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Chapter 8

GENERAL DISCUSSION

This chapter summarises the key findings of the preceding chapters. 
Overarching methodological strengths and limitations of this thesis are 

discussed. Subsequently, a reflection of the key findings is given for each 
part separately. Lastly, potential implications for public health and for 

future research are discussed.

Key findings

Part 1: Quantification of the burden
 - The type 2 diabetes (T2D) prevalence is higher among sub-Saharan 

African migrants compared with Europeans.

 - The T2D prevalence is higher among Ghanaian migrants in Europe 

compared with non-migrants in rural Ghana, but similar to non-

migrants in urban Ghana.

 - The prevalence of T2D differs only slightly between Ghanaian migrants 
living in different European countries although large differences in 
impaired fasting glucose are observed.

Part 2: Underlying pathophysiological factors
 - Adiposity only partly explains the higher burden of T2D among Ghanaian 

migrants.

 - Insulin resistance as opposed to beta-cell dysfunction seems to be 

accounting for higher Impaired Fasting Glucose (IFG) among Ghanaian 

migrants compared with non-migrants.

Part 3: Underlying epigenetic factors
 - Epigenetic loci associated with T2D and adiposity in Ghanaians include 

loci that are associated with these outcomes across populations as well 

as novel loci that have not yet been identified in other populations.

Methodological considerations

Several strengths and limitations have been addressed in the individual 

analyses of Chapters two to seven. In this section some overarching 

methodological issues are elaborated on in more detail.

Strengths

Both the Healthy Life in an Urban Setting (HELIUS) study and Research on 

Obesity and Diabetes among African Migrants (RODAM) study are unique 

studies. The HELIUS study is one of the first large cohort studies in Europe 
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on specific ethnic minority groups1. The RODAM study is the first study 
that uses a standardised approach in comparing sub-Saharan Africans, i.e. 

Ghanaians, resident in distinct geographical locations2. Studying migrant 

health by comparing one ethnic group resident in multiple geographical 

locations is a powerful way of studying migrant health in addition to the study 

design of comparing ethnic minority groups with the host population as is 

done in HELIUS3. Previous studies have used multinational comparisons 

as proxy for migration as well. For example, Mbanya et al. showed a steep 

gradient in T2D prevalence among Africans from rural Cameroon, to urban 

Cameroon, Jamaica and subsequently Manchester4. While this multinational 

comparison showed clear contextual differences, it has several substantial 
limitations. First, while Africans resident in Jamaica and Manchester may 

partly descent from populations in Cameroon many decades ago, a large 

proportion is likely to descent from other African populations and a certain 

degree of admixture is likely to have taken place since Africans starting 

arriving in Jamaica over 400 years ago. Furthermore, the authors had to rely 

on secondary data in obtaining their sample and measurements deviated 

between locations. It is therefore possible that the observed disparities 

between the geographical locations are biased. In comparison, the RODAM 

study has used a relatively homogenous sub-Saharan African population and 

standardised data collection across all locations. The relatively homogenous 

population of the RODAM study included Ghanaian origin participants 

alone. The Ghanaian population that was included in the HELIUS study 

and RODAM study is mostly of Akan ethnic origin (±85%). Sub-Saharan 

African populations are characterised by large cultural and genetic 

diversity. Additionally, most of the Ghanaians included in the HELIUS 

study and RODAM study were first generation migrants (±98%). As second 
generation migrants have not experienced (early) life in sub-Saharan Africa 

and migration itself, their environmental exposures may be different from 
first generation migrants. Hence, the homogeneity of the Ghanaian study 
population facilitates detecting geographical variations. Standardised data 

collection in the RODAM study was ensured by use of the same equipment 

and procedures and by regular monitoring at all locations. Furthermore, all 

samples were transported to one laboratory for biochemical characterisation 

(Berlin) and one laboratory for (epi)genetic determinations (Nottingham). 

As assays, laboratory technicians, time of measurement and other factors 

can introduce technical variance in biochemical and epigenetic results, 

centralising the characterisations has ensured laboratory induced bias to a 

minimum.

Limitations

The gold standard for diagnosing T2D is by means of Oral Glucose Tolerance 

Test (OGTT). The OGTT is preferred over fasting glucose, but is not 
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feasible in large epidemiological studies due to the time and costs it takes 

to administer an OGTT. In most chapters of this thesis the World Health 

Organization (WHO) definition for T2D was adhered to, which defines T2D 
based on a fasting glucose ≥ 7.0 mmol/L combined with self-reported T2D 
and/or reported use of glucose lowering medication5. The WHO definition 
differed from the definition by the American Diabetes Association (ADA) 
in that it did not include haemoglobin A1c (HbA1c). The WHO definition 
was chosen over the definition by the American Diabetes Association for 
the following reasons. When a glucose molecule is bound to a haemoglobin 

protein (the oxygen transporting protein in red blood cells), a process 

called glycosylation, HbA1c is formed6. In a healthy individual about 5% of 

haemoglobin are glycosylated. HbA1c are formed slowly and have a life-span 

of about 120 days. HbA1c levels were found to reflect a mean blood glucose 
over a period of 8-12 weeks6. This is advantageous in diabetes diagnosis. 

As fasting glucose can fluctuate substantially day to day, HbA1c provides 
a more accurate estimate of long-term average glucose level. HbA1c levels 

are generally significantly higher in diabetes cases. Chapter four compared 
the prevalence of T2D for both WHO and ADA definitions and described 
similar trends, yet higher prevalence estimates for ADA definition compared 
with WHO definition. HbA1c levels can be elevated in those suffering from 
anaemia7 which is more common in sub-Saharan Africa than in Europe and 

could have overestimated the T2D prevalence for rural and urban Ghana 

if the choice for ADA definition was made. Additionally, ethnic differences 
in average HbA1c levels as well as a need for lower cut-offs in African 
populations have been proposed but not confirmed8-10. Another advantage 

of the WHO definition over ADA is to enable comparison over time and 
internationally, as most studies from the African region adhere to the WHO 

definition. The costs and availability of HbA1c assessment is a limitation for 
wide-spread use in particular in the African region which is why only few 

studies in the African region include measurement of HbA1c levels. 

