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General Discussion

As the usage of dietary supplements grows worldwide, especially among older people, 

the objective of this thesis was to understand more about the role of micronutrients 

in health and diseases in the older population. The micronutrients that were the 

main topic of this thesis were folic acid, vitamin B12, vitamin D and calcium because 

they are widely used as dietary supplements, and have pleiotropic effects on several 

age-related diseases.

The association between vitamin D and body composition was studied, as well as the 

effect of folic acid and vitamin B12 on body composition (Chapter 2). The long-term 

effects of folic acid and vitamin B12 supplementation (the B-PROOF study) on common 

age-related diseases as such as cancer, fractures and cardiovascular diseases was 

assessed (Chapter 3). Lastly, the role of micronutrients on bone health and colorec-

tal cancer in interactions with diuretics and genetic variation on bone health and 

colorectal cancer, respectively was assessed (Chapter 4). This chapter provides an 

overview and discussion of the main findings of this thesis, followed by an outline 

of the clinical and public health implications and suggestions for potential further 

research.

MAIN FINDINGS AND COMPARISONS WITH 
RECENT STUDIES

Micronutrients and body composition

The prevalence of micronutrient deficiencies is increased in people with obesity, 

which is expressed as having a BMI >30. However, obesity is a multifaceted physiologi-

cal phenomenon leading to changes in body composition and is sometimes difficult to 

assess in an ageing population. Therefore, BMI as a measure may underestimate the 

prevalence of obesity among older adults. In studies involving this population group, 

measuring fat mass and fat-free mass as aspects of this changing body composition 

provides a better insight into the actual body composition and the prevalence of 

obesity. Therefore, the association between micronutrients and body composition (by 

measuring body fat percentage next to BMI) in an older population was assessed. We 

found that a higher BMI and higher body fat percentage were both significantly as-

sociated with lower serum 25(OH)D levels. In this study we confirmed that overweight 

older persons and those with a higher percentage of body fat were at risk of vitamin 
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D insufficiency (Chapter 2.1). This finding corresponds with other studies involving 

various populations (1, 2).

This association can be due to a decreased bioavailability of vitamin D due to its 

deposition in adipose tissue (3). But to assess the causality and the direction of the as-

sociation between the level of serum 25(OH)D and the change in BMI and fat percent-

age, one can use vitamin D supplementation studies and Mendelian Randomization 

studies. Mendelian randomisation studies suggested that vitamin D is causally related 

to markers of obesity, e.g. adiponectin (4). In the B-PROOF intervention trial with B 

vitamin supplements, all participants were also given vitamin D supplementation, 

therefore whether vitamin D supplementation might change body composition could 

not be assessed. Neither did we have any information on serum 25(OH)D levels after 

the intervention. However, a recent RCT showed that vitamin D supplementation had 

no effect on body composition (5). Yet, a systematic review and meta-analysis of RCTs 

showed that obesity reduced the effect of vitamin D supplementation on vitamin D 

level (6, 7). In addition, evidence from RCTs has also shown that optimal vitamin D 

supplementation may benefit obesity-related disorders (3). Altogether these results 

suggest that increase in overweight and fat mass seems to reduce serum 25(OH)D 

level and that obese people may need a higher doses of vitamin D to achieve the 

normal range of 25(OH)D compared to non-obese people. Further RCTs on the role of 

vitamin D supplementation in obesity-related disorders are needed (see implications 

and future research).

Another aspect that was evaluated in this thesis, was the effect of folic acid and 

vitamin B12 supplementation on body composition. In chapter 2.2 we observed that 

higher serum folate was associated with a lower BMI, and a higher vitamin B12 status 

was associated with a higher Fat Mass Index (FMI) from observational data, which was 

partly in line with previous studies (8). However, this association was not confirmed as 

causal, because the intervention with folic acid and vitamin B12 supplementation in 

the B-PROOF study had a null-effect on body composition, suggesting that B-vitamins 

may not have a role in the aetiology of obesity or changes in body composition in 

older individuals. Neither was the causal role of a lower vitamin B status in obesity 

supported in a Mendelian randomisation study of genetic determinants of vitamin 

B12 (9). However, a relatively strong association has been observed between the 

pleiotropic Fucosyltransferase 2 (FUT2) gene variant rs602662 and serum vitamin B12 

(9). FUT2 is thought to be involved in interactions between host factors and gut 

microbiome composition, which is involved in production of vitamin B12. Therefore, 

it can be hypothesized that differences in the gut microbiome composition might lead 

to the observed associations with obesity and body composition, and the concomitant 
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vitamin B12 changes might be a by-stander effect (10). Other recent studies support 

the causal role of obesity on vitamin B12 status by finding an association between FTO 

gene variants (which are associated with obesity (11)), and serum vitamin B12 levels 

(12). On the basis of these findings it can be concluded that obesity may influence 

B-vitamin status, but not the other way around.

