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1aN iNtroductioN of thE mEtabolic SyNdromE

The metabolic syndrome (MetS) is a clustering of medical conditions that reflects over-
nutrition, sedentary lifestyles, and resultant excess adiposity [1]. Metabolic abnormali-
ties such as abdominal obesity, hyperglycaemia, hypertension and dyslipidaemia often 
are present together, suggesting that they are not independent of one another and 
that they may share underlying causes and mechanisms. Having MetS places a subject 
at a substantially increased risk to develop serious diseases like type 2 diabetes (T2D) 
and cardiovascular disease (CVD) [1]. Although MetS is a condition mainly seen among 
individuals with overweight and obesity, even lean individuals may develop features of 
MetS [2].

Since the 1920s, the clustering of metabolic abnormalities was under the attention 
of several independent scientists, but they did not address MetS as we know it today [1]. 
It was until 1988, when the concept of the syndrome was brought to a wider audience 
by Reaven. He noted that insulin resistance clustered together with glucose intolerance, 
dyslipidaemia and hypertension, altogether increasing the risk of CVD [3]. The collection 
of these medical conditions was initially designated Syndrome X, although the term insu-
lin resistance syndrome was also commonly used [1]. Diagnostic criteria for the syndrome 
were developed by several health oriented organisations, such as the World Health Or-
ganisation (WHO) [4], the European Group for the Study of Insulin Resistance (EGIR) [5], 
the National Cholesterol Education Program Third Adult Treatment Panel (NCEP ATPIII) 
[6] and the International Diabetes Federation (IDF) [7]. The precise definition with the 
contributions of the underlying MetS components is under much debate.

Nowadays, researchers often use the term Metabolic Syndrome instead of Syndrome 
X. This term was preferred by the NCEP ATPIII, as it avoids the implication that insulin 
resistance is the primary or only cause of the metabolic risk factors [6]. The NCEP ATPIII 
definition is the most widely used definition for MetS, in both clinical medicine and in 
epidemiological studies, where rapid and simple assessment is important [8]. Accord-
ingly, throughout this thesis the NCEP ATPIII definition was used, which classifies a 
person with MetS when at least three of the five risk features are present, e.g. abdominal 
obesity (enlarged waist circumference), elevated blood pressure, fasting plasma glucose 
and/or triglycerides or reduced HDL cholesterol [6, 9]. Rather than insulin resistance, 
abdominal obesity is one of the components of MetS. Abdominal obesity is, in contrast 
to insulin resistance, easily measured and has a clear link with insulin resistance, as well 
as with the other four metabolic abnormalities [9].
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thE EpidEmic of mEtS

During the past years somewhat varying definitions have been used and some defining 
values to estimate the prevalence of MetS worldwide have been changed. Not to men-
tion that the composition of the population being studied may vary by sex composition, 
age, race and ethnicity [1]. Regardless of such details, the obesity epidemic and the 
ageing population are driving the increasing prevalence of MetS around the world, as 
well as its consequences like T2D and CVD [10]. The presence of MetS is associated with 
an approximately fivefold increased risk for incident T2D [11], a twofold increased risk 
for CVD outcomes and a 1.5-fold increased risk for all-cause mortality [12]. Individuals 
with MetS are, furthermore, susceptible to other conditions such as polycystic ovary syn-
drome, fatty liver, gallstones, asthma, sleep disturbances, and some forms of cancer [13].

According to the National Health and Examination Survey (NHANES) 2003-2006, a 
program of studies among adults and children in the United States, approximately 34% 
of the studied adult people had MetS using the revised NCEP ATPIII criteria [14]. During 
the last 15 years the estimated prevalence of MetS increased up to 5% within the NHANES 
cohort. Grundy et al. [15] reported in his review on the Metabolic Syndrome Pandemic, 
that based on a series of studies on the occurrence of MetS in Europe, it would be fair to 
say that approximately one-quarter of the European adult population has MetS. In 2012, 
the Dutch National Institute for Health and Environment has estimated that among 
people between 30 and 70 years the prevalence of MetS is 34% in men and 24% in 
women1. Given the high prevalence and severe consequences, MetS is a phenomenon 
of high public health relevance.

how doES obESity aNd iNSuliN rESiStaNcE coNtributE to mEtS?

Although, MetS has received our full attention since 1988, the causative etiology of this 
syndrome is still not clearly understood. The causes of MetS, and each of its compo-
nents, is complex since hormonal dysregulation, ageing, proinflammatory state and 
lifestyle interactions may be involved in the pathophysiological route [13]. Although the 
estimate on heritability of MetS has not been reported yet, it is clear that all components 
of the syndrome have a strong genetic basis [16].

Nevertheless, there are two factors which appear to be at the core of the pathophysi-
ology of MetS and its individual components: insulin resistance and abdominal obesity. 
Though the focus of this dissertation lies on epidemiology, I will provide a short and 
basic overview.