A limitation to all chapters is the use of cross-sectional data, which limits 

studying causality. In Chapters four and five associations were reported 
between determinants and T2D, IFG, insulin resistance and beta-cell 

dysfunction for which we cannot ascertain causality. However, for most 

reported associations evidence on biological function implies that reverse 

causality is not very likely. For example, T2D is not likely to cause obesity 

or insulin resistance. The associations reported between health-related 

behaviour determinants, such as energy intake and physical activity, with 

insulin resistance have the potential to be reversely causal when health-

related behaviour has changed after diagnosis. While, for that reason, 

those diagnosed with T2D were excluded from the analysis in Chapter 

five, individuals may also have changed their health-related behaviour 
due to other conditions related to insulin resistance, such as overweight, 
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obesity or hypertension. Associations between beta-cell dysfunction and 

determinants are prone to reverse causality as in the IFG state beta-cells 

may still compensate for increased insulin resistance. This was observed as a 

negative association between body fat indices and beta-cell dysfunction (less 

beta-cell dysfunction for higher Body Mass Index (BMI)). Longitudinal data 

are needed to study the role of health-related behaviour determinants on 

insulin resistance and beta-cell dysfunction in the progression from normal 

glycaemia toward IFG and, ultimately, T2D. 

With respect to the epigenetics analyses in Chapters six and seven, the 

use of cross-sectional data and lack of biological function data meant that 

interpretation of epigenetic changes affecting disease outcome or vice versa 
was a constraint. Preliminary interpretations on causality were made however 

based on publically available data sources that have studied expression and 

biological function of loci and genes. However, while these data give some 

insight in potential biological mechanisms and thereby suspected causality, 

they are in most cases based on European populations. Biological functional 

data for sub-Saharan Africans are needed to study the effect of epigenetic 
changes on T2D development.

Another limitation concerns the measurement of adiposity. Ideally, 

subcutaneous and visceral fat is assessed by means of computed tomography 

(CT)11. Such data were not available in the HELIUS study nor in the RODAM 

study. Throughout the chapters in this thesis multiple alternative indices to 

assess adiposity have been used. These include BMI for defining generalised 
obesity according to the World Health Organization (WHO) cut-off for BMI 
(BMI ≥ 30.0kg/m2), body fat percentage as assessed by bio-impedance for 
defining generalised obesity based on generally used cut-offs for body fat 
percentage (> 25% men, > 35% women), waist circumference (≥ 102 cm 
men, ≥ 88 cm women) and waist-to-hip ratio (> 0.90 men, > 0.85 women) 
for defining abdominal obesity according to the WHO cut-offs. Each of these 
indices have advantages and disadvantages. BMI, waist circumference, 

waist-to-hip ratio and derived measures can be easily assessed which would 

facilitate use in clinical practice. However, the WHO cut-offs for the binary 
indices are not African specific and could have caused misclassification. 
Previous studies have shown that African populations have a lower fat 

percentage for a given BMI compared with Europeans12. The number of 

obesity cases could therefore have been overestimated using the WHO 

cut-offs that are based on European populations. Body fat percentage was 
derived from bio-impedance analysis using an African specific formula13. 

This likely has given a better approximation of body fat as a continuous 

measure. However, the cut-offs used for body fat percentage were not African 
specific14 and while generally used in literature, they are not evidence based. 

WHO cut-offs for normal and excessive body fat percentage are currently 
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lacking. African specific cut-offs for multiple adiposity indices need to be 
developed in order to better assess adiposity in this population.

The assessment of epigenetic factors in Chapters six and seven has several 

limitations as well. Underlying epigenetic factors in this thesis were assessed 

using the Infinium HumanMethylation450 BeadChip (henceforth: “450k 
array”) that measures DNA methylation. DNA methylation is one of several 

epigenetic mechanisms (Box 1 Chapter one). A more complete picture of 

epigenetic factors involved would require measurement of other epigenetic 

mechanisms such as Chromatin Immunoprecipitation sequencing (ChIP-

seq) based methods to measure the presence of histone modifications or 
microarrays to measure microRNA15. However, DNA methylation is the 

most measured epigenetic mechanism due to developments of measuring 

techniques. Studying DNA methylation, as opposed to other epigenetic 

mechanisms, therefore enhances comparability of the Ghanaian study 

population included with epigenetics surveys performed in other populations. 

The 450k array, launched in 2011, has for the past several years been one of 

the most commonly used platforms for assessing DNA methylation genome-

wide. In that same year the term “epigenome-wide association study (EWAS)” 

was used for the first time to refer to EWAS16. The 450k array covers 99% 

of RefSeq genes, 96% of CpG islands, and additional island shares flaking 
these islands. Overall, it measures DNA methylation at over 485,000 sites 

across the genome, which is an improvement compared with the in 2007 

introduced Infinium HumanMethylation27 BeadChip (henceforth: “27k 
array”) that covers 2 CpG sites in the promoter regions of about 14,000 

genes. However, considering that the 27k array covers less than 1% of 

the 28 million CpG sites that the genome counts, the 450k array also still 

represents only 2% of the CpG sites on the human genome. Disadvantageous 

of these arrays is the obvious low coverage of CpG sites on the genome. It 

is even claimed that the most variable sites are only sparsely covered by the 

450k array16. Nevertheless, the 450k array provides high throughput data, is 

affordable, fast and contains a standardised set of CpG sites which enhances 
comparability between studies and populations.

Another limitation related to the assessment of epigenetic factors in this 

thesis is the use of whole blood samples for DNA methylation assessment. 

