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GENERAL DISCUSSION 

The aim of this thesis was to study the role and interplay of genetic and environmental 

factors on cardiometabolic health. Hereby, we aimed to identify potential (causal) 

biological mechanisms that are of interest as future targets for primary or secondary 

preventive strategies for cardiometabolic diseases. The first part of this thesis focused on 

the use of untargeted metabolites in relation to early disturbances in glucose metabolism 

and insulin sensitivity in middle-aged individuals. The second part was aimed at 

studying, and potentially identifying, targets that are important in the relations between 

measures of habitual sleep with cardiometabolic health in the general population. In the 

third part, we focused on the APOE gene and the effect of oily fish intake, physical activity 

and polyunsaturated fatty acid intake on the onset of age-related diseases, especially 

coronary artery disease. In the last part of this thesis, we investigated the potential causal 

association of thyroid status with glucose homeostasis and type 2 diabetes mellitus. 

In this section of this thesis, I will discuss and further interpret the results from these 

different chapters. Moreover, the implications of the findings for future preventive and 

treatment strategies to decrease the burden of cardiometabolic diseases are discussed. 

Main findings

The increase in overall life expectancy has resulted in a larger proportion of older 

individuals worldwide, which is projected to continue to increase1. Simultaneously, a 

rapid rise of individuals with multiple age-related cardiometabolic diseases such as type 

2 diabetes mellitus is observed2. Therefore, there is an urgent need for the identification 

of risk factors in an early stage of this condition. In Chapter 2, we studied, through 

untargeted metabolomics, metabolites in relation to measures of insulin resistance in 

non-diabetic individuals and we replicated the identified metabolites in an independent 

cohort. We validated the metabolites by assessing their relationship with diabetes 

mellitus. The findings from Chapter 2 of this thesis point towards biomarkers of early 

insulin resistance that may predict type 2 diabetes onset. In particular, several amino 

acids and saturated fatty acids may contribute to alterations in insulin sensitivity and 

increased insulin resistance3. These findings are in line with previous studies that show 

that several amino acids, sugar metabolites, and lipids have been associated with a 

higher risk for diabetes mellitus4-7. Especially, several (branched-chain) amino acids are 

consistently associated with diabetes mellitus3,5. Amino acids are essential for protein 

metabolism and muscle proteins in particular serve as an energy store. When the body 

is in the anabolic state, amino acids are added to the body’s protein pool, while in the 

catabolic state energy is provided by the breakdown of endogenous proteins to provide 

the body with amino acids that are used for gluconeogenesis. This occurs when the 

body is energy deprived as well as when there is an excess of dietary protein. Both in 



208

Chapter 6

prediabetic and diabetic individuals, gluconeogenesis has mostly been observed to 

be higher as compared to controls8. Alanine and glutamine are the most important 

gluconeogenic precursors in the liver. Interestingly, genetic predisposition to type 2 

diabetes is associated with increased levels of alanine and genetically-determined 

higher levels of alanine are associated with an increased risk for type 2 diabetes, thereby 

providing novel insights into promising causal paths to and from type 2 diabetes9. 

Habitual sleep is increasingly considered as an important factor contributing to 

cardiometabolic disease onset10-13. Previously, in epidemiological cohort studies, both 

a short and long habitual sleep duration have been associated with risk factors for 

an adverse cardiometabolic health, but likely via different biological mechanisms10-13. 

The findings as presented in Chapter 3.1 and 3.2 indicate an observational relationship 

between habitual sleep duration and sleep quality with glucose metabolism and lipid 

metabolism. We additionally described that specifically a shorter sleep duration and 

a poorer sleep quality were associated with higher insulin resistance, higher fasting 

triglyceride levels and a higher hepatic triglyceride content. However, we demonstrated 

that it is not sleep duration or sleep quality per se, but rather BMI and associated 

sleep apnea that drive these associations, since these associations disappeared 

after adjustment for these factors. Moreover, an innovative research approach that is 

increasingly used to help disentangle questions of causality – Mendelian Randomization 