Long-term effect of micronutrients on cancer

In the B-PROOF trial, the combination of vitamin B12 and folic acid supplementa-

tion was observed to be associated with an elevated risk of cancer, and especially 

colorectal cancer (Chapter 3.1). Previous studies on the association between folic 

acid and vitamin B12 supplementation and cancer risk were inconclusive, with some 

studies showing a null-effect or even a reduced risk of cancer after supplementa-

tion (13). The proposed underlying mechanism is that the carbon group of folic acid 

supplementation contribute to cell proliferation through purine nucleotide synthesis 

that accelerate the process of cell growth or by the provision of methylgroup donors 

to influence the process of DNA methylation and expression of genes that may be 

involved in carcinogenesis. Indeed, in a follow-up study of the B-PROOF study, when 

assessing genome wide methylation patterns on 450.000 CpG sites in genomic DNA of 

circulating blood cells using the Illumina array, variations in DNA-methylation were 

observed in several genes involved in carcinogenesis (14) in the intervention group.

One explanation for the opposing outcomes of several trials compared to our findings 

is that most studies on the effects of B vitamins on cancer have examined the effect of 

folic acid supplementation only, rather than in combination with vitamin B12 supple-

mentation. Since vitamin B12 also plays a role in the one-carbon mechanism, it might 

also play a role in the aetiology of cancer. The VITamins and Lifestyle cohort-study 

(VITAL), assessed the association of vitamin B12 supplementation and showed a higher 

risk of lung cancer in men between 50 and 76 years with a higher use of vitamin B12 

supplements (15).

However, studies on the association between cancer on the one hand and dietary 

intake or plasma levels of these B vitamins on the other hand, have shown conflicting 

results. Results from observational studies have suggested that the intake of these mi-

cronutrients individually is associated chiefly with a decreased risk of several cancers 

(16-18). However, studies of plasma levels of folic acid and vitamin B12 did not find an 

association with an increased risk of several cancers (19, 20). For example, in a study 

of subjects in UK primary care, having higher plasma B12 levels was found to be as-

sociated with an increased one-year cancer risk compared to normal B12 levels (21). 
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In a nested case-control study including a Mendelian randomisation approach based 

on 8 genetic variants for circulating vitamin B12, an increased risk of lung cancer was 

found to be associated with an increase in circulating vitamin B12 concentrations 

suggesting a causal effect of B vitamins on cancer risk (22).

Taken the results of previous studies, the B-PROOF study and RCT together, it seems 

that folic acid and/or vitamin B12 supplements, due to higher dose and higher bio-

availability, might potentially increase the risk of cancer in older persons (such as the 

participants in the B-PROOF study) (23). This could be due to individual effect of folic 

acid or vitamin-B12, or due to an interactive effect of both folic acid and vitamin-B12 

combined, and that this effects could be due to changes in DNA methylation patterns.

Effects of B vitamins on fractures, CVD and stroke

With regard to the findings of the B-PROOF trial during a prolonged follow-up pe-

riod on the main pre-specified outcome, no effect on fracture risk was observed, 

and neither an effect on cardiovascular disease was seen (Chapter 3.2). Similar to 

B-PROOF, another long-term RCT by Stone et al. found that vitamin B12 and folic 

acid supplementation had no effect on the risk of fractures in women (24). One of 

the limitations of B-PROOF could be the limited power to detect any effect of the 

B-vitamin supplementation due to relatively low incidence of events in the limited 

follow period. We therefore extended the follow-up period (of 2-3 years) of the initial 

B-PROOF trial to 6-9 years to capture more events, and evaluated the long-term 

effect of the intervention. A questionnaire was sent to the participants with informed 

consent for contacting in the future. In this extended study of the B-PROOF trial, 

however, only 90 new fractures were captured. We hypothesize that this may be an 

underestimation due to high loss to follow-up, mainly due to the high morbidity and 

mortality rates in these older adults (with a median age of 76 years when contacted 

in this extended follow-up study). During the second follow-up questionnaire, extra 

information was documented on the non-responders shown in the flow-chart below 

(Figure 1). In contrast with B-PROOF extended follow-up, a recent study showed 

that higher intake of vitamin B12 (≥ 30 vs < 5 µg, diet and supplements) in a longer 

follow-up period (of 20.9 years), was associated with increased fracture risk (25). This 

study documented 2304 cases with hip fracture of 75 864 included in women nurse 

health study with lower intake of vitamin B12 than B-PROOF study. Nevertheless as 

this study has a cohort design of the study, residual confounding may be present and 

thus randomized controlled trials with a larger follow-up are needed to establish 

adverse effects in the long run.
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In the B-PROOF trial, which selected and included participants with elevated homo-

cysteine levels, B-vitamin supplementation was observed to may have been benefi cial 

in reducing fractures, but only in individuals with high total homocysteine concentra-

tions (chapter 3.2). This suggests that in subgroups of older persons or those with a 

higher risk of a defi ciency of B-vitamins, supplementation may decrease the risk of 

fracture. However, it was a subgroup analysis and because of the low number of cases 