DNA methylation is tissue specific which means that each tissue type has 
specific DNA methylation patterns. Blood has in many studies been used as 
a surrogate tissue for hard-to-get tissues as it shows fairly good correlation 

with other tissues17. A previous study on DNA methylation and T2D found 

good correlation between blood and liver tissue for the main locus identified 
for T2D in Chapter six annotated to TXNIP18. Nevertheless, elucidating the 

biological role of differential DNA methylation in blood in T2D is tricky 
and requires further study as has also been pointed out by other EWAS on 
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T2D18. To understand the biological function of DNA methylation changes 

requires the study of target tissue. In the case of T2D this would be pancreas 

or muscle tissue and in the case of obesity adipose tissue. However, in 

addition to the obvious pragmatic reason for collecting blood in the RODAM 

study, an important consideration for blood as the choice of tissue type is its 

potential use in future in clinical practice as a biomarker. Blood is a much 

more feasible tissue to include in screening efforts compared with other 
tissues (in particular in African settings). Loci identified in blood could be 
used as biomarkers for early detection or for monitoring of interventions.

The RODAM study used differential sampling techniques to suit local 
circumstances (Appendix) which may have introduced some selection bias. 

In London, there was no population registry available and participants 

were recruited from Ghanaian community organisations and churches. 

In Berlin, the response to the registration list available was very low and 

another approach had to be undertaken using member lists of Ghanaian 

community organisations and churches as sampling frame. In Amsterdam 

and Ghana, participants were sampled through population registries. 

Representativeness of participants in London and Berlin may therefore 

be less favourable compared with Amsterdam and Ghana. A non-response 

analysis showed that in London non-responders were somewhat younger 

and more often male while in Berlin non-responders were quite similar 

to responders. The prevalence estimates were age-standardised and given 

that the majority of Ghanaians attend community organisations2, potential 

selection bias in London and Berlin is unlikely to have substantially affected 
prevalence estimates reported in Chapters three and five. 

Reflections on the key findings of this thesis

In this thesis the burden of T2D among sub-Saharan African migrants has 

been quantified and novel methodologies have been used to gain insight 
into the underlying mechanisms of T2D among sub-Saharan Africans. This 

section reflects on the lessons learnt and places the findings in a broader 
perspective.

Burden of type 2 diabetes among sub-Saharan African migrants

The first part of this thesis showed that sub-Saharan African migrants 
in general have a higher prevalence of T2D compared with Europeans. 

Ghanaian migrants also had higher prevalence of T2D than other African 

populations and the source population in Ghana.
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In Chapter two, a 2.6 higher odds for T2D was reported for sub-Saharan 

Africans in Europe compared with the European host population. In 

Chapter four, the T2D prevalence observed was 14.9% in Ghanaian migrant 

men and 11.1% in Ghanaian migrant women compared with 5.0% and 2.3% 

in Dutch men and women. Studies in the US and in Australia also show 

consistently higher burden of T2D among African migrants compared with 

European descent populations in these countries19,20. However, the absolute 

prevalence as well as the relatively disparity show great variety between 

contexts and specific African populations. The Center for Disease Control 
(CDC) in the US reported a T2D prevalence of 13.2% for African Americans 

compared with 7.6% for European descent Americans aged 20 and over in 

2010-201220. Among sub-Saharan Africans of all ages in Australia in 2010 

age-adjusted prevalence rates of diagnosed T2D of 5.3% in men and 4.4% in 

women have been reported compared with 2.1% and 1.7% in the Australian 

host population respectively19. Also, the studies included in the meta-

analysis of Chapter two all reported a higher T2D prevalence among sub-

Saharan Africans compared with Europeans yet with variations in absolute 

prevalence. The reason for the observed differences between studies could 
reflect differences in the study population inclusion criteria, such as the wide 
age range in the Australian study, but could also reflect true differences in 
T2D prevalence due to contextual factors or due to variation between African 

descent populations.

In Chapters three and five, disparities were described, albeit small for 
some outcomes, in the rates of T2D, adiposity, IFG and insulin resistance 

between three European contexts (Amsterdam, Berlin, London). Contextual 

factors that potentially underlie the disparities in rates for adiposity, 

IFG, and insulin resistance between European cities may include health-

related behaviour factors, such as energy intake, physical activity, alcohol 

consumption and smoking, as was studied in Chapter five. These differences 
in health-related behaviours may arise, among others, due to differences in 
built environment (i.e. the physical environment constructed by humans) 

and/or health-related policies. For example, the built environment in 

Amsterdam promotes biking for commute more than the built environment 

in London and Berlin21. Another example is food availability. The rate of 

change in diet after migration depends on availability of foods characteristic 

for the traditional Ghana diet. The density of specialised ethnic stores 

may differ between contexts. A health-related policy that differs between 
contexts is salt intake reduction policies. The UK reported some reduction 

in population salt intake, the Netherlands reported some reduction in salt 

levels of foods and in Germany no strategy has been developed22. Future 

food policies, such as the sugar tax, which is set to be implemented from 

April 2018 in the UK, may further affect migrant health differences between 
European countries. A 20% tax on sugar sweetened beverages is modelled to 
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lead to an overall reduction of 1.3% in obesity in the UK23. It is unclear what 

the effects will be in the African migrant populations.

The variations in reported T2D prevalence and absolute differences in odds 
among sub-Saharan African populations compared with European descent 

populations in Chapters two, four and studies in the US and Australia19,20 

could also be due to differences between African origin populations. 
Sub-Saharan African populations are highly diverse both culturally and 

genetically. Africa counts more than 2000 distinct ethnolinguistic groups24.  

These ethnic groups differ not only in language, but also in dietary habits, 
physical activity patterns and many more behavioural factors that may affect 
T2D risk. The genetic diversity of African populations includes extensive 

substructure, and lower linkage equilibrium among loci which is reflected in 
smaller haplotypes compared with Europeans25,26. A haplotype is a cluster of 

tightly linked genes that are likely to be inherited together. According to the 

out-of-Africa theory, all modern humans descent from a founder population 

in Africa. As sub-Saharan African populations are much closer to the founder 

population in Africa compared with European populations, they are also 

much older than European populations, and their haplotypes have become 

smaller over the generations (Figure 1)25. The genepool is more limited for 

those selected groups that migrated out of Africa. Smaller haplotypes, means 

a higher number of haplotypes which increases the potential inheritance 

patterns and thereby the genetic diversity27. The genetic and cultural 

diversity of African populations may have an effect on differences in T2D risk and 
could partly underlie the variations in T2D prevalence between different African 
populations who have migrated to Europe and other parts of the world.



