvaz et al., 2016; Zhao et al., 2012). Birth weight is associated with a myriad
of fetal adversities as well as somatic (Thomas Harder et al., 2007; C. M. Law &
Shiell, 1996) and neurodevelopmental health outcomes (Richards, 2001) such as
childhood growth, blood pressure (BP), T2D and cognition later in life. At the same
time, the literature expands on multifactorial risks over the life course that set in
place the foundations for shaping future health outcomes, specifically encompassed
by both biological and non-biological exposures (psychological and social),
including maternal smoking (Kramer, 1987), obesity (Gaillard et al., 2016; Leddy
et al., 2008), increased body mass index (BMI) (Gaillard et al., 2016; Leddy et al.,
2008; Modi et al., 2011; Yu et al., 2013a), gestational diabetes (Gillman et al., 2003;
Oken et al., 2009), stress (Beydoun & Saftlas, 2008), educational attainment,
smoking, alcohol use, socio-economic disadvantages (Bradley & Corwyn, 2002).
These risk factors tend to correlate and co-occur in most populations. It is often
noted that the risk of diseases extends beyond biological dimensions, including
interactions with social, psychological, and environmental factors at all levels.
George Engel proposed the biopsychosocial model of disease more than four
decades ago, combining a traditional biomedical model of disease risk with other
important aspects of health such as psychological well-being and social resources
(G. Engel, 1977). However, the complete understanding and usage of this model
remains in infancy in the epidemiological studies of NCD.
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These early life adversities accumulate over the life course causing a
multiplicative effect on the cardiometabolic risk factors. The main limitations of
observational studies are confounders, bias and reverse causality which hinder the
identification of truly causal influences. Therefore, an important opportunity exists
in connecting these observational adversities through longitudinal repeated
measures and assessing the consequence of events to unravel the early-life origins
of adult disease.
Another important aspect is to understand the molecular mechanisms
underlying the prolonged nature of this vulnerability. Many recent studies have
identified epigenetic alterations such as DNA methylation in offspring in relation
to prenatal adversities, which may hold as one of the plausible explanations (Monk
et al., 2012). Alterations to the methylation level can predispose to a number of
multifactorial diseases by altering gene function (Barres & Zierath, 2011). Studies
have reported an association between maternal smoking during pregnancy and
hypomethylation in the offspring’s DNA at certain CpG sites (Joubert et al., 2016;
Markunas et al., 2014; Power et al., 2010; Richmond et al., 2015). Similar
differential methylation has been observed in offspring’s DNA when exposed to
maternal stress (Cao-Lei et al., 2016) and increased BMI (Herbstman et al., 2013;
Oelsner et al., 2017). Importantly, many of these genes identified with methylation
changes are involved in fundamental developmental processes and may represent
one of the key mechanisms underlying disease susceptibility in later life (Lakera et
al., 2013; Monk et al., 2012; Oelsner et al., 2017). Therefore, these epigenetic
changes may serve as potential biomarkers, providing an understanding of
molecular mechanisms linking the interplay of early life maternal environments to
later life health outcomes.
While there exists a plethora of literature around the developmental
programming of cardiometabolic diseases, longitudinal studies from birth to late
adulthood with reliable estimates and sufficient sample size are scarce. The work
included in this thesis addresses the aforementioned gaps by following a holistic
approach using NFBC 1966 and 1986 cohorts, which are large and unique study
designs with rich data from prenatal to late adulthood. It aims to unfold how the
interaction between biological, psychological, and social factors aggregate to affect
health outcomes such as prenatal adversities on birth outcomes. To extend the
plausible role of smoking related epigenetic changes on long term health
cardiometabolic risk factors. And to understand the course of adiposity emerging
from the gestational period to later life on the risk of the development of type 2
diabetes with the potential influences of environmental factors. The overall aim is
18

to address the dichotomy between theory and praxis by understanding the
relationship between the early life determinants and their course of action over the
life course (Fig. 1). This would possibly help in providing evidence to support
theories of disease, defining new molecular targets, and developing new means of
the effective prevention and treatment of diseases from the life course perspective.

Fig. 1. Conceptual pathways of associations from early life to adulthood tested in this
thesis.
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2

Review of the literature

This chapter reviews the research linking early life adversity to adult diseases risk
factors, with a focus on highlighting the prenatal maternal determinants, postnatal
modifying lifestyle determinants and the plausible underlying epigenetic
mechanisms. Since various theories of health have been proposed, many studies
have confirmed them with epidemiological evidence, but the strength of
associations has varied from study to study. The relative interaction between
genetic predisposition and environment in the possible causal pathways remains a
matter of debate. This review aims to broaden the epidemiological understanding
of cardiometabolic intermediary traits, on their environmental and behavioral
causes, and to acknowledge the knowledge gaps.
2.1

Cardiometabolic traits

Cardiometabolic is the term often used to refer to cardiovascular and metabolic risk
factors conjunctly in epidemiology. It is a combination of anthropometric, glycemic,
metabolic, and lipid-related measures that aggregate to increase the disease risk (R.
Kahn, 2007). Traditionally, the common intermediary risk factors are high BP,
adiposity, glycaemia, and dyslipidemia and the cumulative occurrence is known as
the metabolic syndrome (Eckel et al.). Metabolic syndrome is not a disease in itself,
but when present, it doubles the risk for cardiovascular diseases and increases the
risk for T2D fivefold (Cornier et al., 2008). Fasting glucose is observed to follow a
stable linear trajectory with a steep increase up to 3 years before the onset of T2D
(Tabák et al., 2009). The risk for CVD doubles with 20 and 10 mmHG rise in SBP
and DBP in individuals between 40-70 years of age (Lewington et al., 2002).
Hypertension co-occurs in ~60% of individuals with T2D and its complications
such as, microvascular and macrovascular complications, stroke, coronary artery
disease (CAD), peripheral vascular disease, retinopathy, and nephropathy (Petrie et
al., 2018). Similarly, linear association is observed between high density
lipoprotein cholesterol (LDL-C) and CVD risk in a meta-analysis (Baigent et al.,
2005). Insulin resistance is noted in 50% of obese individuals and is known as
defective insulin mediated glucose disposal (R. Kahn, 2007). The underlying
mechanism is understood as a chemical mediator, such as free fatty acids and
inflammatory markers that are released by adipose tissue and hinder insulin action
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on skeletal muscles (Caballero, 2003). Although the precise underlying biological
mechanisms are not yet clear, insulin resistance is causal to diabetes and CVDs.
T2D is one of the important cardiometabolic diseases with its significant
burden on mortality, morbidity, and challenging clinical management (WHO, 2019).
It is a multifactorial heterogeneous disorder characterized by hyperglycemia as a
consequence of reduced insulin secretion or sensitivity, causing permanent changes
in insulin resistance. Conventionally, diabetes is classified in two main categories
type-1 diabetes mellitus (T1D) with autoimmune dysregulation that leads to
pancreatic β-cell dysfunction and type 2 diabetes (T2D), characterized by a
combination of dysfunction in insulin secretion and resistance (Karalliedde &
Gnudi, 2014). However, this categorization is a gross oversimplification and recent
advancements in research have given a further classification of diabetes
highlighting its heterogeneous etiology and range of clinical manifestations
(Karalliedde & Gnudi, 2014). Increased blood glucose damages vasculature by
various mechanisms, such as increased oxygen free radical formation, glycation,
inactivation of protein synthesis in vascular cells etc., (Son, 2007) and consequently
T2D also markedly accounts for a lifetime increased risk of CVD (Franco et al.,
2007).
Since the Second World War, there has been a shift in the disease spectrum
from communicable to non-communicable diseases, along with extensive societal
changes including unplanned urbanization, globalization of sedentary lifestyles,
aging and population growth. T2D is also referred to as ‘lifestyle diseases’ with
onset in the adult life resulting from interactions between genetic and
environmental causes (WHO, 2019). It is caused by the combined effects of obesity
which is one of the major risk factors, along with aging, smoking and physical
inactivity (Power & Thomas, 2011). Current evidence confirms that the rising
prevalence of T2D and obesity within the last seven decades cannot be explained
by only genetic predisposition, but rather due to interaction with exposure to
adverse environment (Fig. 2) (Eckel et al., 2011; Zimmet, 2017). In a Finnish
Diabetes Prevention study, there was a 58% reduction in the incidence of new-onset
diabetes among 38 adults who received intensive modifiable lifestyle intervention
on weight reduction, diet, and increased physical activity.
Genetic and environmental factors exhibit an interplay on the health outcomes.
An interlink is observed in associations between low birth weight, obesity, and T2D
(Franks & McCarthy, 2016). T2D related alleles disproportionately affect variation
in birth weight. Children with T2D‐risk allele (ex. MTNR1B and GCK) have higher
birth weight, highlighting effects of those loci on maternal hyperglycemia. On the
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other hand, T2D risk alleles ADCY5 and CDKAL1 are associated with a alower
birth weight which is consistent with patterns of fetal growth retardation (Horikoshi
et al., 2016b). Moreover, a strong relationship is observed between the family
history of T2D and the development of MS-related intermediary traits in children
(Goran et al., 2004; Valdez et al., 2007). Recent studies have observed a genetic
overlap between the preclinical cardiometabolic traits. Genetic predisposition to
higher BP increases risk of coronary artery disease (Lieb et al., 2013) and an
overlap of 29 genome-wide significant variants have been found to be associated
with hypertension, left ventricular wall thickness, stroke and CHD (International
Consortium for Blood Pressure Genome-Wide Association Studies et al., 2011).
Similarly common variants are associated between plasma TG and coronary artery
disease (Jørgensen et al., 2013). Twelve T2D susceptibility loci are associated with
glucose, insulin as well as adiposity, lipids and CRP (Voight et al., 2010).
A key matter for debate is the specific causative mechanisms underlying the
cardiometabolic diseases that are not well understood in explaining the genetic or
environmental links. A longitudinal study by Singh-Manoux et al. identified clinical
intermediary risk factors at age 50 that determine the risk of incident
cardiometabolic disease, while midlife socioeconomic and behavioral factors are
stronger predictors of progression to multimorbidity (including at least two of T2D,
CHD, and stroke) (Singh-Manoux et al., 2018). Along the same lines, longitudinal
studies at multiple time points are needed to unfold the environmental influence
during the life course in geneticallya predisposed individuals.

Fig. 2. Examples of environmental and genetic exposures acting as a risk for the
development of T2D and obesity.
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2.2

Theories on cardiometabolic diseases

This section describes some of the common and widely used hypotheses with
regards to the associations of birth weight on cardiometabolic diseases and their
intermediary traits.
2.2.1 Developmental origin of diseases
The Second World War represented a pivotal event in identifying the exposures in
the epidemiology of CVDs. Exposures to wartime famines, social unrest and
economic destabilization have provided rare, unfortunate “natural experiments”
when thousands of women were exposed to long-term severe stress and
undernutrition. The ‘Dutch Hunger Winter’ study one of the important studies on
wartime famines and has provided some key findings on the developmental
programming of cardiometabolic disease risk. The Dutch famine occurred in the
Western Netherlands toward the end of World War II, due to the extremely severe
winter of 1944-45 which arrived early,from December 1944 to April 1945, and the
general adult daily rations varied between 400 and 800 calories (Lumey et al., 2007;
Roseboom et al., 2006). The studies were conducted to explore adult health
outcomes in relation to specific periods of gestation (Fig 3). They were limited to
men as birth records of women were not available. It was observed that mothers
who were exposed to the famine early in gestation had offspring born with reduced
fetal growth, birthweight, placental weight and length at birth (Stein & Susser,
1975). These exposed offspring, particularly in the early and mid-pregnancy
experienced a higher prevalence of obesity (G.-P. Ravelli et al., 1976). In
comparison, mothers exposed to famine during late gestion had offspring born
small for gestational age but did not develop obesity later in life but were linked to
decreased glucose tolerance (A. Ravelli et al., 1998). This study was important for
providing insight into how undernutrition at different gestational periods influences
the subsequent health of the offspring.
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Fig. 3. Association observed between mothers exposed to famine during a specific
period of gestation and offspring health outcomes.

The landmark study by Barker and his colleagues in 1985 identified the differences
in mortality from cardiovascular disease with the highest rates observed in the poor
and the lowest in the rich areas across England and Wales (D.J.P Barker et al., 1989).
This study retrospectively studied 5,654 men born during 1911-30 in six districts
of Hertfordshire, England, whose weights were recorded in infancy. It was
observed that men with lower birth weight had a higher incidence of mortality from
ischemic heart disease. These findings conflicted with the ‘Framingham Heart
Study’, according to which affluence was the underlying exposure in the “epidemic”
of heart diseases (Feinleib et al., 1975). The Barker and Hales team, in their further
studies on the same individuals, noted a significant association between premature
birth or low birth weight with hypertension and CHD in the mid-adulthood and
noting differences among smokers and by social class (C N Hales et al., 1991).
They argued that offspring exposed to ‘inadequate nutrition’ in-utero are more
likely to gain weight as adults and suffer from cardiovascular diseases and T2D as
a result of ‘programming’ (D. J. Barker, 1990; C Nicholas Hales & Barker, 2001).
Subsequently Barker et al. formulated the hypothesis based on the fetal
programming of the disease risk in later life, known as the ‘fetal origins’ hypothesis
(D. J. Barker, 1990).
25

Since then, the hypothesis has been expanded beyond undernutrition to other
exposures during fetal development, such as maternal smoking, low socioeconomic resources, and infections during pregnancy in relation to adult disease
(D. Barker, 2007; Jaddoe & Witteman, 2006; Watve & Yajnik, 2007). In 2003, the
term was recoined as the ‘Developmental Origins of Health and Disease’ (DOHaD)
hypothesis (Gillman, 2005). The overarching argument for the paradigm is that the
growth disturbances affected by environmental factors acting during sensitive
periods of development can cause changes in the state of health and lead to risk for
disease that persists throughout life (Fig 4).

Fig. 4. Representation of the fetal origin hypothesis on the development of
cardiometabolic diseases.

Intensified research has been dedicated to unraveling the link between early life
and adult disease in different populations and study settings. There have been
conflicting views on the DOHaD hypothesis (Huxley et al., 2002); it has been
criticized (Tu et al., 2005) as well as supported (Huxley et al., 2002; Weinberg,
2005). Tu et al. suggests that the association between birth weight and adult disease
might be a result of a statistical artefact caused due to the adjustment of variables
lying in the causal pathway (Tu et al., 2005). However, recent observations from
genetic studies suggest that it is not a statistical artefact and is in line with the
DOHaD hypothesis of long-term developmental associations with cardiometabolic
diseases (Horikoshi et al., 2016c).
The fetal origins hypothesis may be true for the post-world war cohorts but in
the last 75 years, the dynamics of the world have changed dramatically in social
and environmental dimensions. The risk factors that were present a few decades
ago may no longer be a threat. Moreover, this hypothesis holds true more in
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developed countries, while in the developing countries intrauterine growth
retardation (IUGR) and low birth weight are commonly observed but hypertension
and coronary heart disease remain less prevalent (Bale et al., 2003). In any case,
clear and appropriate studies with the life course perspective taking into account
the emerging risk factors of lifestyle and environmental changes are urgently
needed as well as to re-define the hypothesis.
2.2.2 Catch-up growth mechanism hypothesis
Catch-up growth was described by Bauer in 1954, who noticed faster growth in
children recovering from the nephrotic syndrome. It has been defined as “height
velocity above the normal statistical limits for age and/or maturity during a defined
period of time, following a transient period of growth inhibition” (Boersma & Wit,
1997). It was speculated as a means of compensatory accelerated growth for a
period of retarded growth due to the intrauterine adversities. Later, this concept was
extended to preterm and children born small for gestational age (SGA) showing
faster post-natal growth, due to recovery from exposure to prenatal undernutrition
(Singhal, 2017). Ong et al. observed SGA born children with catch-up growth
between 0 and 2 years, had more central fat deposition and adiposity at 5 years of
age in comparison to other children (Ong et al., 2000). The total abdominal fat mass
among those children at 4 years of age was close to the rate of weight gain between
0 and 2 years. The two mechanisms sought to explain that catch-up growth is a
neuroendocrine mechanism and the growth plate physiology, where endocrine
deficiency causes short stature with an important impact on growth plates (Boersma
& Wit, 1997).
Singhal and Lucas postulated in 2004 the hypothesis that rapid growth spurts
during childhood are accountable for the increased risk for adult diseases in later
life rather than birth weight per se (Singhal & Lucas, 2004). Moreover,
epidemiological studies have supported the link between growth patterns during
infancy and early childhood to adult diseases (Forsén et al., 2004; Monteiro &
Victora, 2005).
2.2.3 Thrifty phenotype hypothesis
The thrifty phenotype hypothesis was postulated to understand the mechanism of
the fetal origin’s hypothesis. It states that suboptimal conditions during specific
periods of growth and development particularly during the fetal period, as a result
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of undernutrition may help in short-term adaptation, but has long-term health
consequences with increased risk of cardiometabolic diseases, including T2D,
induced by permanent changes in glucose-insulin metabolism (Fig 5) (C Nicholas
Hales & Barker, 2001). These changes include the dysregulation of insulin
secretion and insulin resistance amplified by the effects of obesity, aging and
physical inactivity, which are the most important risk factors in the development of
T2D (Dulloo et al., 2006; Leger et al., 1997; Levy-Marchal & Jaquet, 2004). This
is speculated as an adaptive response to adversities for a greater likelihood of
survival.

