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Abstract: There is debate on whether vitamin D deficiency is a risk factor for major chronic 

diseases and premature death or whether observed associations were just confounded by general 

health status. Here, we review recent results from the Epidemiologische Studie zu Chancen  

der Verhütung, Früherkennung und optimierten Therapie chronischer Erkrankungen in der 

älteren Bevölkerung (ESTHER) cohort study and the Consortium on Heatlh and Ageing: 

Network of Cohorts from Europe and the United States (CHANCES) that suggest that 

vitamin D deficiency may not be a risk factor for the development of cardiovascular diseases 

and cancer but may be a risk factor for fatal instances of these diseases. Furthermore, 

analyses comprehensively adjusted for the health status showed that the association of 

vitamin D and mortality was very likely not confounded by general health status. These 

results suggest that vitamin D could be a marker of resilience to fatality of potentially  

fatal diseases. Sufficient vitamin D serum concentrations may be needed to regulate the response 

of the immune system when it is challenged by severe diseases to prevent a fatal course of  

the disease. If this hypothesis can be verified through basic research studies and adequately 

designed randomized controlled trials, it could have important public health implications 

because vitamin D deficiency is very common worldwide, and interventions could be 

implemented easily. 
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1. Introduction 

Although vitamin D is obtained from diet and dietary supplements, the main source for vitamin D is 

its production in the skin under the influence of solar ultraviolet B (UV-B) radiation. Therefore, the 

active vitamin D metabolite 1,25-dihydroxyvitamin D (1,25(OH)2D) should be considered rather as  

a hormone than a vitamin. The early chemical stages are produced in the skin [1], are metabolized to 

25(OH)D in the liver [2] and are hydroxylated to the active form 1,25(OH)2D in the kidneys [3]. 

Although not the active metabolite, the most commonly measured vitamin D metabolite is serum  

25-hydroxyvitamin D (25(OH)D) due to its higher half-life (~3 weeks) and up to 1000-fold higher  

serum levels compared with the physiologically active metabolite 1,25-dihydroxyvitamin D (half-life:  

a few hours) [4]. 

The active metabolite, 1,25(OH)2D binds to the vitamin D receptor, which is expressed in numerous 

organs such as the intestine, bones, kidneys and in many other tissues and cell types [5], including 

immune cells [6], cardiac myocytes [7] and cancer cells [8]. Therefore, 1,25(OH)2D could have a 

preventive effect on adverse conditions via binding at the vitamin D receptor and, vice versa, vitamin D 

deficiency and insufficiency may act as risk factors for several chronic diseases, including osteoporotic 

diseases [9,10], cardiovascular diseases (CVD) [11], diabetes mellitus [12], several types of cancer [13], 

infections [14] and several auto-immune conditions [15]. 

In high-income countries, CVD and cancer cause the majority of premature deaths [16]. If a role of 

vitamin D in the development of these two major diseases can be established, vitamin D would 

consequently be a risk factor for premature death. However, there is debate on whether vitamin D 

deficiency is a risk factor for CVD, cancer and premature death or whether associations observed in 

epidemiological studies were just confounded by the general health status because subjects with poor 

health have lower 25(OH)D levels.  

This review will focus on five recently published papers with results from the large Epidemiologische 

Studie zu Chancen der Verhütung, Früherkennung und optimierten Therapie chronischer Erkrankungen 

in der älteren Bevölkerung (ESTHER) study because this allows a direct comparison of results for 

different non-fatal and fatal outcomes, whereas reviews over several studies face problems of 

heterogeneity of study populations [17–21]. For analyses on mortality endpoints, ESTHER data were 

combined with data from seven other population-based cohort studies from the Consortium on Health 

and Ageing: Network of Cohorts in Europe and the United States (Consortium on Health and Ageing: 

Network of Cohorts in Europe and the United States (CHANCES); www.chancesfp7.eu; [21]) to validate 

earlier published findings of the ESTHER study alone [20]. 

In the following chapters, we very briefly summarize the results from the ESTHER cohort and the 

CHANCES consortium on the associations of 25(OH)D levels with CVD (fatal and non-fatal), cancer 

(fatal and non-fatal) and total mortality and explain why the hypothesis that vitamin D could be regarded 

as a resilience factor, helpful to survive potentially fatal conditions, crystallized as the overall 

interpretation of the findings.  
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2. Methods 

The ESTHER study is a population-based cohort study of older adults, which has been described in 

detail elsewhere [20]. In brief, 9949 participants were recruited in the German federal state of Saarland 

between July 2000 and December 2002 by their general practitioner (GP) during a regular health  

check-up. Follow-up questionnaires, including information on incident diseases (e.g., CVD and cancer), 

were sent to study participants and their GPs after 2, 5 and 8 years with response rates among survivors 

of 96%, 87% and 79%, respectively. Data on incident cancer cases were also available from the Saarland 

Cancer Registry and were used to validate and complete physician-reported cancer cases.  

To make CHANCES cohorts more comparable, analyses were restricted to study participants aged 

50–79 years. The included cohorts with countries of origin and included sample size were: The ESTHER 

study (Germany, n = 9083), the National Health and Nutrition Examination Survey (NHANES) III 

(USA, n = 5626), the Tromsø study (Norway, n = 4406), the Health, Alcohol and Pychological factors 

in Eastern Europe (HAPIEE) studies from Czech Republic (n = 2029), Poland (n = 1700) and Lithuania  

(n = 1574), the Monitoring of Trends and Determinants in Cardiovascular Disease (MONICA)- Cooperative 

Health Research in the Region of Augsburg (KORA) study (Germany, n = 939) and the Survey in Europe 

on Nutrition and the Elderly; a Concerted Action (SENECA) (recruited in 12 European countries,  

n = 661). The cohorts’ key characteristics are described elsewhere [20,22–26]. Overall, 26,018 study 

participants with 25(OH)D measurements could be analyzed in the CHANCES analysis. 

