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SUMMARY 

Evidence from Developmental Origins of Health and Disease (DOHaD) studies suggest that 

environmental factors acting during preconception, fetal, and early postnatal life have profound 

impact on disease outcomes in adulthood. The DOHaD concept suggests that nutrient deficiencies 

or excesses in utero during critical periods of fetal development may result in “predictive adaptive 

responses”, which proposes adverse health outcomes when early life and adult environments are 

“mismatched” (inadequate maternal nutrition in utero followed by overnutrition in adulthood).  

The role of early life factors in adulthood disease is an evolving area, with emerging evidence 

showing potential transmissibility of programmed traits to future generations. This warrants current 

research in more recently born cohorts to assess the relevance of a range of early life factors on 

adulthood health, however such studies are scarce. 

Thus to fill the research gap and add to scientific knowledge the overall goal of this thesis was to 

provide new insights on the relevance of perinatal and early life factors to adulthood 

cardiometabolic health. To this end, three studies addressed early life factors and their relevance to 

(I) intima-media thickness (IMT) of the common carotid artery in early adulthood (II) markers of 

cardiometabolic risk in early adulthood. III. A systematic review to assess and judge the evidence 

for an association between maternal pregnancy weight/BMI (pBMI) or gestational weight gain 

(GWG) with offspring's blood pressure (BP) in later life. In the first two studies prospective 

observational data from the Dortmund Nutritional and Anthropometric Longitudinally Designed 

(DONALD study) were used.  

In study I (N=265) an advanced maternal age at child birth was associated with an increased IMT 

in adulthood among females only. This association was not mediated by adulthood waist 

circumference (WC), BMI or BP. In study II (N=348), a higher early maternal pregnancy BMI 

resulted in a higher offspring fatty liver index (FLI), hepatic steatosis index (HSI), pro-

inflammatory score and a lower insulin sensitivity (HOMA2-%S). Also a higher GWG resulted in 

a higher FLI, HSI, pro-inflammatory score but a lower HOMA2-%S among females. Full 

breastfeeding was linked with a lower FLI. These associations were mediated by offspring 

adulthood WC or BMI. In study III, no firm conclusion could be drawn on the association between 

pBMI or GWG with offspring BP, the evidence grade limited-non conclusive was assigned because 

only few studies could be included in the review due to methodological issues associated with most 

studies. 

In conclusion this thesis shows that early life factors are relevant determinants of risk markers of 

cardiometabolic diseases in adulthood. This has public health implications for individual health 

and health care system. Proper dissemination of scientific evidence using public health strategies 

on risks associated with advanced maternal age, maternal preconception and pregnancy obesity to 

offspring health to women in the reproductive age may help in decision making on timing of child 

birth and lifestyle modification. Interventions that promote healthy diet and weight, physical 

activity in preconception and during pregnancy, promotion of breastfeeding may be beneficial. 

Preventive strategies against chronic diseases should use an integrated and life course approach in 

view of the important role of early life events.
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ZUSAMMENFASSUNG 

Studien zu den Ursprüngen von Gesundheit und Krankheit (Developmental Origins of Health and 

Disease - DOHaD) legen nahe, dass Umweltfaktoren, die während der Schwangerschaft und in der 

frühen postnatalen Phase wirken, tiefgreifende Auswirkungen auf den Krankheitsverlauf im 

Erwachsenenalter haben. Das DOHaD-Konzept geht davon aus, dass Nährstoffmängel oder -

überschüsse in der Gebärmutter während kritischer Phasen der fötalen Entwicklung zu adaptiven 

Stoffwechselveränderungen führen können, die sich negativ auf die Gesundheit auswirken, wenn 

die Lebensumwelt in der frühen Kindheit und im Erwachsenenalter nicht zu den in utero anvisierten 

Bedingungen passen (unzureichende mütterliche Ernährung in der Gebärmutter gefolgt von 

Überernährung im Erwachsenenalter).  

Die Rolle frühkindlicher Faktoren bei Krankheiten im Erwachsenenalter ist ein sich entwickelndes 

Forschungsfeld, wobei sich Hinweise auf eine potenzielle Übertragbarkeit programmierter 

Merkmale auf künftige Generationen ergeben. Dies rechtfertigt aktuelle Forschungen an jüngeren 

Geburtskohorten, um die Bedeutung einer Reihe von Faktoren aus der frühen Kindheit für die 

Gesundheit im Erwachsenenalter zu bewerten, doch gibt es nur wenige derartige Studien. 

Um diese Forschungslücke zu schließen und den wissenschaftlichen Kenntnisstand zu erweitern, 

wurde in dieser Arbeit das übergeordnete Ziel der Relevanz perinataler und frühkindlicher Faktoren 

für die kardiometabolische Gesundheit im Erwachsenenalter in drei Studien untersucht. 

Frühkindliche Faktoren und ihre Bedeutung für I. die Intima-Media-Dicke (IMT) der gemeinsamen 

Halsschlagader im frühen Erwachsenenalter und II. Marker des kardiometabolischen Risikos im 

frühen Erwachsenenalter. III. Eine systematische Übersichtsarbeit zur Beurteilung der Evidenz für 

einen Zusammenhang zwischen mütterlichem Schwangerschaftsgewicht/BMI (pBMI) oder 

Gewichtszunahme während der Schwangerschaft (GWG) und dem Blutdruck (BP) der 

Nachkommen im späteren Leben. In den ersten beiden Studien wurden prospektive 

Beobachtungsdaten aus der Dortmunder Ernährungs- und Anthropometrie-Längsschnittstudie 

(DONALD-Studie) verwendet.  

In Studie I (N=265) war ein höheres mütterliches Alter bei der Geburt des Kindes mit einem 

erhöhten IMT von Frauen im Erwachsenenalter verbunden. Dieser Zusammenhang wurde nicht 

durch den Taillenumfang (WC), BMI oder Blutdruck im Erwachsenenalter vermittelt. In Studie II 

(N=348) führte ein höherer mütterlicher BMI in der frühen Schwangerschaft zu einem höheren 

Fettleberindex (FLI), hepatischen Steatoseindex (HSI), pro-inflammatorischen Score und einer 

niedrigeren Insulinsensitivität (HOMA2-%S) bei den Nachkommen. Auch eine höhere GWG war 

mit einem höheren FLI, HSI und pro-inflammatorischen Wert und einem niedrigeren HOMA2-

%S-Wert bei Frauen assoziiert. Vollstillen war mit einem niedrigeren späteren FLI verbunden. 

Diese Zusammenhänge wurden durch den WC oder BMI der Nachkommen im Erwachsenenalter 

vermittelt. In Studie III konnte keine eindeutige Schlussfolgerung über den Zusammenhang 

zwischen pBMI oder GWG mit dem Blutdruck der Nachkommen gezogen werden. Die Evidenz 

wurde als begrenzt bzw. nicht beweiskräftig eingestuft, da aufgrund methodischer Probleme nur 

wenige Studien in die Überprüfung einbezogen werden konnten. 

Zusammenfassend zeigt diese Arbeit, dass frühe Lebensfaktoren relevante Determinanten von 

Risikomarkern für kardiometabolische Erkrankungen im Erwachsenenalter sind. Dies hat 

Auswirkungen auf die Gesundheit des Einzelnen und das Gesundheitssystem. Eine angemessene 
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Verbreitung wissenschaftlicher Erkenntnisse über die Risiken, die mit dem fortgeschrittenen Alter 

der Mutter, der Adipositas vor und während der Schwangerschaft für die Gesundheit der 

Nachkommen verbunden sind, kann Frauen im reproduktiven Alter bei der Entscheidungsfindung  

über den Zeitpunkt der Geburt eines Kindes und der Änderung ihres Lebensstils helfen. 

Maßnahmen zur Förderung einer gesunden Ernährung und eines gesunden Körpergewichts, 

körperlicher Betätigung vor und während der Schwangerschaft sowie die Förderung des Stillens 

können von Nutzen sein. Präventionsstrategien gegen chronische Krankheiten sollten angesichts 

der wichtigen Rolle, die frühe Lebensereignisse spielen, einen integrierten und lebenslangen 

Ansatz verfolgen.
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1 INTRODUCTION  

The prenatal and early years during development have been suggested as critical periods in the 

etiology of adulthood diseases [1–5]. Cardiometabolic diseases i.e. cardiovascular disease (CVD), 

type 2 diabetes (T2D) and hypertension have been indicated to have their origins in early life [6]. 

The Developmental origins of disease and health (DOHaD) hypothesis proposes that adverse 

exposures during prenatal or early postnatal life can program permanent changes to the physiology, 

metabolism and epigenome of an offspring which can predispose to disease risk later in life [7–9]. 

Fetal exposure to a suboptimal in utero environment has been associated with susceptibility to 

disease [10–12] in later life. Maternal undernutrition during pregnancy due to nutritional 

imbalances or suboptimal function of the materno–fetal supply channel (uterine blood supply, 

placental function) could lead to suboptimal supply of nutrients to the fetus. This could result in 

permanent adaptations or programming of various fetal organs and tissues [2] with priority for 

brain development given over abdominal visceral tissues, reduced secretion and sensitivity to fetal 

growth hormones (insulin) and stimulation of the hypothalamo-pituitary-adrenal (stress) axis [4]. 

Thus, early life represents critical periods of plasticity such that permanent adaptations made to 

organ structure or metabolism intended to enhance survival in a later inadequate nutritional 

environment, can become detrimental when later exposed to an obesogenic nutritional 

environment. This results in a mismatch with metabolic changes and the risk of cardiometabolic 

diseases [13–16]. 

Early epidemiological cohort studies by Barker and others have provided evidence of an 

association between low birthweight and cardiovascular disease [13, 17–21], diabetes [22–27] and 

hypertension [28, 29] later in life.  
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Evidence suggests that environmental factors other than undernutrition can program an offspring 

for later disease. For instance, obesity among women of child bearing age throughout pregnancy 

could lead to fetal overnutrition [4]. Maternal hyperglycemia, due to high maternal obesity during 

pregnancy could be a risk factor for fetal programming that can down-regulate glucose tolerance 

and insulin sensitivity [30–32]. Additionally, women are giving birth at an advanced age in recent 

times which may have an impact on offspring health outcome in later life [33]. However, 

prospective evidence of the relevance of these early life factors on offspring cardiometabolic 

outcomes, specifically common carotid artery intima media thickness (CIMT), fatty liver index 

(FLI), hepatic steatosis index (HSI), pro-inflammatory score and insulin sensitivity in more 

recently born cohorts have not yet been assessed. 

Although nutrition in early life has received the most focus it is plausible a range of environmental 

exposures in early life could be relevant for adulthood cardiometabolic disease. Thus this thesis 

fills the research gap by using data from the DONALD study, to assess the relevance of a range of 

perinatal and early life factors for cardiometabolic health in early adulthood. A systematic review 

was also conducted to assess available evidence on the association between pregnancy weight or 

gestational weight gain (GWG) with offspring's blood pressure (BP). First early life factors and 

their relevance to the CIMT in early adulthood was assessed (Aim 1), secondly the prospective 

relevance of early life factors for markers of cardiometabolic risk in early adulthood (Aim 2) and 

finally, the association of pregnancy weight or GWG with offspring's BP is examined through a 

systematic review of the literature (Aim 3). 
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Thesis outline 

This thesis comprises of two observational studies based on the DONALD study and a systematic 

review. The theoretical background (chapter 2) gives an overview of current research related to 

the topic of this thesis. This comprises the relevance of early life factors i.e. birthweight and 

birthweight by gestation age, maternal and paternal age at child birth, maternal early pregnancy 

BMI and gestational weight gain, full breastfeeding for cardiometabolic health i.e. cardiovascular 

disease/CIMT, diabetes/insulin sensitivity, hepatic steatosis, chronic low grade inflammation and 

BP in adulthood.  

In (chapter 3) the aims and research questions of this thesis are formulated. In (chapter 4) a brief 

description of the DONALD study methodology and the systematic review undertaken are given. 

In (chapter 5) the abstracts of the original articles (OA) are presented; the original articles are 

presented as appendices to this thesis. General discussion (chapter 6) involves a discussion of the 

research objectives, methodology and public health relevance in a general view. Conclusions and 

perspectives in (chapter 7) presents a summary of the main results of this thesis and proposes 

recommendations for future research. 

This research finding is based on human data unless otherwise stated. Additionally, as this thesis 

is cumulative in nature, it does not consist of thorough descriptions of research findings. Details 

on methodology, statistical analysis, results and discussions are available in the original articles in 

the appendices (1-3).



THEORETICAL BACKGROUND 

4 

 

 

2 THEORETICAL BACKGROUND 

2.1 Relevance of birthweight and birthweight for gestational age for cardiometabolic health 

in later life  

The relationship between birth weight and later cardiometabolic health has been widely studied 

[34–36] since the discovery of Barker, that low birthweight or restricted intrauterine growth, 

especially followed by excessive weight gain in infancy and adolescence [37] is associated with a 

high risk of CVD in later life [12, 38].  

The fetal origins hypothesis states that coronary heart disease (CHD), T2D and hypertension 

emanates from developmental plasticity following in utero fetal and infancy undernutrition [39, 

40] due to inadequate maternal nutrition. Undernutrition during fetal life may lead to 

disproportionate fetal growth and this can program for disease in later life [14]. Impaired fetal intra 

uterine growth can be associated with higher allocation of nutrients to adipose tissue in the course 

of development. Maternal undernutrition may silence placental 11-β hydroxysteroid 

dehydrogenase   type   2, which aids in the inactivation of cortisol and thus can expose the fetus to 

excess maternal steroid [41]. These may subsequently contribute to increased weight gain and 

probably higher risk of CVD, T2D and hypertension [1]. The main concept is that regardless of the 

current nutritional status in Western countries, there are still instances of suboptimal fetal and infant 

nutrition due to unbalanced available nutrients or due to compromised fetal supply channel [39]. 

Aside maternal transfer of nutrients, other environmental cues are also transferred to the fetus, thus 

the fetus makes predictive adaptive responses according to maternal cues, which can lead to 

alterations in metabolism, hormone synthesis, sensitivity of tissues to hormones, which affects the 

development of different organs. These could culminate into lasting changes to physiologic and 
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metabolic homeostatic set points. Thus, the impact of impaired growth in early life and its 

association with later disease can be viewed as a reflection of long term effects of fetal predictive 

adaptive responses: that is the inadequate environment anticipated due to a suboptimal environment 

in utero (or early life) may result in a mismatch when a very abundant nutritional environment is 

encountered later in life [1, 42].   

Epidemiological studies suggest that developmental programming occurs within the full range of 

birth weights, in addition to those within the normal range of birth size. However, the extremes of 

the birth weight range are the most definitive indicators of increased risk of adult cardiometabolic 

dysfunction [27, 43, 44]. Additionally, low birthweight rather than prematurity has also been 

associated with cardiometabolic health [42].  

Small for gestational age (SGA) are infants small in size than normal for gestational age, that is 

they have birthweight below the 10th  percentile for the gestational age [45] whilst  low birthweight 

is a birthweight less than 2500 g, irrespective of gestational age at the time of birth. SGA is not 

equivalent to low birth weight. An infant can have an appropriate weight for gestational age but 

yet be considered as having low birth weight [46]. A gestational age of 35 weeks with a birthweight 

of 2250 g is considered appropriate for gestational age but at the same time low birthweight [47]. 

Large for gestational age (LGA) is birth weight above the 90th percentile for gestational age and 

gender [48, 49]. These birthweight ranges are important due to link between fetal and infant growth 

with adulthood diseases. 

SGA infants are indicated to be at risk of later impaired cardiovascular health whilst the association 

with those born LGA is somewhat controversial [36]. Most SGA children make up for their 

intrauterine growth restriction with an early catch-up growth whilst the LGA’s will probably follow 

their natural genetic patterns with a catch-down growth [36]. Accelerated catch- up growth (more 
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rapid growth than expected rate of growth) especially in weight among SGAs has been related to 

adverse childhood cardiometabolic risk factors i.e. obesity, insulin resistance, and BP [50, 51]. 

Additionally, some studies have reported high insulin levels and insulin resistance, however, not 

fasting glucose levels in SGA and LGA children in comparison to those adequate for gestational 

age (AGA) [52, 53]. Elevated systolic blood pressure (SBP), has also been reported in SGA’s 

across the lifespan [29] and being born LGA has also been shown to increase the risk of high BP 

in adolescence [54], whilst increased CIMT, an indicator of atherosclerosis has been reported in 

SGA children [55].   

Though birthweight is seen as a proxy (marker) of the in utero milieu [35] it has however, been 

described as a crude measure of the effect of fetal nutrition on body composition, not an accurate 

indicator of fetal growth or experience in utero and also it does not indicate attainment of fetal 

genetic growth potential [27, 56], hence the real effect of fetal growth on subsequent disease is 

difficult to measure [57], in addition the magnitude of the effect varies for different risk factors. 

For instance, birthweight is suggested to be associated with considerable changes in indices of 

insulin resistance, but is it related with minor variations in BP [39]. It has been suggested that after 

an intra uterine insult the regulatory processes likely maintains homeostasis for a long duration 

until further injury occurs due to age, obesity etc. that sets into motion a self-perpetuating cycle of 

escalating functional loss. This is exemplified in the case of hypertension due to low nephron 

numbers at birth mostly associated with low birthweight [39, 58].  

Studies assessing the effect of birthweight on T2D, CVD, and hypertension risk in later life have 

reported different relationships [34, 59–63]. The relationship between birthweight and T2D is 

inconsistent in the literature, a meta-analysis reported that there may be an inverse relationship 

between low birthweight and T2D [64], with a suggestion that high birthweight (˃4000g) reduces 
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the risk of T2D [23, 65, 66], yet others have reported a U-shaped association indicating that low 

and high birthweight both could increase the risk of T2D [67–70]. The relationship between 

birthweight and CVD has also been inconsistent with either an inverse [19, 71, 72] or a U-shaped 

[59, 73] or no association [74], an inverse association has been mostly reported between birth 

weight and hypertension [63, 75, 76], however, others have suggested that birthweight may be of 

little relevance to BP in later life [77].  

  

2.1.1 Probable mechanisms of association between birthweight and birthweight by 

gestational age and offsprings cardiometabolic risk in later life  

Though clear mechanisms of association between birthweight and cardiometabolic diseases are yet 

to be elucidated, low birthweight has been associated with endothelial dysfunction [78, 79], a 

condition which precedes structural atherosclerotic alterations. Increased CIMT, an indicator of 

clinical atherosclerosis [80–82] has also been reported in growth restricted and SGA children [36]. 

Animal studies have shown vascular structural changes i.e. remodeling of aorta and mesenteric 

arteries, capillary rarefaction (reduced density of arterioles and capillaries within a vascular bed 

[83], high arterial stiffness, modifications in the composition and structure of the extracellular 

matrix of the vessels, reduced angiogenesis (reduced new blood vessel growth which impairs 

delivery of oxygen and nutrients to body tissues) in offspring of protein and caloric restricted dams 

[80, 84]. The fetal insulin hypothesis also explains the relation between impaired fetal growth and 

insulin resistance, diabetes and vascular disease. Fetal insulin resistance due to suboptimal in utero 

milieu can lead to low insulin-mediated fetal growth in utero and insulin resistance in childhood 

and adulthood [85]. There could be impaired angiogenesis in insulin-resistant fetal tissues with a 

defect in the production of nitric oxide. These can result in impaired vasodilation, reduced blood 
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flow, inadequately developed capillary circulation in vulnerable organs and a deficient 

endothelium-dependent vasodilation [80] which can alter the proper functioning of the heart.  

With regards to birthweight and T2D risk in later life the following mechanisms have been 

proposed: low birthweight infants with rapid postnatal weight gain are said to have a high fat mass 

in comparison to muscle which has been associated with insulin resistance [37], impaired insulin 

response to glucose [86] and also a high risk of T2D [39, 87]. It has been indicated that growth 

restricted offspring may have an impaired ability to secrete insulin due to decreased pancreatic 

islets. This may trigger an increased demand for insulin, when this demand exceeds the ability of 

the pancreas, overt diabetes could occur [88]. Adult rat offspring growth restricted in utero have 

been reported to have a low beta cell mass and pancreatic insulin level [88]. Growth restricted 

individuals also have an increased demand for insulin due to increased gluconeogenesis. Increased 

hepatic gluconeogenesis that precedes hyperglycemia has been reported in adult rats who 

experienced growth restriction in utero. Also increased expression of peroxisome proliferator-

activated receptor gamma (PPARγ) coactivator-1, a regulator of mRNA expression of glucose-6-

phosphatase and other gluconeogenesis enzymes, has been observed in the liver of growth 

restricted rat offspring, indicating that changes in hepatic glucose production can be attributable to 

alterations in intracellular signaling [88]. 

Glucose is transported into the muscle by the glucose transporter GLUT4, an action stimulated by 

insulin [88]. Offspring exposure to in utero undernutrition and its associated insulin resistance is 

linked to an impaired regulation of GLUT4 expression in muscle and adipose tissue after insulin 

stimulation [89]. Taken together, growth restriction is accompanied by alterations in the anatomy 

of the pancreatic islets as well as changes in intracellular insulin signaling pathways. These changes 
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limit the ability to produce insulin, with an attendant increased demand for insulin that can lead to 

glucose intolerance [88].   

Finally, in terms of birthweight and mechanisms that relate it to BP in later life, low birthweight 

has been associated with lesser cells in some vital organs i.e. the reduced number of nephrons in 

the kidney of low birthweight infants in relation to their body weight [80, 90]. It has also been 

suggested that hypertension in individuals born small at birth may occur due to decreased number 

of glomeruli, which leads to high blood perfusion through each glomerulus, subsequently this hyper 

infiltration could result in glomerulosclerosis and in association with normal age related loss in 

glomeruli can lead to increase in BP [80, 88, 90].  

 Taken together, evidence shows that especially low birthweight is associated with adulthood 

cardiometabolic diseases, probably promotion of adequate maternal nutrition could be beneficial 

in reducing impaired fetal growth and maybe the incidence of cardiometabolic disease. A summary 

of the mechanisms is shown in figure 1 below.  



THEORETICAL BACKGROUND 

10 

 

 

Figure 1 Effects of altered fetal nutrition on growth and maturation of fetal organ systems and their association with 

adulthood disease. (Adapted from [91]) 
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2.2 Relevance of advanced maternal and paternal age for cardiometabolic health in later 

life 

In developed countries there has been an increase in the number of women and men postponing 

child bearing to an advanced age [92]. The mean age at the birth of a first child is over 30 years in 

Germany and the UK [92, 93]. Advanced maternal age typically connotes pregnancy in a woman 

aged ≥35 years at the time of delivery [94, 95]. Although children born to both very young or 

teenagers and old mothers have been suggested to be at risk of adverse health outcomes i.e.  are 

shorter with higher mortality compared to those born to mothers aged 25 to 34 years [96] emphasis 

is placed more on advanced maternal age in this write up.  

A number of reasons has been cited for the postponement of pregnancy to an advanced age in 

women such as interest in higher educational attainment, availability of reliable contraception and 

rising economic uncertainty [97]. Notwithstanding these seeming benefits to women, it has been 

reported that advanced maternal age at child birth has adverse consequences for the woman and 

the child [92].  

Advanced maternal age has been linked to a progressive decline of the intrauterine environment as 

well as an impaired viability of embryos as a result of an age related reduction in quality of oocyte 

[98]. Thus women advanced in age have higher risk of pregnancy complications i.e. risks of 

miscarriage, preterm birth, stillbirth etc. [99, 100].  

Whilst some studies have found small or no evidence of an association between advanced maternal 

age and offspring adulthood health [101, 102], other studies have suggested that advanced maternal 

age is related to various adverse childhood and adulthood outcomes such as higher risk of 

hypertension [103], diabetes [104], cancer [105–107], obesity [96] and mortality [108]. 
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Assessment of the impact of advanced maternal age on adult offspring cardiovascular health, T2D, 

and hypertension is limited in human and epidemiological studies. Thus to better understand the 

abnormal cardiovascular function or otherwise associated to offspring born to women advanced in 

age, animal models are used. In a study that examined the long-term effect of cardiovascular 

programming in both male and female offspring born from animal models of advanced age rat 

dams, their young adult male offspring had impaired endothelial-dependent vascular relaxation and 

poor cardiac recovery following an ischemic insult, however, these effects were not observed in 

female offspring [109]. 

In a study that assessed the effect of maternal age on the risk of the offspring developing T2D 

between the ages 15 and 39 years reported a U-shaped association. The study showed that, 

compared with the baseline maternal age (25.5 years), the risk of T2D in offspring born to very 

young or old mothers was significantly higher [110]. Additionally, an epidemiological study has 

reported a higher fasting glucose levels in children of women advanced in age. Mean fasting 

glucose was higher by 0·06 mmol/L (–0·01 to 0·12) in children of mothers aged 35 years and older 

compared to 0·05 mmol/L (95% CI –0·01 to 0·10) in children of mothers aged 19 years and 

younger, there was not much alteration in the association after further adjustment for confounders 

[111]. 

Assessment of the link between maternal age and the risk of offspring BP among 5-7 years old 

children showed that both systolic blood pressure (SBP) and diastolic blood pressure (DBP) were 

higher in children born to mothers above 30 years old. A 10-year increase in maternal age was 

associated with a 1.00mm Hg (0.4-1.6) increase in offspring SBP [112]. Similarly, it has been 

reported that neonatal BP in the first day of life correlates with maternal age, infant SBP increased 

by 0.8 mmHg for every 5 year increase in maternal age [113]. However, a meta-analysis has 
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suggested that there is little evidence of an association between maternal age at child birth and 

offspring BP [103].  

Similar to women, emerging studies are showing that men are also delaying parenthood [101], 

however, whereas it is known that fetal exposure to suboptimal maternal factors in utero is more 

likely to contribute to adverse metabolic and CVD in later life, the association of adverse paternal 

factors e.g. advanced age with offspring later health is limited [114]. The “advanced fetal 

programming hypothesis” suggests that programming incidents linked to paternal genes could 

affect the fetal phenotype independent of the fetal genome [115]. The hypothesis also indicates 

that, paternal environmental factors (e.g. body composition, endocrine function, nutritional habits, 

and age) may affect the offspring phenotype via epigenetic imprinting processes in sperm as the 

changes in the paternal germline epigenome are passed on to the offspring [114, 116]. 

Advanced paternal age has been linked with a higher risk of adverse outcomes such as preterm 

birth, low birthweight [117], patent ductus arteriosus, a subtype of congenital heart defects [118] 

in the offspring.  

The mechanism underlying parental age and offspring outcomes is highly speculative. The adverse 

relationship between advanced maternal age and adult health could be due to the physiological 

reproductive aging of the mother. With age the physiobiological functioning of the female body 

necessary to sustain a healthy conception, fetal growth, low risk birth, and postnatal development 

degenerates [96] and also due to declining fecundity (the estimate of the number of gametes 

produced by an individual) [119]. The biological basis for the decline in fecundity are linked to 

accumulation of DNA damage in germ cells [119], decreasing oocyte quality [120], and placenta 

weakening [96]. Advanced maternal age could also lead to alterations in hormones and other 

physiological factors that alter the intrauterine milieu that can affect offspring health [96]. 
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Though the adverse effects of advanced maternal age on the offspring seem to be highlighted more, 

other studies have suggested that advance maternal age could have positive implications for 

offspring health. Older parents probably have access to greater resources and of a higher 

socioeconomic status, which are associated with improved offspring health [92]. Some 

complications associated with advanced maternal age and its effect for the mother and child are 

shown in figure 2 below.  

 

Figure 2 Implications of pregnancy at an advanced maternal age (Adapted from [94]) 
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2.3 Relevance of maternal early pregnancy BMI and GWG for cardiometabolic health in 

later life  

Parallel to the surge in global obesity in most populations, the prevalence of obesity (BMI ˃ 30 

kg/m2) among women of child bearing age is also increasing [121, 122]. The prevalence of maternal 

obesity among pregnant women in European countries is indicated to vary between 7 to 25% and 

is strongly associated with social and educational disparities [121]. On the basis of the US Institute 

of Medicine (IOM) guidelines, about 40% of pregnant women are suggested to gain excessive 

weight in western countries [123, 124].  

The intrauterine environment has been shown to play an important role in disease etiology of the 

offspring in later life, thus GWG is viewed as a simple measure of the state of the intrauterine 

environment and is considered an important determinant of maternal and child health outcomes 

[125]. For this reason, the IOM guidelines has proposed optimal ranges of maternal GWG 

according to a woman’s prepregnancy BMI (see table1). These recommendations were proposed 

based on evidence from observational studies linking high GWG to different adverse child and 

maternal health outcomes [123, 124].  

High maternal weight both before and during pregnancy is suggested to be associated with adverse 

offspring metabolic and cardiovascular outcomes in later life [126]. In general, maternal 

prepregnancy obesity, early-pregnancy weight gain (first trimester) [127], seem to be more strongly 

related to adverse maternal and offspring health outcomes compared to later high GWG [128, 129].  

However, the associations of maternal BMI and GWG with offspring health outcomes appears not 

to be limited to maternal obesity or excessive GWG only, but can be seen across the full-range of 

maternal BMI and GWG [124]. In a study among 5908 Dutch mother-offspring pairs, early-

pregnancy weight gain was associated with adverse childhood cardiometabolic profile (higher 
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BMI, total fat mass, android/gynoid fat mass ratio, abdominal subcutaneous fat mass and SBP) 

(OR 1.20 95% CI 1.07-1.35), independent of maternal prepregnancy weight and weight gain in 

later pregnancy [127]. A similar study among 977 mother–child pairs from Greece, showed that 

maternal first trimester weight gain was linked to a high risk of childhood obesity and a higher 

childhood DBP [129]. These studies suggests that early pregnancy weight gain, a period when 

GWG consists of largely maternal fat deposition and probably a state of adverse metabolic function 

[129, 130], there could be an interaction between this modified maternal in utero milieu with 

placental factors that can increase the fuel supplied to the fetus [31], thus  maternal weight gain in 

early pregnancy may represent a critical period for a possible adverse offspring cardiometabolic 

outcome [124].  

Most studies of maternal obesity in pregnancy and its relationship to offspring health outcomes 

(mostly obesity related outcomes) have been largely focused on childhood and adolescent periods 

[129, 131–134], with few studies available on the long-term health consequences of  maternal 

prepregnancy BMI or GWG on offspring cardiometabolic health factors in adulthood [135–137]. 

This could be due to limited cohort studies with the needed data for such long term health studies. 

Some studies assessing the impact of maternal weight during pregnancy on offspring adulthood 

health outcomes have shown some association with offspring cardiometabolic health. For instance, 

using birth records from the Helsinki Birth Cohort Study (HBCS) to study the relationship between 

maternal BMI during late pregnancy and offspring register-based long-term health outcomes, 

showed that increased maternal BMI in late pregnancy is an independent predictor of CVD and 

T2D among the offspring in adulthood [138]. Similarly, a study using birth records from 37,709 

participants, to assess whether maternal obesity during pregnancy was associated with mortality 

and hospital admissions from cardiovascular events (including both coronary events and other 

vascular events), showed that a higher maternal BMI (overweight or obesity) at the first antenatal 
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visit was linked to an increased risk of premature death and hospital admissions for cardiovascular 

events combined in adult offspring. The associations were not altered after adjusting for many 

confounders which seem to reflect the prenatal and postnatal environment such as maternal social 

class, maternal parity, gestation at delivery, maternal age at delivery, birth weight, current age and 

sex of offspring [139]. 