Fig. 5. The representation of the thrifty phenotype hypothesis by Hales and Barker, 2001.

In the context of an IUGR fetus, atypical growth trajectories during infancy were
found to epidemiologically modulate the effect on developing insulin resistance
and cardiovascular disease, with the highest risk in the children who subsequently
developed obesity in childhood (Levy-Marchal & Jaquet, 2004; Monteiro &
Victora, 2005). Jaquet et al. in their case control study of 20y old adults among 26
IUGR-born subjects and 25 controls, noted lower insulin-stimulated glucose uptake
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in IUGR-born subjects compared to the controls (6.7 ± 2.9 vs. 8.0± 1.9 mg/kg fatfree mass/min; P = 0.05). The IUGR group had significantly higher percentage of
body fat (27.2 ± 7.6% vs. 22.0 ± 7.3% kg/m2; P = 0.02), in both the groups with
comparable BMI (Jaquet et al., 2000). They suggested a role of adipose tissue in
insulin resistance among adults born with IUGR who had decreased insulinstimulated glucose uptake as early as 25y of age (Jaquet et al., 2000).
2.3

Biopsychosocial paradigm

The study by Marmot et al. in the year 1991, comprising 17,530 civil servants from
the Whitehall study was among the first to notice a social gradient in the CHD (M.
G. Marmot et al., 1991). They found the presence of a higher mortality rate due to
CHD among those who were at the lower end of the employment hierarchy. Later,
Brunner & Marmot (Brunner & Marmot, 2006) and Uchino et al. (Uchino et al.,
2018) reviewed evidence on the physiological mechanism of social support
influencing health. They observed high levels of social support were associated
with positive “biological profiles” across the vascular, neuroendocrine and immune
system. Marmot proposed that the social factors and biopsychosocial model, have
to be invoked to explain the social gradient in biological health risks (M Marmot,
2005).
George Engel proposed the biopsychosocial model of diseases in 1977, which
combines the traditional biomedical model of disease risk with other important
aspects of health such as psychological well-being and social factors (Fig 6) (G.
Engel, 1977). He articulated a personalized model where multiple dimensions from
the societal to molecular level act jointly to affect disease etiology. Such a model
also brings into view the psychological dimension of health and its close relation
to the social. For instance, exposure to social and economic disadvantage (e.g.
poverty, low education etc.) has long been linked with the risk of engaging in
unhealthy behaviors, such as smoking, alcohol use, poor diet, physical inactivity,
and failure to undertake preventative health measures; and likely to report higher
levels of psychosocial stress (M. Marmot, 2005; Martikainen et al., 2002), which
in turn strongly influence the components of cardiometabolic health (Lowry et al.,
2020; Power & Hertzman, 1997).
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Fig. 6. Representation of the biopsychosocial determinants of cardiometabolic
diseases.

While this concept was introduced almost 40 years ago, it still remains a challenge
to biomedicine. Part of which lies in modeling psychosocial health, which has
varied greatly over the years, as there is no consensus in the literature on a single
definition. Psychosocial is an umbrella term, unraveling the plausible link between
social and psychological pathways underlying illness and health. An editorial on
the ‘psychosocial theme’ by Martikainen et al. (Martikainen et al., 2002) and a
systematic review by Moor et al. in 2016, (Moor et al., 2017) argue that
psychosocial exposures do not necessarily invoke psychological processes, and
may arrive at health outcomes through several alternative behavioral and biological
pathways. However, it is important to note that psychological well-being is greatly
influenced by the existing social environments.
In terms of the views proposed here, the causal inference of the social factors
of health are challenging because of the conception of causation limited to biology.
It should be noted that, in very large part, the biological systems are entirely
dependent on the external environment, whether distal or otherwise. Galea et al.
listed seven broad categories of factors related to ‘the cause of obesity’, from
hereditary to food policies, neighborhood, and social environments (Galea et al.,
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2010). The authors noted that increased social risks are indeed causal and propose
a counterfactual approach in considering risks not only at multiple levels but also
the relationships between them.
Therefore, there is a need to broaden the biopsychosocial model in the
epidemiological studies of NCD to include social causal processes as well as their
interaction with the biological causal pathways. The statistical modeling of
multifactorial causal interactions is indeed challenging in observational studies,
especially in non-linear systems involving longitudinal effects over time.
2.4

Prenatal and postnatal risk factors

This section expands on evidence from the literature on some of the commonly
identified early life risk factors for cardiometabolic diseases, particularly T2D;
prenatally in terms of maternal adverse exposures and postnatally in terms of
offspring own exposures.
2.4.1 Birth weight
Unfavorable birth weight is a significant indicator of intrauterine adversities, and
has been extensively studied as a predictor of subsequent cardiometabolic and
mental health diseases, some cancers and mortality as well as a mediated pathway
for intergenerational influences. Lower birth weight is a commonly reported risk
factor for cardiovascular diseases, T2D, hypertension, insulin resistance, and
adverse lipid profiles, among others (Horikoshi et al., 2016a; Jornayvaz et al., 2016;
C. M. Law & Shiell, 1996; Whincup et al., 2008; Zhao et al., 2012). The association
of lower birth weight with adult diseases was first observed and reported in relation
to coronary heart disease (CHD) and the disorders related to it: stroke, non-insulin
dependent diabetes and raised BP (D. J. Barker et al., 1990; D.J.P Barker et al.,
1989; C. M. Law & Shiell, 1996), and then subsequently noted in other
cardiovascular risk factors. A recent review by Knop et al. of 135 studies were
found to report a relationship between birthweight and T2D, CVD (including CHD
and stroke), and hypertension (Fig. 7) (Knop et al., 2018). A 45% (OR: 1.45, 95%
CI: 1.33–1.59) higher risk was noted for T2D in participants with birthweight <2.5
kg compared to those with birth weight >2.5 kg, but no significant differences in
T2D risk when compared to the <4.5 kg category. A J‐shaped association was
observed between six categories of birth weight with T2D and CVD and the
association was inverse with hypertension (Fig. 7). Lower risk for T2D, CVD, and
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hypertension were observed at 3.5 to 4.0, 4.0 to 4.5, and >4.5 kg, birth weight
categories, respectively, compared to birth weight categories below 3.5 kg. The
study found 22%, 16%, and 23% decrease in the risk of T2D, CVD, and
hypertension with per 1 kg increase in birthweight. Sex-specific binary analyses
showed that females had a more pronounced risk for T2D and CVD at the higher
end of the birth weight distribution (Knop et al., 2018).

Fig. 7. Association of six birth weight categories with T2D, cardiovascular diseases, and
hypertension from the systematic review by Knop et al. 2018. Published with permission
under a Creative Commons (CC-BY—NC-4.0) license. Note: “n” is the number of studies
contributing to the pooled risk estimate within a birth weight group.

In the long-term cardiometabolic disease associations, birth weight is often
assumed as a proxy marker of in-utero adversities. However, it remains unclear
whether the epidemiological associations between birth weight and adult diseases
are causal or influenced by life course confounding factors (D. J. Barker, 1990; L.
G. Kahn et al., 2017) or shared genetics (Horikoshi et al., 2016b).
Horikoshi et al. demonstrated a strong inverse genetic correlation of BW with
SBP and coronary artery disease, and these BW-associated regions were involved
in insulin signaling, glucose homeostasis, glycogen biosynthesis, and chromatin
remodeling (Horikoshi et al., 2016b). In a study using Mendelian Randomization
to study causality, Warrington et al. has further expanded on the maternal and fetal
genetic causal effects on the offspring birth weight and cardiometabolic risk factors
(Warrington et al., 2019). In the sample of 321,223 mothers and 230,069 offspring,
both direct fetal and indirect maternal genetic effects were observed on the birth
weight. Strong positive association were observed between maternal fasting
glucose, fetal insulin levels and birth weight. A 1SD higher maternal fasting glucose
showed a 0.18 SD (95% CI: 0.13-0.23) increase in birth weight at 33 fasting
glucose-related SNPs, independent of direct fetal effects. In a similar way in the
case of BP, 1 SD (10 mmHg) higher maternal SBP was causally associated with a
0.15 SD (95% CI: −0.19, −0.11) lower birth weight, independent of the direct fetal
32

effects; however, the direct effect of fetal birth weight on SBP disappeared after
adjusting for the indirect maternal effect. These findings signify that both maternal
and fetal effects drive the inverse birth weight and BP relationship, but the maternal
effect are observed only once inherited (Fig 8).
These genetic findings may also further throw light on the J-shaped
relationship between birth weight, T2D, CVD, and hypertension observed in the
meta-analysis by Knop et al. (Fig. 7) (Knop et al., 2018). Therefore, part of these
birthweight-cardiometabolic disease associations is plausibly driven by the direct
fetal genetic effects and partly by inherited indirect maternal genetic effects. This
highlights that these relationships are attributable to genetic effects and not to
intrauterine programming.

Fig. 8. Direct and indirect associations between the maternal and fetal effect on the
outcome. Note: Dashed lines represent the indirect effect.