Serum 25(OH)D levels were measured with immunoassays (for details see reference [21]) in serum 

samples collected before disease onset and all analyses were true prospective analyses. In some analyses 

the definitions of the US-American Institute of Medicine (IOM) were used to define vitamin D 

deficiency (<30 nmol L−1 25(OH)D) and vitamin D insufficiency (30–50 nmol L−1 25(OH)D) [27] and 

in other analyses, quintiles or season of blood donation-standardized quartiles were used. Sensitivity 

analyses showed that results were always comparable for vitamin D deficiency and for the lowest quintile 

or quartile (irrespective if adjusted or standardized for season). Reported results from the ESTHER cohort 

and the CHANCES consortium for vitamin D deficiency and the lowest 25(OH)D quintile or quartile are 

therefore comparable. The reference group was always the highest 25(OH)D category, except for the 

analyses on cancer incidences that used the 25th to 75th percentile of 25(OH)D levels as the reference 

in order to look into potentially increased cancer risks in the bottom and top quartile of 25(OH)D levels. 

There was no increased cancer risk in the broad middle of the distribution of 25(OH)D levels in the 

ESTHER cohort which allowed the creation of this large reference group in order to increase the 

statistical power of the analysis. Furthermore, results for the bottom 25(OH)D quartile did not change in 

a way that it would lead to a different interpretation of the results if the highest 25(OH)D quartile was 

used as the reference. All analyses were adjusted for at least age, sex, season of blood draw, education, 

body-mass index (BMI), smoking and physical activity. If several different models were carried out, we 

only show the results from the most comprehensively adjusted model and the analysis with the longest 

follow-up time (i.e., highest case numbers). A limitation of the analyses is that they were not adjusted 

for dietary factors but this applies for all end-points studied and cannot explain differences for the 

outcomes. For more detailed methods, we refer to the original articles that have been published 

elsewhere [17–21].  
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3. Is Vitamin D Deficiency a Risk Factor for CVD and Cancer? 

Figure 1 shows that 25(OH)D levels were neither significantly associated with non-fatal total CVD, 

coronary heart disease (CHD), stroke nor with cancer incidence end-points in the total ESTHER  

study [17,18].  

A significant association in the total cohort was only observed for fatal CVD (in ESTHER and 

CHANCES analyses) and cancer mortality in participants with a history of cancer (in CHANCES 

analysis) [17,20]. Furthermore, the association of low 25(OH)D with total CVD and CHD incidence was 

borderline significant, but this excess risk can be ascribed to the fatal events in these outcomes that 

combine non-fatal and fatal events. The fact that the associations of 25(OH)D with non-fatal 

cardiovascular outcomes were weak and not statistically significant in the same cohort indicates that 

vitamin D deficiency may not be a risk factor for the development of CVDs but may have an impact on 

their prognosis. The results for cancer point in the same direction: in the CHANCES analysis, 25(OH)D 

levels were only associated with cancer mortality in participants with a history of cancer at the time of 

recruitment but not in those without a history of cancer (Figure 1) [21]. In the ESTHER analysis with 

total cancer incidence and cancer site specific incidence endpoints, no associations were observed in the 

total cohort (Figure 1) [18]. This speaks for an important role of vitamin D in cancer prognosis rather 

than a causal relationship between vitamin D deficiency and early phases in the carcinogenic process.  

4. Is Vitamin D Deficiency a Risk Factor for Mortality? 

The results from the CHANCES consortium including the ESTHER cohort showed that low 25(OH)D 

levels were consistently associated with all-cause mortality in cohorts from the USA, Northern, Eastern 

and Central Europe [21] and confirmed previous findings from the ESTHER study alone (Figure 1) [20]. 

With exception of cancer mortality that should be analysed stratified by history of cancer as shown in 

the CHANCES analysis and some causes of deaths with low statistical power, vitamin D deficiency was 

also significantly associated with many specific causes of mortality in the ESTHER study (Figure 1) [19]. 

Overall, the associations of low 25(OH)D levels with fatal outcomes were much stronger (risk ratio point 

estimates > 1.4) than with non-fatal outcomes or combinations of non-fatal and fatal outcomes (risk ratio 

point estimates ≤ 1.35), when analyses of cancer mortality that included participants without a history 

of cancer at time of recruitment were not regarded because they are a special case (Figure 1). It should 

be noted that analyses on cancer mortality restricted to study participants with a history of cancer are  

a special case as well and could be prone to reverse causality because the cancer could affect the 

25(OH)D levels. It is a possible scenario that subjects with more hazardous cancer types or stages have 

lower 25(OH)D levels than subjects with less hazardous cancer types or stages because of the cancer 

and have a poorer prognosis because of the cancer type or stage rather than because of the low 25(OH)D 

levels. We did not adjust for cancer type and cancer stage because we did not have that information 

available in the CHANCES consortium and cannot exclude reverse causality. However, a recent systematic 

review of other cohort studies focussing on the prognostic value of 25(OH)D levels in well-characterized 

breast or colorectal cancer patients [28] supports our finding because the majority of the included studies 

and the meta-analyses of the study results also indicated a poorer cancer prognosis of cancer patients 

with low 25(OH)D levels. 
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Figure 1. Association of lowest vs. highest 25-hydrodroxyvitamin D category1 with different 

prospective outcomes in the ESTHER study (if not stated otherwise). CHANCES, Consortium 

on Health and Ageing: Network of Cohorts in Europe and the United States; CHD,  

coronary heart disease; CI, confidence interval; CVD, cardiovascular disease; RR, risk ratio;  
1 25(OH)D < 30 nmol L−1 (i.e., vitamin D deficiency) vs. 25(OH)D ≥ 50 nmol L−1 (i.e., vitamin 

D sufficiency) or bottom quintile/quartile vs. top quintile/quartile of 25(OH)D levels. 