Furthermore, a study in a mother-offspring pairs of 308 Danish normal-weight women found that 

higher GWG up to 30 weeks of pregnancy was associated with higher HOMA-IR and insulin levels 

among 20 year-old male offspring only [135]. Likewise, among 32-year-old offspring, maternal 

pre-pregnancy BMI was positively associated with offspring insulin level whilst GWG was 

positively related with adiposity traits but not with insulin or glucose levels [136]. 

In terms of maternal weight during pregnancy and offspring BP in later life, in an Australian study 

among 2432 participants, higher maternal GWG was associated with a higher SBP in the offspring 

at 21 years old [137]. Also a study of 1400 mother-offspring pairs in Jerusalem reported that higher 

maternal prepregnancy BMI was related to a higher BP in their 32 years old offspring, whilst a 

higher GWG was positively related with high adiposity traits in adult offspring. However, offspring 

current BMI explained this association [136]. 

Of note, most of the relationship reported between maternal prepregnancy BMI and GWG with 

offspring adverse cardiometabolic outcomes seem to be largely mediated by offspring adiposity or 

body composition. However, there are suggestions that there could also be direct offspring 

cardiometabolic programming effects of maternal obesity during pregnancy [124, 136].  
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Table 1 Institute of medicine criteria for gestational weight gain 

Recommended gestational weight gain according to institute of medicine criteria 

Prepregnancy body mass index Recommended total gestational weight gain in kg 

Underweight (body mass index ˂18.5 kg/m2) 12.5-18 

Normal weight (body mass index ≥ 18.5-24.9 kg/m2 ) 11.5-16 

Overweight (body mass index ≥25.0-29.9 kg/m2)  7-11.5 

Obesity (body mass index ≥30.0 kg/m2) 5-9 

Recommended gestational weight gain guidelines according to women’s prepregnancy body mass index. (Adapted 

from IOM criteria [123])  

 

2.3.1. Possible mechanisms linking pregnancy weight with cardiometabolic risk in later life 

In spite of the fact that the mechanisms behind maternal early pregnancy BMI or excessive GWG 

with offspring cardiometabolic health in later life are yet to be elucidated, firstly, maternal 

prepregnancy BMI and weight gain in early-pregnancy are suggested to partly reflect maternal fat 

deposition [123]. Likewise, high weight in pregnancy has been associated with high levels of 

maternal inflammatory cytokines, non-esterified fatty acids, amino acids, fat deposition as well as 

increased glucose and insulin resistance [139–141]. These modifications may lead to higher 

placental transfer of maternal nutrients to the developing fetus usually termed as the 

“developmental overnutrition hypothesis,” can result in programming of offspring adiposity and 

subsequently adverse cardiometabolic health in later life [122, 132]. Data from animal studies 

seems to buttress the “developmental overnutrition hypothesis,” which suggests that such 

conditions during pregnancy can lead to permanent changes in appetite control, neuroendocrine 

functioning, and/or energy metabolism in the offspring that can contribute to risk of adiposity and 

cardiovascular risk factors in later life [142].  Structural alterations in the heart and vasculature of 

offspring has been observed in animal models in relation to maternal overnutrition and obesity 

during pregnancy. The alterations include endothelial dysfunction [143], increased sympathetic 

tone [144], and accumulation of connective tissue in the heart and myocardial fibrosis [145], such 
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changes can reduce contractile activity of the heart in the offspring, with a likelihood of 

susceptibility to long term cardiac dysfunction [139]. 

Secondly, pregnancy weight gain is associated with relative insulin resistance and other metabolic 

changes even among normal weight women but is more pronounced among overweight and obese 

women during pregnancy [146–148]. Though these modifications are intended for efficient 

transmission of energy to the fetus, it could also bring about altered glucose tolerance in the mother 

and this could have implications for the child [123]. In animal model studies, maternal obesity 

during pregnancy have been shown to be associated with increased maternal glucose transport to 

the developing fetus leading to higher fetal glucose exposure [124], and subsequently to fetal 

hyperglycemia, hyperinsulinemia, overgrowth of the pancreatic islets, and accelerated fetal β-cell 

development [149]. This accelerated fetal pancreatic maturation can alter the function of the 

pancreas [149] and may promote premature β-cell loss [124, 149]. It has been indicated that if such 

alterations in the pancreas does not revert to a normal state postnatal, it may contribute to altered 

insulin secretion, and diabetes in offspring in later life [149].  

In terms of link between obesity in pregnancy and offspring susceptibility to elevated BP in later 

life, animal model studies show that perinatal exposure to the metabolic milieu of maternal obesity 

may irreversibly alter the central regulatory pathways associated with BP regulation. Leptin which 

is involved in the activation of the efferent sympathetic pathways of the kidney is suggested to be 

involved in obesity-related hypertension [150].  A study in adult offspring of obese mice during 

pregnancy reported that the offsprings developed systolic and mean arterial hypertension at 3 

months old [143, 150]. Hypertension was also associated with high visceral adiposity and 

hyperleptinaemia. The study suggests that hypertension in the offspring was obesity‐related and 

also leptin‐mediated acting via the central sympathetic pathways [143]. Thus exposure to maternal 
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overnutrition in utero led to selective leptin resistance with increased sympathetic nervous system 

activity, which probably predisposed the offspring to hypertension in later life.  

Thirdly, high prepregnancy obesity or excessive GWG during pregnancy may lead to high birth 

weight with a likelihood of obesity in childhood and adulthood. Thus high maternal weight during 

pregnancy may lead to tracking of body weight and adiposity in life with probable risk of adverse 

cardiometabolic risk in later life [124, 151].  

Lastly, epigenetic alterations due to exposures in early life have been indicated as a probable 

mechanism involved in cardiovascular and metabolic developmental adaptations. Epigenetic 

modifications of placental genes due to maternal obesity during pregnancy has been reported in 

some human studies [152], similarly, maternal weight gain in early pregnancy has also been 

suggested to be related to epigenetic changes in offspring cord blood [153]. Taken together, there 

could be a number of mechanisms involved in the intra-uterine pathways associating maternal 

obesity and excessive weight gain during pregnancy to offspring adverse health outcomes in later 

life [124]. Figure 3 shows the conceptual model for potential underlying mechanisms for the 

association of maternal obesity during pregnancy with adverse cardiovascular and metabolic health 

outcomes in offspring.  
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Figure 3 Maternal obesity during pregnancy and offspring developmental adaptations and potential underlying 

mechanisms for offspring adverse cardiometabolic risk (Adapted from [124])  
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2.4. Relevance of breastfeeding for cardiometabolic health in later life  

There is evidence relating nutrition in early postnatal life to health in adulthood [154, 155]. Some 

early reports from the British Medical Association suggested that early life nutrition plays a role in 

setting the risk of diseases such as CHD, T2D, etc. in later life [154, 156]. The World Health 

Organization in recognition of this recommends breastfeeding in infancy to protect against adverse 

adult health outcomes [157]. Breastfeeding in childhood has been associated with protective effects 

on CVD risk [158, 159], lower rates of T2D, [160, 161], reductions in BP [162] in adulthood.  

Breastmilk contains hormones and growth factors that may be necessary for the development of 

the cardiovascular system [159]. Breastmilk has low protein and energy content and though high 

in fat, breastfed infants have slower weight gain in infancy than formula fed infants [163]. Thus 

the suggested beneficial effects of human milk on cardiovascular health may be due to the slower 

growth observed in breastfed infants compared to the accelerated growth in formula fed infants 

[159, 163]. However, evidence from the literature on breastfeeding and long term health outcome 

is bedeviled with methodological challenges. Besides the fact that most of the evidence is from 

observational studies mostly comparing breastfed infants with formula fed infants, information on 

infancy breastfeeding is sometimes based on self-report, it can also be susceptible to the effects of 

confounding because some maternal and infant factors such as socioeconomic status, maternal pre‐

pregnancy BMI, birthweight are related with infant breastfeeding and offspring outcomes i.e. 

diabetes etc. [154, 164, 165].  

Evidence from studies assessing the association of breastfeeding and risk of CVD, T2D and 

hypertension have been inconsistent. In a historic cohort study with a 65-year follow-up, that 

assessed the association between breastfeeding and atherosclerosis measured by arterial ultrasound 

in 63- to 82-year-old participants in the Boyd Orr cohort, reported that breastfeeding in infancy 
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was associated with a reduction in CIMT in adulthood (CIMT; difference 0.03 mm; 95% CI, 0.07 

to 0.01) compared to bottle-feeding in a model adjusted for age and sex. Further adjustments for 

childhood and adulthood socioeconomic factors as well factors likely to be on the casual pathway 

did not alter this finding [158]. However, other studies have also reported no relationship between 

breastfeeding and CHD [166, 167], whilst others have suggested prolonged breastfeeding could 

even be detrimental to arterial distensibility in adulthood, a marker of CHD [168] and a positive 

relationship between breastfeeding and CHD mortality (hazard ratio: 1.73, 1.17 to 2.55) and 

incidence (1.54, 1.17 to 2.04) [169]. 

In terms of the association between breastfeeding and T2D, observational studies have shown that 

breastfeeding moderately protects against T2D in adulthood [160, 161]. In a prospective study that 

followed 6,044 individuals from the Copenhagen Perinatal Cohort to assess whether the duration 

of breastfeeding in infancy was linked with the risk of T2D in adulthood, showed that compared 

with infants breastfed for a short duration (≤0.5 month), those breastfed for a longer duration (>4 

months) had a 51% reduced risk of T2D (HR = 0.49; 95% CI [0.32, 0.75]), suggesting a duration‐

response effect. However, after adjustment for prenatal and postnatal factors of both infant and 

mother, the inverse relationship between the duration of breastfeeding and risk of T2D in adulthood 

was altered and no longer significant at 31% reduced risk (HR = 0.69; 95% CI [0.44, 1.07]), thus 

likely suggesting that these factors may have confounded the association [165]. Evidence from a 

systematic review also showed that children and adults breastfed tended to have a lower mean 

fasting insulin levels compared to formula-fed individuals, with a likelihood of differences in 

insulin resistance between the breastfed and formula-fed individuals. However, these variations are 

moderate and not significant, probably due to the effect of confounding [155]. Other studies have 

also reported no relationship between breastfeeding in infancy and insulin resistance or T2D in 

later life [169, 170]. 
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With regards to breastfeeding and BP, some meta-analyses have reported beneficial effects of 

breastfeeding compared to formula feeding on SBP and DBP in later life, Martin et al showed that 

SBP was lower in breastfed compared with bottle-fed infants with an estimate pooled difference of 

–1.4 mmHg, 95% confidence interval (CI): –2.2, –0.6), the reduction in DBP was a pooled 

difference of –0.5 mmHg, 95% CI: –0.9, –0.04) [171], similar observation was made by Owen 

[172] but there was evidence of heterogeneity between study estimates. There was also the concern 

of selective publication of small studies with positive findings, which may have overestimated the 

reported beneficial effect of breastfeeding in infancy on BP in later life. Results from larger studies 

seem to suggest that breastfeeding in infancy has a modest effect on BP [172]. Other studies have 

reported no association between breastfeeding and BP [159, 173]. 

 

2.4.1 Likely mechanisms linking breastfeeding with cardiometabolic risk in later life 

The biological plausibility associating breastfeeding in infancy with a protective effect on 

adulthood CVD is not clearly defined and is speculative. However, it has been proposed that 

breastmilk has beneficial effects on the endothelium due to the long-chain polyunsaturated fatty 

acid (LC-PUFA) in breast milk, that are structural components of the vascular endothelium [174]. 

Incubation of cultured endothelial cells in breast milk has been shown to increase the production 

and release of vasodilating prostanoid [175]. The LC-PUFA can also act as an anti-atherosclerotic 

agent by suppressing pro-inflammatory cytokines [176]. Thus, the components of breastmilk could 

result in structural and functional alteration in the vascular endothelium that enhance normal flow-

mediated dilation responses later in life [177]. 

 Similarly, long-chain polyunsaturated fatty acids such as docosahexaenoic acid (DHA) and 

arachidonic acid (AA) in breastmilk have been suggested as probable links explaining the effect of 
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breastfeeding on risk of T2D. Breastfeeding results in increased LCPUFAs levels in skeletal muscle 

membrane, breastfeeding and the resultant increased LCPUFAs levels are also inversely associated 

with fasting glucose. Additionally, studies show that low levels of DHA and other LCPUFAs in 

skeletal muscle membrane phospholipid are associated with insulin resistance and obesity in adults 

[178]. Thus is it possible that early changes in skeletal muscle membrane as a result of LCPUFAs 

saturation may be protective against insulin resistance, β-cell failure, and T2D [178–180]. 

Additionally, breastfed infants and formula fed ones differ in insulin secretion and the risk of 

obesity which could programme for T2D in later life. Infants fed formula have higher levels of 

insulin which can increase the likelihood of β-cell failure and T2D [179, 181]. 

In terms of the link between breastfeeding and BP, studies suggest that alteration in insulin-like 

growth factor-1 (IGF1) level is linked to changes in BP: IGF1 levels in the upper normal range are 

linked to reduced BP [182]. Nutrition in early life has an effect on IGF1 levels and breastfeeding 

has been shown to be positively associated with IGF1 [183]. It is possible that IGF1 programming 

maybe a pathway for the programming of later BP by breastfeeding [179]. IGF1 has been suggested 

to have vasodilator effects mediated through stimulation of nitric oxide synthesis by endothelial 

and vascular smooth muscle cells (SMCs) as well as the ability to stimulate vascular SMCs 

migration and proliferation [182].  
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2.5 Relevance of outcome variables (risk markers) for cardiometabolic disease 

In this thesis a number of cardiometabolic risk markers were considered as outcome variables; their 

relevance for cardiometabolic diseases are described in the proceeding sections below. 

2.5.1 Carotid intima media thickness (CIMT) as a marker of cardiometabolic disease  

CVD is the leading cause of morbidity and mortality globally and an essential component of the 

cost of medical care with immense costs on health systems [184, 185]. In 2017, CVD resulted in 

over 17 million deaths, 330 million years of life lost and 35.6 million years lived with disability 

globally [186, 187]. Though over the last decade’s mortality rates from CVD declined by 27.3%, 

the number of deaths rose by 42.4% from 1990 to 2015 [188], it is projected that CVD would 

continue to be the cause of more than 23 million deaths in 2030 around the globe [189].  

Atherosclerosis is a gradual inflammatory condition that begins early in life and progresses over 

prolonged periods of time. It forms the pathophysiology underlying a number of  cardiovascular 

events [190, 191], with subclinical arterial wall modifications that precede clinical manifestation 

of CVD [192]. Arterial wall thickness is suggested to indicate atherosclerosis and subclinical CVD 

risk [191]. It has been shown that an early structural alteration that can be detected in 

atherosclerosis is an increase in CIMT and such early structural anomalies of the arterial walls can 

be assessed using B-mode ultrasonography [192]. Thus CIMT a marker of subclinical 

atherosclerosis (asymptomatic organ damage) [191] can be assessed with B-mode ultrasonography, 

a simple, noninvasive technique that can detect early stage atherosclerosis [82]. Assessment of 

CIMT as a proxy of subclinical atherosclerosis early in life can help in early initiation of preventive 

measures that may delay the development of clinical CVD. Thus the American Heart Association 

(AHA) encourages noninvasive assessment of CVD risk early in life to enhance early identification 

of high risk individuals before clinical CVD emerges [191, 193]. 
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Evidence from studies in older subjects shows that an increased CIMT predicts the risk of 

atherosclerosis in the coronary and peripheral arteries [82, 194, 195] and in young adults high 

CIMT is related with  cardiovascular risk factors such as age, sex, BMI, SBP, total cholesterol, 

low-density lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C), 

diabetes mellitus [196, 197], also with an increased risk of developing stroke or myocardial 

infarction, independent of established cardiovascular risk factors [191].  

Though CIMT is considered as a surrogate marker of atherosclerosis, increased CIMT could be 

due to other events such as intimal or medial hypertrophy or both, an adaptive response to 

alterations in flow, wall tension, or lumen diameter [198, 199]. Additionally, CIMT increases with 

increasing age, even in the absence of overt atherosclerosis, due to thickening of both the intimal 

and medial layers. Also CIMT values vary with sex, males usually have a higher CIMT compared 

to females. Among a large healthy cohort from Argentina, age –specific reference intervals CIMT 

values of 0.577 ± 0.003 mm, 0.566 ± 0.004 mm was reported for males and females respectively, 

with a similar pattern in other populations [200, 201]. 

Thus, thickening of the intimal-medial characterizes arterial wall aging that is not synonymous 

with subclinical atherosclerosis, but is linked to it because the cellular and molecular changes that 

are fundamental to intimal medial thickening have been indicated in the development of 

atherosclerosis. Taken together, carotid wall thickening is not a confirmation of atherosclerosis, 

especially when there is no presence of plaque. It depicts subclinical vascular disease, the basic 

pathophysiology that explains why CIMT is a risk factor and a marker of CVD risk [202, 203].  

Additionally, even though measurement of CIMT is recommended for cardiovascular risk 

assessment, there has been concerns about its added value to the Framingham risk factors for 

cardiovascular-risk prediction. However, it has been shown that addition of CIMT improves the 
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predictive value of the Framingham risk score [204]. Hence the American Society of 

Echocardiology concluded in their consensus statement that ultrasonic CIMT measurements can 

be valuable for refining CVD risk assessment in asymptomatic patients, it could aid in the 

identification of patients at increased risk of CVD. However, attention should be paid to issues on 

quality control in image acquisition, measurement, interpretation, and reporting which are 

important for implementation of the technique in clinical practice [202]. Similarly, an update of 

the Mannheim IMT Consensus Document (2004-2006-2011) that sought to address issues of 

standardization of CIMT measurements and to clarify problems related to the classification of early 

atherosclerotic lesions concluded that CIMT and plaques both indicate increased vascular risk. The 

presence of plaque shows a higher risk compared to CIMT predictive values. However, CIMT 

without plaque is still a significant marker of a high risk of vascular events [192]. 

 

2.5.2 Measurement of CIMT 

There are various techniques for measuring CIMT, however, B-mode ultrasonography, a high-

resolution technique is one of the best methods used to detect early stages of atherosclerotic disease. 

It outlines the arterial wall structure with better resolution than similar techniques (e.g. magnetic 

resonance imaging or radiographic techniques). B-mode ultrasonography is a noninvasive, safe, 

sensitive, easily performed, reproducible, somewhat cheaper and a widely available method for 

ultrasonographic scanning of the common carotid artery (CCA). CIMT measurements are obtained 

with the patient lying in the supine position and with the neck rotated to the opposite side of 

examination [205]. The IMT is a double-line pattern visualized by echography on both walls of the 

CCA in a longitudinal image. Two parallel lines, which consist of the leading edges of two 

anatomical boundaries, the combined thickness of the lumen-intima and media-adventitia 
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interfaces form the IMT [192, 206]. Figure 4 shows the location of CIMT and its measurement. 

Taken together, CIMT is a predictor of subclinical atherosclerosis and has been associated with 

some early life factors. 

 

 

 

 

 

 

Angles for intima media thickness 

measurement: A. transversal angle, B. 

posterolateral; C. anterolateral. The 

dashed lines represent the 

sternocleidomastoid muscle [205].  

 

Location of IMT: distance between the lumen-intima 

(yellow line) and media-adventitia (pink line) 

interfaces [192]. 

IMT measurement in the diastole 

[192].  

Figure 4 Location of carotid intima media and its measurement 
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2.6 Insulin resistance as a marker of cardiometabolic disease 

The number of people with diabetes has increased globally over the past three decades, with 90% 

having type 2 diabetes mellitus (T2DM), which has been classified as the ninth major cause of 

death [207]. Though one’s genetic disposition and a sedentary lifestyle are major contributors to 

the current surge in cases, early life factors (intrauterine exposures) have been suggested to play a 

role in susceptibility to T2DM in later life [207]. T2D is a chronic metabolic disorder associated 

with persistent hyperglycemia. It is characterized by dysfunction in beta-cell insulin secretion and 

resistance or low insulin sensitivity to peripheral actions of insulin leading to chronic 

hyperglycemia [208, 209].  

Though the specific mechanisms involved in the development of insulin resistance is not clearly 

defined, a number of mechanisms have been suggested i.e. (i) accumulation of ectopic lipid 

(intramyocellular triglyceride and intrahepatic lipid), these fatty acids alter insulin-mediated 

glucose uptake in muscle by inhibition of pyruvate dehydrogenase leading to reductions in glucose 

oxidation [210], (ii) impaired GLUT4 function (affects rate of body glucose disposal), (iii) chronic 

low-grade inflammation due to pro-inflammatory cytokines (tumor necrotic factor- α (TNF-α)) and 

interleukin-6 (IL-6))- interfere with insulin signaling and insulin action in adipocytes and 

hepatocyte, (iv) endoplasmic reticulum stress and (v) oxidative stress have all been indicated to 

alter insulin signaling and contribute to insulin resistance [211, 212]. Following insulin resistance 

in peripheral tissues (muscle, liver, adipose tissue), β cells in the pancreas increase insulin secretion 

with an attendant hyperinsulinemia [213]. This further exerts damaging effects i.e. glucotoxicity 

(damage to pancreatic beta-cell due to excessive exposure to glucose as a result of dysfunctional 

glucose disposal in insulin resistant peripheral tissues), lipotoxicity (beta-cell destruction due to 

excessive exposure to lipids-free fatty acids due to impaired lipolysis in insulin resistant adipose 
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tissue) or combinations of both lipoglucotoxicity and inflammation leading to loss of beta-cell 

function and eventually leads to overt T2D [208, 214, 215]. 

Due to the contribution of insulin resistance in the pathophysiology of T2D and other metabolic 

disorders, quantifying insulin resistance is essential in epidemiological studies. Various methods 

exist for the assessment of insulin resistance or insulin sensitivity. The hyperinsulinemic 

euglycemic clamp is considered the reference standard for direct measurement of insulin 

sensitivity. Insulin is infused intravenously at a constant rate after an overnight fast, which leads to 

a new steady-state insulin level which is above the fasting level (hyperinsulinemia). As a result, 

glucose disposal in skeletal muscle and adipose tissue is increased, however, hepatic glucose 

production is suppressed. A glucose analyzer is then used to regularly access blood glucose levels. 

This method has the advantage of directly measuring whole body glucose disposal at a given level 

of insulinemia under steady-state conditions, however, it is expensive, time consuming, labor 

intensive, and needs an experienced person to undertake the procedure, thus not suitable for large 

scale studies [216]. Other surrogate simple indexes used to assess insulin resistance are the 

Homeostasis Model Assessment (HOMA) which estimates fasting steady state levels of plasma 

glucose and insulin for any given combination of pancreatic β-cell function (HOMA%B) and 

insulin sensitivity SI (HOMA%S) as percentages of a normal reference population. HOMA 

measurement correlates well with that of the reference standard and is widely used [216–218]. The 

quantitative insulin sensitivity check index (QUICKI) obtained by logarithmic-transformed fasting 

plasma glucose and insulin concentration gives a reliable, reproducible, and accurate index of 

insulin sensitivity, it compares well with the gold standard [219]. Finally, the measurement of 

glycated haemoglobin (HbA1c) which indicates the average blood glucose level over the preceding 

2 to 3 months is also recommended for diagnosis of diabetes and it is also a risk factor of 

cardiovascular outcomes in diabetic and non-diabetic populations [220]. 
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Insulin resistance or impaired insulin sensitivity is a key feature in the etiology of T2D [221, 222] 

and also an essential component in the pathogenesis of many other diseases, i.e. the metabolic 

syndrome, nonalcoholic fatty liver disease (NAFLD), atherosclerotic heart disease [210] and 

hypertension [223]. Thus insulin resistance is an important risk marker for cardiometabolic 

diseases.  

2.7 Hepatic steatosis as a marker of cardiometabolic disease 

Hepatic steatosis or fatty liver disease refers to excessive accumulation of fat in hepatocytes [224], 

and can develop into NAFLD, which is the presence of hepatic steatosis affecting >5% of 

hepatocytes after elimination of secondary causes of hepatic fat accumulation i.e.  excessive 

significant alcohol consumption, long-term use of steatogenic medication (e.g. corticosteroids, 

amiodarone, methotrexate), hereditary disorders (e.g. Wilson’s disease, alpha-1 antitrypsin 

deficiency) etc. [225, 226]. NAFLD is the most common chronic liver disease in developed 

countries with rising incidence and prevalence leading to enormous clinical and economic burden 

[226, 227].  

Liver biopsy with histological assessment is the gold standard for the diagnosis of NAFLD mostly 

used in severe cases. However, this method is complicated to undertake and sampling variability 

has been reported for liver histologic assessment which can affect the diagnostic performance of 

liver biopsy specimens [228–230]. Non-invasive techniques for quantifying liver fat include 1H-

magnetic resonance spectroscopy (1H-MRS), ultrasound and computed tomography etc. But these 

techniques are expensive and require considerable time and are not always available. Thus 

relatively simple tests using routine laboratory and anthropometric parameters have been 

developed to assess liver fat. The fatty liver index (FLI) [231] and the hepatic steatosis index (HSI) 
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[232] are commonly used and seem to produce satisfactory results when validated against 

ultrasound [228]. 

The actual mechanisms involved in the pathogenesis of hepatic steatosis are not clearly defined, 

however, evidence from recent studies show that apart from lifestyle factors, genetics, age, sex 

ethnicity, epigenetics and nutritional factors may affect one’s susceptibility to NAFLD [233, 234]. 

Several multifactorial events have been indicated to be involved in the development of hepatic 

steatosis, for instance, under normal conditions the liver does not store triacylglycerol (TAG) but 

in instances of obesity and abnormal lipid metabolism, (i) ectopic hepatic lipid accumulation occurs 

contributing to high rates of lipolysis and gluconeogenesis, (ii) enhanced mitochondrial oxidative 

metabolism leading to oxidative stress and liver damage [235, 236]. Intrahepatic fat and visceral 

fat are suggested to be independently associated with metabolic dysfunctions [237]. Intrahepatic 

fat is also linked to multi organ insulin resistance and could be directly associated with the 

dyslipidemia associated with hepatic steatosis [238]. Dyslipidemia and hyperglycemia are also 

linked to fatty liver [239]. In a similar vein, hepatic lipid accumulation is also related with 

lipotoxicity as a result of increased endoplasmic reticulum stress, mitochondrial stress and selective 

degradation of the mitochondria due to stress [235], similar to mechanisms linked with insulin 

resistance. Taken together, increased hepatic TAG could trigger metabolic dysfunction leading to 

insulin resistance, dyslipidemia, CVD, and progression of simple steatosis to nonalcoholic 

steatohepatitis (NASH)- which is the presence of hepatic steatosis and inflammation with 

hepatocyte injury with or without fibrosis and other severe forms of liver disease [240].  

With regards to importance of hepatic steatosis as a risk marker of cardiometabolic diseases, of 

note NAFLD is thought to represent the hepatic manifestation of metabolic dysfunction and is 

strongly related to various metabolic risk factors, i.e. insulin resistance, dyslipidemia, T2D, CVD, 



THEORETICAL BACKGROUND 

34 

 

hypertension and obesity [226, 241, 242]. Additionally, in recognition of the need to transform the 

diagnosis of NAFLD to reflect the metabolic basis in its pathophysiology and to enhance diagnostic 

clarity in clinical circles, research and clinical trials, the term metabolic dysfunction associated 

fatty liver disease (MAFLD) was lately suggested by some international experts. The definition of 

MAFLD requires evidence of hepatic steatosis in addition to metabolic syndrome, or at least two 

features of metabolic dysfunction (overweight or obesity, high waist circumference, systolic or 

diastolic arterial hypertension, hypertriglyceridemia, low plasma HDL-C, T2DM or prediabetes, 

homeostasis model assessment of insulin resistance (HOMA-IR) score ≥2.5 or high-sensitivity C-

reactive protein level >2 mg/L) [233, 243].  

NAFLD has been indicated as an independent predictor of CHD and its risk factors, insulin 

resistance, dyslipidemia and altered flow-mediated vasodilation [244]. Hepatic steatosis has been 

linked with high CIMT in patients diagnosed with NAFLD [245]. Similarly, high levels of some 

liver enzymes i.e. gamma-glutamyltransferase (GGT) aspartate aminotransferase (AST) and 

alanine-aminotransferase (ALT)-surrogate biomarkers of NAFLD, which are possible predictors 

of CVD have been reported in patients with NAFLD and T2D [245]. Additionally, it has been 

reported that carotid atherosclerosis occurs earlier in individuals with NAFLD than in those without 

it [241, 245].  

The mechanisms that link NAFLD to CVD are said to be complex and both seem to be indications 

of end-organ damage of the metabolic syndrome. Thus the specific role of NAFLD in predisposing 

one to a high CVD risk is difficult to ascertain due to the shared risk factors [226]. Briefly, high 

lipid uptake and increased de-novo lipogenesis (DNL) in NAFLD leads to increased accumulation 

of triglyceride in the liver with an attendant increased triglyceride-enriched very-low-density 

lipoprotein (VLDL) production. The high VLDL levels sets in motion an array of plasma 
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lipoprotein abnormalities and an atherogenic dyslipidemia, characterized by high serum 

triglycerides and low levels of HDL-C, including an atherogenic lipoprotein phenotype, mainly 

small dense low-density lipoprotein (LDL), and an accumulation of triglyceride-rich lipoproteins 

and intermediate-density lipoprotein (IDL) [246–248]. The triglyceride-rich lipoproteins 

containing apolipoprotein in turn, activate inflammatory cytokines such as IL-1 to IL-6 to CRP (C-

reactive protein) with subsequent vascular inflammation and atherosclerotic CVD [226].   

NAFLD is also closely associated with both hepatic and peripheral insulin resistance which in turn 

increases the risk of T2D. The relationship between NAFLD and insulin resistance could be due to 

liver fat accumulation that could originate from insulin resistance and hyperinsulinaemia [242, 249] 

or due to direct availability of excessive lipid which leads to insulin resistance [224]. The presence 

of NAFLD assessed by ultrasonography has been linked to a 2-to 5- fold risk of T2D, after 

adjustment for a number of lifestyle and metabolic covariates [250]. Whilst resolution of fatty liver 

was linked with a considerable reduced risk in the development of T2D, comparable to a level 

similar to individuals without NAFLD [251].    

The role of NAFLD in the onset of hypertension is an ongoing debate, however various cross 

sectional studies, some of which diagnosed NAFLD ultrasonographically, have shown that the 

presence and severity of NAFLD are linked with increased BP and both prehypertension and 

hypertension among various populations, independent of cardiometabolic risk factors  However, 

no causal associations could be established due to the cross-sectional study design of these studies 

[252–255]. Similarly, some longitudinal studies have also shown that NAFLD diagnosed with 

surrogate scores, i.e. FLI was prospectively related with hypertension [256, 257]. However, there 

is the limitation of non-direct measurement of intrahepatic fat content in these studies. Taken 

together, these studies indicate an association between NAFLD and hypertension.  In conclusion 
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the available evidence shows that NAFLD somewhat contributes to the risk of cardiometabolic 

diseases. 