In addition, large epigenome wide association studies (EWAS) support DNA
methylation in the offspring as the underlying mechanism, which is found to be
associated with in-utero exposures, including smoking (de Vocht et al., 2015;
Joubert et al., 2016), air pollution (Plusquin et al., 2017), and BMI (Oelsner et al.,
2017), as well as birth weight (Küpers et al., 2015). Kupers et al. identified
differentially methylated CpG sites mediating the association between maternal
smoking and birth weight (Küpers et al., 2015). Moreover, a recent meta-analysis
identified birth weight related CpGs overlapping with maternal smoking and BMI
during pregnancy related CpG’s (Küpers et al., 2019).
2.4.2 Prenatal maternal determinants
Maternal health during pregnancy plays an important role in modulating offspring
birth outcomes as well as influencing their later cardiometabolic health. The
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immediate intrauterine impact of maternal adversities is observed in terms of low
or high birth weight, macrosomia, IUGR, SGA, early respiratory illness, reduced
pulmonary function (Bird et al., 2017; Kalk et al., 2009). The long-term impact is
observed by intermediary influences on childhood development and adult health
outcomes including cognitive problems, neurobehavioral disorders, adiposity, and
certain cardiovascular diseases (Brion et al., 2008; Godfrey et al., 2017; Talge et
al., n.d.; Voerman, Santos, Golab, et al., 2019). A range of biological and nonbiological factors have been observed in epidemiological studies.
Biological determinants
Maternal BMI pre-and-during pregnancy shows a linear association with birth
weight (Kalk et al., 2009; Yu et al., 2013b). For those with high birth weights, the
risk for obesity in childhood and adulthood increases, particularly among mothers with
gestational diabetes (Godfrey et al., 2017). Some of the complications of maternal
obesity are gestational hypertension, and diabetes, fetal death, preterm birth and
macrosomia (Gaillard et al., 2016; Poston et al., 2016). In a Mendelian
Randomization study, Tyrell et al. reported a positive causal association between
maternal BMI and birth weight (Tyrrell et al., 2016). Studies show a threefold higher
risk of overweight among offspring of mothers with pre-pregnancy obesity (Yu et
al., 2013a) and 30-40% increased risks due to excessive gestational weight gain
(Mamun et al., 2014; Nehring et al., 2013). However, a recent meta-analysis of 37
pregnancy and birth cohorts studied associations of maternal pre-pregnancy BMI
and gestational weight gain with risk of overweight in early (2.0–5.0 years), mid
(5.0–10.0 years) and late childhood (10.0–18.0 years). They reported that maternal
pre-pregnancy weight has more influence on child’s overweight/obesity prevalence
than gestational weight gain (Voerman, Santos, Patro Golab, et al., 2019). Moreover,
Bond et al. examined, in three European birth cohorts (n≤11,498), the genetic
confounding of associations of maternal pre-pregnancy BMI with birthweight and
offspring BMI at 1, 5, 10 and 15 years (Bond et al., 2020). They concluded that a
substantial part of maternal BMI- offspring BMI association is explained by fetal
genotype, but the relationship between maternal BMI and birth weight is not driven
by fetal genotype, thereby highlighting the importance of genetic confounding of
the maternal BMI–offspring BMI association. It is speculated that higher maternal
BMI during pregnancy may potentially increase the likelihood of offspring
exposure to in-utero obesogenic environment and can perpetuate a vicious cycle of
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increased risk of obesity and subsequently disease burden in later life (Godfrey et
al., 2017).
An increase in BP during pregnancy is observed to be causally associated with
reduced fetal growth and shorter gestation. A faew studies also show an association
of lower BP with perinatal complications (Steer et al., 2004). There is a continuum
of risk with changes in BP throughout gestation (Macdonald-Wallis et al., 2014).
Diastolic blood pressure (DBP) is often found to be a stable marker of BP during
pregnancy and to determine health outcomes. Wikstrom et al. reported a 2%
increase in the risk of low birth weight per mmHg rise in DBP from early to late
pregnancy (Wikström et al., 2016). Similar results were reported by Zhang et al.,
who observed that women with DBP levels above 90 mmHg during pregnancy had
increased risks of offspring birth weights less than 2,500g (J. Zhang et al., 2001).
The mechanism underlying high maternal BP and reduced fetal growth are still
unclear. It has been speculated that increased maternal DBP could possibly be a
mechanism to compensate for placental dysfunction and as such might be a
consequence of restricted fetal growth (Tranquilli & Giannubilo, 2005). It is
believed that restricted fetal growth in preeclampsia is due to low oxygen supply
and nutrients to the fetus from poor spiral arteries formation and in-utero placental
blood supply (Steegers et al., 2010).
In terms of maternal prenatal biological determinants, maternal BMI and BP
were primarily focused upon in this thesis due to the availability of measures in the
primary cohort – Northern Finland Birth Cohorts 1966 & 1986 and based on the
objectives of the studies.
Non-biological determinants
Non-biological factors include a wide range of psychological and social factors
intertwined. Income provides access to material resources which enables healthy
food options, better health care and lifestyles including physical activities (Kushi
et al., 1988). Education increases awareness of health and related issues with
greater willingness to engage in healthy behaviors (Kushi et al., 1988). Occupation
may determine socio-economic situation, mental and physical stress, flexibility in
working hours, and schedule, therebyf allowing for a better work-life balance
(Sobal, 1991). The familial situation is a much more multifaceted factor and
provides a social support structure on health and well-being (Ross et al., 1990).
However, the traditional views on marriage are rapidly changing in modern
societies and the dynamics of the relationship on the health outcomes are unknown.
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The socio-economic status is often represented by household income, occupation,
education level, and assets, such as house or car ownership. Studies often show a
higher risk of psychological distress and unfavorable pregnancy outcomes among
those mothers with a disadvantaged socio-economic status, mediated by unhealthy
behaviors (Kim & Saada, 2013). Social disparities are noted between and within
countries recurrently in birth weight studies; consistent associations were observed
between adverse socio-economic conditions and lower birth weight in a systematic
review of 44 studies (Kim & Saada, 2013; Weightman et al., 2012). The theoretical
basis of these findings is embedded in the argument that susceptibility to adverse
birth outcomes in lower social class acts through behavioral or physiological
pathways (Solar & Irwin, 2010).
Among the lifestyle behaviors, maternal smoking and alcohol use has
immediate implications on birth outcomes including low birth weight and preterm
birth as well as long-term health consequences on the offspring (Kramer, 1987),
cognitive and neurological problems during childhood and cardiometabolic
diseases in later life (Gluckman & Hanson, 2004; Horikoshi et al., 2016b). Despite
the well-known risk maternal smoking during pregnancy is still prevalent (Rogers,
2009), including 15% in Finland with a steady prevalence in the past 20 years
(Ekblad et al., 2014). A systematic review on the global data reported that 53% of
women who smoke continue to do so throughout pregnancy in the European region
(Smedberg et al., 2014).
The psychosocial factors can be viewed as underlying the effects of social
structural factors on individual health or modified by the social structures in which
they exist. This has a particular emphasis on the traditionally referred to ‘social
factors.’ However, it is important to note that psychological well-being is greatly
impacted by the social environment in which we exist (Martikainen et al., 2002).
Therefore, in this thesis even though there was lack of objective measures of
psychological well-being such as anxiety, stress, depression, insomnia etc., I have
sought to include the widely used proxy markers of psychosocial circumstances to
produce a similar effect in the studies.
2.4.3 Postnatal determinants
Numerous offspring’s own determinants over the life course influence health
outcomes. In this section mainly two main postnatal determinants - BMI and
smoking are discussed in detail as they were important factors in the studies.
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Biological determinant
BMI is the widely used proxy measure for body fat and adiposity, calculated as
weight divided by height squared. It is easily measured in large scale studies and
readily available from health registers. The measurement of fat or lean mass
requires skinfold thickness or bioelectrical impedance which is expensive and time
consuming for large data collection. BMI is commonly used as a surrogate marker
for adiposity in large scale studies as it is easily available at multiple time points
from birth until middle age. However, BMI is not always the most reliable measure
of body composition, and while interpreting overweight and obesity it can be highly
variable between individuals who may have the same BMI. Moreover, excess fat
deposition in the abdominal area poses more health risk (Kok et al., 2004).
Overweight and obesity are defined by BMI according to age and sex-specific cut
offs at 25 kg/m2 and 30 kg/m2 in adults, respectively (Cole, 2000). There is a steep
rise in obesity with over 23% children obese worldwide (Ng et al., 2014).
Worryingly, the FinHealth study estimates from 2017 showed that 72% men and
63% women (>30 years of age) are overweight in Finland (Finnish Institute of
Health and Welfare, 2019). The proportion of obesity was 26% for men and 28%
for women, respectively, of which nearly half had abdominal obesity which is a
major risk factor for CVDs. Among children aged 2-16 years, 27% of boys and 18%
of girls were found to be overweight. This steep upward trend is alarming as obesity
is a leading risk factor for T2D as well as other multiple diseases including CVDs
(Eckel et al., 2011).
Several factors are related to adiposity including nutrition, diet, eating patterns,
physical activity, ethnicity, socio-economic status and other lifestyle related factors
(Laitinen et al., 2001; Sobal, 1991). Adiposity is not just an imbalance between energy
intake and output, rather a much more complicated mechanism. According to the ‘fetal
origin of diseases’ hypothesis, pregnancy adversities are linked with adolescent and
adult obesity (D J P Barker et al., 2002). The birth weight meta-analysis of 15 studies
including 211,457 individuals showed neither positively linear nor J- or U-shaped
relationship between birth weight and overweight/obesity in adults. High
birthweight, was associated with an increased risk of overweight/obesity in adults
than low birth weight (Zhao et al., 2012). Furthermore, a positive association is
observed between postnatal catch-up growth and later BMI (Ong et al., 2000).
A study in the Northern Finland Birth Cohort 1966 showed social trajectories
in BMI categories were attributable to increased early childhood, adolescence and
maternal pre-pregnancy BMI and predictive of obesity in adulthood (Laitinen et al.,
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2001). Childhood obesity or increased BMI often continues in adulthood; positive
association is observed in epidemiological studies with adult BMI and obesity.
More importantly, a study on 62,565 Danish men showed that the continuation of
overweight from childhood into puberty increases the risk of T2D more than being
overweight only in adulthood (Osler et al., 2018). Similarly, a 45-year-follow-up in
a British cohort showed an association between the earlier onset of overweight and
impaired glucose levels (Power & Thomas, 2011).
Non-biological determinant
Smoking is a widely recognized independent risk factor for cardiometabolic
preclinical traits, diseases related morbidity and all-cause-mortality, and the largest
avoidable cause (National Center for Chronic Disease Prevention and Health
Promotion (US) Office on Smoking and Health, 2014; WHO, 2017). The risk is
largely determined by the number of cigarettes/day and the duration of smoking
(Benowitz, 2003; Burns, 2003; M. R. Law & Wald, 2003). Studies have
consistently reported that risk by smoking exhibits a concave pattern and shows
nonlinear effects, and the risk may remain even after many years of cessation
(Lubin et al., 2016). Despite the widely known risks, smoking still remains one of
the leading cause of morbidity and mortality worldwide, accounting for nearly 6
million deaths annually (Rogers, 2009; WHO, 2017). In addition, smoking related
health risk is substantially increased even by involuntary exposure such as
secondhand smoke (Centers for Disease Control and Prevention (US), National
Center for Chronic Disease Prevention and Health Promotion (US), 2010).
In observational studies smoking has been used as a surrogate marker for both
psychological well-being and social disadvantage. Smoking prevailed in the 1960s as a
symbol of affluence but with the epidemiological association with lung cancer and
extensive health promotion activities in the last few decades the prevalence has fallen
in the affluent strata. In recent times, the susceptibility to initiate smoking is repeatedly
found to be linked with lower socio-economic status (Laaksonen et al., 2005), peer
pressure (Oh et al., 2010), parental influences (Gilman et al., 2009), adverse life
experiences while growing up (Schepis & Rao, 2005), amongst others. Furthermore,
for many, smoking helps them cope with anxiety and stress (Oh et al., 2010). Some of
the commonly known social factors for smoking persistence are unmarried young
mother, financial adversities, social environment and low educational attainment
(Laaksonen et al., 2005; Oh et al., 2010; Schepis & Rao, 2005). Therefore, it has been
widely used in the epidemiological studies to understand direct influence as an
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explanatory variable as well indirect role to explain the underlying psychological,
social and economic conditions.
Both genetic and environmental factors contribute to smoking initiation and
maintenance which exhibit a multi-stage process such as initiation, active smoking,
dependence, and cessation. Each stage harbors a strong genetic component such as
70% heritability estimates are observed for transition from active smoking to
dependence (Sullivan & Kendler, 1999). In genome-wide studies 298 loci are
observed to be associated with initiation, age at initiation, dose of cigarettes,
cessation pattern (current vs. former) (M. Liu et al., 2019). A study in 2,923
monozygotic and 6,a018 dizygotic Finnish twin pairs aged 24 to 88 years showed
genetic correlations between age at initiation and amount smoked or smoking
cessation, demonstrating that 4% of genetic factors were accounted for amount
smoked or in cessation by age at initiation (Broms et al., 2006).
In observational studies smoking is mainly self-reported through questionnaire
because it is easily available in large studies and inexpensive. However, it is plausible
to have a reporting bias as the social stigma attached to smoking may lead to
underreporting and in turn the underestimation of associations in the studies. Various
other objective methods are employed to understand the true effect of smoking such as
biochemical markers including carbon monoxide, thiocyanate, plasma nicotine and
cotinine. Cotinine appears to be one of the more sensitive assays compared to other
markers for epidemiologic and clinical applications but there remains a limitation
on the availability of data in large study designs (Abrams et al., 1987). Consequently,
recent advances in epidemiology have explored other objective measures of smoking
using DNA methylation as a surrogate to smoking, calculated through DNA
methylation score for exposure to smoking (Rauschert et al., 2020). Studies postulate
that the downstream impact of tobacco smoking likely occur through significant
aberrant DNA methylation changes which causes alterations in the gene expression
(Joehanes et al., 2016), and subsequently, the development of cardiometabolic
diseases. Large epigenome wide association studies (EWAS) consistently report
differential methylation at AHHR, CNTNAP2, CYP1A1, GFI1, and MYO1G genes
among both smokers and newborns exposed to maternal smoking (de Vocht et al.,
2015; Joehanes et al., 2016; Joubert et al., 2016; Markunas et al., 2014; Shenker et
al., 2013; Zeilinger et al., 2013). However, there are inconsistent reporting on
stability of these markers over the lifetime in exposed individuals. While the
reversal of differential methylation patterns at many CpG sites are noted within 5
years of cessation, others showed the persistence of changes even 20 years after
exposure (Joehanes et al., 2016; Y. Zhang et al., 2014). Again, there is a lack of
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longitudinal studies in respect to persistence of long-term association of
methylation changes on adult diseases which hinders insights on the underlying
pathways.
There are many biological mechanisms speculated to link smoking to
cardiometabolic diseases such as acute myocardial ischemia, coronary
vasoconstriction, sympathetic never activation, hypoxia, platelet dysfunction,
increased BP and myocardial activity, inflammation etc. but most of them remain
to be clarified (Centers for Disease Control and Prevention (US), National Center
for Chronic Disease Prevention and Health Promotion (US), 2010), and the exact
causal mechanism of smoking remains to be studied. Overall smoking is an
important biomarker in the development of cardio-metabolic diseases showing
complex biological mechanism, heterogeneous exposure effect and having a
significant underlying psychosocial dimension, making it an important determinant
in epidemiological studies.
2.5

Biological pathways

To date, the biological mechanisms and pathways that link the cardiometabolic
traits to the development of diseases remain incompletely elucidated. However, it
is speculated that many of these risk factors participate in the activation of
inflammatory pathways which in turn alters the function of the cells of the artery
wall driving to CVDs (Libby et al., 2019). For example, angiotensin II, which
participates in the pathogenesis of hypertension (Kranzhöfer et al., 1999), and
constituents of oxidized LDL particles may induce inflammation and ultimately
cause atherosclerosis (Gisterå & Hansson, 2017). Recent findings implicate
adaptive T cell immunity as a common pathogenetic pathway for hypertension and
atherosclerosis (McMaster et al., 2015). In the same way, visceral adipose tissue is
a common concomitant of insulin resistance and type 2 diabetes mellitus, contains
inflammatory cells, and explains the multiple mediators of inflammation (Rocha &
Libby, 2009). These inflammation sites release inflammatory mediators, such as
cytokines, C-reactive protein which prospectively predict cardiovascular disease
risk and they rise in tandem with these preclinical intermediary traits. In additon,
tobacco usage also induces an inflammatory response in the airways (Libby et al.,
2019).
Adverse exposures in early life can produce disease advancing pathways via
the long-term activation of the physical stress response (e.g. hypothalamicpituitary-adrenal axis HPA, cortisol hub, oxidative stress and inflammatory
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reactivity) resulting in disease susceptibility with repeated adverse exposures over
time (Cunliffe, 2016; Reynolds et al., 2013). Prolonged excess secretion of cortisol
has been linked with insulin resistance, central adiposity, high BP, and immune
dysregulation (de Oliveira et al., 2011; K. C. J. Yuen et al., 2013). However, their
role in the environmental risk of cardiometabolic diseases is unknown. Collectively,
these diseases promoting biological pathways activate three main exposureinduced injury mediators: insulin resistance, oxidative stress and inflammation.
These coactivators due to the persistent hyperactive response induces advanced
cellular stress, resulting in early tissue and organ injury. This progress into
metabolic dysfunction sets the shape of future multisystem diseases (Bagby et al.,
2019).
In epidemiological studies, low birth weight, maternal stress and smoking as
well as social disadvantage are some of the early stressors associated with the
hyperactivity of HPA (Cunliffe, 2016; Lê-Scherban et al., 2018). Exposure to
undernutrition, psychosocial stress and, maternal stress during the developmental
stages leads to the slower growth of certain organs and permanent dysfunction in
the long term (e.g. kidney nephrons, cardiomyocytes, insulin secreting ß-cell). This,
in turn, lowers organ functionality and imposes overload postnatally. For instance,
increased weight gain in children with lesser nephrons, cardiomyocytes, and
pancreatic ß-cell increases the risk for kidney disease, heart problems, and diabetes
in adulthood (Hanson & Gluckman, 2014).
Energy balance is a cardinal feature related to nutrition and stress that partly
attributes to insulin resistance promoting pathways. It is known to cause glucose
impairment, central adiposity, and systemic inflammation. For instance, both over
and undernutrition in-utero may lead to rapid postnatal growth and subsequent
obesity (Boersma & Wit, 1997). Central fat deposition further amplifies the
metabolic load and energy imbalance causing obesity related cardiometabolic
complications later on (C Nicholas Hales & Barker, 2001).
Of particular importance is that diverse environmental adversities tend to
activate the same common pathways and produce similar disease outcomes.
However, there remains a gap in understanding health disparities at the population
level of temporal trajectories of these health detriments that are sensitive to
biological pathways and their reversibility.
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2.6

DNA methylation

As a continuum to the DOHaD theory, alteration to the fetal epigenomes is one of
the potential underlying mechanisms that may have long-term consequences to
disease susceptibility in later life. In epidemiological studies, DNA methylation is
one of the most studied forms of epigenetic modification. It is the process of the
addition of a methyl group on the cytosine-guanine-phosphate sites (CpG) in the
cell, that regulates gene expression in physiologic and pathologic states.24 It has
been repeatedly observed that alterations to the methylation level can predispose
an individual to a number of multifactorial diseases (Barres & Zierath, 2011). These
alterations are the response to environmental exposures, such as tobacco smoke,
nutrition, intrauterine conditions, etc. (Aldridge et al., 2003). However, more
widespread changes are observed during the developmental stages (affecting more
tissues) than in adulthood, perhaps observable only in a few tissues. The magnitude
of alterations may also vary by age. Eke et al. observed age-dependent gene
expression in metabolizing components of tobacco smoke (Eke et al., 1997).
In the last decade many studies have consistently reported an association
between maternal smoking during pregnancy, as well as adult smoking, with
hypomethylation in offspring DNA at certain CpG sites (Joubert et al., 2016;
Markunas et al., 2014; Power et al., 2010; Richmond et al., 2015). Similar
differential methylation has been observed in offspring DNA exposed to other early
life adversities such as maternal stress (Cao-Lei et al., 2016), maternal BMI
(Herbstman et al., 2013; Oelsner et al., 2017), gestational age and birth weight
(Küpers et al., 2015) (Table 1). A large scale meta-analysis in neonates from 24
birth cohorts observed widespread aberrant DNA methylation patterns associated
with birth weight (Küpers et al., 2019). Some of the birth weight-associated CpG
sites have been linked with maternal smoking during pregnancy and pre-pregnancy
BMI (Küpers et al., 2019). A meta-analysis by Kupers et al. identified eight GFI1linked-CpGs with differential methylation that partially mediated the effect of
maternal smoking during pregnancy on lower birth weight (Küpers et al., 2015).
There are conflicting findings on the long-term persistence of these changes in
methylation. In a longitudinal analysis Richmond et al. demonstrated reversibility
of methylation at some CpGs in serial blood samples at birth, age 7 and 17 years
old among offspring exposed to in-utero smoking (Richmond et al., 2015). These
included GFI1 (cg09935388), KLF13 (cg26146569) and ATP9A (cg07339236),
whereas others (AHRR, MYO1G, CYP1A1, and CNTNAP2) showed persistently
perturbed patterns (Richmond et al., 2015).
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Table 1. Studies from the ‘Pregnancy And Childhood Epigenetics’ (PACE) consortium,
of the associations between maternal exposures during pregnancy and offspring DNA
methylation.
Exposures