Exceptionally, in analyses on cancer incidences the 2nd and 3rd quartile combined were used as 

the reference group. However, sensitivity analyses showed that analyses with 25(OH)D quintiles 

or quartiles and clinical cut-offs yielded comparable results in the Epidemiologische Studie zu 

Chancen der Verhütung, Früherkennung und optimierten Therapie chronischer Erkrankungen in 

der älteren Bevölkerung (ESTHER) study. Note: Results from the most comprehensively 

adjusted model and with the longest follow-up time (i.e., highest case numbers) are  

always shown. 
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Furthermore, the association of vitamin D with mortality could be confounded by the general health 

status because subjects with poor health have lower 25(OH)D levels and it is difficult to comprehensively 

adjust for the general health status in epidemiological studies. Therefore, in the ESTHER paper “Is 

vitamin D deficiency a cause of increased morbidity and mortality at older age or simply an indicator of 

poor health?”, we tried to disentangle the contributions of 25(OH)D and a poor health status to premature 

death [19]. Poor health was defined by two complementary markers: the subjective marker “Self-rated 

health (SRH)” and the objective marker “frailty”. Frailty is an emerging concept in aging research and 

reflects a multidimensional syndrome of loss of reserves (energy, physical, ability, cognition, and health) 

that gives rise to vulnerability [29]. In the cited analysis of the ESTHER study, frailty was assessed by 

a continuous frailty index at all ESTHER contacts (for a longitudinal analysis) according to the method 

of Mitnitski and Rockwood that defines frailty by an accumulation of deficits [30]. Frailty and SRH are 

known to be strongly associated with mortality [31,32]. 

Vitamin D deficiency and insufficiency were associated with SRH and frailty in cross-sectional but 

not in longitudinal analysis (Figure 1). Therefore, vitamin D deficiency could be regarded as an indicator 

of poor health but likely does not cause this condition. The other direction from frailty or a poor health 

state to vitamin D deficiency is the more plausible direction because subjects with poor health or frailty 

typically spend less time outdoors due to an overall lower rate of activity [33], limiting their production 

of provitamin D3 in the skin under solar ultraviolet B radiation, which is the main determinant of 

25(OH)D levels [34]. Furthermore, senescent skin cells have a limited capacity to produce provitamin 

D3 [35]. It can be assumed that subjects with senescent skin cells have senescent cells also in other tissues 

and are at a higher risk of poor health and especially frailty. Both sun-avoiding behavior and senescent 

skin cells could explain lower 25(OH)D levels among subjects with poor health. This hypothesis was 

supported by the finding that higher age (maybe a proxy for senescent (skin) cells), lower physical 

activity and weight loss (both frailty components) were strongly associated with the strongest decrease 

in 25(OH)D levels during follow-up in the ESTHER study [19]. 

Nevertheless, 25(OH)D was associated with mortality outcomes in the ESTHER study, despite 

comprehensive adjustment for SRH and frailty [19], which was in line with two recently published 

studies, which also observed a persisting association in models adjusted for baseline frailty [36,37]. From  

the observation, that vitamin D deficiency was useful for further mortality risk stratification among 

subjects with poor health, the authors of this review were able to even confirm additive effects of low 

25(OH)D levels and frailty on mortality [37]. 

Taken together, there are strong indications that low 25(OH)D levels do not cause a poor health status 

and seem to be in part a consequence of frailty. However, low 25(OH)D levels cannot be in total be 

explained by the health status because otherwise, vitamin D deficiency could not be associated with 

mortality independent from the general health status.  

If vitamin D deficiency does not lead to the precursor of death, a poor health status, this raises the 

question as to whether the observed association of vitamin D deficiency and mortality can be causal. 

Below, the pros and cons will be discussed with Hill’s criteria for a causal relationship: strength, 

consistency, biological gradient, specificity, temporality, plausibility, coherence, experiment and 

analogy [38].  
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4.1. Strength 

The observed approximately 1.6-fold increased relative mortality in the lowest vitamin D category 

compared to the highest in the meta-analysis of the CHANCES cohorts can be considered to be a strong 

association when keeping in mind the heterogeneous nature of the outcome and the comprehensive 

adjustment [21]. 

4.2. Consistency 

The association of low 25(OH)D and all-cause mortality was observed with quite high consistency 

because the individual participant data meta-analysis in the CHANCES consortium observed a significant 

association with low heterogeneity among study results [21]. 

4.3. Biological Gradient 

A dose-response relation of decreasing mortality with increasing 25(OH)D levels was observed in 

both the CHANCES and the ESTHER analysis [20,21]. 

4.4. Temporality 

Temporality is generally guaranteed in prospective cohort studies. 

4.5. Plausibility 

An effect of vitamin D deficiency on a variety of diseases is biologically plausible because the vitamin 

D receptor is expressed in a large number of tissues and on several immune cells [6,39]. Potential 

mechanisms linking vitamin D deficiency to diseases, including CVD, cancer, diabetes, respiratory and 

infectious diseases have been reviewed elsewhere [40–45]. However, as outlined in chapter 3, the results 

from the ESTHER study speak against a causal role of vitamin D in the development of the major chronic 

diseases CVD and cancer and rather suggest that vitamin D might be a prognostic factor in the course of 

the diseases. There are plausible explanations for a role of vitamin D in the prognosis of diseases that 

involve the immune system which are outlined in detail in the following chapter 5.  

4.6. Specificity 

As mentioned in the introduction, vitamin D deficiency is not related to one specific disease. 