(n= respectively 16, 31, 23) in the stratifi ed analysis of diff erent levels of homocysteine 

levels (≤ 13.2, 13.2-15.1 and ≥15.1 mmol/l), these fi ndings should be interpreted with 

caution. Similarly, in the study by Stone et al., the number of participants was too 

low to study the eff ects of B-vitamin supplementation among women with defi ciency 

in the Women’s Antioxidant and Folic Acid Cardiovascular Study (WAFACS) (24). Thus, 

replication is needed to test the eff ect of B-vitamin supplementation especially in the 

defi cient individuals. Potentially there is benefi t of supplementation and the eff ect of 

B-vitamins on fracture risk in this defi cient older persons.

With regard to the long-term follow-up eff ect of B-vitamin intervention in the B-PROOF 

trial on CVD and stroke, no eff ect was observed from analysis of the self-reported 

data. Systematic reviews on homocysteine-lowering with B-vitamins, showed only a 

Figure 1. Flow-chart showing an overview of reasons for non-response of participants in the 
secondary analysis of the B-PROOF trial (Chapter 3.2).
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decrease in stroke risk and not in the risk of other cardiovascular diseases, identical 

as the outcomes of the initial B-PROOF study (26, 27).

Interplay between micronutrients, Single Nucleotide Polymorphisms 
(SNPs) and drugs on disease

Diuretics and bone health

In the Rotterdam Study (RS), a positive association was observed between thiazide use 

(past and current) and bone mineral density at the lumbar spine (LS-BMD) but not with 

lumbar spine trabecular bone score (LS-TBS), a DXA-derived measure of bone micro-

architecture and quality. This relation was observed in the general population and in 

particular in participants older than 65 years, compared to participants younger than 

65 years (Chapter 4.1). In line with this observation, other studies showed a lower 

fracture risk with the use of thiazide diuretics (TDs) (28). This is further supported by 

another study among women that showed that TD users had a slower annual change in 

femoral neck and spine BMD compared to non-users, which suggests that BMD loss was 

lower in TD users, confirming the results observed in RS (29). Thus, the possible pro-

tective effects in relation to fracture risk could be explained by an increase in BMD, 

which increased with the dosage and duration of thiazide use, without improving bone 

microarchitecture. The increased BMD in TD users may be explained by estimated 

decrease in osteocalcin level, a marker of osteoblast activity, bone formation, and 

bone turnover (30) the expression of which might be influenced by TD use (Chapter 

4.1).

In contrast to thiazide diuretics, loop diuretics (LDs) may adversely affect bone health 

by inhibiting calcium reuptake. Indeed, in the Rotterdam Study, TBS was found to be 

only decreased if LDs were used in the past and LDs seem to be weakly associated with 

higher BMD when used for a period of 121-365 days, compared to never users, but the 

results were not consistent (Chapter 4.2). The potentially harmful effect of LDs on 

bone were more firmly confirmed in other studies (31-33). Because of the common use 

of LDs among older persons and the high prevalence of osteopenia and osteoporosis, 

we investigated the effect-modification of vitamin D and calcium on the association 

between LDs and bone health. Yet, in this study, no consistent associations were found 

between LD use and bone outcomes after stratification by serum 25(OH)D levels. Even 

though the analyses were adjusted for body fat mass, residual confounding may have 

biased the association between serum 25(OH)D levels and bone health caused by 

other co-morbidities, such as other measures of body composition, physical activity, 

lifestyle and health status.
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Calcium and cancer

In chapter 4.3, we studied the association between the intake of calcium (dietary 

and supplements), serum calcium level, and colorectal cancer (CRC). In this study, an 

association was only found for a higher calcium intake (≥ 1,485 mg/day), compared 

to an average calcium intake (1,100-1,485 mg/day), which suggests that normal 

intake of dietary calcium is not associated with higher risk of CRC. This association 

was also not seen between calcium supplement use and CRC, and neither between 

calcium levels and CRC risk. In addition, we found no statistically significant linear 

trend between dietary calcium intake and CRC, perhaps suggesting a threshold effect. 

From previous studies, calcium intake from dairy products may be associated with 

reduced CRC risk while the association for non-dairy calcium intake and CRC risk is 

still inconclusive (34).