Number of

Sample size

cohorts

CpGs

Reference

identified*

Maternal smoking during pregnancy

13

6,685

2,965

(Joubert et al., 2016)

Maternal BMI during pregnancy

19

9,340

104

(Sharp et al., 2017)

Birthweight

24

8,825

914

(Küpers et al., 2019)

Hypertensive disorders and Pre-

10

5,242; 2,219

43, 26

(Kazmi et al., 2019)

Maternal gestational diabetes

7

3,677

2

(Howe et al., 2020)

Gestational age

17

3,648

8,899

(Merid et al., 2020)

eclampsia during pregnancy

*CpG identified are the number of CpGs that have been found to be significantly associated with the
outcome

It is important to note that, many of these genes identified with methylation changes
are involved in fundamental developmental processes and this is postulated to
represent one of the key mechanisms underlying disease susceptibility in later life
(Lakera et al., 2013; Monk et al., 2012; Oelsner et al., 2017). Therefore, these
epigenetic changes may serve as potential biomarkers, providing an understanding
of the molecular mechanism linking the interplay of early life adversities to later
life diseases, accounting for the missing link between heritability and
environmental determinants of cardiometabolic diseases. However, epigenetic
studies are still in infancy in the epidemiological design. There remains a
significant gap as other epigenetic changes such as mRNA modification, histones,
and tissue specific effects are needed to be addressed in the future to understand
the more detailed mechanism.
2.7

Summary

Cardiometabolic disease risk is determined by a combination of the co-occurrence
of biological determinants (such as hypertension, adiposity, glycaemia,
hyperlipidemia, and higher cholesterol levels) and environmental risk factors (such
as unhealthy behaviors, food transition, and sedentary lifestyle) along with genetic
predisposition. T2D is a heterogeneous condition that has challenging clinical
management and increases cardiometabolic disease risk. A genetic overlap was
observed between pre-clinical cardiometabolic traits and the disease outcomes.
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The various theories of the early origin of cardiometabolic disease hypothesize
that sub-optimal conditions during crucial periods of growth and development inutero, as a result of adversities, may result in long-term health consequences with
increased cardiometabolic risk. The key suggestions of these hypotheses were that
adverse fetal exposures can be persistent and the health effects of insults in early
life may remain suppressed until adulthood. Observational findings in line with the
theories from early life studies observe that health trajectories arising early in life,
in-utero, and early childhood, transact across the lifespan in the development of
cardiometabolic traits. Birth weight is of paramount significance in this regard in
reflecting on in-utero exposures and affecting later life cardiometabolic traits and
disease outcomes. A direct fetal and indirect maternal genetic causal link has been
found with cardiometabolic traits. Overall, genetically predisposed individuals are
observed to have a higher cardiometabolic risk modulated by environmental factors.
Engel proposed combining the traditional biomedical model of disease risk
with other important aspects of health such as psychological well-being and social
factors 40 years ago. He articulated a personalized model where multiple
dimensions from the societal to molecular level act jointly to influence disease
etiology that needs to be invoked in cardiometabolic studies to explain the social
gradient in biological health risks.
Some of the repeatedly observed non-biological determinants of maternal
health during pregnancy are income, education, parity, family situation, marital
status, smoking and alcohol use, which are common proxy measures of both
psychological well-being and social stature, and often bidirectionally associated.
Maternal BMI often showed a linear association with the offspring birth weight and
BMI during the course of life. Whereas maternal BP during pregnancy showed a ushaped relationship. Among the offspring determinants, BMI and smoking are two
major independent risk factors for cardiometabolic health in adulthood with genetic
predisposition. BMI and smoking seem to share an underlying pathway of social
stress and are widely used in studies as surrogates for the psychosocial dimension
of health. These are strong confounders in long-term association studies that may
mask the effect of early life adversities, and thus need to be controlled or accounted
for in the study design of the investigation of cardiometabolic diseases.
DNA methylation is a dynamic epigenetic process, most frequently studied in
large populations, in which changes in methylation may lead to repression in gene
expression, predisposing individuals to multifactorial diseases. Various early life
adversities, such as maternal smoking, maternal BMI, and mental health, are
observed to be associated with differential offspring DNA methylation in cord and
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whole blood samples, however the knowledge on their long-term relationship is
insufficient. Some of the maternal smoking during pregnancy or adult smoking
related methylation changes appear to persist throughout the life course, but
findings are inconsistent and require further replication and validation in
longitudinal studies. In conjugation, in response to different adverse exposures
there are various mediators’ underlying biological mechanism such as insulin
resistance, HPA activation, oxidative stress and inflammation, which suggests
cardiometabolic disease promoting pathways.

Fig. 9. Schematic presentation of the studies included in this thesis.

2.8

Gaps and limitations

It is clear from the literature review that many exposures, both biological and nonbiological, have been repeatedly reported to be associated with cardiometabolic risk
factors and disease outcomes. However, there is a gap in understanding regarding how
and when these factors influence health along the life course and their interplay
including the social, biological, and psychological dimension. The psychosocial
components play an equally important role in the success of health intervention or
clinical management, and therefore, a holistic approach to understand their interplay in
the cardiometabolic studies requires better understanding. This will enable further
exploration in modeling the disease risk prediction. Longitudinal studies from gestation
to adulthood are scarce in relation to cardio-metabolic risk factors to identify the
underlying pathways and interactions of the environmental risk factors. Mounting
evidence on the developmental origin of disease are mainly observational and there
still remains a need to understand the pathways over the life course in the
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emergence of the cardiometabolic risk in later life. A few studies have elucidated the
relationship between fetal and postnatal growth and adult health, from a more elaborate
life course perspective (M. Gamborg et al., 2009), but, these findings need further
validation in a large study design for better power, generalizability, and robustness of
the findings.
The theories of early origins of diseases were formulated in the population that was
born during or immediately after world war when the world was going through a social
and economic transition. The findings from these theories need to be approached in the
contemporary cohorts in lieu of the current generation and to understand if they still
hold true. The risk of cardiometabolic risk factors is observed to be patterned via
both hereditary and fetal exposures as well environmental factors along the life
course, e.g. excessive energy intake, physical inactivity, unhealthy behaviors, and
social stature. These risks appear to manifest in genetically predisposed individuals
further leading to increased cardiometabolic risk. Thus, it is paramount to
understand the intricate relationship between hereditary and environmental risk
factors.
Epigenetic mechanism is still in infancy in the epidemiological studies of
cardiometabolic traits. Epigenetics may account for the missing link between
heritability and environmental determinants of cardiometabolic diseases, but there
is gap in their long-term health associations. DNA methylation is the most studied
compared to other epigenetic mechanism such mRNA modifications, histones and
tissue specific markers that are needed to be addressed in the future to understand
the more detailed specific underlying biological mechanism. DNA methylation is
also studied as an objective marker of adversities and past risk and thus further
studies are needed to address their long-term relationship in modulating the adult
health.
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3

Aims, hypotheses, and scope of the study

The aim of my thesis is to increase the depth of understanding and gain new insight
on the role of early life adversities in modulating body composition and
cardiometabolic health. Understanding the risk factors in the causal pathways
taking into account the epigenetic and biopsychosocial environmental build-up,
using robust methodologies, and study designs (Fig 10).

Fig. 10. A conceptual framework showing the relationships of various pathways of
interest from early life to adult disease studied in this thesis.

I have aimed to address the dichotomy between theory and praxis by providing
evidence on the interplay between the early life determinants and clarify the
synergy between them. The specific objectives and hypothesis of the studies were:
1.

Study I:

–

Objectives: To explore whether maternal smoking during pregnancy induced
changes to GFI1 linked DNA methylation are observed in offspring’s later life
and associate with offspring’s cardiometabolic risk factors. In addition,
replicating the epigenetic markers in other independent cohorts to validate our
findings.
Hypothesis: The vsariation in DNA methylation at the GFI1 locus is known to
be associated with maternal smoking in pregnancy and further mediates
changes in fetal growth, are present late after birth, and show a latent
association on offspring’s cardiometabolic risk factors in adulthood.
Proof of Principle: Fetal programming of disease

–

–

47

2.

Study II:

–

–

Objectives: To build a model describing the multifold interplay between
maternal biopsychosocial factors and their cumulative association on
offspring’s birth outcomes in two different European cohorts.
Hypothesis: The synergy between maternal prenatal biological, psychological
and social determinants influences offspring’s birth outcomes.
Proof of Principle: Biopsychosocial model of health

3.

Study III:

–

Objective: To study the early origins of T2D, modulated by life course
adiposity and lifestyle factors.
Hypothesis: Type 2 diabetes has a longitudinal link across the life course
tracked through adiposity since birth which is modified by lifestyle choices.
Proof of Principle: Thrifty phenotype mechanism and Fetal origins hypothesis

–

–
–
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4

Materials and methods

In this chapter, the study population used in each of the original publications is
presented, followed by ethical considerations. Both the phenotypic and epigenetic data
used are explained in detail. Finally, the statistical methods applied in the analysis are
described. A glossary of the terms used in the thesis is given in the appendix.
4.1

Cohort descriptions

4.1.1 Northern Finland Birth Cohorts
Primarily, the data were analyzed from two large homogeneous population-based
birth cohorts collected at 20-year intervals from the same northernmost provinces
of Finland (Oulu and Lapland); NFBC1966 and NFBC1986 (University of Oulu,
n.d.). Mothers were recruited at their first visit to the maternal clinic or hospital
related to pregnancy and who were based in the study area. The NFBC1966
included 12,058 live-born individuals, covering 96.3% of all the births in the region
with follow-up at ages 31 and 46 years. Data at 7 years were prospectively collected
by the primary health care and school health records and was available for 47.7%
of the participants. The data were collected through clinical examinations and
postal questionnaires at antenatal visits of the mother and during follow-up of the
offspring, including phenotypic, lifestyle and demographic data. A total of 5,960
subjects at 31 years and 5,861 subjects at 46 years attended clinical examinations.
Furthermore, DNA methylation was measured from blood samples of randomly
selected subjects having complete questionnaire and clinical data at 31 and 46 years
for 740 and 716 subjects; difference in the number of subjects is due to technical
measurement variances.
The NFBC1986 included 9,479 live-born individuals covering 99% of all the
births in the region and follow-up was conducted at 16 years of age. Largely,
NFBC1986 data were evaluated similar to NFBC1966, and questionnaire and
clinical examinations data were available for 7,182 and 6,795 subjects at 16 years
of follow-up. DNA methylation was measured for 524 randomly selected subjects
having complete questionnaire and clinical data at 16 years.
Written informed consent at the 31- and 46-year follow-ups were received from
all participants in NFBC1966. In NFBC1986, care givers as well as adolescents
provided written informed consents for 16-year-old participants at the follow-up
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and data was included when both consented to participation and use of data. Both
cohorts received ethical approval from the Ethical Committee of Northern
Ostrobothnia Hospital District and Oulu University, Faculty of Medicine.
4.1.2 Generation R Study
Generation R Study is an ongoing population-based cohort from fetal life to young
adulthood from Rotterdam, the Netherlands (Kooijman et al., 2016). The study
includes 8,879 mothers enrolled at their first visit to the hospital for their pregnancy
in the study who were residents in the study area with expected delivery in 20022006. Assessments were performed in mothers, fathers, and their children. The
mothers were enrolled during early pregnancy (gestational age <18 weeks), with
measurements at three time points during pregnancy (gestational age <18 weeks,
18–25 weeks and >25 weeks). Paternal information was included once during the
pregnancy of their partner. This is a multi-ethnic cohort including the largest ethnic
groups as Dutch, Surinamese, Turkish and Moroccan. The study received ethical
approval from the Medical Ethics Committee of the Erasmus Medical Centre (MEC
198.782/2001/31) Rotterdam, the Netherlands in accordance with the Declaration of
Helsinki 1964. Informed consent was received from all the participating individuals
and from the caregivers of the children. Only one of the randomly selected siblings
were included, if a mother participated with multiple children.
4.1.3 Other cohorts
For study I, in addition to the NFBC1966 and NFBC1986 data was included from
20 cohorts from Europe, Australia, and the USA. Among these, five were birth
cohorts and 17 were population-based cohorts with data from age range of 16 to 81
years. The cohorts primarily consisted of Caucasian participants, but other
ethnicities were also included such as South Asians and African Americans.
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Table 2. Brief characteristics of the cohorts included in the studies.
Cohort

Country of

Sample

Mean age

Males

origin

size (n)

(years, sd)

N (%)

ALSPAC

UK

1530

49ꞏ1 (5ꞏ8)

554 (36)

Caucasian

I

BHS_EA

USA

680

43ꞏ2 (4ꞏ5)

308 (45)

Caucasians

I

acronyms1

Ethnicity

Study

BHS_AA

USA

288

43ꞏ2 (4ꞏ5)

113 (39)

African

I

CODAM

Netherlands

160

65ꞏ5 (6ꞏ8)

86 (54)

Caucasian

I

EGCUT

Estonia

312

50ꞏ2 (17)

156 (50)

Caucasian

I

EPICOR

Italy

584

53

376 (64)

Caucasian

I

ESTHERa

Germany

1000

62ꞏ1 (6ꞏ5)

500 (50)

Caucasian

I

ESTHERb

Germany

864

62ꞏ1 (6ꞏ5)

390 (45)

Caucasian

I

Netherlands

8879

0

Multi-ethnic

II

Germany

1701

60ꞏ9 (8ꞏ9)

831 (49)

Caucasian

I

LLD

Netherlands

1057

45ꞏ2 (13ꞏ5)

446 (42)

Caucasian

I

LLS

Netherlands

631

58ꞏ9 (6ꞏ6)

300 (48)

Caucasian

I

UK

3842

52 (10ꞏ3)

2386(62)

South Asian

I

Finland

740; 5960

31, 46

325 (44)

Caucasian

I, III

Generation R
KORAF4

LOLIPOP
NFBC1966
NFBC1986

Finland

512; 6795

16

232 (45)

Caucasian

I, II, III

NTR

Netherlands

729

40ꞏ3 (15ꞏ1)

256 (35)

Caucasian

I

PAN

Netherlands

163

62ꞏ6 (9ꞏ5)

100 (61)

Caucasian

I

RAINE

Australia

819

17

418 (51)

Caucasian

I

RSIII-1

Netherlands

731

59ꞏ9 (8ꞏ2)

336 (46)

Caucasian

I

RSII-3_III-2

Netherlands

719

67ꞏ6 (5ꞏ9)

305 (42)

Caucasian

I

Germany

248

51ꞏ6(13ꞏ8)

118 (48)

Caucasian

I

SHIP

YFS
Finland
186
44ꞏ2
72 (39)
Caucasian
I
Data shown as N or Mean (SD). 1Cohort Names: The Avon Longitudinal Study Of Parents And Children
(ALSPAC) (specifically subset with DNA methylation profiles in The Accessible Resource For Integrated
Epigenomic Studies, Aries), the two studies from Bogalusa Heart Study (BHS – European American (EA)
And African American (AA)), The Cohort On Diabetes And Atherosclerosis Maastricht (CODAM), The
Estonian Genome Centre, University Of Tartu (EGCUT), The Italian Cardiovascular Section Of Epic
(EPICOR), The Cooperative Gesundheitsforschung In Der Region Augsburg (Cooperative Health
Research In The Augsburg Region) F4 (KORAF4), the two independent subsets of The
Epidemiologische Studie Zu Chancen Der Verhütung, Früherkennung Und Optimierten Therapie
Chronischer Erkrankungen In Der Älteren Bevölkerung (Esthera And Estherb), The Lifelines Deep (LLD),
The Leiden Longevity Study (LLS), The London Life Science Population Study (Lolipop), the two followup datasets from Northern Finland Birth Cohort 1966 (NFBC1966 at 31 Years And 46 Years), Northern
Finland Birth Cohort 1986 (NFBC1986), The Netherlands Twin Register Study (NTR), The Prospective
Amyotrophic Lateral Sclerosis Study Netherlands (PAN), The Western Australian Pregnancy Cohort
Study (Raine), the two independent studies from Rotterdam Study (RS) –RSII-1 And RSII-3_III-2, The
Study Of Health In Pomerania – Trend (Ship-Trend), And The Young Finns Study 2011 (YFS).