(MR) – was used to study these relations. We showed that using MR, no evidence for 

a causal association between total, short or long sleep duration, glycemic traits and 

type 2 diabetes was observed. Therefore, we conclude that previously observed 

associations of shorter sleep duration and poorer sleep quality with an adverse glucose 

metabolism and lipid profile, may be explained by BMI and sleep apnea, with no direct 

effect of sleep duration and quality on glucose metabolism. In a previous study, that 

assessed the causal association of total sleep duration with 22 prevalent diseases 

from the Electronic Medical Records in the Partners Biobank (n=16,033), associations 

were observed with congestive heart failure, obesity, hypertension, restless legs 

syndrome, and insomnia14. While after adjustment for obesity, associations with total 

sleep duration disappeared for hypertension and insomnia, these associations were 

maintained for congestive heart failure and restless legs syndrome. Taken together, 

findings suggest that sleep has no direct effect on energy metabolism and measures 

of glucose metabolism (and type 2 diabetes), however, sleep may have a direct effect 

on cardiovascular diseases. In line, another recent study showed that there is a causal 

effect of short sleep duration on myocardial infarction15. In Chapter 3.3, we aimed to 

elucidate the biology of sleep duration-associated cardiovascular risk through gene-

lifestyle interactions. We performed short- and long-sleep-SNP interaction analyses in 

over 125,000 individuals in a large collaborative setting (notably within the Cohorts for 
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Heart and Ageing Research in Genomics Epidemiology16,17) to obtain novel insights in 

the biological background of sleep duration-associated adverse lipid profiles. A total 

of 59 novel loci were identified in relation to lipid traits. These loci were previously 

described in relation to adiposity, inflammation and neuropsychiatric traits. Importantly, 

the novel lipid loci that we identified with short sleep duration were not identified with 

long sleep duration, and vice versa. Our findings suggest that the biological mechanisms 

that underlie the relation between short sleep and an adverse lipid profile are distinct 

from those of long sleep and an adverse lipid profile. 

Large initiatives have been performed to investigate the genetic contribution to CVD 

pathogenesis 18. Genetic variation in the APOE gene has been widely recognized to 

increase the risk of CVD, which has also been confirmed by genome-wide association 

studies18-20. Genetic variation in APOE is a well-established CVD risk factor; however, 

in some individuals from a number of non-European ancestries (e.g., sub-Saharan), 

this relationship is not observed21,22, possibly due to cultural, environmental and 

lifestyle differences. In Chapter 4.1, a hypothesis is proposed regarding potential effect 

modification by oily fish intake and physical activity on the risk of cardiometabolic and 

brain diseases associated with genetic variation in APOE. We hypothesized a higher 

level of physical activity and a higher intake of oily fish to decrease the adverse health 

effects associated with genetic variation in APOE, especially in carriers of the ApoE ɛ4 

isoform. This hypothesis was further tested in the largest study to date, embedded in the 

population-based UK Biobank23, in Chapter 4.2. With a higher level of physical activity 

and a higher intake of oily fish, we observed a lower incidence of coronary artery disease 

(CAD) in all ApoE isoform groups. Our results indicate that not only carriers of the ApoE 

ɛ4 isoform may benefit from a higher intake of oily fish and a higher physical activity, 

but that all individuals may benefit from a higher level of physical activity and a higher 

oily fish intake in regard to CAD incidence. However, this study did not find support for 

the previous hypothesis that lifestyle interactions are specifically present in individuals 

carrying the ApoE ɛ4 isoform. In line, another study that assessed potential interaction 

with lifestyle factors and APOE in relation to cognition failed to prove the existence of 

a gene-environment interaction24. 