The different results from this and previous studies may be explained by differences in 

bioavailability of calcium (35). After adjusting serum calcium levels for albumin in a 

subgroup, circulating serum calcium levels were observed to be positively associated 

with an increased risk of CRC. This supports the observation of the relation between 

calcium dietary intake with increased CRC risk. However, these observations do not 

necessarily indicate a causal relationship. Calcium is partly (around 40%) bound to 

albumin (36) and it is known that calcium serum level is under close homeostatic 

control (under normal circumstances), and disturbed calcium homeostasis is often 

found in diseases including cancer (37). Studying genetic determinants of calcium 

concentrations, as a stable proxy, could give more insight into calcium homeostasis. 

This is possible because through GWAS several such genetic determinants have been 

found (38), which are combined into a so-called polygenic risk score, or polygenetic 

risk score (PRS), which can explain a certain percentage of the variance in calcium 

levels in the population. Therefore, we also studied the interaction between calcium 

intake, levels and supplementation and a PRS of calcium concentrations, in relation 

to colorectal cancer risk (Chapter 4.3). Indeed, the associations between dietary 

calcium intake or serum calcium levels and CRC, were modified by the calcium PRS, 

with a lower CRC risk for subjects with a lower PRS, compared to subjects with a 

higher PRS. Taken together, results of the calcium PRS analysis suggest a relationship 

between circulating calcium and risk of cancer, but further replication in other stud-

ies with different population are needed.
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METHODOLOGical AND ETHICAL 
considerations

Influence by a case of scientific misconduct?

For this thesis specifically the methodological and ethical considerations relevant to 

the B-PROOF trial concern two complexities: data integrity in the community of sci-

ence, and secondary post-hoc analyses as an approach for analysis of the unexpected 

adverse events, which we will discuss in this section.

The design of the B-PROOF study was based on findings of earlier observational studies 

on the association between homocysteine levels and osteoporotic fractures, includ-

ing those in the Dutch study populations of the Rotterdam Study and LASA (39-41). 

Interestingly, an intervention trial appeared, soon after these initial epidemiological 

association studies, to show that B-vitamin supplementation had a beneficial effect 

on fracture risk, which was the study by Sato et. al. (42). Many other trials, including 

the B-PROOF trial, have since been carried oud to investigate the effect of B-vitamin 

supplementation on bone health, but have not been able to replicate the results of 

the RCT by Sato et al. Therefore, around 10 years after publication of Sato’s RCT, 

concern was expressed regarding the integrity and scientific validity of Sato’s study 

(43). In the meantime, due to the null-findings of the primary results of the B-PROOF 

trial and concerns regarding the possible adverse effect of B-vitamin supplementation 

on cancer risk, the researchers in the B-PROOF trial were interested in conducting 

a meta-analysis including Sato’s trial. However, the authors did not respond to this 

opportunity despite numerous attempts to get in touch with them. At the same time, 

a study to evaluate the validity of the results reported by the Journal of the American 

Medical Association had begun, and as a result, the article by Sato et al. was retracted 

along with 21 (of 33) of his other articles due to scientific misconduct and concerns 

about data integrity (44). Unfortunately, the results published by Sato et al. had -by 

that time- already resulted in several large-scale intervention trials being conducted, 

based in part on the spurious results of Sato’s work.

The question therefore arises whether the B-proof study would have been conducted 

if the study by Sato et al. had not been published. Because of the positive results 

of other observational studies on the association between homocysteine level and 

osteoporotic fractures and the limited evidence from RCTs, the B-PROOF trial was 

designed to study the effect of homocysteine-lowering intervention through B-vitamin 

supplementation on osteoporotic fractures irrespective of Sato et al. Thus, most 

likely the B-PROOF study would still have been designed and conducted given the 
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order of events and available evidence at that time. Nevertheless, the power analysis 

of the B-PROOF trial was based on Sato’s publications, and if the study by Sato et al. 

had not been published, the power analysis based on the observational studies would 

have resulted in recruitment of a larger number of study participants and/or a longer 

follow-up.

Importantly, the question also arises if unnecessary harm could have been prevented 

if the Sato et al. study was not published. The dosage of the B-vitamin intervention 

of the initial B-PROOF trial was chosen also based on safety considerations, since 

there were already concerns regarding the adverse effects of pharmacological doses 

of vitamin B supplementation. Furthermore, individuals with a five-year history of 

cancer were excluded from the study, and if any participant reported a cancer diag-

nosis during the study, they were advised to discontinue the supplementation, while 

follow-up of the other outcomes continued. Participants were advised to discontinue 

supplementation when reached high dosage of folic acid and vitamin B12 (beyond 

recommended daily intake) when combined with the intervention. Moreover, half 

way through the study, we compared the number of incident cancer cases with the 

incidence of cancer in the general population, without de-blinding the intervention, 

and observed these figures to be similar at that point in time. As mentioned, at the 

end of the B-PROOF trial and de-blinding, there were further concerns about the 

possible adverse effect of folic acid and or vitamin B-12 supplementation on cancer 

risk based in results from the B-PROOF trial. This was studied further in a secondary 

analysis, by linking the B-PROOF data to data of the national cancer registration. 