4.2

Phenotypic data

This section describes the phenotypic biological and non-biological data from the
mothers and offspring used in the three studies.
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4.2.1 Maternal data
Biological measures
A trained nurse carried out the mothers’ clinical examinations during multiple
antenatal visits. Height (in centimeters) was recorded at the first visit. Weight (in
kilograms) was recorded at multiple antenatal visits – at the first visit, 20th week,
and last antenatal visit. Weight before pregnancy was self-recorded through the
maternal questionnaire. Height and weight were measured to an accuracy of 0.1 cm
and 0.1 kg and converted to BMI (kg/m2). SBP and DBP (mmHg) were measured
twice with mercury sphygmomanometer in the sitting position from the right arm
after 15 minutes of rest by trained nurses, and average of the measurements was
used. The readings were recorded at the 20th, 30-36th, 36th and 40th week of
pregnancy. Hemoglobin (Hb) was measured (mmol) at the first and last antenatal
visit using spectrophotometric methods. All the cardiometabolic phenotypes (such
as BMI, BP and Hb) were used as continuous variables and standardized. The
gestational age was defined by the mother’s last menstrual period. In addition to
maternal measures during pregnancy, paternal height and weight were also
available from the self-recorded questionnaire and were converted to BMI.
Standardized variables were rescaled using the z-score formula, where
variables have a mean of 0 and a standard deviation (SD) of 1 (Fig 11).
Standardizing makes it easier to compare scores between the different types of
variables measured on different scales. For example, a standardized value of 3
means that the value is 3 SD above the mean of all the observations.

Fig. 11. Representation of the standardization of variables.
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Non-biological measures
Non-biological measures included variables related to psychological well-being,
social situations, socio-economic status and lifestyle. In study II, a wide range of
these variables were included. The information was obtained via a self-reported
questionnaire during pregnancy.
Maternal smoking during pregnancy was self-reported. Questions were
harmonized to derive a dichotomous variable as ‘no maternal smoking’ and ‘any
maternal smoking’ during pregnancy. This included questions on maternal smoking
before and during pregnancy (in the first and second trimesters separately) and
change of smoking habits during pregnancy (quit, reduced, increased, and no
change). Maternal education was derived by combining separate questions and was
dichotomized as ‘primary school’ (combined from two responses 1. less than 9
years of basic school; and 2. basic school which covers ages 7 to 16 years), and
‘above primary school’ (1. matriculation completed during final year of school,
usually aged 18 years; 2. university education including polytechnic education and
unfinished studies; and 3. vocational training including vocational training course,
vocational school, and post-secondary school). To record maternal employment the
following question was asked ‘Which of the following alternatives best describes
your working history?’. Seven response categories were available, and for data
analysis these were combined into two: 1. ‘Employed’, mainly both ‘long-term and
short-term employment, but ‘more employment than unemployment’; and 2.
‘Unemployed’ using ‘more unemployment than employment’, and ‘I have never
been in gainful employment’ responses. Marital status was recorded using five
response categories including married, cohabiting, single, legal separation or
divorce, and widow. It was categorized as 1. “married or cohabiting” and 2.
“unmarried, widowed or divorced”. Previous pregnancy loss history was recorded
using questions 1. ‘Number of miscarriages in previous pregnancies?’, 2. ‘How
many children dies before the age of four weeks in previous pregnancy?’ and the
variable was dichotomized into “Yes (having miscarriages and/or still births in
previous pregnancy if value entered was > 0)” and “No (no previous pregnancy
loss for value entered as 0)”. Parity was asked using question ‘Which pregnancy in
order?’ and the entered values ranged from ‘1 to 17’ which were categorized as
“Nulliparous (=1)” and “Multiparous (>1)”. The age of the mother was asked at
enrollment in years and date of birth. Maternal working position during
employment was defined using the question ‘Does the mother in her present
occupation mainly’ 1. sit, 2. stand 3. move about, which were categorized as: 1.
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‘standing or moving’ and 2. ‘sitting’. House ownership was asked using the
question: ‘Does the family own a flat, house or an owner-occupied house?’ with
responses ‘yes’ or ‘no’. Pregnancy desirability was recorded by the question ‘The
mother finds that this pregnancy’ with response categories 1. wanted, 2. wanted
later, 3. unwanted and these were combined into 1. ‘wanted’ and 2. ‘wanted later
and unwanted’. Alcohol consumption was assessed by asking the pregnant mothers
whether they consumed alcohol at any time during the pregnancy and was classified
as ‘Yes’ or ‘No’. In addition, in the Generation R study, the ethnicity of the mother
was included at enrollment and classified into seven categories: ‘Dutch and other
European’, ‘Surinamese’, ‘Turkish’, ‘Moroccan’, ‘Cape Verdean’, ‘Dutch Antilles’,
and ‘others.
4.2.2 Offspring
Birth weight was measured in grams immediately after birth. Birth weight was
included as a standardized variable corrected for gestation age and sex in all the
studies. Only full term and singleton births were included. It was used as a main
outcome of interest in study II and as a phenotypic variable in study III. Similarly,
BMI was used as an outcome of interest in study I and exposure variable in study
III. During childhood, data for height and weight was available from school health
records at 7 years of age. At the time of clinical examinations during follow-ups,
height and weight were measured to an accuracy of 0.1 cm and 0.1 kg from
participants in underwear and barefoot and converted to BMI calculated as weight
(kg) divided by the squared height (m2). BMI was further categorized into
overweight categories at 7 and 31 years of age in accordance to the International
Obesity Task Force (IOTF) criteria (Cole, 2000). The cut off criteria for overweight
were BMI >17.38 kg/m2 for 7 years and >25 kg/m2 at 31 years of age. Waist
circumference (WC) was measured by nurses from the point midway between the
costal margin and the iliac crest and recorded to one decimal place in centimeters.
Other cardiometabolic traits measured during clinical examinations were
included mainly as the main outcome of interest in study I. Blood samples were
taken after an overnight fast from the subjects in the morning between 8 and 11
AM. Analyses were conducted within 24 hours for serum high density lipoprotein
cholesterol (HDL-C) and triglycerides determined by enzymatic methods using a
Hitachi 911 Clinical Chemistry Analyzer. Serum fasting glucose assay samples
were stored at −20°C and analyzed within 7 days of sampling by a glucose
dehydrogenase method (Granutest 250, Diagnostica Merck). Oral Glucose
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Tolerance Test (OGTT) was conducted for those without previous diabetes from
blood samples taken 0, 0.5, 1, and 2-hours after glucose intake and the
concentration of plasma glucose (mmol/L) was determined by a colorimetric assay.
SBP and DBP were measured (in mmHg) twice with mercury sphygmomanometer
in sitting position from the upper right arm after 15 minutes of rest by trained nurses
using an OMRON BP monitor (OMRON Matsusaka Co. Ltd, Japan). The
appropriate cuff size was determined by the subject’s arm circumference and the
average of two readings was used. All of the metabolic phenotypes were used as
continuous variables and standardized. A commonly used correction constant was
applied in the data for the participants having lipids, BP or glucose medication
(Table 3) to avoid the exclusion of participants from the studies (Tobin et al., 2005;
Wu et al., 2007).
Table 3. Correction constants used for medication use in all the cohorts.
Correction constant for lipid medication

mg/dl

mmol/l

HMG-CoA reductase inhibitors (statins)
HDL-C
TG

- 2.3

- 0.06

+ 18.4

+ 0.208

Fibrates
HDL-C

-5.9

-0.153

+57.1

+ 0.645

HDL-C

-1.9

-0.049

TG

+0

+0

TG
Bile acid sequestrates

Correction constants for blood pressure

mmHg

Anti-hypertensive or blood pressure lowering medication
DBP

+ 10

SBP

+ 15

TG: Triglycerides, HDL-C: High density lipoprotein cholesterol, DBP: Diastolic blood pressure, SBP:
Systolic blood pressure

In study III, T2D was included as an outcome measure. The follow-up period for
the diagnosis of T2D started on 1st January 1996, or at the age of 30 years,
whichever was later, and ended on the date of diagnosis of T2D, death, emigration,
loss of follow-up, or December 31, 2016, i.e. by the age of 50 years, whichever
happened first. The criteria for the diagnosis of T2D was based on either of the
measures: 1) clinical examination measurements (2hr OGTT>11.1mmol/L, Fasting
insulin >5.6 mmol/L), 2) medication use, 3) hospital diagnosis from the Social
Insurance Institution of Finland health registers, and 4) self-reported diagnosis
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through postal questionnaire at 46-year follow-up. T2D diagnosed before 31 years
of age was excluded (n=15), in order to avoid misclassification with juvenile type
1 diabetes that is usually diagnosed at earlier ages.
Furthermore, in study III during the 31-year follow-up, DNA was extracted and
genotyped for 5,204 participants. Polygenic risk scores were calculated as the
weighted sum of BMI increasing alleles at each single nucleotide polymorphism
(SNP) in the genome in a previous study by Bond et al. (Bond et al., 2020) and
Lowry et al. (Lowry et al., 2020). Briefly, the SNP weights were estimated by using
the BOLT-LMM model, where BOLT-LMM SNP effects were determined in the
UK Biobank (UKB). PRScice software was used, which harmonizes the base (UKB)
and target (NFBC1966) data and uses the PLINK score function.
Table 4. Maternal and offspring phenotypes included in the thesis.
Phenotypes

Units

Measurements

Study

Exposures
Maternal
BMI

kg/m2

Pre-pregnancy and during pregnancy

II

Blood pressure

mm

Systolic and diastolic at 20th and 36th gestational

II

weeks
Smoking

-

Yes, No

I, II

Alcohol use

-

Yes, No

II

Education

-

Primary, above primary

II

Employed, unemployed

II

Housing

-

Own, rented

II

Marital status

-

Married, single/divorced

II

Age

years

-

II

Nulliparous, multiparous

II

-

Previous miscarriages and stillbirths

II

-

Yes, No

II

Employment

Parity
Pregnancy
loss
Pregnancy
desirability
Offspring
Birth weight

SDS

-

III

BMI

kg/m2

At 7, 31 and 46 years

III

DNA

0-1

-

I

methylation
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Smoking

-

Yes, No at 16, 31 and 46 years of age

I, III

Education

-

Basic, secondary, higher

III

Phenotypes

Units

Measurements

Study

grams

-

II

BMI

kg/m2

-

I

Waist

cm

-

I

Outcomes
Birth weight
Cardiometabolic traits

circumference
Blood pressure

mmHg

-

I

Fasting glucose

mmol/L

-

I

HDL-C

mmol/L

-

I

Triglycerides

mmol/L

-

I

Yes, No

III

Cardio-metabolic diseases
Type 2 Diabetes

4.3

-

Epigenetic data

For study I, eight GFI1-linked-CpGs identified by Kupers et al. (Küpers et al., 2015)
were used, as this was the only study that showed GFI1-CpGs mediated the
association between maternal smoking and low birth weight. In study I the findings
by Kupers et al. were expanded to further evaluate smoking related DNA
methylation association with later life cardiometabolic intermediary traits. These
eight GFI1-linked-CpGs were cg04535902, cg09662411, cg09935388,
cg10399789, cg12876356, cg18146737, cg14179389, and cg18316974.
For the measurement, peripheral Blood Leukocyte (PBL) DNA methylation
data were measured from whole blood according to standard procedures in each
participating cohort. Briefly, 50 micrograms of DNA were first bisulfite converted
and converted samples were analyzed by Illumina Infinium HM450 BeadChip and
HM850 BeadChip, identifying the proportion of methylated molecules at each CpG
site. Methylation is described as β value, which is a continuous variable ranging
between 0 and 1, representing no cytosine methylation to complete cytosine
methylation. Quality control for the methylation data were conducted according to
Lehne et al.15 and data with poor quality was excluded.
4.4

Analytical plan of each study

This section details out the analytical plan of each of three studies. All of the data
included from different cohorts in the three studies were comparable to ensure
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uniformity and consistency across phenotype definitions between cohorts, unless
otherwise stated.
4.4.1 Meta-analysis of the association between DNA methylation,
smoking and cardiometabolic phenotypes (Study I)
This study explored the role of prenatal maternal smoking associated eight GFI1CpGs that mediate low birth weight on the offspring’s cardiometabolic trait in
adulthood (Fig 12). The cohort specific associations between 22 cohorts were metaanalyzed between eight GFI1-linked-CpGs with maternal and adult smoking and
subsequently with cardiometabolic phenotypes (including BMI, waist
circumference, BP, fasting glucose, high-density lipoprotein cholesterol, and
triglyceride levels). The models were adjusted for gender, age and smoking, where
applicable. Further sensitivity analyses were conducted between Caucasian and
non-Caucasian populations to reduce heterogeneity in the associations and identify
ethnicity-specific effects.

Fig. 12. Directed acyclic graph of associations studied in study I.

Meta-analysis
The METAL (Willer et al., 2010) software was used to conduct inverse varianceweighted fixed effects meta-analysis. In fixed-effects meta-analysis, the same
underlying parameter is assumed in each of the studies and used when there is low
heterogeneity (I2 < 50%); while in random effect meta-analysis each study is
estimating a study-specific true effect and the studies differ from each other in ways
that could impact the outcome. Statistical significance was defined by Bonferroni
correction for multiple testing as 0.05/7 (P<7.14 x 10-3), while accounting for
number of the cardiometabolic phenotypes included (Dunnett, 1964).
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4.4.2 Factor-analysis of the maternal BPS factor and association
with birth outcomes (Study II)
In this study, the aim was to derive a composite maternal prenatal biopsychosocial
(BPS) model and assess its association with birth outcomes across two different
European populations (NFBC1986 and Generation R) varying in ethnicity and
social environment (Fig 13). Maternal biopsychosocial construct was defined using
factor analysis on birth weight related maternal prenatal variables.

Fig. 13. Schematic representation of associations studied in study II.

A list of prenatal variables significantly (p<0.05) associated with birth weight were
systematically selected based on the availability of data in the NFBC1986. The
selection strategy was based on the study by Lowry et al. (Lowry et al., 2018).
These variables were then included in the factor analysis for further analysis.
Factor analysis
Factor analysis is a multivariate statistical technique to analyze the interrelations
between a wide range of similar measures, to understand their underlying structure
and reduce them to a smaller aggregate of subsets or factors (Kaplunovsky, 2004).
It empirically unravels the commonalities between different variables and bases the
weights of these on the strength of the empirical relation between them rather than
the cumulative approach that applies equal weighting to all the components. The
analysis was conducted using weighted least squares mean and variance adjusted
(WLSMV) parameter estimates that are appropriate for categorical variables. The
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factor loadings and model fit indices were examined to iteratively modify models
that had a poor or marginal fit by removing items with non-significant or low factor
loadings (<0.3) and/or including covariance between similarly worded items to
improve the model fit. Exploratory factor analysis (EFA) is used to determine the
latent construct between the variables, which explains the correlation among a set
of observed variables. In this study EFA was used in the NFBC1986 to determine
the structure of correlation among biological and psychosocial observed variables
together. Confirmatory factor analysis (CFA aka measurement analysis) was
performed to confirm the final latent factor structure suggested by EFA and
examine the model fit (Fig 14). The analysis was carried out using MPlus 7.0. The
same structure was then replicated and validated in the Generation R study.