 

2.8 Chronic subclinical inflammation as a marker of cardiometabolic disease 

Chronic low-grade inflammation is mostly associated with obesity [258] and is triggered by 

persistent low-grade activation of the innate immune system, mostly in the visceral and ectopic 

adipose tissues by chemokine activated adipocytes and macrophage infiltration [259]. The 

infiltration of immune cells leads to the production of cytokines which act as an endocrine mediator 

[260] enhancing pro-inflammatory, diabetogenic, and atherogenic processes [259]. 

Obesity associated low-grade inflammation is often referred to as meta-inflammation or metabolic 

inflammation due to its close link with metabolic diseases [260], and has been suggested to 

contribute to the pathophysiology of a number of diseases [261] i.e. CVD [262], insulin resistance, 

BP [263], NAFLD, T2D [264] etc. Inflammatory markers associated with cardiometabolic diseases 

include the pro-inflammatory IL-6, IL-18, TNF-α, CRP [265], leptin [266], chemerin [267, 268] 

and the anti-inflammatory adiponectin (both beneficial and adverse effects of adiponectin have 

been reported on disease risk) [269]. The potential relevance of these markers in cardiometabolic 

disease is shown in table 2 below.  

Though low grade chronic inflammation has been linked to disease risk, there are currently no 

standard biomarkers for showing the presence of health damaging chronic inflammation. However, 

research evidence shows that established biomarkers of acute inflammation predict morbidity and 

mortality, hence it may be used to index age-related systemic chronic inflammation [270, 271]. 

But, though inflammatory activity tends to be higher with older age, this is not true for all 

inflammatory markers. Thus, to resolve the limitations of assessing only a few select inflammatory 
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biomarkers, an approach that assays large numbers of inflammatory markers and combines these 

markers into more robust indices that symbolize heightened inflammatory activity is used [270, 

272]. 

Chronic inflammation in adulthood maybe linked to exposures in early life which persist across 

the life course that affect adulthood health outcomes [270]. Exposures to maternal factors (diet, 

physical activity, smoking during pregnancy) may lead to epigenetic alterations in the offspring 

that can increase the offspring risk of obesity, low-grade chronic inflammation and associated 

disease risk in adulthood [270]. Maternal obesity promotes uterine inflammation and cytokine 

secretion that denotes metabolic inflammation characterized by increased circulating 

proinflammatory cytokines and adipose tissue macrophage accumulation. The proinflammatory 

state could extend to the placental area creating a proinflammatory intrauterine milieu [273, 274]. 

Low birthweight and shorter breastfeeding duration have both been linked to higher CRP 

concentrations - a marker of inflammation associated with increased risk for cardiovascular and 

metabolic diseases in young adulthood [275].  

Low grade inflammation has been implicated in various pathophysiological stages of 

cardiometabolic diseases [276]. For instance in atherosclerosis, chemokines and cytokines initiate 

and promote atherosclerosis through various processes including (i) increased chemokine 

production and enhanced expression of endothelial cell adhesion molecules such as intercellular 

adhesion molecule-1 (ICAM-1), (ii) driving additional recruitment of leucocyte into the sub intimal 

space, (iii) uptake of cholesterol lipoproteins and fatty streak formation, (iv) initiation of smooth 

muscle cell proliferation and (v) inducing plaque instability and ultimate rupture [275–277].  

Activation of chronic pro-inflammatory pathways in target cells of insulin action have been 

suggested in insulin resistance and T2D [278]. Inflammatory activities in the pancreatic islets, 
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adipose tissue hypertrophy, and the presence of increased proinflammatory cytokines and 

macrophage infiltration have been reported in patients with T2D [258, 276]. Local inflammation 

in target cells of insulin action with the production of cytokines i.e. TNF-α, IL-6 and IL-1b impair 

the insulin signalling cascade and can lead to insulin resistance [276]. This local inflammatory 

processes can also activate apoptosis of cells in the pancreas, which reduces the mass of functional 

pancreatic islets which can develop into T2D [258]. 

Inflammation is suggested to play a role in the development of hypertension, with reports of higher 

proinflammatory cytokines observed in hypertensive patients compared to normotensive 

individuals [279]. Higher plasma CRP [280], IL-6 and TNF-α [281] levels have been reported in 

hypertensive patients and are also risk factors for overt hypertension.  

A potential mechanism by which chronic inflammation may stimulate hypertension could be 

endothelial dysfunction [282]. The endothelium, a single cell layer that lines the luminal surface of 

blood vessels regulates vascular tone and structure. Nitric oxide obtained from endothelial nitric 

oxide synthase (eNOS) is essential in this vascular tone regulation. Nitric oxide from endothelial 

cells also contributes to smooth muscle relaxation and eventually vasodilation [282]. Hence 

endothelial dysfunction may induce increased systemic vascular resistance that can culminate into 

hypertension, which is presented as impaired endothelium-dependent vasodilation as a result of an 

imbalance between vasoconstrictors and vasodilators [282].  

Chronic inflammation can also activate oxidative stress, which has been linked to hypertension 

[283]. Though reactive oxygen species (ROS) may aid in the preservation of vascular tone and 

therefore protect against circulatory collapse during severe infection. However, abnormal release 

of ROS activated by immune cells when no hemodynamic insult is evident can initiate pathologic 
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rise in BP [283]. Taken together, chronic low-grade inflammation plays a role in cardiometabolic 

diseases. 

Table 2 selected inflammatory mediators with potential relevance to cardiometabolic diseases 

Inflammatory 

mediators 

Probable role in cardiometabolic diseases or risk factors 

CRP 

 

 Consistently associated with increased risk of CVD and T2D 

 Enhances expression of cell adhesion molecules 

 Leucocyte recruitment into sub intimal space  

 Uptake of cholesterol lipoproteins and fatty streak initiation  

 Smooth muscle loss 

 Destabilization of atherosclerotic plaques 

IL-6 

 

 

 Predicts cardiovascular risk  

 Induces CRP production  

 High levels correlate with endothelial dysfunction and subclinical atherosclerosis  

IL-18 

 

 

 Associated with obesity, insulin resistance, hypertension, dyslipidemia and metabolic 

syndrome 

 Elevated levels predict development of T2D 

 Highly expressed in atherosclerotic plaques: plaque macrophages and unstable plaques 

 Thinning or inhibition of the fibrous cap formation, resulting in vulnerable, rupture-

prone plaques 

 Contributes to plaque destabilization  

TNF-α  Correlate with adiposity and insulin resistance 

 Associated with CVD 

Leptin 

 

 

 High levels associated with hypertension and insulin resistance 

 Predictor of high CIMT  

 High levels linked to features of plaque instability  

Chemerin 

 

 

 Pro-inflammatory and anti-inflammatory roles in immune process  

 Associated with metabolic syndrome, T2D and obesity  

 Positively correlates with BMI, fasting insulin, leptin and CRP  

 Correlates with insulin resistance, adipose tissue and liver inflammation  

Adiponectin   Positive correlation with skeletal muscle and liver insulin sensitivity 

 Negative correlation with inflammatory markers 

 High levels predict reduced risk of T2D 

 Genetic data suggest no cause–effect relationship between low levels and T2D 

Abbreviations: CRP- c-reactive protein; IL- interleukin; TNF- tumor necrosis factor. Information presented in the table 

is based on [266, 268, 269, 284–291].  

  

https://www.sciencedirect.com/topics/medicine-and-dentistry/endothelial-dysfunction
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2.9 Elevated blood pressure as a risk marker of cardiometabolic disease 

Though a number of modifiable risk factors namely smoking, dyslipidemia etc. have been linked 

to CVD, high BP is suggested to be one of the most important risk factors and also that which 

presents the strongest evidence for causation [292–296]. High BP is defined as SBP ≥140 mmHg 

or DBP ≥90 mmHg [297]. Hypertension or high BP is the leading preventable cause of CVD 

mortality and disease burden in most regions of the world [297]. The prevalence of hypertension 

has increased from 2000 to 2010 mostly in low- and middle-income countries (LMICs). About 

31.1% of adults (1.39 billion) worldwide had hypertension in 2010, with the prevalence higher 

among adults in LMICs (31.5%, 1.04 billion people) compared to high-income countries (28.5%, 

349 million people) [298, 299]. 

High BP is also a predictor of T2D, hypertension and T2D usually have common risk factors and 

these conditions often coexist [300]. Evidence from longitudinal studies show that high BP is a 

significant predictor of T2D [301–304]. Evidence also indicates that a suboptimal prenatal and 

early postnatal environment can lead to a high risk of hypertension later in life [305].  

The pathophysiological mechanisms that associate high BP with cardiometabolic diseases (CVD 

and T2D) are yet to be clearly elucidated, however, some hypotheses have been proposed. High 

BP has been shown to trigger microvascular dysfunction, which may play a role in the development 

of T2D. Endothelial dysfunction is linked to insulin resistance, which is also closely related to 

hypertension [300].  

Insulin resistance may induce the development and advance atherosclerosis through the disruption 

of the blood vessel wall through the promotion of vascular inflammation and endothelial cell 

dysfunction, derangements of different cell types such as platelets and promotion of coagulation. 

These could culminate into narrowing of blood vessels and an increase in total peripheral arterial 
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resistance [306]. Insulin resistance thus can be a common linkage for BP, T2D and CVD [300]. 

Taken together evidence shows that BP is a risk factor for CVD and T2D. 

 

2.9.1 Conclusive considerations 

Evidence from the literature shows that exposures in early life can influence cardiometabolic 

(CVD, T2D and hypertension) health in adulthood. Thus early life represents a critical period of 

plasticity such that adverse or suboptimal environmental exposures (nutrient deficiency etc.) during 

this period of development can permanently change fetal organ structure, function, physiology and 

metabolism referred to as a predictive adaptive response (PAR). Such modifications intended to 

enhance later survival in an inadequate nutritional environment can become detrimental when later 

exposed to a postnatal mismatched obesogenic nutritional environment. 

Earlier studies showed the importance of the early environment to disease risk in later life, however 

studies from Barker on the association between birthweight and CVD, T2D and hypertension really 

brought the importance of early life factors to disease risk in adulthood to the forefront of research.   

Earlier studies also focused on fetal undernutrition evidenced by low birthweight (as a result of 

maternal malnutrition) and the risk of metabolic diseases in later life, though birthweight is 

considered an inaccurate indicator of fetal growth or experience in utero and also it does not 

indicate attainment of fetal genetic growth potential. However, later studies have shown that both 

low birthweight and high birthweight due to maternal undernutrition and overnutrition (obesity) 

are associated with offspring adverse cardiometabolic health outcomes, sometimes with conflicting 

results. 

The pathophysiological mechanisms underlying the programming effects of a number of early life 

factors are not yet clearly understood, however, PAR, epigenetic programming of gene expression 
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(alterations in gene expression), cellular aging (accelerated by oxidative stress) and genetics have 

been suggested. Different animal models have been used to study some of these mechanistic 

processes of fetal programming but these have implications for extrapolating findings into human’s 

settings due to differences in gestational period and how developmental programming may differ 

in humans and animals. 

Current literature evidently shows that suboptimal early life factors during critical periods of 

development can program physiology in ways that predispose to cardiometabolic disease. Thus 

modifiable early life events offer an avenue for interventions to optimize the early environment 

and to promote offspring health in later life, as well as prevent transmission of adverse 

developmentally programmed traits to the next generation. This will call for a much better insight 

into the role of early life factors in the surge in cardiometabolic diseases, a more in depth 

knowledge of the mechanisms behind these associations that could be targets for intervention, use 

of longitudinal, prospective cohort studies for better research results and the need for probable 

markers that indicate developmental programming so developmentally programmed individuals 

can be identified early for intervention purposes. 
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3 AIMS AND RESEARCH QUESTIONS 

A summary of the previous chapters show that perinatal and early life factors are possible 

determinants of adulthood diseases i.e. CVD, T2D and hypertension. Our interest to assess the 

prospective relevance of a range of early life factors for cardiometabolic health in young adulthood 

resulted in three research aims.  

AIM 1: Early life factors and their relevance to intima-media thickness (CIMT) of the 

common carotid artery in early adulthood. 

HYPOTHESIS: 

CVD is suggested to have its origins in early life and has been associated with early life factors e.g. 

low birthweight mostly in populations exposed to maternal undernutrition during gestation. High 

CIMT and endothelial dysfunction have been shown as initial indications of atherosclerotic plaque 

development. Alteration in the CIMT is also known as a marker of subclinical atherosclerosis, with 

a high CIMT shown to correlate with cardiovascular risk factors, and to predict CVD.  

RESEARCH QUESTION: 

Are the following early life factors: indicators of intrauterine growth such as birth weight, birth 

weight-for-gestational-age (i.e. adequate, small and large for gestational age), pregnancy duration, 

GWG, parental age and full breastfeeding relevant for adulthood IMT as a surrogate marker of 

CVD among healthy term-born German participants. 
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AIM 2: Early life factors and their relevance for markers of cardiometabolic risk in early 

adulthood. 

HYPOTHESIS: 

Adverse exposures in early life have been linked with adulthood cardiometabolic diseases. 

Evidence from human and animal studies lend some credence to the ‘developmental programming’ 

of cardiometabolic diseases by early factors including the intrauterine environment, maternal 

weight during pregnancy etc. Maternal obesity during pregnancy is suggested to partly reflect 

maternal over nutrition and also partially an increase in adiposity which can alter the intrauterine 

environment and nutrient transfer to the offspring and thus can have long term health consequences 

for the offspring.  

RESEARCH QUESTION: 

Are the following early life factors: early pregnancy BMI, GWG, birth weight, birth weight-for-

gestational-age, maternal age and full breastfeeding relevant for markers of cardiometabolic risk 

i.e. insulin sensitivity, indices of hepatic steatosis and pro-inflammatory biomarkers among healthy 

young adult Germans.  
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AIM 3: To assess and judge the evidence for an association between maternal pregnancy 

weight/body mass index (BMI) or gestational weight gain with offspring's blood pressure in 

later life. 

HYPOTHESIS:  

Studies have shown that adulthood BP may be influenced by exposures in early life. Maternal 

factors such as pregnancy weight and GWG have been purported to be associated with offspring's 

BP. 

 

RESEARCH QUESTION:  

What is the evidence from the literature about the association between pregnancy weight and GWG 

with offspring's BP? 

 

Table 3 Research questions addressed in studies I-III 

Aim  Study Location 

1 I: Early life factors and CIMT Appendix 1 

2 II: Early life factors and markers of cardiometabolic risk Appendix 2 

3 III: Maternal pregnancy weight  or GWG and BP Appendix 3 
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4 GENERAL METHODOLOGY 

The research questions of this thesis were answered using data from the DONALD study. A 

systematic review was also conducted to provide current evidence on the relevance of pregnancy 

weight or GWG with offsprings BP. This chapter gives a brief overview of the DONALD study 

design and the procedure for the literature review.  

4.1 Population and DONALD study design 

The Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD) study is a 

longitudinal, continual, open cohort study undertaken at the Research Institute of Child Nutrition, 

Dortmund, Germany. The overall objective is to assess the complex interaction between nutritional 

intake, growth, development, metabolism and health from infancy to adulthood [307]. The main 

aims of the DONALD study are: analysis of the interactions between nutrition, metabolism, 

development and growth of healthy children including the identification of nutritional factors with 

long-term preventive medical potential, the determination of intra- and inter-individual trends in 

nutrient intake and nutritional behavior among infants, children and adolescents and the 

determination of metabolic reference data on 24h urinary excretion levels in healthy children and 

adolescents and the provision of nutritional data for exposure assessment [308, 309].  

The inclusion criteria are healthy babies of Caucasian origin with a mother and/or father consenting 

to participate in a long-term study. Also one parent should be knowledgeable in the German 

language. Since its commencement in 1985, elaborate records on diet, growth, development, and 

metabolism has been gathered from over 1,700 children between infancy and adulthood. 

Approximately, 35–40 infants are newly enrolled each year into the open cohort study, initial 

examination commences at ages 3, 6, 9, 12, 18, 24 months and then once annually until adulthood. 

During such visits various assessments and measurements are undertaken depending on 
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participant’s age. These include anthropometry, a 3 day weighed dietary record, socio-

demographics and health characteristics, interviews on lifestyle, medical assessments and 24-hours 

urine collection.  

The DONALD study is essentially observational and noninvasive until when participants are 18 

years and above. Since 2005, participants are invited for follow up assessment including fasting 

blood measurement at ages 18, 21 and 25 years and then followed by examination every 5 years. 

Also parental data such as socio-demographic traits, anthropometry, interviews on lifestyle, 

medical assessments and health status are repeatedly obtained at certain time points during the 

study. The information is acquired through personal examination and the use of questionnaire. The 

study was approved by the Ethics Committee of the University of Bonn. All examinations are 

performed with written consent of the parent and adult participant [308, 310–313].  

The assessments in the DONALD study that are pertinent to this thesis include data on early life 

factors of participants: (maternal and paternal age at child birth, gestational age, early pregnancy 

BMI, GWG, birthweight, birthweight by gestation age, full breastfeeding etc.), anthropometric 

measurements, medical assessment, interviews on lifestyle factors (smoking and physical activity 

level), CIMT and fasting blood measurement in participants in early adulthood, socioeconomic 

status, parental health, paternal educational status etc. The children who were initially recruited for 

the DONALD study differed considerably in age, thus data on the first few years of life was not 

always available. Additionally, a number of children had not yet reached adulthood at the time of 

the analysis of the various outcomes used in this thesis. Thus the various study aims in this thesis 

are answered using different subsample sizes of the total DONALD study participants and also risk 

markers are considered as outcome variables instead of overt cardiometabolic diseases because 
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participants are in young adulthood with less manifestation of chronic diseases. Figure 5 shows a 

summary of the DONALD study design.  

 

 

Figure 5 DONALD study schedule (adapted from [307])  

 

4.2 Assessment of early life exposures 

The DONALD study retrieved data on early life factors measured by gynecologist or midwives 

during pregnancy and after birth from the “Mutterpass” and breastfeeding data was prospectively 

collected in the study, thus these variables may be judged to have adequate level of accuracy. Of 

note various data are collected in the DONALD study, however, only data that are relevant to this 

thesis are mentioned.  
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 Perinatal and early life factors  

Child birth and maternal characteristics were extracted from the “Mutterpass”. Gestational duration 

is calculated based on maternal recalled date according to the mother’s last menstrual period. 

Maternal weight recorded at the first visit to a gynecologist during pregnancy and at the end of 

pregnancy weight were abstracted from the “Mutterpass,” and from these the GWG was computed. 

Early pregnancy BMI was also computed from weight and height records. 

Birth weight and birth length were recorded at birth. Birth weight-for-gestational-age is defined 

according to the German sex-specific birth weight and length-for-gestational-age curves [314]. 

SGA is defined as birth weight and length ˂10th percentile, and LGA is defined as birth weight and 

length ˃90th percentile. All other infants were classified as AGA. 

Maternal and paternal age at the time of child birth is assessed at first visit to the study center. 

Breastfeeding data was assessed upon the child’s admission to the DONALD study. During first 

visit either at 3 or 6 months the study pediatrician and/or dietitian enquired from the mothers the 

duration (in weeks) the infant had been fully breastfed (not given solid foods and no liquids daily 

except breast milk, tea, or water). If the child is still being fully breastfed, the length of 

breastfeeding is assessed at successive visits at ages 6, 9, 12 and 18 months until commencement 

of complementary feeding. The duration of feeding formula or solid foods is also assessed during 

the visits. A coherent check is conducted on all breast feeding information collected such as the 

recording of breast milk in 3-day dietary records and information acquired by the dietitians to 

minimize errors. From this information the duration (in weeks) of full breastfeeding is calculated 

[315, 316].   
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Anthropometric measurement 

Anthropometry of study participants is collected using standard protocol by trained nurses who 

undergo yearly quality control where intra-and inter observer measurement precision is assessed. 

Measuring instruments are also regularly calibrated. The participants are dressed in only underwear 

and are barefooted. Recumbent length of children until 2 years of age is measured to the nearest 

0.1 cm using a Harpenden (UK) stadiometer, whilst standing height is measured in children aged 

older than 2 years to the nearest 0.1 cm with a digital stadiometer (Harpenden Ltd., Crymych, UK). 

Body weight is measured to the nearest 100 g using an electronic scale (Seca 753E; Seca Weighing 

and Measuring Systems, Hamburg, Germany). Waist circumference is measured at the midpoint 

between the lower rib and iliac crest to the nearest 0.1 cm [313]. This same measurement procedure 

is used to measure anthropometry of parents at regular intervals.  

 

4.3 Outcome Measurements 

Intima media thickness 

IMT in the DONALD study was measured using the Mindray DP3300, tragbares portable digital 

system. Participants were measured in a supine position after having rested for 10 min. First, two 

images were taken each on the right and left common carotid artery on the participants and the 

images were frozen. Afterwards, measurements were taken at four measurement points on each 

image. IMT measurements were performed by study physicians and quality control was routinely 

undertaken to ensure the measurement meet the required criteria [317]. 
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Insulin sensitivity 

Insulin sensitivity was assessed in the DONALD study by the use of HOMA of insulin sensitivity 

(HOMA 2-%S), which is the inverse of HOMA-IR [217, 318]. This method assesses insulin 

sensitivity from fasting steady state levels of plasma glucose and insulin [217]. HOMA parameters 

can be calculated using the original HOMA model (HOMA1), a simple mathematical 

approximation equation developed in 1985 or the 1996 updated computer model (HOMA2) [217].  

However, the original HOMA model is widely used compared to the updated version despite the 

recommendation to use the latter, due to its advantage of being applicable in various insulin assays 

[217]. It has been recommended that since HOMA is suitable for calculating insulin sensitivity in 

a steady state, it should not be applied in non-steady state or hypoglycemic state (plasma glucose 

˂ 2.5mmol/L) [217]. These recommendations were adhered to in the second study of this thesis 

(OA2 Appendix 2). 

Hepatic steatosis 

In the DONALD study hepatic steatosis was evaluated using two noninvasive validated algorithms 

i.e. hepatic steatosis index (HSI) and fatty liver index (FLI). These indices are calculated based on 

activity levels of liver enzymes or hepatic transaminases (ALT and AST for HSI, and GGT for 

FLI) and data from other routine blood and anthropometric measurement (see calculation in OA2 

in (Appendix 2). 

Chronic low grade inflammation  

Sub clinical inflammation was assessed in the DONALD study using various pro-inflammatory 

markers i.e. hsCRP, IL-6, IL-18, leptin, chemerin, and the anti-inflammatory hormone adiponectin 

[319]. These pro-inflammatory markers have been associated with increased risk of 
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cardiometabolic diseases and its risk factors, however, some of these associations are suggested to 

be non-casual as indicated by Mendelian randomization studies [320, 321]. To depict the general 

inflammatory state which is an interaction between pro-inflammatory and anti-inflammatory 

mediators an aggregate score of pro-inflammation was calculated [272] as shown in OA2 

(Appendix 2). 

 

4.4 Procedure for systematic review 

The systematic review was undertaken and reported according to the (updated) Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) statement and was registered in the 

international prospective register of systematic reviews PROSPERO (CRD42020197479). The 

search strategy involved a 2-step systematic literature search in the data bases, MEDLINE, 

EMBASE (PubMed/EMBASE), Cochrane Library, CINAHL and Web of Science. These five 

databases were searched until July 24, 2020, using a combination of the following search terms: 

terms related to “maternal pregnancy weight or BMI” OR “maternal gestation weight gain (GWG)” 

AND terms related to “offspring’s blood pressure (BP)” OR “offspring’s cardiovascular variables” 

AND limitation to human study populations. All search terms were searched both as controlled 

vocabulary terms (Medical Subject Headings or Emtree) and as free words in the title and abstract. 

No limitations were set with regards to language, age, year of publication or study type. Figure 6 

shows the flow diagram for the systematic review study selection. 
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Figure 6 Flow diagram for systematic review study selection 
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5 ORIGINAL ARTICLES 

OA1   Early life factors and their relevance to intima-media thickness of the common carotid artery 

in early adulthood 

Nyasordzi J, Penczynski K, Remer T, Buyken A. E.  

PLoS ONE 15(5): e0233227. doi.org/10.1371/journal.pone.0233227. [Epub 2020 May 19] 

Background 

Early life factors may predispose an offspring to cardiovascular disease in later life; relevance of these 

associations may extend to ‟healthy” people in Western populations. We examined the prospective 

associations between early life factors and adult carotid intima-media thickness (IMT), a surrogate marker 

of atherosclerosis, in a healthy German population. 

Methods 

We studied term participants (n=265) of the DONALD Study, with bilateral sonographic measurements of 

IMT (4-8 measurements on both left and right carotid artery) at age 18-40 years and prospectively collected 

data on early life factors (maternal and paternal age at child birth, birth weight, gestational weight gain and 

full breastfeeding (>17weeks). Mean IMT values were averaged from mean values of both sides. 

Associations between early life factors and adult IMT were analyzed using multivariable linear regression 

models with adjustment for potential confounders. 

Results 

Adult mean IMT was 0.56mm, SD 0.03, (range: 0.41 mm-0.78 mm). Maternal age at child birth was of 

relevance for adult IMT, which was sex specific: Advanced maternal age at child birth was associated with 

an increased adult IMT among female offspring only (β 0.03, SE 0.009 mm/decade, P=0.003), this was not 

affected by adult waist circumference, BMI or blood pressure. Other early life factors were not relevant for 

IMT levels in males and females.   

Conclusion 

This study suggests that advanced maternal age at child birth is of prospective relevance for adult IMT 

levels in a healthy German population and this association may be of adverse relevance for females only. 

 

Contribution of JN: statistical data analysis, interpretation of results (together with KP and AEB) and drafting of the manuscript   
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OA2     Early life factors and their relevance for markers of cardiometabolic risk in early adulthood 

Nyasordzi J, Conrad J, Goletzke J, Ludwig-Walz H, Herder C, Roden M, Wudy S A., Hua, Remer T, 

Buyken A. E.  

Nutrition, Metabolism & Cardiovascular Diseases (2021) 31, 2109-2121. 

doi.org/10.1016/j.numecd.2021.03.024 [Epub 2021 April 7] 

 

Background and Aims: Early life exposures could be pertinent risk factors of cardiometabolic diseases in 

adulthood. We assessed the prospective associations of early life factors with markers of cardiometabolic 

risk among healthy German adults. 

Methods and results: We examined 348 term-born DONALD Study participants with measurement of 

fasting blood at the age of 18-24 years to assess metabolic indices: fatty liver index (FLI), hepatic steatosis 

index (HSI), pro-inflammatory score and insulin sensitivity (HOMA2-%S). 

Early life factors (maternal weight in early pregnancy, maternal early pregnancy BMI, gestational weight 

gain (GWG), maternal age, birth weight and full breastfeeding (>17 weeks)) were assessed at enrolment of 

the offspring into the study. Multivariable linear regression models were used to analyze associations 

between early life factors and markers of cardiometabolic risk in early adulthood with adjustment for 

potential confounders. 

A higher early pregnancy BMI was related to notably higher levels of offspring FLI, HSI, pro-inflammatory 

score and a lower HOMA2-%S (all p<0.0001). Similarly, a higher gestational weight gain was associated 

with a higher FLI (p=0.044), HSI (p=0.016), pro-inflammatory score (p=0.032) and a lower HOMA2-%S 

among females (p=0.034). Full breastfeeding was associated with a lower adult FLI (p=0.037). A casual 

mediation analysis showed that these associations were mediated by offspring adult waist circumference 

(WC).  

Conclusion: This study suggests that early pregnancy BMI, gestational weight gain, and full breastfeeding 

are relevant for offspring markers of cardiometabolic risk which seems to be mediated by body composition 

in young adulthood.  

 

 

Contribution of JN: statistical data analysis, interpretation of results (together with AEB) and drafting of the manuscript 
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OA3   Maternal pregnancy weight or gestational weight gain and offspring's blood pressure:   

Systematic review. [Submitted to Nutrition, Metabolism & Cardiovascular Diseases] 

LUDWIG-WALZ H, NYASORDZI J, WEBER K. S., BUYKEN A. E., KROKE A  

Objective: An increasing number of studies suggest that maternal weight parameters in pregnancy are 

associated with offspring’s blood pressure (BP). The aim of this systematic review – following the updated 

Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) Statement – was to assess 

and judge the evidence for an association between maternal pregnancy weight/body mass index (BMI) or 

gestational weight gain (GWG) with offspring’s BP in later life.  

Methods: MEDLINE, EMBASE, Cochrane Library, CINAHL and Web of Science were searched without 

limits. Risk of bias was assessed using the “US National Heart, Lung and Blood Institute”-tool, and an 

evidence grade was allocated following the “World Cancer Research Fund” criteria.  

Results: Of 7,124 publications retrieved, 16 studies (all cohort studies) were included in the systematic 

review. Overall data from 52,606 participants were enclosed. Association between maternal pregnancy BMI 

and offspring’s BP were analyzed in 2 (both “good-quality” rated) studies, without consistent results. GWG 

and later offspring’s BP was analyzed in 14 studies (2 “good-quality”, 9 “fair-quality”, 3 “poor-quality” 

rated). Of these, 3 “fair-quality” studies described significant positive results for systolic BP and significant 

results, but partly with varying directions of effect estimates, for diastolic BP. MAP was analyzed in 1 

“poor-quality” congress paper. Overall, based on the small number of “good-quality”-rated studies, the 

inconsistency of effect direction and methodological weaknesses, no firm conclusion can be drawn.  

Conclusion: Evidence for an association of maternal pregnancy weight determinants with offspring’s later 

BP was overall graded as „limited-no conclusion“. 

 

 

Contribution of JN: screening databases to identify potential relevant studies, assessing full text for eligibility of inclusion into the study, data 

extraction from included studies (together with HLW) and reviewing manuscript 
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6 GENERAL DISCUSSION 

In this section an overall interpretation of the original research results is undertaken. The overall 

aims, findings, methodology, study strengths and weaknesses will be briefly discussed. In addition, 

the practical implications of the findings in terms of its relation to public health nutrition is 

considered. Detailed aspects of the research findings can be found in the individual studies in 

appendix OA 1-3. The overall aim of this thesis was to investigate the relevance of perinatal and 

early life factors for cardiometabolic health in early adulthood and to evaluate the evidence of an 

association of pregnancy weight or gestational weight gain with offspring's blood pressure through 

a systematic review of the literature. 

6.1 Research Aims 

6.1.1 Research Aim 1 

The aim of the first study was to assess early life factors and their relevance to intima media 

thickness of the common carotid artery in early adulthood. The result showed that older maternal 

age at childbirth was associated with an increased IMT among female offspring in young 

adulthood, but not in males. This association was not mediated by adulthood waist circumference, 

BMI, systolic or diastolic blood pressure. This is in line with evidence from studies associating 

advance maternal age with adverse offspring outcomes.  