Subsequently, the concerns were confirmed by indeed showing an adverse effect for 

these B-vitamins on incidence of cancer overall, and colorectal cancers in particular. 

So, taken together it is unlikely that unnecessary harm was inflicted on B-PROOF 

subjects by including the Sato et al. study, and all required precautions were taken to 

prevent such harm from happening.

Thus, even without the RCT conducted by Sato et al., the B-PROOF trial would have 

been designed and performed, however, probably with a different power calculation.

Lessons learned

Because we cannot turn back time, we can learn a great deal from this, one of sci-

ence’s major scandals, which by now has been widely publicized. This was however 7 

years after B-PROOF was initiated.
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Negative results are important

First of all, the number of publications is increasing, but the number of retracted 

papers is also increasing. Currently, the pressure to publish positive and novel results 

in science is high due to pressure on citation numbers in order to secure prizes and 

funding (45). Previous work has also shown that statistically significant results are 

more likely to be published than papers with null results. This could feed scientific 

misconduct, as was the case with Sato’s RCT, and potential publication bias (i.e., 

leading to distortion of the scientific literature and misleads health professionals, 

and policymakers in their decision-making (46)). It is therefore essential to be able 

to publish the negative results, too. A change in mind-set is needed when it comes 

to accepting negative papers, such as the follow-up B-PROOF manuscript with its 

null-findings on the risk of fractures and cardiovascular disease.

Secondary analyses are informative

A second methodological consideration in this thesis was the secondary post hoc analy-

sis of the long-term effect of primary and secondary outcomes as well as the adverse 

events. Most of the studies focusing on the effect of B-vitamins on the relevant health 

outcomes (fracture or cancer) are secondary analyses alongside other outcomes (such 

as cardiovascular disease), which are the primary outcome. Selection bias and sample 

size calculations are some examples of issues that need to be taken into account with 

respect to interpreting these findings. Being aware of this, in future studies, issues 

of selection- and information bias and confounding can be dealt with in the design.

For the analysis of the long-term effect of the intervention on primary and secondary 

outcomes and the adverse events in the extension of the B-PROOF study, participants 

with informed consent for future studies from the B-PROOF trial were selected. Luck-

ily as there were no differences between the intervention and the control group in 

the selected population, the randomisation was still intact. Another issue to address 

in secondary analyses is sample size. However, for studies on the unexpected adverse 

effects of supplementation such as our initial B-PROOF trial, or studies involving rare 

diseases as an outcome, it is maybe difficult to predict the correct sample size in 

advance, but assumptions are possible. It is important to report clearly that the study 

is a secondary analysis or an extended follow-up. Also, the methods of the secondary 

analysis and the number of participants which were included in the analysis derived 

from the primary trial should be reported. The recommendation of Hopewell et al. 

(2013) (47) is adapted from the 2010 CONSORT Statement, and states which informa-

tion should be included in these reports in order to enable readers to evaluate the 
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validity and reliability of the results of the secondary analysis, and ultimately to use 

these to assess the scientific implications. Possible biases should also be mentioned, 

as well as their potential effects. In the secondary analysis of the B-PROOF in chapter 

3.1, all these items are mentioned.

Longer follow up is beneficial

Moreover, a post-trial follow-up of a randomized controlled trial can provide valuable 

information about the long-term effect of the intervention on the primary outcomes 

of the trial, especially in this age category (48). Most of the RCTs are designed as 

short-term trials, but a longer follow-up time could help to detect persistent effects 

in the years following the intervention and identify the latency-effect of the interven-

tion. We expected the primary outcomes of the B-PROOF trial to detect the persistent 

effects on fracture years after the intervention, and to detect the latency-effect 

of the intervention on CVD as in the baseline and at the end of the first follow-

up, a follow-up questionnaire was used for the post-trial follow-up. Unfortunately, 

given the older age group the prolonged follow-up period resulted in a high loss to 

follow-up, resulting in limitations of the generalizability of the results. In light of this 

knowledge, prolonged follow-up is preferably already taken up in the initial study 

design. For example through patient consent forms a route could be to secure ac-

cess to routine health records in order to access data on detailed health information 

relating to these participants using diagnostic codes (e.g. ICD-10), including mortality 

data and the cause of death in follow-up participants, where relevant. Of course, 

valid informed consent at the baseline would need to be in accordance with the 

new privacy guidelines. In the Netherlands, the electronic patient record (EPD) is 

useful but sometimes difficult to obtain information source and at the time of data 

collection the use of the EPD as researcher would have let to unanticipated regulatory 

issues. Additionally, from the mortality data and the cause of death, a cause-specific 

mortality analysis can provide more information on the effect of the intervention, 

since for example several studies have indicated that cancer patients may have a 

higher risk of CVD mortality (49).