Fig. 14. The flowchart of steps included in factor analysis.

The biopsychosocial factors were then tested for association with birth outcomes,
including birth weight, small and large for gestational age (SGA and LGA). The
role of ethnicity in Generation R were exemplified in these associations. A
cumulative BPS risk score was created by using factor scores of each of the four
factors. These factor scores were first divided into tertiles scored as 0,1 ,2 and then
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each tertile score was added up resulting in a score range of 0-8, showcasing higher
risk with increasing values. The cumulative BPS score was then tested for
associations with birth weight.
4.4.3 Pathway analysis and Cox regression of adiposity and T2D
(Study III)
This study disentangles the longitudinal association of adiposity on the risk of T2D
by modeling the plausible direct and indirect pathways. The relationships were
assessed for modifying the role of socio-economic indicators on these associations
(Fig 15). The longitudinal adiposity was explored by using birth weight and both
continuous measures of BMI and categorized into overweight at 7 and 31 years of
age, which were used as the main exposure variables. The continuous and
categorized BMI may have a different outcome in children and adults and thus both
were included to identify the differences in associations. Path analysis was used to
explore the influence of adiposity on subjects with only Type 2 diabetes compared
to the reference population.

Fig. 15. Representation of associations studied in study III.

Path analysis
Path analysis is an extension of regression analysis that assess the total, direct, and
indirect effects of each path variable on the development of T2D (Michael
Gamborg et al., 2009). Path analysis is useful in specifying the relationship between
all of the independent variables, i.e. how they work together and which paths are
important. Direct effect is the part of the effect that is not mediated, whereas the
indirect effect is the mediating effect through available intermediate growth
measures; and total effect is the sum of both direct and indirect effects. In path
analysis the term ‘effect’ is a standard terminology for the obtained results, but it
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refers to statistical and not necessarily a causal effect (Bentler & Stein, 1992). The
analysis is conducted using maximum likelihood estimation that assumes missing
data at random, which potentially produces less bias than complete case analysis
(Petrie et al., 2018).
Finally, Cox proportional-hazards regression was used to identify the
association between stable patterns of overweight at 7 and 31 years categorized into
four groups (Non-overweight, overweight at 7 years only, overweight at 31 years
only and overweight at both 7 and 31 years of age) with the risk for adult T2D in
comparison to the reference population, estimated with hazard ratios and a 95%
confidence interval (CI) with age as the atime scale. These analyses were performed
with and without adjustments for gender, adult smoking, and education.

Fig. 16. Conceptual representation of associations studied in all the three studies. The
color of the arrows represent the studies –study I (blue), study II (green), and study III
(yellow). The arrows show direction of the effect, and the double-sided arrows indicate
the bidirectional association. The dashed gray arrows shows the indirect confounding
effects.

4.4.4 Missing data
Missing data are pervasive in longitudinal studies, with attrition typically increasing
with the waves of data collection. The extent to which it is possible to correct, depends
on the amount, pattern and mechanism of missingness. It is common for longitudinal
studies that collect information on the same set of individuals over time. It means that
individuals drop out of the study at some stage and do not return.
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To account for this in the studies, study I was a complete case analysis and in study
II and III, maximum likelihood (ML) estimation was used in factor and path analysis
for incomplete data by deriving the likelihood for the parameters based on the complete
data and by integrating over the missing values (Little & Rubin, 2002). The ML
technique helps us in determining the parameters of the distribution under the
assumption that observed data is the most probable and that best describe the given
data and gives more robust parameter estimates (Petrie et al., 2018). In addition, in
study III, sensitivity analyses were conducted to compare early life measures between
the participants of follow-up at 31 and 46 years with non-participants. This allowed us
to compare if the missingness was at random or there were significant differences in
the phenotypes between the participants and drop-outs and because no significant
differences were noted MAR (Missing at Random) method was used in the analysis.
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5

Study-specific results

This section presents the main findings from all three studies. Study II is an
example of the composite structure of early life adversities including the maternal
pregnancy related biopsychosocial model. Study I aimed to extend the molecular
understanding of early life risk factors via epigenetic changes. Study III further
expands the longitudinal trajectories of early life adversities in terms of adiposity.
5.1

Smoking, methylation and cardiometabolic traits (Study I)

Kuper’s et al. identified eight GFI1-linked-CpGs mediating the association
between maternal smoking and birth weight (Küpers et al., 2015). In this study the
aim was to further explore these eight CpGs for their association with maternal and
adult smoking and persistent long-term association with cardiometabolic
intermediary traits in offspring adult life.
5.1.1 Population characteristics
Overall, 22 (17 population-based + 5 birth cohorts) cohorts were included in this
study from Europe, the US, and Australia comprising mainly European participants.
A few cohorts also comprised other ethnicities including South Asian, Hispanic and
African American. The results from European and Non-European cohorts were
tested in the sensitivity analyses.
The age range of participants included in the cardiometabolic traits
measurement ranged from 16 to 81 years, active smokers from 8% to 33%, and
there was an approximate (~50%) equal distribution of sex in all the cohorts. In five
birth cohorts, 18% of adult offspring were exposed to maternal smoking during
pregnancy. One striking finding was that of all the cohorts, except NFBC 1966 at
31 years and NFBC 1986 at 16 years, had mean BMI >25 kg/m2, which falls under
the category of overweight as per the WHO standards.
5.1.2 Associations between smoking and eight GFI1-CpGs
methylation
Meta-analyses of results from all cohorts showed that, any maternal smoking
during pregnancy and offspring smoking in adulthood were found to be consistently
associated with hypomethylation at the eight GFI-CpGs (Fig 17). Of the eight, only
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three CpGs were found to be associated with maternal smoking, whereas with adult
smoking all the CpGs were significantly associated after applying the Bonferroni
correction. The consistency of associations in both groups reveals the persistence
and similar association of early life exposures on molecular markers in adulthood.

Fig. 17. Meta-analyzed associations of eight GFI-linked-CpGs with any maternal
smoking during pregnancy (n= 4,230) and adult smoking (n=13,551). Note: Model 1:
Adjusted for technical covariates + sex + age + adult own smoking/maternal smoking.
95% CI, 95% Confidence Interval. Bonferroni corrected P-value threshold of P<0·012.
Open and closed symbol indicate p>0·012 and p<0·012, respectively. Maternal prenatal
smoking was defined as any maternal smoking during pregnancy (0 No, 1 Yes). Adult
own smoking was defined as 1 or more cigarette per day (0 No, 1 Yes). Standardized
values with mean = 0 and standard deviation = 1 were used for CpG methylation across
all the studies. DNA methylation beta values can be interpreted as SD change in
methylation for maternal prenatal smoking status from 0 to 1.

5.1.3 Associations between eight GFI1-CpGs hypomethylation and
cardiometabolic traits
Meta-analyses of the results from 22 cohorts, showed similar direction of
association in all CpG’s with cardiometabolic traits except cg14179389. This can
be explained by the weakest correlation of cg14179389 with all the other CpGs,
which were highly correlated to each other (Fig 18).
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Fig. 18. Map and correlation clustering of DNA methylation at eight GFI-1 CpGs on
human chromosome 1 (HapMap build 37).

Hypomethylation at the eight CpGs was further assessed for association with
cardiometabolic intermediary traits in adults (Fig 19-20). Among the
cardiometabolic traits, hypomethylation at all CpGs was consistently associated
with an increase in triglycerides, after a Bonferroni-correction set at P<0.012.
While for other traits, hypomethylation at all CpGs was negatively associated with
BMI, WC, DBP and SBP suggesting a risk for adiposity and hypertension. However,
when adjusted for sex, age, and adult’s own smoking, the associations with DBP
and SBP turned non-significant with cg12876356, cg18316974, cg18146731,
cg04535902, and cg10399789. For HDL-C the associations with CpG’s were in a
positive direction and increased in the adjusted models. No associations were noted
for fasting glucose with either of the CpGs. Of the eight CpGs, the lowest
heterogeneity in associations was observed with Cg14179389 (I2<25.4). On the
contrary, cg14179389 showed the opposite direction of association, which means
associations were in a positive direction with BMI, WC, DBP, and SBP.
In the sensitivity analysis with European cohorts only, lower heterogeneity was
observed compared to the full sample for the association between CpGs with BMI
and WC (0<I2<40). There were population-specific associations pertaining to
adiposity. Strong evidence is available for the higher health risk of increasing BMI
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in some ethnic groups than others such as Africans and South Asians (WHO expert
consultation, 2004). Asians have higher weight-related disease risks at a lower BMI
and South Asians, in particular, have especially high levels of body fat and are more
prone to developing abdominal obesity than Caucasians (WHO expert consultation,
2004).
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Fig. 19. Meta-analyzed association of cardiometabolic phenotypes in SD change by one
SD lower DNA methylation at four GFI1-CpGs across all the participating studies
(n=18,212). Note: Model 1: Cardiometabolic Phenotype=CpG + technical covariates;
Model 2: Cardiometabolic Phenotype=CpG +technical covariates + sex+ adult smoking+
age. Bonferroni corrected P-value threshold of P< 0·012 has been used for this analysis.
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Fig. 20. Meta-analyzed association of cardiometabolic phenotypes in SD change by one SD
lower DNA methylation at the remaining four GFI1-CpGs across all the participating studies
(n=18,212). Note: Model 1: Cardiometabolic Phenotype=CpG + technical covariates;
Model 2: Cardiometabolic Phenotype=CpG +technical covariates + sex+ adult smoking+
age. Bonferroni corrected P-value threshold of P< 0·012 has been used for this analysis.
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5.2

Maternal biopsychosocial adversities and birth outcomes
(Study II)

This study focused on the interplay between prenatal biopsychosocial determinants
of birth weight. Various parameters of prenatal maternal biological health,
psychological well-being and social factors were modeled to produce a composite
measure in two European cohorts of comparable size and approximately 16 years
apart; the Northern Finland Birth cohort 1986 and the Generation R study from
Rotterdam, The Netherlands. Briefly, both cohorts had similar sex distribution. The
mean birthweight was approximately 100 grams lower in the Generation R Study
(3461  496g) as compared to the NFBC1986 (3546  549g), although mean
gestational ages were similar. Across the two cohorts, educational level, maternal
age, maternal smoking and alcohol use were higher in the Generation R Study,
whereas mothers in NFBC1986 were more often multiparous and married.
5.2.1 Maternal Biopsychosocial construct
In NFBC 1986, the maternal BPS related variable were systematically selected for
their associations with birth weight (P<0.05). As a result, 18 significant variables
were used in the EFA resulting in a four factor structure and discarding variables
with cross or low factor loadings in the model. The primary four factor construct
was supported by CFA with all variables showing strong factor loadings and good
model fits (Fig 21). The factors were defined and labelled according to their
corresponding loading variables as: BMI (including pre and end pregnancy BMI);
DBP (including DBP at 20 and 30-36 weeks of gestation); Socio-economic
Obstetric Profile (SOP) (including ‘no previous pregnancy loss’, ‘no house
ownership’, ‘null-parity’, ‘lower maternal age’ and ‘unmarried status’) and last factor
as Parental Lifestyle (including maternal and paternal smoking and alcohol use). The
factor construct divided into two strongly correlated biological factors and two
psychosocial factors, thereby giving equal weights to both aspects of health
determinants.
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Fig. 21. Confirmatory factor analysis of four factor structure of prenatal observed
variables in the NFBC1986. Note: Boxes represent observed variables, circles represent
latent factors. Values are standardized factor loadings. Model fit indices assess the
robustness of the model and indicate good model fit.

5.2.2 Maternal BPS and birth outcomes
The four factor structure was assessed for the relationship with birth outcomes
including birth weight, SGA and LGA in both cohorts, as illustrated in Fig 22.
Among the outcomes, increasing birth weight and LGA showed similar direction
of associations, while associations with SGA were reversed.
Increase in the BMI factor was positively associated with increased birth
weight and LGA but negatively associated with SGA. DBP factor showed positive
association with birth weight and LGA in the unadjusted models, however,
adjusting for other factors particularly BMI, reversed to the negative direction of
association in both cohorts. On the contrary, SGA only showed positive association
with factor DBP, but when adjusted (particularly for BMI factor) the estimates
increased by twofold.
SOP factor was negatively associated with birth weight and LGA and mild to
moderate attenuation (decrease in estimate) was observed in adjusted models in
both cohorts. SGA showed positive association and adjustments showed mild
attenuations. A similar direction of association was observed for the lifestyle factor
with the three birth outcomes. However, in the Generation R study a slight increase
in estimates were noted in the adjusted model for birth weight with a lifestyle factor
while NFBC showed attenuation. The adjusted models showed no change in
estimates for LGA and SGA.
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Fig. 22. Association of the four latent factors with birth weight, corrected for gestational
age and sex, SGA and LGA (SD estimate, 95%CI) in the NFBC1986 and the Generation
R Study. Estimates = SD change in birth weight by one unit change in factor score. BMI:
Body Mass Index, CI: confidence interval, DBP: Diastolic Blood Pressure, GenR:
Generation R Study; NFBC86: Northern Finland Birth Cohort 1986, SD: Standard
Deviation.

5.2.3 Cumulative BPS on risk of birth weight
The four factors, BMI, BP, Lifestyle, and SOP were added together to assess the
cumulative risk of all four factors together on birth weight (Fig. 23 and Table 5).
The BPS score ranged from 0-8 and was normally distributed in both cohorts. The
peak of distribution was slightly higher in Generation R than NFBC1986. The risk
of lower birth weight increased exponentially with increase in the BPS score value,
suggesting a synergy between the BPS factors and additive risk on the adverse birth
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outcomes. The cumulative influence of adversities increases the magnitude of risk
more than independent impacts.

Fig. 23. Distribution of cumulative BPS risk score in NFBC1986 and Generation R. Note:
BPS: Biopsychosocial, CI: Confidence Interval, NFBC1986: Northern Finland Birth
Cohort 1986. BPS score is cumulative score of four factors ranging from 0 to 8; BMI
(graded 0-3 in descending order ↓), DBP (graded 0-3 in ascending order↑), SOP (graded
0-3 in ascending order↑), and Lifestyle (graded 0-3 in ascending order↑).

74

Table 5. Association of cumulative BPS risk score with birth weight, corrected for
gestational age and gender in the NFBC1986 and Generation R study.
BPS Score

NFBC1986

Generation R

Estimates

95% CI

P-value

Estimates

95% CI

P-value

1

-0.15

-0.41, 0.11

0.26

-0.11

-0.43, 0.22

0.52

2

-0.19

-0.44, 0.05

0.12

-0.03

-0.33, 0.27

0.84

3

-0.33

-0.58, -0.09

0.007

-0.28

-0.57, 0.02

0.07

4

-0.53

-0.77, -0.29

<0.0001

-0.42

-0.71, -0.13

0.005

5

-0.71

-0.95, -0.46

<0.0001

-0.61

-0.91, -0.32

<0.0001

6

-0.82

-1.06, -0.57

<0.0001

-0.78

-1.07, -0.48

<0.0001

7

-0.88

-1.14, -0.62

<0.0001

-0.95

-1.27, -0.62

<0.0001

8

-1.26

-1.58, -0.94

<0.0001

-0.74

-1.18, -0.31

0.0008

Note: BPS: Biopsychosocial, CI: Confidence Interval, NFBC1986: Northern Finland Birth Cohort 1986.
BPS score is cumulative score of four factors ranging from 0 to 8; BMI (graded 0-3 in descending order ↓),
DBP (graded 0-3 in ascending order↑), SOP (graded 0-3 in ascending order↑), and Lifestyle (graded 0-3
in ascending order↑). Reference category is BPS score of 0.
Estimates can be interpreted as SD change in birthweight by one unit increase in BPS score
Birthweight was transformed into standard deviation (SD) scores corrected for gestational duration and
sex using North European growth standards in the study.