248

Chapter 8

Figure 1. The number of generations reduces haplotype size. Adapted from Cuppen 
et al.27

.

Pathophysiological mechanisms underlying type 2 diabetes risk 
among African migrants

The large disparities in T2D prevalence between rural Ghana and Ghanaian 

migrants in Europe exemplify the large role of environment and indicates 

that genetics alone cannot explain the high prevalence in Ghanaian migrants 

compared with Europeans. The ethnic differences in T2D indicate that the 
differences in built environment alone cannot explain the high prevalence 
among Ghanaian migrants either. Part two of this thesis addressed a 

selection of potential underlying pathophysiological factors; obesity, insulin 

resistance and beta-cell dysfunction.

The pathophysiological mechanism that underlies T2D has been relatively 

well described for European populations. T2D is characterised by elevated 

blood glucose levels that cause micro and macrovascular damage28. The 

elevated blood glucose levels have been attributed to an imbalance between 

insulin sensitivity and insulin production by the beta-cells of the pancreas29. 

In a normal glycaemic state there is a feedback loop between insulin sensitive 
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tissue and the beta-cells of the pancreas. When insulin resistance increases, 

the beta-cells initially compensate by increased insulin production. At the 

time when the beta-cells are no longer able to compensate for increased 

insulin resistance, blood glucose levels increase and T2D develops29. Most 

studies on the pathophysiology of T2D have been performed in Europeans. 

Studies that have compared European and African Americans show generally 

higher insulin resistance levels in African Americans even in a normal 

glycaemic state30-32. It was hypothesised that increases in insulin resistance 

upon migration could underlie the higher burden of T2D in Ghanaian 

migrants and urban Ghanaians compared with non-migrants in rural Ghana. 

In Chapter five of this thesis it was described that insulin resistance rather 
than beta-cell dysfunction contributed to geographical differences in IFG 
and thus seemed to be accounting for the increased T2D prevalence among 

Ghanaians upon migration from rural Ghana to urban Ghana and Europe.

Increases in insulin resistance are generally attributed to adiposity and in 

particular abdominal adiposity33. Studies in Europeans that have compared 

insulin resistant and insulin sensitive individuals with similar BMI found 

that the insulin resistant individuals had a higher waist circumference which 

was attributed to more abdominal fat33. In Chapter five, it was shown that 
generalised and abdominal obesity seemed to contribute strongly to the 

higher insulin resistance in both urban Ghanaians and Ghanaian migrants 

alike. While this seems to suggest that increases in adiposity, irrespective of 

generalised or abdominal, underlie the higher insulin resistance and T2D 

burden upon migration, in Chapter four it was found that ethnic differences 
in T2D persist even when accounted for generalised and abdominal obesity. 

In other words, the prevalence of T2D is high even among Ghanaian migrants 

with normal body fat indices. This suggest that while adiposity and insulin 

resistance might underlie the increase in T2D upon migration, it explains 

only partly the higher burden compared with the European host population.

A potential explanation for the higher burden of T2D among Ghanaian 

migrants compared with Europeans could be a differential effect of adiposity 
on T2D. Studies comparing African descent populations with Europeans 

have shown that increases in abdominal fat negatively affect metabolism 
in African descent populations as it does in Europeans34. However, similar 

levels of generalised and abdominal adiposity for African Americans and 

Europeans were associated with higher levels of insulin resistance in African 

Americans compared with Europeans34. Potentially, weight gain upon 

migration, observed as an increasing trend in obesity prevalence from rural 

Ghana to Europe in Chapter three, may increase insulin resistance and blood 

glucose levels. Small increases in BMI may have a more profound effect in 
Ghanaians compared with Europeans, putting Ghanaians at a higher T2D 

risk.
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Another important aspect of the pathophysiology of T2D is systemic 

inflammation. Adiposity is often characterised by systemic inflammation 
and markers of inflammation, such as C-Reactive Protein (CRP), have 
been linked to both insulin resistance and beta-cell dysfunction35. There 

is evidence that CRP levels are generally higher in African populations 

compared with Europeans36. However, an association between inflammation 
and T2D has not yet been found in African Americans37. So far, it is unclear 

whether systemic inflammation contributes to the higher burden of T2D 
among Ghanaian compared with Europeans.

Epigenetic risk factors for type 2 diabetes risk among African migrants

Another potential factor that has been suggested to play a role in the high 

burden of T2D among sub-Saharan Africans is epigenetics due to the 

influence of environmental changes on the epigenome. However, studies 
on epigenetics, as well as genetics, are lacking in sub-Saharan African 

populations. This lack of genetics and epigenetics data among sub-Saharan 

Africans was highlighted in a Nature  Comment entitled “Genomics is failing 

on diversity” published in October 201638. While the number of genome-

wide association studies (GWAS) in non-European descent population has 

risen from 4% in 2009 to 19% in 2016, the large majority of this rise can be 

attributed to studies in Asians. Currently only 2% of GWAS are performed 

in African descent populations. This comprises usually African Americans or 

African Caribbean and rarely sub-Saharan African populations while they, 

as previously argued, differ substantially in genetic make-up and disease 
risk. Sub-Saharan African populations are still severely underrepresented. 

Several studies highlight the importance of genomic diversity in public 

health39-41. In these it has been argued that the effect of genetic loci on 
disease may differ substantially between populations. Diversity is lacking 
in GWAS studies, but EWAS on non-European populations are even more 

rare. Notwithstanding, EWAS might even be more prone to diversity than 

GWAS given that epigenetics is affected both by genetic architecture as well 
as by environmental exposures, which both differ substantially between 
populations.

In this thesis, epigenetics has been studied as underlying factor for adiposity 

and T2D among sub-Saharan Africans. This is the first time EWAS have 
been performed in sub-Saharan Africans. The epigenetic mechanism studied 

was indeed associated with both T2D and adiposity in Ghanaians. The six 

epigenetic loci that were genome-wide associated with T2D explained 31% 

of variance in T2D (Chapter six). The three main loci identified in Chapter 
seven explained 7.6% of variance in obesity.
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A key hypothesis of this thesis was that differences in epigenetic mechanisms 
were causally contributing to adiposity and T2D in sub-Saharan Africans. 