Moreover, in the ESTHER study, vitamin D deficiency was strongly associated with most of the 

analysed causes of death (Figure 1) [19]. This finding is supported by another study, which observed 

such wide-spread, unspecific associations of low 25(OH)D [46]. However, with the widespread 

distribution of the vitamin D receptor in the human body, all these associations could be  

biologically plausible. 
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4.7. Coherence 

A causal association should not be in conflict with generally known facts about the natural history of 

a disease [38]. The authors of this review are not aware of such a conflict for the association of vitamin 

D deficiency with mortality and its underlying diseases.  

4.8. Experiment 

An eligible experiment for deductions on causality is the randomized controlled trial (RCT), which 

excludes potential confounding by randomization [47]. A systematic review of RCTs conducted in the 

framework of the acknowledged Cochrane Collaboration and a more recent review already confirmed 

that vitamin D supply has an effect on mortality [48,49]. However, the effects were weaker than 

suggested by observational studies, and vitamin D supplementation seemed to be only effective for the 

administration of vitamin D3 in subjects with low 25(OH)D levels at baseline [48]. Mortality was only 

a secondary outcome in most RCTs, initially designed to study the effects of vitamin D and calcium 

supplementation on osteoporotic outcomes. New RCTs with a focus on non-skeletal outcomes are 

needed. Four large trials addressing different non-skeletal outcomes have started in 2012 and are 

described elsewhere [50]. Among these trials, the Vitamin D and Longevity (VIDAL) trial will be 

particularly informative with respect to mortality outcomes because it will be specifically designed to 

assess these endpoints in older adults (65–84 year-old citizens of Great Britain). The first results of these 

RCTs are expected between 2017 and 2020. 

4.9. Analogy 

The widespread associations of vitamin D deficiency with diseases and mortality could be analogous 

with the formerly postulated preventive effects of antioxidant supplements (e.g., vitamin A, C and E) 

for a long list of diseases and mortality, which finally failed the proof of causality in RCTs [51]. 

However, this analogy criterion is not one of the important ones because vitamin D could also be 

analogous with smoking, which was also postulated to be associated with several diseases, including 

cancer and cardiovascular diseases, and these relationships were confirmed in later studies [52].  

In summary, there are many arguments for a causal association of vitamin D deficiency and  

increased mortality, but the current evidence cannot rule out remaining doubts because the evidence is 

mainly based on observational studies and RCTs with serious limitations. Further discussions of Hill’s 

criteria for the relationship of vitamin D with CVD and cancer can be found elsewhere and come to 

similar conclusions [53–55]. The main limitation of the observational studies is that associations may be 

confounded by unconsidered factors. The RCTs reported conflicting results and were not specifically 

designed to address the study question whether vitamin D supplementation has an effect on mortality. 

Therefore, results from adequately designed RCTs, like the VIDAL study, have to be awaited before 

final conclusions can be made. 

5. The Resilience Factor Hypothesis 

The results outlined in this review point into the direction that vitamin D deficiency may not be a risk 

factor for the major chronic diseases CVD and cancer but may be a risk factor for fatal outcomes of  
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these diseases, i.e., death due to stroke, myocardial infarction and cancer in subjects with a history  

of cancer. The authors of this review hypothesize that 25(OH)D levels could be a marker of resilience 

to fatality of potentially fatal diseases or conditions. This hypothesis is independent from the question 

of causality because such a resilience marker could be causally related to mortality or could just be 

correlated with other resilience factors. The observed unspecific associations of 25(OH)D levels with 

most of the analysed causes of death in the analysis of the ESTHER study (Figure 1) can lead to a 

potential explanation of the “resilience factor hypothesis” [19]. A resilience factor, which prevents from all 

major causes of death, is an adequate function of the immune system. It is known that the immune system 

regulates vitamin D metabolism and, in turn, 1,25(OH)2D modulates the immune system function [56].  

In detail, 1,25(OH)2D has been ascribed immunosuppressive effects with reduction of lymphocyte 

proliferation and inhibition of the production of pro-inflammatory cytokines [45,57]. A recent large 

study (n = 957) in older Irish adults (>60 years) observed significant inverse associations of 25(OH)D 

levels with the inflammatory markers Interleukin-6 (IL-6) and CRP [58]. Furthermore, vitamin D 

deficiency was associated with a pro-inflammatory profile (determined by the IL-6 to Interleukin-10 

(IL-10) ratio). Not all other studies addressing associations of 25(OH)D levels with IL-6 and CRP have 

observed these associations, but they were mostly conducted in younger and therefore healthier 

populations [58]. The authors of the Irish study therefore suggest that the association of 25(OH)D with 

a pro-inflammatory state may be restricted to individuals with some form of chronic disease. Support 

for this view comes from a recent review of RCTs that aimed to reduce inflammatory markers by 

administering vitamin D [59]. Overall, 17 trials found reduced inflammatory markers and 19 did not. 

However, in study populations with highly inflammatory conditions, 6 out of 7 trials found significantly 

reduced inflammatory markers after vitamin D intake. If this could be verified in further studies, it would 

be a strong argument for the “resilience factor hypothesis”: low 25(OH)D levels can be a risk factor for 

fatal events of chronic diseases because they are negatively correlated with pro-inflammatory markers 

such as CRP, which have been shown to predict survival in subjects with CVD [60,61] or cancer [62,63].  

In summary, there are two competing explanations how 25(OH)D levels could be associated with 

fatal but not with non-fatal diseases:  

(1) The causal explanation: Sufficient levels of 1,25(OH)D are needed as a regulator of the response 

of the immune system when it is challenged by severe diseases to prevent a fatal course of the disease 

(e.g., by down-regulation of the production of pro-inflammatory cytokines causing chronic inflammation). 

(2) The non-causal explanation: When the immune system is challenged by severe diseases, the 

production of vitamin D metabolites is down-regulated by the immune system for an unknown reason. 

The response of the immune system determines the fatality of the disease (e.g., by production of  

pro-inflammatory cytokines causing chronic inflammation) and low 25(OH)D levels are just an  

unrelated by-product. 