1 http://www.rivm.nl/dsresource?objectid=rivmp:76082&type=org&disposition=inline&ns_nc=1
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1insulin resistance and abdominal obesity

The term insulin resistance can be broadly defined as a subnormal biological response 
to normal insulin concentrations. As a result, a higher level of insulin is required to 
maintain a normal level of glucose in the blood (normoglycaemia) [17]. At normal levels 
insulin has vasodilator and anti-inflammatory actions [1]. However, in case of insulin 
resistance, the higher levels of insulin are associated with a higher chance of developing 
atherosclerosis, as insulin is a type of growth factor, effecting vascular smooth muscle 
cells, important for the maintenance of plaque stability in atherosclerosis [18]. Disturbed 
insulin signalling can therefore promote both atherogenesis and advanced plaque 
progression.

While insulin resistance can develop in the absence of excess fat, it is typically seen 
in subjects with overweight or obesity. When body fat increases, insulin resistance 
increases as well [8]. Especially in visceral adipose tissue, e.g. fat surrounding internal 
organs, free fatty acids (FFA) are released into the circulation. There they find their way 
to other tissues, such as the liver and skeletal muscle [1].These tissues have a high im-
pact on glucose use and removal of glucose from the circulation. An overload of lipids 
in these tissues induces insulin resistance [8]. Not only do FFA levels appear to cause 
insulin resistance, but insulin resistance also appear to cause elevated FFA [1]. Impaired 
insulin signalling increases lipolysis in adipocytes (fat cells), resulting in an increased 
turnover of FFA [8]. Due to the overload of FFA in the liver, and the consequent insulin 
resistance, triglyceride synthesis and storage is increased. The excess triglycerides are 
released as very low density lipoprotein (VLDL) particles. The resulting hypertriglyceri-
daemia is furthermore associated with reductions in high density lipoprotein (HDL) and 
triglyceride enriched low density lipoprotein (LDL), which are also considered factors 
which promote artherosclerosis [1, 8].

Adipose tissue does not only secrete FFA, but is also an active endocrine organ 
that releases a variety of hormones and molecules, with either pro-inflammatory or 
anti-inflammatory properties. In individuals with increased adipose tissue, mainly pro-
inflammatory signaling factors are activated, such as high-sensitive C-reactive protein 
(hs-CRP), interleukin (IL)-6 and Tumor Necrosis Factor-α (TNF-α) [1]. Studies have linked 
chronic low-grade inflammation to the development of insulin resistance and MetS [19-
21].

trEatmENt aNd prEvENtioN of mEtS

Although excessive adiposity is clearly linked to MetS, and both obesity and the indi-
vidual MetS components might be caused by genetic defects, the high rate at which 
these conditions develop suggest that environmental factors, such as lifestyle, are just 
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as much important (causative factors). Since the exact pathophysiological mechanism 
behind MetS is still not well understood and many factors may be involved, it is unclear 
whether MetS could be treated in itself. However, the rationale for the implementation 
of MetS as a diagnosis is to initiate aggressive lifestyle changes with the goal of decreas-
ing T2D and CVD risk by targeting several MetS components at the same time. If lifestyle 
changes have no desirable result, medical therapy could be used to treat the individual 
components [22], for instance drugs which lower blood pressure.

Similarly to western societies, the MetS prevalence is rapidly increasing in developing 
countries, which reflects the transition from a traditional lifestyle to a more Western-like 
lifestyle [23]. Physical inactivity and a diet high in fats and carbohydrates, as well as smok-
ing, contribute to abdominal obesity and insulin resistance [10]. It is well established that 
weight loss is the number one treatment for MetS. It may beneficially influence all of the 
components of the MetS, including excessive adiposity, dyslipidaemia, hypertension, 
insulin resistance, and hyperglycaemia [1]. However, adherence to weight-loss programs 
is poor and long-term effects are modest [24, 25]. Epidemiological and clinical studies 
on the specific responsiveness of a certain individual to lifestyle interventions, such as 
smoking cessation, modification of alcohol consumption, modifying eating habits and 
increasing exercise, may contribute to the development of better preventive strategies 
and treatment of metabolic complications. In this dissertation we will, in part, focus on 
such lifestyles which may be associated with alterations in metabolic health.

idENtificatioN of thE mEtabolically hEalthy obESity phENotypE

The first step in the prevention of MetS and its related morbidities, is tackling the obe-
sity epidemic. This is an absolute necessity since approximately 20% of the entire adult 
population of the world will be obese by 2030 [26]. To improve intervention and treat-
ment strategies for obesity, we need to accept that obesity is not a uniform condition for 
which a ‘one size fits all’ approach might do the trick. In fact, metabolic abnormalities and 
cardiovascular risk may vary among obese individuals. Individuals with excess adiposity 
but without major obesity-associated metabolic abnormalities have been identified as 
metabolically healthy obesity (MHO) [27-29].