5.3

Life course adiposity and type 2 diabetes (Study III)

This study explores the longitudinal changes in body size in terms of adiposity at 7
and 31 years of age and maternal prenatal adiposity on the development of T2D
risk.
5.3.1 Population characteristics
Table 6 shows characteristics in the study population. Among 10,732 participants
included in the study, 441 (4.1%) were diagnosed with T2D, with mean age of
diagnosis at 43.9 years and higher percentages in males (65%). Compared to the
reference population, participants with T2D have higher values of BMI at 7 and
31yrs, fasting glucose, fasting insulin and 2hr OGTT, as well as higher percentages
of overweight patterns at 7 and 31 years and active smokers.
An overall decline in metabolic health is clearly evident from the changes in
BMI over the 15-year time period from 31 to 46 years of age. Compared to the
reference population, the clinical measures of early indicators of development of
disease in T2D were higher such as BMI, fasting glucose, fasting insulin, 2 hr
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OGTT, overweight patterns and active smokers. This population was relatively
young (43.9y) in relation to the average onset of T2D.
Among the overweight patterns (Table 7), children overweight at 7 years had
higher frequency of mothers smoking during pregnancy (25.8%) and participants
overweight at 31 years had a higher frequency of T2D diagnosis by 50 years of age
(11.1%) and lower education (basic, 7.8%).
Table 6. Characteristics of the study population.
Measures

Reference population (n=9069)

Type 2 diabetes only (n=441)

Observations

Mean (SD)

Observations

(n)

or N (%)

(n)

Mean (SD)
or N (%)

Females

9069

4288 (47.3%)

441

154 (34.9%)

Males

9069

4781 (52.7%)

441

287 (65.1%)

Birth weight (g)

9069

3528 (503)

441

3494 (478)

BMI at 7 years (kg/m2)

4825

15.7 (1.8)

251

16.2 (2.3)

BMI at 31 years (kg/m2)

4395

24.4 (3.9)

238

29.4 (5.9)

BMI at 46 years (kg/m2)

4020

26.4 (4.4)

223

32.7 (5.9)

Basic elementary

5601

337 (6%)

288

25 (8.7%)

Secondary

5601

4369 (78%)

288

234 (81.3%)

Higher

5601

895 (16%)

288

29 (10.1%)

Fasting glucose at 31 years (mmol/L)

4313

5 (0.6)

235

5.6 (1.6%)

Fasting insulin at 31 years (uIU/mL)

4288

8.4 (4.8)

234

14.1 (14.3)

2 hr OGTT measured at 46 years

3490

5.7 (1.4)

115

9.5 (3)

Education at 31 years

Gestational age (weeks)

9069

40.3 (1.5)

441

40.2 (1.5)

Overweight at 7 years

4825

354 (7.3%)

441

32 (7.3%)

Overweight at 31 years

4395

1460 (33.2%)

441

157 (35.6%)

Overweight at both 7 and 31 years

4020

214 (5.3%)

441

27 (6.1%)

-

-

441

43.9 (4.5)

Non-smokers

4512 (70.7%)

335

204 (60.9%)

Smokers

1871 (29.3%)

335

131 (39.1%)

Age at diagnosis
Smoking at 31 years

6383

Maternal BMI pre-pregnancy

7864

23.1 (3.2)

441

23.6 (3.8)

Maternal BMI during pregnancy

7682

24.2 (3.4)

441

24.6 (3.7)

Maternal smoking during pregnancy

8581

1768 (16.5%)

399

95 (4.3%)

(yes)
Note: Overweight has been defined according to IOTF reference.
Values are percentages for categorical variables, mean (SD) for continuous variables with a normal
distribution.
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Table 7. Characteristics of the population in relation to non-overweight, overweight at 7
and 31 years of age.
Variables
Maternal smoking
T2D
Adult education (basic)
Adult smoking (yes)
Age at T2D diagnosis

Non-overweighta

Overweight at 7 y Overweight at 31 y

P-value

(n=8093)

(n=442)

(n=2181)

1676 (20.7%)

114 (25.8%)

458 (21%)

0.04

268 (3.3%)

38 (8.4%)

241 (11.1%)

<0.0001

258 (5.5%)

10 (4.5%)

147 (7.8%)

<0.0001

1542 (28.7%)

83 (31.9%)

702 (32.8%)

0.002

44.8 (4.7)

44.4 (4.7)

44.4 (4.5)

Maternal Pre-pregnancy BMI

22.9 (3.1)

24.2 (3.6)

23.9 (3.5)

Birth weight

3508 (500)

3644 (510)

3573 (494)

Non-overweight includes reference participants with both underweight and normal weight that have never
been overweight at 7 or 31 years of age during follow-up. Overweight has been defined according to
IOTF reference. Values are percentages for categorical variables, mean (SD) for continuous variables
with a normal distribution.

5.3.2 Birth weight and T2D
In NFBC1966, a negative association was observed between birth weight and T2D
(OR 0.87; 95% CI 0.82-0.97). Mild change in estimates were observed when
sequentially adjusted for covariates, only mild attenuation with BMI at 31 years
(Fig 24). Thereforea, indicating a strong direct role of birth weight on adult T2D.
This negative association between birth weight and T2D fits with the previous
findings (Knop et al., 2018).
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Fig. 24. Association of birth weight adjusted for gestational age and sex, with T2D and
sequentially adjusted for covariates. Abbreviations: BMI, Body Mass Index; CI,
confidence interval; OR, Odds Ratio; T2D: Type 2 Diabetes.

5.3.3 Path analysis between maternal and offspring BMI, birth
weight, and T2D
Path analyses brought additional insights into the role of maternal and offspring
body size in influencing the longitudinal risk of T2D and the mediating factors (Fig.
25 and Table 8). The results from path analysis showed no significant path between
maternal BMI during pregnancy and T2D. Maternal pre-pregnancy BMI did not
show significant direct effect on T2D however, indirect effect mediated by birth
weight and the offspring’s BMI was positive (β=0.04, P<0.05).
Birth weight showed a direct negative effect on T2D (β=-0.04, P<0.001) and
an indirect effect mediated through childhood and adulthood BMI was positive
(β=0.01, P<0.001), however the total effect remained negative (β=-0.03, P<0.001).
Observational studies often note a negative association between birth weight and
overweight/obesity in childhood and later life, which in turn is a risk to T2D in
adulthood (Jornayvaz et al., 2016). Importantly, the total negative effect of birth
weight infers that birth weight is a strong early life predictor, irrespective of
postnatal determinants in modulating T2D risk.
Similarly, BMI at 7 years showed a negative direct effect on T2D but indirect
and total effect mediated by adulthood BMI was positive. BMI at 31 years showed
the strongest direct effect on T2D (β=0.27, P<0.001, unstandardized estimate).
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Longitudinally, the abody size since birth showed an increase in estimates at each
time point with the highest effect observed by BMI at 31 years. BMI at 31 years
also appeared as a strong mediator of directing the associations of early life path
variables in the model. PRS BMI had no significant direct effect on T2D but via
BMI at 7 and 31 years. Therefore, adult BMI is a mediator rather than a confounder
in these associations. Overall, this infers that the fetal programming may continue
to have a plausible role until childhood and is modulated by later adiposity.

Fig. 25. Path analysis showing direct relation between adiposity over the life course
with T2D. Note: Values in the path diagram represent significant unstandardized direct
regression coefficients (p<0.01) between the path variables. Boxes represent observed
variables. Birth weight is corrected for gestational age and sex. Abbreviation: BMI, Body
Mass Index; PRS, Polygenic Risk Score; T2D: type 2 Diabetes.
Table 8. Estimates for the total, indirect, and direct effects of path variables on T2D
Variables

Direct (β)

Indirect (β)

Pre-pregnancy BMI

-0.04

0.13*

Total (β)
0.01*

Maternal BMI

0.04

-0.007

-0.007

Birth weight

-0.04*

0.01*

-0.03*

BMI at 7 y

-0.04*

0.11*

0.11*

BMI at 31 y

0.08*

0.17*

0.25*

PRS BMI at 46 y

-0.002

0.02*

0.02*

*p<0.001; BMI, Body Mass Index; PRS, Polygenic Risk Score
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5.3.4 Cox regression of the association between patterns of
overweight with T2D
Compared to non-overweight individuals, increasing risk for T2D was observed in
individuals who were overweight at 31y, and at both 7 and 31 years (Fig 26).
Highest risk for T2D was observed in participants who were overweight at both 7
and 31 years in the unadjusted model (HR 4.2; 95%CI 3.0-5.8). Adjusting for sex
and maternal smoking during pregnancy did not modify the associations but when
adjusted for maternal pre-pregnancy BMI and low adult education risk for T2D
mildly attenuated at each combination of overweight and largely at 7 yrs when
adjusted for low education.

Fig. 26. Association of offspring patterns of overweight over the life course with T2D
and the reference population. Note:

Model 1: Unadjusted;

Model 2: Adjusted for

sex, adult education and adult smoking at 31 years. In the calculation of hazard ratio
(HR) participants who had never been overweight were used as reference group. CI
denotes confidence interval. White box and circle denote p>0.05 and black box and
circle denotes p<0.05.

80

6

Discussion

The studies from birth to adulthood provided insight on longitudinal risk (from inutero to adult life) of adversities on cardiometabolic intermediary traits and
development of T2D. Maternal smoking during pregnancy, appeared to have
association with offspring’s cardiometabolic health by persistent long-term
epigenetic changes. The consistency in the observational findings of CpGs
hypomethylation with maternal smoking as well as cardiometabolic traits
implicates long-term stability in the effects of maternal smoking and supports the
view that the pre-natal period is a critical window in modulating future health (R.
K. Yuen et al., 2011). Prenatal maternal adversities clustered into biological and
psychosocial paradigms and showed comparable associations with birth outcomes
in the two ethnically different populations. The longitudinal risk (from in-utero to
adult life) of changes in adiposity measured in terms of BMI and overweight
patterns, on T2D was observed more pronounced when adiposity in childhood
continues in adulthood and had modulating effect of smoking and education
attainment.
The novel findings were cg14179389 as a strong maternal smoking marker and
cg09935388 for adult smoking. Both CpGs portrayed a similar direction of
associations as observed in epidemiological studies on cardiometabolic traits in
relation to maternal and adult smoking. Considerable overlap with the associations
of maternal smoking on the offspring's risk for obesity, hypertension, hyperlipidemia
and cardiovascular disease (Brion et al., 2008; Power et al., 2010), suggests the
epigenetic regulation of detrimental cardiometabolic outcomes. This leads to the
speculation that functionally important maternal smoking-related methylation changes
at cg14179389 in adults are present from birth, due to in-utero exposures. On the other
hand, it is often observed in the studies that adult smoking has a non-linear relationship
with cardiometabolic traits (Clair et al., 2013; Tolstrup et al., 2014; U.S. Department
of Health and Human Services., 2014). Differences of associations of smoking on the
outcomes have been noted based on dose dependency and former vs. current smokers
(Clair et al., 2013; Tolstrup et al., 2014). Some of these common findings from the
literature are lower BMI in those smoking 6-10 cigarettes per day (Sneve & Jorde,
2008); obesity noted more in former heavy smokers than light smokers; smokers
are observed to have slightly lower BP levels than non-smokers (Keto et al., 2016),
amongst others. Therefore, this may explain the observed epigenetic alterations
found in this study and supports the role of methylation as a potential biological
pathway in these smoking related relationships. The weak correlation of
81

cg14179389 with all of the other CpGs also explains the differences in the direction
of association with cardiometabolic phenotypes This is supported by a recent
population-level study that identified differential DNA methylation quantitative
trait loci (meQTL) at these eight GFI1-CpGs, where all but one of the CpG sites
(cg14179389) were highly correlated with the others, and formed contiguous
clusters under the control of one meQTL (Y. Liu et al., 2014). Furthermore,
cg14179389 association with adult smoking disappeared when adjusted for other
CpGs whilst cg09935388, cg18316974, and cg18146737 showed independent
associations (published study I, appendix B Table S5), explaining their independent
biological functions. Another important finding was the higher TG levels
consistently observed with all the CpGs. Smoking increases the risk of
hypertriglyceridemia which in turn poses significant risk to cardiometabolic
diseases (Maeda et al., 2003; Nordestgaard & Varbo, 2014).
Among the prenatal biopsychosocial factors, psychosocial factors had more
pronounced and heterogeneous relationship than biological factors, thereby
revealing the social and transgenerational differences between the two populations
approximately 16 years apart. Although BMI and BP factors represent biological
dynamics, BMI often underlies both biological health as well as a reflection on the
lifestyle choices and social structure (Marcellini et al., 2009). The loading of
variables on factor 3 (Lifestyle) and factor 4 (SOP) highlights social dynamics in
terms of financial instability, family, health behaviors and reflects a probable
psychological stressor during pregnancy. Importantly, it is very interesting to note
how different maternal determinants load onto one factor in influencing health that
replicates between studies. The study benefited from using factor analysis, which
unravels empirically the commonalities between different biopsychosocial
determinants and bases the weights of these on the strength of the empirical relation
between them rather than the cumulative approach that applies equal weighting to
all of the components (Kaplunovsky, 2004).
In factor analysis, the BMI factor was predominant and strongly influenced
other factors in association with birth outcomes. Higher maternal BMI in
childbearing phase increases the likelihood of the offspring toward in-utero
obesogenic environment exposure and thus predisposes to the cycle of increasing
obesity and cardiovascular disease burden in later life (Godfrey et al., 2017).
Between birth outcomes lower birth weight and SGA were directionally consistent
with adverse factors and similarly for higher birth weight and LGA. The association
of SGA with BP was increased when adjusted. Wikstrom et al. reported twofold
increase in the risk of SGA birth per each mm Hg rise in DBP from early to late
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pregnancy (Wikström et al., 2016). Similar results were reported by Zhang et al.,
who observed women with DBP levels above 90 mmHg during pregnancy had
increased risks of offspring with birth weight less than 2,500 g and SGA (J. Zhang
et al., 2001). The mechanism underlying maternal BP and reduced fetal growth are
still unclear. However, it is speculative that increased BP might be a consequence
of restricted fetal growth and could possibly be a mechanism to compensate for
placental dysfunction (Tranquilli & Giannubilo, 2005). Higher frequency of
psychosocial stressors in Generation R are likely attributable to changes in social
and lifestyle patterns over previous years between two cohorts and ethnic
diversification. The magnitude of the estimate of model on birth outcomes differed
marginally across ethnicities in the Generation R study. The worse outcomes in the
Non-European ethnicities’ stresses on the cultural differences as well as health
inequalities at the social level (Kim & Saada, 2013; Weightman et al., 2012).
Although conflicting U- or J-shaped associations are often reported between
birth weight and T2D in the literature (T. Harder et al., 2007; Knop et al., 2018),
the exemplary finding of low birth weight still observed as a risk factor for T2D in
the contemporary population of NFBC1966 was vital, supporting causal inference.
NFBC1966 cohort is unique in providing a natural experiment setting where
participants were born 20 years after the end of World War II and offspring reached
adulthood just before the global transition to trans food and the epidemic of obesity
in the 1980-1990s. Longitudinal studies from birth to late adulthood are scarce or
lack power for reliable estimates. This study is an attempt to cover this gap in a
fairly large study population. The results from this study are in line with observed
linear trend in association between BMI trajectories since childhood and T2D, with
strongest effect at later ages (31y) (Power & Thomas, 2011; Voerman, Santos,
Golab, et al., 2019). Increasing strength of the association with age may also reflect
on the latent association of underlying intrauterine programming that are plausible
to become more apparent with age.
It is also noteworthy that in the path analysis maternal pre-pregnancy BMI
showed negative direct effect on T2D. The observational association between
maternal BMI and the child BMI has been very consistent across populations
(Whitaker et al., 2014). A recent meta-analysis has identified that higher maternal
pre-pregnancy weight associates with the risk of overweight and obesity throughout
childhood than gestational weight gain during pregnancy (Voerman, Santos, Golab,
et al., 2019). However, the latest research does not support evidence for a biological
mechanism via fetal reprograming (Bond et al., 2020). Little evidence has been
found to support a causal intrauterine effect of maternal BMI with greater offspring
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childhood adiposity (Bond et al., 2020). Instead, it has been suggested that this
phenomenon is explained by the inheritance of genetic variants, behavioral factors
and social determinants. Therefore, some part of the association may be attributed,
at least in part, by health behaviors acting on the metabolic processes. The
underlying mechanism may work through sequences of biological risks (fetal
programming and restricted growth) and the behavioral chain of risk (patterned
through lifestyle choices). This further suggests that maternal BMI may have an
underlying role in the development of T2D at an early age, which is modified by
later lifestyle factors at the individual level.
The overall interpretation was that early life factors such as birth weight and
maternal BMI have negative associations with T2D, which showed a positive effect
when mediated via childhood and adulthood BMI over the life course. Individuals
who had been overweight since childhood and continue to be overweight in
adulthood had a considerable higher risk of T2D than who were non-overweight or
overweight at either of the time points in this study. These findings were consistent
with a recent Danish study among 62,565 men. The childhood overweight at 7y of
age was associated with increased risk of T2D when continued until puberty or later
ages (Osler et al., 2018). However, this study only included men and latest available
BMI was at 26 years. Another British birth cohort with 45 years of follow-up
identified the earlier onset of overweight to be associated with impaired glucose
metabolism (Power & Thomas, 2011), however data on the risk to T2D was
unavailable. Although, a strong inverse association has been widely reported in the
literature between educational attainment and risk of T2D (Whitaker et al., 2014),
the findings below infer that overweight increases the risk of T2D through
pathways that are related to educational attainment. This emphasizes that early life
relationships were strongly modified by weight changes and educational attainment
at childhood and later ages in the pathways leading to the development of T2D.
To summarize, consistent effect sizes and the direction of associations between
smoking related DNA methylation and cardiometabolic traits between all twenty-two
cohorts highlighted the reproducibility of the findings. The associations remained and
were reinforced after adjustments for adult’s own smoking, further supporting the
robustness and postnatal stability of early life related epigenetic markers. Therefore,
providing evidence that it is plausible maternal smoking related methylation
changes may in some respect outweigh postnatal own smoking status in influencing
cardiometabolic traits in later life. The uniformity of directions of association and
distribution of prenatal biopsychosocial model across both cohorts highlights the
validity, predictability, and feasibility. These findings specify the importance of
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environmental and societal exposures along with biological components in
contributing to birth outcomes, and aligns with Engel’s biopsychosocial proposition
of health (G. L. Engel, 1977), which was applied in this study to emphasize the
biopsychosocial paradigm of birth outcomes. Furthermore, there seemed to be a
shared molecular build up, probably originating from fetal development that links
the functions of metabolic changes in terms of adiposity together through the early
development of insulin resistance and regulation of fasting glucose on the
development of T2D risk in later life.
6.1