Better documentation of supplement use helps interpretation

The examination of the supplement use (over the counter or additional supplementa-

tion on top of the intervention) of the participants in the B-PROOF trial and the Rot-

terdam study was based on self-reported data, which could result in misclassification 

of supplement use due to insufficient recall problems. The use of supplementation 

also varies over the years. Another method of monitoring dietary supplement use 
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more truthfully, was used in the study by White et al.. In this study, researchers 

collected the supplements data by repeated questionnaires and then calculated an 

high validity and reliability compared with questionnaire at baseline, three months 

after, supplement inventory and to the biomarkers of the nutrients (50). In the future, 

better monitoring of the supplement use will be necessary (see below, implications 

and future research).

Dosage counts matter

Another point of discussion that needs mentioning, is the dosage of the intervention. 

For the B-BROOF study, a dosage of 500 µg/day for vitamin B12 and 400 µg/day for 

folic acid was chosen. For vitamin B12, the dosage was higher than the recommended 

daily intake (51). However, this dosage was chosen based on a dose-finding study 

which showed that a dose of 647 µg/day for four months is sufficient in an older 

population with mild deficiency to normalize vitamin B12 status (52). The majority of 

dietary supplements contains a high level of micronutrients. For some micronutrients, 

such as folic acid, there is an upper intake limit, but this is not yet the case for 

vitamin B12 (51). As some colleagues showed previously, dietary intake of vitamin B12 

is significantly associated with vitamin B12 biomarkers (53). Furthermore, the associa-

tion between total vitamin B12 intake (from diet and supplements) showed a stronger 

association with vitamin B12 biomarkers, probably due to the higher bioavailability 

and higher absorption of the free vitamin B12 from supplements (54).

Other micronutrients are also important

As we mentioned previously, other nutrients are also involved in one-carbon mecha-

nism, such as choline and methionine, and these are also relevant to the study of 

the effect of micronutrients on health. For example, choline metabolism disruption 

could affect DNA methylation (55). Additionally, high methionine is associated with 

methionine/transmethylation metabolism, which could increase DNA damage and 

carcinogenesis (56). However, more studies on the restriction of methionine and the 

prevention of cancer are needed. Unfortunately, there is no data available on these 

nutrients, but it is important to evaluate these mechanisms. However, given the fact 

that the B-PROOF trial was randomized and no major differences in baseline charac-

teristics were observed between the intervention and control group, we assume that 

the effect of the B-vitamin intervention is not explained by differences in the intake 

of other methyl donors. On the other hand, for the cross-sectional analysis of the 

B-PROOF trial and in The Rotterdam Study, other nutrients involved in one-carbon 

mechanism could have played a role. Unfortunately, these were not available.
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Implications and future research

What determines deficiency

The most common deficiencies in Western Europe are iron, vitamin D, folate and 

vitamin B12 (57). These nutrient deficiencies are fairly easy to detect, diagnose with 

laboratory tests and treat with the appropriate supplements. However, subclinical 

deficiency is difficult to recognize and can still result in pathological changes, which 

may subsequently lead to clinical diseases. It is therefore important to recognize the 

‘at-risk’ population and to treat them appropriately (for example by a dietician) in 

order to prevent clinical diseases due to the depletion of micronutrients. Community-

dwelling older persons are at risk of vitamin B12 deficiency induced anaemia that 

may be masked by the use of high dosages of folic acid (58). These potential un-

derdiagnoses that can cause neurological complications needs further investigation. 

General Practioners should therefore be alert to the correct diagnosis of vitamin B12 

deficiency, such as for example by assessing serum methylmalonic acid analysis (MMA) 

(59).

As well as the method of measuring deficiencies, the cut-off for some biomarkers is 

also under debate. For example, for vitamin D the Endocrine Society (ES) uses the cut-

off of 75 nmol/L (60) and the Institute of Medicine (IOM) uses a cut-off of 50 nmol/L 

(61) for 25(OH)D concentrations. Yet, also based on the studies presented here it is 

highly recommended that a different cut-off for deficiency should be used for each 

age group due to different nutritional needs in different stages of life, particularly 

among older age persons, and due to physiological variations, the pathological ageing 

process, the role of medication and how it influences nutritional biomarkers (62).

Body composition

Since the studies in this thesis demonstrated that body composition, and in particular 

obesity, may have an effect on micronutrient status, future studies should focus on 

the effect of changes in body composition and the mechanisms that underlie their 

potential effects on micronutrient status. For example, in a meta-analysis of studies 

that measure the changes in the body composition and changes in B-vitamin levels 

along with the interaction of the genes associated with body composition and B-

vitamins. Furthermore, due to the possible risks of unnecessary supplementation with 

high doses of B-vitamins (and possibly vitamin D) (63), a meta-analysis is needed to 

examine the differences in vitamin D and B-vitamin status in an obese population and 

whether vitamin D influences obesity-associated health risks over the short and long 
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term. The prevention of obesity (especially in early life) could be an important public 

health strategy for reducing metabolic syndrome and obesity-associated health risks.