To decide between these possible competing explanations, more basic research is needed to 

understand the relationship of 25(OH)D and the immune system in serious disease conditions. This 

research should elucidate whether low 25(OH)D levels in serious disease conditions are an unrelated 

byproduct of a pro-inflammatory immune system response to the condition or whether sufficient levels 

of 1,25(OH)D are needed as a regulator for an adequate response of the immune system. Furthermore, 

the question of causality could best be answered by RCTs assessing the efficacy of vitamin D 

supplementation on mortality.  
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6. Public Health Implications 

If a causal association of 25(OH)D levels and mortality could be established, this could have 

important public health implications because vitamin D deficiency and insufficiency are very common. 

In the 50–75 year old population of the ESTHER study, the prevalences were 15% for vitamin D 

deficiency and 44% for vitamin D insufficiency (taken together, 59% of the population had at least 

insufficient vitamin D levels) [20]. The authors of a Cochrane Review on the efficacy of vitamin D 

supplementation estimated that one premature death could be prevented by supplementation of  

161 subjects with vitamin D3 [48]. 

As vitamin D insufficiency can mostly not be overcome by dietary intake of food rich in vitamin D 

during winter [39], making vitamin D supplements readily available to everyone at low costs and to 

organize the distribution could be a solution [64]. However, besides vitamin D supplementation, there 

are several other approaches by which serum 25(OH)D levels could be increased at the population level 

[65]. One approach, which has for long been followed in the USA, is to fortify a variety of commonly 

consumed foods with vitamin D [66]. A second approach is to encourage well-dosed sun-exposure, with 

doses that are sufficient for vitamin D production (such as 15 min spent outdoors around noon three 

times a week during summer months) without increasing risk of skin cancer to any relevant extent [67]. 

Ideally, this should be combined with some outdoor physical activity, whose beneficial health effects 

are well established [68]. In some regions, UV-B radiation in winter is too low to induce vitamin D 

production in the skin, though, and exposure of the skin to light from special lamps producing light rich 

in the UV-B spectrum could be a solution to replace the lack of UV-B radiation from the sun [69]. The 

risk of adverse events by overdoses of vitamin D (mainly hypercalcemia) appears to be low as previous 

studies demonstrated that doses of up to 10,000 IU day−1 can be safely administered [70]. However, the  

US-American Institute of Medicine (IOM) recommends a more cautious upper intake level of  

4000 IU day−1 for adults [71,72], which is about the 6.5-fold dose of the recommended daily intake of 

600 IU day−1 [27,72]. 

All of these approaches might be easily implemented, have low costs, a low risk for adverse events 

and might have the potential to increase the life expectancy of vitamin D deficient individuals. However, 

as mentioned before, large-scale trials consistently demonstrating this effect have to be conducted before 

these interventions can generally be recommended. 

Acknowledgments 

No specific funding for this work was obtained. The authors greatly acknowledge the work of the 

other members of the ESTHER study team, consisting of Sonja Wolf, Gergor Thal, Tatjana Demtschuk, 

Bernd Holleczek, Volker Herrmann, Kai-Uwe Saum and Heiko Müller. Furthermore, the authors thank 

all co-authors of the manuscripts summarized here for their input.  

Author Contributions 

Ben Schöttker wrote the manuscript. Hermann Brenner constructively commented on all parts of the 

manuscript and contributed to the discussion. 
  



Nutrients 2015, 7 3274 

 

 

Conflicts of Interest 

The authors declare no conflict of interest.  

References 

1. Macdonald, H.M.; Mavroeidi, A.; Fraser, W.D.; Darling, A.L.; Black, A.J.; Aucott, L.; O’Neill, F.; 

Hart, K.; Berry, J.L.; Lanham-New, S.A.; et al. Sunlight and dietary contributions to the seasonal 

vitamin D status of cohorts of healthy postmenopausal women living at northerly latitudes: A major 

cause for concern? Osteoporos. Int. 2011, 22, 2461–2472. 

2. Blunt, J.W.; DeLuca, H.F.; Schnoes, H.K. 25-hydroxycholecalciferol. A biologically active metabolite 

of vitamin D3. Biochemistry 1968, 7, 3317–3322. 

3. Fraser, D.R.; Kodicek, E. Unique biosynthesis by kidney of a biological active vitamin D 

metabolite. Nature 1970, 228, 764–766. 

4. Zerwekh, J.E. Blood biomarkers of vitamin D status. Am. J. Clin. Nutr. 2008, 87, 1087S–1091S. 

5. Brown, A.J.; Dusso, A.; Slatopolsky, E. Vitamin D. Am. J. Physiol. 1999, 277, 157–175. 

6. Veldman, C.M.; Cantorna, M.T.; de Luca, H.F. Expression of 1,25-dihydroxyvitamin D3 receptor 

in the immune system. Arch. Biochem. Biophys. 2000, 374, 334–338. 

7. Chen, S.; Glenn, D.J.; Ni, W.; Grigsby, C.L.; Olsen, K.; Nishimoto, M.; Law, C.S.; Gardner, D.G. 

Expression of the vitamin d receptor is increased in the hypertrophic heart. Hypertension 2008, 52, 

1106–1112. 

8. Holick, M.F. Evolution and function of vitamin D. Recent Results Cancer Res. 2003, 164, 3–28. 

9. Murad, M.H.; Elamin, K.B.; Abu Elnour, N.O.; Elamin, M.B.; Alkatib, A.A.; Fatourechi, M.M.; 

Almandoz, J.P.; Mullan, R.J.; Lane, M.A.; Liu, H.; et al. The effect of vitamin D on falls: A systematic 

review and meta-analysis. J. Clin. Endocrinol. Metab. 2011, 96, 2997–3006. 