Strengths and limitations

This research work represents a major effort to combine data from multiple studies
showing the generalizability and feasibility of the findings. To the best of my
knowledge, study I is the first study of its kind to expand on a large scale to metaanalyze the association of smoking GFI1-CpGs with cardiometabolic traits. The
study had an advantage of a wide range of phenotypic data that facilitated assessing
the functional consequences of the methylation changes and over a varied age range.
By using factor analysis (study II) it was empirically unraveled that the
commonalities between different biopsychosocial determinants and the weights of
these were based on the strength of the empirical relation between them rather than
the cumulative approach that applies equal weighting to all of the components. This
could also help further in assigning risk scores to maternal attributes and building
a prediction model. The feasibility of the model was tested on birth outcomes in
two independent cohorts 16-20 years apart, such that the participants are not the
same in terms of the environmental exposures and ethnic diversity, which enabled
the identification of thee differences between homogenous and heterogeneous
populations. Notably, only a few studies have attempted to discern the contribution
of maternal and offspring BMI and their interactions to T2D variability. The study
benefited from using path analysis in a large, longitudinal dataset with the
availability of repeated measures of adiposity in a historical birth cohort. A further
advantage was prospectively measuring body size to assess adiposity from birth to
7, 31 and 46 years of age.
Utilizing the summary level data in large collaborations enhances power but
may also limit the ability to undertake multiple sensitivity analyses and the
inclusion of multiple covariates such as the socio-economic status, physical activity,
diet, etc. This was a limitation due to the study design which limits the
harmonization of the variables between studies. Lack of repeated measures data in
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the same participants among the cohorts limited the study in the analysis of
methylation changes over time in adulthood. Similarly, it was difficult to
disentangle the effect of age on methylation as age-specific drift in the metabolic
phenotype patterns was observed across cohorts, with a greater association among
older participants. Blood tissue was used to test for methylation differences that
might be close proxies of DNA methylation, but it may be transient. It would have
been more beneficial to analyze methylation in muscle, bone, and fat tissues, as
they are more plausible to relate with cardiometabolic phenotypes and might
actually persist throughout childhood. Another challenge was leucocytes, which are
the source of DNA and composed of several sub-cell type specific methylation
variations. They have been adjusted in the analysis but do not always make blood
as the best tissue to test associations with cardiometabolic traits.
Smoking was self-reported, and subject to social undesirability especially
during pregnancy which may have caused an underestimation of the estimates due
to under-reporting. Exploring direct measures psychological well being (stress,
anxiety, and depression) would have given further insight on the relative
contribution of psychosocial measures on birth outcomes but were unavailable in
the data. Factor analysis facilitated the ease of the interpretation by the concise
representation of similar measures but could have also led to the loss of some
valuable information pertaining to individual measures.
Another common limitation was due to the long follow-up period which often
leads to loss to follow-up or attrition and could introduce bias. Missing data is
inevitable in cohort studies, however, using a maximum likelihood estimator in
path analysis and MPlus software compensates for the missing values by imputing
the missing at random data in the analysis. The attrition sensitivity analysis between
the participants with and without follow-up did not show significant differences in
prenatal exposures suggesting missing at random in the follow-up.
The lack of adiposity measures during adolescence in the longitudinal study
design was a limitation. Only one measure of maternal BMI during pregnancy
during first antenatal visit was available, which was insufficient to identify the
association of gestational weight gain during pregnancy in the development of risk
of T2D at later ages. There was also a lack of data on maternal gestational diabetes
to assess its long-term association with T2D. It is recognized that the analysis was
not fully adjusted for various covariates and subjected to residual confounders such
as physical activity and diet. However, education and smoking were included as
surrogate markers to account for lifestyle and behavior factors.
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Study I was the first step to expand the role of prenatal smoking related
epigenetic changes on the cardiometabolic risk factors and it is recognized that
further work exploring the associations between DNA methylation of other adult
and maternal prenatal smoking related loci and cardio-metabolic phenotypes could
yield additional insights into the role of epigenetic markers. The factor analysis is
exploratory and opens the possibility to enumerate the underlying pathways
between the factors identified in the study II. Future longitudinal studies can help
to assess how maternal biopsychosocial measures constellate over the life course
and delineate interactions and interplay between them to understand the impact on
offspring health at multiple levels.
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7

Conclusions and implications

7.1

Main findings and conclusions

This research work serves as evidence for the ongoing debate of life course
consequences of early life adversities. All three studies demonstrated cohesiveness
from the macro to micro level on the trajectories of health. Study II determined the
composite structure of biopsychosocial adversities during pregnancy and their
multiplicative influence on birth outcomes. Studies I and III connected the
relationship of these various early life adversities on cardiometabolic traits at the
molecular level by altering DNA methylation and at the individual level, by
changes in body size.
Study I delivered evidence on the additional support to the epigenetic
programming of cardiometabolic health. It has provided a new insight on the role
of GFI1 on pre-clinical cardiometabolic traits and a potential epigenetic marker.
Overall, two concepts were brought forward, one through early life adverse
exposure in terms of maternal smoking which modulates adult health by persistent
epigenetic changes. Second, these early life findings corroborated with similar
epigenetic changes noted in adult life due to own smoking. This study has
highlighted the potential molecular mechanism in the etiology of the exposuredisease (maternal smoking) relationship.
Study II reflected on the adverse biopsychosocial factors for unfavorable birth
outcomes across population-based cohorts, sensitive to cultural differences, and
provides clarity on a set of measures that impart greater health risks to the infant.
The analysis was exploratory, systematic, and data driven in defining adversities.
Examining metabolic health within a psychosocial perspective is essential as
individuals live within the context of their family, community and physical and
social environment. It is, therefore, imperative to link concepts from both social
and life sciences to achieve a comprehensive overview of the possible pathways in
development of the disease. Furthermore, the prenatal maternal adversities model
has potential to inform the selection and tailoring of prenatal interventions and
preventive strategies for the mothers at the clinical settings. The variables used in
the model are readily available at the maternal clinics such as Finnish maternity
care system where the model could translate to create prenatal risk scores to identify
mothers and infants at risk for better intervention strategies.
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Study III provided clear evidence that, in a contemporary birth cohort lower
birth weight remains a major risk for T2D and overweight in childhood associated
with increased risks of developing T2D when continued into adulthood. Adiposity
in adult life holds the strongest risk for the development of T2D overcoming early
life associations. Early life associations appeared to be patterned by lifestyle factors
such as smoking and education on adiposity, hence suggesting that early life
intervention may play a significant role in reducing the risk than in later life when
their effect is less vital. Identifying underlying pathways of the BMI of mother and
child was a critical step in understanding the interplay between the onset, intensity,
and duration of overweight throughout the life course to understand the variability
in the development of T2D. This further helped in apprehending their biological,
social and lifestyle correlates during the life course.
Inclusion of multiple cohorts and different methodologies in each of the studies
enabled the provision of generalizable, robust and valid results in each of the three
exemplary studies. Using meta-analyzed individual participant data was
advantageous in identifying small effect sizes, specific sub-groups and also suffers
less from publication bias. Multiple underlying pathways and mediators are
important to determine the consequences of the exposure in the lifespan. All three
studies have included this holistic approach to produce evidence to support various
theories of health and diseases.
7.2

Implications

Each of the studies have unfolded a window of opportunity to improve health across
the life course. The body of evidence from these studies inferred that the adversities
intermingle at multiple levels from in-utero to adulthood; biological to
psychological to social; and micro to macro level, leading to developmental
adaptations in the individual that defines adult diseases.
Study II was a first step in providing a holistic approach incorporating the
biopsychosocial model during pregnancy. This is important in the clinical settings
to identify mothers with an increased risk of adversities. Moreover, these measures are
systematically measured at maternal clinics and the Finnish Neuvola system, and the
model would be beneficial to build a risk prediction model incorporating both the
biological and psychosocial component to help in setting up intervention strategies and
preparations for the risk groups and better fetal health outcomes. The changes in
adiposity since birth were noted as crucial in determining adult disease (study III).
However, the associations of early life adiposity were reversed or reduced through
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important adult lifestyle modifiers at the social level. This is an important finding
considering the acceleration in the trend of obesity and metabolic diseases at the
global level. Early detection of at-risk individuals in childhood can provide an
opportunity for health interventions and individual-level personalized policy
recommendations. The life course model is a potent means to connect and integrate
healthcare policies to set up intervention in early life for long-term health benefits
and a social and economic advantage. Furthermore, data assessment since birth to
adulthood offers future potential to target and modify risk at an earlier time point,
thereby avoiding possible irreversible damage due to T2D. Psychosocial risk factors
can act as barriers in the success of intervention or treatment adherence to improve
lifestyle and, therefore, this research work identifies their undue significant role in the
development of diseases and promoting health. Therefore, the measures to be taken to
include them in the health policies.
At the molecular level, study I identifies DNA methylation as a dynamic
marker, which is reversible and can be of imperative potential therapeutic relevance
for intervention strategies. This study provided strong foundations in unraveling
the important regulatory role of epigenomes in determining adulthood
cardiometabolic traits.
7.3

Future recommendations

The findings of long-term association between epigenetic changes with
cardiometabolic preclinical traits provide a strong foundation for further work to
unravel emerging epigenetic markers related to smoking (e.g. AHRR, MYO1G etc.)
and other adversities with downstream detrimental health outcomes, to deliver
evidence to support the early origin of adult cardiometabolic health. Moreover, the
role of other aging biomarkers, such as leukocyte telomere length and DNA
methylation age, is to be explored in relation to change in chronic cardio-metabolic
health. The exploratory methodology employed to maternal prenatal adversities is
easily transferable to other traits (such as adversities during childhood, adolescence,
and adulthood) to explore co-morbidities between complex traits (T2D, CVDs,
depression etc.) with a strong interplay between the abiological and psychosocial
determinants. On the same line, further work to explore the onset of other
cardiometabolic diseases in the longitudinal setting will further enhance the
understanding of interplay of the environmental risk factors at multiple time points
during the life course.
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Appendix I – Glossary of terms
a) Bias: It is defined as any systematic error in an epidemiological study that
results in an incorrect estimate of the association between exposure and
the risk of disease. Bias results from systematic errors in the research
methodology such as recall bias, publication bias, selection bias, etc.
b) Case control study: A case-control study is designed to help determine if
an exposure is associated with an outcome. In this, there are two group of
subjects, the cases (a group known to have the outcome) and the controls
(a group known to be free of the outcome).
c) Confounder: A confounder is a third variable—not the exposure, and not
the outcome—that biases the measure of association. It is, therefore,
associated with both exposure and outcome.
d) Covariate: Any variable that is measurable and considered to have a
statistical relationship with the dependent variable qualifies as a potential
covariate. It is thus a possible predictive or explanatory variable of the
dependent variable.
e) Dependent variable: The dependent variable is the result or outcome
being studied.
f) Exposure: It is any factor that may be associated with an outcome of
interest. It is also called as independent variable.
g) Epigenetics: DNA modifications that do not change the DNA sequence
can affect gene activity. A common type of epigenetic modification is
called DNA methylation. DNA methylation involves attaching small
molecules called methyl groups, each consisting of one carbon atom and
three hydrogen atoms, to segments of DNA. When methyl groups are
added to a particular gene, that gene is turned off or silenced, and no
protein is produced from that gene.
h) Genotype: It is an individual's collection of genes. The terma can also
refer to the two alleles inherited for a particular gene.
i) Independent variable: It is a factor that is assumed to exert an influence
on a dependent variable.
j) Mendelian Randomization: Mendelian randomization is a method of
using measured variation in genes of a known function to examine the
causal effect of a modifiable exposure on disease in observational studies.
k) Outcome: It is a broad term for any defined disease, state of health, healthrelated event, or death, that is the condition of interest in the study.
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l)

Phenotype: It is the physical and behavioral traits of the organism, e.g.
size and shape, metabolic activities, and patterns of movement and social
aspects of epidemiological trends in many diseases. Expressed traits or
characteristics of an organism, regardless of whether or to what extent the
traits are the result of genotype or environment, or of the interaction of
both.
m) Randomized Controlled Trial: A study design that randomly assigns
participants into an experimental group or a control group.
n) Latent variable: It is the variable that is not directly observed but are
rather inferred from other variables that are observed (directly measured).
o) Observed variable: Observable variable as opposed to a latent variable,
is a variable that can be observed and directly measured.
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