Aspects of micronutrient research

Certain other important questions remain unanswered, including the following. Is it 

the structure of B-vitamins that makes the difference in the effect on cancer (cells), 

or the amount of intake regardless of the source of the folate/folic acid and vitamin 

B12? Is there a cut-off point for these micronutrients, after which they cease to 

be preventive and start to be harmful? What is the effect of these supplements in 

deficient people? Future research is required to understand the potential beneficial 

and adverse effects of micronutrient supplementation in more detail. Ideally, ran-

domized controlled trials would provide more insight into the negative effects of 

dietary supplements but, due to potential ethical issues, this is not possible. Analysing 

the potential harm in the relevant subgroups within a meta-analysis of all the trials 

that have measured the effect of B-vitamins and vitamin D and accurately addressing 

adverse event reports, would therefore be a better solution. It is necessary to report 

adverse events in randomized controlled trials like the B-PROOF study, but trials in 

Good Clinical Practice (GCP)-based pharmaceutical settings have stricter rules for 

monitoring of adverse effects. In the future, there should be better monitoring of the 

use of dietary supplementation and adverse effect in the general population, including 

all age groups, similar to the clinical trials used to test the (new) drugs. A mandatory 

improved report on adverse effects, drafted in accordance with the International 

Conference on the Harmonisation of Good Clinical Practice (ICH GCP) guidelines (64), 

should cover all adverse effects and analyse the risks of dietary supplements in ran-

domized controlled trial studies. However, clinical trials are not always feasible (due 

to earlier mentioned potential ethical issues), and so a population-based cohort such 

as the Rotterdam Study, with improved repeated measurement of the use of dietary 

supplements by the participants (including the use of over-the-counter supplements), 

could also provide valuable information and facilitate the analysis of the adverse 

effects of micronutrients (from food and dietary supplements). This type of study 

(population-based cohort) may also have better generalizability to the community-

dwelling population as a whole (65).

Disentangling cause and effect

However, it is important to note that, in population-based studies, the reliability 

of the results derived from association analysis, whereby the direction of the as-

sociation is not certain, i.e. potential ‘reverse causation’, is not always adequate. 
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Moreover, residual confounding is a problem in observational studies, and therefore 

Mendelian randomization (MR) could provide a solution, because this method is less 

likely to be affected by reverse causation or confounding. This method provides evi-

dence about assumed causal relationships between a modifiable risk factor and the 

outcomes of interest, by using genetic variations as natural experiments. In our case, 

the genetic variants could be that for homocysteine to support causal inferences 

regarding the effect of cardiovascular disease (modifiable risk factors) (66). It should 

be noted that this method depends on assumptions for a valid instrumental variable: 

the relevance assumption (the instrumental variables should associate with the risk 

factor of interest); the independence assumption (the instrumental variables should 

share no common cause with the outcome); and the exclusion restriction assumption 

(the instrumental variables should do not affect the outcome except through the risk 

factor). Together this means that pleiotropy, i.e., one gene and/or variant of a gene 

can have multiple biological functions, can be a problem here, and will need to be 

addressed in future MR studies.

The challenge of drug-nutrient interactions

In our aging society prevalence of medications use is high and continues to rise, 

with accompanying polypharmacy. Furthermore, older age is an important risk factor 

for nutritional status, thus also prevalence of poor nutritional status is rising. As 

such, recognition of the importance of food and drug interaction has been growing in 

clinical practice (67). Diuretics are frequently prescribed in the treatment of heart 

failure and hypertension (68, 69), and they have been shown to influence calcium 

homeostasis and bone metabolism. As mentioned previously, the association between 

the use of diuretics and trabecular bone score has not been investigated previously, 

and the possible changes in bone microarchitecture need more detailed research using 

more refined techniques, such as high-resolution peripheral quantitative computed 

tomography (HR-pQCT). Further studies are needed to investigate the association 

between loop diuretics and general bone health, especially trabecular bone score. 