Several studies have observed associations between thyroid status and diabetes 

mellitus, however causality remained unknown25. In Chapter 5.1, we focussed on 

genetically-determined TSH and fT4 in relation to measures of glucose metabolism 

and type 2 diabetes using MR. We showed that there is no causal association between 

genetically-determined higher TSH and fT4 with measures of glucose metabolism 

and type 2 diabetes. However, we found some evidence for an association between 

genetic variation in the DIO1 gene and measures of glucose metabolism. In Chapter 5.2, 
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we examined whether the findings of Chapter 5.1 could be replicated using stronger 

instruments in a large cohort study of the UK Biobank. Since diabetes mellitus is a 

heterogeneous disease, which is often not taken into consideration, we took into 

account different subtypes of diabetes mellitus. Moreover, we assessed the associations 

in relation to genetically-determined BMI, since BMI is the main risk factor for diabetes 

mellitus onset. We observed that genetically-determined higher fT4 was associated 

with diabetes mellitus only in those individuals who had a younger age at diagnosis 

and did not use insulin or insulin analogues within the first year after diagnosis. When 

we stratified based on genetically-determined BMI, a higher genetically-determined 

TSH was associated with diabetes mellitus, however, only in the subgroup with a low 

genetically-determined BMI. Taken together, these findings may indicate that a higher 

fT4 level may protect from diabetes mellitus only at a younger age and that a higher 

TSH level may protect from diabetes mellitus onset, however, only if individuals have 

a lower BMI. 

Conclusions and Future perspectives

In this thesis, we identified markers of early disturbances of glucose metabolism which 

may reflect diabetes mellitus onset. The findings of Chapter 2 point to the possibility 

of using biomarkers that are indicative of risk of future disease. Early identification of 

individuals at high risk for diabetes is of importance for prevention, mainly because 

routine screening misses many cases of prediabetes and early type 2 diabetes26.  These 

developments point towards the usage of metabolomics in clinical practice. Since high-

throughput metabolomics is an easily assessable and relatively cheap method, it is 

relevant to study the potential usage of this method in clinical practice since an increase 

in usage of this method is expected. For example, several metabolites may be used in 

strategies involved in risk stratification of subjects at increased risk of type 2 diabetes. 

Moreover, the usage of metabolomics for insulin sensitivity and diabetes onset may 

be implemented in risk stratification of patients with difficult glucose control. Whether 

such markers provide accurate prognostic information for individuals without diabetes 

mellitus is subject to further study. 

Our findings from Chapter 3.1 and 3.2 suggest that a shorter sleep duration and a poorer 

sleep quality are not associated with glucose metabolism and the lipid profile once 

BMI and sleep apnea are taken into consideration and no causal association between 

sleep duration, type 2 diabetes and glycemic traits is observed. In Chapter 3.3, we 

demonstrated that we were able to identify additional lipid loci once we take into 

account interaction with total sleep duration. The new identified loci mainly associated 

with adiposity and psychological measures. These findings suggest that shifting the 

focus to anthropometric and psychiatric factors that are related to adverse habitual 
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sleep may improve risk management and treatment strategies in cardiometabolic 

disease prevention. That being said, an adverse sleep profile may still be used as a risk 

factor in risk stratification for cardiometabolic disease. Collectively, the findings of our 

study provide insights in sleep-associated lipid biology that are of very high interest in 

follow-up studies. In order to increase insights into sleep, further studies should also 

consider the complexity of sleep. Habitual sleep is a reflection not only of sleep duration, 

but also of factors such as chronotype and insomnia. In order to gain better insights in 

the biology of sleep in relation to cardiometabolic health, studies should incorporate this 

multidimensional nature of sleep in their researches. Moreover, metabolomics studies 

are of interest in relation to sleep, since these methods are reflective of the metabolic 

state of an individual. Additionally, in the studies as described in this thesis, we only 

used self-reported measures of sleep. These measures may be vulnerable to biases 

and therefore studies using more objective measures are warranted. One could think of 

studies that use accelerometer-derived variables. As a final suggestion, future studies 

could focus on several lifestyle factors in a jointly manner. Sleep is affected by many 

factors, including food intake and physical activity, which should all be considered when 

assessing sleep in relation to cardiometabolic health.

Despite the introduction of cholesterol lowering medication, cardiovascular disease 

(CVD) is still one of the most common causes of morbidity and mortality in the general 

population27. Much of the current research has been focused on disentangling the biology 

of CVD pathogenesis and the identification of novel targets for disease prevention. The 

findings from Chapter 4.1 and 4.2 of this thesis point toward a possible direct link of 

physical activity, oily fish intake and polyunsaturated fatty acid intake with incident CVD 

and CAD. While a higher physical activity, fish intake and PUFA intake both decreased the 

risk of CAD, no evidence for a statistical environment-APOE interaction was observed. 