10. Bischoff-Ferrari, H.A.; Willett, W.C.; Wong, J.B.; Giovannucci, E.; Dietrich, T.; Dawson-Hughes, B. 

Fracture prevention with vitamin D supplementation: A meta-analysis of randomized controlled 

trials. JAMA 2005, 293, 2257–2264. 

11. Wang, L.; Song, Y.; Manson, J.E.; Pilz, S.; Marz, W.; Michaelsson, K.; Lundqvist, A.; Jassal, S.K.; 

Barrett-Connor, E.; Zhang, C.; et al. Circulating 25-hydroxy-vitamin D and risk of cardiovascular 

disease: A meta-analysis of prospective studies. Circ. Cardiovasc. Qual. Outcomes 2012, 5, 819–829. 

12. Song, Y.; Wang, L.; Pittas, A.G.; Del Gobbo, L.C.; Zhang, C.; Manson, J.E.; Hu, F.B. Blood 25-hydroxy 

vitamin D levels and incident type 2 diabetes: A meta-analysis of prospective studies. Diabetes 

Care 2013, 36, 1422–1428. 

13. Moukayed, M.; Grant, W.B. Molecular link between vitamin D and cancer prevention. Nutrients 

2013, 5, 3993–4021. 

14. Watkins, R.R.; Lemonovich, T.L.; Salata, R.A. An update on the association of vitamin D deficiency 

with common infectious diseases. Can. J. Physiol. Pharmacol. 2015, doi:10.1139/cjpp-2014-0352. 

15. Delvin, E.; Souberbielle, J.C.; Viard, J.P.; Salle, B. Role of vitamin D in acquired immune and 

autoimmune diseases. Crit. Rev. Clin. Lab. Sci. 2014, 51, 232–247. 

16. World Health Organization. The Top 10 Causes of Death. Fact Sheet No. 310. 2014. Available 

online: http://www.who.int/mediacentre/factsheets/fs310/en/ (accessed on March 3 2015). 



Nutrients 2015, 7 3275 

 

 

17. Perna, L.; Schöttker, B.; Holleczek, B.; Brenner, H. Serum 25-hydroxyvitamin D and incidence of 

fatal and nonfatal cardiovascular events: A prospective study with repeated measurements. J. Clin. 

Endocrinol. Metab. 2013, 98, 4908–4915. 

18. Ordóñez-Mena, J.M.; Schöttker, B.; Haug, U.; Müller, H.; Köhrle, J.; Schomburg, L.; Holleczek, B.; 

Brenner, H. Serum 25-hydroxyvitamin D and cancer risk in older adults. Results from a large 

German prospective cohort study. Cancer Epidemiol. Biomark. Prev. 2013, 22, 905–916. 

19. Schöttker, B.; Saum, K.U.; Perna, L.; Ordóñez-Mena, J.M.; Holleczek, B.; Brenner, H. Is vitamin D 

deficiency a cause of increased morbidity and mortality at older age or simply an indicator of poor 

health? Eur. J. Epidemiol. 2014, 29, 199–210. 

20. Schöttker, B.; Haug, U.; Schomburg, L.; Köhrle, J.; Perna, L.; Müller, H.; Holleczek, B.; Brenner, H. 

Strong associations of 25-hydroxyvitamin D concentrations with all-cause, cardiovascular, cancer, 

and respiratory disease mortality in a large cohort study. Am. J. Clin. Nutr. 2013, 97, 782–793. 

21. Schöttker, B.; Jorde, R.; Peasey, A.; Thorand, B.; Jansen, E.H.; Groot, L.; Streppel, M.; Gardiner, J.; 

Ordóñez-Mena, J.M.; Perna, L.; et al. Vitamin D and mortality: Meta-analysis of individual 

participant data from a large consortium of cohort studies from Europe and the United States. BMJ 

2014, doi:10.1136/bmj.g3656. 

22. Hutchinson, M.S.; Grimnes, G.; Joakimsen, R.M.; Figenschau, Y.; Jorde, R. Low serum  

25-hydroxyvitamin D levels are associated with increased all-cause mortality risk in a general 

population: The Tromsø study. Eur. J. Endocrinol. 2010, 162, 935–942. 

23. Thorand, B.; Kolb, H.; Baumert, J.; Koenig, W.; Chambless, L.; Meisinger, C.; Illig, T.; Martin, S.; 

Herder, C. Elevated levels of interleukin-18 predict the development of type 2 diabetes: Results 

from the MONICA/KORA Augsburg Study, 1984–2002. Diabetes 2005, 54, 2932–2938. 

24. Van der Wielen, R.P.; Lowik, M.R.; van den Berg, H.; de Groot, L.C.; Haller, J.; Moreiras, O.;  

van Staveren, W.A. Serum vitamin D concentrations among elderly people in Europe. Lancet  

1995, 346, 207–210. 

25. Melamed, M.L.; Michos, E.D.; Post, W.; Astor, B. 25-hydroxyvitamin D levels and the risk of 

mortality in the general population. Arch. Intern. Med. 2008, 168, 1629–1637. 

26. Peasey, A.; Bobak, M.; Kubinova, R.; Malyutina, S.; Pajak, A.; Tamosiunas, A.; Pikhart, H.; 

Nicholson, A.; Marmot, M. Determinants of cardiovascular disease and other non-communicable 

diseases in Central and Eastern Europe: Rationale and design of the HAPIEE study. BMC Public 

Health 2006, 6, 255. 

27. Committee to Review Dietary Reference Intakes for Vitamin D and Calcium; Catharine, R., Taylor, 

C.L., Yaktine, A.L., Del Valle, H.B., Eds.; National Academies Press: Washington, DC, USA, 2011. 

28. Maalmi, H.; Ordonez-Mena, J.M.; Schöttker, B.; Brenner, H. Serum 25-hydroxyvitamin D levels 

and survival in colorectal and breast cancer patients: Systematic review and meta-analysis of 

prospective cohort studies. Eur. J. Cancer 2014, 50, 1510–1521. 