Moreover, research and replication is needed on nutrient-drug interactions with bone 

health, using other biomarkers such as PTH and bone turnover markers. Nutrient-drug 

interactions are largely understudied. The knowledge about this subject is scarce and 

awareness of potential adverse effect of nutrient-drug interaction, and also training 

for clinicians is needed (67). Guidelines for the prevention of bone loss due to use of 

loop diuretics might also be helpful. Future research should also focus on the associa-

tion between polypharmacy and nutritional status in the older population due to the 

higher use of medication among this group and the possible association with reduced 

intake of some nutrients and potential food-drug interactions (70).
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An early recognition of (colorectal) cancer

Clinical trials are not always achievable, as mentioned before. Thus to assess the 

effect of the B-vitamin supplementation on cancer an early diagnosis of malignant 

neoplasm is appreciated. Biopsies are the standard methods for diagnosis of lesions 

(71, 72), which are often invasive methods for the patient. Currently, research into 

microRNA (miRNA) and cancer is being conducted and has shown that the expression 

of miRNAs is dysregulated in different tumours and miRNAs is suggested as a potential 

biomarker for diagnostic and also prognostic targets in cancer (73, 74). In the follow-

up to B-PROOF, we could have measured such potential biomarkers in order to detect 

a variety of common cancers earlier; however, due to budget constraints we were 

unable to do this, so we linked our data to data of the national cancer registration 

for the diagnosis of cancer. In other studies, the role of the miRNAs has been shown 

in the diagnostic and treatment of colorectal cancer (75), which could be used to 

investigate the effect of B-vitamin supplementation on cancer risk in the future.

Is folic acid fortification universally good ?

As we know, fertile women are advised to take folic acid pre- and peri-conceptionally 

in order to reduce the risk of neural tube defects (76). For this reason, folic acid 

fortification (folic acid added to enriched grain products) has been introduced in 

some countries. Due to fortification, the National Health and Nutrition Examination 

Survey Data determined a higher folic acid intake, which exceeded the upper limit 

intake (77). Now that we suspect a possible adverse effect of excess folic acid and/

or vitamin B12 intake among older persons (presumably with malignant cells), the 

question arises as to whether it is still appropriate to add folic acid to food, since the 

majority of the population does not need extra folic acid or other micronutrients. On 

the other hand, there may be arguments that the older population may also benefit 

from fortification (due to their higher likelihood of deficiencies because of inadequate 

diet and changes in the absorption and excretion of micronutrients (78)). A recent 

study evaluated the effect of voluntary fortification of vitamin B12 and folic acid, and 

showed that in older adults, fortification was not an effective manner of preventing 

deficiencies (79). The B-PROOF study evaluated the effect of folic acid and vitamin 

B12 supplementation, and this study provides a further insight into the potential 

adverse effect of these micronutrients in the older population and contributes to 

evaluation and decision-making around the fortification of food. The suggestion from 

work presented in this thesis is not to stimulate widespread use but to limit the ad-

vice to consume micronutrients (through supplements) to pre- and peri-conceptional 

women and others who need additional micronutrients, such as those with a proven 
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deficiency. However, although it is conceivable that deficient individuals may be more 

likely to benefit from supplementation (80), studies addressing the specific subpopu-

lations who may or may not benefit from supplementation are scarce.

Again, the B-PROOF study showed an adverse effect of vitamin B12 (and/or folic acid) 

on cancer, especially on colorectal cancer, and another recent study showed a poten-

tial association between higher vitamin B12 level and higher mortality, which has to be 

confirmed in other studies (81). Nevertheless, the adverse effects of high vitamin B12 

is the subject of debate (with respect to both intake and level), and therefore, it can 

be argued that setting a maximum upper intake level for vitamin B12 (from supple-

ments) is preferable in order to avoid the excessive intake of this micronutrient.

Conclusion

To conclude, the community-dwelling older population with obesity or excess body 

weight is at increased risk of deficiency in several micronutrients including vitamin D, 

vitamin B12 and folate. Those with obesity may need a higher intake of micronutri-

ents. However, considering the potentially adverse effects of B-vitamins and the risks 

with respect to health outcomes, including more acute life-threatening ones such as 

cancer, dietary supplements may not always be beneficial to health in this popula-

tion. Consequently, I do not recommend using B-vitamin supplementation for older 

persons as a population group, and micronutrients should preferably be obtained from 

a balanced diet. On the basis of the findings of this thesis it is suggested that supple-

ments are recommended in case of proven deficiency but, even then, not in excessive 

amounts. The optimum dosage for supplementation needs to be further investigated. 

Furthermore, the use of micronutrients should be monitored carefully and the poten-

tial risks and adverse effects of dietary supplements should be investigated thoroughly. 

Possible nutrient-drug interactions also need to be explored in greater depth.

Finally, due to the impact of “frailty”, i.e., the combined effect of several chronic 

disabling and degenerating phenomena in elderly, in a community-dwelling older 

population, future interventions should focus on addressing factors that may ac-

celerate the ageing process and exacerbate nutritional status, as described in the 

introduction. Such factors include quality of nutrition and improving physical activity 

to prevent frailty in the ageing population. Good quality of nutrition includes simply 

following the official guidelines for healthy nutrition and an achievable, personalized 

physical activity/exercise regime that suits the daily life of the ageing population 

under the supervision of a dietician.
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