The results from Chapters five, six and seven, however, contradict this 
hypothesis. In Chapter seven, the Differentially Methylated Position (DMP) 
annotated to gene CPT1A was directionally consistent, i.e. had the same 

direction of effect (hypo-methylation versus hyper-methylation), and was 
strongly associated with all adiposity indices that were tested. Evidence 

from other studies suggests that hypo-methylation at this particular position 

on the CPT1A gene leads to higher expression in blood42. The CPT1A gene 

is known to be crucial in fatty acid metabolism43. Higher expression of this 

gene in obese Ghanaians is therefore more likely a result rather than a cause 

of adiposity, as higher fat mass requires a more active fatty acid metabolism. 

In other words; adiposity seems to be inducing changes in epigenetic 

mechanisms. This is consistent with other studies that have reported 

epigenetic changes as a consequence of adiposity rather than a cause44. In 

Chapter six, it was found that the same DMP annotated to gene CPT1A was 

also hypo-methylated in T2D cases compared with controls. The DMP was no 

longer significant after adjustment for BMI and the strength of association 
reduced when insulin resistance was included in the model, while inclusion 

of beta-cell dysfunction in the model did not have any effect. These findings 
suggest that hypo-methylation on the CPT1A gene for those with T2D is 

the result of higher BMI in these individuals. However, further studies are 

needed to gain insight in these underlying mechanisms. These studies would 

require studying the effect of hypo-methylation at the CPT1A on expression 

in blood and other tissues in Ghanaians as well as studying changes in this 

epigenetic locus longitudinally; to determine whether epigenetic changes 

precede or follow BMI increase and the onset of T2D.

Reverse causation may also be the case for the main DMP found associated 

with T2D in Ghanaians in Chapter six. The DMP annotated to gene TXNIP 

was strongly associated with T2D and HbA1c levels independently of BMI. 

The DMP on this gene has also been directionally consistent reported in other 

populations in relation to T2D18,45. Inclusion of neither insulin resistance 

nor beta-cell dysfunction changed the association for the DMP annotated to 

TXNIP with T2D (Chapter six). This could indicate that hypo-methylation 

at this position is a result rather than a cause of T2D, which has also been 

suggested in other populations46. Again, unravelling the causality of changes 

in epigenetic mechanism in relation to T2D would require studying biological 

functionality of identified loci by translational studies that include multiple 
tissues and other types of data, such as expression data and/or genotyping 

data.
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Implications for public health

This thesis showed that there is a need to address the high burden of 

adiposity and T2D among Ghanaians in multiple geographical locations to 

prevent further increases in T2D given the high prevalence of IFG across 

locations. This has several implications for migrant health in Europe and for 

public health in Ghana.

The clear geographical disparities in adiposity and T2D among Ghanaians 

reported in this thesis suggest that a population-based approach aiming at 

improving the environment to facilitate healthy behaviour may be needed. 

Population-based approaches usually involve actions, such as policies and 

programmes, that intervene in institutional processes to affect health-
related behaviours in the society at large. They may include policies of 

governments and non-government organisations47. In Chapter four it was 

shown that general and abdominal obesity are important determinants 

for geographical disparities in insulin resistance. Adiposity prevention 

at population-wide scale means promoting healthy eating and physical 

activity. The goal of population-based adiposity prevention is to lower and 

stabilise the mean BMI and mean waist circumference of the population in 

order to minimise the proportion who become overweight and (abdominal) 

obese48. The impact of population-based approaches on population health is 

usually very gradual, such as small changes in average population BMI, but 

the impact may be visible on a shorter time-span indirectly, in policy or in 

environmental changes47.

It is unclear what elements a population-based approach, beneficial for 
promoting healthy behaviour in sub-Saharan African communities in 

Europe, should exactly contain. Multiple population-based approaches 

aimed at improving diet and physical activity, including among others 

media campaigns, taxation of unhealthy products, and access to healthy 

food products in supermarkets have been reviewed by the American Heart 

Association49. However, none of these targeted migrant or sub-Saharan 

African communities specifically. Cultural sensitivity of population-based 
approaches is an important element for success50. Successful implementation 

needs to take social norms, language, gender roles, families ties, and customs 

into account50. Further studies are needed to design, monitor and evaluate 

populations-based approaches effective for sub-Saharan African migrants.

A population-based approach that stimulates physical activity could be 

particularly important for prevention of T2D in Ghanaians as well as for 

those with IFG. Physical activity of any kind has been shown to lower the 

risk of T2D51. Physical activity may contribute to weight loss efforts, and 
has in addition the potential to improve insulin sensitivity directly. Physical 
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activity improves skeletal muscle capillarisation which can contribute 

to higher insulin sensitivity by increasing the available surface area for 

diffusion of insulin and glucose52. In Chapter five, an inverse association was 
found between insulin resistance and physical activity in individuals without 

T2D. Furthermore, meta-analysis of clinical trials in Europeans populations 

showed that exercise interventions improved glucose control among those 

with T2D irrespective of BMI change53. Stimulating physical activity could 

provide a good way forward given the relatively low costs of improving 

physical activity on the already overburdened health care systems in sub-

Saharan Africa. However, so far little is known how to effectively achieve 
improved physical activity in a sub-Saharan African setting and among sub-

Saharan African migrants in Europe.

There is a need for action not only among sub-Saharan African migrants in 

Europe, but also in the sub-Saharan African region. Chapter three showed 

that the prevalence of T2D is already at the same level in urban Ghana as in 

Europe while studies of several years ago reported a steep rising gradient 

from rural to urban to Europe4. While the prevalence in rural Ghana is still 

low compared with urban Ghana and Europe, it has increased substantially 

since the very low prevalence of T2D that was reported a couple of decades 

ago. In addition, a relatively high prevalence of adiposity was observed in 

rural Africa, in particular among women. The high burden of T2D in urban 

Africa compared with data from a couple of decades ago, and the high burden 

among sub-Saharan African migrants in Europe, gives a clear signal of what 

is at stake for rural Africa. Major efforts are needed to tackle the situation 
in urbanising Africa. However, the priority and resources of healthcare in 

many sub-Saharan African countries are still allocated to communicable 

diseases54. Furthermore, there is a need to understand the determinants 

and underlying factors of T2D in sub-Saharan Africans for intervention and 

prevention strategies to be more effective.