A similar study reported that advance maternal age was associated with increased IMT among 

female offspring [322]. Among Finnish offspring aged 15-39 years, a U-shaped association was 

observed between maternal age and offspring risk of T2D: compared with baseline maternal age 

(25.5 years), the risk of T2D was higher in offspring of very young or old mothers [110]. Thus 

both extreme ends of maternal age seem to be associated with adverse offspring effects. Similar 

reports of adverse offspring cardiometabolic outcomes have been associated with advanced 
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maternal age in animal studies. Using a rodent model to assess the long-term implications of 

advanced maternal age on adult offspring cardiovascular health. Male offspring from aged dams 

showed mild cardiac diastolic dysfunction, female offspring however showed no cardiac 

dysfunction but had high SBP, which indicates sex-specific differential cardiovascular effects of 

advanced maternal age on offspring [323] which in is in line with our finding, though our 

observation of adverse effect was in females. In a study among offspring obtained from embryos 

of aged female mice (34–39 weeks), crossed with young males and transferred into young embryo 

recipients, there was impaired body weight gain, BP and glucose metabolism in offspring during 

postnatal life. Majority of these alterations were sex specific with females offspring being more 

vulnerable [324]. Hence evidence exists on the adverse effects of advanced maternal age on 

offspring health outcomes with differential sex specific effects, though other studies have also 

reported that there seem to be no association of maternal age with offspring long-term morbidities 

(cardiovascular, endocrine, neurological, hematological, respiratory and gastrointestinal) [325]. 

Additionally, in animal studies results show that offspring exposed to complicated pregnancies 

(similar to those observed in advanced maternal age in humans) caused by various maternal 

manipulations (nutrient restriction, uterine artery ligation) exhibit cardiovascular dysfunction 

[323]. Apart from these adverse effects on the offspring, advanced maternal age is linked to the 

risk of maternal complications i.e. preeclampsia, cesarean delivery, gestational diabetes mellitus, 

preterm birth etc. [326]. Though mechanisms are yet to be established, it has been suggested that 

advanced maternal age could compromise the intrauterine environment as evidenced by reduced 

uteroplacental perfusion, impaired vascular function in animal models which led to adverse 

pregnancy outcomes, these developmental stressors may result in a suboptimal in utero 

environment that can affect offspring long-term health [327]. However, further studies are needed 
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to elucidate the underlying mechanisms associating advanced maternal age with offspring adverse 

health outcomes. 

In the US and Canada, births among women advanced in age account for 14% and 18% 

respectively of total live births [323, 328]. Thus given the current surge in child birth at an 

advanced maternal age, the likelihood for this trend to continue and its association with adverse 

maternal and offspring outcomes, it can have major public health and health care cost implications. 

Probable interventions maybe that research findings about the adverse effects of advanced 

maternal age at child birth on maternal and offspring outcome should be widely and routinely 

disseminated using public health avenues so women in the reproductive age can make informed 

decisions on the timing of child birth, though this is highly an individual decision. Enacting 

favorable government policies to improve conditions (economic, educational and health care) in 

different countries so that women can start a family life relatively early whilst working maybe 

helpful. Sometimes it is quite challenging to start a family whilst pursuing further studies but 

probably family or institutional support could ease the burden on women, so that they do not have 

to wait to obtain their terminal degrees before starting a family life. Additionally, maybe 

specialized antenatal care services should be given to women advanced in age to improve maternal 

health and child outcomes.  

Taken together, emerging evidence shows advanced maternal age may have adverse consequences 

for offspring long term health. Hence further experimental research in appropriate animal models 

is required to better understand the mechanisms linking advanced maternal age at child birth with 

adverse maternal and offspring outcomes to generate appropriate strategies and solutions to 

improve maternal outcomes and offspring long term health. 
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6.1.2 Research Aim 2 

The second aim was to assess the prospective relevance of early life factors for markers of 

cardiometabolic risk in early adulthood. A higher early pregnancy BMI was associated with a 

higher FLI, a higher HSI, a higher pro-inflammatory score and a lower HOMA2-S%. A higher 

GWG was also associated with a higher FLI, a higher HSI and a higher pro-inflammatory score 

with a lower HOMA2-S% among females, but not males. Full breastfeeding was associated with 

a lower adult FLI. These associations were mediated by adulthood waist circumference and BMI.  

This finding is in line with studies assessing the association of maternal prepregnancy BMI and 

GWG with offspring cardiometabolic risk in young adulthood, though different cardiometabolic 

parameters were assessed. For instance, the Jerusalem Perinatal Family Study, reported that higher 

maternal prepregnancy BMI was significantly associated with higher offspring BMI, WC, SBP 

and DBP, insulin and triglycerides but with a lower HDL-C, whilst a higher GWG was positively 

associated with offspring adiposity [136]. Similar observations were made by other researchers in 

addition to higher HOMA-IR in offspring [132, 135]. Evidence also show that maternal obesity 

during pregnancy is associated with obesity and cardiometabolic disease risk (glucose/insulin 

homeostasis, hypertension, and vascular dysfunction) [122], indicating that maternal obesity 

probably induces developmental programming of the offspring [329].  

Though human cohort studies are important in unraveling the mechanism of association between 

maternal obesity in pregnancy and offspring health outcomes, in these studies it is difficult to 

determine the extent to which adverse effects on offspring are attributable to shared genes, adverse 

in utero exposure (obesity/diabetes) or early postnatal factors (nutrition) [31, 329]. Thus rodent 
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models of maternal obesity during pregnancy have been developed by feeding dams high fat, high 

sugar obesogenic diets to assess the effects of maternal overnutrition on offspring outcomes [31].  

Evidence from these models show that feeding a dam a cafeteria or high- diet fat (HFD) results in 

obesity, insulin and leptin resistance [142, 330–332], hypertension [144, 333, 334], fatty pancreas 

disease [335], hepatic steatosis and NAFLD in the offspring [336, 337]. The hyperleptinaemia, 

insulin resistance, as well as the high body weight in the offspring due to maternal adiposity is 

suggested to persist into adulthood [338]. Increased adiposity, glucose intolerance, and altered 

brain appetite regulation have also been observed in offspring in response to even mild maternal 

overnutrition [339, 340]. 

Of note, though offspring obesity later in life could worsen the effects of maternal obesity on their 

risk to metabolic disorders i.e. insulin resistance and hypertension etc., these adverse conditions 

are sometimes observed prior to increased offspring adiposity, probably indicating independent 

programming of these processes by maternal overnutrition [31]. 

Animal and human studies suggest that maternal obesity during pregnancy creates an adverse 

intrauterine milieu for the growing fetus which could programme the offspring to later adverse 

effects [122, 340, 341]. It has also been shown that the physiological modifications that occur in 

obese pregnant women differs from that in normal weight women. These alterations are indicated 

to increase the availability of fuel for fetal growth in obese women [141, 341]. Several of these 

metabolic changes are suggested to be due to the comparably high adipose tissue in obese pregnant 

women [341], which contributes to dysregulated release of adipokines (leptin and adiponectin), 

plasma free fatty acids, and inflammatory markers TNF-α, interleukin (IL)-6) [341, 342]. 
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Apart from the adipose tissue, the placenta also releases leptin, TNF-α, and interleukins, which 

was evident from assessment of placentas from obese pregnant women which showed increased 

infiltration of macrophages and increased expression of inflammatory markers [341, 343]. The 

comparatively high pro-inflammatory cytokine produced by obese women during pregnancy may 

amplify physiological modifications [341]. Hence these metabolic changes could expose the fetus 

to high lipid which may affect its growth and development, increased in utero inflammation and 

blood lipids exposure may also have adverse effects on the development of the liver, adipose tissue, 

skeletal muscle, pancreas and the brain, with a possible increased risk to metabolic diseases in later 

life [344].   

The pathophysiological mechanisms by which maternal obesity during pregnancy could set in 

motion programmed alterations (obesity and cardiometabolic diseases) in the offspring are not 

clearly elucidated, however, (i) changes in development of some key organs i.e. liver, muscle, 

adipose tissue, and pancreas [122, 143, 335, 337], (ii) altered appetite [143], (iii) and changes in 

leptin levels [330] have been suggested to play a role. There is evidence of altered leptin production 

and regulation, changes in hypothalamic regulation of key genes linked to appetite control and 

energy balance, altered skeletal muscle metabolism in offspring of obese animal models, in 

addition to effects on placental structure and function of obese dams [340, 345–347].  

Additionally, abnormal function of neurons related to appetite regulation (proopiomelanocortin 

and Agouti-related peptide neurons) has been observed in offspring of hyperglycemic mothers 

[346].  

Epigenetic modification is also suggested as a mechanism by which early life exposures to an 

adverse intrauterine environment may mediate their effects in later life. Epigenetic modifications 

which involve DNA methylation, histone marks, non-coding RNAs and transcription factors, 
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processes that lead to heritable changes in gene function by modifying DNA chemistry 

independent of changes in the DNA sequence, could be responsible for tissue specific gene 

expression during development and differentiation [56, 340, 348, 349]. However, the underlying 

mechanisms of the effects of maternal obesity, on the epigenetic regulation of genes, are still being 

elucidated [350]. 

Studies in primates showed that maternal HFD, a proxy of an obesogenic western diet in humans, 

through epigenetic modifications could alter fetal chromatin structure [351], whilst in rodents, 

maternal HFD was linked to decreased adiponectin but increased leptin gene expression in adipose 

tissue of offspring due to changes in both acetylation and methylation of histone H3K9 within the 

adiponectin promoter and alterations in methylation of histone H4K20 within the leptin promoter, 

which affect glucose and lipid metabolism [352]. Additionally, maternal HFD is suggested to 

modify DNA methylation patterns in organs involved in metabolism such as liver etc. [353, 354]. 

Such epigenetic modifications in fetal liver, muscle and adipose tissue may increase the risk of 

obesity and metabolic disorders [350, 355]. 

Moreover, genes responsible for adipogenesis and nuclear receptors (adipogenic and lipogenic 

transcription factors, peroxisome proliferator-activated receptor gamma (PPARγ) and proliferator-

activated receptor alpha (PPARα) can be increased due to fetal overnutrition through epigenetic 

modifications [350, 356]. These increases in adipogenic, lipogenic and adipokine gene expression 

in fetal adipose tissue may contribute to obesity and its associated metabolic disorders in later life 

[357].  

These epigenetic modifications are suggested to be transmissible to successive generations. 

Evidence from epidemiologic studies in humans and animals show that effects of developmental 

programming are not limited to the generation directly exposed to the environmental stressor 
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during intrauterine and early postnatal life, but the effects may be transmitted to subsequent 

generations, [43, 44, 358, 359] even in the absence of continued environmental stressors, thus 

perpetuating a cycle of obesity and metabolic disorders [360]. Adverse effects on BP, endothelial 

function, and insulin sensitivity were passed on to F2 offspring of undernourished pregnant rats 

[361]. For example, direct exposure to an early environmental stressor such as poor maternal diet 

in a rodent maternal model can induce insulin resistance, which can later be observed in subsequent 

unexposed (e.g., adequate maternal diet) generations of offspring, though sometimes with a steady 

diminished magnitude [362, 363]. However, the effects in successive generations may be different 

from those observed in the F1 generation who were directly exposed to an insult whilst in utero 

[329].  

Some human studies that lend credence to the transgenerational effects of adverse maternal 

exposure in early life is the Dutch “hunger winter” study, where the observation was that not only 

adult female offspring of mothers directly exposed to the famine during pregnancy exhibited 

dysregulated lipid profiles (cholesterol and triglycerides) in comparison to unexposed siblings 

[364], but that their offspring had higher neonatal adiposity, and as such maybe more prone to 

suffer from cardiometabolic diseases than the unexposed controls [365]. Similarly, maternal 

exposure to famine during the first and second trimester in utero resulted in offspring with lower 

birthweights than mothers not exposed to famine, similar effects were seen in the offspring of the 

next generation of some of the mothers not exposed to famine [366]. 

In animal studies maternal exposure to HFD during pregnancy resulted in increase in body size 

and reduced insulin sensitivity in both F1 and F2 offspring through both maternal and paternal 

lineages [367, 368] as well as hepatic steatosis [369].  
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The underlying mechanisms for the intergenerational transmission of developmentally 

programmed traits are not fully understood. However, the characteristics of these traits suggest a 

relatively stable and heritable phenotypically plastic response (i.e. epigenetics), rather than one 

mediated by changes in DNA sequence (i.e., genomic change). Some probable mechanisms 

suggested to be the basis for these transgenerational transmissions include: (i) those linked to 

persistence of the abnormal environmental exposures across generations (generation after 

generation) during early development (e.g. a suboptimal reproductive tract environment), (ii) a 

single maternal environmental exposure but is able to produce a multigenerational phenotype 

(altered maternal adaptations to pregnancy), (iii) and transmission of epigenetic information 

through the germline [44, 359, 360]. Transgenerational transmission of metabolic disorders could 

even be up to the F3 generation after a range of altered maternal (F0) environments [360] as shown 

in figure 7.  

However, the potential for reversing some components of the metabolic syndrome induced by 

developmental programming through nutritional or targeted therapeutic interventions during 

windows of developmental plasticity has been demonstrated in some animal studies. Dietary 

intervention before pregnancy (reverting to a normal chow diet one month before mating after 

being on a HFD or being obese) partially prevented maternal weight gain, increases in glucose, 

insulin, HOMA, fat, and fat cell size, and it completely prevented leptin increases in offspring 

[370]. Additionally, maternal exercise intervention among obese female rats one month before 

breeding and continuing the intervention throughout pregnancy, partially prevented a rise in fat 

and insulin and completely prevented increases in glucose, HOMA, and fat cell size in offspring 

[371]. Female rats fed a western diet and supplemented with antioxidants reversed oxidative stress 

and prevented adiposity and glucose intolerance in the offspring [372]. These interventions are 
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suggested to have a reversal potential of some programmed metabolic disorders [373]. The various 

interventions to improve outcomes may operate via different mechanisms and combined 

approaches may produce better effects for the mother and offspring [371]. Though these 

interventions are promising, there is the difficulty of extrapolating interventions from small animal 

models to human settings. However, it offers potential for enhancing the understanding of critical 

determinants and mechanisms involved in human obesity and metabolic disorders [374]. 

In human studies maternal pre-pregnancy BMI is strongly associated with adverse offspring 

metabolic outcomes [127]. Hence is it suggested that interventions instituted during the 

preconception period which prevents obesity before conception may yield better results [130]. Pre-

pregnancy lifestyle modifications that improve maternal diet, exercise, weight reduction, which 

are modifiable factors are interventions of choice [373]. However, these behavioral modifications 

are very individual based and at times very complex to achieve in human settings [370]. 

 To increase the impact of  such interventions they should be evidence based so as to convince 

women about the adverse effects of maternal obesity to both mother and offspring, and the benefits 

that accrue to both from obtaining and maintaining an adequate BMI and dietary intake before and 

during pregnancy [370]. On the other hand, caution should be exercised since poor maternal 

nutrition induced by sudden and excessive restriction of maternal diet as an intervention also 

programs the offspring for adverse outcomes due to inadequate nutrient for proper fetal growth 

[373]. Thus the benefits of interventions (dietary, exercise etc.) especially during pregnancy should 

be weighed against the overall health outcome for mother and child. 
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Figure 7 Mechanisms for intergenerational transmission of programming effects 

(A) Persistence of an adverse external environment can result in the reproduction of the phenotype in multiple generations.  

(B) The induction of programmed effects in the F1 offspring following in utero exposure (e.g., programmed alterations in 

maternal physiology or size) leads to programmed effects on the developing F2 fetus and subsequent generations. An 

environmental insult during pregnancy to a mother (F0 generation) might not just affect the developing fetus (F1 generation) 

but also the germ cells which will later form the F2 generation [44, 359]. 
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6.1.3 Research Aim 3 

The third aim was to assess and judge the evidence of an association of pregnancy weight/body 

mass index or gestational weight gain with offspring's blood pressure through a systematic review 

of the literature. The systematic review showed that only “limited non-conclusive” evidence exist 

for an association between maternal pregnancy weight /BMI or GWG with offspring's later BP.    

To the best of our knowledge, this is the first systematic review providing a summary of the 

evidence on the association between maternal pregnancy weight/BMI or GWG with offspring’s 

BP in later life.  For maternal pregnancy weight exposure, only 2 studies could be included in this 

review. Whilst one study reported no significant association of maternal pregnancy weight with 

offspring’s BP in later life [375], the other study reported a relatively small significant association 

of maternal pregnancy weight with offspring SBP and DBP [376].  

For the GWG exposure, fourteen studies were included in this systematic review. Three studies 

rated as having “fair quality” indicated a significant positive association of GWG with offspring 

SBP [136, 377, 378] but these studies had limitations in statistical analysis. Similarly, three “fair 

quality” rated studies reported a significant association of GWG with offspring DBP [129, 377, 

379] however, these studies showed varying directions of effect estimates. In the remaining studies 

no significant associations with offspring’s BP were reported. 

Due to the few studies and methodological issues associated with them no concrete conclusion 

could be drawn on the association between maternal pregnancy weight or GWG with offspring 

BP, thus the evidence grade limited-non conclusive was assigned for the association. Thus there 

is the need for more good-quality studies for a conclusive verdict on this association. 
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6.2 Methodological Considerations 

6.2.1 Study characteristics 

The DONALD study is a prospective study design which involves frequent repeated acquisition 

of various data (see chapter 3) from childhood to adulthood. Data from prospective studies provide 

more accurate data between exposures and outcomes, and also deals with the issue of temporality 

an important criteria of causality which indicates that exposure has to precede disease onset for 

causality to be suggested, thus prospective studies could suggest casual associations compared to 

data from cross sectional studies [380, 381]. Notwithstanding, as is common with all observational 

studies, prospective studies are susceptible to attrition bias, miscalculation and measurement error 

and confounding, limiting its ability for causality determination [380].  Since the DONALD study 

is a longitudinal study it covers childhood and adulthood periods, hence it runs across probable 

critical periods of development that could be relevant for the programming of long term disease. 

The DONALD study is characterized by high frequent measurement during the critical period of 

early life (childhood) i.e. four visits in the first year of life and two in the second year at the study 

center.  Thus the DONALD study is appropriate for the appraisal of the first two aims of this thesis. 

The availability of data on early life factors with some retrieved from the “Mutterpass,” (a standard 

document given to all pregnant women in Germany) and data collection upon the child’s admission 

to the study, measurement of CIMT as well as fasting blood parameters in early adulthood 

permitted the analysis of  (early life factors and their relevance to intima-media thickness of the 

common carotid artery in early adulthood (Aim 1, OA1, Appendix 1)) as well as early life factors 

and their relevance for markers of cardiometabolic risk in early adulthood (Aim 2, OA2, Appendix 

2)).  
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However, due to the detailed measurements undertaken in the DONALD study (anthropometry, 

24-hours urine sampling, blood sampling, 3-days weighed dietary records) annually well over a 

period of about 20 years, a convenient sample that is not representative of the general population 

has been recruited which maybe a source of bias. When compared with the general population, 

parents of participants in the DONALD study are highly educated, are of a higher socioeconomic 

status and also seem to have a high interest in nutrition and health related issues [308]. Therefore, 

there is some level of homogeneity in sample participants, thus children with extreme dietary 

behaviors, anthropometry etc. might not have been included in the study, which can probably 

reduce the statistical power for detecting associations. Nonetheless, the relative homogeneity could 

reduce confounding due to unmeasured behavioral and lifestyle factors.  

Early life factors (maternal characteristics) such as maternal age at child birth [93], early pregnancy 

BMI and GWG [121] among the DONALD study participants do not seem to differ from that 

reported in the sub region. With regards to anthropometry, participants in the DONALD study in 

early childhood have similar or slightly higher BMI compared to the German reference population 

[382]. The variation of the DONALD study participants from the general population is of minor 

significance since exposure outcome relationships in the DONALD study are assessed and the 

internal validity of the results are not likely to be affected by the above mentioned factors [308]. 

 

6.3 Lifestyle and parental characteristics  

Assessment in the DONALD study also include measurement of parental anthropometry, personal 

interviews about lifestyle and family characteristics. These information aid in the assessment of 

various potential confounders in early life, socioeconomic status, children’s behavior and 

educational status [383]. A limitation of the DONALD study is the unavailability of familial 
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dietary and other lifestyle (physical activity) habits and especially this data from the mother during 

and after pregnancy can affect offspring programming.  

6.4 Outcome Measurements 

The outcome variables considered in the first two studies of this thesis have some limitations such 

as (i) measurement of risk markers of cardiometabolic diseases instead of overt cardiometabolic 

diseases (CVD, T2D) and measurement of risk markers only once in early adulthood. 

Measurement of risk markers rather than hard disease end points was appropriate, as participants 

in the DONALD study have not been followed up long enough for the manifestation of overt 

cardiometabolic diseases. Though the presence of risk factors may not always be indicative of later 

manifestation of overt cardiometabolic diseases, the risk factors considered in this thesis are 

recognized as predictors of cardiometabolic diseases due to the persistent associations that have 

been reported between them [191, 210, 223, 226, 241]. 

 Also evidence exist on the involvement of risk factors in the mechanistic pathophysiology of 

cardiometabolic diseases (see 2.5). Additionally, risk factors could probably help in unravelling 

the potential mechanisms by which early factors contribute to later cardiometabolic diseases [384, 

385]. 

(ii) Measurement of risk factors only once during adulthood could induce some level of 

measurement error since assessment of some blood parameters (lipids, glucose and insulin) do 

vary under different conditions [386, 387] and also diagnosis of T2D is recommended to be 

based on repeated test [388]. 
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Intima media thickness 

For the measuring range with minimum values of measuring IMT less than 1 mm (0.3 mm), two 

measuring principles could be considered as sufficiently precise. Measurement using speckle 

reduction imaging has been shown to provide a better image quality, accurate measurement results 

and better representation (display) at an IMT of 0.3 mm (value of the thinnest measured IMT), but, 

due to its high cost this was not used in the DONALD study. However, exact measurements could 

also be achieved with the fundamental ultrasound, but, this method has the disadvantage of poor 

representation [389]. The DP 3300 (Mindray), which uses the fundamental ultrasonic mode, was 

used in the DONALD study. The representation was evaluated by Dr. Wunsch from Children's 

Hospital Datteln as acceptable [317]. 

Insulin sensitivity 

Insulin sensitivity was assessed in the DONALD study by the use of HOMA of insulin sensitivity 

(HOMA 2-%S), which is the inverse of HOMA-IR [217, 318]. Though the hyperinsulinemic 

euglycemic clamp is the gold standard for direct assessment of insulin sensitivity, it is not readily 

used due to its laborious, high cost and time consuming nature especially in large scale studies. 

Apart from QUICKI, HOMA is a validated simple surrogate index widely used in large scale 

epidemiological studies and it also correlates well with the glycemic clamp, the reference method 

hence its usage in the DONALD study [318, 390]. 
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Hepatic steatosis 

In the DONALD hepatic steatosis was evaluated using the following indices: hepatic steatosis 

index (HSI) and fatty liver index (FLI) (see calculation in OA2 in (Appendix 2). These indices 

offer modest efficacy in the diagnosis of steatosis, however, they are recommended for use in large 

scale epidemiological studies when the more reliable imaging options (MRI) are not feasible due 

to their high cost and the difficulty associated with their use in large studies. In the DONALD 

study imaging techniques were not used due to the reasons enumerated above and additionally, the 

goal in the second study of this thesis OA2 (Appendix 2) was not to diagnose hepatic steatosis in 

the relatively young adult’s participants who may present mild steatosis, but to use markers of 

hepatic steatosis as risk factors of cardiometabolic disease. 

Evidence suggest that liver enzymes could be risk factors of CVD [391, 392] and metabolic 

syndrome [393] however, there are disagreements in the association between specific liver 

enzymes and CVD [391]. Hepatic steatosis indices, HSI and FLI have also been linked to insulin 

resistance [228], a key component in metabolic dysfunction [226, 241, 242]. Taken together, liver 

enzyme activity levels and hepatic steatosis indices maybe useful risk factors of cardiometabolic 

diseases. 

 

Chronic low grade inflammation  

An aggregate score was calculated using various pro-inflammatory markers and the anti-

inflammatory hormone adiponectin to assess general inflammatory state [272] in the DONALD 

study. Though portraying such an aggregate state of inflammation is recommended, its application 
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is difficult as the characteristics and roles of a number of inflammatory markers are not fully known 

and sometimes conflicting.   

There is no agreement on which markers adequately indicate chronic low-grade inflammation 

[276, 394] or distinction between acute and chronic inflammation or between the various phases 

of inflammatory responses [395]. Thus a range of cytokines and chemokines (TNF, IL-1, IL-6, IL-

8), adipokines (adiponectin) and acute-phase proteins (CRP) are often measured [272, 394, 395]. 

Notwithstanding, other issues regarding the use of these markers as determinants of low-grade 

inflammation exist i.e. they are non-specific acute-phase response and pro-inflammatory 

response markers and there can be disparities in the measurements due to modifying factors (age, 

diet, body fat, physical fitness and genetics) that affect the concentration of an inflammatory 

marker at a given time [272].  

Taken together, though the inflammatory markers used to generate the pro-inflammatory score in 

OA2 (Appendix 2) generally show a state of inflammation, the issues raised above indicate the 

complication of inflammatory processes. Thus even though, a pro-inflammatory score gives an 

indication of general inflammatory status, it could be a very simple indicator and should be 

cautiously interpreted. Thus further research is needed on specific biomarkers that are related to 

cardiometabolic diseases, a more reliable score of a state of general inflammation and effects of 

modifying factors on these biomarkers for a proper appreciation of the role of biomarkers in 

cardiometabolic diseases to be made.  
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6.5 Consideration of potential confounding factors 

In the DONALD study information on parental anthropometry, lifestyle and family characteristics 

etc. were assessed. From these measures various potential confounders in relation to 

socioeconomic status, children’s behavior and educational status were obtained during early life 

and other periods. However, there is the possibility of measurement error associated with these 

confounders resulting in residual confounding, such that even after adjustment for these 

inadequately measured confounders, their confounding effects still persists due to the error in the 

measurement [396]. As with all observational studies it is impossible to measure all confounding 

factors and to adjust for them appropriately, thus the issue of unmeasured confounders exists in 

such studies [396]. Thus residual confounding and unmeasured confounders can affect study 

findings and conclusions. 

A confounder is a variable associated with both the exposure and outcome of interest [397]. A 

confounder variable should possess these characteristics, (i) be casually related to the outcome of 

interest, (ii) be non-casually associated with the exposure of interest (iii) it should not lie on the 

exposure outcome casual pathway [398].  A confounder can falsely obscure i.e. underestimate 

(negative confounding) or accentuate i.e. overestimate (positive confounding) the relationship 

between an exposure and the outcome [399]. Thus a confounded research finding can result in an 

inaccurate conclusion being drawn about the effect of the exposure on the outcome [400], a 

phenomenon more likely in nonrandomized observational studies [397]. Thus to minimize the 

effect of confounding in observational studies adequate attention should be given to measurement 

of these variables at study inception and proper adjustment during analysis.  

In study I and II both prospective studies, a hierarchical approach premised on the conceptual 

framework proposed by Victora et al. [401] was used for the selection of relevant confounders. 
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The purpose of this approach is to adequately portray the complex hierarchical interrelationships 

of multivariate models [401]. The hierarchical conceptual framework was applied by considering 

covariates individually for potential confounding in a hierarchical manner [401]. Covariates which 

substantially modified the predictor–outcome associations by (≥10%) or significantly predicted 

the outcome were included in a hierarchical manner. This resulted in the selection of the following 

potential confounders in a hierarchical manner (i) early life factors: birth weight, birth weight-for-

gestational-age, gestational age, maternal and paternal age at child birth, GWG, first born status, 

and birth year regressed on age. (ii) socioeconomic factors and parental health: presence of an 

overweight parent, parental school education, smokers in the household.  

In study I sensitivity analyses were conducted in subsamples who had information on either 

participation in sport or estimated energy expenditure during participation in sports in early 

adulthood, this was to account for potential confounding due to adulthood physical activity levels. 

Conditional models were also constructed by adding adulthood waist circumference, BMI, SBP or 

DBP to the models to investigate whether the observed associations were partly attributable to 

body composition or BP in adulthood.  

In study II the effect of adulthood waist circumference as mediator was tested in a conditional 

model followed by a casual mediation analysis when the association was nullified in the 

conditional model. In contrast to a confounder, a mediator is an intermediary variable that lies on 

the casual pathway between the exposure and the outcome [397], hence it can be useful in 

explaining the mechanisms underlying the association between the exposure and the outcome. 

However, caution should be exercised when adjusting for mediators and adjustment for it should 

be in a separate step as was done in the conditional models of study I and II.  
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 In mediation the association between the exposure variable and the outcome variable is 

decomposed into two causal paths. One path links the exposure to the outcome directly (known as 

the direct effect), whilst the other path links the exposure to the outcome through a mediator 

(known as the indirect effect) as shown in figure 8 below. An indirect or mediated effect suggests 

that the exposure variable causes the mediator, which, in turn causes the outcome variable [399].  

Nullification of the association between maternal early pregnancy BMI and GWG with markers 

of cardiometabolic risk after inclusion of adulthood waist circumference in the conditional model, 

and subsequent confirmation by the mediation analysis shows that adulthood waist circumference 

is a likely mediator between these maternal factors and offspring cardiometabolic risk in adulthood 

in the sample population studied. For further details on confounders and the level of mediation 

refer to OA1 and OA2 respectively.  

 

                    Indirect effect = ab        Direct effect = cʼ 

Total effect = ab + cʼ 

Figure 8 Definition of a mediation effect [399]  

  

 

cʾ 
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6.6 Public health relevance 

From a public health perspective, it is crucial to determine the role of early life factors to the risk 

of later cardiometabolic diseases (CVD, T2D and BP) in later life. However, less attention seem 

to be paid to the role of developmental plasticity (“developmental programming”) and alterations 

in phenotypic outcomes, as a result of adverse events occurring in the early life period, in the surge 

in obesity and cardiometabolic diseases [44, 360]. This has been attributed to the fact that 

concurrent risk factors are seen to be more influential, the difficulty to identify or attribute risk to 

distant early life factors, also direct assessment of the probable effect of development on long term 

disease is arduous, requiring unbiased cohorts that have both perinatal data and health outcomes 

recorded into middle age. These result in the use of surrogate parameters of disease risk (SBP, 

fasting insulin/glucose levels etc.) in most studies relating to early life factors [41]. 

The results of this thesis and other existing evidence show that the causes of cardiometabolic 

diseases may not be attributable to genetics, lifestyle or events in adulthood only [44] and indicate 

the important role of early life factors to later disease risk. Cardiometabolic diseases especially 

T2D, CVD and hypertension constitute a major cause of morbidity and mortality globally and an 

important component of the cost of medical care with immense costs on health systems [184, 185].  

Currently, the number of women giving birth at an advance age is on the rise and it is likely this 

trend will continue, similarly, obesity among women in the reproductive age group is increasing 

in parallel to the obesity seen in the general population, thus the contribution of these maternal 

factors to offspring cardiometabolic risk could have major public health implications for individual 

and population health. This could worsen the already overstretched health care system, cost, 

adequate health care provision etc. Offspring developmentally programmed maybe predisposed to 
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chronic diseases at an early age and may have to depend on the health care system as well as have 

a lower health related quality of life for a prolonged time period.  

Issues such as the relative importance of early life factors influencing intervention strategies during 

early life (human development) compared to interventions initiated in adult life have been raised. 

Suggestions have been made that if high risk of CVD, T2D can be attributed to fetal adaptations 

made in early life due to inadequate maternal nutrition during pregnancy, then improving maternal 

nutrition during pregnancy to improve fetal growth and health outcomes, using primary prevention 

interventions should help reverse the trend [44]. 