Similar to MetS, several definitions are used to define MHO. Some of them are based 
on the absence of MetS or only some the individual components, while others include 
the inflammatory status as well. This results in widely varying prevalence estimates of 
10-40 % of all obese subjects being metabolically healthy within the same population 
[30]. Other factors that might account for this wide range of reported prevalences are 
differences in study design, ethnicity, age-group and sample size [30].
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1While the metabolically healthy obese are expected to differ from unhealthy obese 
adults on levels of metabolic risk factors, it is of great interest to identify other physiologi-
cal and behavioural factors that distinguish healthy obese adults from their unhealthy 
obese counterparts, as this may reveal modifiable determinants of this preferred state.

thE lifEliNES cohort Study

All studies described in this thesis are based on data from the LifeLines cohort study, a 
large observational study carried out in the three northern provinces of the Netherlands, 
i.e. Groningen, Friesland and Drenthe. More than 167,000 persons participate, which is 
10% of the Dutch population. With its prospective design, participants will be followed 
for 30 years, it aims to unravel the influence of environmental and genetic factors (in-
cluding their interaction) on the development of multifactorial diseases. Between 2006 
and 2013 different recruitment strategies were adopted that aimed to include three 
generations of participants - recruitment of an index population (25 to 49 years of age) 
via general practitioners, subsequent inclusion of their family members, and online self-
registration – which resulted in a low risk of selection bias and a high participation rate. 
Individuals who were unable to read Dutch or those with limited life expectancy (due 
to severe illness) were excluded from participation by the general practitioner and were 
not invited. All participants older than 18 years completed a number of questionnaires 
covering topics like the occurrence of diseases, general health, medication use, diet, 
physical activity, personality and many more. They underwent a clinical examination, 
and biological samples were collected [31, 32].

A comprehensive overview of the data collection can be found in the LifeLines cata-
logue at www.LifeLines.net. The LifeLines adult population (91.2%, 152,915 persons) was 
found to be broadly representative for the adults living in the north of the Netherlands 
[33].

aimS aNd outliNE of thE thESiS

MetS is mainly a consequence of an environment that promotes overweight and obe-
sity. However, not all obese individuals display metabolic abnormalities, and also not all 
lean individuals present a healthy metabolic profile. The research described in this thesis 
aimed to provide an update on the prevalence of MetS and MHO, to contribute to a 
better understanding of the associations between lifestyle factors and metabolic health, 
and in addition, to examine which aspect of health-related quality of life are influenced 
by obesity and metabolic health complications.
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chapter 2 within the Healthy Obese Project (HOP) of the BioSHaRE-EU consortium 
(Biobank Standardisation and Harmonization for Research Excellence in the European 
Union; www.bioshare.eu), we have assessed the prevalence of MetS and MHO across 
participating biobanks, covering data of 163,517 people of which 17% were obese. 
Through a rigorous harmonization process and the use of a unified criteria, we were able 
to compare key characteristics defining the MHO phenotype across ten cohort studies 
from seven European countries.

chapter 3 examines the association between smoking and MetS. Not only MetS and 
the individual components are explored but also the association between smoking and 
levels of apolipoproteins (apoA1 and apoB) and lipoprotein particle size (HDL-C/apoA1 
and LDL-C/apoB ratios). By taking the latter into account, this chapter also provides a 
possible patho-physiological mechanism linking smoking to increased CVD risk.

chapter 4 includes the data of a careful assessment of the combined effects of 
smoking and alcohol consumption on MetS and its individual components. In addition, 
we also used data on specific types of alcoholic beverages (beer, wine or spirits and 
mixed drinks) to obtain the related risk to develop MetS or having a specific component 
of MetS.

chapter 5 explores the sex-specific differences in diet and physical activity between 
the metabolically healthy- and unhealthy obese, taking into account smoking and 
alcohol use. To this end we have derived obesity-specific dietary patterns, based on self-
reported data on 111 items from the Food Frequency Questionnaire.

chapter 6 presents the associations between obesity-related conditions and HR-
QoL. These conditions were grade of obesity with and without T2D, MetS, and inflam-
mation level. Obesity, T2D and MetS are all characterised by inflammation, which have 
been proposed as being part of the mechanism underlying reduced HR-QoL.

chapter 7 describes the prevalence of MetS and the individual MetS components 
in sex, BMI and age combined clusters. Previous studies showed that elevated blood 
pressure is the most common risk factor in the population. In the definition of MetS, the 
natural course of increasing blood pressure with ageing has not been taken into account. 
The strict threshold for elevated blood pressure is used irrespective of age (≥130 mmHg 
systolic and ≥85 mmHg diastolic). To demonstrate this illogical decision, we additionally 
applied age-adjusted thresholds to define elevated blood pressure based on the most 
recent hypertension guideline of the Joint National Committee (JNC).

chapter 8 provides a summary and discussion of the main results of the thesis, 
methodological considerations and future perspectives for research on risk factors for 
CVD and T2D.
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