Complementary to a population-based approach targeted at the environment 

as a whole, there is a need to focus on sub-Saharan African populations in 

Europe by differentiating T2D guidelines to sub-Saharan African populations. 
The high burden of T2D among sub-Saharan Africans is little recognised in 

comparison with the attention for the high burden of T2D in South Asian 

populations. Chapter two of this thesis reported a pooled 3.7 higher odds 

for T2D among South Asian origin compared with Europeans. Nevertheless, 

Northern African and sub-Saharan African populations followed South 

Asian populations with a 2.7 and 2.6 higher odds for T2D compared with 

Europeans. T2D guidelines lack specificity to address the disproportionate 
burden of T2D among sub-Saharan African migrants in Europe. The Dutch 

guidelines for general practitioners for example urge to test patients for T2D 

who are 45 years and over, have a BMI of 27 kg/m2 or higher, and are of 
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Turkish, Moroccan or Surinamese origin55. For Surinamese, these guidelines 

specify Hindustani (South Asian) origin as a high risk T2D population, while 

sub-Saharan African populations are not specified. In the UK, guidelines for 
general practitioners and practice nurses recommend T2D risk identification 
for South Asian and Chinese. Again, sub-Saharan Africans are not included 

in these guidelines as a specific target group. Chapter four reported a higher 
burden of T2D among Ghanaian men compared with African Surinamese 

men. Similarly to large differences in T2D odds between South Asian 
populations as shown in Chapter two, different African origin populations 
differ in T2D risk as well. Prevention and treatment guidelines should 
give more attention to sub-Saharan African migrants given the consistent 

high rates in this population (Chapter two, three, and four) and given the 

important diversity among the African origin populations.

While population-based approaches have shown great success and have the 

potential to reduce geographical disparities, they have also shown that they 

do not reach everyone equally56. Health disparities between socioeconomic 

groups for example have been shown to widen56. It is therefore advisable to 

address a specific target group for prevention in addition to a population-
based approach. A potential target group could be those with prediabetes; 

i.e. those at a precursor state for T2D. Annually 5% to 10% of those with 

prediabetes develop T2D57. Chapter three showed a similar prevalence of IFG 

across sites except for Amsterdam where the prevalence was substantially 

higher. The prevalence of IFG was high also in rural Ghana despite a lower 

T2D prevalence. Chapter five revealed that the prevalence was above 10% 
for all sites even after exclusion of diabetes cases. The high IFG prevalence 

described in Chapter three can therefore not be attributed to insufficient 
glucose management of those affected by T2D. This indicates that a large 
proportion is at risk of developing T2D across all locations, but in particular 

in Amsterdam. Strategies to prevent development of prediabetes into 

T2D include lifestyle interventions that may or may not be combined with 

pharmaceutical treatment58.

While the understanding of the role of epigenetic mechanisms in T2D 

among sub-Saharan Africans is still premature, in the long run it can have 

important public health implications. The public health and genetics fields 
have a history of association dating back to the beginning of the 19th century59. 

The collaboration and integration between both fields has been troublesome 
however. The use of genetics to improve the health of populations has 

been perceived contradictory as the unit for public health is the population 

and the unit of genetics in health care is the individual, i.e. personalised 

medicine60. In clinical genetics, diagnostics and genetic counselling is 

provided for individuals and families. Genetic data are for the time being less 

implemented in public health compared with clinical medicine due to the 
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complexity of common diseases, i.e. diseases that have impact on morbidity 

and mortality on a large scale and are of interest to the public health field. 
Common diseases, i.e. those occurring at a relatively high frequency in the 

population, are assumed polygenic. This means that the combined action of 

small effect sizes of more than one gene play a role. These genes may interact 
among each other and with environmental factors. While genetic testing is 

key in the clinical genetics field, genetic testing for polygenic conditions 
is immensely complex because of the large number of genes involved and 

the degree of gene-environmental interaction61. DNA methylation is only 

one epigenetic mechanism, and epigenetics is only one mode of gene-

environment interaction. Nevertheless, DNA methylation variation of six 

loci explained about 31% of variance in T2D in Ghanaians (Chapter six). This 

explained variance is far greater than often found in GWAS and also larger 

than in studies assessing the contribution of environment62. Meta-analysis 

of multiple sub-Saharan African populations are required to confirm this 
high explained variance. Currently, translation to public health efforts is 
still too premature, but the future holds potential through avenues such as 

personalised medicine including (epi)genetic risk scores.

In personalised medicine, genomic information of an individual is used 

in diagnosis, prevention and/or treatment of diseases63. In T2D genetic 

risk scores, information from a set of genetic markers is combined into a 

single metric representing the genetic predisposition of an individual to 

develop T2D64. Studies of genetic risk scores for T2D have found, however, 

poor utility in African populations65. Genetic risk scores being profitable in 
African populations would require inclusion of African specific genetic and/
or epigenetic markers. Inclusion of (African specific) epigenetic marks could 
be advantageous over genetic marks due to the dynamic nature and the 

potentially modifiability of epigenetics. Hence, epigenetic markers have the 
potential to be used as markers of disease instead of risk prediction markers. 

Markers of disease could be implemented in programmes monitoring 

progress of those with T2D or prediabetes for example. It is, however, 

difficult to derive markers for common diseases due to large number of 
genes with small effect sizes involved. The main epigenetic loci strongly 
and consistently associated with T2D and adiposity in the Ghanaian study 

population had an effect size of 4.1% (TXNIP) and 1.9% (CPT1A) respectively 

(Chapters six and seven). These effect sizes are too small to be a well 
discriminative marker for those with T2D or adiposity versus those without. 