However, though the possibility exists for intervention programs during pregnancy and early 

postnatal periods to help in the prevention of cardiometabolic diseases, evidence from some studies 

on supplementation of maternal diet in pregnancy with targeted macro and micronutrients to 

improve fetal growth as well as maternal and child health outcomes have been mixed [402–404]. 

Other studies have also underscored the greater impact and success of correcting maternal and 

infant nutrition using nutrition specific and sensitive interventions than interventions that are 

directed at adulthood especially in the prevention of chronic diseases.  

Interventions such as promotion of healthy diet and adequate weight during preconception and 

pregnancy, physical activity, promotion of breastfeeding have been proven to be effective [405]. 

Early identification of offspring that have been developmentally programmed [56] by use of 

probably markers of early gene-environment interactions will enhance acquisition of clinical data 

[41] so that timely interventions can be prescribed to such individuals before onset of adverse 

outcomes may be helpful.  

Consensus seem to be around the promotion of the health and nutrition of females in the 

reproductive age group as an avenue for the prevention of chronic disease in future generations 
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[41]. Applying integrated strategies in the use of these effective interventions as well as recognition 

of the role of the early environment in cardiometabolic disease etiology and the need to optimize 

the early environment should be scaled up as routine public health strategies.
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7 CONCLUSION AND PERSPECTIVES 

In conclusion the findings of this thesis adds to scientific knowledge by showing that early life 

factors are relevant for cardiometabolic risk in young adulthood. Firstly, advanced maternal age at 

child birth is associated with an increased IMT, a marker of subclinical atherosclerosis among 

female offspring in young adulthood but not in males. Due to the possibility of this trend of giving 

birth at an advanced age to continue, education on its adverse effects to offspring health should be 

intensified among women during preconception. Secondly, a higher maternal early pregnancy BMI 

was associated with a higher FLI, HSI, pro-inflammatory score and a lower HOMA2-S%, markers 

of cardiometabolic diseases. A higher GWG was also associated with a higher FLI, HSI, pro-

inflammatory score but with a lower HOMA2-S% among females, but not males. Full 

breastfeeding was associated with a lower adult FLI.  

Maternal obesity among women in the reproductive group parallels the increase seen in the general 

population and it is likely to continue, hence interventions especially before pregnancy maybe 

more beneficial. Promotion of adequate weight gain, diet and physical activity need to be 

intensified. These results agree with existing evidence that indicates that environmental factors 

acting during preconception, fetal, and early postnatal life are relevant for offspring 

cardiometabolic health outcomes in adulthood. Lastly, a systematic review of the literature showed 

that only “limited non-conclusive” evidence exist for an association between maternal pregnancy 

weight/BMI or GWG with offspring's later BP.   

However, further questions remain that need to be addressed in future studies. Most studies on 

advanced maternal age effects on offspring outcomes have been conducted during neonatal and 

early childhood periods. The long term effects have not been very much studied, additionally, it is 

not known whether the adverse effects associated with advanced maternal age are casual or not, 
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thus experimental research in animal models with long gestation periods and prospective large 

scale cohort studies are needed to elucidate mechanistic pathways that may serve as targets for 

intervention to improve maternal and offspring short and long term health.  

Though early pregnancy BMI has been associated with offspring obesity and adverse metabolic 

outcomes, it is not certain if this can be attributed to maternal fat accumulation in early pregnancy, 

as maternal body composition is not measured during different periods in pregnancy. Further 

studies in this area to elucidate the mechanisms behind this association maybe helpful to profile 

solutions. Another area of research could be a longer follow up of DONALD study participants to 

assess the relevance of these early life factors to overt cardiometabolic disease incidence in late 

adulthood.



REFERENCES 

83 

 

 REFERENCES 

1. Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-life conditions on adult health 

and disease. N Engl J Med. 2008;359:61–73. doi:10.1056/NEJMra0708473. 

2. Whincup PH. Mothers, Babies and Disease in Later Life. J R Soc Med. 1995;88:458. 

3. Barker DJP. Adult consequences of fetal growth restriction. Clin Obstet Gynecol. 2006;49:270–83. 

doi:10.1097/00003081-200606000-00009. 

4. Kumaran K, Osmond C, Fall CHD. Cardiovascular, Respiratory, and Related Disorders: Early Origins of 

Cardiometabolic Disease. 3rd ed. Washington (DC); 2017. 

5. Kwon EJ, Kim YJ. What is fetal programming?: a lifetime health is under the control of in utero health. Obstet 

Gynecol Sci. 2017;60:506–19. doi:10.5468/ogs.2017.60.6.506. 

6. Barker DJP. The developmental origins of well-being. Philos Trans R Soc Lond B Biol Sci. 2004;359:1359–66. 

doi:10.1098/rstb.2004.1518. 

7. Sutton EF, Gilmore LA, Dunger DB, Heijmans BT, Hivert M-F, Ling C, et al. Developmental programming: 

State-of-the-science and future directions-Summary from a Pennington Biomedical symposium. Obesity (Silver 

Spring). 2016;24:1018–26. doi:10.1002/oby.21487. 

8. Gluckman PD, Hanson MA. Developmental origins of disease paradigm: a mechanistic and evolutionary 

perspective. Pediatr Res. 2004;56:311–7. doi:10.1203/01.PDR.0000135998.08025.FB. 

9. Waterland RA, Michels KB. Epigenetic epidemiology of the developmental origins hypothesis. Annu Rev Nutr. 

2007;27:363–88. doi:10.1146/annurev.nutr.27.061406.093705. 

10. Roseboom T, Rooij S de, Painter R. The Dutch famine and its long-term consequences for adult health. Early 

Hum Dev. 2006;82:485–91. doi:10.1016/j.earlhumdev.2006.07.001. 

11. Ravelli AC, van der Meulen JH, Michels RP, Osmond C, Barker DJ, Hales CN, Bleker OP. Glucose tolerance in 

adults after prenatal exposure to famine. The Lancet. 1998;351:173–7. doi:10.1016/s0140-6736(97)07244-9. 

12. Barker D, Osmond C, Winter P, Margetts B, Simmonds S. WEIGHT IN INFANCY AND DEATH FROM 

ISCHAEMIC HEART DISEASE. The Lancet. 1989;334:577–80. doi:10.1016/S0140-6736(89)90710-1. 

13. Barker DJP. The developmental origins of chronic adult disease. Acta Paediatr Suppl. 2004;93:26–33. 

doi:10.1111/j.1651-2227.2004.tb00236.x. 

14. Barker DJP. The developmental origins of adult disease. J Am Coll Nutr. 2004;23:588S-595S. 

doi:10.1080/07315724.2004.10719428. 

15. Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes mellitus: the thrifty phenotype hypothesis. 

Diabetologia. 1992;35:595–601. doi:10.1007/BF00400248. 

16. Godfrey KM, Gluckman PD, Hanson MA. Developmental origins of metabolic disease: life course and 

intergenerational perspectives. Trends Endocrinol Metab. 2010;21:199–205. doi:10.1016/j.tem.2009.12.008. 

17. Frankel S, Elwood P, Smith GD, Sweetnam P, Yarnell J. Birthweight, body-mass index in middle age, and 

incident coronary heart disease. The Lancet. 1996;348:1478–80. doi:10.1016/S0140-6736(96)03482-4. 

18. Forsén T, Osmond C, Eriksson JG, Barker DJP. Growth of girls who later develop coronary heart disease. Heart. 

2004;90:20–4. doi:10.1136/heart.90.1.20. 



REFERENCES 

84 

 

19. Eriksson JG, Forsén T, Tuomilehto J, Osmond C, Barker DJ. Early growth and coronary heart disease in later 

life: longitudinal study. BMJ. 2001;322:949–53. doi:10.1136/bmj.322.7292.949. 

20. Forsén T, Eriksson JG, Tuomilehto J, Osmond C, Barker DJ. Growth in utero and during childhood among 

women who develop coronary heart disease: longitudinal study. BMJ. 1999;319:1403–7. 

doi:10.1136/bmj.319.7222.1403. 

21. Leon DA, Lithell HO, Vâgerö D, Koupilová I, Mohsen R, Berglund L, et al. Reduced fetal growth rate and 

increased risk of death from ischaemic heart disease: cohort study of 15 000 Swedish men and women born 1915-

29. BMJ. 1998;317:241–5. doi:10.1136/bmj.317.7153.241. 

22. Rich-Edwards JW, Colditz GA, Stampfer MJ, Willett WC, Gillman MW, Hennekens CH, et al. Birthweight and 

the risk for type 2 diabetes mellitus in adult women. Ann Intern Med. 1999;130:278–84. doi:10.7326/0003-4819-

130-4_part_1-199902160-00005. 

23. Whincup PH, Kaye SJ, Owen CG, Huxley R, Cook DG, Anazawa S, et al. Birth weight and risk of type 2 diabetes: 

a systematic review. JAMA. 2008;300:2886–97. doi:10.1001/jama.2008.886. 

24. Pulizzi N, Lyssenko V, Jonsson A, Osmond C, Laakso M, Kajantie E, et al. Interaction between prenatal growth 

and high-risk genotypes in the development of type 2 diabetes. Diabetologia. 2009;52:825–9. 

doi:10.1007/s00125-009-1291-1. 

25. Forsén T, Eriksson J, Tuomilehto J, Reunanen A, Osmond C, Barker D. The fetal and childhood growth of 

persons who develop type 2 diabetes. Ann Intern Med. 2000;133:176–82. doi:10.7326/0003-4819-133-3-

200008010-00008. 

26. Lithell HO, McKeigue PM, Berglund L, Mohsen R, Lithell UB, Leon DA. Relation of size at birth to non-insulin 

dependent diabetes and insulin concentrations in men aged 50-60 years. BMJ. 1996;312:406–10. 

doi:10.1136/bmj.312.7028.406. 

27. Eriksson JG. Early growth and coronary heart disease and type 2 diabetes: findings from the Helsinki Birth 

Cohort Study (HBCS). Am J Clin Nutr. 2011;94:1799S-1802S. doi:10.3945/ajcn.110.000638. 

28. Moore VM, Cockington RA, Ryan P, Robinson JS. The relationship between birth weight and blood pressure 

amplifies from childhood to adulthood. J Hypertens. 1999;17:883–8. doi:10.1097/00004872-199917070-00003. 

29. Huxley RR, Shiell AW, Law CM. The role of size at birth and postnatal catch-up growth in determining systolic 

blood pressure: a systematic review of the literature. J Hypertens. 2000;18:815–31. doi:10.1097/00004872-

200018070-00002. 

30. Hay WW. Placental-Fetal Glucose Exchange and Fetal Glucose Metabolism. Trans Am Clin Climatol Assoc. 

2006;117:321–40. 

31. Alfaradhi MZ, Ozanne SE. Developmental Programming in Response to Maternal Overnutrition. Front Genet 

2011. doi:10.3389/fgene.2011.00027. 

32. Kopp W. How Western Diet And Lifestyle Drive The Pandemic Of Obesity And Civilization Diseases. Diabetes 

Metab Syndr Obes. 2019;12:2221–36. doi:10.2147/DMSO.S216791. 



REFERENCES 

85 

 

33. Bavdekar A, Yajnik CS, Fall CH, Bapat S, Pandit AN, Deshpande V, et al. Insulin resistance syndrome in 8-

year-old Indian children: small at birth, big at 8 years, or both? Diabetes. 1999;48:2422–9. 

doi:10.2337/diabetes.48.12.2422. 

34. Knop MR, Geng T-T, Gorny AW, Ding R, Li C, Ley SH, Huang T. Birth Weight and Risk of Type 2 Diabetes 

Mellitus, Cardiovascular Disease, and Hypertension in Adults: A Meta-Analysis of 7 646 267 Participants From 

135 Studies. J Am Heart Assoc. 2018;7:e008870. doi:10.1161/JAHA.118.008870. 

35. Belbasis L, Savvidou MD, Kanu C, Evangelou E, Tzoulaki I. Birth weight in relation to health and disease in 

later life: an umbrella review of systematic reviews and meta-analyses. BMC Med. 2016;14:147. 

doi:10.1186/s12916-016-0692-5. 

36. Nordman H, Jääskeläinen J, Voutilainen R. Birth Size as a Determinant of Cardiometabolic Risk Factors in 

Children. Horm Res Paediatr. 2020;93:144–53. doi:10.1159/000509932. 

37. Barker DJP, Osmond C, Forsén TJ, Kajantie E, Eriksson JG. Trajectories of growth among children who have 

coronary events as adults. N Engl J Med. 2005;353:1802–9. doi:10.1056/NEJMoa044160. 

38. Barker D. INFANT MORTALITY, CHILDHOOD NUTRITION, AND ISCHAEMIC HEART DISEASE IN 

ENGLAND AND WALES. The Lancet. 1986;327:1077–81. doi:10.1016/s0140-6736(86)91340-1. 

39. Barker DJP, Eriksson JG, Forsén T, Osmond C. Fetal origins of adult disease: strength of effects and biological 

basis. Int J Epidemiol. 2002;31:1235–9. doi:10.1093/ije/31.6.1235. 

40. Barker DJ. Fetal origins of coronary heart disease. BMJ. 1995;311:171–4. doi:10.1136/bmj.311.6998.171. 

41. Gluckman PD, Hanson MA. Living with the past: evolution, development, and patterns of disease. Science. 

2004;305:1733–6. doi:10.1126/science.1095292. 

42. Barker DJ. In utero programming of chronic disease. Clin Sci (Lond). 1998;95:115–28. 

43. Drake AJ, Walker BR. The intergenerational effects of fetal programming: non-genomic mechanisms for the 

inheritance of low birth weight and cardiovascular risk. J Endocrinol. 2004;180:1–16. 

doi:10.1677/joe.0.1800001. 

44. Benyshek DC. The "early life" origins of obesity-related health disorders: new discoveries regarding the 

intergenerational transmission of developmentally programmed traits in the global cardiometabolic health crisis. 

Am J Phys Anthropol. 2013;152 Suppl 57:79–93. doi:10.1002/ajpa.22393. 

45. Charles E, Hunt KA, Harris C, Hickey A, Greenough A. Small for gestational age and extremely low birth weight 

infant outcomes. J Perinat Med. 2019;47:247–51. doi:10.1515/jpm-2018-0295. 

46. Wilcox AJ. On the importance--and the unimportance--of birthweight. Int J Epidemiol. 2001;30:1233–41. 

doi:10.1093/ije/30.6.1233. 

47. Georgia Department of Public Health. Birthweight: Infant's weight recorded at the time of birth. 2008. 

48. McGrath RT, Glastras SJ, Hocking SL, Fulcher GR. Large-for-Gestational-Age Neonates in Type 1 Diabetes and 

Pregnancy: Contribution of Factors Beyond Hyperglycemia. Diabetes Care. 2018;41:1821–8. doi:10.2337/dc18-

0551. 



REFERENCES 

86 

 

49. Hediger ML, Overpeck MD, Maurer KR, Kuczmarski RJ, McGlynn A, Davis WW. Growth of infants and young 

children born small or large for gestational age: findings from the Third National Health and Nutrition 

Examination Survey. Arch Pediatr Adolesc Med. 1998;152:1225–31. doi:10.1001/archpedi.152.12.1225. 

50. Renom Espineira A, Fernandes-Rosa FL, Bueno AC, Souza RM de, Moreira AC, Castro M de, et al. Postnatal 

growth and cardiometabolic profile in young adults born large for gestational age. Clin Endocrinol (Oxf). 

2011;75:335–41. doi:10.1111/j.1365-2265.2011.04054.x. 

51. Ong KK. Catch-up growth in small for gestational age babies: good or bad? Curr Opin Endocrinol Diabetes Obes. 

2007;14:30–4. doi:10.1097/MED.0b013e328013da6c. 

52. Evagelidou EN, Giapros VI, Challa AS, Cholevas VK, Vartholomatos GA, Siomou EC, et al. Prothrombotic 

state, cardiovascular, and metabolic syndrome risk factors in prepubertal children born large for gestational age. 

Diabetes Care. 2010;33:2468–70. doi:10.2337/dc10-1190. 

53. Sancakli O, Darendeliler F, Bas F, Gokcay G, Disci R, Aki S, Eskiyurt N. Insulin, adiponectin, IGFBP-1 levels 

and body composition in small for gestational age born non-obese children during prepubertal ages. Clin 

Endocrinol (Oxf). 2008;69:88–92. doi:10.1111/j.1365-2265.2007.03138.x. 

54. Kuciene R, Dulskiene V, Medzioniene J. Associations between high birth weight, being large for gestational age, 

and high blood pressure among adolescents: a cross-sectional study. Eur J Nutr. 2018;57:373–81. 

doi:10.1007/s00394-016-1372-0. 

55. Sebastiani G, Díaz M, Bassols J, Aragonés G, López-Bermejo A, Zegher F de, Ibáñez L. The sequence of prenatal 

growth restraint and post-natal catch-up growth leads to a thicker intima-media and more pre-peritoneal and 

hepatic fat by age 3-6 years. Pediatr Obes. 2016;11:251–7. doi:10.1111/ijpo.12053. 

56. Martin-Gronert MS, Ozanne SE. Mechanisms underlying the developmental origins of disease. Rev Endocr 

Metab Disord. 2012;13:85–92. doi:10.1007/s11154-012-9210-z. 

57. Robinson R. The fetal origins of adult disease. BMJ. 2001;322:375–6. doi:10.1136/bmj.322.7283.375. 

58. Brenner BM, Chertow GM. Congenital Oligonephropathy and the Etiology of Adult Hypertension and 

Progressive Renal Injury. American Journal of Kidney Diseases. 1994;23:171–5. doi:10.1016/S0272-

6386(12)80967-X. 

59. Ferrie JE, Langenberg C, Shipley MJ, Marmot MG. Birth weight, components of height and coronary heart 

disease: evidence from the Whitehall II study. Int J Epidemiol. 2006;35:1532–42. doi:10.1093/ije/dyl184. 

60. Smith CJ, Ryckman KK, Barnabei VM, Howard BV, Isasi CR, Sarto GE, et al. The impact of birth weight on 

cardiovascular disease risk in the Women's Health Initiative. Nutr Metab Cardiovasc Dis. 2016;26:239–45. 

doi:10.1016/j.numecd.2015.10.015. 

61. Carlsson S, Persson PG, Alvarsson M, Efendic S, Norman A, Svanström L, et al. Low birth weight, family history 

of diabetes, and glucose intolerance in Swedish middle-aged men. Diabetes Care. 1999;22:1043–7. 

doi:10.2337/diacare.22.7.1043. 

62. Tamakoshi K, Yatsuya H, Wada K, Matsushita K, Otsuka R, Yang PO, et al. Birth weight and adult hypertension: 

cross-sectional study in a Japanese workplace population. Circ J. 2006;70:262–7. doi:10.1253/circj.70.262. 



REFERENCES 

87 

 

63. Eriksson J, Forsén T, Tuomilehto J, Osmond C, Barker D. Fetal and childhood growth and hypertension in adult 

life. Hypertension. 2000;36:790–4. doi:10.1161/01.HYP.36.5.790. 

64. Mi D, Fang H, Zhao Y, Zhong L. Birth weight and type 2 diabetes: A meta-analysis. Exp Ther Med. 

2017;14:5313–20. doi:10.3892/etm.2017.5234. 

65. Hales CN. Non-insulin-dependent diabetes mellitus. Br Med Bull. 1997;53:109–22. 

doi:10.1093/oxfordjournals.bmb.a011594. 

66. Godfrey KM, Barker DJ. Fetal nutrition and adult disease. Am J Clin Nutr. 2000;71:1344S-52S. 

doi:10.1093/ajcn/71.5.1344s. 

67. Dyck RF, Klomp H, Tan L. From “Thrifty Genotype” to “Hefty Fetal Phenotype”: The Relationship Between 

High Birthweight and Diabetes in Saskatchewan Registered Indians. Can J Public Health. 2001;92:340–4. 

doi:10.1007/BF03404975. 

68. McCance DR, Pettitt DJ, Hanson RL, Jacobsson LT, Knowler WC, Bennett PH. Birth weight and non-insulin 

dependent diabetes: thrifty genotype, thrifty phenotype, or surviving small baby genotype? BMJ. 1994;308:942–

5. doi:10.1136/bmj.308.6934.942. 

69. Harder T, Rodekamp E, Schellong K, Dudenhausen JW, Plagemann A. Birth weight and subsequent risk of type 

2 diabetes: a meta-analysis. Am J Epidemiol. 2007;165:849–57. doi:10.1093/aje/kwk071. 

70. Wei J-N, Sung F-C, Li C-Y, Chang C-H, Lin R-S, Lin C-C, et al. Low birth weight and high birth weight infants 

are both at an increased risk to have type 2 diabetes among schoolchildren in taiwan. Diabetes Care. 2003;26:343–

8. doi:10.2337/diacare.26.2.343. 

71. Osler M, Lund R, Kriegbaum M, Andersen A-MN. The influence of birth weight and body mass in early 

adulthood on early coronary heart disease risk among Danish men born in 1953. Eur J Epidemiol. 2009;24:57–

61. doi:10.1007/s10654-008-9301-z. 

72. Lawlor DA, Davey Smith G, Ebrahim S. Birth weight is inversely associated with coronary heart disease in post-

menopausal women: findings from the British women's heart and health study. J Epidemiol Community Health. 

2004;58:120–5. doi:10.1136/jech.58.2.120. 

73. Hubinette A, Cnattingius S, Johansson ALV, Henriksson C, Lichtenstein P. Birth weight and risk of angina 

pectoris: analysis in Swedish twins. Eur J Epidemiol. 2003;18:539–44. doi:10.1023/a:1024686625528. 

74. Eriksson M, Wallander M-A, Krakau I, Wedel H, Svärdsudd K. The impact of birth weight on coronary heart 

disease morbidity and mortality in a birth cohort followed up for 85 years: a population-based study of men born 

in 1913. J Intern Med. 2004;256:472–81. doi:10.1111/j.1365-2796.2004.01412.x. 

75. Chen W, Srinivasan SR, Berenson GS. Amplification of the association between birthweight and blood pressure 

with age: the Bogalusa Heart Study. J Hypertens. 2010;28:2046–52. doi:10.1097/HJH.0b013e32833cd31f. 

76. Mu M, Wang S-F, Sheng J, Zhao Y, Li H-Z, Hu C-L, Tao F-B. Birth weight and subsequent blood pressure: a 

meta-analysis. Arch Cardiovasc Dis. 2012;105:99–113. doi:10.1016/j.acvd.2011.10.006. 

77. Huxley R, Neil A, Collins R. Unravelling the fetal origins hypothesis: is there really an inverse association 

between birthweight and subsequent blood pressure? The Lancet. 2002;360:659–65. doi:10.1016/S0140-

6736(02)09834-3. 



REFERENCES 

88 

 

78. Leeson CP, Kattenhorn M, Morley R, Lucas A, Deanfield JE. Impact of low birth weight and cardiovascular risk 

factors on endothelial function in early adult life. Circulation. 2001;103:1264–8. doi:10.1161/01.CIR.103.9.1264. 

79. Franco MCP, Christofalo DMJ, Sawaya AL, Ajzen SA, Sesso R. Effects of low birth weight in 8- to 13-year-old 

children: implications in endothelial function and uric acid levels. Hypertension. 2006;48:45–50. 

doi:10.1161/01.HYP.0000223446.49596.3a. 

80. Visentin S, Grumolato F, Nardelli GB, Di Camillo B, Grisan E, Cosmi E. Early origins of adult disease: low birth 

weight and vascular remodeling. Atherosclerosis. 2014;237:391–9. doi:10.1016/j.atherosclerosis.2014.09.027. 

81. Skilton MR, Evans N, Griffiths KA, Harmer JA, Celermajer DS. Aortic wall thickness in newborns with 

intrauterine growth restriction. The Lancet. 2005;365:1484–6. doi:10.1016/S0140-6736(05)66419-7. 

82. Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M. Prediction of clinical cardiovascular events with carotid 

intima-media thickness: a systematic review and meta-analysis. Circulation. 2007;115:459–67. 

doi:10.1161/CIRCULATIONAHA.106.628875. 

83. Edwards-Richards A, DeFreitas M, Katsoufis CP, Seeherunvong W, Sasaki N, Freundlich M, et al. Capillary 

rarefaction: an early marker of microvascular disease in young hemodialysis patients. Clin Kidney J. 2014;7:569–

74. doi:10.1093/ckj/sfu106. 

84. Nuyt AM. Mechanisms underlying developmental programming of elevated blood pressure and vascular 

dysfunction: evidence from human studies and experimental animal models. Clin Sci (Lond). 2008;114:1–17. 

doi:10.1042/CS20070113. 

85. Hattersley AT, Tooke JE. The fetal insulin hypothesis: an alternative explanation of the association of low bir 

thweight with diabetes and vascular disease. The Lancet. 1999;353:1789–92. doi:10.1016/S0140-

6736(98)07546-1. 

86. Rooij SR de, Painter RC, Phillips DIW, Osmond C, Michels RPJ, Godsland IF, et al. Impaired insulin secretion 

after prenatal exposure to the Dutch famine. Diabetes Care. 2006;29:1897–901. doi:10.2337/dc06-0460. 

87. Hales CN, Barker DJ, Clark PM, Cox LJ, Fall C, Osmond C, Winter PD. Fetal and infant growth and impaired 

glucose tolerance at age 64. BMJ. 1991;303:1019–22. doi:10.1136/bmj.303.6809.1019. 

88. Ross MG, Beall MH. Adult sequelae of intrauterine growth restriction. Semin Perinatol. 2008;32:213–8. 

doi:10.1053/j.semperi.2007.11.005. 

89. Jaquet D, Vidal H, Hankard R, Czernichow P, Levy-Marchal C. Impaired regulation of glucose transporter 4 

gene expression in insulin resistance associated with in utero undernutrition. J Clin Endocrinol Metab. 

2001;86:3266–71. doi:10.1210/jcem.86.7.7677. 

90. Brenner BM, Garcia DL, Anderson S. Glomeruli and blood pressure. Less of one, more the other? Am J 

Hypertens. 1988;1:335–47. doi:10.1093/ajh/1.4.335. 

91. Boo HA de, Harding JE. The developmental origins of adult disease (Barker) hypothesis. Aust N Z J Obstet 

Gynaecol. 2006;46:4–14. doi:10.1111/j.1479-828X.2006.00506.x. 

92. Barclay KJ, Myrskylä M. Advanced maternal age and offspring outcomes: causal effects and countervailing 

period trends. Rostock: Max Planck Institute for Demographic Research; 2015. 



REFERENCES 

89 

 

93. OECD.2014. OECD Family Database oe.cd/fdb. Age of mothers at childbirth and age-specific fertility: Women 

are having their first child at an older age. 2019. 

https://www.oecd.org/els/soc/SF_2_3_Age_mothers_childbirth.pdf. Accessed 19 Aug 2021. 

94. Cooke C-LM, Davidge ST. Advanced maternal age and the impact on maternal and offspring cardiovascular 

health. Am J Physiol Heart Circ Physiol. 2019;317:H387-H394. doi:10.1152/ajpheart.00045.2019. 

95. Mehari M-A, Maeruf H, Robles CC, Woldemariam S, Adhena T, Mulugeta M, et al. Advanced maternal age 

pregnancy and its adverse obstetrical and perinatal outcomes in Ayder comprehensive specialized hospital, 

Northern Ethiopia, 2017: a comparative cross-sectional study. BMC Pregnancy Childbirth. 2020;20:60. 

doi:10.1186/s12884-020-2740-6. 

96. Myrskylä M, Fenelon A. Maternal age and offspring adult health: evidence from the health and retirement study. 

Demography. 2012;49:1231–57. doi:10.1007/s13524-012-0132-x. 

97. Mills M, Rindfuss RR, McDonald P, te Velde E. Why do people postpone parenthood? Reasons and social policy 

incentives. Hum Reprod Update. 2011;17:848–60. doi:10.1093/humupd/dmr026. 

98. Abdalla HI, Burton G, Kirkland A, Johnson MR, Leonard T, Brooks AA, Studd JW. Age, pregnancy and 

miscarriage: uterine versus ovarian factors. Hum Reprod. 1993;8:1512–7. 

doi:10.1093/oxfordjournals.humrep.a138289. 

99. Jacobsson B, Ladfors L, Milsom I. Advanced maternal age and adverse perinatal outcome. Obstet Gynecol. 

2004;104:727–33. doi:10.1097/01.AOG.0000140682.63746.be. 

100. Nybo Andersen AM, Wohlfahrt J, Christens P, Olsen J, Melbye M. Maternal age and fetal loss: population based 

register linkage study. BMJ. 2000;320:1708–12. doi:10.1136/bmj.320.7251.1708. 

101. Hubbard RE, Andrew MK, Rockwood K. Effect of parental age at birth on the accumulation of deficits, frailty 

and survival in older adults. Age Ageing. 2009;38:380–5. doi:10.1093/ageing/afp035. 

102. Robine J. Have centenarians had younger parents than the others? Experimental Gerontology. 2003;38:361–5. 

doi:10.1016/s0531-5565(02)00245-0. 

103. Brion M-JA, Leary SD, Lawlor DA, Smith GD, Ness AR. Modifiable maternal exposures and offspring blood 

pressure: a review of epidemiological studies of maternal age, diet, and smoking. Pediatr Res. 2008;63:593–8. 

doi:10.1203/PDR.0b013e31816fdbd3. 

104. Gale EAM. Maternal age and diabetes in childhood. BMJ. 2010;340:c623. doi:10.1136/bmj.c623. 

105. Hemminki K, Kyyrönen P. Parental age and risk of sporadic and familial cancer in offspring: implications for 

germ cell mutagenesis. Epidemiology. 1999;10:747–51. 

106. Johnson KJ, Carozza SE, Chow EJ, Fox EE, Horel S, McLaughlin CC, et al. Parental age and risk of childhood 

cancer: a pooled analysis. Epidemiology. 2009;20:475–83. doi:10.1097/EDE.0b013e3181a5a332. 

107. Yip BH, Pawitan Y, Czene K. Parental age and risk of childhood cancers: a population-based cohort study from 

Sweden. Int J Epidemiol. 2006;35:1495–503. doi:10.1093/ije/dyl177. 

108. Myrskylä M, Elo IT, Kohler IV, Martikainen P. The association between advanced maternal and paternal ages 

and increased adult mortality is explained by early parental loss. Soc Sci Med. 2014;119:215–23. 

doi:10.1016/j.socscimed.2014.06.008. 



REFERENCES 

90 

 

109. Cooke C-LM, Shah A, Kirschenman RD, Quon AL, Morton JS, Care AS, Davidge ST. Increased susceptibility 

to cardiovascular disease in offspring born from dams of advanced maternal age. J Physiol. 2018;596:5807–21. 

doi:10.1113/JP275472. 

110. Lammi N, Moltchanova E, Blomstedt P, Eriksson JG, Taskinen O, Sarti C, et al. The effect of birth order and 

parental age on the risk of type 1 and 2 diabetes among young adults. Diabetologia. 2007;50:2433–8. 

doi:10.1007/s00125-007-0843-5. 

111. Fall CHD, Sachdev HS, Osmond C, Restrepo-Mendez MC, Victora C, Martorell R, et al. Association between 

maternal age at childbirth and child and adult outcomes in the offspring: a prospective study in five low-income 

and middle-income countries (COHORTS collaboration). The Lancet Global Health. 2015;3:e366-e377. 

doi:10.1016/S2214-109X(15)00038-8. 