Therefore, it seems unlikely that interventions intended to reduce cardiovascular risk 

show different effects depending on APOE genotype. Importantly, we demonstrated 

that individuals that are at a high genetic risk for CVD and CAD can still benefit from 

a healthier lifestyle. Thus, the addition of lifestyle advice to existing treatment options 

for cardiovascular disease and to prevention strategies should be further investigated. 

In the last part of this thesis, we focussed on the association of thyroid status with 

diabetes mellitus and insulin resistance. In Chapter 5.1, we demonstrated that there 

is no evidence for a causal association between circulating TSH and fT4 with type 2 

diabetes mellitus and glycemic traits. In Chapter 5.2, we provide evidence that in a larger 

population a higher genetically-determined TSH is causally associated with diabetes 

mellitus, however, only in participants with a genetically-determined low BMI. This may 

imply that there still may be a causal association between thyroid status and diabetes, 
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however, BMI may be a stronger risk factor for diabetes mellitus, thereby overruling 

the potential protective effect of a higher TSH. Future studies should investigate this 

hypothesis. Moreover, in the current study, we only assessed the effects of circulatory TSH 

and fT4 on DM onset. Variations in circulating TSH and fT4 are thought to predominantly 

reflect the sensitivity of the thyroid gland to feedforward stimulation and the sensitivity 

of the pituitary gland to feedback inhibition. In contrast, deiodinases have a critical role 

in the activation of thyroid hormones in target tissues28. In Chapter 5.1, we demonstrated 

that genetic variation in DIO1 may affect glucose metabolism29. This result may indicate 

a role of reduced bioavailability of thyroid hormone in target tissues (such as liver) in 

glucose metabolism. We therefore propose that future studies should focus on the role 

of deiodinases and availability of thyroid hormones in target tissues on the risk of DM. 

This thesis provides novel insights in several associations that are potentially of importance 

in cardiometabolic health. However, we should keep in mind that cardiometabolic 

diseases are very complex and multiple pathways act together in order to maintain 

cardiometabolic health. For example, another study demonstrated that sleep duration 

tended to be positively associated with free thyroxine levels and negatively associated 

with HbA1c and CRP30. Moreover, these findings showed that short-sleeping UK adults 

are more likely to have obesity, a disease with many comorbidities. This extraordinary 

level of complexity calls for more sophisticated approaches in order to deepen our 

understanding of the mechanisms that underlie cardiometabolic health and disease. 

For example, national mega-biobanks such as the UK Biobank, the Million Veteran 

Program and the China Kadoorie Biobank offer a variety of possibilities to perform 

research with genomic data in large well-phenotyped populations. In combination with 

other omics approaches (e.g. metabolomics, proteomics), these studies may provide 

valuable insights in cardiometabolic health. Identification of genetic determinants of 

cardiometabolic health, assisted by reliable and cost-effective biomarkers, can help in 

the further understanding of the individual risk differences in developing cardiometabolic 

disease. Moreover, the tremendous amount of data that will be generated by these 

studies asks for more complex modelling of data. Therefore, more advanced machine-

learning methods such as methods to perform advanced clustering and classification 

may be of special interest in this era of big data. Because of the exponential increase 

in data (complexity), the application of the more traditional bioinformatic tools may 

become soon outdated. By using more advanced data modelling techniques, several 

types of data (e.g. clinical and omics) may be analysed simultaneously. When these 

methods are then used to predict individual risks for disease onset, this may be of value 

in personalized medicine. In the future, these efforts may lead to a healthcare system 

in which the risk for an individual (or group of individuals) for certain diseases can be 

estimated more precisely. Then, future and preventive strategies may be implemented 
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specifically tailored to an individual’s genetic profile to more effectively prevent and treat 

several cardiometabolic diseases. Eventually, by considering the multidimensionality of 

cardiometabolic health and the adaptation of future preventive and curative strategies 

based upon this complexity may add to a more effective prevention and treatment of 

cardiometabolic disease. 
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