Multiple markers would have to be combined to improve the discriminative 

ability between those affected and those not affected. Another aspect for 
consideration in selection of epigenetic biomarkers is the specificity of the 
marker. For example, the TXNIP gene is involved in regulatory processes of 

cellular metabolism and redox signalling. This marker might detect other 

diseases besides T2D. Follow up of the main DMPs identified in Chapters six 
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and seven as a potential set of biomarkers would require sequencing of DNA 

methylation of the region surrounding these DMPs and validation in larger 

cohorts66. With a similar workflow, epigenetic biomarkers have already 
been identified for cancers67. The future holds potential for epigenetics in 

prevention strategies and management efforts among sub-Saharan African 
migrants68, but first epigenetic markers associated with T2D among sub-
Saharan African migrants need to be confirmed which requires extensive 
further research. 

Studying epigenetic mechanisms also has potential implications to public 

health in that it might provide an avenue to derive more detailed and population 

specific health-related behaviour advice. Health-related behaviour factors 
undoubtedly play a role in adiposity and T2D, but as was hypothesised in the 

conceptual model in Chapter one, health-related behaviours can affect T2D 
directly or mediated via epigenetic mechanisms. Through epigenetic studies 

one can identify health-related behaviours or components of health-related 

behaviours that have an effect on epigenetic loci that are associated with 
T2D. For example, some foods have been previously mentioned in relation 

to increased diabetes risk, such as cassava69. Also, some nutrients, such 

as vitamin B12, are known to be methyl donors and have thereby greater 

potential of affecting DNA methylation70. If the effect of food and nutrient 
consumption on the epigenome can be unravelled and related to disease it 

would enable providing more detailed dietary advice specific for sub-Saharan 
African migrants. Nutrition is only one of many environmental factors that 

have the potential to affect epigenetics. A wide range of other environmental 
factors that have been associated with epigenetics include, among others, 

seasonality, the microbiome, circadian clock71, and physical activity72. 

Gaining insight into the role of epigenetics in T2D among sub-Saharan 

African migrants is a first step that can be followed by a search for factors 
in the environment that drive these epigenetic processes. If environmental 

exposures, such as diet and other health-related behaviours, prove to be 

affecting adiposity and T2D via epigenetic mechanisms, nutritional and/or 
pharmacological approaches could potentially be used to counteract adverse 

effects68.

In addition to implications for prevention, the findings of this thesis also 
have potential implications for treatment. In terms of pharmacotherapy, 

the biguanide Metformin is the most widely prescribed drug in patients 

diagnosed with T2D and recommended as primary treatment by the 

American Diabetes Association73. Metformin lowers blood glucose levels and 

improves insulin sensitivity. Its glucose lowering effect is realised by the fact 
that it suppresses gluconeogenesis74. The increase in insulin sensitivity is 

achieved via an increased activity of insulin receptors and through enhanced 

activity and translocation of glucose transporters74. Its insulin sensitivity 
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enhancing properties make Metformin seem feasible in treating T2D 

among sub-Saharan African migrants given the large contribution of insulin 

resistance to the increased prevalence upon migration (Chapter five). This is 
supported by studies showing that Metformin is more effective in lowering 
blood glucose in African Americans compared with European Americans 

with diabetes75 and prediabetes76. 

Implications for future research

Most studies are performed in European populations and data on sub-

Saharan African populations are lacking in many fields. This thesis presented 
results on the burden of T2D in sub-Saharan Africans and a selection of 

potential underlying factors. Further studies are needed to improve the 

understanding of the causes of T2D in sub-Saharan Africans and to identify 

factors that can be targeted in public health approaches. This section gives 

recommendations for future research.

The comparison of Ghanaians in multiple geographical locations presented 

in Chapter three and five showed clear differences in IFG, adiposity and 
T2D between the locations. Future research could explore the role of 

environmental exposures in these locations to the observed prevalence 

variations, such as food availability, sports facility density, neighbourhood 

safety and other aspects of the built environment that can affect health77,78. 

Also, the role of national health systems and access to healthcare can be 

explored as these may affect early detection of high blood glucose levels. The 
RODAM study lacks data on national contextual factors and country specific 
access to, and use of, healthcare facilities. However, linkage of RODAM data 

in Europe to environment by geo-data based on postal codes for example 

could enable studying the physical aspects of the national context. A study in 

the US used geo-data to find an association between access to fast food and 
grocery stores and mean BMI of neigbourhoods79. A wide variety of geo-data 

on postal code level in the Netherlands that can be linked to health has been 

brought together in the GECCO (Geoscience and Health Cohort Consortium) 

initiative80. If geo-data in the Netherlands, UK and Germany (for example 

infas Geodaten) could in future be linked to the RODAM study, it could 

be used to identify environmental exposures associated with disparities in 

adiposity prevalence between these European countries.

Longitudinal data complemented by translational studies are needed to gain 

insight in possible causality of pathophysiological and epigenetic factors 

underlying T2D in sub-Saharan Africans. Longitudinal studies would need 

to include normal glycaemic participants with repeated measurement of 

DNA methylation and markers for insulin resistance and blood glucose 
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level. This would allow studying when DNA methylation change occurs and 

at which loci and whether DNA methylation changes precede an increase in 

insulin resistance for example. It would also help elucidate how the balance 

between insulin resistance and beta-cell dysfunction shifts over time before 

T2D is diagnosed. DNA methylation assessment in intervention studies that 

include health-related behaviour change could shed light on the causality 

between health-related behaviour change and epigenetic mechanisms. For 

example, a six month intervention study on physical activity showed changes 

in DNA methylation at multiple loci72. Translational studies will help in 

determining causality as they can shed light on the biological plausibility 

of DNA methylation change at a certain locus affecting T2D. Translational 
studies may require comparison of tissues, linkage with genotyping data, 

analysis of cell lines, animal models or other relevant models to enhance 

the understanding of the biological mechanism. Translational research will 

“help to move research from the bench to the bedside and to the population 

at large”81. The DMPs identified in Chapter six and seven seem to be mostly 
the result of adiposity and T2D rather than the cause based on expression 

and functional data derived from databases and other studies. However, the 

relationship between epigenetic loci and gene function can be immensely 

complex. The location of the CpG site, for example gene body, promoter 

or enhancer is important in the effect of the epigenetic locus on gene 
function. Knowing the chromosomal location alone is however not sufficient 
as the structure and folding of the DNA determines which parts interact 

and how they affect expression (Figure 2). Therefore, to determine the 
biological functionality of the identified DMPs there is a need for additional 
experiments on samples of sub-Saharan Africans such as expression 

analyses. Translational studies give insight into biological function and 

thereby causality. Longitudinal data complemented by data on functionality 

would give strong arguments for causality of findings.  