29. Walston, J.; Hadley, E.C.; Ferrucci, L.; Guralnik, J.M.; Newman, A.B.; Studenski, S.A.; Ershler, W.B.; 

Harris, T.; Fried, L.P. Research agenda for frailty in older adults: Toward a better understanding of 

physiology and etiology: Summary from the American Geriatrics Society/National Institute on 

Aging Research Conference on Frailty in Older Adults. J. Am. Geriatr. Soc. 2006, 54, 991–1001. 

30. Mitnitski, A.B.; Mogilner, A.J.; Rockwood, K. Accumulation of deficits as a proxy measure of 

aging. Sci. World J. 2001, 1, 323–336. 



Nutrients 2015, 7 3276 

 

 

31. Shamliyan, T.; Talley, K.M.; Ramakrishnan, R.; Kane, R.L. Association of frailty with survival:  

A systematic literature review. Ageing Res. Rev. 2012, 12, 719–736. 

32. Idler, E.L.; Benyamini, Y. Self-rated health and mortality: A review of twenty-seven community 

studies. J. Health Soc. Behav. 1997, 38, 21–37. 

33. Hirani, V.; Naganathan, V.; Cumming, R.G.; Blyth, F.; Le Couteur, D.G.; Handelsman, D.J.;  

Waite, L.M.; Seibel, M.J. Associations Between Frailty and Serum 25-Hydroxyvitamin D and  

1,25-Dihydroxyvitamin D Concentrations in Older Australian Men: The Concord Health and 

Ageing in Men Project. J. Gerontol. A Biol. Sci. Med. Sci. 2013, 42, 352–359. 

34. Engelsen, O. The relationship between ultraviolet radiation exposure and vitamin D status. 

Nutrients 2010, 2, 482–495. 

35. MacLaughlin, J.; Holick, M.F. Aging decreases the capacity of human skin to produce vitamin D3. 

J. Clin. Investig. 1985, 76, 1536–1538. 

36. Wong, Y.Y.; McCaul, K.A.; Yeap, B.B.; Hankey, G.J.; Flicker, L. Low vitamin D status is  

an independent predictor of increased frailty and all-cause mortality in older men: The Health in 

Men Study. J. Clin. Endocrinol. Metab. 2013, 98, 3821–3828. 

37. Smit, E.; Crespo, C.J.; Michael, Y.; Ramirez-Marrero, F.A.; Brodowicz, G.R.; Bartlett, S.; 

Andersen, R.E. The effect of vitamin D and frailty on mortality among non-institutionalized US 

older adults. Eur. J. Clin. Nutr. 2012, 66, 1024–1028. 

38. Hill, A.B. The environment and disease: Association or causation? Proc. R. Soc. Med. 1965, 58, 

295–300. 

39. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. 

40. Brewer, L.C.; Michos, E.D.; Reis, J.P. Vitamin D in atherosclerosis, vascular disease, and 

endothelial function. Curr. Drug Targets 2011, 12, 54–60. 

41. Forman, J.P.; Williams, J.S.; Fisher, N.D. Plasma 25-hydroxyvitamin D and regulation of the  

renin-angiotensin system in humans. Hypertension 2010, 55, 1283–1288. 

42. Krishnan, A.V.; Trump, D.L.; Johnson, C.S.; Feldman, D. The role of vitamin D in cancer 

prevention and treatment. Endocrinol. Metab. Clin. N. Am. 2010, 39, 401–418. 

43. Wolden-Kirk, H.; Overbergh, L.; Christesen, H.T.; Brusgaard, K.; Mathieu, C. Vitamin D and 

diabetes: Its importance for beta cell and immune function. Mol. Cell. Endocrinol. 2011, 347,  

106–120. 

44. Herr, C.; Greulich, T.; Koczulla, R.A.; Meyer, S.; Zakharkina, T.; Branscheidt, M.; Eschmann, R.; 

Bals, R. The role of vitamin D in pulmonary disease: COPD, asthma, infection, and cancer.  

Respir. Res. 2011, 12, 31. 

45. Di Rosa, M.; Malaguarnera, M.; Nicoletti, F.; Malaguarnera, L. Vitamin D3: A helpful  

immuno-modulator. Immunology 2011, 134, 123–139. 

46. Skaaby, T.; Husemoen, L.L.; Pisinger, C.; Jorgensen, T.; Thuesen, B.H.; Fenger, M.; Linneberg, A. 

Vitamin D status and cause-specific mortality: A general population study. PLoS ONE 2012,  

7, e52423. 

47. Bird, A. The epistemological function of Hill’s criteria. Prev. Med. 2011, 53, 242–245. 

48. Bjelakovic, G.; Gluud, L.L.; Nikolova, D.; Whitfield, K.; Wetterslev, J.; Simonetti, R.G.; Bjelakovic, 

M.; Gluud, C. Vitamin D supplementation for prevention of mortality in adults. Cochrane Database 

Syst. Rev. 2014, 1, doi:10.1002/14651858.CD007470.pub3. 



Nutrients 2015, 7 3277 

 

 

49. Chowdhury, R.; Kunutsor, S.; Vitezova, A.; Oliver-Williams, C.; Chowdhury, S.; Kiefte-de-Jong, J.C.; 

Khan, H.; Baena, C.P.; Prabhakaran, D.; Hoshen, M.B.; et al. Vitamin D and risk of cause specific 

death: Systematic review and meta-analysis of observational cohort and randomised intervention 

studies. BMJ 2014, 348, g1903. 