112. Whincup PH, Cook DG, Shaper AG. Early influences on blood pressure: a study of children aged 5-7 years. 

BMJ. 1989;299:587–91. doi:10.1136/bmj.299.6699.587. 

113. Gillman MW, Rich-Edwards JW, Rifas-Shiman SL, Lieberman ES, Kleinman KP, Lipshultz SE. Maternal age 

and other predictors of newborn blood pressure. J Pediatr. 2004;144:240–5. doi:10.1016/j.jpeds.2003.10.064. 

114. Wells JCK. Commentary: Paternal and maternal influences on offspring phenotype: the same, only different. Int 

J Epidemiol. 2014;43:772–4. doi:10.1093/ije/dyu055. 

115. Hocher B. More than genes: the advanced fetal programming hypothesis. J Reprod Immunol. 2014;104-105:8–

11. doi:10.1016/j.jri.2014.03.001. 

116. Eberle C, Kirchner MF, Herden R, Stichling S. Paternal metabolic and cardiovascular programming of their 

offspring: A systematic scoping review. PLoS One. 2020;15:e0244826. doi:10.1371/journal.pone.0244826. 

117. Khandwala YS, Baker VL, Shaw GM, Stevenson DK, Lu Y, Eisenberg ML. Association of paternal age with 

perinatal outcomes between 2007 and 2016 in the United States: population based cohort study. BMJ. 

2018;363:k4372. doi:10.1136/bmj.k4372. 

118. Su XJ, Yuan W, Huang GY, Olsen J, Li J. Paternal age and offspring congenital heart defects: a national cohort 

study. PLoS One. 2015;10:e0121030. doi:10.1371/journal.pone.0121030. 

119. Leridon H. Can assisted reproduction technology compensate for the natural decline in fertility with age? A 

model assessment. Hum Reprod. 2004;19:1548–53. doi:10.1093/humrep/deh304. 

120. Armstrong DT. Effects of maternal age on oocyte developmental competence. Theriogenology. 2001;55:1303–

22. doi:10.1016/s0093-691x(01)00484-8. 

121. Devlieger R, Benhalima K, Damm P, van Assche A, Mathieu C, Mahmood T, et al. Maternal obesity in Europe: 

where do we stand and how to move forward?: A scientific paper commissioned by the European Board and 

College of Obstetrics and Gynaecology (EBCOG). Eur J Obstet Gynecol Reprod Biol. 2016;201:203–8. 

doi:10.1016/j.ejogrb.2016.04.005. 

122. Drake AJ, Reynolds RM. Impact of maternal obesity on offspring obesity and cardiometabolic disease risk. 

Reproduction. 2010;140:387–98. doi:10.1530/REP-10-0077. 

123. Rasmussen KM, Yaktine AL, editors. Weight Gain During Pregnancy: Reexamining the Guidelines. Washington 

(DC); 2009. 



REFERENCES 

91 

 

124. Gaillard R. Maternal obesity during pregnancy and cardiovascular development and disease in the offspring. Eur 

J Epidemiol. 2015;30:1141–52. doi:10.1007/s10654-015-0085-7. 

125. Dello Russo M, Ahrens W, Vriendt T de, Marild S, Molnar D, Moreno LA, et al. Gestational weight gain and 

adiposity, fat distribution, metabolic profile, and blood pressure in offspring: the IDEFICS project. Int J Obes 

(Lond). 2013;37:914–9. doi:10.1038/ijo.2013.35. 

126. Gambineri A, Conforti A, Di Nisio A, Laudisio D, Muscogiuri G, Barrea L, et al. Maternal obesity: focus on 

offspring cardiometabolic outcomes. Int J Obes Suppl. 2020;10:27–34. doi:10.1038/s41367-020-0016-2. 

127. Gaillard R, Steegers EAP, Franco OH, Hofman A, Jaddoe VWV. Maternal weight gain in different periods of 

pregnancy and childhood cardio-metabolic outcomes. The Generation R Study. Int J Obes (Lond). 2015;39:677–

85. doi:10.1038/ijo.2014.175. 

128. Gaillard R, Durmuş B, Hofman A, Mackenbach JP, Steegers EAP, Jaddoe VWV. Risk factors and outcomes of 

maternal obesity and excessive weight gain during pregnancy. Obesity (Silver Spring). 2013;21:1046–55. 

doi:10.1002/oby.20088. 

129. Karachaliou M, Georgiou V, Roumeliotaki T, Chalkiadaki G, Daraki V, Koinaki S, et al. Association of trimester-

specific gestational weight gain with fetal growth, offspring obesity, and cardiometabolic traits in early 

childhood. Am J Obstet Gynecol. 2015;212:502.e1-14. doi:10.1016/j.ajog.2014.12.038. 

130. Nelson SM, Matthews P, Poston L. Maternal metabolism and obesity: modifiable determinants of pregnancy 

outcome. Hum Reprod Update. 2010;16:255–75. doi:10.1093/humupd/dmp050. 

131. Oken E, Taveras EM, Kleinman KP, Rich-Edwards JW, Gillman MW. Gestational weight gain and child 

adiposity at age 3 years. Am J Obstet Gynecol. 2007;196:322.e1-8. doi:10.1016/j.ajog.2006.11.027. 

132. Gaillard R, Welten M, Oddy WH, Beilin LJ, Mori TA, Jaddoe VWV, Huang R-C. Associations of maternal 

prepregnancy body mass index and gestational weight gain with cardio-metabolic risk factors in adolescent 

offspring: a prospective cohort study. BJOG. 2016;123:207–16. doi:10.1111/1471-0528.13700. 

133. Kaar JL, Crume T, Brinton JT, Bischoff KJ, McDuffie R, Dabelea D. Maternal obesity, gestational weight gain, 

and offspring adiposity: the exploring perinatal outcomes among children study. J Pediatr. 2014;165:509–15. 

doi:10.1016/j.jpeds.2014.05.050. 

134. Oken E, Rifas-Shiman SL, Field AE, Frazier AL, Gillman MW. Maternal gestational weight gain and offspring 

weight in adolescence. Obstet Gynecol. 2008;112:999–1006. doi:10.1097/AOG.0b013e31818a5d50. 

135. Hrolfsdottir L, Rytter D, Olsen SF, Bech BH, Maslova E, Henriksen TB, Halldorsson TI. Gestational weight gain 

in normal weight women and offspring cardio-metabolic risk factors at 20 years of age. Int J Obes (Lond). 

2015;39:671–6. doi:10.1038/ijo.2014.179. 

136. Hochner H, Friedlander Y, Calderon-Margalit R, Meiner V, Sagy Y, Avgil-Tsadok M, et al. Associations of 

maternal prepregnancy body mass index and gestational weight gain with adult offspring cardiometabolic risk 

factors: the Jerusalem Perinatal Family Follow-up Study. Circulation. 2012;125:1381–9. 

doi:10.1161/CIRCULATIONAHA.111.070060. 



REFERENCES 

92 

 

137. Mamun AA, O'Callaghan M, Callaway L, Williams G, Najman J, Lawlor DA. Associations of gestational weight 

gain with offspring body mass index and blood pressure at 21 years of age: evidence from a birth cohort study. 

Circulation. 2009;119:1720–7. doi:10.1161/CIRCULATIONAHA.108.813436. 

138. Eriksson JG, Sandboge S, Salonen MK, Kajantie E, Osmond C. Long-term consequences of maternal overweight 

in pregnancy on offspring later health: findings from the Helsinki Birth Cohort Study. Ann Med. 2014;46:434–

8. doi:10.3109/07853890.2014.919728. 

139. Reynolds RM, Allan KM, Raja EA, Bhattacharya S, McNeill G, Hannaford PC, et al. Maternal obesity during 

pregnancy and premature mortality from cardiovascular event in adult offspring: follow-up of 1 323 275 person 

years. BMJ. 2013;347:f4539. doi:10.1136/bmj.f4539. 

140. Ramsay JE, Ferrell WR, Crawford L, Wallace AM, Greer IA, Sattar N. Maternal obesity is associated with 

dysregulation of metabolic, vascular, and inflammatory pathways. J Clin Endocrinol Metab. 2002;87:4231–7. 

doi:10.1210/jc.2002-020311. 

141. Lawlor DA, Smith GD, O'Callaghan M, Alati R, Mamun AA, Williams GM, Najman JM. Epidemiologic 

evidence for the fetal overnutrition hypothesis: findings from the mater-university study of pregnancy and its 

outcomes. Am J Epidemiol. 2007;165:418–24. doi:10.1093/aje/kwk030. 

142. Taylor PD, Poston L. Developmental programming of obesity in mammals. Exp Physiol. 2007;92:287–98. 

doi:10.1113/expphysiol.2005.032854. 

143. Samuelsson A-M, Matthews PA, Argenton M, Christie MR, McConnell JM, Jansen EHJM, et al. Diet-induced 

obesity in female mice leads to offspring hyperphagia, adiposity, hypertension, and insulin resistance: a novel 

murine model of developmental programming. Hypertension. 2008;51:383–92. 

doi:10.1161/HYPERTENSIONAHA.107.101477. 

144. Samuelsson A-M, Morris A, Igosheva N, Kirk SL, Pombo JMC, Coen CW, et al. Evidence for sympathetic 

origins of hypertension in juvenile offspring of obese rats. Hypertension. 2010;55:76–82. 

doi:10.1161/HYPERTENSIONAHA.109.139402. 

145. Huang Y, Yan X, Zhao JX, Zhu MJ, McCormick RJ, Ford SP, et al. Maternal obesity induces fibrosis in fetal 

myocardium of sheep. Am J Physiol Endocrinol Metab. 2010;299:E968-75. doi:10.1152/ajpendo.00434.2010. 

146. King JC. Maternal obesity, metabolism, and pregnancy outcomes. Annu Rev Nutr. 2006;26:271–91. 

doi:10.1146/annurev.nutr.24.012003.132249. 

147. Catalano PM, Ehrenberg HM. The short- and long-term implications of maternal obesity on the mother and her 

offspring. BJOG. 2006;113:1126–33. doi:10.1111/j.1471-0528.2006.00989.x. 

148. Reece EA, Homko C, Wiznitzer A. Metabolic changes in diabetic and nondiabetic subjects during pregnancy. 

Obstet Gynecol Surv. 1994;49:64–71. doi:10.1097/00006254-199401000-00027. 

149. Ford SP, Zhang L, Zhu M, Miller MM, Smith DT, Hess BW, et al. Maternal obesity accelerates fetal pancreatic 

beta-cell but not alpha-cell development in sheep: prenatal consequences. Am J Physiol Regul Integr Comp 

Physiol. 2009;297:R835-43. doi:10.1152/ajpregu.00072.2009. 

150. Taylor PD, Samuelsson A-M, Poston L. Maternal obesity and the developmental programming of hypertension: 

a role for leptin. Acta Physiol (Oxf). 2014;210:508–23. doi:10.1111/apha.12223. 



REFERENCES 

93 

 

151. Yu ZB, Han SP, Zhu GZ, Zhu C, Wang XJ, Cao XG, Guo XR. Birth weight and subsequent risk of obesity: a 

systematic review and meta-analysis. Obes Rev. 2011;12:525–42. doi:10.1111/j.1467-789X.2011.00867.x. 

152. Nomura Y, Lambertini L, Rialdi A, Lee M, Mystal EY, Grabie M, et al. Global methylation in the placenta and 

umbilical cord blood from pregnancies with maternal gestational diabetes, preeclampsia, and obesity. Reprod 

Sci. 2014;21:131–7. doi:10.1177/1933719113492206. 

153. Morales E, Groom A, Lawlor DA, Relton CL. DNA methylation signatures in cord blood associated with 

maternal gestational weight gain: results from the ALSPAC cohort. BMC Res Notes. 2014;7:278. 

doi:10.1186/1756-0500-7-278. 

154. Langley-Evans SC. Nutrition in early life and the programming of adult disease: a review. J Hum Nutr Diet. 

2015;28 Suppl 1:1–14. doi:10.1111/jhn.12212. 

155. Owen CG, Martin RM, Whincup PH, Smith GD, Cook DG. Does breastfeeding influence risk of type 2 diabetes 

in later life? A quantitative analysis of published evidence. Am J Clin Nutr. 2006;84:1043–54. 

doi:10.1093/ajcn/84.5.1043. 

156. Hanson MA. Early life nutrition and lifelong health. London?: BMA Board of Science; 2009. 

157. WHO. Guideline:protecting, promoting and supporting breastfeeding in facilities providing maternity and 

newborn services. Geneva: WHO; 2017. 

158. Martin RM, Ebrahim S, Griffin M, Davey Smith G, Nicolaides AN, Georgiou N, et al. Breastfeeding and 

atherosclerosis: intima-media thickness and plaques at 65-year follow-up of the Boyd Orr cohort. Arterioscler 

Thromb Vasc Biol. 2005;25:1482–8. doi:10.1161/01.ATV.0000170129.20609.49. 

159. Rich-Edwards JW, Stampfer MJ, Manson JE, Rosner B, Hu FB, Michels KB, Willett WC. Breastfeeding during 

infancy and the risk of cardiovascular disease in adulthood. Epidemiology. 2004;15:550–6. 

doi:10.1097/01.ede.0000129513.69321.ba. 

160. Ravelli AC, van der Meulen JH, Osmond C, Barker DJ, Bleker OP. Infant feeding and adult glucose tolerance, 

lipid profile, blood pressure, and obesity. Arch Dis Child. 2000;82:248–52. doi:10.1136/adc.82.3.248. 

161. Pettitt DJ, Forman MR, Hanson RL, Knowler WC, Bennett PH. Breastfeeding and incidence of non-insulin-

dependent diabetes mellitus in Pima Indians. The Lancet. 1997;350:166–8. doi:10.1016/S0140-6736(96)12103-

6. 

162. Martin RM, Ness AR, Gunnell D, Emmett P, Davey Smith G. Does breast-feeding in infancy lower blood 

pressure in childhood? The Avon Longitudinal Study of Parents and Children (ALSPAC). Circulation. 

2004;109:1259–66. doi:10.1161/01.CIR.0000118468.76447.CE. 

163. Singhal A. The Impact of Human Milk Feeding on Long-Term Risk of Obesity and Cardiovascular Disease. 

Breastfeed Med. 2019;14:S9-S10. doi:10.1089/bfm.2019.0037. 

164. Schack-Nielsen L, Michaelsen KF. Advances in our understanding of the biology of human milk and its effects 

on the offspring. J Nutr. 2007;137:503S-510S. doi:10.1093/jn/137.2.503S. 

165. Bjerregaard LG, Pedersen DC, Mortensen EL, Sørensen TIA, Baker JL. Breastfeeding duration in infancy and 

adult risks of type 2 diabetes in a high-income country. Matern Child Nutr. 2019;15:e12869. 

doi:10.1111/mcn.12869. 



REFERENCES 

94 

 

166. Wingard DL, Criqui MH, Edelstein SL, Tucker J, Tomlinson-Keasey C, Schwartz JE, Friedman HS. Is breast-

feeding in infancy associated with adult longevity? Am J Public Health. 1994;84:1458–62. 

doi:10.2105/ajph.84.9.1458. 

167. Burr ML, Beasley WH, Fisher CB. Breast feeding, maternal smoking and early atheroma. Eur Heart J. 

1984;5:588–91. doi:10.1093/oxfordjournals.eurheartj.a061709. 

168. Leeson CP, Kattenhorn M, Deanfield JE, Lucas A. Duration of breast feeding and arterial distensibility in early 

adult life: population based study. BMJ. 2001;322:643–7. doi:10.1136/bmj.322.7287.643. 

169. Martin RM, Ben-Shlomo Y, Gunnell D, Elwood P, Yarnell JWG, Davey Smith G. Breast feeding and 

cardiovascular disease risk factors, incidence, and mortality: the Caerphilly study. J Epidemiol Community 

Health. 2005;59:121–9. doi:10.1136/jech.2003.018952. 

170. Fall CH, Borja JB, Osmond C, Richter L, Bhargava SK, Martorell R, et al. Infant-feeding patterns and 

cardiovascular risk factors in young adulthood: data from five cohorts in low- and middle-income countries. Int 

J Epidemiol. 2011;40:47–62. doi:10.1093/ije/dyq155. 

171. Martin RM, Gunnell D, Smith GD. Breastfeeding in infancy and blood pressure in later life: systematic review 

and meta-analysis. Am J Epidemiol. 2005;161:15–26. doi:10.1093/aje/kwh338. 

172. Owen CG, Whincup PH, Gilg JA, Cook DG. Effect of breast feeding in infancy on blood pressure in later life: 

systematic review and meta-analysis. BMJ. 2003;327:1189–95. doi:10.1136/bmj.327.7425.1189. 

173. Parikh NI, Hwang S-J, Ingelsson E, Benjamin EJ, Fox CS, Vasan RS, Murabito JM. Breastfeeding in infancy 

and adult cardiovascular disease risk factors. Am J Med. 2009;122:656-63.e1. 

doi:10.1016/j.amjmed.2008.11.034. 

174. Engler MM, Engler MB, Kroetz DL, Boswell KD, Neeley E, Krassner SM. The effects of a diet rich in 

docosahexaenoic acid on organ and vascular fatty acid composition in spontaneously hypertensive rats. 

Prostaglandins Leukot Essent Fatty Acids. 1999;61:289–95. doi:10.1054/plef.1999.0102. 

175. Ristimäki A, Ylikorkala O, Pesonen K, Perheentupa J, Viinikka L. Human milk stimulates prostacyclin 

production by cultured human vascular endothelial cells. J Clin Endocrinol Metab. 1991;72:623–7. 

doi:10.1210/jcem-72-3-623. 

176. Putra ST, Mansyur M, Sastroasmoro S. Effects of duration of breastfeeding during infancy on vascular 

dysfunction in adolescents. Acta Med Indones. 2015;47:24–30. 

177. Järvisalo MJ, Hutri-Kähönen N, Juonala M, Mikkilä V, Räsänen L, Lehtimäki T, et al. Breast feeding in infancy 

and arterial endothelial function later in life. The Cardiovascular Risk in Young Finns Study. Eur J Clin Nutr. 

2009;63:640–5. doi:10.1038/ejcn.2008.17. 

178. Baur LA, O'Connor J, Pan DA, Kriketos AD, Storlien LH. The fatty acid composition of skeletal muscle 

membrane phospholipid: Its relationship with the type of feeding and plasma glucose levels in young children. 

Metabolism. 1998;47:106–12. doi:10.1016/s0026-0495(98)90202-5. 

179. Horta, Bernardo L., Victora, Cesar G., World Health Organization. Long-term effects of breastfeeding: a 

systematic review; 2013. 



REFERENCES 

95 

 

180. Horta BL, Loret de Mola C, Victora CG. Long-term consequences of breastfeeding on cholesterol, obesity, 

systolic blood pressure and type 2 diabetes: a systematic review and meta-analysis. Acta Paediatr. 2015;104:30–

7. doi:10.1111/apa.13133. 

181. Salmenperä L, Perheentupa J, Siimes MA, Adrian TE, Bloom SR, Aynsley-Green A. Effects of feeding regimen 

on blood glucose levels and plasma concentrations of pancreatic hormones and gut regulatory peptides at 9 

months of age: comparison between infants fed with milk formula and infants exclusively breast-fed from birth. 

J Pediatr Gastroenterol Nutr. 1988;7:651–6. doi:10.1097/00005176-198809000-00005. 

182. Colao A, Di Somma C, Cascella T, Pivonello R, Vitale G, Grasso LFS, et al. Relationships between serum IGF1 

levels, blood pressure, and glucose tolerance: an observational, exploratory study in 404 subjects. Eur J 

Endocrinol. 2008;159:389–97. doi:10.1530/EJE-08-0201. 

183. Martin RM, Holly JMP, Smith GD, Ness AR, Emmett P, Rogers I, Gunnell D. Could associations between 

breastfeeding and insulin-like growth factors underlie associations of breastfeeding with adult chronic disease? 

The Avon Longitudinal Study of Parents and Children. Clin Endocrinol (Oxf). 2005;62:728–37. 

doi:10.1111/j.1365-2265.2005.02287.x. 

184. Mensah GA, Roth GA, Fuster V. The Global Burden of Cardiovascular Diseases and Risk Factors: 2020 and 

Beyond. J Am Coll Cardiol. 2019;74:2529–32. doi:10.1016/j.jacc.2019.10.009. 

185. Amini M, Zayeri F, Salehi M. Trend analysis of cardiovascular disease mortality, incidence, and mortality-to-

incidence ratio: results from global burden of disease study 2017. BMC Public Health. 2021;21:401. 

doi:10.1186/s12889-021-10429-0. 

186. Roth GA, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global, regional, and national age-sex-

specific mortality for 282 causes of death in 195 countries and territories, 1980–2017: a systematic analysis for 

the Global Burden of Disease Study 2017. The Lancet. 2018;392:1736–88. doi:10.1016/S0140-6736(18)32203-

7. 

187. Kyu HH, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global, regional, and national disability-

adjusted life-years (DALYs) for 359 diseases and injuries and healthy life expectancy (HALE) for 195 countries 

and territories, 1990–2017: a systematic analysis for the Global Burden of Disease Study 2017. The Lancet. 

2018;392:1859–922. doi:10.1016/S0140-6736(18)32335-3. 

188. Mensah GA, Roth GA, Sampson UKA, Moran AE, Feigin VL, Forouzanfar MH, et al. Mortality from 

cardiovascular diseases in sub-Saharan Africa, 1990-2013: a systematic analysis of data from the Global Burden 

of Disease Study 2013. Cardiovasc J Afr. 2015;26:S6-10. doi:10.5830/CVJA-2015-036. 

189. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global and regional mortality from 235 

causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the Global Burden of Disease Study 

2010. The Lancet. 2012;380:2095–128. doi:10.1016/S0140-6736(12)61728-0. 

190. McGill HC, McMahan CA, Gidding SS. Preventing heart disease in the 21st century: implications of the 

Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study. Circulation. 2008;117:1216–27. 

doi:10.1161/CIRCULATIONAHA.107.717033. 



REFERENCES 

96 

 

191. Eikendal ALM, Groenewegen KA, Anderson TJ, Britton AR, Engström G, Evans GW, et al. Common carotid 

intima-media thickness relates to cardiovascular events in adults aged <45 years. Hypertension. 2015;65:707–

13. doi:10.1161/HYPERTENSIONAHA.114.04658. 

192. Touboul P-J, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein N, et al. Mannheim carotid intima-

media thickness and plaque consensus (2004-2006-2011). An update on behalf of the advisory board of the 3rd, 

4th and 5th watching the risk symposia, at the 13th, 15th and 20th European Stroke Conferences, Mannheim, 

Germany, 2004, Brussels, Belgium, 2006, and Hamburg, Germany, 2011. Cerebrovasc Dis. 2012;34:290–6. 

doi:10.1159/000343145. 

193. Urbina EM, Williams RV, Alpert BS, Collins RT, Daniels SR, Hayman L, et al. Noninvasive assessment of 

subclinical atherosclerosis in children and adolescents: recommendations for standard assessment for clinical 

research: a scientific statement from the American Heart Association. Hypertension. 2009;54:919–50. 

doi:10.1161/HYPERTENSIONAHA.109.192639. 

194. Bots ML, Jong PT de, Hofman A, Grobbee DE. Left, Right, Near or Far Wall Common Carotid Intima-Media 

Thickness Measurements: Associations with Cardiovascular Disease and Lower Extremity Arterial 

Atherosclerosis. Journal of Clinical Epidemiology. 1997;50:801–7. doi:10.1016/s0895-4356(97)00059-0. 

195. Bots ML, Baldassarre D, Simon A, Groot E de, O'Leary DH, Riley W, et al. Carotid intima-media thickness and 

coronary atherosclerosis: weak or strong relations? Eur Heart J. 2007;28:398–406. doi:10.1093/eurheartj/ehl482. 

196. Dawson JD, Sonka M, Blecha MB, Lin W, Davis PH. Risk factors associated with aortic and carotid intima-

media thickness in adolescents and young adults: the Muscatine Offspring Study. J Am Coll Cardiol. 

2009;53:2273–9. doi:10.1016/j.jacc.2009.03.026. 

197. Raitakari OT, Juonala M, Kähönen M, Taittonen L, Laitinen T, Mäki-Torkko N, et al. Cardiovascular risk factors 

in childhood and carotid artery intima-media thickness in adulthood: the Cardiovascular Risk in Young Finns 

Study. JAMA. 2003;290:2277–83. doi:10.1001/jama.290.17.2277. 

198. Bots ML, Hofman A, Grobbee DE. Increased common carotid intima-media thickness. Adaptive response or a 

reflection of atherosclerosis? Findings from the Rotterdam Study. Stroke. 1997;28:2442–7. 

doi:10.1161/01.str.28.12.2442. 

199. VAUDO G, SCHILLACI G, EVANGELISTA F, PASQUALINI L, VERDECCHIA P, MANNARINO E. 

Arterial wall thickening at different sites and its association with left ventricular hypertrophy in newly diagnosed 

essential hypertension. Am J Hypertens. 2000;13:324–31. doi:10.1016/s0895-7061(99)00229-0. 

200. Engelen L, Ferreira I, Stehouwer CD, Boutouyrie P, Laurent S. Reference intervals for common carotid intima-

media thickness measured with echotracking: relation with risk factors. Eur Heart J. 2013;34:2368–80. 

doi:10.1093/eurheartj/ehs380. 

201. Diaz A, Bia D, Zócalo Y, Manterola H, Larrabide I, Lo Vercio L, et al. Carotid Intima Media Thickness Reference 

Intervals for a Healthy Argentinean Population Aged 11-81 Years. Int J Hypertens. 2018;2018:8086714. 

doi:10.1155/2018/8086714. 

202. Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB, Mohler ER, et al. Use of carotid ultrasound to identify 

subclinical vascular disease and evaluate cardiovascular disease risk: a consensus statement from the American 



REFERENCES 

97 

 

Society of Echocardiography Carotid Intima-Media Thickness Task Force. Endorsed by the Society for Vascular 

Medicine. J Am Soc Echocardiogr. 2008;21:93-111; quiz 189-90. doi:10.1016/j.echo.2007.11.011. 

203. Najjar SS, Scuteri A, Lakatta EG. Arterial aging: is it an immutable cardiovascular risk factor? Hypertension. 

2005;46:454–62. doi:10.1161/01.HYP.0000177474.06749.98. 

204. Polak JF, Pencina MJ, Pencina KM, O'Donnell CJ, Wolf PA, D'Agostino RB. Carotid-wall intima-media 

thickness and cardiovascular events. N Engl J Med. 2011;365:213–21. doi:10.1056/NEJMoa1012592. 

205. Casella IB, Presti C, Porta RMP, Sabbag CRD, Bosch MA, Yamazaki Y. A practical protocol to measure common 

carotid artery intima-media thickness. Clinics (Sao Paulo). 2008;63:515–20. doi:10.1590/s1807-

59322008000400017. 

206. Pignoli P, Tremoli E, Poli A, Oreste P, Paoletti R. Intimal plus medial thickness of the arterial wall: a direct 

measurement with ultrasound imaging. Circulation. 1986;74:1399–406. doi:10.1161/01.cir.74.6.1399. 

207. Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. 

Nat Rev Endocrinol. 2018;14:88–98. doi:10.1038/nrendo.2017.151. 

208. Esser N, Legrand-Poels S, Piette J, Scheen AJ, Paquot N. Inflammation as a link between obesity, metabolic 

syndrome and type 2 diabetes. Diabetes Res Clin Pract. 2014;105:141–50. doi:10.1016/j.diabres.2014.04.006. 

209. Scheen AJ. Pathophysiology of type 2 diabetes. Acta Clin Belg. 2003;58:335–41. 

doi:10.1179/acb.2003.58.6.001. 

210. Samuel VT, Shulman GI. Mechanisms for insulin resistance: common threads and missing links. Cell. 

2012;148:852–71. doi:10.1016/j.cell.2012.02.017. 

211. Ota T. Obesity-induced inflammation and insulin resistance. Front Endocrinol (Lausanne). 2014;5:204. 

doi:10.3389/fendo.2014.00204. 

212. Wondmkun YT. Obesity, Insulin Resistance, and Type 2 Diabetes: Associations and Therapeutic Implications. 

Diabetes Metab Syndr Obes. 2020;13:3611–6. doi:10.2147/DMSO.S275898. 

213. Poitout V, Robertson RP. Glucolipotoxicity: fuel excess and beta-cell dysfunction. Endocr Rev. 2008;29:351–

66. doi:10.1210/er.2007-0023. 

214. Marselli L, Piron A, Suleiman M, Colli ML, Yi X, Khamis A, et al. Persistent or Transient Human β Cell 

Dysfunction Induced by Metabolic Stress: Specific Signatures and Shared Gene Expression with Type 2 

Diabetes. Cell Rep. 2020;33:108466. doi:10.1016/j.celrep.2020.108466. 

215. Sivitz WI. Lipotoxicity and glucotoxicity in type 2 diabetes. Effects on development and progression. Postgrad 

Med. 2001;109:55-9, 63-4. doi:10.3810/pgm.2001.04.908. 

216. Muniyappa R, Lee S, Chen H, Quon MJ. Current approaches for assessing insulin sensitivity and resistance in 

vivo: advantages, limitations, and appropriate usage. Am J Physiol Endocrinol Metab. 2008;294:E15-26. 

doi:10.1152/ajpendo.00645.2007. 

217. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. Diabetes Care. 2004;27:1487–95. 

doi:10.2337/diacare.27.6.1487. 

218. Radziuk J. Insulin sensitivity and its measurement: structural commonalities among the methods. J Clin 

Endocrinol Metab. 2000;85:4426–33. doi:10.1210/jcem.85.12.7025. 



REFERENCES 

98 

 

219. Yokoyama H, Emoto M, Fujiwara S, Motoyama K, Morioka T, Komatsu M, et al. Quantitative insulin sensitivity 

check index and the reciprocal index of homeostasis model assessment in normal range weight and moderately 

obese type 2 diabetic patients. Diabetes Care. 2003;26:2426–32. doi:10.2337/diacare.26.8.2426. 

220. Cavero-Redondo I, Peleteiro B, Álvarez-Bueno C, Rodriguez-Artalejo F, Martínez-Vizcaíno V. Glycated 

haemoglobin A1c as a risk factor of cardiovascular outcomes and all-cause mortality in diabetic and non-diabetic 

populations: a systematic review and meta-analysis. BMJ Open. 2017;7:e015949. doi:10.1136/bmjopen-2017-

015949. 

221. Taylor R. Insulin resistance and type 2 diabetes. Diabetes. 2012;61:778–9. doi:10.2337/db12-0073. 

222. Pandey A, Chawla S, Guchhait P. Type-2 diabetes: Current understanding and future perspectives. IUBMB Life. 

2015;67:506–13. doi:10.1002/iub.1396. 

223. Goldstein BJ. Insulin resistance as the core defect in type 2 diabetes mellitus. The American Journal of 

Cardiology. 2002;90:3–10. doi:10.1016/s0002-9149(02)02553-5. 

224. Roden M. Mechanisms of Disease: hepatic steatosis in type 2 diabetes--pathogenesis and clinical relevance. Nat 

Clin Pract Endocrinol Metab. 2006;2:335–48. doi:10.1038/ncpendmet0190. 

225. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. The diagnosis and management of non-

alcoholic fatty liver disease: practice Guideline by the American Association for the Study of Liver Diseases, 

American College of Gastroenterology, and the American Gastroenterological Association. Hepatology. 

2012;55:2005–23. doi:10.1002/hep.25762. 

226. Kasper P, Martin A, Lang S, Kütting F, Goeser T, Demir M, Steffen H-M. NAFLD and cardiovascular diseases: 

a clinical review. Clin Res Cardiol 2020. doi:10.1007/s00392-020-01709-7. 

227. McPherson S, Hardy T, Henderson E, Burt AD, Day CP, Anstee QM. Evidence of NAFLD progression from 

steatosis to fibrosing-steatohepatitis using paired biopsies: implications for prognosis and clinical management. 

J Hepatol. 2015;62:1148–55. doi:10.1016/j.jhep.2014.11.034. 

228. Kahl S, Straßburger K, Nowotny B, Livingstone R, Klüppelholz B, Keßel K, et al. Comparison of liver fat indices 

for the diagnosis of hepatic steatosis and insulin resistance. PLoS One. 2014;9:e94059. 

doi:10.1371/journal.pone.0094059. 

229. van Werven JR, Nederveen AJ, Stoker J. Non-invasieve bepaling levervet met 1H-MR-spectroscopie. [No-

invasive determination of liver fat with 1H-MR spectroscopy]. Ned Tijdschr Geneeskd. 2011;155:A2756. 

230. Ratziu V, Charlotte F, Heurtier A, Gombert S, Giral P, Bruckert E, et al. Sampling variability of liver biopsy in 

nonalcoholic fatty liver disease. Gastroenterology. 2005;128:1898–906. doi:10.1053/j.gastro.2005.03.084. 

231. Bedogni G, Bellentani S, Miglioli L, Masutti F, Passalacqua M, Castiglione A, Tiribelli C. The Fatty Liver Index: 

a simple and accurate predictor of hepatic steatosis in the general population. BMC Gastroenterol. 2006;6:33. 

doi:10.1186/1471-230X-6-33. 

232. Lee J-H, Kim D, Kim HJ, Lee C-H, Yang J in, Kim W, et al. Hepatic steatosis index: a simple screening tool 

reflecting nonalcoholic fatty liver disease. Dig Liver Dis. 2010;42:503–8. doi:10.1016/j.dld.2009.08.002. 

233. Ayonrinde OT. Historical narrative from fatty liver in the nineteenth century to contemporary NAFLD - 

Reconciling the present with the past. JHEP Rep. 2021;3:100261. doi:10.1016/j.jhepr.2021.100261. 



REFERENCES 

99 

 

234. Haas JT, Francque S, Staels B. Pathophysiology and Mechanisms of Nonalcoholic Fatty Liver Disease. Annu 

Rev Physiol. 2016;78:181–205. doi:10.1146/annurev-physiol-021115-105331. 

235. Nassir F, Rector RS, Hammoud GM, Ibdah JA. Pathogenesis and Prevention of Hepatic Steatosis. Gastroenterol 

Hepatol (N Y). 2015;11:167–75. 

236. Sunny NE, Parks EJ, Browning JD, Burgess SC. Excessive hepatic mitochondrial TCA cycle and 

gluconeogenesis in humans with nonalcoholic fatty liver disease. Cell Metab. 2011;14:804–10. 

doi:10.1016/j.cmet.2011.11.004. 

237. Gastaldelli A, Cusi K, Pettiti M, Hardies J, Miyazaki Y, Berria R, et al. Relationship between hepatic/visceral fat 

and hepatic insulin resistance in nondiabetic and type 2 diabetic subjects. Gastroenterology. 2007;133:496–506. 

doi:10.1053/j.gastro.2007.04.068. 

238. Korenblat KM, Fabbrini E, Mohammed BS, Klein S. Liver, muscle, and adipose tissue insulin action is directly 

related to intrahepatic triglyceride content in obese subjects. Gastroenterology. 2008;134:1369–75. 

doi:10.1053/j.gastro.2008.01.075. 

239. Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M, Manini R, et al. Nonalcoholic fatty liver, 

steatohepatitis, and the metabolic syndrome. Hepatology. 2003;37:917–23. doi:10.1053/jhep.2003.50161. 

240. Neuschwander-Tetri BA. Hepatic lipotoxicity and the pathogenesis of nonalcoholic steatohepatitis: the central 

role of nontriglyceride fatty acid metabolites. Hepatology. 2010;52:774–88. doi:10.1002/hep.23719. 

241. Temple JL, Cordero P, Li J, Nguyen V, Oben JA. A Guide to Non-Alcoholic Fatty Liver Disease in Childhood 

and Adolescence. Int J Mol Sci 2016. doi:10.3390/ijms17060947. 

242. Marchesini G, Brizi M, Bianchi G, Tomassetti S, Bugianesi E, Lenzi M, et al. Nonalcoholic fatty liver disease: a 

feature of the metabolic syndrome. Diabetes. 2001;50:1844–50. doi:10.2337/diabetes.50.8.1844. 

243. Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher G, Romero-Gomez M, et al. A new definition for 

metabolic dysfunction-associated fatty liver disease: An international expert consensus statement. J Hepatol. 

2020;73:202–9. doi:10.1016/j.jhep.2020.03.039. 

244. Singh GK, Vitola BE, Holland MR, Sekarski T, Patterson BW, Magkos F, Klein S. Alterations in ventricular 

structure and function in obese adolescents with nonalcoholic fatty liver disease. J Pediatr. 2013;162:1160-8, 

1168.e1. doi:10.1016/j.jpeds.2012.11.024. 

245. Ratziu V, Bellentani S, Cortez-Pinto H, Day C, Marchesini G. A position statement on NAFLD/NASH based on 

the EASL 2009 special conference. J Hepatol. 2010;53:372–84. doi:10.1016/j.jhep.2010.04.008. 

246. Lechner K, McKenzie AL, Kränkel N, Schacky C von, Worm N, Nixdorff U, et al. High-Risk Atherosclerosis 

and Metabolic Phenotype: The Roles of Ectopic Adiposity, Atherogenic Dyslipidemia, and Inflammation. Metab 

Syndr Relat Disord. 2020;18:176–85. doi:10.1089/met.2019.0115. 

247. Adiels M, Olofsson S-O, Taskinen M-R, Borén J. Overproduction of very low-density lipoproteins is the hallmark 

of the dyslipidemia in the metabolic syndrome. Arterioscler Thromb Vasc Biol. 2008;28:1225–36. 

doi:10.1161/ATVBAHA.107.160192. 

248. Borén J, Chapman MJ, Krauss RM, Packard CJ, Bentzon JF, Binder CJ, et al. Low-density lipoproteins cause 

atherosclerotic cardiovascular disease: pathophysiological, genetic, and therapeutic insights: a consensus 



REFERENCES 

100 

 

statement from the European Atherosclerosis Society Consensus Panel. Eur Heart J. 2020;41:2313–30. 

doi:10.1093/eurheartj/ehz962. 

249. Tilg H, Moschen AR, Roden M. NAFLD and diabetes mellitus. Nat Rev Gastroenterol Hepatol. 2017;14:32–42. 

doi:10.1038/nrgastro.2016.147. 

250. Armstrong MJ, Adams LA, Canbay A, Syn W-K. Extrahepatic complications of nonalcoholic fatty liver disease. 

Hepatology. 2014;59:1174–97. doi:10.1002/hep.26717. 

251. Sung K-C, Wild SH, Byrne CD. Resolution of fatty liver and risk of incident diabetes. J Clin Endocrinol Metab. 

2013;98:3637–43. doi:10.1210/jc.2013-1519. 

252. López-Suárez A, Guerrero JMR, Elvira-González J, Beltrán-Robles M, Cañas-Hormigo F, Bascuñana-Quirell A. 

Nonalcoholic fatty liver disease is associated with blood pressure in hypertensive and nonhypertensive 

individuals from the general population with normal levels of alanine aminotransferase. Eur J Gastroenterol 

Hepatol. 2011;23:1011–7. doi:10.1097/MEG.0b013e32834b8d52. 

253. Feng R-N, Du S-S, Wang C, Li Y-C, Liu L-Y, Guo F-C, Sun C-H. Lean-non-alcoholic fatty liver disease 

increases risk for metabolic disorders in a normal weight Chinese population. World J Gastroenterol. 

2014;20:17932–40. doi:10.3748/wjg.v20.i47.17932. 

254. Lorbeer R, Bayerl C, Auweter S, Rospleszcz S, Lieb W, Meisinger C, et al. Association between MRI-derived 

hepatic fat fraction and blood pressure in participants without history of cardiovascular disease. J Hypertens. 

2017;35:737–44. doi:10.1097/HJH.0000000000001245. 

255. Qian L-Y, Tu J-F, Ding Y-H, Pang J, Che X-D, Zou H, Huang D-S. Association of blood pressure level with 

nonalcoholic fatty liver disease in nonhypertensive population: Normal is not the new normal. Medicine 

(Baltimore). 2016;95:e4293. doi:10.1097/MD.0000000000004293. 

256. Bonnet F, Gastaldelli A, Pihan-Le Bars F, Natali A, Roussel R, Petrie J, et al. Gamma-glutamyltransferase, fatty 

liver index and hepatic insulin resistance are associated with incident hypertension in two longitudinal studies. J 

Hypertens. 2017;35:493–500. doi:10.1097/HJH.0000000000001204. 

257. Huh JH, Ahn SV, Koh SB, Choi E, Kim JY, Sung K-C, et al. A Prospective Study of Fatty Liver Index and 

Incident Hypertension: The KoGES-ARIRANG Study. PLoS One. 2015;10:e0143560. 

doi:10.1371/journal.pone.0143560. 

258. Castro AM, La Macedo-de Concha LE, Pantoja-Meléndez CA. Low-grade inflammation and its relation to 

obesity and chronic degenerative diseases. Revista Médica del Hospital General de México. 2017;80:101–5. 

doi:10.1016/j.hgmx.2016.06.011. 

259. Freitas Lima LC, Braga VdA, do Socorro de França Silva M, Cruz JdC, Sousa Santos SH, Oliveira Monteiro 

MM de, Balarini CdM. Adipokines, diabetes and atherosclerosis: an inflammatory association. Front Physiol. 

2015;6:304. doi:10.3389/fphys.2015.00304. 

260. León-Pedroza JI, González-Tapia LA, Del Olmo-Gil E, Castellanos-Rodríguez D, Escobedo G, González-

Chávez A. Low-grade systemic inflammation and the development of metabolic diseases: From the molecular 

evidence to the clinical practice. Cirugía y Cirujanos (English Edition). 2015;83:543–51. 

doi:10.1016/j.circen.2015.11.008. 



REFERENCES 

101 

 

261. McDade TW. Early environments and the ecology of inflammation. Proc Natl Acad Sci U S A. 2012;109 Suppl 

2:17281–8. doi:10.1073/pnas.1202244109. 

262. Wolf D, Ley K. Immunity and Inflammation in Atherosclerosis. Circ Res. 2019;124:315–27. 

doi:10.1161/CIRCRESAHA.118.313591. 

263. Festa A, D'Agostino R, Howard G, Mykkänen L, Tracy RP, Haffner SM. Chronic subclinical inflammation as 

part of the insulin resistance syndrome: the Insulin Resistance Atherosclerosis Study (IRAS). Circulation. 

2000;102:42–7. doi:10.1161/01.cir.102.1.42. 

264. Jin C, Henao-Mejia J, Flavell RA. Innate immune receptors: key regulators of metabolic disease progression. 

Cell Metab. 2013;17:873–82. doi:10.1016/j.cmet.2013.05.011. 

265. Esser N, Paquot N, Scheen AJ. Inflammatory markers and cardiometabolic diseases. Acta Clin Belg. 

2015;70:193–9. doi:10.1179/2295333715Y.0000000004. 

266. Katsiki N, Mikhailidis DP, Banach M. Leptin, cardiovascular diseases and type 2 diabetes mellitus. Acta 

Pharmacol Sin. 2018;39:1176–88. doi:10.1038/aps.2018.40. 

267. Menzel J, Di Giuseppe R, Biemann R, Wittenbecher C, Aleksandrova K, Eichelmann F, et al. Association 

between chemerin, omentin-1 and risk of heart failure in the population-based EPIC-Potsdam study. Sci Rep. 

2017;7:14171. doi:10.1038/s41598-017-14518-2. 

268. İnci S, Aksan G, Doğan P. Chemerin as an independent predictor of cardiovascular event risk. Ther Adv 

Endocrinol Metab. 2016;7:57–68. doi:10.1177/2042018816629894. 

269. Menzaghi C, Trischitta V. The Adiponectin Paradox for All-Cause and Cardiovascular Mortality. Diabetes. 

2018;67:12–22. doi:10.2337/dbi17-0016. 

270. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, et al. Chronic inflammation in the 

etiology of disease across the life span. Nat Med. 2019;25:1822–32. doi:10.1038/s41591-019-0675-0. 

271. Arai Y, Martin-Ruiz CM, Takayama M, Abe Y, Takebayashi T, Koyasu S, et al. Inflammation, But Not Telomere 

Length, Predicts Successful Ageing at Extreme Old Age: A Longitudinal Study of Semi-supercentenarians. 

EBioMedicine. 2015;2:1549–58. doi:10.1016/j.ebiom.2015.07.029. 

272. Calder PC, Ahluwalia N, Albers R, Bosco N, Bourdet-Sicard R, Haller D, et al. A consideration of biomarkers 

to be used for evaluation of inflammation in human nutritional studies. Br J Nutr. 2013;109 Suppl 1:S1-34. 

doi:10.1017/S0007114512005119. 

273. Parisi F, Milazzo R, Savasi VM, Cetin I. Maternal Low-Grade Chronic Inflammation and Intrauterine 

Programming of Health and Disease. Int J Mol Sci 2021. doi:10.3390/ijms22041732. 

274. Segovia SA, Vickers MH, Reynolds CM. The impact of maternal obesity on inflammatory processes and 

consequences for later offspring health outcomes. J Dev Orig Health Dis. 2017;8:529–40. 

doi:10.1017/s2040174417000204. 

275. McDade TW, Metzger MW, Chyu L, Duncan GJ, Garfield C, Adam EK. Long-term effects of birth weight and 

breastfeeding duration on inflammation in early adulthood. Proc Biol Sci. 2014;281:20133116. 

doi:10.1098/rspb.2013.3116. 



REFERENCES 

102 

 

276. Minihane AM, Vinoy S, Russell WR, Baka A, Roche HM, Tuohy KM, et al. Low-grade inflammation, diet 

composition and health: current research evidence and its translation. Br J Nutr. 2015;114:999–1012. 

doi:10.1017/S0007114515002093. 

277. Abdulhamied Alfaddagh, Seth S. Martin, Thorsten M. Leucker, Erin D. Michos, Michael J. Blaha, Charles J. 

Lowenstein, Steven R. Jones, Peter P. Toth. Inflammation and cardiovascular disease: From mechanisms to 

therapeutics 2020. doi:10.1016/j.ajpc.2020.100130. 

278. Tsalamandris S, Antonopoulos AS, Oikonomou E, Papamikroulis G-A, Vogiatzi G, Papaioannou S, et al. The 

Role of Inflammation in Diabetes: Current Concepts and Future Perspectives. Eur Cardiol. 2019;14:50–9. 

doi:10.15420/ecr.2018.33.1. 

279. Dinh QN, Drummond GR, Sobey CG, Chrissobolis S. Roles of inflammation, oxidative stress, and vascular 

dysfunction in hypertension. Biomed Res Int. 2014;2014:406960. doi:10.1155/2014/406960. 

280. Sesso HD, Buring JE, Rifai N, Blake GJ, Gaziano JM, Ridker PM. C-reactive protein and the risk of developing 

hypertension. JAMA. 2003;290:2945–51. doi:10.1001/jama.290.22.2945. 

281. Bautista LE, Vera LM, Arenas IA, Gamarra G. Independent association between inflammatory markers (C-

reactive protein, interleukin-6, and TNF-alpha) and essential hypertension. J Hum Hypertens. 2005;19:149–54. 

doi:10.1038/sj.jhh.1001785. 

282. Chrissobolis S, Miller AA, Drummond GR, Kemp-Harper BK, Sobey CG. Oxidative stress and endothelial 

dysfunction in cerebrovascular disease. Front Biosci (Landmark Ed). 2011;16:1733–45. doi:10.2741/3816. 

283. Crowley SD. The cooperative roles of inflammation and oxidative stress in the pathogenesis of hypertension. 

Antioxid Redox Signal. 2014;20:102–20. doi:10.1089/ars.2013.5258. 

284. Ridker PM, Buring JE, Shih J, Matias M, Hennekens CH. Prospective study of C-reactive protein and the risk of 

future cardiovascular events among apparently healthy women. Circulation. 1998;98:731–3. 

doi:10.1161/01.CIR.98.8.731. 

285. Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM. C-reactive protein, interleukin 6, and risk of developing 

type 2 diabetes mellitus. JAMA. 2001;286:327–34. doi:10.1001/jama.286.3.327. 

286. Pearson TA, Mensah GA, Alexander RW, Anderson JL, Cannon RO, Criqui M, et al. Markers of inflammation 

and cardiovascular disease: application to clinical and public health practice: A statement for healthcare 

professionals from the Centers for Disease Control and Prevention and the American Heart Association. 

Circulation. 2003;107:499–511. doi:10.1161/01.cir.0000052939.59093.45. 

287. Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular disease. Circ Res. 2005;96:939–49. 

doi:10.1161/01.RES.0000163635.62927.34. 

288. Moriya J. Critical roles of inflammation in atherosclerosis. J Cardiol. 2019;73:22–7. 

doi:10.1016/j.jjcc.2018.05.010. 

289. Blankenberg S, Tiret L, Bickel C, Peetz D, Cambien F, Meyer J, Rupprecht HJ. Interleukin-18 is a strong 

predictor of cardiovascular death in stable and unstable angina. Circulation. 2002;106:24–30. 

doi:10.1161/01.CIR.0000020546.30940.92. 



REFERENCES 

103 

 

290. Trøseid M, Seljeflot I, Arnesen H. The role of interleukin-18 in the metabolic syndrome. Cardiovasc Diabetol. 

2010;9:11. doi:10.1186/1475-2840-9-11. 

291. Tzanavari T, Giannogonas P, Karalis KP. TNF-alpha and obesity. Curr Dir Autoimmun. 2010;11:145–56. 

doi:10.1159/000289203. 

292. Fuchs FD, Whelton PK. High Blood Pressure and Cardiovascular Disease. Hypertension. 2020;75:285–92. 

doi:10.1161/HYPERTENSIONAHA.119.14240. 

293. Kjeldsen SE. Hypertension and cardiovascular risk: General aspects. Pharmacol Res. 2018;129:95–9. 

doi:10.1016/j.phrs.2017.11.003. 

294. Gu D, Kelly TN, Wu X, Chen J, Duan X, Huang J-F, et al. Blood pressure and risk of cardiovascular disease in 

Chinese men and women. Am J Hypertens. 2008;21:265–72. doi:10.1038/ajh.2007.59. 

295. Whelton SP, McEvoy JW, Shaw L, Psaty BM, Lima JAC, Budoff M, et al. Association of Normal Systolic Blood 

Pressure Level With Cardiovascular Disease in the Absence of Risk Factors. JAMA Cardiol. 2020;5:1011–8. 

doi:10.1001/jamacardio.2020.1731. 

296. Psaty BM, Furberg CD, Kuller LH, Cushman M, Savage PJ, Levine D, et al. Association between blood pressure 

level and the risk of myocardial infarction, stroke, and total mortality: the cardiovascular health study. Arch 

Intern Med. 2001;161:1183–92. doi:10.1001/archinte.161.9.1183. 

297. Zhou B, Perel P, Mensah GA, Ezzati M. Global epidemiology, health burden and effective interventions for 

elevated blood pressure and hypertension. Nat Rev Cardiol 2021. doi:10.1038/s41569-021-00559-8. 

298. Mills KT, Stefanescu A, He J. The global epidemiology of hypertension. Nat Rev Nephrol. 2020;16:223–37. 

doi:10.1038/s41581-019-0244-2. 

299. Mills KT, Bundy JD, Kelly TN, Reed JE, Kearney PM, Reynolds K, et al. Global Disparities of Hypertension 

Prevalence and Control: A Systematic Analysis of Population-Based Studies From 90 Countries. Circulation. 

2016;134:441–50. doi:10.1161/CIRCULATIONAHA.115.018912. 

300. Kim M-J, Lim N-K, Choi S-J, Park H-Y. Hypertension is an independent risk factor for type 2 diabetes: the 

Korean genome and epidemiology study. Hypertens Res. 2015;38:783–9. doi:10.1038/hr.2015.72. 

301. Conen D, Ridker PM, Mora S, Buring JE, Glynn RJ. Blood pressure and risk of developing type 2 diabetes 

mellitus: the Women's Health Study. Eur Heart J. 2007;28:2937–43. doi:10.1093/eurheartj/ehm400. 

302. Wei GS, Coady SA, Goff DC, Brancati FL, Levy D, Selvin E, et al. Blood pressure and the risk of developing 

diabetes in african americans and whites: ARIC, CARDIA, and the framingham heart study. Diabetes Care. 

2011;34:873–9. doi:10.2337/dc10-1786. 

303. Stahl CH, Novak M, Lappas G, Wilhelmsen L, Björck L, Hansson P-O, Rosengren A. High-normal blood 

pressure and long-term risk of type 2 diabetes: 35-year prospective population based cohort study of men. BMC 

Cardiovasc Disord. 2012;12:89. doi:10.1186/1471-2261-12-89. 

304. Golden SH, Wang N-Y, Klag MJ, Meoni LA, Brancati FL. Blood pressure in young adulthood and the risk of 

type 2 diabetes in middle age. Diabetes Care. 2003;26:1110–5. doi:10.2337/diacare.26.4.1110. 

305. Morton JS, Cooke C-L, Davidge ST. In Utero Origins of Hypertension: Mechanisms and Targets for Therapy. 

Physiol Rev. 2016;96:549–603. doi:10.1152/physrev.00015.2015. 



REFERENCES 

104 

 

306. Akalu Y, Belsti Y. Hypertension and Its Associated Factors Among Type 2 Diabetes Mellitus Patients at Debre 

Tabor General Hospital, Northwest Ethiopia. Diabetes Metab Syndr Obes. 2020;13:1621–31. 

doi:10.2147/DMSO.S254537. 

307. Buyken AE, Alexy U, Kersting M, Remer T. Die DONALD Kohorte. Ein aktueller Überblick zu 25 Jahren 

Forschung im Rahmen der Dortmund Nutritional and Anthropometric Longitudinally Designed Study. [The 

DONALD cohort. An updated overview on 25 years of research based on the Dortmund Nutritional and 

Anthropometric Longitudinally Designed study]. Bundesgesundheitsblatt Gesundheitsforschung 

Gesundheitsschutz. 2012;55:875–84. doi:10.1007/s00103-012-1503-6. 

308. Kroke A, Manz F, Kersting M, Remer T, Sichert-Hellert W, Alexy U, Lentze MJ. The DONALD Study. History, 

current status and future perspectives. Eur J Nutr. 2004;43:45–54. doi:10.1007/s00394-004-0445-7. 

309. DONALD Studienhandbuch (internal document): DONALD_Handbuch_SOPs_08112016; 2016. 

310. Penczynski KJ, Remer T, Herder C, Kalhoff H, Rienks J, Markgraf DF, et al. Habitual Flavonoid Intake from 

Fruit and Vegetables during Adolescence and Serum Lipid Levels in Early Adulthood: A Prospective Analysis. 

Nutrients 2018. doi:10.3390/nu10040488. 

311. Roßbach S, Diederichs T, Bolzenius K, Herder C, Buyken AE, Alexy U. Age and time trends in eating frequency 

and duration of nightly fasting of German children and adolescents. Eur J Nutr. 2017;56:2507–17. 

doi:10.1007/s00394-016-1286-x. 

312. Karaolis-Danckert N, Buyken AE, Bolzenius K, Perim de Faria C, Lentze MJ, Kroke A. Rapid growth among 

term children whose birth weight was appropriate for gestational age has a longer lasting effect on body fat 

percentage than on body mass index. Am J Clin Nutr. 2006;84:1449–55. doi:10.1093/ajcn/84.6.1449. 

313. Karaolis-Danckert N, Buyken AE, Sonntag A, Kroke A. Birth and early life influences on the timing of puberty 

onset: results from the DONALD (DOrtmund Nutritional and Anthropometric Longitudinally Designed) Study. 

Am J Clin Nutr. 2009;90:1559–65. doi:10.3945/ajcn.2009.28259. 

314. Voigt M, Friese K, Schneider KTM, Jorch G, Hesse V. Short Information about Percentile Values of Body 

Measures of New-Born Babies. Geburtsh u Frauenheilk. 2002;62:274–6. doi:10.1055/s-2002-25224. 

315. Buyken AE, Karaolis-Danckert N, Remer T, Bolzenius K, Landsberg B, Kroke A. Effects of breastfeeding on 

trajectories of body fat and BMI throughout childhood. Obesity (Silver Spring). 2008;16:389–95. 

doi:10.1038/oby.2007.57. 

316. Nyasordzi J, Penczynski K, Remer T, Buyken AE. Early life factors and their relevance to intima-media thickness 

of the common carotid artery in early adulthood. PLoS One. 2020;15:e0233227. 

doi:10.1371/journal.pone.0233227. 

317. DONALD Operationshandbuch (internal document): SOP/Handbuch: Karotis/SD Sonografie; 2008. 

318. Placzkowska S, Pawlik-Sobecka L, Kokot I, Piwowar A. Indirect insulin resistance detection: Current clinical 

trends and laboratory limitations. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2019;163:187–

99. doi:10.5507/bp.2019.021. 



REFERENCES 

105 

 

319. Penczynski K. Flavonoid intake during adolescence: Methodological aspects regarding its assessment and 

evaluation of its prospective relevance for cardiometabolic risk factors in early adulthood [inaugural dissertation]: 

der Rheinischen Friedrich-Wilhelms-Universität Bonn; September 2018. 

320. Danesh J, Pepys MB. C-reactive protein and coronary disease: is there a causal link? Circulation. 2009;120:2036–

9. doi:10.1161/CIRCULATIONAHA.109.907212. 

321. Kaptoge S, Angelantonio E. Di, Lowe G, Pepys M B, Thompson S G ,Collins R, Danesh J, Jørgensen O, 

Emerging Risk Factors Collaboration, Tybjærg-Hansen A, Frikke-Schmidt R, Nordestgaard B G. C-reactive 

protein concentration and risk of coronary heart disease, stroke, and mortality: an individual participant meta-

analysis. 2010;375:132–40. doi:10.1016/S0140-6736(09)61717-7. 

322. Lin X, Zhu W, Li Tan, Xu T, Xu R, Fang Q, et al. Gender specific association of neonatal characteristics and 

cardiovascular risk factors on carotid intima-media thickness in a Chinese cohort. Chin Med J (Engl). 

2010;123:2310–4. 

323. Shah A, Cooke C-LM, Kirschenman RD, Quon AL, Morton JS, Care AS, Davidge ST. Sex-specific effects of 

advanced maternal age on cardiovascular function in aged adult rat offspring. Am J Physiol Heart Circ Physiol. 

2018;315:H1724-H1734. doi:10.1152/ajpheart.00375.2018. 

324. Velazquez MA, Smith CGC, Smyth NR, Osmond C, Fleming TP. Advanced maternal age causes adverse 

programming of mouse blastocysts leading to altered growth and impaired cardiometabolic health in post-natal 

life. Hum Reprod. 2016;31:1970–80. doi:10.1093/humrep/dew177. 

325. Pariente G, Wainstock T, Walfisch A, Sheiner E, Harlev A. Advanced Maternal Age and the Future Health of 

the Offspring. Fetal Diagn Ther. 2019;46:139–46. doi:10.1159/000493191. 

326. Ogawa K, Urayama KY, Tanigaki S, Sago H, Sato S, Saito S, Morisaki N. Association between very advanced 

maternal age and adverse pregnancy outcomes: a cross sectional Japanese study. BMC Pregnancy Childbirth. 

2017;17:349. doi:10.1186/s12884-017-1540-0. 

327. Care AS, Bourque SL, Morton JS, Hjartarson EP, Davidge ST. Effect of advanced maternal age on pregnancy 

outcomes and vascular function in the rat. Hypertension. 2015;65:1324–30. doi:10.1161/ 

HYPERTENSIONAHA.115.05167. 

328. Matthews TJ, Hamilton BE. First births to older women continue to rise. NCHS Data Brief. 2014:1–8. 

329. King V, Dakin RS, Liu L, Hadoke PWF, Walker BR, Seckl JR, et al. Maternal obesity has little effect on the 

immediate offspring but impacts on the next generation. Endocrinology. 2013;154:2514–24. 

doi:10.1210/en.2013-1013. 

330. Kirk SL, Samuelsson A-M, Argenton M, Dhonye H, Kalamatianos T, Poston L, et al. Maternal obesity induced 

by diet in rats permanently influences central processes regulating food intake in offspring. PLoS One. 

2009;4:e5870. doi:10.1371/journal.pone.0005870. 

331. Morris MJ, Chen H. Established maternal obesity in the rat reprograms hypothalamic appetite regulators and 

leptin signaling at birth. Int J Obes (Lond). 2009;33:115–22. doi:10.1038/ijo.2008.213. 



REFERENCES 

106 

 

332. Bayol SA, Simbi BH, Stickland NC. A maternal cafeteria diet during gestation and lactation promotes adiposity 

and impairs skeletal muscle development and metabolism in rat offspring at weaning. J Physiol. 2005;567:951–

61. doi:10.1113/jphysiol.2005.088989. 

333. Elahi MM, Cagampang FR, Mukhtar D, Anthony FW, Ohri SK, Hanson MA. Long-term maternal high-fat 

feeding from weaning through pregnancy and lactation predisposes offspring to hypertension, raised plasma 

lipids and fatty liver in mice. Br J Nutr. 2009;102:514–9. doi:10.1017/S000711450820749X. 

334. Khan I, Dekou V, Hanson M, Poston L, Taylor P. Predictive adaptive responses to maternal high-fat diet prevent 

endothelial dysfunction but not hypertension in adult rat offspring. Circulation. 2004;110:1097–102. 

doi:10.1161/01.CIR.0000139843.05436.A0. 

335. Oben JA, Patel T, Mouralidarane A, Samuelsson AM, Matthews P, Pombo J, et al. Maternal obesity programmes 

offspring development of non-alcoholic fatty pancreas disease. Biochem Biophys Res Commun. 2010;394:24–

8. doi:10.1016/j.bbrc.2010.02.057. 

336. Bruce KD, Cagampang FR, Argenton M, Zhang J, Ethirajan PL, Burdge GC, et al. Maternal high-fat feeding 

primes steatohepatitis in adult mice offspring, involving mitochondrial dysfunction and altered lipogenesis gene 

expression. Hepatology. 2009;50:1796–808. doi:10.1002/hep.23205. 

337. Oben JA, Mouralidarane A, Samuelsson A-M, Matthews PJ, Morgan ML, McKee C, et al. Maternal obesity 

during pregnancy and lactation programs the development of offspring non-alcoholic fatty liver disease in mice. 