With the data currently available in the RODAM study further epigenetic 

studies could shed light on the role of migration in epigenetic changes 

associated with adiposity and T2D. Using the adiposity and T2D loci 

identified in Chapters six and seven as candidate loci, it will be possible 
to use a geographical comparison as a proxy for the effect of migration on 
epigenetic mechanisms. In the RODAM data one would expect, based on 

observed differences in T2D prevalence (Chapter three), large differences in 
degree of DNA methylation for these candidate loci between rural Ghana and 

Europe, followed by smaller differences in comparing rural Ghana to urban 
Ghana and even less between urban Ghana and Europe. Such an approach 

could gain insight into the role of changes in epigenetic mechanisms upon 

migration on increased T2D risk in sub-Saharan African migrants.
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Sub-Saharan African migrants were hypothesised to have different 
epigenetic loci involved in adiposity and T2D compared with the European 

host populations as was presented in the conceptual model of Chapter one. 

The European host population was not studied in the epigenetic analyses in 

Chapters six and seven, but based on a replication from DMPs previously 

reported in other studies identified through a systemic literature search 
(Supplemental Table 5, Chapter six), respectively 1027 and 2876, DMPs 

were identified that have not been previously reported in other populations 
in relation to adiposity and T2D. These DMPs could contribute to the 

higher risk of T2D among Ghanaian migrants compared with Europeans. 

Replication as well as translational studies are needed to confirm these 
findings and elucidate their role in the pathophysiology of adiposity and T2D 
in Ghanaians.

In Chapters six and seven, novel DMPs for adiposity and T2D were identified 
that have not been previously reported in other populations. As is common in 

the genetics and epigenetics field, there is a need to replicate these findings. 
GWAS has taught us the importance of replication in discriminating an 

artefact, i.e. false positive, from a credible finding83. The epigenome-wide 

Figure 2. Structural elements that can regulate epigenetic translation into 

expression (adapted from Heyn et al.82
).
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p-values in Chapters six and seven were adjusted for multiple testing using 

a commonly used multiple test correction, which is well accepted by the 

scientific community in the field. Nevertheless, to reduce the risk for both 
false positives and false negatives, replication studies and eventually meta-

analyses need to be performed as is commonly done in the field. A replication 
study would need to include the exact same CpG sites, use the same analytic 

methods and the same phenotype83, which is important for the replication 

itself as well as for data harmonisation in meta-analyses. These replication 

studies should be performed in Ghanaians and other sub-Saharan African 

populations. The large genetic diversity, which characterises African 

populations, limits generalisability from Ghanaians to other sub-Saharan 

African populations. It is therefore important to perform replication studies 

in other sub-Saharan African populations in addition to replication in 

Ghanaians to see whether the DMPs identified can be generalised to other 
sub-Saharan African populations. The risk for false negatives lies mostly in 

that it is likely that epigenetic loci with small effect sizes were missed in 
the EWAS in Chapters six and seven. Epigenetic loci with small effect sizes 
may have been filtered out due to the multiple test correction. In the T2D 
EWAS in Chapter six the final sample size had over 80% power to detect 
a 6% difference in DNA methylation between T2D cases and controls with 
epigenome-wide significance and over 99% power to detect a 10% difference 
in methylation between cases and controls84. Detecting smaller effect 
sizes requires a large sample size. Ideally, multiple EWAS in sub-Saharan 

Africans should be combined in meta-analyses to detect smaller effect sizes 
and reduce the chance for false positives.

Overall conclusions

Based on the studies in this thesis it can be concluded that the T2D prevalence 

is disproportionally high among sub-Saharan African migrants in Europe as 

well as in urban Ghana compared with rural Ghana. The T2D prevalence 

is likely to increase in rural Ghana given the high burden of adiposity and 

IFG in these areas. The geographical disparities highlight the need for a 

population-based approach in Europe as well as in Ghana. In Europe, within 

a population-based approach stimulating a healthy environment, specific 
attention should be directed to sub-Saharan African migrants given the 

higher burden of adiposity and T2D in these populations compared with 

Europeans, and given the different underlying determinants. Also prevention 
and treatment guidelines need to give more attention to sub-Saharan African 

populations. In assessing T2D risk it is important to make a distinction 

between different African descent populations. In Ghana, a population-
based approach stimulating physical activity could potentially be worthwhile 

given the relatively low costs of improving physical activity on the already 
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overburdened health care systems in sub-Saharan Africa. However, further 

studies on the underlying determinants are needed for such interventions 

to be effective. Furthermore, in this thesis it was shown that insulin 
resistance rather than beta-cell dysfunction underlies the increase in T2D 

from rural Ghana to urban Ghana and Europe. Generalised and abdominal 

obesity were identified as important determinants of insulin resistance in 
this population. This suggests that an approach improving physical activity 

could be particularly effective given the role it can play in weight loss but 
it may also improve insulin sensitivity directly. Nevertheless, generalised 

and abdominal obesity only explained part of the ethnic disparities in T2D 

between Ghanaians and Europeans. In this thesis several epigenetic loci 

were identified that were associated with T2D in Ghanaians, independent of 
BMI, as well as loci associated with adiposity. Some of these loci have been 

previously reported in other populations, but also novel loci were identified. 
There is a need for replication to confirm these findings in Ghanaians and 
in other sub-Saharan African populations. Also, the biological functionality 

needs to be determined by means of translational studies. In the future, 

these insights may assist in public health prevention efforts and also have 
potential for clinical management efforts.
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