50. Kupferschmidt, K. Uncertain verdict as vitamin D goes on trial. Science 2012, 337, 1476–1478. 

51. Bjelakovic, G.; Nikolova, D.; Gluud, L.L.; Simonetti, R.G.; Gluud, C. Antioxidant supplements for 

prevention of mortality in healthy participants and patients with various diseases. Cochrane 

Database Syst. Rev. 2012, 3, CD007176. 

52. Murray, C.J.; Lopez, A.D. Global mortality, disability, and the contribution of risk factors: Global 

Burden of Disease Study. Lancet 1997, 349, 1436–1442. 

53. Weyland, P.G.; Grant, W.B.; Howie-Esquivel, J. Does sufficient evidence exist to support a causal 

association between vitamin D status and cardiovascular disease risk? An assessment using Hill’s 

criteria for causality. Nutrients 2014, 6, 3403–3430. 

54. Grant, W.B. How strong is the evidence that solar ultraviolet B and vitamin D reduce the risk of 

cancer?: An examination using Hill’s criteria for causality. Dermatoendocrinology 2009, 1, 17–24. 

55. Robsahm, T.E.; Schwartz, G.G.; Tretli, S. The Inverse Relationship between 25-Hydroxyvitamin 

D and Cancer Survival: Discussion of Causation. Cancers 2013, 5, 1439–1455. 

56. White, J.H. Vitamin D metabolism and signaling in the immune system. Rev. Endocr. Metab. 

Disord. 2012, 13, 21–29. 

57. Saggese, G.; Federico, G.; Balestri, M.; Toniolo, A. Calcitriol inhibits the PHA-induced production 

of IL-2 and IFN-gamma and the proliferation of human peripheral blood leukocytes while 

enhancing the surface expression of HLA class II molecules. J. Endocrinol. Investig. 1989, 12,  

329–335. 

58. Laird, E.; McNulty, H.; Ward, M.; Hoey, L.; McSorley, E.; Wallace, J.M.; Carson, E.; Molloy, A.M.; 

Healy, M.; Casey, M.C.; et al. Vitamin D deficiency is associated with inflammation in older irish 

adults. J. Clin. Endocrinol. Metab. 2014, 99, 1807–1815. 

59. Cannell, J.J.; Grant, W.B.; Holick, M.F. Vitamin D and inflammation. Dermatoendocrinology 

2014, 6, e983401. 

60. Koller, L.; Kleber, M.; Goliasch, G.; Sulzgruber, P.; Scharnagl, H.; Silbernagel, G.; Grammer, T.; 

Delgado, G.; Tomaschitz, A.; Pilz, S.; et al. C-reactive protein predicts mortality in patients referred 

for coronary angiography and symptoms of heart failure with preserved ejection fraction. Eur. J. 

Heart Fail. 2014, 16, 758–766. 

61. Naess, H.; Nyland, H.; Idicula, T.; Waje-Andreassen, U. C-reactive protein and homocysteine 

predict long-term mortality in young ischemic stroke patients. J. Stroke Cerebrovasc. Dis. 2013, 22, 

e435–e440. 

62. Villasenor, A.; Flatt, S.W.; Marinac, C.; Natarajan, L.; Pierce, J.P.; Patterson, R.E. Postdiagnosis 

C-reactive protein and breast cancer survivorship: Findings from the WHEL study. Cancer 

Epidemiol. Biomark. Prev. 2014, 23, 189–199. 

63. Cooney, R.V.; Chai, W.; Franke, A.A.; Wilkens, L.R.; Kolonel, L.N.; Le, M.L. C-reactive protein, 

lipid-soluble micronutrients, and survival in colorectal cancer patients. Cancer Epidemiol. Biomark. 

Prev. 2013, 22, 1278–1288. 



Nutrients 2015, 7 3278 

 

 

64. Grant, W.B.; Juzeniene, A.; Moan, J.E. Health benefit of increased serum 25(OH)D levels from 

oral intake and ultraviolet-B irradiance in the Nordic countries. Scand. J. Public Health 2011, 39, 

70–78. 

65. Schöttker, B.; Ball, D.; Gellert, C.; Brenner, H. Serum 25-hydroxyvitamin D levels and overall 

mortality. A systematic review and meta-analysis of prospective cohort studies. Ageing Res. Rev. 

2013, 12, 708–718. 

66. O’Donnell, S.; Cranney, A.; Horsley, T.; Weiler, H.A.; Atkinson, S.A.; Hanley, D.A.; Ooi, D.S.; 

Ward, L.; Barrowman, N.; Fang, M.; et al. Efficacy of food fortification on serum  

25-hydroxyvitamin D concentrations: Systematic review. Am. J. Clin. Nutr. 2008, 88, 1528–1534. 

67. Reichrath, J.; Nurnberg, B. Cutaneous vitamin D synthesis versus skin cancer development: The 

Janus faces of solar UV-radiation. Dermatoendocrinology 2009, 1, 253–261. 

68. Adami, P.E.; Negro, A.; Lala, N.; Martelletti, P. The role of physical activity in the prevention and 

treatment of chronic diseases. Clin. Ther. 2010, 161, 537–541. 

69. Jorde, R.; Sneve, M.; Hutchinson, M.; Emaus, N.; Figenschau, Y.; Grimnes, G. Tracking of serum 

25-hydroxyvitamin D levels during 14 years in a population-based study and during 12 months in 

an intervention study. Am. J. Epidemiol. 2010, 171, 903–908. 

70. Hathcock, J.N.; Shao, A.; Vieth, R.; Heaney, R. Risk assessment for vitamin D. Am. J. Clin. Nutr. 

2007, 85, 6–18. 

71. Slomski, A. IOM endorses vitamin D, calcium only for bone health, dispels deficiency claims. 

JAMA 2011, 305, 453–456. 

72. Holick, M.F.; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; 

Murad, M.H.; Weaver, C.M. Evaluation, treatment, and prevention of vitamin D deficiency:  

An Endocrine Society clinical practice guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911–1930. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