J Hepatol. 2010;52:913–20. doi:10.1016/j.jhep.2009.12.042. 

338. White CL, Purpera MN, Morrison CD. Maternal obesity is necessary for programming effect of high-fat diet on 

offspring. Am J Physiol Regul Integr Comp Physiol. 2009;296:R1464-72. doi:10.1152/ajpregu.91015.2008. 

339. Rajia S, Chen H, Morris MJ. Maternal overnutrition impacts offspring adiposity and brain appetite markers-

modulation by postweaning diet. J Neuroendocrinol. 2010;22:905–14. doi:10.1111/j.1365-2826.2010.02005.x. 

340. Li M, Sloboda DM, Vickers MH. Maternal obesity and developmental programming of metabolic disorders in 

offspring: evidence from animal models. Exp Diabetes Res. 2011;2011:592408. doi:10.1155/2011/592408. 

341. Reynolds R, Stirrat L. Effects of maternal obesity on early and long-term outcomes for offspring. RRN. 2014:43. 

doi:10.2147/RRN.S46783. 

342. Ferranti S de, Mozaffarian D. The perfect storm: obesity, adipocyte dysfunction, and metabolic consequences. 

Clin Chem. 2008;54:945–55. doi:10.1373/clinchem.2007.100156. 

343. Challier JC, Basu S, Bintein T, Minium J, Hotmire K, Catalano PM, Hauguel-de Mouzon S. Obesity in pregnancy 

stimulates macrophage accumulation and inflammation in the placenta. Placenta. 2008;29:274–81. 

doi:10.1016/j.placenta.2007.12.010. 

344. Heerwagen MJR, Miller MR, Barbour LA, Friedman JE. Maternal obesity and fetal metabolic programming: a 

fertile epigenetic soil. Am J Physiol Regul Integr Comp Physiol. 2010;299:R711-22. 

doi:10.1152/ajpregu.00310.2010. 

345. Nicholas LM, Morrison JL, Rattanatray L, Ozanne SE, Kleemann DO, Walker SK, et al. Differential effects of 

exposure to maternal obesity or maternal weight loss during the periconceptional period in the sheep on insulin 



REFERENCES 

107 

 

signalling molecules in skeletal muscle of the offspring at 4 months of age. PLoS One. 2013;8:e84594. 

doi:10.1371/journal.pone.0084594. 

346. Chandrasekaran S, Neal-Perry G. Long-term consequences of obesity on female fertility and the health of the 

offspring. Curr Opin Obstet Gynecol. 2017;29:180–7. doi:10.1097/GCO.0000000000000364. 

347. Steculorum SM, Bouret SG. Maternal diabetes compromises the organization of hypothalamic feeding circuits 

and impairs leptin sensitivity in offspring. Endocrinology. 2011;152:4171–9. doi:10.1210/en.2011-1279. 

348. Simmons R. Epigenetics and maternal nutrition: nature v. nurture. Proc Nutr Soc. 2011;70:73–81. 

doi:10.1017/S0029665110003988. 

349. Mandy M, Nyirenda M. Developmental Origins of Health and Disease: the relevance to developing nations. Int 

Health. 2018;10:66–70. doi:10.1093/inthealth/ihy006. 

350. Şanlı E, Kabaran S. Maternal Obesity, Maternal Overnutrition and Fetal Programming: Effects of Epigenetic 

Mechanisms on the Development of Metabolic Disorders. Curr Genomics. 2019;20:419–27. 

doi:10.2174/1389202920666191030092225. 

351. Aagaard-Tillery KM, Grove K, Bishop J, Ke X, Fu Q, McKnight R, Lane RH. Developmental origins of disease 

and determinants of chromatin structure: maternal diet modifies the primate fetal epigenome. J Mol Endocrinol. 

2008;41:91–102. doi:10.1677/JME-08-0025. 

352. Masuyama H, Mitsui T, Nobumoto E, Hiramatsu Y. The Effects of High-Fat Diet Exposure In Utero on the 

Obesogenic and Diabetogenic Traits Through Epigenetic Changes in Adiponectin and Leptin Gene Expression 

for Multiple Generations in Female Mice. Endocrinology. 2015;156:2482–91. doi:10.1210/en.2014-2020. 

353. Dudley KJ, Sloboda DM, Connor KL, Beltrand J, Vickers MH. Offspring of mothers fed a high fat diet display 

hepatic cell cycle inhibition and associated changes in gene expression and DNA methylation. PLoS One. 

2011;6:e21662. doi:10.1371/journal.pone.0021662. 

354. Li Y. Epigenetic Mechanisms Link Maternal Diets and Gut Microbiome to Obesity in the Offspring. Front Genet. 

2018;9:342. doi:10.3389/fgene.2018.00342. 

355. Nicholas LM, Morrison JL, Rattanatray L, Zhang S, Ozanne SE, McMillen IC. The early origins of obesity and 

insulin resistance: timing, programming and mechanisms. Int J Obes (Lond). 2016;40:229–38. 

doi:10.1038/ijo.2015.178. 

356. Elshenawy S, Simmons R. Maternal obesity and prenatal programming. Mol Cell Endocrinol. 2016;435:2–6. 

doi:10.1016/j.mce.2016.07.002. 

357. Muhlhausler BS, Duffield JA, McMillen IC. Increased maternal nutrition stimulates peroxisome proliferator 

activated receptor-gamma, adiponectin, and leptin messenger ribonucleic acid expression in adipose tissue before 

birth. Endocrinology. 2007;148:878–85. doi:10.1210/en.2006-1115. 

358. Francis D, Diorio J, Liu D, Meaney MJ. Nongenomic transmission across generations of maternal behavior and 

stress responses in the rat. Science. 1999;286:1155–8. doi:10.1126/science.286.5442.1155. 

359. Drake AJ, Liu L. Intergenerational transmission of programmed effects: public health consequences. Trends 

Endocrinol Metab. 2010;21:206–13. doi:10.1016/j.tem.2009.11.006. 



REFERENCES 

108 

 

360. Vickers MH. Developmental programming and transgenerational transmission of obesity. Ann Nutr Metab. 

2014;64 Suppl 1:26–34. doi:10.1159/000360506. 

361. Torrens C, Poston L, Hanson MA. Transmission of raised blood pressure and endothelial dysfunction to the F2 

generation induced by maternal protein restriction in the F0, in the absence of dietary challenge in the F1 

generation. Br J Nutr. 2008;100:760–6. doi:10.1017/S0007114508921747. 

362. Benyshek DC, Johnston CS, Martin JF. Glucose metabolism is altered in the adequately-nourished grand-

offspring (F3 generation) of rats malnourished during gestation and perinatal life. Diabetologia. 2006;49:1117–

9. doi:10.1007/s00125-006-0196-5. 

363. Benyshek DC, Johnston CS, Martin JF, Ross WD. Insulin sensitivity is normalized in the third generation (F3) 

offspring of developmentally programmed insulin resistant (F2) rats fed an energy-restricted diet. Nutr Metab 

(Lond). 2008;5:26. doi:10.1186/1743-7075-5-26. 

364. Lumey LH, Stein AD, Kahn HS, Romijn JA. Lipid profiles in middle-aged men and women after famine exposure 

during gestation: the Dutch Hunger Winter Families Study. Am J Clin Nutr. 2009;89:1737–43. 

doi:10.3945/ajcn.2008.27038. 

365. Painter RC, Osmond C, Gluckman P, Hanson M, Phillips DIW, Roseboom TJ. Transgenerational effects of 

prenatal exposure to the Dutch famine on neonatal adiposity and health in later life. BJOG. 2008;115:1243–9. 

doi:10.1111/j.1471-0528.2008.01822.x. 

366. Lumey LH. Decreased birthweights in infants after maternal in utero exposure to the Dutch famine of 1944-1945. 

Paediatr Perinat Epidemiol. 1992;6:240–53. doi:10.1111/j.1365-3016.1992.tb00764.x. 

367. Dunn GA, Bale TL. Maternal high-fat diet promotes body length increases and insulin insensitivity in second-

generation mice. Endocrinology. 2009;150:4999–5009. doi:10.1210/en.2009-0500. 

368. Ding G-L, Wang F-F, Shu J, Tian S, Jiang Y, Zhang D, et al. Transgenerational glucose intolerance with Igf2/H19 

epigenetic alterations in mouse islet induced by intrauterine hyperglycemia. Diabetes. 2012;61:1133–42. 

doi:10.2337/db11-1314. 

369. Li J, Huang J, Li J-S, Chen H, Huang K, Zheng L. Accumulation of endoplasmic reticulum stress and lipogenesis 

in the liver through generational effects of high fat diets. J Hepatol. 2012;56:900–7. 

doi:10.1016/j.jhep.2011.10.018. 

370. Zambrano E, Martínez-Samayoa PM, Rodríguez-González GL, Nathanielsz PW. Dietary intervention prior to 

pregnancy reverses metabolic programming in male offspring of obese rats. J Physiol. 2010;588:1791–9. 

doi:10.1113/jphysiol.2010.190033. 

371. Vega CC, Reyes-Castro LA, Bautista CJ, Larrea F, Nathanielsz PW, Zambrano E. Exercise in obese female rats 

has beneficial effects on maternal and male and female offspring metabolism. Int J Obes (Lond). 2015;39:712–

9. doi:10.1038/ijo.2013.150. 

372. Sen S, Simmons RA. Maternal antioxidant supplementation prevents adiposity in the offspring of Western diet-

fed rats. Diabetes. 2010;59:3058–65. doi:10.2337/db10-0301. 



REFERENCES 

109 

 

373. Nathanielsz PW, Ford SP, Long NM, Vega CC, Reyes-Castro LA, Zambrano E. Interventions to prevent adverse 

fetal programming due to maternal obesity during pregnancy. Nutr Rev. 2013;71 Suppl 1:S78-87. 

doi:10.1111/nure.12062. 

374. Vickers MH, Sloboda DM. Strategies for reversing the effects of metabolic disorders induced as a consequence 

of developmental programming. Front Physiol. 2012;3:242. doi:10.3389/fphys.2012.00242. 

375. West J, Lawlor DA, Santorelli G, Collings P, Whincup PH, Sattar NA, et al. Associations of social and economic 

and pregnancy exposures with blood pressure in UK White British and Pakistani children age 4/5. Sci Rep. 

2018;8:8966. doi:10.1038/s41598-018-27316-1. 

376. Cox B, Luyten LJ, Dockx Y, Provost E, Madhloum N, Boever P de, et al. Association Between Maternal 

Prepregnancy Body Mass Index and Anthropometric Parameters, Blood Pressure, and Retinal Microvasculature 

in Children Age 4 to 6 Years. JAMA Netw Open. 2020;3:e204662. doi:10.1001/jamanetworkopen.2020.4662. 

377. Fraser A, Tilling K, Macdonald-Wallis C, Sattar N, Brion M-J, Li Benfield, et al. Association of maternal weight 

gain in pregnancy with offspring obesity and metabolic and vascular traits in childhood. Circulation. 

2010;121:2557–64. doi:10.1161/CIRCULATIONAHA.109.906081. 

378. Scheers Andersson E, Tynelius P, Nohr EA, Sørensen TIA, Rasmussen F. No association of maternal gestational 

weight gain with offspring blood pressure and hypertension at age 18 years in male sibling-pairs: a prospective 

register-based cohort study. PLoS One. 2015;10:e0121202. doi:10.1371/journal.pone.0121202. 

379. Tam CHT, Ma RCW, Yuen LY, Ozaki R, Li AM, Hou Y, et al. The impact of maternal gestational weight gain 

on cardiometabolic risk factors in children. Diabetologia. 2018;61:2539–48. doi:10.1007/s00125-018-4724-x. 

380. Barnett ML, Hyman JJ. Challenges in interpreting study results: the conflict between appearance and reality. J 

Am Dent Assoc. 2006;137 Suppl:32S-36S. doi:10.14219/jada.archive.2006.0405. 

381. Hill AB. The environment and disease: association or causation? 1965. J R Soc Med. 2015;108:32–7. 

doi:10.1177/0141076814562718. 

382. Kromeyer-Hauschild K, Wabitsch M, Kunze D, Geller F, Geiß HC, Hesse V, et al. Perzentile für den Body-mass-

Index für das Kindes- und Jugendalter unter Heranziehung verschiedener deutscher Stichproben. Monatsschr 

Kinderheilkd. 2001;149:807–18. doi:10.1007/s001120170107. 

383. Diethelm K. Sleep in childhood: Relevance for the development of body composition and aspects of its hormonal 

and nutritional modulation: Wiku publishing Stone’s Cologne; June 2011. 

384. Abdul-Ghani MA, Williams K, Defronzo RA, Stern M. What is the best predictor of future type 2 diabetes? 

Diabetes Care. 2007;30:1544–8. doi:10.2337/dc06-1331. 

385. Edelstein SL, Knowler WC, Bain RP, Andres R, Barrett-Connor EL, Dowse GK, et al. Predictors of progression 

from impaired glucose tolerance to NIDDM: an analysis of six prospective studies. Diabetes. 1997;46:701–10. 

doi:10.2337/diab.46.4.701. 

386. Catapano AL, Graham I, Backer G de, Wiklund O, Chapman MJ, Drexel H, et al. 2016 ESC/EAS Guidelines for 

the Management of Dyslipidaemias. Eur Heart J. 2016;37:2999–3058. doi:10.1093/eurheartj/ehw272. 



REFERENCES 

110 

 

387. Mooy JM, Grootenhuis PA, Vries H de, Kostense PJ, Popp-Snijders C, Bouter LM, Heine RJ. Intra-individual 

variation of glucose, specific insulin and proinsulin concentrations measured by two oral glucose tolerance tests 

in a general Caucasian population: the Hoorn Study. Diabetologia. 1996;39:298–305. doi:10.1007/BF00418345. 

388. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes-2021. Diabetes Care. 

2021;44:S15-S33. doi:10.2337/dc21-S002. 

389. Wunsch R, Dudwiesus H, Reinehr T. Prospektiver Vergleich verschiedener Ultraschallverfahren zur 

Dickenmessung im Grenzbereich von Dicken unter 1 Millimeter. [Prospective comparison of different ultrasound 

modalities to measure thicknesses less than 1 mm]. Rofo. 2007;179:65–71. doi:10.1055/s-2006-927237. 

390. Otten J, Ahrén B, Olsson T. Surrogate measures of insulin sensitivity vs the hyperinsulinaemic-euglycaemic 

clamp: a meta-analysis. Diabetologia. 2014;57:1781–8. doi:10.1007/s00125-014-3285-x. 

391. Choi KM, Han K, Park S, Chung HS, Kim NH, Yoo HJ, et al. Implication of liver enzymes on incident 

cardiovascular diseases and mortality: A nationwide population-based cohort study. Sci Rep. 2018;8:3764. 

doi:10.1038/s41598-018-19700-8. 

392. Kunutsor SK, Apekey TA, Khan H. Liver enzymes and risk of cardiovascular disease in the general population: 

a meta-analysis of prospective cohort studies. Atherosclerosis. 2014;236:7–17. 

doi:10.1016/j.atherosclerosis.2014.06.006. 

393. Grundy SM. Gamma-glutamyl transferase: another biomarker for metabolic syndrome and cardiovascular risk. 

Arterioscler Thromb Vasc Biol. 2007;27:4–7. doi:10.1161/01.ATV.0000253905.13219.4b. 

394. Calder PC, Ahluwalia N, Brouns F, Buetler T, Clement K, Cunningham K, et al. Dietary factors and low-grade 

inflammation in relation to overweight and obesity. Br J Nutr. 2011;106 Suppl 3:S5-78. 

doi:10.1017/S0007114511005460. 

395. Calder PC, Albers R, Antoine J-M, Blum S, Bourdet-Sicard R, Ferns GA, et al. Inflammatory disease processes 

and interactions with nutrition. Br J Nutr. 2009;101 Suppl 1:S1-45. doi:10.1017/S0007114509377867. 

396. Fewell Z, Davey Smith G, Sterne JAC. The impact of residual and unmeasured confounding in epidemiologic 

studies: a simulation study. Am J Epidemiol. 2007;166:646–55. doi:10.1093/aje/kwm165. 

397. Vetter TR, Mascha EJ. Bias, Confounding, and Interaction: Lions and Tigers, and Bears, Oh My! Anesth Analg. 

2017;125:1042–8. doi:10.1213/ANE.0000000000002332. 

398. Szklo M.N.F. Epidemiology: beyond the basics. 2nd ed.: Sudbury:Jones and Bartlett Publishers; 2007. 

399. MacKinnon DP, Krull JL, Lockwood CM. Equivalence of the mediation, confounding and suppression effect. 

Prev Sci. 2000;1:173–81. doi:10.1023/a:1026595011371. 

400. Howards PP. An overview of confounding. Part 1: the concept and how to address it. Acta Obstet Gynecol Scand. 

2018;97:394–9. doi:10.1111/aogs.13295. 

401. Victora CG, Huttly SR, Fuchs SC, Olinto MT. The role of conceptual frameworks in epidemiological analysis: a 

hierarchical approach. Int J Epidemiol. 1997;26:224–7. doi:10.1093/ije/26.1.224. 

402. Merialdi M, Carroli G, Villar J, Abalos E, Gülmezoglu AM, Kulier R, Onis M de. Nutritional interventions during 

pregnancy for the prevention or treatment of impaired fetal growth: an overview of randomized controlled trials. 

J Nutr. 2003;133:1626S-1631S. doi:10.1093/jn/133.5.1626S. 



REFERENCES 

111 

 

403. Kramer MS, Kakuma R. Energy and protein intake in pregnancy. In: Kramer MS, editor. Cochrane Database of 

Systematic Reviews. Chichester, UK: John Wiley & Sons, Ltd; 1996. doi:10.1002/14651858.Cd000032. 

404. Stein AD, Barnhart HX, Hickey M, Ramakrishnan U, Schroeder DG, Martorell R. Prospective study of protein-

energy supplementation early in life and of growth in the subsequent generation in Guatemala. Am J Clin Nutr. 

2003;78:162–7. doi:10.1093/ajcn/78.1.162. 

405. Garmendia ML, Corvalan C, Uauy R. Assessing the public health impact of developmental origins of health and 

disease (DOHaD) nutrition interventions. Ann Nutr Metab. 2014;64:226–30. doi:10.1159/000365024. 

406. Evelein AMV, Geerts CC, Visseren FLJ, Bots ML, van der Ent CK, Grobbee DE, Uiterwaal CSPM. The 

association between breastfeeding and the cardiovascular system in early childhood. Am J Clin Nutr. 

2011;93:712–8. doi:10.3945/ajcn.110.002980. 

407. Da Linhares RS, Gigante DP, Barros FCLF de, Horta BL. Carotid intima-media thickness at age 30, birth weight, 

accelerated growth during infancy and breastfeeding: a birth cohort study in Southern Brazil. PLoS One. 

2015;10:e0115166. doi:10.1371/journal.pone.0115166. 

408. Evelein AMV, Visseren FLJ, van der Ent CK, Grobbee DE, Uiterwaal CSPM. Excess early postnatal weight gain 

leads to thicker and stiffer arteries in young children. J Clin Endocrinol Metab. 2013;98:794–801. 

doi:10.1210/jc.2012-3208. 

409. Oren A. Birth weight and carotid intima-media thickness: new perspectives from the atherosclerosis risk in young 

adults (ARYA) study. Annals of Epidemiology. 2004;14:8–16. doi:10.1016/s1047-2797(03)00068-1. 

410. Skilton MR, Siitonen N, Würtz P, Viikari JSA, Juonala M, Seppälä I, et al. High birth weight is associated with 

obesity and increased carotid wall thickness in young adults: the cardiovascular risk in young Finns study. 

Arterioscler Thromb Vasc Biol. 2014;34:1064–8. doi:10.1161/ATVBAHA.113.302934. DOI:10.4054/MPIDR-

WP-2015-009 

 

 



APPENDIX 1 

112 

 

 

 

APPENDIX 1 (original 

article 1) 
 

 

 

 

 

 

 



APPENDIX 1 

113 

 

 



APPENDIX 1 

114 

 

 



APPENDIX 1 

115 

 

 



APPENDIX 1 

116 

 

 



APPENDIX 1 

117 

 

 



APPENDIX 1 

118 

 

 



APPENDIX 1 

119 

 

 



APPENDIX 1 

120 

 

 



APPENDIX 1 

121 

 

 



APPENDIX 1 

122 

 

 



APPENDIX 1 

123 

 

 



APPENDIX 1 

124 

 

 



APPENDIX 1 

125 

 



APPENDIX 2 

126 

 

 

APPENDIX 2 (original 

article 2) 
 



APPENDIX 2 

127 

 

 



APPENDIX 2 

128 

 

 



APPENDIX 2 

129 

 

 



APPENDIX 2 

130 

 

 



APPENDIX 2 

131 

 

 



APPENDIX 2 

132 

 

 



APPENDIX 2 

133 

 

 



APPENDIX 2 

134 

 

 

 

 

 

 

 

 

 

 



APPENDIX 2 

135 

 

 



APPENDIX 2 

136 

 

 



APPENDIX 2 

137 

 

 



APPENDIX 2 

138 

 



APPENDIX 3 

139 

 

 

APPENDIX 3 (original 

article 3) 



APPENDIX 3 

140 

 

 



APPENDIX 3 

141 

 

 



APPENDIX 3 

142 

 

 



APPENDIX 3 

143 

 

 



APPENDIX 3 

144 

 

 



APPENDIX 3 

145 

 

 



APPENDIX 3 

146 

 

 



APPENDIX 3 

147 

 

 



APPENDIX 3 

148 

 

 



APPENDIX 3 

149 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

150 

 

 



APPENDIX 3 

151 

 

 

 

 

 



APPENDIX 3 

152 

 

 

 

 

 

 

 



APPENDIX 3 

153 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

154 

 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

155 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

156 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

157 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

158 

 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

159 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

160 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

161 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

162 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

163 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

164 

 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

165 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

166 

 

 

 

 

 

 

 

 

 

 



APPENDIX 3 

167 

 

 

 

 

 

 

 

 



APPENDIX 3 

168 

 

 



APPENDIX 3 

169 

 

 



APPENDIX 3 

170 

 

 



APPENDIX 3 

171 

 

 



APPENDIX 3 

172 

 

 



APPENDIX 3 

173 

 

 



APPENDIX 3 

174 

 

 



APPENDIX 4 

175 

 

APPENDIX 4 

Table 4 Studies on associations between selected early life factors and cardiometabolic outcomes 

Breastfeeding and IMT 

Citation, 

Country 

Study design, population, 

Follow-up 

Exposure (assessment,  

average baseline values), 

Covariates 

Outcomes (average  values) Results 

Evelein 

2011 

Utrecht city 

 [406] 

 

 

Prospective cohort study 

WHISTLER-Cardio  

300 

2001-2007 

Exclusively formula fed (EF) vs. 

exclusively breastfed (EB) <3 

months (mths) vs 3-6 mths vs >6 

 

Assessed by monthly parental 

questionnaire 

 

% of EF =76,  

% EB ˂3 mths (n = 145) 3–6 mths 

(n = 42) ˃6 mths (n = 37) 

 

Covariates 

Age, sex, gestational age, birth 

weight, maternal smoking during 

pregnancy, weight at 3 mths, BMI, 

height at 5yrs, WC, SBP, DBP 

prepregnancy BMI, SES etc.  

CIMT+ 

Distensibility Elastic modulus at 5 

yrs 

average values 

Mean CIMT was 386.1 ± 37.4 µm. 

 

At age 5, children EB 

for 3 to 6 mths had a CIMT that was 

21.1 lm greater than 

that of EF children (95% CI: 5.0, 

37.2 lµm; P =0.01.  

 

CIMT was not significantly different 

between children EB for either ˂3 or 

˃6 mths and EF children. 

Linhares 

 Brazil 

2015 

[407] 

 

Prospective Cohort 

Study,  

3,188 adults  

1982-2013 

Information on breastfeeding (BF) 

duration (mths) childhood 

 

Covariates 

Family income at birth; maternal 

skin color; maternal age at child 

birth; maternal education; maternal 

smoking; sex; & skin color 

IMT Positive association between 

duration of BF and IMT up to 11.9 

mths, IMT (2.97 (–0.94 to 6.87); a 

lower IMT among those breastfed 

for ˃12 mths (–1.01 (–3.30 to 1.27).  

A non-significant association after 

adjustment for confounders 

Ja ¨rvisalo  

2009  

Finland 

[177] 

 

cross-sectional studies,  

1667 adults  

 1980-2001 

BF duration, formula feeding. 

 

median BF duration 

 4 months (range ˂1–36 months). 

 

Covariates 

birth weight, WC and brachial artery 

baseline diameter; LDL & HDL- 
cholesterol, smoking   

CIMT, brachial artery flow-

mediated dilatation (FMD), carotid 
artery compliance (CAC) or carotid 

artery elasticity, BP 

 

average IMT for breastfed and 

formula fed  

men: 0.59±0.10 vs 0.60±0.09 

women: 0.57±0.08 vs 0.59±0.10 

Breastfed women had a trend for 

lower IMT, (P=0.06); SBP (P=0.06),  
and higher CAC (P=0.05) compared 

to formula fed women. 

 
Maximal FMD was higher in breast-

fed compared to formula fed men 

(P=0.029). 
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Breast-fed men have better 

endothelial function later in life in 
young adulthood than formula-fed 

men.  

Association lost after controlling for 
confounders.  

Leeson 

2001  

Cambridge 

[168] 

 

331 adults  

born between 

1969 and 1975 and assessed at age 

20 and 28 years. 

Type and duration of infant feeding 

 

Covariates 

Pulse pressure, age, sex, resting 

vessel,  

cholesterol concentration, BMI, and 
socioeconomic factors 

Distensibility of brachial artery, 

and other cardiovascular risk factors. 

Longer BF duration led to a 

less distensible artery wall in early 

adulthood, (regression coefficient = 
-3.93 µm/month, 95% CI -7.29 to -

0.57, P = 0.02).  

 
BF in infancy linked to reduced 

arterial function 20 years later. 

Vascular changes were not 
explained by alterations in plasma 

cholesterol concentration in adult 

life. 
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Birthweight and IMT 

Citation, 

Country 

Study design, population, 

Follow-up 

Exposure (assessment,  

average baseline values), 

Covariates 

Outcomes (average  values) Results 

Evelein,  

2013 

Utrecht city 
[408] 

  

Prospective cohort study 

333 children 

2001-2007 
 

 Weight gain & length gain -weight 

gain rate for length gain rate (WLG), 

as a measure of excess weight gain in 
1st 3 mths of postnatal growth. 

 

Covariates 

Age, gender, current height, observer 

 

CIMT & vascular stiffness  

 

Average 

CIMT, were 385.8 ± 38.2 μm 

For each 1 SD increase in postnatal 

WLG, CIMT was 5.1 μm higher 

(95% CI, 1.0–9.2; P = .01).  
The thinner the children were at 

birth, the stiffer the arteries were 

with increasing WLG 

OREN 
2003 

Utrecht 

[409] 
 

 

Prospective Cohort 
Study  

 

 

Birth weight, birth length, 
gestational age 

 

Covariates 

Reader and gender 

 

IMT 
 

Average 

CIMT was 0.49 (0.05) mm 

In the lowest tertile of 
birth length there was an inverse 

association between birth weight and 

CIMT. 
  

Low birth weight was significantly 

associated with increased CIMT in 
those who showed exaggerated 

postnatal growth. 

Skilton 

2014 
Australia 

[410] 

Young Finns Study 

696 
 

Birth weight, length, BMI at birth, 

term born LGA  
 

Covariates 

Age, sex, study center, employment 

status, marital status, LDL–

cholesterol, HDL–cholesterol, 
systolic blood 

pressure, triglycerides, glucose, C-

reactive 

CIMT, brachial flow–mediated 

dilatation, & cardiovascular risk 
factors 

CIMT ˃ in LGA (0.60 mm [SD 

0.09], versus normal birth weight 
0.57 mm [SD 0.09], P=0.003, 

independent of CVD risk factors 
(P=0.001 after adjustment) 
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Maternal pregnancy weight and cardiometabolic outcomes 

Citation, 

Country 

Study design, population, 

Follow-up 

Exposure (assessment,  

average baseline values), 

Covariates 

Outcomes (average  values) Results 

Tam 

2018 

Hong Kong 

[379] 

 

Prospective multicentre study  

905 mother–child pairs 

From pregnancy to follow up visit when 

child was 7 years  

 Maternal weight at delivery 

Pre-pregnancy BMI 

maternal GWG classified as weight 

below, within or 

exceeding the 2009 IOM guidelines.  

 

Covariates 

sex and age of child, maternal pre-

pregnancy BMI, maternal hypertension, 

maternal and paternal diabetes, parity, 

maternal age, mode of delivery, 

gestational age, breastfeeding, 

birthweight, childhood BMI 

Hypertension, insulin resistance (IR), 

adiposity  

 

A U-shaped association between GWG 

and increased risks of IR and 

hypertension, higher DBP in children 

whose mother had gained more or less 

weight than IOM recommendations 

during pregnancy 

 

Adjustment for child’s current BMI 

attenuated associations 

 

 

 

Gaillard  

2016 

Western Australia 

[132] 

Population-based prospective cohort 

study 

1392 mother –child pairs 

From early pregnancy onwards, children 

assessed at 17years 

 

 

Maternal prepregnancy BMI, 

rates of early-pregnancy,  

mid-pregnancy and total GWG 

 

Covariates 

adolescent sex and age at outcome 

measurements, maternal age, educational 

level, smoking during pregnancy, total 

GWG; gestational hypertensive disorders, 

gestational diabetes, caesarean delivery, 

gestational age at birth; breastfeeding, 

adolescent current WC and height. 

 

 

Adolescent BMI, WC, BP, total and 

HDL-cholesterol, insulin, glucose and 

HOMA-IR. 

 

 

 

 Higher prepregnancy BMI was related 

with higher adolescent BMI, WC, SBP, 

insulin, glucose and HOMA-IR levels (P-

values <0.05).  

 

Higher weight gain in early-pregnancy, 

but not mid-pregnancy led to higher 

adolescent BMI, WC (P-values <0.05). 

 

Higher prepregnancy BMI and early-

pregnancy weight gain were associated 

with high risks of the high-metabolic risk 

cluster (OR 1.57, 95% CI 1.33, 1.85 and 

OR 1.23, 95% CI 1.03, 1.47 per SD 

increase in prepregnancy BMI and early-

pregnancy weight gain. 

Adjustment for adolescent current BMI 

attenuated the associations  

Hochner  

2012 

Jerusalem 

[136] 

 

Population-based cohort study 

1,400 offspring from 1974-1976 birth 

cohort,  

examined in 2007 and 2009 at 32 years 

old 

Maternal prepregnancy BMI (mppBMI)  

GWG  

Covariates 

ethnicity and gender, maternal age, parity, 

education, gestational week, birthweight, 

offspring BMI at 32 years 

 

SBP and DBP, glucose, insulin  

 

mppBMI was positively linked with 

offspring SBP (p=0.003), DBP (p=0.017), 

insulin (p=0.007)  

GWG adjusted for mppBMI and all 

confounders was also positively 

associated with offspring BMI (p=0.0001) 

and WC (p=0.024), and with TG 

(p=0.04)  

 


